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ARTICLE INFO ABSTRACT
Keywords: In this study, the chemical reduction method was applied to synthesize silver nanoparticles used
Silver nanoparticles to prepare conductive inks. The two variables of polyvinylpyrrolidone (PVP)-stabilized mole in the

Chemical reduction

0.01-0.03 mol range and hydrazine reducing mole in the 0.1-0.5 mol range, along with constants
Silver conductive ink

Printed electronics such as precursor mole (silver nitrate), complexing mole (ethylene diamine) and solvent mole

PVP (water), were used. Nine random samples proposed by the Design Expert software were examined

Hydrazine and studied. X-ray diffraction (XRD) patterns, field emission scanning electron microscopy (FE-
SEM), transmission electron microscopy (TEM) and dynamic light scattering (DLS) were then
used to characterize and evaluate the synthesized nanoparticles. According to the results obtained
by XRD, FE-SEM and TEM analyses, the sample with 0.025 mol and 0.3 mol PVP had the mini-
mum size of silver nanoparticles, which was around 20 nm, so it was chosen as the optimal
sample for further research. The conductive ink was also prepared with the optimal sample of
silver nanoparticles in 40% by weight and then characterized and evaluated by applying ultra-
violet-visible (UV-Vis), simultaneous thermal analysis (STA), FE-SEM and electrical conductivity
analysis. Finally, conductive ink was applied to polyethylene terephthalate (PET) and acryloni-
trile butadiene styrene (ABS) substrates. The surface electrical resistance of conductive ink on PET
and ABS substrates was then measured at about 6.4 Q and 2.2 Q, respectively.

1. Introduction

Since the advent of electronic printing technology, obtaining electrically conductive ink has been one of the most important targets
[1]. Electronic printing technology is developing at a noteowrthy speed; today it has received the attention of the world industry and
trade. One of the main reasons for the development of electronic printing technology is the rise of the global demand for flexible and
lightweight electronic components. The production of electronic components using electronic printing technology increases the
production speed and efficiency, reduces environmental pollution, and decreases the production costs. One of the most important
advantages of electronic printing technology is its ability to produce electronic parts on multiple substrates, such as fabric, paper,
plastic, metal, etc., leading to its widespread use in many fields [2]. Electronic printing technology has evolved in the course of time;
today, the production of electronic components is widely carried out using silk screen printing and inkjet printing methods [3].

In the silk screen printing method, the desired pattern is printed by placing the substrate under the stencil and spreading the
conductive ink on it; it is one of the contact printing methods. In the inkjet printing method, the ink in the printer’s ink tank enters a
part called the head through special hoses; then the head puts the ink on the paper based on the points in the printing order. Inkjet

* Corresponding author.
E-mail address: ehsan.n.samani75@mut.ac.ir (E. Naderi-Samani).

https://doi.org/10.1016/j.heliyon.2023.e20548

Received 10 May 2023; Received in revised form 27 August 2023; Accepted 28 September 2023

Available online 29 September 2023

2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ehsan.n.samani75@mut.ac.ir
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e20548
https://doi.org/10.1016/j.heliyon.2023.e20548
https://doi.org/10.1016/j.heliyon.2023.e20548
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Naderi-Samani et al. Heliyon 9 (2023) 20548

printing is considered one of the non-contact printing methods [4].

Due to the widespread use of electronic printing technology in many fields, such as transportation, medicine, aerospace, smart
clothing and defense industries, according to global statistics, its revenue has risen from 3.05 in 2015 to 10.26 billion dollars in 2021.
Therefore, electronic printing technology has become a growing and developing technology [5]. One of the most important charac-
teristics of conductive inks is their electrical conductivity. Their other characteristics are stability, good adhesion to the substrate and
suitable mechanical properties (flexibility). At first, the conductive ink containing conductive polymers, silicon or other semi-
conductors was used. Due to the limited electrical conductivity of inks containing semi-conducting materials and conducting polymers,
those including carbon materials were replaced. However, some factors limiting the use of carbon inks are their low stability, their
tendency to clump and their limited electrical conductivity [6].

