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Abstract. In the present study, cupric oxide (CuQO) nanoparticles were synthesized by electrochemical discharge
process using strong base electrolytes. The experiments were carried out separately using NaOH and KOH elec-
trolytes. The mass output rate and the crystal size were obtained with variation of the rotation speed of magnetic
stirrer for both types of electrolytes. The mass output rate of CuO nanoparticles increased with the increase in the
speed of rotation, and, after an optimum speed, it started decreasing. However, the size of the particles reduced
with the increase of the rotation speed. The crystal plane of the obtained CuO nanoparticles was similar for both
the electrolytes whereas the yield of nanoparticles was higher in KOH as compared with NaOH under the same
experiment conditions. In this set of experiments, the maximum output rates obtained were 21.66 mg h—! for NaOH
and 24.66 mg h~! for KOH at 200 rpm for a single discharge arrangement. The average crystal size of CuO par-
ticles obtained was in the range of 13-18 nm for KOH electrolyte and 15-20 nm for NaOH electrolyte. Scanning
electron microscopy images revealed that flower-like and caddice clew-shaped CuO nanocrystalline particles were
synthesized by the electrochemical discharge process. Fourier transform infrared spectrum showed that the CuO
nanoparticles have a pure and monolithic phase. UV-vis—NIR spectroscopy was used to monitor oxidation course of
Cu— CuO and the band gap energy was measured as 2 and 2.6 eV for CuO nanoparticle synthesized in NaOH and

KOH solutions, respectively.
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1. Introduction

Nanoparticles are the most fundamental components in the
fabrication of a nanostructure. Novel properties of nanoparti-
cles are gaining increasing attention of the researchers. They
are considerably smaller than the everyday objects around
us that are governed by Newton’s laws of motion. However,
they are bigger than an atom or a simple molecule that are
subjects of quantum mechanics [1]. In general, the size of a
nanoparticles varies within the range of 1-100 nm. They are
classified into three types on the basis of their dimension, i.e.,
one-, two- and three-dimensional-nanoparticles [2].
One-dimensional nanoparticles, such as, thin film, has
been used for decades in the field of electronics, chemistry
and engineering. Nowadays, they are used in solar cells,
information storage system, chemical and biological sensors,
magneto-optic and fibre-optic systems. Two-dimensional
nanoparticles mainly consist of nanotubes which are avail-
able in two forms: single-wall nanotubes and multi-wall nan-
otubes. Two-dimensional nanoparticles have larger remnant
of magnetization properties [3]. x-Fe,Oj3 thin film [4] is the
example of one-dimensional thin films and carbon nanotubes
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[5], graphite nanotubes [6] and TiO, nanotubes [7] are
appropriate examples of two-dimensional nanotubes. Three-
dimensional nanoparticles are important for the nanometre-
scale devices in the fields of science and engineering. They
have the property of high catalytic activities [8].

Nanostructured transition metal oxides are a special group
of nanomaterial, used in the development of numerous novel
and smart materials. These transition metal oxide nanocrys-
tals are much under focus due to their unique physical and
chemical properties [9-23]. These properties are particularly
dependent on the shape, size, composition and structures of
the nanocrystals. With the reduction in particle size to the
range of nanometres, there is a rise in their surface-to-volume
ratio [24,25].

Nowadays, research work is under way on cupric oxide
(CuO) nanoparticles due to their p-type semiconducting
properties with a narrow band gap, monoclinic structure
and giant magnetic field resistance [26-29]. CuO crystal
structure possesses useful photovoltaic and photo-conductive
properties due to its narrow band gap [30]. Large surface-to-
volume ratio and the advantage of size ensure better physical
and chemical properties in CuO nanoparticles in comparison
to micro- or bulk particles. It comes under the category of
transition metal oxide [31]. These metal oxide nanoparticles
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have been widely studied because of their promising appli-
cations in various fields of engineering, such as, gas sensors
[32,33], bio-sensors [34-38], photo detector [39], energetic
materials [40], magnetic storage media [41], super capacitors
[42] and photo catalysis [43]. They are also used in biomed-
icine [44], where they act as heterogeneous catalysts facilitat-
ing conversion of hydrocarbons to carbon dioxide. They also
enhance viscosity and thermal conductivity of nanofluids.
Several processes have been used for synthesis of cupric
oxide nanoparticles, which include sonochemical reduction
[45-54], electron beam irradiation [55], solution combus-
tion [56-60], reverse micelles [61], microwave irradiation
[62,63], laser ablation [64,65], hydrothermal [66,67], flame
spray pyrolysis [68] and arc discharge process [69-72]. It
is, however, a challenge for a material scientist to synthesize
material oxide nanoparticles with controlled size and mor-
phology as well as highest purity by means of a cost-effective
technique.

