Journal of Cluster Science (2022) 33:145-150
https://doi.org/10.1007/s10876-020-01949-7

ORIGINAL PAPER q

Check for
updates

Study on the Characteristics of Zinc Oxide Nanocolloid Prepared Using
Electrical Spark Discharge Method

Kuo-Hsiung Tseng' * Yur-Shan Lin' - Hsueh-Chien Ku' - Hen-Lin Lee’

Received: 15 June 2020/ Accepted: 22 November 2020/ Published online: 2 January 2021
© Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

In this study, zinc oxide (ZnO) nanocolloids (ZnONCs) were prepared in an electrical discharge machine using the
electrical spark discharge method. ZnONCs comprising ZnO nanoparticles (ZnONPs) and zinc nanoparticles (ZnNPs)
could be successfully prepared using metal electrodes with 99.97%-purity zinc (Zn) wire and deionized water as the
dielectric fluid at normal temperature and pressure; chemical substances were not required in the preparation. According to
the results of ultraviolet—visible spectroscopy, the ZnONP characteristic peak value was 345 nm. X-ray diffraction results
indicated that ZnONCs had both Zn and ZnO crystallite orientations. Transmission electron microscopy results revealed
that ZnONPs and ZnNPs exhibited elongated crystals measuring 30-50 nm, a ZnO d-spacing of 0.25 nm, and a Zn
d-spacing of 0.21 nm. Raman and photoluminescence imaging results indicated favorable structural quality and

crystallinity.
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Introduction

Zinc is a silvery white transition metal [1] with a density
slightly lower than that of iron, with a hexagonal crystal
structure [2] and diamagnetic properties [3]. It is a
prominent metal often used in, for example, automobile,
battery, and construction industries. Zinc oxide, in the form
of white powder, is the oxidation product of zinc [4]. The
decrease in the size of nano-zinc oxide particles leads to
changes in its material properties. Zinc oxide has three
crystal structures: wurtzite hexagonal structure, cubic
zincblende, and rocksalt, with wurtzite hexagonal structure
being the most stable [5]. Due to the hexagonal symmetry
of the structure and the lack of a center of symmetry, zinc
oxide has excellent piezoelectric properties, which, cou-
pled with its high chemical stability [6] and high effective
electromechanical coupling coefficient (8.5%), enables it to
be applied to surface acoustic wave devices and film bulk
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acoustic wave resonators. Zinc oxide is a group II-VI
wide-bandgap semiconductor (3.37 eV) and is a direct
bandgap semiconductor at room temperature. It has a large
exciton binding energy (60 meV), making it a common
material in short-wavelength optoelectronic components
such as light-emitting diodes and laser diodes [7]. Because
zinc oxide absorbs ultraviolet light but not visible light,
does not irritate the skin, and is nontoxic, it is often used in
sunscreen. In addition, zinc oxide is listed as generally
recognized as safe (GRAS) by the United States Federal
Drug Administration; thus, it is also widely applied in
biology, medicine, antibacterial, and consumer goods
[8-11]. Moreover, novel zinc oxide photocatalyst tech-
nology can be used to remove pollutants and reduce the
high cost of wastewater treatment [12, 13]. In brief, nano-
zinc oxide is a multifunctional metal oxide material.
Common preparation methods include physical vapor
deposition [14], hydrothermal synthesis [15], chemical
vapor deposition [16], and the sol-gel process [17]. How-
ever, ZnO synthesized using solid-phase synthesis [18]
contains impurities. Preparation of ZnO using liquid-phase
synthesis (e.g., the sol-gel method [19]) involves the use of
Zn(CH3COO),-2H,0 as the precursor, ethanol as the
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solvent, and NaOH and distilled water as the media.
Additionally, preparation using the liquid synthesis
requires considerable equipment. Regarding the synthesis
of ZnO using the plasma-in-liquid process [20], the Zn
electrodes used in the process need to be subjected to
complex processing. Furthermore, a low-pressure prepa-
ration environment (20 kPa) and coating with Teflon are
required for plasma-in-liquid synthesis of ZnO. Currently,
the preparation of nano-ZnO is costly. Therefore, costs
must be reduced and production efficiency must be
increased.

Therefore, this study proposed a new method for
preparing nano-ZnO, namely the electrical spark discharge
method (ESDM) [21]. In the ESDM preparation process,
only an instrument (electrical discharge machine, EDM)
and two materials (commercially available Zn wire and
deionized water) are required to obtain pure ZnONCs. The
preparation method involves subjecting the Zn wire to an
electric spark discharge process for 20 min under appro-
priate EDM control parameters (7,7, IP, and HV). The
entire process is fast and simple, in that (1) it can be
completed in an environment with normal temperature and
pressure; (2) the electrode (Zn wire) used does not need to
undergo complicated preprocessing; and (3) no precursor,
solvent, or medium is required. Because no chemical
agents are added, the sample obtained is pure nano-
ZnONCs without any derivatives; thus, environmental
pollution is avoided. ESDM is a simple, fast, and green
preparation method.

