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1. Introduction 
 

In recent years, the synthesis of nanoparticles has been 

playing a significant role in the production of nano scales 

due to the improvement of their physical, chemical, 

biological, optical, and photonic properties (Asgari et al. 

(2022) Arora and Sharma (2014), Babaei et al. (2019 a, b), 

Johnston et al. (2010), Asemi et al. (2022), Ponnusami et 

al.(2023), Damghanian et al. (2020), Rycenga et al. (2011), 

Powers et al. (2011), Daryayehsalameh et al. (2022), 

Babaei et al. (2021), Kobayashi et al. (2017), Low et al. 

(2018), Taj et al. (2021), Kiarasi et al. (2021a, b, c), Babaei 

et al. (2022a, b, c, d), Mollaei et al. (2023), Khatoonabadi et 

al. (2023), Bayat et al. (2024), Zhou et al. (2023), Babaei et 

al. (2020), Shen et al. (2024)). The nanoparticle reinforced 

composites due to their high strength concurrent with their 

low weight can be applied for high-tech applications. The 

demand for nanoparticles in composite structures is largely 

weighed by the development of the automotive and 

transportation, aerospace and defense, marine, wind energy 

and sporting goods end-use industries (Boutaleb et al. 

(2024), Gawah et al. (2024), Babaei et al. (2024), Alsubaie 

et al. (2024), Huang et al. (2021), Tien et al. (2023), Kiarasi 
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et al. (2022 a, b, c), Cuong et al. (2024), Liu et al. (2022), 

Taghizadeh et al. (2024), Alsubaie et al. (2023), Janghorban 

and Tounsi (2024), Xia et al. (2023), Madenci et al. (2023), 

Zerrouki et al. (2024), Zhang et al. (2023), Mangalasseri et 

al. (2023), Bi et al. (2023), Van Vinh and Tounsi (2022 a, 

b), Cuong-Le et al. (2022), Bouafia et al. (2021), Heidari et 

al. (2021), Nazari et al. (2021), Wang et al. (2023), Liu et 

al. (2024), Shahsavari et al. (2021)). Today, silver nano-

particles are used in the electronics, optics, chemicals, 

textiles, pharmaceuticals, cosmetics, as well as food and 

packaging industries. Silver nanoparticles are used in these 

industries for producing catalyst materials, sensors, 

conductors, and detergents (Habouti et al. (2010), Hu et al. 

(2004), Alshehri et al. (2012), Chen et al. (2014), Goodman 

et al. (2014), Braun et al. (2014)). Due to the non-toxicity 

and safety of silver nanoparticles for human and animal 

cells, these particles are also widely used as an antibacterial 

agent in the disinfection of hospital equipment. Silver 

nanoparticles can be produced by physical processes 

involving electro-discharge and laser processes (Abou El-

Nour et al. (2010), Tien  et al. (2008), Kosmala et al. 

(2011), Asanithi et al. (2012)), chemical processes such as 

reduction methods, micro-emulsions, electro-chemicals, and 

reduction photo-induced (Zhang et al. (2011), Roldán et al. 

(2013), Sotiriou and Pratsinis (2010), Sotiriou et al. (2011))  

or biological processes such as use of eukaryotic fungi as a 

reducing agent  (Shivaji et al. (2011), Li et al. (2011), 

Mourato et al. (2011), Ge et al. (2014)). In this regard, the 

process of electro-discharge developed between immersed 

electrodes in liquids has been used as a low cost and simple 
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Abstract.  In this study, silver nano-particles (AgNPs) were synthesized by an electro-discharge process between two 

immersed silver electrodes in four dielectrics: 1) Ethanol, 2) Ethanol-3% PVP, 3) Ethanol-5% PVP, and 4) Ethanol-8% PVP. 