In the present study, an electrochemical discharge method
[73-75] (with basic electrolyte solution) has been used for
synthesis of cupric oxide nanoparticles. NaOH and KOH
electrolytes were used in the process. However, to ensure
good in oxidizability, no surfactants were used in the process.

2. Experimentation and characterization processes

2.1 Materials

Sodium hydroxide pellets and potassium hydroxide pellets
with 99.9% purity and produced by Merck and ethylalcohol
from Yangyuan Chemical, China, with 99.9% purity were
used. Distilled water was used to prepare strong elec-
trolyte. A polished copper cathode (1-mm diameter) and an
anode (4 cm x 4 cm) were used for the synthesis of CuO
nanoparticles.
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Figure 1. Effect of stirrer rotation speed on mass output rate of

CuO nanoparticles.
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2.2 Experiment preparation

High purity (cat. 98%) copper wire (1-mm diameter) and
copper sheet (4 cm x 4 cm) were used as the electrodes.
One of the copper electrodes (anode) was dipped into alka-
line solution. The end of the other copper electrode (cathode)
was momentarily brought into contact with the surface of
the alkaline solution. When a threshold voltage was applied
across the electrodes from a direct current supply, arc dis-
charge could be observed at the cathode surface. During the
experiment, 85 V was applied to the electrodes.

I CuO synthesis in KOH electrolyte
I CuO synthesis in NaOH electrolyte

Crystalline size (nm)

100 200 300 400 500
Rotation speed (rpm)

Figure 2. Effect rotation speed of electrolyte on crystalline size
of CuO nanoparticles.
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Figure 3. XRD patterns of CuO nanoparticles prepared in KOH
electrolyte via electrochemical discharge process at different stirrer
rotation speeds: (a) 100; (b) 200; (¢) 300; (d) 400; and (e) 500 rpm.
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Due to the discharge, the surface material is heated beyond
its melting point, and, hence, the molten copper metal is dis-
persed into the solution. The sudden cooling of the molten
metal droplets leads to the formation of nano-size particles.
During the experiment, the nanoparticle-mixed electrolyte
was centrifuged at 10,000 rpm. As a result, the particles were
settled at the bottom of the test tubes as black precipitates.
The black precipitates were washed with distilled water and
ethyl alcohol for about six to seven times by the process

Intensity (a.u.)

260

Figure 4. XRD patterns of CuO nanoparticles prepared in NaOH
electrolyte via electrochemical discharge process at different
stirrer rotation speeds: (a) 100; (b) 200; (c¢) 300; (d) 400 and
(e) 500 rpm.
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of centrifuging and finally was dried in an oven at 65°C
for 8 h.

2.3 Characterization of produced particles

2.3a  X-ray diffraction (XRD) analysis: The X-ray data
were recorded in terms of the diffracted X-ray intensities
(I) vs. 20. The crystalline size was calculated with the help
of Scherrer’s formula, which is given as [76]

0.9

- Bcosf’ M

where D is the crystallite size, 8 the full-width at half-
maximum (FWHM) of the most intense diffraction peak in
radians, 6 the diffraction angle and A the wavelength of X-ray
radiation.

