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Abstract

Solution plasma process (SPP) is considered a novel method for the synthesis of nanomaterials using plasma discharge in
liquid. The SPP, which is a non-equilibrium plasma, can provide an extremely rapid reduction of a metal ion to the neutral
form without the presence of reducing agent. In this study, the Selenium nanoparticles (SeNPs) have been synthesized in
solution plasma. The method is capable of fabricating selenium nanoparticles with the uniform size in water, and high stability
without stabalizer. The synthesized selenium nanoparticles were characterized by UV-Visible Spectrophotometry (UV-vis),
X-Ray Diffraction (XRD), Dynamic Light Scattering Particle Size Analyzer (DLS), Scanning Electron Microscope (SEM)
and Transmission Electron Microscope (TEM) techniques. The results showed that the SeNPs were in uniform flower-like
nanostructures with diameter ranging from 50 to 100 nm in ethanol/water mixture. The fabricated selenium nanoparticles
reveal potential in antimicrobial and antioxidant applications
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1. Introduction

In the sciences of physics, chemistry, and biology, the element selenium (Se) is crucial. Selenium is naturally
found in two different forms: inorganic (selenite and selenate) and organic (selenomethionine and selenocysteine).
In nature, selenium can be found in both crystalline and amorphous polymorphism forms. The crystalline forms
of selenium are monoclinic and trigonal. Se8 ring-containing monoclinic selenium (m-Se) is red in hue. It exists
in three allotropic forms based on various packings. The most stable crystalline form of selenium at ambient
temperature is trigonal selenium (t-Se), which is dark in colour. The non-crystalline forms of selenium are vitreous
selenium, black amorphous selenium, and red amorphous (a-Se) selenium (Zhu et al., 201 9). Selenium, a
component of selenoproteins and selenocompounds in the human body, is essential for metabolism, thyroid
hormone, DNA synthesis, reproduction, and defence against oxidative stress and infections. There are numerous
commercial and industrial uses for it. Because of its low melting point and high photoconductivity, it has excellent
catalytic activity for organic hydration and oxidation processes. Selenium is a vital trace element for human health,
yet there is a very thin line separating it from harm. Selenium needs for men and women should be 60 and 70
micrograms per day, respectively, according to the United Kingdom organisation of vitamins and minerals
(Hariharan & Dharmaraj, 2020). Selenium is a vital biological component of glutathione peroxidase, an enzyme
that functions as an antioxidant by protecting crucial SH-groups and breaking down peroxides. Due to its ability
to catalyse the oxidation of intracellular thiols, which results in the death of microscopic organisms, selenium has
bactericidal properties (Spallholz, 1994), (Sieber et al., 2005). Metal nanoparticles have an infinite number of uses
in biomedicine thanks to the current growth in nanotechnology. Metal nanoparticles (Au and Ag) offer enormous
medical advantages but are more expensive to synthesise, whereas Se nanoparticles (SeNPs) are affordable to
synthesise and could be combined with other biological agents to improve their bioactivities. Because elemental
Se is the least poisonous form of selenium, its nano-form hag gamered considerable attention. Remarkably,
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ionalized SeNPs :

ﬁn:]cit::;ganic seleniun?r ‘;;isl;;ytc;t_"x‘c t!lan f)ther forms of selenium, including selenate, sclenite, selenoproteins,
o ditional selenium ;u li ca’ Investigations, elemental nano-sized selenium could be a preferable alternative
o 1s (Gao et al., 2002 pplies. SeNPs are extremely physiologically active (J. Zhang et al., 2005), anti-hydroxyl
e 10 »2002), and chemopreventive agents (Wang ct al., 2007), (J.-S. Zhang ct al., 2001) that detoxify
hany meta :.XP Ospne (Tkemoto et al,, 2004) and reduce DNA damage (Huang et al., 2003). Solutions obtained by
catlier maniliachring methods were commonly doped and contaminated. Presently, it is urgently necessary to
lock into a cutting-cdge method for producing extremely pure nanoselenium. It's becoming increasingly popular
pcodic MReth articles, using electrochemical synthesis techniques, particularly the solution plasma method.
Soluthn plasma is an atmospheric nonequilibrium plasma that is created by electrical discharge in the liquid phase
é gmblent‘temperature..'rhe plasma designs, solutions, electrode materials, and power supply characteristics are
caly modl.ﬁable. ANducly _Ofproduct sizes, shapes, and compositions could be controlled thanks to these features
2t plasmaz making it beneficial for a variety of applications. One possible application is as a tool for
the synthesis and modification of novel materials (Kim et al., 2015), (J. Zhang et al., 2017).