Experimental Principle and Method
Experimental Principle

In this study, an electrical discharge machine (EDM) was
used to prepare metal nanocolloids. In this method, the
upper and lower electrodes were first immersed in the
dielectric fluid (either DW or another low-conductivity
solution), and a periodic, fast-changing voltage pulse was
subsequently applied to the upper and lower electrodes.
The voltage pulse generated high energy and temperatures,
causing the metal surface of the electrodes to melt and be
removed [22]. The EDM parameter configurations included
T,,: Ty 1P, and an HV. T,,:T,; affects precision during
electrical discharge, and it was set in the range of
0-999 ps. IP was set in the range of 1-7 ranks; higher
ranks enable larger currents between the electrodes, which
accelerate the fabrication process but at a major cost to
precision. HV settings toggle between two types of no-load
voltages (140 and 240 V). If the metal electrode has a
lower discharge as a result of its high melting point or
hardness, the machine should be set to 240 V. The EDM
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primarily employed electric arc discharge to prepare metal
nanoparticles (Fig. 1). In the first phase (a), the discharge-
on phase, two electrodes were immersed in low-conduc-
tivity dielectric fluid. When electrified, the upper electrode
approached the lower electrode, and when they were
approximately 30 um apart [23], the electric field intensity
exceeded the withstand voltage of the dielectric fluid, and
numerous electrons were injected from the lower electrode
to the upper one to form an electric arc. In the second phase
(b), the ionization phase, after the insulation between the
two electrodes was damaged, the collisions between the
ejected electrons and the neutral atoms in the dielectric
fluid excited the valence electrons on the atom surface to
form cations. At this time, the electrons flowed again
toward the upper electrode to form an ionization channel.
I4q, denotes the rising current formed. In the third phase
(c), the melting phase, the ions generated during ionization
continued to collide with the upper and lower electrodes,
and kinetic energy was converted into thermal energy,
which melted the surface metal of the electrodes into
nanoparticles. In the fourth phase (d), the discharge-off
phase, the power supply was cut, and both V,,, and I,,,
were reduced to 0; the electrodes stopped discharging
electrons, and the ionization channel vanished, leaving the
nanoparticles to be suspended in the dielectric fluid. In the
fifth phase (e), the resumption of insulation, as the elec-
trodes’ metal surfaces cooled, the dielectric fluid between
the electrodes regained its insulative properties, and the
electrical discharge process was completed. After T, the
next iteration had 7,, beginning at phase one (a).

Experimental Method

In this study, a Zn wire of 99.97% purity and 1-mm
diameter was used as the metallic material for the upper
and lower electrodes. The dielectric fluid was low-con-
ductivity (1.8 pS/cm) DW. The EDM’s environmental
parameters are listed in Table 1. T,,,:T 5 was set at 30 us, a
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Fig. 1 Schematic of discharge phases: a discharge-on, b ionization,
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Table 1 EDM environmental parameters in ZnONCs preparation

Pulse cycle Ton:Topr = 30:30 (ps)

Material Zn wire, 99.97%
Diameter of materials 1 mm

Dielectric fluid DW

Capacity 200 mL

Current segment setting 1

Voltage 140 V
Discharge time 20 min

setting that is suitable for the pulse cycle in ZnONCs
preparation. IP was set to 1, which reduced electrode
depletion and improved precision. Because the hardness
and melting point of the Zn wire were within the EDM’s
normal discharge range, the HV was set to 140 V. The
discharge duration was 20 min. Furthermore, before the
discharge was activated, a magnet was placed within the
container, and the container was placed on the magnetic
stirrer. This ensured that the ZnO nanoparticles (ZnONPs)
and Zn nanoparticles (ZnNPs) generated during the dis-
charge process were successfully dispersed in the DW.
Once the settings were input, ZnONCs preparation using
the EDM was initiated. Figure 2 displays the system
schematic.

The ZnONCs preparation was completed after the dis-
charge duration. The optical properties, attributes, and
crystal defects were tested using five instruments to verify
whether ZnONP and ZnNP were indeed yielded. To
determine whether the product had the optical properties of
ZnONP, ultraviolet—visible (UV-Vis) spectroscopy was
used to obtain data regarding wavelengths and absorption

DC

Zn wire(Upper)

* +————— Arc

Zn wire(Lower)
+——DW
 O+———Stir bar

Magnetic stirrer

Fig. 2 System schematic of the EDM

peak values [24]. X-ray diffraction (XRD) was used to
determine the crystalline structure, orientation, and
diffraction peak in the analysis of ZnONCs composition
[25]. Transmission electron microscopy (TEM) was used to
determine the microscopic grain size, distribution, and
crystal lattice gaps [26]; crystal orientation was also
determined through d-spacing results obtained in accor-
dance with the Joint Committee on Powder Diffraction
Standards (JCPDS). Raman testing was used to determine
the chemical structure, lattice vibrational pattern, and
presence of defects [27]. Photoluminescence (PL) testing
was used to determine optical properties as well as the
relationship between luminous intensity and crystallization
[28].

