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Nanosilver solutions of colloidal silver nanoparticles at reasonable price, good quality, and availability are increasingly demanded
for the application in agriculture and aquaculture for the prevention and treatment of diseases. In this paper, we have applied a
new simple and environmental-friendly fabrication method based on a plasma electrochemical procedure, where silver
nanoparticles are directly formed in the plasma environment from silver ions generated by the electrochemical process from
the silver anode. The electrode dissolution rate, the formation percentage, and quality of the silver nanoparticles were
examined and evaluated using atomic absorption spectroscopy, electrode mass change, transmission electron microscopy, and
UV-Vis absorption spectroscopy. The silver nanoparticle formation was found of nearly 100% with the rate of about 3.3mg
per minute. Spherical nanoparticles are found in quite homogenous size distribution around about 9.7 nm in the solution. The
solution of the plasma synthesized nanosilvers shows better antibacterial property in comparison to that of AgNO3 of the same
molar concentration on both normal and antibiotics resistant E. coli strains.

1. Introduction

Silver is known as the chemical element with the most
powerful antibacterial properties, which are significantly
enhanced when the material is in the dimensions in nano-
meter scale, namely, in the form of nanoparticles [1]. Silver
nanoparticles (AgNPs) are widely used in agriculture and
aquaculture for the prevention and treatment of diseases
[1, 2] as well as in many other areas [3–8]. However, acces-
sing to appropriately high-quality silver nanoparticle prod-
ucts is still a challenge for quite a number of farmers. High
price due to expensive and complicated manufacture proce-
dure is also a big barrier. In Vietnam, in accordance with the
restructure and transition of the agricultural production to
successfully adapt to the more and more apparent climate
and environment changing conditions and also to essential
improve the agriproduct quality to meet the high standard

of export markets much attentions are paid to the applica-
tion of new, advanced technologies and materials, among
which antibacterially active metal nanoparticles and mate-
rials are highly demanded.

AgNPs have been synthesized by various physical
[9–11], chemical [12, 13], and biological methods [14, 15]
targeting at different application purposes [16]. They all
show also diverse advantages and disadvantages with respect
to the fabrication cost and time consumptions, the stability,
the size distribution, the purity, and other properties. One of
the most commonly used methods is the chemical reduction
owing to the convenient procedure and simple and easily
available equipment needed [17, 18]. However, the chemical
method is the most environment-unfriendly and expensive
with rather low purity synthesized AgNPs. In contrast, bio-
logical methods using naturally reducing agents, such as
microorganism (bacteria or fungi) or plant extracts to obtain
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AgNPs from appropriate silver salts, are environment-
friendly and quite cost effective [19, 20]. Nonetheless, a
major disadvantage of these methods is that the produced
AgNP solutions only reach low concentrations and uncon-
trollable particle size distributions [16]. In comparison to
these, the physical approaches have approved the ability to
produce large quantities of high-purity AgNPs by different
routes. It is even quite convenient to fabricate large quantity
of AgNPs with well-homogeneous particle size distribution
from bulk silver in just a single process [9–11]. Several
groups have successfully produced good quality AgNP solu-
tions using the plasma liquid interaction techniques [21].
Thuy [22] used two pure silver metal electrodes, one of them
is submerged in the solution, and the other touched the
surface of the solution. With this configuration, it is possible
to produce a fairly pure AgNP solution. However, the result-
ing solution is still dilute (concentration was lower than
300 ppm) with rather wide particle size distribution.

In this work, we apply a plasma electrochemical method
using the plasma-in-liquid configuration with both dischar-
ging electrodes from bulk silver metal submerged in the
solution for the green synthesis of colloidal AgNPs. The
experimental results have revealed that this low-cost fabrica-
tion method could provide high concentration and high-
quality colloidal AgNP solution with high antibacterial
effectiveness in a single process.