In this work, solution plasma technique was used to create selenium nanoparticles. As far as we are aware, this

could be the first attempt to investigate the viability of synthesising nanoselenium and characterising the final
product using this method.

2. Experimentals

2.1. Chemicals

The selenium dioxide SeO; 99.99 % (Sigma-Aldrich) and the ethanol 96 % (China) were used as they were
received from the source. The precursor of the selenium-containing acid H,SeO; was made by diluting SeO;
powder in double-distilled water to a concentration of 3mM. Without additional purification, H,SO4, HCI, HNOs,
NaOH, and oxides were used in the research. The experimental electrode is a 99.9% pure Tungsten (W) electrode
with a Imm diameter.

2.2. Reactor set-up

The reaction apparatus is a beaker with a silicon stopper and is mounted on a magnetic stirrer. The reaction
system is built around a tungsten electrode system. A Pekuris high-frequency power supply provides the current,
and an oscilloscope is used to check the stability of the current during plasma discharge. The electrode diameter
is typically 1 mm, and the electrode spacing ranges from 0.5 to 2 mm. This is because a high current density
(mA/cm?) at the two electrodes is required to produce bright plasma from a plasma discharge.

2.3. Selenium nanoparticles synthesis

A 3mM concentration of H,SeO; was made as a solution in water. Tungsten is used to make the metal electrode
system in the reactor, which has electrodes that are 1.5 mm in diameter and spaced 0.5 mm apart. The electrodes
are protected by a teflon tube that can withstand exh’em? temperatures. 2'kV in;?ut voltage, 20 kHz frequency, and
a2 s pulse width are employed. Distilled water and distilled water combined with ethanol are the systems utilised
as solvents. After the reaction, the solution was kept at 5°C for additional research.

2.4. Product’s characterizations

The elemental composition of the generated matex:ial.was analysed u.sing energy dispersive X-ray spectroscopy
(EDX). X-ray diffraction spectroscopy and transmission electron microscopy (TEM) were utilised to further
understand its structure and crystallinity. In order to understand the consistency of the generated nanoselenium,
the particle size distribution was also investigated. EQX measureplents and was obtained on Hitachi-S4800
(Japan). The material's UV-vis spectrum was recorded using a UV-Vis UH4150 Hatachi etquipment (Japan). Also,
aJEM 2100 High Resolution Transmission Electron Microscope was used to take TEM images of the product.

2.5. Effect of different parameters

2.5.1. Effect of solvent

n calculating the discharge potential of the solution is the conductivity of the solution.
drop as the solution's conductivity rises. Additionally, the solvent system for the
e in the generation of free radicals. Some forms of free radicals might be advantageous
an be harmful. As a result, it is important to do research and choose the best solvent

One of the key elements i
The discharge voltage will
reaction has a significant rol
for the reaction, while others ¢
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system for the reaction. The study performed surveys using distilled water and ethanol/distilled water as itg tyq
solvent systems.

2.5.2. Effect of electrode distance

The electrode distance directly impacts the discharge voltage thrm'lghout the syr.xthesxs process ax3d has an
influence on the discharge primer potential, migration of electrons, ions, .free radicals, and metal jons, The
resistance of the solution during plasma discharge is also regulated by the distance between the two electrodes.
We carried out a study and assessed how the electrode distance affected the response process at distances of 0.5,
1, 1.5, 2, and 3 mm. The study then suggests a relationship between the electrode distance and the solution's
discharge potential and the reaction process's outputs.

2.5.3. Effect of voltage

One of the crucial variables affecting the development of the plasma discharge current, the type of the plasma
flow, the stability of the discharge process over time, and the rise in temperature throughout the reaction is the
voltage parameter value at the two electrodes. In order to determine the ideal voltage for material synthesis, this
study examines the impact of voltage value during plasma discharge.

3. Results and discussions
3.1. Solvent selection

e  Water as solvent
The reaction mixture is 10 mM H,SeOs, with voltage parameters of 2Kv, pulse width of 0.3 s, electrode
spacing of 0.5 mm, and pH of 3.
When a high voltage is applied to the two electrode plates, a strong electric field will appear. The electric
field's influence causes the molecules to become ionised, colliding to form a plasma current. Plasma discharge
produces free radicals like H, OH, and O in aqueous solutions.