Further, the effect of input parameters of the process was investigated (current intensity, pulse time duration, and PVP 

concentration) on the powder rate, structure, phases, morphological characteristics, size distribution, and shape of nanoparticles 

and then compared by XRD, TEM, UV-Vis, PSA, and SEM tests. The results indicated that the synthesized powder rate rose by 

increasing the current intensity, pulse time duration, and PVP concentration. By increasing the PVP concentration in ethanol, the 

pulse time duration and current intensity, the size of the silver nanoparticles shrank. Also, with elevation of PVP concentration in 

ethanol, the stabilization and dispersion of silver nanoparticles increased and improved, while agglomeration diminished. XRD 

patterns indicated that the synthesis of silver nanoparticles by electro-discharge process prevents formation of undesirable oxide 

silver phase. Eventually, the optimum values of input parameters for the synthesis of silver nanoparticles with smallest diameter 

(25nm-50 nm), best dispersion, stabilization, and the minimum agglomeration were obtained as: Ti = 100 (μs), I = 64(A), and 

PVP with 50 mL concentration in ethanol. 
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method for the synthesis of nanoparticles of various 

materials in recent years (Tien et al. (2008), Nicolae-

Maranciuc et al. (2022)). In 2014, Fang and colleagues 

synthesized titanium oxide nanoparticles with different 

polymorphic phases using the electro-discharge process 

(Fang et al. (2014)). In another work, Kabirinia et al. 

(2019), investigated the effects of process parameters 

including the type of gas, gas flow rate, discharge current, 

and pulse on-time duration on powder production rate and 

size. Rahaghi et al (2015), examined the optical behaviour 

of synthesized Cu-Ag nanoparticles using the process of 

electro-discharge between two electrodes of silver and 

copper. They examined the effect of input parameters of the 

electro-discharge process on nano-structured tungsten 

carbide powder synthesized by this method. Sun et al. 

(2016) recently synthesized nano-carbon materials using 

methods of plasma and an electro-discharge process in 

dielectric. Burakov et al. (2008) utilized the method to 

synthesize copper nanoparticles encapsulated within a 

carbon flake, ethyl alcohol for synthesizing tungsten 

carbide, and water for synthesizing zinc oxide nanoparticles 

through the electro-discharge process between electrodes of 

C, Cu, C, W, and Zn, with Zn used in aqueous solution of 

CuCl2. Lin (2005) produced tungsten carbide nanoparticles 

successfully by an electro-discharge process between two 

tungsten and graphite electrodes immersed in a dielectric 

base of oil and then heat treated it by nitrogen atmosphere. 

Hu et al. (2017) studied the iron nanoparticles encapsulated 

in the graphite flake using the process of electro-discharge 

and its morphological properties. In 2017, Safari and 

colleagues produced nickel ferrite nanoparticles using an 

electro-discharge process and studied its magnetic 

properties (Safari et al. (2017)). 

In this study, silver nanoparticles were produced using 

the electro-discharge process created between two silver 

electrodes in four different dielectric types: 1) Ethanol; 2) 

Ethanol-PVP solution with a concentration of 30mL for 

PVP; 3) Ethanol-PVP solution with a concentration of 

50mL for PVP; and 4) Ethanol-PVP solution with a 

concentration 80mL for PVP. Further, the effect of adding 

PVP materials with different concentrations to the dielectric 

solution of ethanol and changing the process parameters 

(current intensity (A) and pulse time duration (μs)) was 

investigated on the structure, phases, size, and production 

rate of powder produced in these four types of dielectrics 

and eventually compared. 
 

 

2. Experimental procedure 
 
2.1 Experiment design and equipment 
 

In this study, the Spark Roboform machine made by 

Shermills Corporation was utilized to create an electro-

discharge process. Also, silver electrodes were employed as 

an anode and a cathode, and these were put carefully into a 

dielectric liquid using a special fixture and a container with 

0.01 precision. Other specifications of the tests and 

materials are given in Table 1. PSA machine (Model SZ-

100 manufactured by Hariba) was employed to measure the 

particle size distribution. XRD test was utilized to  

Table 1 EDM adjusted Parameters for the production of 

silver nanoparticles (AgNPs) 

Condition and variable Description 

Generator type Iso pulse 

Electrodes Material Ag (Φ =5mm, L=20mm) 

Polarity Negative 

Dielectric Ethanol and Ethanol-PVP 

Stabilizer 

PVP (Polyvinylpyrrolidone) with 

concentrations of 30, 50, and 80mL  

in 1000mL of Ethanol 

Flashing type 
Normally submerged  

without circulation 

Depth (mm) 1.0 

Gap(mm) 0.09 

Finishing capacitor 0 

Power available (A) 8,16,32,48 and 64 

Pulse time duration (µs) 25,50,100,400 

Voltage (v) 200 

Duration of interval 

between tow pulse (µs) 
6.4 

 

Table 2 Dielectric constant 

Type of material Ethanol Polyvinylpyrrolidone 

Dielectric constant 24 7 

 

 

determine the phases of the produced particles. For this 
purpose, samples were evaluated by XRD machine, Philips 
D6792 model, which uses CuKα light with λ=1.54 Å  
wavelength. The Transmission Electron Microscopy device 
manufactured by Philips (model CM120) and Scanning 
Electron Microscopy (JEOL corporation, model JSM6400) 
were used to investigate the morphological properties of the 
produced nanoparticles. 