Results and Discussion

UV-Vis Results

The UV-Vis spectroscopy results are displayed in Fig. 3.
According to these results, light absorption decreased as
the light wavelength increased. These match those of typ-
ical ZnONP spectrograms, where the absorption rate and
wavelength are negatively related and the ZnONP charac-
teristic peak value is in the region of 345 nm.

XRD Patterns

The XRD results (Fig. 4) indicated that ZnONCs had
crystalline orientations of both ZnO (JCPDS 01-079-0205)
and Zn (JCPDS 96-901-2436). The ZnO Bragg angles were
31°, 34°, 36°, 47°, 56°, 63°, 66°, and 68°, and the crys-
tallographic planes, in order, were (100), (002), (101),
(102), (110), (103), (112), and (201). The Zn Bragg angles
were 36°, 39°, 43°, 54°, 70°, and 70.7°, and the
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Fig. 3 UV-Vis spectroscopy results for ZnONCs
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Fig. 4 XRD patterns of ZnONCs

crystallographic planes, in order, were (002), (100), (101),
(102), (103), and (110). The diffraction rays for three of the
angles (31°, 34°, and 36°) were ZnO diffraction peaks,
indicating that the ESDM-prepared ZnONCs contained no
other derivatives except ZnO and Zn crystal structures.

TEM Results

The crystal structure of ZnO is hexagonal wurtzite. After ()
pure zinc was prepared into ZnONCs using the EDM, the
crystals’ size, shape, and distribution were observed
through TEM. The results indicated that both ZnONP and
ZnNP groups existed independently in the ZnONCs sam-
ple. In the results illustrated in Fig. 5a, the ZnONCs, pre-
pared using spark discharge, exhibited concentrated
distributions of elongated crystals. The ZnONP length was
approximately 30-50 nm, and its width was approximately
10-20 nm. Figure 5b depicts an enhanced version of the
image in Fig. 5a, in which distinct lattice lines of different
orientations can be seen. The spacing between the lattice
lines (d-spacing) was 0.25 mm; this spacing was attributed
to the XRD crystallographic plane (101), which is a classic
ZnONP representational result. Figure Sc depicts a
ZnONCs image captured from another angle, indicating the
presence of elongated crystals and concentrated distribu-
tions. Figure 5d presents an enhanced version of the image
in Fig. 5c, displaying neat lattice lines with a d-spacing of
0.21 nm. The XRD (JCPDS 96-901-2436) results demon-
strated that the nanoparticles were elongated ZnNPs.

100 nm © 200 kV X25000

Raman and PL Results

The ZnONCs Raman spectrogram is displayed in Fig. 6a.
A peak E2(H) corresponding to scattering vibrations was
observed at 412 cm™'. This peak is characteristic of ZnO
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«Fig. 5 TEM images of a, b ZnONP and ¢, d ZnNP
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Fig. 6 Spectra of ZnONCs a Raman, and b PL

crystals and is unrelated to ZnO size. At 570 cm™, the
scattering peak E1(LO) vibrations were caused by oxygen
vacancy, zinc interstitials, and their compound. This sam-
ple generated only two Raman characteristic peaks, namely
E1(LO) and E2(H); no other Raman peaks were formed.
The Raman scattering analysis demonstrated the high
quality of the ZnO structure in addition to an absence of
electric field effects and an unfavorable crystal orientation.
The ZnONCs PL spectrum in Fig. 6 exhibits two fluores-
cence peaks: the thinner peak, namely a UV fluorescence
peak (366 nm), and the wider peak, namely a green fluo-
rescence peak (498 nm). UV fluorescence is a near-band-
edge emission and is related to the material’s intrinsic
nature; high luminosity demonstrates strong crystallization.
The green fluorescence peak at 498 nm was caused by ZnO
nanodefects and was a deep-level emission; its luminosity

was weaker, demonstrating the relatively strong crystal-
lization of the yielded ZnONC:s.

Conclusions

In this study, ZnONCs comprising ZnONPs and ZnNPs
were successfully prepared in an NTP environment in the
first-ever use of the ESDM through an EDM. The contri-
butions of this study are as follows.

1. The ESDM resulted in the successful preparation of
ZnONCs. This method is fast, simple, and environ-
mentally friendly because it requires no additional
chemical agents in the preparation process.

2. The ZnONCs optical properties were clearly deter-
mined through UV-Vis spectroscopy and PL imaging.
According to the UV-Vis results, the characteristic
peak observed for ZnONP was at 345 nm, indicating
high light absorption. According to the PL results, the
peak value at 366 nm was higher than that at 498 nm,
signifying strong crystallizations in the ZnONCs.

3. Both ZnONPs and ZnNPs existed independently in the
derived ZnONCs. This was indicated in a comparison
of the d-spacing measurements against the XRD results
using (microscopic-scale) TEM imaging of the
ZnONCs.

4. High structural quality was indicated by the two classic
ZnONCs characteristic peaks in the Raman results.
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