With the growing demand in the industry and the need for high electrical conductivity, inks containing metals have received
attention and considerable research has been done to develop them. In global trade, due to the rise of demand, a significant increase of
the revenue from the business of conductive inks is predicted [7]. Due to its economic efficiency, no need for expensive equipment and
favorable efficiency, the chemical reduction method has been used. From the synthesis of components by the chemical reduction
method of the precursor (silver nitrate and silver oxalate, etc.), solvent (water, ethanol, ethylene glycol, etc.), reducing materials
(hydrazine, sodium borohydride (NaBHy), ascorbic acid and sodium hypophosphite, etc.) and stabilizer (PVP and cetyl trimethyl
bromide (CTAB) etc.) were employed [ [8-10]]. One of the important and significant points regarding synthesis by the chemical
reduction method is finding the optimal concentration of each synthesis component and controlling the temperature, mixing speed,
etc. [10].

Conductive inks containing metal particles are subjected to sintering after being applied to the substrate, and electrical conductivity
is achieved by joining the metal particles and forming a continuous metal layer (the specific electrical resistance of the gold metal
layer, the copper layer, and the silver is equal t0 2.4 x 107 Q, 1.7 x 10 "8Q, and 1.6 x 1078 Q, respectively). Silver nanoparticles have
been considered in applying conductive ink due to their high electrical conductivity and good oxidation resistance. Silver nanoparticles
have a oxidation resistance higher than that of copper nanoparticles and a price lower than that of gold nanoparticles. For this reason,
silver conductive ink has received much attention. It should be noted that the preparation of the conductive ink with metal particles on
a nanoscale leads to good stability and lowers the sintering temperature of the ink [11].

In synthesizing silver nanoparticles, it is important to find the agent or agents that can reduce the size of the nanoparticles to
prevent the printer head from closing. In general, it is a serious challenge to make ink with stability combined in the absence of particle
aggregation, this, in addition to providing electrical conductivity and suitable mechanical properties, can be used in inkjet printers and
does not cause damage to the printer head. Therefore, researchers have conducted many studies in these fields (Table 1) and there are
also commercial products (Table 2). The innovation of this study is in the design of nanoparticle synthesis tests with software by
stabilizing and reducing the variables and constants of precursor, solvent and complexing agent. The purpose of this study was,
therefore, to find the optimal parameters for the synthesis of silver nanoparticles by the chemical reduction method and investigate its
use in the production of the conductive ink applied in printed electronics.

2. Materials and methods
2.1. Chemicals as well as materials

The reaction system contained silver nitrate as a silver precursor, ethylenediamine as a complexing agent, polyvinylpyrrolidone
(PVP, average molecular weight of 25000) as a stabilizing agent, hydrazine hydrate (H) as a reductant and deionized water as a

solvent. All chemicals were purchased from Merck Chemical Co. (Germany) and used without further filtration. Deionized water was
provided by Sablan Co. (Tehran, Iran).

Table 1
A summary of the previous studies.
Reducing agent Capping agent Solvent Particle size (nm) Reference

Metal salt
Silver nitrate Ethanol Triethylenetetramine Ethanol 20 [12]
Silver nitrate Ethylene Glycol PVA Ethanol 10-70 [13,14]
Silver nitrate Ascorbic Acid Sodium Citrate Water 51 [15]
Silver nitrate Ascorbic Acid PVA Water 55-68 [16]
Silver nitrate Dimethyl Formamide PVA Water 25 [17]
Silver nitrate Sodium Borohydrate PVP Water 1-100 [16,18,19]
Silver nitrate Sodium Borohydrate Sodium Citrate Water 38 [20]
Silver nitrate Sodium Borohydrate Chitosan Water 10 [21]
Silver nitrate Triethanolamine PVP Water 40-43 [22]
Silver nitrate Formaldehyde PVA Water 5-20 [23]
Silver acetate Phenylhydrazine Tetraethylpentaamine Isopropanol 1-2 [24]
Silver chloride Hydrazine hydrate PVA Water 10-60 [25]
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Table 2
Commercial silver conductive inks.
Company Substrate Curing Volume Resistivity Adhesion  Applications Reference
Ink structure Q) (Q.cm)
InkTec-1J- InkTec Plastics 135 4.2 x10°° 5-4B Memory Cell, Display, RFID [26]
010
PFI-722 NovaCentrix PET, Polyimide, 80 5x 10 °to7 x N/A Sensor, Pharmaceutical Packaging, [27]1
Paper 10°° Solar Cell and Antenna
DM-S1J-3200 Dycotec PET, Polyimide, 100 10 x 107 5B Sensors, Heaters and solar cell [28]
Materials Paper
PRO-SHIELD Parker Plastics RT 10 N/A EMI Shielding [29]
7108

