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Abstract: 

In this study, we present an electrochemical method for preparing silver nanoparticles (Ag NPs) powder using a metallic silver cathode and anode in an aqueous 

solution of doubled distilled water (DW) with a voltage of about 27 volts. The method does not involve the use of any chemical stabilizing agents. The synthesized 

Ag nanoparticles were characterized using X-ray diffraction (XRD) analysis and UV-visible Spectroscopy (UV). The experiment results indicate that the crystal 

structure of the Ag nanoparticles sample is face-centered cubic (FCC) structure the same as the bulk materials, the crystalline size distribution ranging from 15.86 

to 21.30 nm, with an average crystalline size of about 18.7 nm obtained by XRD results. Colloidal silver-NPs with a grain size of 18.7 nm were produced at 

optimum conditions. A peak at 406 nm was obtained in UV-visible spectroscopy attributed to Ag NPs. In addition, the synthesized Ag nanoparticles revealed a 

tremendous antibacterial effect against pathogenic microorganisms.                                                                                              
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1. Introduction 

The study of silver nanoparticles has been of great scientific interest 

due to their physical and chemical properties, their characteristics differ 

depending on their size or shape. The study of Ag nanoparticles (Ag NPs) 

has taken various applications in medicine, catalysis, biotechnology, 

bioengineering, optics, and antibacterials in water treatment [1–3]. The 

optical properties of Ag NPs depend on their size. So many efforts are 

being made to synthesize Ag NPs, which are very important [4]. The 

effectiveness of Ag NPs as antimicrobials and antibacterials has been 

determined, particularly in medicine and water treatment. Antibacterial 

activity has been analyzed in Streptococcus mutans, Staphylococcus aureus, 

and Escherichia coli; as a result, the nanoparticles release silver ions in the 

bacterial cells, causing cell death of the bacteria or microbe [5–7].  

For the synthesis of Ag-NP, there are several chemical and physical 

methods; in the chemical method, the synthesis of Ag-NP is carried out by 

the chemical reduction of silver salts under a reducing agent [8, 9], as that 

prepared by chemical reduction method using PVP (Polyvinyl pyrrolidone) 

[10]. In the search for environmentally friendly methods, a good option is 

the synthesis of Ag NPs by electrochemical reduction. The electrochemical 

method consists of obtaining Ag NPs formed from the reduction of a silver 

cathode; a main advantage of the electrochemical method is the purity of 

the silver particles and the possibility to control the concentration and size 

of the Ag NPs by varying the temperature and current density. The 

electrochemical method presents a limitation since the deposit of silver on 

the cathode during the process decreases the effective surface to produce 

particles. At a certain time, the production of particles ceases. Inverting the 

polarity at a certain time generates an anode-cathode variation with a 

constant voltage and avoids the deposit of silver on the cathode to obtain 

higher concentrations. Thus, Ag nanoparticles were synthesized in this 

work by reversing polarity every 60 seconds, obtaining Ag nanoparticles. 

The problems that the researchers in Ag NP synthesis are the complex 

methods of Ag NP synthesis by high prices and using more chemicals.  

This search aims to prepare Ag NP powder using a fast, low-cost, and 

environmentally friendly electrochemical method. By applying appropriate 

conditions, small size, high purity, and high quantity of Ag NPs can be 

obtained. The Ag nanoparticles were characterized by XRD [11–15] and 

UV-visible Spectroscopy. The antimicrobial activity of Ag NPs was tested.   

2. Experimental 

2.1. Materials 

 Table 1: Chemicals and materials used.                        

Raw materials Sequences 

Silver electrodes with high purity reach 99.99% in 

dimensions (1 mm x 20 mm x 50 mm).                                              

1 

Double distilled deionized water (DW). 2 

Mueller-Hinton agar (MHA, HIMEDIA, India) 3 
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2.2. Synthesis of Ag nanoparticles  

 The characterizations of the electrochemical method for producing 

nanoparticles can be described by high-purity particles and the possibility 

of controlling the size of the nanoparticles by controlling the current 

density. This method is easy and effective for producing nanoparticles 

without chemicals and maintains stability.     

