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Abstract Article Info.

In this paper, a cold plasma system utilizing a high voltage of 13.5 kV of
alternative (AC) and direct current (DC) was used under atmospheric pressure with  Keywords:
argon (Ar)-gas at a flow rate of 2.5 I/min and a flowing time of 4 min to synthesize ~ Non-Thermal Plasma, AIO
aluminum oxide (AlO) nanoparticles (NP). From the results, when DC was used, it Nanoparticle, Plasma Jet,
was found that the absorption spectrum starts at 303 nm and gradually falls to AC DC Cold Plasma,
870 nm. With AC, the absorption spectrum was at 330 nm and then began to fallto FESEM.
902 nm. The energy gap when utilizing DC and AC was 3.49 and 3.44 eV
respectively. The analysis of the X-ray diffraction (XRD) patterns showed the Article history:
structure of the NPs was amorphous, matching the pattern 42-1746. At DC, the Received: Jul 17,2023
average size of NPs formed, as deduced from the XRD pattern, was 29.56 nm, and  Revised: Sep 18, 2023
it was very close to what appeared in the field emission scanning electron Accepted: Sep 28, 2023
microscopy (FESEM) images, in which the apparent NP size ranged between 20 Published: Mar 01,2024
and 50 nm. The XRD test gave an average NP size of 38.21 nm in AC, while the
FESEM images showed a size range of 20-60 nm. At dc, the AIO NPs were
aggregated and interconnected, and each set was connected to another set, as
shown in the FESEM images. At AC, the shape of the synthesized AIO NPs was
quasi-spherical, with slightly elongated particles connected.

1. Introduction

Plasma-liquid interaction has drawn much interest as a cutting-edge method for
producing nanoparticles [1-3]. The direct reduction of metal ions in the gas-liquid
interface can be started by electrons, with energy as high as a few electron volts,
produced by atmospheric pressure plasma [4-6]. Nanoparticles may be created using a
variety of plasma types [7, 8]: (a) direct plasma, like a gas discharge between the
electrodes, and (b) remote plasma or plasma jet, a gas discharge between an electrode
and the electrolyte surface. The plasma often acts as the cathode [9-12]. Atmospheric
pressure plasma operating at room temperature has attracted great interest due to its ease
of scaling up, low cost, and small size [13, 14]. The plasma column produced in the
plasma jet system can be used for direct treatment without restriction of body size in
medical subjects. Plasma jets are useful for more industrial applications because of their
ability to scale up [15-18].

Several important new-century technologies depend increasingly on
nanotechnology. A growing field of nanoscience and nanotechnology uses nano-scale
materials and structures, typically measuring between (1 - 100) nm [19]. Many studies
have been published on the manufacture and uses of metal nanoparticles because they
exhibit unique features compared to their bulk counterparts [20, 21]. Earlier
formulations of energetic materials frequently employ some of these metals, especially
aluminum. Several companies, including those that produce explosives and pyrotechnic
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propellants, are interested in aluminum oxide nanoparticles (AlO NPs). A variety of
these compositions have had aluminum powder added to them to improve performance
by boosting reaction energies, flame temperatures, and blast speeds. AIO NPs are more
advantageous due to their high enthalpy of combustion and quick kinetics, which further
enhance these reaction properties [22-24].

AlO NPs are recognized as a novel energetic material with extremely high
reactivity due to their enormous specific surface area. The diameter of an AIO NP
affects its reactivity. The most sensitive AIO NPs are said to be between 30 and 50 nm
in size [25-27]. Aluminum'’s physical and chemical characteristics, especially those of
its NPs, such as their corrosion-resistant and conductivity, make them suitable for use in
a wide range of applications, including alloy powder metallurgy parts for cars and
airplanes, heat-shielding coatings for aircraft and heat-reflecting paints, decorative
plastics, soldering and termite welding, pyrotechnics, and military uses (rocket fuel,
igniter, smokes, and tracers). AIO NPs are being researched as high-capacity hydrogen
storage materials at the nanoscale level [28-31]. The cold plasma jet is one of the most
effective redox methods for the production of nanoparticles. Gas exposed to a high
electric field to be electrically charged is called a non-thermal plasma jet. Most of the
energy from the electric field is utilized to produce active plasma species rather than
merely heating the gas [15]. These species are made up of electromagnetic radiation,
electrically neutral gas atoms, molecules, free radicals, positive ions, electrons, and
negative ions. When aluminum is immersed in ionized water, plasma species, which are
strong oxidizers, effect on the metal's surface. The metal's surface gets oxidized [32-35].

In this study, the NPs were prepared by a technique based on a cold plasma jet
under atmospheric pressure generated from argon (Ar)-gas employing a voltage power
supply of alternating current (AC) and then with a continuous current (DC) that directly
interacts with liquid in which a piece of Al was immersed in deionized water. A flow of
Ar gas was applied towards the surface of the liquid, producing a reaction that resulted
in the production of AIO NPs.