2.2. Test design for the synthesis of silver nanoparticles

Design Expert software (version 11) was used to design the test. To synthesize silver nanoparticles, the volume of the solvent
(distilled water) was considered according to the amount of the precursor (silver nitrate). To ensure the complete dissolution of silver
nitrate, completion of reactions and easier separation of nanoparticles, a higher amount of the solvent was considered. The amount of
the complex agent (ethylenediamine) was also obtained by complexometric titration. In this case, ethylenediamine was added in a
dropwise manner to the solution until the reaction was complete and the solution color changed. Therefore, the amounts of precursor
(silver nitrate), complexing agent (ethylenediamine) and solvent (deionized water) were fixed and two reducing and stabilizing agents
(hydrazine and PVP) were used as the variable agents of the test at five levels. The changes for each of these agents, the upper and
lower limit and other relevant information are given in Table 3.

The software randomly presented nine compounds for synthesis. Coding of the samples could be done using variable agents in the
composition. The coding of nine samples is given in Table 4. In the coding process, P and H refer to the PVP stabilizer and hydrazine
reductant, respectively. For example, in the first sample (P0.01HO0.1), 0.01 mol of PVP stabilizer and 0.1 mol of hydrazine were used.

2.3. Synthesis of 9 random samples

At this phase, nine compounds proposed by the Design Expert software were synthesized based on the values presented in Table 4 at
room temperature. For the synthesis of each sample, first, 5 g of silver nitrate was completely dissolved in 50 ml of deionized water by a
magnetic stirrer for 20 min and at a speed of 500 rpm. Then 5 cc of ethylenediamine was added in a dropwise manner to the mixture
and the sample was mixed for 20 min by a magnetic stirrer at 500 rpm. Next, the polymer stabilizer was added to each sample and the
solution was subjected to magnetic stirring (500 rpm) for 20 min. In the final phase of synthesis, the hydrazine reductant was also
added to the solution and subjected to magnetic stirring (500 rpm) for 15 min. It should be noted that in all these nine samples, the
amounts of silver nitrate and ethylene diamine were considered equal to 5 g and 5 cc, respectively. Also, the PVP and hydrazine values
(reaction variables) changed in the range of 0.01-0.03 mol and 0.1-0.5 mol, respectively.

After the completion of the synthesis process, the nanoparticles were separated by centrifugation at 8000 rpm. To remove im-
purities and substances that did not participate in the reaction, the nanoparticles were washed with water and dried at 40 °C (Fig. 1).

2.4. Preparation of the conductive ink from the synthesized silver nanoparticles

After selecting the optimal and appropriate nanoparticles, to prepare the conductive ink containing 40% by weight of silver
nanoparticles, they were distributed in the composition of ethylene glycol and ethanol solvents with the volume ratios of 1:2. The
prepared ink was subjected to magnetic stirring for 6 h to ensure the optimal stability of silver nanoparticles in the composition of the
solvents (Fig. 2).

It should be noted that the prepared conductive ink was stable for two months and had no deposits during this period. In the final
phase, the conductive ink was applied on the substrates of PET and ABS by the silk screen printing method with the 150 mesh net and
spray method. Thermal sintering of the applied layer was done at 110 °C.

2.5. Characterization and evaluation equipment

To study the morphology of the synthesized nanoparticles, FE-SEM and TEM images were used. XRD was applied to check the

Table 3
Test design information in the Design Expert software.
Minimum amount (mol) Maximum amount (mol)
Variables
Polyvinylpyrrolidone (PVP) 0.01 0.03
Hydrazine hydrate (H) 0.1 0.5



https://www.knowde.com/stores/inktec/products?filters=compatible-substrates-surfaces-plastics
https://www.knowde.com/stores/inktec/products?filters=compatible-substrates-surfaces-plastics

E. Naderi-Samani et al. Heliyon 9 (2023) 20548

Table 4
Coding of the samples.

Codings
Number of samples

P0.01HO.1
P0.03HO.1
P0.01HO.5
P0.03HO.5
P0.015H0.3
P0.025H0.3
P0.02HO.2
P0.02HO.4
P0.02HO0.3
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Fig. 1. Schematic of the synthesis phases of silver nanoparticles.
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Fig. 2. Schematic of the preparation and printing phases of the conductive ink.
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phases and confirm the presence of silver nanoparticles. To confirm the size of nanoparticles and hydrodynamic measurement of
nanoparticles, DLS was used.