H,0 + e=He++ OH- 3.1
H,0+hv = He+OH» (3.2)
Recombination of free radicals:
He+H-=H, 3.3)
He+ OH+=H,0 (34
OH++ OH- = H,0, 3.5)

The reduction process of Se+4 to Se0 in solution solely involves free radicals H* when using distilled
water as the solvent, according to the following mechanism:

Se0s” + 6H = Se° + 3H,0 (3.6)
However, in solution, other reactions can take place:
H'+ H,8¢0;= Se0y + H* (3.7) ki = 1x10° M.s™

OH + H,8¢0;= Se0;" + H' + H,0 (3.8) k=1x10° M.s" (Buxton et al., 1988)
It was discovered that k; is significantly bigger than ki when the rate constants of the interaction between H
free radicals and OH radicals with the H,SeO; solution were compared. As a result, the reduction process of Se**
to Se® does not occur in distilled water.
Figure 1 demonstrates that for the distilled water solvent system, the reaction solution does not change colour

after the plasma discharge duration of 60 minutes, suggesting that no selenium nanoparticles are being formed in
the solution.
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@ ®)
Fig. 1. Synthesis of selenium nanoparticles in distilled water (a) before reaction (b) after 60 minutes

¢  Water — ethanol solvent

In addition to the creation of free radicals such H, OH, and others during the plasma discharge process in the
mixture of water and ethanol solvent system, the following reactions might also take place:

CH3CH,OH + He = *CH(CH;)OH + H; (3.9)  ks=1.7x10" M.s™!
CH;3CH,0H + OH* = «CH(CH;)OH + H,0 (3.10) k=1.9x10° M.s” (Buxton et al., 1988)

According to the reaction described below, selenium nanoparticles are produced in solution together with the
reduction by the free radical H and the reduction by the free radical «CH(CH;)OH.

« CH(CH;)OH + Se0,* = Se” + CH;CHO + H,0 (3.11)

Since ky is significantly bigger than k; and the reaction rate constant of the OH free radical with ethanol and
H,Se0; solution is substantially higher, the concentration of OH is increased. The conversion of Se™ to Se’ is
favoured by the concentration of free radicals. As a result, the synthesis process occurs in a solvent of water and
ethanol.

Figure 2 displays the absorption wavelength of the solution before and after the plasma process. The post-
reaction solution displays a definite absorption peak at max 297 nm, but the H,SeO; solution lacks a UV-Vis
absorption peak. This confirms that previous papers and plasma discharge production of SeNPs in solution are
consistent (Tran et al., 2016), (Yu et al., 2015), (Anu et al., 2020), (Mellinas et al., 2019).

1.2
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Fig. 2. UV-vis absorption spectrum of the product
As a consequence, this study decides to use a solvent system of water and ethanol in an appropriate volume
Tatio 0f 90:10 as a solvent for the plasma solution method of fabrication of selenium nanoparticles.
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3.2. Effect of electrode spacing

The effect of electrode spacing on the discharge priming potential, discharge maintcnam.:c vo'ltag? in the form
of glowing plasma, stability of the discharge current, and temperature change over reaction time is studied at
distances of 0.5mm, 1mm, 1.5mm, 2mm, and 3mm. Other parameters were set as follows: voltage: 2.3 5 kv,

frequency: 20 kHz, pulse width: 0.3 ps, concentration of H2SeO; solution: 0.01 M; solution pH = 2.5
Table 1, Effect of electrode spacing

Electrode spacing, mm Spark gap voltage, kV Stable voltage, kV Temperature, °C
05 22 2.0 55
1 25 20 65
1.5 28 25 70
2 35 3 85
4 Not lmumched * Not launched 90

* Formation of electrochemical plasma after 40 minutes. ; X : )
The findings in Table 1 show that increasing the distance between the electrodes raises the discharge primer

potential, discharge maintenance voltage, and reaction solution temperature after 60 minutes. The stability of the
plasma current will also alter when the electrode distance is extended due to significant steric effects, leading to
discharge currents that may shift over time. Even at electrode distances greater than 3 mm, no discharge plasma
forms, but after 30 minutes, electrochemical plasma does.

In order to guarantee the stability of the discharge current and discharge potential when the medium changes
throughout the reaction, the research has chosen an electrode spacing of 0.5 mm. Additionally, this promotes in
reducing the reaction's temperature rise.

