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ABSTRACT

This paper reports the effect of KOH molarity variation on structure, morphology, and
optical properties of CuO nanostructures synthesized by ultrasonic-assisted
precipitation method. The results of the XRD analysis showed that the CuO samples had
a monoclinic structure with lattice constants which decreased with increasing of KOH
molarity in the sonochemical precursors. The average crystallite size (ACS) of the CuO
samples depend on the KOH molarity, which tends to decrease (in the range 16-23 nm)
with increasing KOH molarity. Small ACS indicates that the CuO samples tend to have a
nanocrystal structure. The morphology of the CuO samples is also influenced by the
KOH molarity, which the flower-shaped CuO nanostructure was found for low molarity
(0.25 M) of KOH in the sonochemical precursor. The optical characteristics of CuO
samples strongly absorb the wide spectrum of electromagnetic waves below 650 nm.
The bandgap energy of the CuO samples has a fairly large value and fluctuates in the
range of 1.74 - 1.82 eV which varies with the molarity of KOH in the precursor
solutions.
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1. INTRODUCTION

CuO is one of the earliest semiconductor material that has been studied and applied intensively
in many technology applications. CuO is well known as a p-type metal oxide semiconductor that
has unique electronic and optical properties with bandgap energy in a wide range of 1.2 - 2.0 eV
[1-3]. CuO has a monoclinic crystal with a lattice constant a = 4.68 A b=3424 c=513Aanda
density of 6,315 g/cm3 [4-7]. Electrical conductivity, optical absorption, and photoluminescence
properties of CuO semiconductors have been well known [8,9]. For a long time, CuO has been
utilized in many applications including in gas sensor devices [1,10], humidity sensors [11], solar
cells devices [2], photocatalysts for dye removal [12], lithium battery electrodes [13],
supercapacitor electrodes [14], and antimicrobial agent [15].

Currently, CuO has been developing intensively in the form of nanostructured materials to
explore its properties for wider applications. The various forms of CuO nanostructures currently
being develope include thin films [3,7,8,16], nanowires [11,17], nanorods [1,18], nanotubes
[19], nanocubes [4], nanoflowers [13-15], nanocrystals [20], and nanoparticles [4,9,11,21-30].
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The nanostructured CuO synthesis has been carried out by various methods such as sol-gel
[21,22], hydrothermal [23], SILAR [8], sonochemistry [11,24,25], simple precipitation [26],
electrochemical methods [27], green synthesis [28,29], microwave irradiation [30], and
sputtering [31]. Each of these methods produces CuO nanostructures with unique characteristics
and their respective advantages.

In this study, flower-like CuO nanostructures were synthesized by a simple precipitation method
assisted by ultrasonic wave irradiation in the presence of KOH in precursor solutions. The aim of
this study was to investigate the effect of the molarity of KOH content in the sonochemical
precursor solution on the formation and characteristics of flower-like CuO nanostructures.

2. METHODS
2.1. Synthesis of CuO nanostructures

The synthesis of CuO nanostructures was carried out by ultrasonic-assisted precipitation
method in the ultrasonic bath. 100 ml of CuNO3 (0.4 M) was prepared in a beaker glass and
added polyethylene glycol (PEG) (0.002 M). PEG is a surfactant to disperse CuO particles. Into
the mixed solution, KOH was added with four variations of molarity, respectively were 0.25 M,
0.50 M, 0.75 M, and 1 M. The mixture solution was stirred using a magnetic stirrer with a
rotation speed of 300 rpm for 5 minutes. A beaker glass containing a precursor solution was
placed in an ultrasonic bath have been filled with sufficient water for sonochemical treatment at
25 kHz. The sonochemical process was maintained for 2 hours in an ultrasonic bath. Starting
from room temperature, the temperature of the precursor solution in the ultrasonic bath
increased during the sonication process to 75 °C. The suspension was cooled to room
temperature, then washed with distilled water and filtered using filter paper. The filtrate was
dried on the hot plate at 90 °C for 1 hour to obtain a gray-black CuO powder. The CuO powder
was heated in a furnace at 200 °C for 2 hours. All samples with different molarity of KOH content
in the precursor solution underwent the same heating treatment.

2.2. Crystal and morphology characterizations

CuO powder samples that had been successfully synthesized by ultrasonic-assisted precipitation
method were characterized to investigate their crystal structure and morphology. Investigation
of crystal structure was conducted by X-ray diffraction (XRD) to determine the crystal phase, the
lattice parameters and average crystal size (ACS) of each CuO samples. The lattice constants, as
one of the crystal parameters, were calculated by using the Cohen method. While the average
crystal size (ACS), as another crystal parameter, was calculated by using Scherrer’s method
based on the broadening of the X-ray diffraction pattern of the CuO samples. The determination
of ACS of CuO samples can be done using the Scherrer's equation (1) as follow

ACS= (0.941)/(P cos6) (1)

where [ is the FWHM (Full-Width at Half Maximum), A is the wavelength of X-ray from a Cu
source (1.5406 &), and 0 is the diffraction angle.