This method includes using two electrodes, anode and cathode plates 

made of silver with high purity, reaching 99.99%, and with dimensions (1 

mm x 20 mm x 50 mm). The two electrodes are placed facing each other in 

a vertical way with a distance of 10 mm between each other; the set-up is 

placed into the electrical cell that contains 500 ml double distilled 

deionized water (DW). The silver particles precipitate on the cathode 

during the electrolysis. The electrolysis has been employed at room 

temperature (293 K) with continuous voltage (27.0 V), and the current 

passed in the circuit has been monitored with a voltmeter. Additionally, the 

electrical circuit has been controlled to change the Polarity between the 

electrodes according to the optimal period of 4 minutes. The production of 

nanoparticles in an electrochemical reduction manner involves changing 

the polarity of the direct current between the poles in addition to steering 

during the electrolysis process to prevent precipitation. Figure 1 shows the 

process of formation of colloidal silver nanoparticles in the electrochemical 

method as follows:                                                                                   

1) The oxidation of silver at the anode as shown below:  

Ag0 – e¯ → Ag+                                                                                                       (1) 

2) The release of oxygen gas due to the electrolysis of water:  

2H2O – 4e¯ → O2↑ + 4H+                                                                                                                                 (2) 

At the same time, the deposition layer of Ag2O is on the surface of the 

anode. 

3) Immigration of the silver ions to the cathode. 

4) Reduction of the ions and formation of the silver atoms on the 

cathode: 

Ag+ + e¯ → Ag0                                                                                                                                                             (3) 

The releasing of hydrogen gas during the process: 

2H2O + 2e¯ → H2 + 2OH¯                                                                                  (4) 

5) Formation of the silver particles via the nucleation and the 

growth due to Van der Waals attraction.                                                                                                                   

6) Separation of the silver nanoparticles formed due to the severe 

steering. 

In this process, the regular exchange of D.C current polarity may reduce the 

silver deposition rate on the cathode. During the exchange of polarity, the 

formed on the anode before will be hydrated during the interaction with 

the hydrogen gas:                    

Ag2O + H2 → 2Ag + H2O                                                                                   (5) 

        

 The duration used for exchanging the polarity was 4 min. Below this 

time, particles would accumulate due to the gradual reduction of the 

surface pole's efficiency [16].                                                                                                            

 

Figure 1: Illustrates the scheme of the formation of silver nanoparticles using the 
electrochemical method.                                                                                                    

2.3. Physicochemical Measurements 

The Ag nanoparticles were characterized by XRD (XD-2 X-ray 

Diffractometer) with Cu-Kα radiation (λ = 0.15418 nm; 40 kV and 40 mA). 

The intensity was 0-2500 counts per second (cps), and the 2 (deg) scope 

was 5-76 degrees. The UV-vis absorption spectrum of the prepared Ag NPs 

is measured using (50 conc) spectrophotometer, covering a range from 

(200-800) nm.                                                 

2.4. Antimicrobial activity of Ag nanoparticles  

The antibacterial activity of silver nanoparticles was discovered using 

a well diffusion method [17,18]. Gram-negative bacteria (-) like 

Pseudomonas (P.S), Escherichia coli Salmonella (S), Klebsiella (K) and Gram-

positive bacteria (+) like Strep pyogenes (S.P) and Staphylococcus aureus 

(S.U) were employed as microorganism strains for the antibacterial 

research.  Sterile wells measuring 6 mm in diameter were welled on 

swabbed MHA plates. Various concentrations of Ag nanoparticles (100, 

200, 400, and 500 mg/mL) were poured over the wells (70 𝜇𝐿). The 

negative control was sterile distilled water, and the positive control was 

amoxicillin. For 24 h, at 37 °C, the plates were cultured.  An inhibitory zone 

is also detected in mm after the incubation.                                                 

3. Results and Discussion                                                                                     

3.1. XRD analysis 

3.1.1 Structural analysis 

Figure 2 shows the typical X-ray diffraction pattern for the specimen. 