2. Experimental Work

Cold plasma jet technology based on atmospheric pressure was constructed using
an Al plate with a purity of 99.99%, Ar-gas with a flow rate of 2.5 I/min and a power
supply supplying 13 kV. A plasma jet system that produced the cold plasma from argon
gas synthesized Al NPs. Ar gas flows through a hollow metal tube with a diameter of 3
mm connected to a gauge that measures the amount of gas entering. In the system, an Al
metal plate with dimensions (6 x 1) cm was placed in a small beaker containing ionized
water. 4 cm of the metal plate was immersed in water, which was connected to a high-
voltage power supply as the positive electrode (anode), while the electrically conductive
end of the hollow metal tube through which the argon gas flows was connected to a
high-voltage power supply as the negative electrode (cathode). The conductive end of
the cathode (of a needle shape) was placed at a distance of 1 cm from the surface of the
water. Ar gas flows at a rate of 2.5 I/min for 4 min over the water surface. With the flow
rate and applied voltage fixed, the system was first operated with an alternating current
(AC) and then with a continuous current (DC). After more than a minute, the impurities
began to increase, and the color of the water started to change gradually to turn white.

The system was constructed using an Ar-gas bottle, which was connected to the
negative end of the current power supply and flowed in the direction of the Al plate that
was submerged in the water, which was connected to the positive end of the current
power supply, which represents the positive pole. Fig. 1 shows the cold plasma jet
system setup with a schematic diagram.
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Figure 1: (a) the setup and (b) a schematic diagram of the cold plasma jet system.

3. Result and Discussion
After the synthesis process an ionized liquid containing AIO NPs was obtained,
which was white in color, as shown in Fig. 2.

Figure 2: The AIO NPs using (a) DC and (b) AC Power Supply.

3.1. Optical Characteristics of AIO NPs Produced by Plasma Using an DC
Power Supply

3.1.1. Absorption Coefficients and Absorbance
The absorption coefficient (a) of AIO NPs thin film was calculated using [36]:

a =2303% (1)
where: A is the absorbance, and t is the thickness of the thin film.

Fig. 3 displays the fluctuation of the absorbance of the nanoparticles with
wavelength.
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Figure 3: Absorbance as a function of wavelength for AIO NPs produced by (DC) cold
plasma jet.

To identify the type of transition between the valence band and the conduction
band, the connection between (ahv)" and the photon energy (hv) for values of (r) was
examined [37, 38].

(ahv) =~ (hv - Eg)r (2)

where (h) is the Plank constant, (v) represents the frequency of the incident photon, Eq is
the optical energy gap, and (r) is the optical transmission mode and represents a fixed
value according to the type of transition, for example when r = 1/2, the mode of
transition is directly allowed, and when r = 3/2, there is no possibility of moving
directly at all, and when r = 2 the transition is indirectly allowed, but when r = 3 it
prevents indirect transmission. The optical energy gap was determined by plotting
(ahv)? versus the photon energy and extrapolating the linear portion of (ahv)® and
(ahv)¥?[38].

From Fig. 4, it was found that the value of the energy gap was 3.49 eV. The
practical value matched the theoretical value of the energy gap when a DC was used in
the non-thermal plasma system. This energy gap value was close to the values found by
other works [39, 40].
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Figure 4: Value of Eg in a plot of (ahv)® versus (hv) of AIO NPs using DC cold
plasma.
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3.1.2. XRD Characterization of AIO NPs
The AIO NPs thin films samples were examined with an XRD (Phillips, X-Pert
PA analytical, Holland). It was found that the XRD pattern, shown in Fig.5, for the AIO
NPs produced using direct current, matched the pattern in No: 00-004-07870 [41].
Weak absorption peaks were noted at 20 of 21.66, 22.66, 28, 15, 30.15, 33.25, 57.05,
and 77.25, noting that the average size of NPs formed was equal to 29.56 nm.
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Figure 5: XRD pattern of AIO NPs produced by DC cold plasma at 4 min with an
applied voltage of 13 kV.

3.1.3. Characterization of AIO NPs by FESEM

The obtained FESEM images of AIO NPs, as shown in Fig.( 6 a,b), show the NPs
to be in the form of interconnected ramifications. The images, at 200 nm scale, showed
spheres aggregated and connected to each other, and each set of spheres is connected to
another set to form a tangle of nanoparticles. The images were almost identical to those
of Khodadadi et al. [42].