For the synthesized silver ink, to confirm the presence of silver nanoparticles, UV-Vis was used; to determine the percentage of
silver present and the sintering temperature of the ink, STA was applied, which was a composition of differential scanning calorimetry
(DSC) and Thermogravimetry Analyzer (TGA). Also, atomic absorption spectroscopy (AAS) was used to determine the concentration of
silver in conductive ink accurately. The morphology of the coating and electrical conductivity of the layer were also examined using
FE-SEM and digital multimeter, respectively. The samples’ adhesion strength test was conducted based on the ASTM D3359 standard
by applying the Cross-Cut method; they were utilized to accurately measure the adhesive strength between the ink printed on PET and
ABS. To warrant the results of the cross-cut adhesion testing, this test was repeated three times for each sample. Table 5 shows the
equipment, purpose of the test, preparation of samples, and the manufacturer and model of the equipment.

3. Results and discussion
3.1. Synthesis of silver nanoparticles

3.1.1. Phase and crystal analysis: XRD pattern

The XRD patterns of the synthesized samples are shown in Fig. 3 (a). According to the sources available in the Expert software, by
examining the identification card related to the silver metal phase with the card number (01-087-0719), it was found that the peaks
created at the angles of 38.2, 44.4, 64.7, 77.7 and 81.9° were related to the silver metal with the FCC structure and could be located in
(111), (200), (220), (311) and (222) crystal planes, respectively. By matching the XRD patterns of the synthesized samples and the
standard identification card, it was determined that the synthesized silver nanoparticles were pure and free of any impurities. The
absence of the oxide phase in the synthesized samples indicated the good stability of the synthesized silver nanoparticles, despite their
nanoscale. On the other hand, the non-formation of the silver oxide phase showed the good performance of the PVP stabilizer and its
suitable protection [30].

In addition to the stabilizing effect, ethylene diamine, as a complexing agent, also served an influential role in the absence of the
silver oxide phase, since the complexation process was completed and the silver ion complex was formed with the ethylenediamine
agent according to the reactions 1 and 2. By adding the hydrazine reductant, reduction to silver metal also took place and no reaction
between silver ion and oxygen ion occurred (reaction 3). As a result, the formation of the silver oxide phase could be prevented [
[31-341].

Ag" +6(0H,) = (Ag(OH,),) (€Y
Ag((OH,)), +C:HgN, = (Ag(en),) ") + 4(OH,) 2
(Ag(en),)”) +N2H4 = Ag+NO + H* 3

The crystallite size of silver nanoparticles was obtained from the Debye-Scherrer equation, according to equation (4) [35]. In this
equation, K= 0.9, A, p and 0 are the shape factor, the X-ray wavelength (equivalent to 1.5406 A), the full width at half maximum of the

Table 5
Characterization techniques for silver nanoparticles and conductive silver ink.
Properties Preparation of samples Equipment specifications

Techniques

FE-SEM Size and morphology analysis Distribution of silver nanoparticles in water Manufacturer: Tescan
Device model: MIRA III

TEM Size and morphology analysis Distribution of silver nanoparticles in water Manufacturer: Philips
Model: CM120

XRD Crystal Structure and crystallite size Drying of nanoparticles at 40 °C in a vacuum oven Manufacturer: Philips
Model: PW173

DLS Hydrodynamic size analysis and Distribution of silver nanoparticles in water Manufacturer: Horiba

dispersity Model: SZ-100Z2

UV-Vis Nanoparticles formation Conductive ink containing silver nanoparticles Manufacturer: Analytik
Jena
Model: SPECORD 210
PLUS

STA Thermal analysis Conductive silver ink with a temperature rate of 10°/min in an argon Manufacturer:

atmosphere PerkinElmer

Model: STA 6000

AAS Concentration of nanoparticles Conductive ink containing silver nanoparticles Manufacturer: Agilent
Model: 240 AA

Multimeter  Electrical resistance Silver conductive ink printing on PET and ABS substrates Manufacturer: DEC
Model: DEC330FC

Cross-Cut Adhesion strength Silver conductive ink printing on PET and ABS substrates Manufacturer: Elcometer

Model: Elcometer 107
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Fig. 3. a) XRD pattern of the synthesized nanoparticles and b) size of the crystallites obtained from the Debye-Scherrer equation.

diffraction peak, and the angle corresponding to the diffraction peak, respectively. The size of nanoparticle crystallites in different
synthesis modes is shown in Fig. 3 (b). The minimum size of the obtained crystallites corresponded to the P0.025H0.3 sample,
indicating the suitability of the amount of the reductant and stabilizer, as compared to other samples. Also, the results related the size
of the crystallites confirmed the nanocrystalline structure of the nanoparticles.