The broad diffraction peaks suggest that the sample consists of very small 

particles. The major peaks of the pure Ag powders are observed.  Three 

broad peaks with 2θ values of 38.1º, 44.4º, and 64.6º correspond to the 

(111), (200), and (220) planes of the bulk Ag, respectively, which can be 

assigned to the Ag FCC structure. The XRD pattern shows that the samples 

are single phase, and no other distinct diffraction peak, except the 

characteristic peaks of FCC phase Ag, was found [19].                                                     

From the full width at half maximum, the crystallite size for the sample 

can be calculated from the XRD peaks according to Scherrer formula [20-

22]:                                                                                                                               

D crystallite = 
𝐾𝜆

𝛽 cos 𝜃
                                                                                  (6)   

Where D crystallite is the crystallite size, K = 0.89 is the Scherrer constant 

related to the shape and index (hkl) of the crystals, λ is the wavelength of 

the X-ray (Cu Ka, 1.54056 Aº), θ is the diffraction angle, and β is the 

corrected full width at half maximum (FWHM) (in radian). The average 

crystallite size (grain size) was about 18.7 nm (see Table 2).                                                                                                                                       

 
Figure 2: XRD pattern of Ag nanoparticles. 

 

The lattice parameters (a, b, and c) for Ag nanoparticles with a face-

centered cubic (FCC) crystal structure were calculated as in Table 3. The 

lattice parameters (a, b, and c) (Table 2) are almost identical to those 

reported in the (JCPDS 04-0783) card for Ag [23,24]. The d-spacing values 

obtained from the Braggs’ law (7) and the theoretical (8) equations [25] 

were almost identical, as can be seen in Table 3.     

n ×  = 2d × sin ()  d= 
n λ

2sinθ
                                                                         (7) 

1/d2 = [(h2 +k2 + l2) / a2]  dhkl = a / (h2 +k2 +l2)             (8)
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Table 2: Crystallite size calculations of Ag nanoparticles using Scherrer’s equation. 

Dave (nm) Dhkl (nm) 
β 

(rad) 
β° cos (θ) (rad) θ (rad) ()° (2)° 

Plane 

(hkl) 

 

18.7 

 

21.30 0.0065101 0.373 0.9999832 0.3324852 19.05 38.1 111 

15.86 0.0087441 0.501 0.9999771 0.3874631 22.2 44.4 200 

18.92 0.0073304 0.420 0.9999516 0.5637413 32.3 64.6 220 

 

Table 3: Ag nanoparticles lattice parameters (a, b, and c) and the inter-planer d-

spacing.                                                                                                                             

d (Å) 

theoretical 

d (Å) 

Practical 

Average 

Volume 

(V = a3) 

(Å3) 

Lattice parameters 

(Å) 

2θ° 

P
la

n
e

 (
h

k
l)

 

average 
A = b = 

c (FCC) 

2.3588 2.3588 

 

67.8859 

 

4.0794 

4.0856 38.1 111 

2.0388 2.0388 4.0776 44.4 200 

1.4407 1.4407 4.0749 64.6 220 

 

3.1.2 Specific surface area (SSA)  

The surface area plays a critical role inside the nanoparticles due to 

their large surface-to-size ratio with a lower crystallite size [26]. SSA is a 

material property. It is a systematic value that can be used to determine a 

material’s nature and qualities. In the context of adsorption, heterogeneous 

catalysis, and surface reactions, it is particularly significant. SSA stands for 

each mass’s surface area (SA). According to Zhang's report [27], as material 

sizes shrink, the precise surface area and surface-to-volume ratio 

drastically increase. Mathematically, SSA can be computed using the 

following formula [28], and the calculated data are shown in Table 4.                                                                            

SSA = 6 × 103/D ρ                                                                                            (9) 

where SSA is the specific surface area, D is the crystallite size, and ρ is the 

density of nanoparticles (ρ(Ag)=10.491 g cm−3) [29]. Table 4 shows that the 

average SSA for Ag nanoparticles is 31.05 m2 /g. 

3.1.3 Dislocation density 

A material’s unit lattice, an atom or an ion, has a liner flaw called a 

dislocation. The disordering of these units in an array by some 

mechanisms, such as the absence of atoms or the existence of impurities, 

results in their dislocation. For some of the material’s properties, like its 

mechanical and electrical properties, this flaw may be more advantageous. 