3.3. Effect of voltage
The selenium nanoparticle synthesis process was carried out at different voltages, including 1 kV, 1.5 kV, 2

kV, 2.5kV, 3 kV, and 4 kV. Table 2 demonstrates the effect of voltage variation.
Table 2. Effect of volatage on synthesis process

Voltage (kV) Phenomenon Temperature (°C) Note
1 No plasma generated =
1.5 No plasma generated 48 -
2 Plasma generation 55 +
2.5 Plasma generation 65 +
3 Plasma generation 85 +
4 Plasma generation Boiling *

(-) The reaction did not occur

(1) The reaction occur

(*) Solution was boiled 40 minustes after plasmas generation

Table 2 reveals that at voltages of 1 and 1.5 kV, no plasma discharge current develops in the solution; rather,
the solution only begins to warm up after 60 minutes. At these voltages, selenium production does not occur. After
60 minutes, selenium particles begin to form in solution at voltages of 2kV, 2.5kV, and 3kV, with corresponding
temperature increases of 55°C, 65°C, and 85°C, At a 4kV voltage with high energy, the temperature of the reaction
solution rises substantially, and boiling commences after about 40 minutes. As a result, steady fresh fusion occurs
only at voltages of 2, 2.5, and 3 kV. Figure 3 depicts the reduction efficiency at 2, 2.5, and 3kV voltages.
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Fig. 3. Voltage's impact on the 00 . : . . 1 efficiency of the reaction
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throughout a 60-min reaction
t, 2kV is the suggested voltage for the reaction

did not significantly vary
period, according to the UV-vis spectroscopy data. As a resul
process to guarantee thermal stability and lower energy usage.

3.4. Selenium nanoparticles’ characterization
3.4.1. XRD results

Figure 3 depicts the X-ray diffraction (XRD) findings of selenium nanoparticle products generated using the
solution plasma method

Intenesity (a.u.)

50 60

20 30

40
20 (degree)

Fig. 4. XRD diffraction of nanoselenium
The figure represents the XRD pattern of triangular phase selenium nanoparticles with lattice constants a =
4.366 A° and c = 4.956 A° that were synthesised using the plasma technique. These peaks are located at 23.5 and
29.7° for the (100) and (100) planes, respectively. The Se nanoparticles created using the solution plasma
Procedure show low crystallinity in comparison to those created using other processes, according to the diffraction
Peaks from the XRD sample.

342 TEM images

. Figure 3.10is 2 TEM image of the synthesized selenium nanoparticle sample. Selenium particles are preseflt
0 spherical form and are spread pretty uniformly in the solution with quite comparable sizes, as can l?e seen in
2 TEM image of the produced particle sample shown in Figure 5 at 200 nm and 20 nm scales. The particles have
little aggregation, with diameters between 50 and 70 nm.
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Fig. 5. TEM
synthesized

images of

nanoselenium

3.4.3. EDX and particle size distribution results ; ) .
The samples {’vere examined using the EDX method in order to detem}me the purity of the substance as it had
been manufactured. Figure 6 and Table 3 provide illustrations of the findings.

Fig. 6. EDX spectrum of (a) Se sample and mapping (b) of sample, (c) Se mapping and (d) O mapping

Table 3. The elemental composition of the selenium sample

: Weight % .
Element Weight % Atomic %
Sigma
o 22.07 0.77 58.30
Se 77.93 0.77 41.70
Total 100 100

chemical makeup of the selenjum nanoparticle sample, as 5h°‘¥;
by Figure 6 and Table 3, with corresponding composition and mass ratios of 77.93% and 41.70%. The resu
: . € of producing high purity selenium particles. ey
Figure 7 displays the typical particle size validated by the particle size distribution (DLS) technique. Figure
reveals that the material has spherical granules that are homogeneous in size and well dispersed with an average
diameter of 70-90 nm.
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Fig.7. Particle size distribution of as-synthesized nanoselenium

4. Conclusions

Nanoselenium was effectively produced in the study using a novel solution plasma method. The investigations
show that a 9:1 combination of ethanol and water is the best solvent for the synthesis process. The additional
parameters are as follows: electrode diameter d = 1 mm, spacing 0.5 mm, frequency £ =20 kHz, voltage V=2
kV, and pulse width 0.3 s. The reaction time is around 60 minutes. XRD, EDX, TEM, and particle size distribution
methods were used to evaluate the as-synthesised material, demonstrating the high purity and constant nanosize
of 50 to 70 nm of the particles. More study is required to understand the mechanism of action of SeNPs on bacteria,
mechanisms of distribution to target areas, and potential hazardous effects on living creatures.
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