K1
B Cos 6

4

3.1.2. Morphological analysis: FE-SEM images

The morphology and size of nanoparticles were analyzed using FE-SEM images. The images of the synthesized samples are shown in
Fig. 4. To identify the optimal sample (with the smallest particle size and narrow grain size distribution), the particle size was recorded
using the Digimizer software. Also, the mean and standard deviation of each was calculated. The results of the analyses are also
represented in Table 6. From the data analysis and results, it became clear that the size of the synthesized nanoparticles decreased with
the increase of the added mole of reductant.

The decrease in the size of the synthesized nanoparticles resulted from the increase in the mole of the reductant, which was, in turn,
due to the rise of the initial nucleation of the silver nanoparticles. With the increase of the reductant added at the beginning of the
reduction reaction and convertion of silver ions into silver metal, the primary nucleations were formed with a greater amount and
intensity. As a result, the size of the synthesized nanoparticles was decreased. Of course, this increase in the mole of the reductant had
an optimal value; by increasing the reductant from the optimal state, due to the high nucleation rate, nanoparticles aggregation could
occur. In other words, by increasing the mole of the reductant, the power of the reducing agent in the synthesis chamber could be
increased, and the silver ions in the reaction medium would be separately and independently converted into silver metal [ [36-38]].
This means that the presence of higher amounts of the reducing agent with higher reducing power could lead to the creation of more
neutral metal atoms (due to the higher reaction rate) over time and higher nucleation. Higher nucleation due to the limited con-
centration causes more limited growth of each nucleus and hence, smaller size of nanoparticles [39]. PVP stabilizer has been used to
agglomerate silver nanoparticles, causing the collision of them with each other and increasing the size of nanoparticles.

For example, for the sample, with the increase of the added mole of the reductant from 0.1 mol to 0.5 mol (considering the constant
mole of the stabilizer at 0.01 mol), the mean size of the synthesized particles was decreased from about 76.11 to 66.94 nm.

The results obtained in this section were compatible with those reported in the literature. Park et al. also observed that the size of
the synthesized nanoparticles was decreased with the increase in the concentration of the added reductant, due to the increase in initial
nucleation; so, by increasing the mole of the reductant from 12.75 to 19.13 mmol, the size of the synthesized nanoparticles was
decreased from 72 to 54 nm [40].

On the other hand, with the increase of the added polymer stabilizer mole in the constant mole of the reductant, the standard
deviation of the synthesized samples was also decreased, as increasing the mole of polymer stabilizer led to uniformity in the
morphology and size of the synthesized nanoparticles [ [20,22,41]]. Regarding various stabilities created in nanoparticles as a result of
adding stabilizers, with the rise of the mole of polymer stabilizers, the density of polymer branches around the synthesized nano-
particles increased; as a result, nanoparticles were prevented from colliding with each other and joining together; also, the size of
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Fig. 4. FE-SEM images with codings a) P0.01HO0.1, b) P0.03HO0.1, ¢) P0.01HO.5, d) P0.03HO0.5,e) P0.015H0.3, f) P0.025H0.3, g) P0.02HO0.2, h)
P0.02HO0.4 and i) P0.02HO.3.

Table 6
Mean and standard deviation of the synthesized nanoparticles.

Mean particle size (nm) Standard deviation (nm)

Samples

P0.01HO.1 76.11 40.8
P0.03HO.1 21.02 14.05
P0.01HO.5 66.94 37.45
P0.03H0.5 19.88 3.76
P0.015H0.3 20.38 4.19
P0.025H0.3 18.47 3.61
P0.02H0.2 41.8 24.22
P0.02H0.4 57.3 30.33
P0.02H0.3 22.12 17.54
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nanoparticles could not be increased [ [42-44]]. For example, the mean size of nanoparticles in P0.01H0.5 and P0.03HO0.5 samples
decreased from 66.94 to 19.88 nm, respectively.