2.3b  UV-vis—NIR spectroscopy: Several methods can be
applied to characterize the optical properties and to obtain
the band gap. UV—vis—NIR spectroscopy is one of the meth-
ods for determining the band gap of CuO nanoparticles. It
is used for evaluating the optical absorption characteristic of
CuO nanoparticles. Tauc’s formula is used for determining
the band gap of nanoparticles/nanomaterial, which is given
in [76]

(ahv)' = ¢ (hv — Eg) , 2)
where E, is the absorption band gap, o the absorption coef-
ficient, hv the photoenergy, C the constant relative to the
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Figure 5. EDAX analysis of CuO synthesis in (a) KOH and (b) NaOH electrolytes.
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material, and n = 2 for direct transition and 1/2 for an
indirect transition.

2.3¢c  Fourier transform infrared (FTIR) spectrometry:
The synthesized sample was analysed with FTIR spectrom-
etry. During this process, a small amount of powder was
mixed along with IR grade powder and then this powder was
transferred into a sample cup of the diffuse reflectance
accessory and scanned in a region of about 4000-500 cm~!.

2.3d  Thermal gravimetric analysis/differential temperature
analysis (TGA/DTA): TGA is a process which relies on
measuring the change in physical and the chemical proper-
ties of a sample as a function of temperature (with constant
heating rate) or as a function of time (with constant tem-
perature). It is predominantly used for determining the fea-
tures of a material that exhibit either mass loss or gain due to
decomposition, oxidation or loss of volatiles.

DTA is a technique which rests on obtaining chemical
composition of a substance under heating condition.

Purushottam Kumar Singh et al

2.4 Morphological studies of nanoparticles

Morphology of the produced powder was analysed with
field emission scanning electron microscopy (FE-SEM),
model: Supra 55, Germany, which is equipped with energy-
dispersive X-ray (EDX) system. The sample was kept on a
sample stub with carbon tape. The stubs were placed in the
sample chamber of FE-SEM. The accelerating voltage for
FE-SEM examination was 5 kV.

3. Result and discussion

3.1 Effect of different electrolytes on CuO particles

In the synthesis process, the particle size, its phase, morphol-
ogy, crystal structure and mass output rate depend on the type
of electrolyte solution. Mass output rate, structure and size of
particles vary with different electrolytes. In the present elec-
trochemical discharge process, NaOH and KOH were used

Figure 6. FE-SEM images of CuO prepared with KOH electrolyte at different stirrer speeds:
(a) 100; (b) 200; (c) 300; (d) 400 and (e) 500 rpm.
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as the electrolyte for synthesis of CuO nanoparticles. Higher
mass output rate was obtained with KOH as compared to
NaOH. So far, two kinds of explanation have been put for-
ward on higher mass output rate, obtained in KOH. These
interpretations are:

(i) KOH electrolyte has lower viscosity than NaOH elec-
trolyte [77], resulting in better flushing around the
sparking zone in electrochemical discharge process.
This facilitates better metal removal rate.

(ii) The mobility and conductivity of K™ ion is higher than
Na™ ion [78], leading to high conductivity of KOH
electrolyte. As a result, more hydrogen bubbles are
generated in KOH electrolyte solution. Hydrogen bub-
bles play a key role in generation of sparks and metal
removal in the electrochemical discharge process.

Flower-like morphology could be attained with both the
electrolytes. However, with NaOH, a few caddice clew-like
morphology could be attained as well.
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3.2 Effect of stirrer rotation speed on CuO nanoparticles

The mass output rate and morphology of particles also de-
pend on the speed of rotation of the stirrer in the electrolyte.
In this section, the effects of rotation speed on mass output
rate and the size of CuO particles have been analysed by
keeping other variables, i.e., the concentration of NaOH
and KOH solution as well as working temperature constant.
The rotation speed of the stirrer varied within the range
from 100-500 rpm. The variation of results is presented in
figure 1, which indicates that the mass output rate increases
with increase of rotation speed up to an optimum level.
Thereafter, it decreases with an increase of rotation speed.
The stirrer rotation has direct effect on the mass output rate.
At low rpm, the nanoparticles that are produced during the
electrochemical spark cannot be removed fully from the dis-
charge spot. On the other hand, at higher rpm, the hydrogen
gas layer, which is formed over the surface of the electrode,
is ruptured and strength of the spark is reduced. Hence, at
the optimum rpm of the stirrer, the mass output rate of the

Figure 7. FE-SEM images of CuO prepared with NaOH electrolyte at different stirrer speeds:
(a) 100; (b) 200; (c) 300; (d) 400 and (e) 500 rpm.
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nanoparticles is higher. For the present parameter settings,
the optimum rpm is 200.