Industrially, these changes in lattice structure may be desired according to 

the resultant properties. The crystallinity of the substance is related to this 

lattice deformation [30].                                                                                                                  

The crystallite size and dislocation density can be computed using X-

ray line profile analysis [31]. Owing to the importance of the dislocation 

density (δ) in the mechanical and structural properties of materials [32], it 

was calculated for the prepared Ag nanoparticles. The dislocation density 

(δ) in the sample was calculated using the expression δ = 1/D2, and the 

results are shown in Table 4. The δ average of Ag nanoparticles is 2.991× 

1015 m−2.                                                                     

3.1.4 Morphology index (MI) 

It is well known that the peak broadening in the XRD pattern is due to 

the finite size of the particles. The width of the diffraction peaks increases 

with the decrease in crystallite size. The morphology index (MI) is used to 

affirm the uniformity and fineness of the prepared nanoparticles. It is 

calculated using the full width half maximum (FWHM) of the XRD peak. MI 

indicates that the specific surface area of Ag nanoparticles relies on the 

interrelationships between particle morphology and size. MI is calculated 

as follows: MI = FWHMh/(FWHMh + FWHMp) [33], where FWHMh is the 

highest value of full width half maximum of XRD peaks, and FWHMp is the 

specific value of full width half maximum of a peak where the MI has to be 

computed. These results are plotted in Figures 3 and 4.                                                                                                      

The details are shown in Table 4. The MI range of Ag nanoparticles is 

from 0.50 to 0.573. It is discovered that MI is, with a minor variation, 

directly proportional to crystallite size and inversely proportional to exact 

surface area. The deviations and relationships between them are indicated 

by the linear ft within the figure. The uniformity and fitness of the prepared 

nanoparticles are confirmed by the MI results.  Figure 5 shows that the SSA 

of Ag nanoparticles is inversely proportional to the crystallite size.                                                                                                                                  

Table 4: Morphology Index, specific surface area, and dislocation density of Ag 

nanoparticles.                                                                                                                     

Average 

(δ) 

(m−2) 

Dislocation 

Density (δ) 

(m−2) × 

1015 

Morphology 

Index (MI) 

(unitless) 

Specific 

Surface 

Area 

(SSA) 

(m2/g) 

Scherrer 

D (nm) 
2θ° 

P
la

n
e

 (
h

k
l)

 

 

2.991× 

1015 

2.204 0.573 26.85 21.30 38.1 111 

3.976 0.50 36.06 15.86 44.4 200 

2.794 0.544 30.23 18.92 64.6 220 

 

 

Figure 3: Morphological index vs crystallite size of Ag nanoparticles. 

 

Figure 4: MI Vs specific surface area of an Ag nanoparticles (hkl). 

3.2. UV-Visible spectroscopy 

Plasmon bands are inimitable physical properties of nanoparticles. The 

surface plasmon resonance (SPR) is mostly determined by means of the 

dielectric properties of the metal and the surrounding medium, over and 

above the particle size and shape. The position of plasmon absorption 

bands of metallic NPs depended on the size and shape of nanostructures 

[34]. 
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Figure 5: Size vs Specific Surface Area of Ag nanoparticles. 

The optical properties of the Ag nanoparticles were investigated using 

the UV-VIS technique. It is well known that colloidal silver nanoparticles 

exhibit a broad absorption band at the wavelength from 390 to 420 nm due 

to Mie scattering [35,36]. The maximum absorbance observed at 406 nm is 

the characteristic peak of silver nanoparticle material, attributed to the 

localized surface plasmon resonance (LSPR) of Ag NPs [37], as shown in 

Figure 6. UV–VIS absorption results confirmed the formation of silver 

nanoparticles prepared by the electrochemical method.   

 
Figure 6: UV-visible spectrum of Ag NPs as a function of wavelength. 

3.3. Antibacterial Activity 

3.3.1 The antibacterial effect of Ag nanoparticles 

Figure 7 shows the antimicrobial activity of Ag nanoparticles with 

concentrations (100, 200, 400, and 500 mg/mL) against Pseudomonas (P. 

S), Streptopyogens (S. P), Escherichia coli (E. coli), Salmonella (S), Klebsiella 

(K) and Staphylococcus aureus (S. aureus – S.U) bacteria (Figure 8). 