Also, if the molar ratio of the stabilizer to the reductant is low, the stabilizer cannot be placed around the nanoparticles, preventing
their aggregation. In addition to increasing the size of nanoparticles with a low molar ratio of stabilizer to reductant, due to the random
collision of primary synthesized nanoparticles with each other and the impossibility of controlling their collision, non-uniformity in the
morphology and final size of nanoparticles also occurred; as a result of the non-uniformity of the size of nanoparticles, the width of the
size distribution of nanoparticles increased, causing an increase in the standard deviation [45]. In the synthesized samples, the mean
size of nanoparticles was decreased from 20.38 to 18.47 by increasing the polymer stabilizer mole from 0.015 to 0.025 (considering the
constant mole of the reductant at 0.3). The results obtained in the present research are, therefore, consistent with those of other studies
[46]. On the other hand, in the P0.03HO0.5 sample, as compared to the P0.025H0.3 one, and P0.02H0.2, as compared to the P0.02H0.4
one, the mean particle size was 19.88, 18.47, 41/3, 57/3, respectively; this showed that, due to the low molar ratio of PVP to hy-
drazine, the stabilizer chains could not be well placed around the nanoparticles; this was well consistent with the results obtained by
other researchers [ [13,47]]. As can be seen from Fig. 4(a-i), the morphology of nanoparticles was spherical or quasi-spherical. As
shown in Fig. 4 (a, ¢, g and h), corresponding to the samples P0.01HO.1, P0.01HO0.5, P0.02HO0.2 and P0.02HO0.4, respectively, nano-
particles had been agglomerated. According to the explanations above, due to the low molar ratio of the stabilizer to the reductant and
hence, the low overlap amount of PVP for nanoparticles, there was the aggregation of nanoparticles. In general, according to the data,
the sample coded P0.025H0.3 (sample 6) had the lowest mean particle size value (18.47 nm) and standard deviation (3.61). The results
of the FE-SEM images also agreed with those of crystallite size in the XRD analysis; therefore, the sample 6 (P0.025H0.3) could be
selected as the optimal one. The rest of the analysis and preparation of the ink containing silver nanoparticles was done with this
sample; this was since, in the preparation of conductive inks, the smallest mean particle size, the narrow width of the size distribution
of nanoparticles and the uniformity of distribution as the main characteristics of nanoparticles were applied. The size of nanoparticles
has a direct effect on the stability, electrical conductivity and sintering temperature of the conductive ink [11]. Smaller particles are
can be stabilized more easily in solution than larger particles. Due to the higher weight of large particles, it is more plausible to deposit
them in the solution. Also, by reducing the size of the particles towards the nano size, the weight ratio of the filler (nanoparticles) is
reduced, which leads to the easier stabilization of the nanoparticles in the conductive ink [48].

In addition, due to the high surface-to-volume ratio of nanoparticles, the connection of nanoparticles to each other is decreased and
the sintering temperature is reduced, leading to a decrease in electrical resistance of the printed conductive ink [49].

3.1.3. Morphological analysis: TEM images

To complete the studies in the field of morphology and to check the size of the nanoparticles of the optimal sample (P0.025H0.3),
the TEM image of the synthesized silver nanoparticles was also studied and analyzed. The TEM image of the P0.025H0.3 sample is
shown in Fig. 5. According to the image, by checking the size of nanoparticles with the Digimizer software, the mean size of syn-
thesized particles was found to be less than 20 nm and with a spherical morphology consistent with the results obtained from FE-SEM
and XRD images. In the P0.025H0.3 sample, the optimum ratio of the mole of the reductant and polymer stabilizer (reductant mol/
stabilizer mol = 12) reduced the size of nanoparticles, uniformity in the size distribution of nanoparticles and their distribution range.

3.1.4. Hydrodynamic particle size: DLS analysis

To determine the size of hydrodynamic particles and the scattering distribution of nanoparticles, DLS analysis was used. The results
of this test for the P0.025H0.3 sample are shown in Fig. 6. The mean hydrodynamic size of nanoparticles was 34 nm and their
scattering index was 0.32. The polydispersity index (PDI) of 0.32 indicated the mean scattering distribution of nanoparticles.

The size of nanoparticles obtained from DLS analysis was different from that of FE-SEM and TEM analysis; this is because DLS
analysis shows the hydrodynamic diameter of nanoparticles, which includes nanoparticles along with the PVP polymer chains; ac-
cording to Fig. 7, FE-SEM and TEM analyses show the real size of nanoparticles. Similar results were also observed by Balu et al. in the
synthesis of silver nanoparticles. The size of nanoparticles obtained from DLS and TEM analyses was 80.66 and 39.6, respectively. The

Fig. 5. TEM image of the sample having the code P0.025H0.3 with scale bars a) 100 nm and b) 50 nm.
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Fig. 6. Statistical diagram of the size of silver nanoparticles obtained from the DLS analysis for the sample coded P0.025H0.3.

PVP polymer chains

\
*, Hydrodynamic diameter
.