In this set of experiments, for a single discharge arrange-
ment, the maximum obtained output rates were 21.66 mg h™!
for NaOH and 24.66 mg h™' for KOH at 200 rpm, respec-
tively. The particle size of CuO was reduced with the increase
of rotation speed. Figure 2 indicates the variation of particle
sizes with the speed of rotation of the magnetic stirrer. With
KOH electrolyte, smaller particle size could be realized as
compared to NaOH.

3.3 Analysis of crystal structure

3.3a XRD: Figures 3 and 4 show the XRD pattern of the
powder sample which was prepared at different rotation
speeds through electrochemical discharge process. It was
used for identifying the crystal size of CuO nanoparticles.
The peaks in the XRD plots were sharp which indi-
cated nanocrystalline structure. Bragg’s reflection for CuO
nanoparticles could be observed in XRD patterns at the
diffraction peaks with 26 angle value of 32.58, 35.53,
38.68, 48.93, 53.46, 58.18, 61.72, 66.26, 68.23, 72.56 and
75.12 corresponding to its crystal plane 110, —111, 111,
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—202, 020, 202, —113, 022, 220, 311 and 004, respectively.
These crystal plane and reflection peak position values were
nearly the same in both conditions of nanoparticle synthe-
sis. However, with KOH electrolyte, the peaks were wider
than NaOH electrolyte, which indicated that more resid-
ual stresses are induced in nanoparticles while produced
with KOH. The differences in shape also suggested that the
smaller sized CuO nanoparticles are synthesized in KOH
electrolyte.

The crystal size of CuO particles can be obtained
by using Scherrer’s formula. The average crystal size of
CuO particles that can be obtained is in the range of
13-18 nm for KOH electrolyte and 15-20 nm for NaOH
electrolyte. The crystal size decreases with an increase in
rotation speed of electrolyte, which is shown in figure 2.
The results of EDAX are shown in figure 5. They indicate
the presence of copper (Cu) and oxygen (O) as elementary
components.

3.4 Analysis of nanoparticles morphology

3.4a SEM analysis: Figures 6 and 7 represent the FE-
SEM images of nanoparticles which was prepared with

(b)
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Figure 8. UV-vis—NIR absorption and transmittance spectra of CuO nanoparticles syn-
thesized in (a, b) KOH and (¢, d) NaOH electrolytes, respectively. The inset shows

(ahv)? — hv curve.
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KOH and NaOH electrolytes and with different rotation
speeds of the magnetic stirrer. It was observed that a smaller
particle size can be obtained with the KOH solution and
at a higher rotation speed. The distributions of particles
were satisfactory without any agglomeration effects. Flower-
and caddice clew-type shapes could also be attained with
the KOH solution. There was a sustainable change in the
shape and size with variation of the rotation speed. This
proposition holds good for KOH electrolyte. However, in
case of NaOH electrolyte, except for a single structure
(as shown in figure 7a), where CuO particles resembled
caddice clew, the rest of the structures assumed a flower
shape.

3.5 Optical characterization

3.5a UV-vis—NIR spectroscopy: UV-vis—NIR spectroscopy
was used to estimate the direct band gap of CuO nanopar-
ticles sample. The scan distance range was set between 200
and 800 nm. The absorbance vs. wavelength plots were con-
verted to Tauc plot and band gap energy was calculated
with the help of Tauc’s formula. Tauc plot draws between
(ahv)? and hv. Its slope represents band gap energies of
CuO nanoparticles. The band gap of the particles, pro-
duced in KOH and NaOH electrolyte, were 2.6 and 2 eV,
respectively, which are larger than that of bulk CuO parti-
cles [79]. The band gap increases with the reduction of its
size due to the quantum confinement effect [80,81]. This
effect, which is enhanced by the band gap with its decreas-
ing size, follows the relations which have been formulated
below [81]

E E, (00) + hm 1 n 1 1.8¢2 3)
= 0 —_— —_— _ i s
& & 2R2 \m. my eR

where E, is the effective band gap, £, (oo) the bulk band gap,
m. and my, the effect mass, 4 Planck’s constant, R the radius
of particles and ¢ the dielectric constant.