Synthesized nanoparticles by electrochemical methods have been found to 

be highly toxic against pathogenic bacteria. The antibacterial activity of 

silver nanoparticles can be modified with the size of silver nanoparticles, 

where it decreases with an increase in the particle size [38].   

Table 5: Ag nanoparticles concentrations (mg/mL) and inhibition diameter 
(mm) of bacteria strains, the symbol (+) refers to gram-positive bacteria while 
the symbol (-) refers to gram-negative bacteria. 

Inhibition zone of bacteria in (mm) Ag NPs 

concentration 

in (mg/mL) 
S.U 

(+) 

K 

(-) 

S 

 (-) 

E. coli 

(-) 

S.P 

(+) 

P.S 

(-) 

16 16 26 16 30 36 100 

21 14 26 15 25 38 200 

26 16 34 25 28 36 400 

25 15 38 17 27 38 500 

 

After 24 hrs. of incubation, the zone of inhibition was calculated in all 

plates (width in mm). For six distinctive bacterial strains, gram-positive 

bacteria (+) and gram-negative bacteria (-), the development sector of 

inhibition (Table 5) was detected for some distinct concentrations of 

synthesized silver nanoparticles. The power of Ag NPs against the tested 

bacteria depended on the size and dose. The zone of inhibition in some 

bacteria strains increases with the increasing dose of silver nanoparticles 

[39]. The Ag NPs showed excellent antibacterial activity against all tested 

isolates, particularly against Pseudomonas (P.S) and Salmonella (S) as 

shown in Table 5 and Figure 8. 

                                                                                                                                                                                                                                                                 

Figure 7: Antibacterial assay: zone of inhibition of Ag nanoparticles against the tested 
bacterial strains: (A) Pseudomonas (P. S), (B) Streptopyogens (S. P), (C) Escherichia coli 
(E. coli), (D) Klebsiella (K), (E) Salmonella (S), and (F) Staphylococcus aureus (S. aureus – 
S.U). 

 

 

Figure 8: Comparative representation of zone of inhibition of Ag nanoparticles in 
diameters formed against the tested bacterial strains.                                                        

From Table 5, the antibacterial effectiveness of Ag NPs showed that 

Pseudomonas (P.S) recorded the most significant susceptibility, with 

inhibitory zones rising from 36 mm to 38 mm as the Ag NPs increased from 

100 mg/mL to 500 mg/mL. Ag NPs' impact on Streptpyogens (S.P) 

depended on the concentration used. An inhibitory zone of 30 mm was 

observed at 100 mg/mL. At greater dosages of 200, 400, and 500 mg/mL, 

inhibitory zones measuring 25 mm, 28 mm, and 27 mm were found. The 

reduced inhibition at a concentration of 500 mg/mL indicates potential for 

nanoparticle aggregation, decreasing the surface area accessible for 

antibacterial action [40]. E-coli bacteria showed larger inhibitory zones at 

greater concentrations of Ag NPs. Specifically, at 400 and 500 mg/mL 

dosages, the zones measured 25 mm and 17 mm, respectively. The 100 and 

200 mg/mL inhibition zones were 16 and 15 mm, respectively. The minor 

decrease in zone size as the concentration increases may be due to possible 

aggregation effects [40]. Concerning Salmonella (S) bacteria, the zone of 

inhibition increases with the increasing dose of silver nanoparticles. The 

inhibition zones of 100, 200, 400, and 500 mg/mL dosages were 26, 26, 34, 

and 38 mm, respectively. Klebsiella (K) bacteria showed the inhibition zone 

at 100, 200, 400, and 500 mg/mL dosages, measuring 16, 14,16, and 15 

mm, respectively. A modest decrease in activity (15 mm inhibitory zone) 

was observed at the highest dose of 500 mg/mL, possibly due to 

nanoparticle aggregation reducing their effective surface area [40]. 