Fig. (6 a, b) shows that AIO NPs have a diameter ranging between 20 and 50 nm
according to the used scale. This result agreed with the NPs average size of 29.56 nm
obtained with XRD study. The variation in the particles diameter and, thus, their sizes
can be explained due to the effect of the Ar flowing time on the surface of the liquid in
which the metal piece o‘fflluminum was immersed, which was a maximum of 4 min.

x
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Figure (6): FESEM images at 200 nm scale of AIO NPs produced by cold plasma jet using
DC.
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Fig. 7, the nano-scale dendrites of the aluminum metal were like balls, such as
granules, connected to each other. Through the EDS study, it was found that the
percentage of aluminum metal in AIO NPs was 55.4% and the percentage of oxygen gas
was 44.6%.

1pm EHT = 10.00 kV Signal A = SE2 Date :24 Jan 2023 ZEISS |
A WD = 48 mm Mag= 10.00KX User Text = ‘

Figure 7: FESEM image at 1 um scale of AIO NPs generated by cold plasma jet using DC.

3.2. Optical Characteristics of AIO NPs Produced by Plasma Using an AC
Power Supply

3.2.1. Absorption Coefficients and Absorbance

Eg.1 was used to obtain the absorption coefficient from the largest absorption area
near the basic absorption edge of the nano unit. Fig. 8 displays the changes of
absorbance with wavelength generated by the AC plasma jet. It is clear that the
absorbance spectrum of AIO NPs produced using a cold plasma jet generated with an
AC power supply is the same as that of the nanoparticles produced using plasma
generated with a DC power supply.

The value of the energy gap, in this case, was 3.44 eV, as shown in Fig. 9, which
is close to the values of the energy gap found in Zhang et.al, Sokoloff et.al and Peng
[43-45].

0.04
0.035 -
0.03 4
0.025 -
0.02 4

0.015 -
0.01 -+
0.005 -

0 T T T T 1
200 400 600 800 1000 1200

Wavelength (nm)

Absorbance

Figure 8: Absorbance as a function of wavelength for AIO NPs liquid produced by AC
plasma jet measured by UV-visible.
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Figure 9: The value of Eg in a plot of (ahv)® versus (hv) of AIO NPs using (AC)
cold plasma.

3.2.2. Characterization of AIO NPs by XRD
The XRD pattern of AIO NPs using AC, Fig. 10, shows that the NPs are of
amorphous nature. This pattern matched that in No: 00-004-07870) [46]. The average
size of the formed nanoparticles was found to be 38.21 nm.
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Figure 10: XRD pattern of AlIO NPs produced by AC cold plasma jet at 4 min with an applied
voltage of 13 kV.

3.2.3. Characterization of AIO NPs by FESEM
AlO NPs produced by the cold plasma jet generated using AC differed from those
produced by DC, as noted from the FESEM images, shown in Figs. 11 and 12. The
images at 1um scale showed a series of particles connected to each other and
intertwined as if they were sticky.
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Figure 11: FESEM image at 1 um scale of AIO NPs generated by non-thermal plasma jet.

The FESEM images at 1 um scale show that each particle was semi-spherical
inclined to be slightly elongated and connected to each other to be more like a
gelatinous substance and knitted together like scattered wool.

Fig. 12 shows the FESEM image of AlO NPs generated from the plasma at a
voltage of 13 kV AC have NPs size in the range (20 - 60) nm. This result agrees with
the NPs average size of 29.56 nm obtained with the XRD study. Through the EDS
study, it was found that the percentage of aluminum metal in nanosized aluminum was
47.2%, and the percentage of oxygen gas was 52.8%. The shape is almost close to the
FESEM images in the study of Yousef et al. [47].

The diameter of the particles explains their sizes as due to the time that the
plasma hits the surface of the water, which was a maximum of 4 min [48, 49].
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Figure 12: FESEM image (at 200 nm scale) of AIO NPs generated by non-thermal
plasma jet using AC.
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4. Conclusions

The color of the synthesized nanofluid using the two types of cold plasma
currents was similar. At DC with a constant high voltage of 13 kV and Ar-gas flow rate
of 2.5 L/min for 4 min, AIO NPs were synthesized. The absorption spectrum was higher
in DC than in AC and the Ey value when using DC was higher than in AC. The XRD
analysis of AIO NPs produced using DC and AC in plasma jet showed that the NPs
were amorphous, which means all peaks were somewhat weak and not high in both DC
and AC, and the size of AIO NPs was smaller in DC than in AC. In FESEM images of
DC, the general shape of the NPs was a group of balls interconnected with another
group to form a tangle of particle nanoparticles of AIO NPs. As for the shape of a single
particle, it is irregular, longitudinal, and tends to be cylindrical, while in AC the shape
of the nanoparticles, as seen in the FESEM images, was a series of particles connected
and intertwined as if they were glue stocked. The shape of the particle was almost
spherical tending to be slightly elongated and joined together to be more like a
gelatinous substance and held together like scattered wool.
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