In small particles, they are confined to potential wells of
small lateral dimension. It is the energy difference between
the position of the conduction band and a free electron which
leads to a quantization of their energy levels. These phe-
nomena take place when the size of the particles becomes
comparable to the de Broglie wavelength of a charge car-
rier. Therefore, in our present case, the particle size synthe-
sized in KOH, is smaller than NaOH electrolyte. The optical
absorption spectra and transmittance of CuO nanoparticles,
synthesized in KOH and NaOH electrolytes, are shown in
figure 8.

3.5b FTIR analysis: The infrared spectrums of synthe-
sized samples of cupric oxide nanoparticles are shown in
figure 9. This spectra of nano-sized CuO samples are pre-
sented in three regions. In the first region, the peaks observed
in between 600 and 1050 cm~' have strong absorption
band. It is stretching of Cu—O along the [—202] direc-
tion [82] due to the presence of CuO in monoclinic phase.
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Figure 9. FTIR spectra of the CuO synthesized in (a) KOH and
(b) NaOH electrolytes at 200 rpm stirrer speed.

In the second region (1350-1650 cm™'), the peaks can
be observed due to the presence of CO, in air. The third
region starts from 2800 to 3500 cm™!. Here, H,O in the
air and hydrated CuO samples are responsible for the
creation of peaks. Therefore, it is confirmed through the
FTIR spectrum results that synthesized CuO nanoparticles
in KOH and NaOH electrolyte present pure and monolithic
phase.

3.6 Thermal analysis

3.6a TGA/DTA: TGA of the CuO nanoparticle sample was
carried out under a uniform heating rate of 10°C min~!
and within the temperature range of 25-900°C. From
figure 10, it can be ascertained that CuO sample undergoes
minimum weight loss in both KOH and NaOH electrolyte.
The weight loss is minimum because of the removal of resid-
ual H,O and different gases. The chemical decomposition
with an increase of temperature was examined through DTA
and it appeared as the endothermic and exothermic peaks in
the DTA curve. On the basis of both the prevailing condi-
tions, the weight loss indicated dehydration of the sample,
In other words, it meant loss of free and coordinated
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Figure 10. Thermal analysis of CuO nanoparticle synthesized in (a) KOH and (b)

NaOH electrolytes.

water molecules up to 110°C from the sample. An ini-
tial weight loss of ~5% in KOH and ~3% in NaOH
electrolyte was recorded. In KOH electrolytes, the weight
loss could be recorded within the temperature range of
130-200°C. However, in NaOH electrolytes, no weight
loss could be detected within this range. The result in
the second stage was primarily consequent to the thermal
decomposition noticed at around 820°C. Minor endother-
mic peaks could be observed with the DTA curve in
the temperature range of 110-230°C under the previous
conditions.

4. Conclusion

This study demonstrates that CuO nanoparticles having
flower-like structure can be successfully developed through
the electrochemical discharge method. The formation of
CuO nanoparticles is influenced by different factors which
include the rotation speed of electrolyte and the type of elec-
trolyte solution. An increase in rotation speed of electrolyte

tends to promote the formation of smaller size nanoparticles.
Also, mass output rate of nanoparticles increases with an
increase of rotation speed up to an optimum level of 200 rpm.
Thereafter, it reduces with the increase of rotation speed.
Moreover, mass output rate, particle size and morphology
of the nanoparticles are also influenced by the type of the
electrolyte solution. In this study, higher mass output rate
(24.66 mg h~!) with small particle size was obtained in
KOH compared to the NaOH electrolyte (21.66 mg h~!). The
band gap energy was measured as 2 and 2.6 eV for CuO
nanoparticles, synthesized in NaOH and KOH solutions,
respectively.
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