Concerning Staph. Aureus (S.U) bacteria, the zone of the inhibition increases 

with the increasing dose of silver nanoparticles. The inhibition zones of 
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100, 200, 400, and 500 mg/mL dosages were 16, 21, 26, and 25 mm, 

respectively. Ag NPs had different impacts on Staph. Aureus (S.U) bacteria, 

resulting in zone sizes of 16 mm (100 mg/mL), 21 mm (200 mg/mL), a 

notable increase to 26 mm (400 mg/mL), and then a decrease to 25 mm 

(500 mg/mL). Based on these findings, an ideal antibacterial dosage of 

around 400 mg/mL is recommended for combating Staph. Aureus (S.U) 

bacteria. The differences in antibacterial effectiveness shown in various 

bacteria may be due to variations in cell wall composition [40]. It is 

reported that the Ag nanoparticles with an average particle size range 

between 30 nm and 35 nm exhibit antibacterial activity more than some 

antibiotics like Ciprofloxacin 5, Vancomycin 30, and Ampicillin 10 [18]. 

Also, it is stated that the zone of inhibition in mm for 8 ppm concentration 

of Ag nanoparticles prepared by electrochemical method, with particle size 

between 30-70 nm, was 12 mm against E-coli bacteria [41]. The zone of 

inhibition for 100 
𝜇𝑔

𝑚𝑙
  𝑜𝑓 Ag NPs (average particle size between 20 to 45 

nm) against Pseudomonas bacteria was 5 mm, and for Amoxicillin antibiotic 

was between 8-10 mm [42]. The zone of inhibition for 50  𝜇𝑔  𝑜𝑓 Ag NPs 

(average particle size 29 nm) against E. coli bacteria was 13 mm, for 

Staphylococcus aureus, 12 mm, and for Pseudomonas bacteria, 17 nm, 

whereas for 10 µg tetracycline antibiotic, they were 10-11 mm [39].  

Ag nanoparticles have inhibitive activity against tested bacteria strains 

because of small size of nanoparticles and their large surface area that is to 

say when the size of nanoparticles is small, the nanoparticles congregate on 

the cell surfaces and that result in increasing in their toxicity against 

microorganisms and that will affect on permeability of plasma membrane 

and result in cell death [43].           

3.3.2 Antibacterial Mechanism of Silver Nanoparticles  

Even though the precise mechanism of silver nanoparticles’ 

antibacterial effects has not been completely elucidated, several 

antibacterial actions have been suggested. The probable antimicrobial 

mechanisms suggested comprise (1) Disruption of the cell wall and 

cytoplasmic membrane: silver ions (Ag+) released by silver nanoparticles 

adhere to or pass through the cell wall and cytoplasmic membrane. (2) 

Denaturation of ribosomes: silver ions denature ribosomes and prohibit 

protein synthesis. (3) Interruption of adenosine triphosphate (ATP) 

production: ATP production is terminated for the purpose that silver ions 

deactivate respiratory enzymes on the cytoplasmic membrane. (4) 

Membrane disruption via reactive oxygen species (ROS): reactive oxygen 

species generated via the broken electron transport chain can cause 

membrane disruption. (5) Interference of deoxyribonucleic acid (DNA) 

replication: silver and reactive oxygen species bind to deoxyribonucleic 

acid and prevent its replication and cell multiplication. (6) Denaturation of 

membrane: silver nanoparticles accumulate in the pits of the cell wall and 

cause membrane denaturation. (7) Perforation of membrane: silver 

nanoparticles proceed straight across the cytoplasmic membrane, which 

can release organelles from the cells [44].                                                                                                        

4. Conclusion 

In brief, silver nanoparticles were successfully prepared using the 

electrochemical method at room temperature. The crystalline structure of 

the particles, confirmed by XRD, is FCC structure the same as that of the 

bulk materials; the crystallite size ranges from 15.86 nm to 21.30 nm with 

an average crystallite size of about 18.7 nm. The specific surface area 

average and dislocation density average of Ag nanoparticles are 31.05 m2/g 

and 2.991× 1015 m−2, respectively. The MI range of Ag nanoparticles is from 

0.50 to 0.573.  The characteristic peak in the UV-vis spectrum confirms the 

formation of Ag nanoparticles. Ag nanoparticles exhibited notably strong 

antimicrobial activity against clinical pathogenic bacteria like Pseudomonas, 

Streptopyogens, Escherichia coli, Salmonella, Klebsiella, and Staphylococcus 

aureus. Our outlook for the future of this research is to prepare Ag NPs 

using the electrochemical method to obtain different sizes of Ag NPs by 

controlling voltage and temperature.    
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