 

2.2 Materials  

 
Two silver electrodes with a diameter of 5 (mm), a 

length of 20 (mm), and a purity of 99.95% were used along 
with ethanol as a dielectric, polyvinylpyrrolidone (PVP) 
with 360-degree polymerization, and K30 as a stabilizer to 
produce silver powder in nano dimensions. 

 

2.3 Preparation of dielectric solution  
 
For this purpose, 30, 50, and 80 mL of PVP material 

were separately mixed in 1000 mL of ethanol as a solvent 
using a magnetic stirrer for 1 hour at 400 rpm and at 25 °C 
to prepare an Ethanol-PVP solution with different PVP 
concentrations as dielectric. 

 

 

3. Results and discussion 
 
3.1 Effect of the dielectric type on the powder 

production rate by changing the current intensity  
 
The diagram of the changes in the powder production 

rate in relation to the current intensity at pulse times  
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durations of 25, 50, 100, and 400 (µs) for the four dielectric 

types has been demonstrated in Fig 1. As can be observed, 

in all four types of pulse time duration by enhancing the 

current intensity, the production rate of powder grows for 

all four dielectrics. The reason for this rise can be attributed 

to the increased energy released in the plasma channel with 

elevation of the intensity of spark current. According to 

Formula (1), the average released energy in the plasma 

channel is affected by factors such as spark voltage (Vsp), 

spark current intensity (Isp), pulse time duration (Ti), spark 

delay time (Td), and spark time duration (Tsp) (Jain 2011). 

 (1) 

On the other hand, as can be seen, the powder 

production rate grows with raising the PVP concentration in 

ethanol by increasing the current intensity. By augmenting 

the PVP concentration in the PVP-Ethanol solution, the 

dielectric constant of the solution (εm) rises. The dielectric 

constant PVP (Jouyban et al. (2004)) and ethanol (Mohsen-

Nia et al. (2010)) are listed separately in Table 2. 
Formula (2) is given to calculate the dielectric constant 

of a binary solution (Jouyban et al. (2004)): 

 (2) 

where, εm, 𝜀1, and 𝜀2 are the dielectric constants of the 

mixture and solvents 1 and 2, respectively;  and  are 

the volume (weight or mole) fractions of solvents 1 and 2 in 

the mixture; and Ki represents the model constants 

calculated using a least square method . 

According to Formula (2), the dielectric constant (εm) 

grows with increasing the PVP concentration in the ethanol 

solution. Also, the breakdown voltage of the solution rises 

 

 

with increasing the dielectric constant. According to 

Formulae (3) and (4), the effect of breakdown voltage on 

the plasma channel energy and material removal rate is as 

follows: 

𝑊 =
1

2
𝐶𝑉𝑏

2

 
(3) 

𝑀𝑅𝑅 ∝
1

2
𝐶𝑉𝑏

2𝑓𝑐
 

(4) 

where, the energy released in the plasma channel is (W), 

(C) is the capacitor capacity in RC circuit in the electro-

discharge process, fc represents a charge frequency to create 

plasma, and MRR denotes the material removal rate at 

which electrodes are ejected during the electro-discharge 

process. 

According to Equations (3) and (4), it is clear that 

enhancing the PVP concentration in ethanol solution can 

augment the breakdown voltage of the dielectric solution 

and the energy released in the plasma channel, thereby 

elevating the powder production rate in the electro-

discharge process. 

 
3.2 The effect of the dielectric type on the powder 

production rate versus pulse time duration 
 
Fig 2 illustrates the diagram of the changes in the 

powder production rate versus the pulse time duration at the 

current intensities of 16, 32, 48 and 64 A for the four 

dielectric types. 