2. Materials and Experimental Methods

2.1. The Plasma Electrochemical Fabrication of the Colloidal
AgNP Solution. The plasma electrochemical system for the
synthesis of the colloidal AgNP solution consists of two
electrodes submerged into the solution confined in a glass
container and a pulsed DC high voltage up to 6 kV power
source with the repetition rate of 25Hz and the duty cycle
of 50% as is shown in Figure 1. Both electrodes were covered
by a Teflon tube with only a small uncovered tip part
directly exposed to the solution. The cathode was a sharped
molybdenum rod placed oppositely polarized to the anode
in the distance of about 2mm. The anode was a bulk silver
rod (99.999% purity) with diameter of 6mm purchased from
a domestic jewelry company in Hanoi, Vietnam.

Large amount of the synthetic conditions has been inves-
tigated including pH, supply voltage, peak plasma current as
well as distance between electrodes. In this present work, we
perform only the best condition with pH7, 6 kV supply volt-
age, 1.4A peak plasma current, and 2mm electrode distance.
We examine only the synthesis duration and the properties
of synthesised AgNPs.

The principle of AgNP formation in the plasma electro-
chemical system can be described with 3 stages as follows.

Stage 1. Electrolysis
At the beginning of a cycle, the system acts as an elec-

trolysis cell. The cathodic reaction is an electrolysis of water
that produces hydrogen gas in the form of bubbles:

2H2O + 2e− ⟶H2 + 2OH−: ð1Þ

Meanwhile, on the anode side, silver is electrolyzed,
releasing the Ag+ ions into the solution:

Ag⟶ e− + Ag+: ð2Þ

When the amount of generated hydrogen is large enough
to cover the surface of the cathode and the voltage increases
sufficiently (about 2 kV), the continuous electric discharge
will occur; the reaction system moves to stage 2.

Stage 2. Plasma and particle formation
After the electric field between the cathode and the

anode was broken down, the plasma arc was formed
between the two electrodes. The original plasma was the
plasma of the ionic species of hydrogen and water vapor
mixture. However, the steam plasma will then prevail. Dur-
ing this stage, the space between the two electrodes is divided
into three regions as shown in Figure 2:

(i) Electrolytic region, adjection to the anode, where
Ag+ ions continuously are released from the anode
and moving towards the cathode

(ii) The reduction region, where the Ag+ ions were
reduced to silver atom Ag0 by atomic hydrogen
and electrons

(iii) Nucleation and growth region, where the silver
nanonucleus were formed and grown into
nanoparticles

Stage 3. Extinguishing and electrolysis
When the voltage drops to about 400V, the plasma was

no longer maintained, and the system returned to an elec-
trolysis cell.

2.2. Estimation of the AgNP Formation Rate. Every two
minutes, the anode was weighed to determine the Ag+

release rate. Meanwhile, the AgNP solution was centrifuged
to collect the generated AgNPs, and the silver content was
determined by the atomic absorption spectroscopy.

6 kV, DC

Mo cathode Ag anode

Plasma

Figure 1: Plasma electrochemical system for the colloidal AgNP
synthesis.
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2.3. Characterizations of AgNPs. The morphology and parti-
cle size of AgNPs were examined by the transmission elec-
tron microscopy (TEM using the JEM 1010, JEOL system)
at 80 kV. The UV–visible absorption was measured using
the UV-near IR spectrometer of the type V-570 (Jasco).

2.4. Antibacterial Assays. Two bacterial strains, namely, nor-
mal and antibiotic-resistant Escherichia coli (ATCC 25923),
were provided by the Genome Research Institute, Vietnam
Academy of Science and Technology, Vietnam. The disc-
diffusion technique (the so-called modified Kirby–Bauer
technique) was applied to examine the antibacterial activity
of AgNPs. Plastic Petri dishes were first filled with Luria–
Bertani (LB) agar and then inoculated separately with two
bacterial strains, respectively, of normal and antibiotic-
resistant E. coli. Bacterial concentrations of the order of
108 colony-forming unit (cfu)/ml were used. Each LB agar
dish was punched with four holes of 5mm diameter. Two
of these holes on each disk were filled with the AgNO3 solu-
tions and the others with the AgNP solutions of the same
concentrations. Six values of concentrations of 250 ppm,
160 ppm, 80ppm, 40ppm, 20 ppm, and 10 ppm were
examined. Zones of inhibition were determined after 24 h
of incubation at temperature of 37°C.