(DLS)

Real size of nanoparticles
(FE-SEM and TEM)
'

'

!
'
[l
i

1
]
i

Fig. 7. The difference in measuring the size of nanoparticles by DLS (hydrodynamic diameter) analysis and FE-SEM and TEM analyses
(true diameter).

reason for these changes lies in determining the hydrodynamic size and the actual size of nanoparticles by DLS and TEM, respectively
[50].

3.2. Preparation of the conductive ink

3.2.1. UV-Vis analysis of the conductive silver ink

One of the common and practical methods in the structural evaluation of silver nanoparticles is the UV-Vis test, which has been
used to prove the presence of silver nanoparticles in conductive ink. In general, metal nanoparticles have free electrons that show the
surface plasmon resonance (SPR) due to the vibration of metal nanoparticle electrons with light waves. Silver nanoparticles have some
SPR at the wavelength range of 420-400 nm. The wavelength of this characteristic peak depends on the size of the nanoparticles and
the type of solution (the solution in which the nanoparticles are distributed) [51].

The UV-Vis spectrum of the conductive ink containing silver nanoparticles is shown in Fig. 8. As can be seen, the peak of the
absorption spectrum of silver appeared at the wavelength of 403 nm, which confirmed the presence of silver nanoparticles in the
conductive ink. In a similar study, Dang et al. observed the absorption peak of silver nanoparticles in conductive ink at the 407 nm
wavelength [52].

3.2.2. STA of the conductive silver ink

The thermal behavior of conductive ink was analyzed using STA analysis. Thus, TGA and DSC were used to determine the weight
percent of silver nanoparticles in the conductive ink and the reactions occurring in the conductive ink, respectively. The TGA and DSC
diagram is presented in Fig. 9. According to the TGA curve; it was observed that weight loss began at 50 °C and ended at 194 °C. This
weight loss indicated the evaporation of ethylene glycol and ethanol, which was associated with 61 %wt mass loss. Therefore, the
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Fig. 8. UV-Vis spectrum of the conductive silver ink.

remaining mass was 39%, indicating the remaining silver nanoparticles, which showed the weight percent of the filler of the silver
nanoparticles in the conductive ink. In addition, the concentration of silver nanoparticles in conductive ink was determined by AAS
measurement. The concentration obtained by AAS analysis for the conductive silver ink was equal to 400,000 ppm. The results related
to the remaining weight percent resulting from TGA well agreed with the calculated amount of silver nanoparticles in ink (40%).

The DSC curve also showed an endothermic peak of 137 °C that was related to the evaporation of the solvents. An exothermic peak
also occurred at 194 °C, which was associated with the end of the reaction. According to other researchers, the neck growth and
sintering of nanoparticles that cause the surface penetration of unstable atoms into each other are accompanied by an exothermic peak
[ [53,54]1.

3.2.3. Printed silver conductive ink characterization and analysis

After preparing the ink, a pattern and layer were applied to the PET and ABS substrates, and sintering was done at 110 °C (Fig. 10).
Silver conductive ink was applied to the PET substrate by silk screen and on the ABS substrate through the spray method.

As can be seen, the ink printed on PET and ABS had the electrical resistance of 4.6 and 2.2 Q. The multimeter probe distance and the
measured area could affect the surface electrical resistance of the printed ink. Yamada et al. and Li et al. also obtained the electrical
resistance of the printed silver ink on the PET substrate and paper after sintering at 80 °C and °C 140, which was equal to 4.2 Q [ [55,
56]].

The adhesion strength of conductive ink printed on PET and ABS substrates was evaluated by the detached strip test and classified
into 0B-5B classes. Based on the areas separated by six parallel cuts, the adhesion of printed ink on PET and ABS substrates was
classified into 2B and 4B classes, respectively. The higher adhesion of ABS was due to its higher surface roughness, as compared to PET,
which would leadto a stronger mechanical bond between the substrate and the conductive ink by penetrating the conductive ink in the
pores of the ABS substrate [ [35,53]].

FE-SEM images of the sintered silver conductive ink layer on the ABS and PET substrates are shown in Fig. 11. As can be seen, the
bonding of nanoparticles in the conductive ink sintered on the ABS substrate (Fig. 11a) was found to be higher than that on the PET
substrate (Fig. 11b), and more nanoparticles were connected due to sintering. The better sintering of nanoparticles on the ABS sub-
strate than on the PET one couldbe related to the stronger mechanical bond of the conductive ink with the ABS substrate. For this
reason, the better connection of nanoparticles to each other and higher uniformity in the conductive coating on the ABS substrate could
lead to its higher electrical conductivity, as compared to the PET substrate.