Evidently, the powder production rate in all four current 

intensities increases with lengthening the pulse time 

duration up to 100 μs, after which it decreases for Ti=400 

μs. Indeed, the reason for increasing the powder production  

spspspdispspave TIVTTIVW =−= )(

)(lnlnln 21

2

0
12211 2

 −++=
=i

im k

1 2

 

Fig. 1 Changes in the powder rate produced relative to the current intensity at different pulse durations (a) Ti=25 (µs), 

(b) Ti=50 (µs), (c) Ti=100 (µs) and (d) Ti=400 (µs) 
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rate up to Ti =100 μs can be attributed to the elevation of 

spark time duration (Tsp), in accordance with Eq. (1). 

However, according to Eq. (5) (Jain (2011)), the reason for 

the sudden fall in the powder production rate at Ti=400 μs is 

related to the reduction of the machining power due to 

excessive expansion of the plasma channel; the effect of 

thermodynamic factors such as the drop in the vapor 

pressure of the detached materials from the surface of the 

two electrodes; and the reduction of the plasma channel 

temperature due to the excessive rise in the pulse time 

duration. Where, To is the pulse off time. 

𝑃𝑎𝑣𝑒 =
𝑉𝑠𝑝 × 𝐼𝑠𝑝(𝑇𝑖 − 𝑇𝑑)

𝑇𝑖 + 𝑇𝑜
 (5) 

Also, excessive rise of Isp in relation to the pulse time 

duration can lead to increased density of the metals 

pollution and the viscosity of the dielectric solution, both of 

which can cause arc phenomenon during the electro-

discharge process, which is also another factor for 

diminished powder production rate at Ti =400 (μs) 

(Kabirinia et al. (2019). 

 
3.3 Effect of the dielectric type on the particle size 

distribution at various current intensities and pulse 
times durations 

 
Fig 3 displays the effect of the dielectric type on the 

particle size distribution by altering the current intensity and 

pulse time duration. As can be seen, the size of particles 

enlarges in dielectric ethanol at a low current intensity of 16 

A (Fig 3 (a, b)) by lengthening the pulse time duration. 

Elevation of the size of particles can be associated with 

increased cooling time (shutdown) of the plasma channel by 

enhancing the pulse time duration. It is because in this case 

 

 

the silver steam that is detached off the surfaces of the two 

electrodes is cooled down in a longer time and at a lower 

speed. Thus, according to these two reasons, nucleation due 

to growth of particles and attachment of these particles to 

each other during the cooling down process diminish and as 

a result particle with a larger size form. 

Nevertheless, in the same dielectric (ethanol) at a high 

current intensity (64A) according to Fig. 3 (c, d), the size of 

particles shrinks and the particle size frequency grows with 

increasing the pulse time duration. In other words, by 

decreasing the size of particles, the produced powder also 

becomes more homogeneous. The reason for this reduction 

can be attributed to the increase in the vapor volume of the 

metal isolated from the surface of the two electrodes in the 

plasma channel by augmenting the current intensity and 

pulse time duration. This is because by heightening the 

metallic pollution volume which results in increased 

dielectric pollution, the germination and nucleation centers 

for producing more particles with smaller size during the 

cooling process increase. On the other hand, by increasing 

the metallic pollution in dielectric, the possibility of 

occurrence of sparks on particles produced in previous 

sparks can increase. In simple words, sparks occur on metal 

particles. So, in accordance with Formula (6), we have (Jain 

(2011)): 

𝐸 =
𝑉𝑐
𝑑  

(6) 

On the other hand, the particle size shrinks and the 

frequency of particles size grows by adding PVP to the 

dielectric solution. In other words, particles will be more 

homogeneous and smaller in size. In this process, PVP is 

used as a stabilizer or protective agent, which has the 

following structure Fig. 4 (Zhang et al. (1996)). 