3. Results and Discussion

Initially, the solution was colorless, then gradually turned
yellow due to the formation of silver nanoparticles. The lon-
ger the plasma processing time is, the darker the solution
becomes.

As can be seen in Figure 3, the measured UV-vis spectra
show the spectral characteristics of silver NPs with a
maximum surface plasmon resonance corresponding to a
wavelength of 408nm. The UV-vis spectra provided
strong evidence of the formation of the surface-plasmon-
resonance band of spherical AgNPs.

Figure 4 shows that most of the as-synthesized AgNPs
are of spherical shape and homogeneous in both size and
shape distribution. Particle sizes range mainly from 8nm
to 11nm, with an average size of 9.7 nm. The AgNP distribu-
tion is not sharply homogenous, since the AgNPs formed in
the plasma region can leave the region and stop their growth
but others can stay or some from outside plasma region can
reenter and continue to grow further.

The measured weight decrease of the Ag electrode with
the plasma processing time is shown in Figure 5. As esti-
mated from this weight decrease, the Ag+ release during

Nucleation
and growth

Reduction

Electrolysis Ag+

Ag+ + e– Ag

Cathode

Anode

Figure 2: Structure of a plasma electrochemical system for the
AgNP formation.

0.0

1.2

0.8

1.0

0.6

0.4

0.2

300 400 500
Wavelength (nm)

408 nm

A
bs

or
ba

nc
e (

ar
b.

 u
ni

t)

600 700 800

Figure 3: UV–vis spectra of the solution diluted 140 times from the
14 minutes plasma processing with the batch of 40ml.

Figure 4: Transmission electron microscopy (TEM) image of silver
nanoparticles in solution.
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Figure 5: Ag+ release and AgNP formation.
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the processing is about 3.3mg/min. The nanoparticle forma-
tion rate estimated from the results of atomic absorption
spectroscopy, thus, also gives the same rate which indicates
a 100% nanoformation. In order to confirm this, ascorbic
acid was introduced into the as-synthesized solutions. The
UV–vis absorption spectra before and after the ascorbic acid
introduction were found to remain identical. There should
be no free Ag+ in the plasma electrochemical AgNP solu-
tions. Using the AgNP formation rate, the concentration of
the AgNPs for a batch of 40ml solution after 14 minutes
processing could be estimated as 1150 ppm.

The observed results show that both the AgNO3 solution
and the AgNP solution are capable of killing the E. coli,
even at low concentrations (20 ppm). However, with the
antibiotic-resistant E. coli, a higher concentration (80 ppm)
of the sterile ring is clearly observed.We can see that the inhi-
bition zone created by the plasma electrochemical AgNPs is
mostly larger than the inhibition one produced by the nano-
silver obtained on the market with the same concentration.
In particular, with the antibiotic-resistant bacteria, this dif-
ference is even more pronounced, demonstrating the out-
standing bactericidal properties of the silver nanoparticles
created by the plasma electrochemical method (Figure 6).

4. Conclusions

This work has demonstrated a low-cost green synthesis of
colloidal AgNPs in a single process utilizing the plasma
electrochemical method. Results have shown that the as-
synthesized AgNPs are spherical in shape and homogeneous
in size averaged with 9.7 nm diameter. The colloidal AgNP
solutions show high antibacterial effectiveness against both
normal and antibiotic-resistant bacteria. The advantages of
the above described fabrication method have revealed to be
a simple high yield preparation technique, which is very
promising for the synthesis of colloidal AgNPs of with high
homogeneity purity and antibacterial activity for different
applications.
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