The printed layer microstructure showed the integration process between nanoparticles after sintering due to the evaporation of
organic compounds. Empty spaces were also due to the evaporation of solvents and volatile organic matter. The adjacent silver
nanoparticles were melted, forming larger particles through the neck growth mechanism. The neck growth of adjacent nanoparticles in
sintering is mainly by grain boundary and surface distributions. Due to the high specific surface area and the effect of the small size of
the nanoparticles, the surface and grain boundary activation of nanoparticles can besignificantly higher than that of the bulk materials
useful for surface emission and grain boundary distribution. For this reason, the sintering of the metal nanoparticles is possible at
temperatures below the bulk melting temperature due to the high surface-to-volume ratio, thus reducing the melting temperature.
After the complete evaporation of the solvent and the remains of organic matter that prevented direct contact with nanoparticles, it
resulted in penetration and neck growth between nanoparticles. These coarse grains could provide more electron transmission paths,
thus playing an important role in reducing electrical resistance. Other researchers have also confirmed the mechanisms occurring
during the sintering of nanoparticles [57].
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(c)

Fig. 10. Sintered silver conductive ink at 110 °C for a) the pattern printed on the PET substrate, b) sprayed conductive ink on the ABS substrate and

c) lighting to indicate electrical conductivity on the ABS substrate.

11



E. Naderi-Samani et al. Heliyon 9 (2023) 20548

. fo gy
o - e B
y ©
‘ 7 A -
e 0 = 6
’ /

A ;
SEMMAG: 70.0kx | WD: 5.00 mm MIRA3 TESCAN, SEM MAG: 70.0kx | WD: 4.99 mm \ MIRA3 TESCAN,

Det: SE SEM HV: 15.0 kV 500 nm Det: SE SEM HV: 15.0 kV 500 nm
Date(m/dly): 01/31/22 SUT - FESEM Date(m/dly): 01/31/22 SUT - FESEM

Fig. 11. FE-SEM image of the coating surface of the conductive ink sintered at 110 °C on a) ABS and b) PET substrates.

4. Conclusion

The synthesis of silver nanoparticles was performed by the chemical reduction method. Accordingly, and nine random samples
specified by the Expert Design were software synthesized and studied. Then, by using the optimized sample, the silver nanoparticles
were distributed in ethanol and ethylene solvents and the conductive ink containing silver nanoparticles was prepared. The most
important results from this study can be summarized as follows:

In the XRD pattern of silver nanoparticles synthesized in any of the samples, the oxide peak was not identified and the size of
the crystallites from the samples was 18.7-37.4 nm. The least amount of crystallite size was for the sample P0.025H0.3, with
the ratio of reductant mol/stabilizer mol being 12.

Accoriding to the FE-SEM images, the optimized sample, coded P0.025H0.3, due to the appropriateness of the mole ratio of
hydrazine reductant to PVP stabilizer, resulted in the reduction of the mean and standard deviation of silver nanoparticles to
18.47, and 3.61 nm, respectively.

TEM image showed the spherical or quasi-spherical morphology of silver nanoparticles with a size of 20 nm, which was in a
good agreement with the results obtained by the XRD pattern and FE-SEM.

The hydrodynamic diameter of the silver nanoparticles (PVP chains + Ag nanoparticles), using DLS, was calculated to be 34
nm and its polydispersity index (PDI) was equal to 0.32.

The UV-Vis diagram of silver conductive ink in the wavelength area showed a 403 nm peak of silver absorption, thus indi-
cating the presence of silver nanoparticles in the conductive ink.

TGA of the conductive ink indicated a weight loss of 61% and the presence of 39% of the weight of silver nanoparticles in the
conductive ink, which was compatible with the calculated theory weight percent. DSC also showed an endothermic peak at
137 °C (caused by the evaporation of solvents) and an exothermic peak at 194 °C (due to the end of the reaction and the
surface penetration of the atoms).

The surface electrical resistance of conductive ink applied on PET and ABS substrates and sintered at 110 °C was measured as
6.4 and 2.2 using a multimeter, respectively.

FE-SEM image obtained from the surface of the conductive ink coating applied to the ABS layer and sintered at 110 °C
indicated the dense structure, the good connection of the nanoparticles to each other, and the proper growth of the nano-
particles after sintering.
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