 

Fig. 2 The changes in the powder production rate versus the pulse duration at the current intensities of: (a) 16 A, (b) 32 

A, (c) 48 A, and (d) 64 A 
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Fig. 4 PVP structure 
 

 

where, n denotes the number of polymerizations. By adding 

PVP, the silver ions which are created by the electrical 

discharge process establish a bond with N or O in PVP. This 

creates a protective layer on the surface of silver 

nanoparticles which prevents the formation of a silver-silver 

band by reducing the number of silver ions. Also, according 

to Formulae (7) and (8), the ions of silver are stable (Wang 

et al. (2005)): 

 
(7) 

𝐴𝑔(𝑃𝑉𝑃) + + 𝑒 − ⇔ 𝐴𝑔(𝑃𝑉𝑃)
 

(8) 

On the other hand, the agglomeration of silver 

nanoparticles decreases because of collisions and 

coalescences between silver ions due to the formation of a 

protective layer resulting from the bond between O and N 

formed in the structure of PVP and silver ions on the 

surface of the particles. Briefly, adding PVP to the dielectric 

solution increases germination and nucleation of silver 

nanoparticles (AgNPs) on the one hand and effectively 

improves and enhances the stability and dispersion of silver 

nanoparticles on the other. Further, the number of silver 

ions decreases, and as a result, the silver-silver bond 

declines with increasing the PVP concentration in the 

dielectric solution, thereby shrinking the particle size by 

increasing the concentration of PVP. 

Therefore, increasing the concentration of PVP in the 

 

 

Fig. 5 XRD pattern of the powder produced in (a) dielectric 

ethanol and (b) dielectric Ethanol-5%mL PVP (current I=64 

A and Ti = 100 μs) 

 

 

Therefore, increasing the concentration of PVP in the 

dielectric to 50 mL can reduce the size of silver particles 

across all conditions. However, excessive increase in the 

PVP material, as can be observed, increases the size of  

++ + )(PVPAgPVPAg

 

Fig. 3 The effect of dielectric type on the distribution of particle size by changing the pulse intensity and pulse versus 

time 

437



 

Xinyu Bai, Hanyu Rao, Nidhal Becheikh and Farhad Kiarasi 

 

 

 

 

nanoparticles. The reason for this can be attributed to the 

excessive reduction in the thermal conductivity of the 

solution due to the increase of PVP concentration up to 

80mL and the decline in the rate of metal vapor cooling in 

the plasma channel. Therefore, the smallest, most 

homogeneous silver nanoparticles with the size of 20-45 

nm, according to Fig. 3 and with the highest powder 

production rate according to Figs. 2 and 3 will be created 

under conditions I=64 A, Ti = 100 μs, and dielectric 

Ethanol-5% PVP. 

 
3.4 Evaluation of the effect of dielectric type on the 

structure and powder phase using XRD pattern: 
 
The XRD pattern obtained for dielectric ethanol and 

Ethanol-5% PVP at I=64 A and Ti = 100 μs is shown in Fig. 

5. 

According to the XRD patterns for both types of 

dielectrics, it is clear that the nanoparticles produced by the 

process of electro-discharge in both cases have an FCC 

crystal structure (face centered cubic structure). Another 

point is the absence of oxide phases, especially silver oxide, 

in both dielectrics. According to Wang et al. (2005) and 

colleagues, nitrogen forms a synthetic reagent with silver 

ions and a protective layer for particles with a diameter of 

less than 50 nm, where both N and O elements are bonded 

with silver ions for particles with diameters larger than 100 

nm. As displayed in Fig 3, the particles synthesized by the 

process of electro-discharge in both dielectrics are smaller 

than 50 nm. Therefore, we have a reaction according to 

Formulae (9) and (10) (Wang et al. (2005)). 

 

(9) 

 

(10) 

 

 

Accordingly, development of a protective layer on the 

surface of the nanoparticles due to the high reaction 

between PVP and silver ions prevents the formation or 

reduction of unwanted phases. On the other hand, ethanol is 

decomposed as a result of high temperature as Formula (11) 

(Zhang and Yu (2013)). 

𝐶𝐻3𝐶𝐻2𝑂𝐻 → 𝐶2𝐻4 = +𝐻2𝑜 (11) 

According to Formula (11), ethanol is decomposed into 

water and ethene gas (ethylene or ethene). Therefore, there 

is no possibility of any oxidative phase in this process. 

Another important point with respect to XRD patterns is 

that by increasing the concentration of PVP in ethanol, the 

dielectric diffraction peaks become sharper and shorter in 

comparison with ethanol dielectric. Also, the intensity of the 

peaks drops which is the clear reason for the reduction in 

the size of particles by increasing the concentration of PVP 

in the dielectric solution. 
 

3.5 Examination of SEM and TEM micrographs 
 

Fig. 6 reveals the SEM graphs representing the 

morphology of the powder produced in two dielectrics of 

ethanol and Ethanol-5% PVP for I=64 A and Ti= 100 µs. 

The reduction in particle size along with the reduction of 

particle agglomeration is obvious by increasing the 

concentration of PVP in ethanol. In addition, the powder 

produced in dielectric Ethanol-5% PVP will be more 

homogeneous in size than in dielectric ethanol. 

The micrographs obtained from TEM are demonstrated 

in Fig. 7 to examine the morphology of the particles 

produced in each of the four dielectric types. As can be 

seen, the core shell structure is observed in all the three 

dielectrics containing different PVP concentrations by 

adding PVP to the dielectric. The black areas in the TEMs 

represent the silver nuclei, which are covered by bright gray 

areas most likely PVP shells. 

The nuclei in the dielectric ethanol in Fig. 7 (a) are not 

unique in structure but are agglomerated particles. This is 

due to the silver polarization of the plasma channel. In this 

case, the silver particles are polarized when they are in the 

field, where the non-homonymous poles attract each other, 

causing agglomeration phenomenon and chaining of these  

 

Fig. 6 SEM pictures of the synthesized powders at I= 64 A and Ti= 100 µs : a) Dielectric ethanol and b) Dielectric 

Ethanol-5% PVP 
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Fig. 8 UV-Vis absorption spectra of the silver nanoparticle 

samples at I=64 A and Ti=100 µs 
 

 

particles. Nevertheless, as can be observed, germination and 

nucleation of silver nanoparticles grows by increasing the 

concentration of PVP. Also, PVP prevents collision and 

coalescence like a protective layer, thereby preventing 

silver-silver bonds and agglomeration, according to Fig. 7 

(b, c, and d). 

 
3.6 Examination of UV-Vis absorption spectra of the 

silver nanoparticle samples 

 

Fig. 8 displays variations of UV-Visible absorption 

spectra for silver nanoparticles synthesized at I=64 A and 

Ti=100 μs in dielectrics of ethanol, ethanol-3% PVP, 

ethanol-5% PVP, and etahnol-8% PVP. As can be seen, the 

 

 

intensity of the surface Plasmon resonance absorption of Ag 

nanoparticle, at the wavelength of 422 nm, grows with 

elevation of PVP concentration in ethanol up to 50 ml, but 

after that it begins to decline. Nevertheless, the maximum 

absorption site slightly shifts to a shorter wavelength with 

PVP concentration rise, suggesting production of smaller-

sized nanoparticles. 

 
 

4. Conclusions 

 

In this study, the results of the experiments and 

investigations on the production of silver nanoparticles 

using the electro-discharge process in four dielectrics: 1) 

Ethanol, 2) Ethanol-3% PVP, 3) Ethanol-5% PVP, and 4) 

Ethanol-8% PVP can be summarized as below: 

1. enhanced powder production rate by raising the PVP 

concentration in ethanol due to increased dielectric 

breakdown voltage; 

2. Increased powder production rate by increasing the 

current intensity and pulse time duration due to increased 

energy released in the plasma channel; 

3. Reduced size of particles (25nm-50nm) by increasing 

the PVP concentration to 50mL due to development of a 

bond between PVP reactive elements and silver ions, thus 

creating a protective layer on the surface of the silver 

nanoparticles which reduces collision and coalescence and 

causes the agglomeration of silver nanoparticles; 

4. Enhanced nucleation and particle growth by 

increasing the PVP concentration in the dielectric; 

5. Increased and improved stabilization and dispersion 

 

Fig. 7: TEM pictures synthesized powders at I = 64 A and Ti = 100 µs: (a) dielectric ethanol, (b) dielectric ethanol-3% 

PVP, (c) dielectric ethanol-5% PVP, and (d) dielectric ethanol-8% PVP 
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of silver nanoparticles by raising the concentration of PVP. 

6. Prevention from development of undesirable phases 

such as oxide phases in the synthesis of silver nanoparticles 

by the electro-discharge process; 

7. The optimum conditions for the synthesis of silver 

nanoparticles with a diameter of 25 nm-50 nm) were I=64 

A, Ti = 100 µs, and dielectric with a PVP concentration of 

50mL in ethanol. 
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