To observe their morphology, the CuO samples were scanned by scanning electron microscopy
(SEM) with a 20,000 magnification using Carl Zeiss AG - EVO®50 HV-SEM at 30 kV. The images
ware taken in secondary electron mode from which the surface morphology can be observed
including the shape, size, and distribution of the granules.
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2.2.  Optical characterization

To explore their optical properties the CuO nanostructure samples were formed into films on a
slide glass substrate using spin-coating techniques from CuO colloidal suspensions. Then the
absorption spectra were measured using a Vis-NIR spectrophotometer (Ocean Optics USB2000).
The absorbance spectra obtained were used to determine the bandgap energy of nanostructured
CuO samples using the Tauc formula below,

(ahv)i/n= A(hv - Eg) (2)

where Eg is the bandgap energy (eV) of the CuO films, h is the Planck constant (4.135 x 10-15
eV.s), A is a constant, v is the photon frequency (Hz), a is the absorption coefficient and n is the
number shows the types of electronic transitions in material, direct or indirect. For direct
transitions n=1/2, while for indirect transitions n=2. CuO is known as a direct bandgap
semiconductor [20,31], so n=1/2 is used to calculate the bandgap energy (E;). The E, value is
determined by the extrapolation the linear portion of the Tauc plot curve to the axis of the
photon energy (hv).

The thickness of CuO films was determined using the gravimetric method. Initially, the glass
substrate that has not been coated with CuO is weighed and marked as mass M1, then the glass
substrate that has been coated with CuO is weighed and marked as M2 mass. Then, the CuO film
thickness is determined using the following relation,

d = (M1-M2)/(p.A)) 3)

where p is the density of the CuO films (6,315 g/cm3) [7], and A is the area of the films deposited
on the surface of the glass substrates.

3. RESULTS AND DISCUSSION
3.1 Crystal structure and morphology

The effect of KOH molarity in sonochemical precursors on the crystal properties of the CuO
samples was investigated based on the X-ray diffraction analysis. Figure 1 shows the XRD
pattern of the CuO samples for each variation of KOH molarity in the precursors (0.25; 0.5; 0.75;
1 M). In general, there were almost no differences in the diffraction patterns of all samples. All
peaks in the diffraction pattern can be easily identified as the peak of the CuO crystal phase with
a fairly sharp spectrum, although there is a slight spectrum broadening. The diffraction pattern
well matches to the CuO monoclinic structure (JCPDS Card No. 65-2309) [2,4,13,20,31-33]. The
diffraction spectra scanned in angle 20 from 300¢ to 70° show diffraction peaks corresponding to
the lattice planes (110), (-111), (111), (-202), (020), (202), (-113), (-311), and (220),
respectively. The two highest peaks of the lattice planes (-111) and (111) confirmed that the
monoclinic CuO crystals have grown well. There is no Cuz0 phase in the diffraction pattern so it
can be concluded that the resulting samples are pure CuO phase with a monoclinic structure.
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Figure 1. X-ray diffractogram of CuO samples with different KOH concentration (0.25 M, 0.5 M,
0.75 M and 1.0 M).

The effect of KOH molarity in sonochemical precursor solutions on the crystal properties of CuO
was also investigated to lattice constants. The lattice constants of the CuO samples were
determined based on the Miller index obtained from the X-ray diffraction pattern using the
Cohen method. The calculating results of the lattice constants of the CuO sample are summarized
in Table 1. The constant a is in the range 4.50 A - 4.52 A, constant b in the range of 3.50 A - 3.52
A, and constant c in the range of 546 A - 5.5 A. These calculation results were slightly
differencing with the lattice constants in the reference data on the JCPDS Card No. 45-0937,
where the lattice constants a=4.68 A, b=3.42Aandc=5.13 A [4,7].

The lattice constant a for all samples is smaller than the database, while the lattice constants b
and c are greater than the database [15,17]. This means that all samples underwent growth
inhibition in the direction of the x-axis. In general, the lattice constants tend to decrease with
KOH molarity, even though there are fluctuations in the lattice constants with KOH molarity. The
decrease in the lattice constant is caused by the inhibition of the crystal growth due to the
presence of KOH in the precursor solution.

Table 1. The lattice parameters and ACS values of the CuQ samples for the peak of (-111) plane
Lattice parameters (A)

Conc. of KOH (M) b ACS (nm)
0.25 4.52 3.52 5.51 17.24
0.5 4.50 3.51 5.50 23.25
0.75 4.52 3.50 5.51 19.59
1.0 4.50 3.50 5.46 16.95

The calculation results of the ACS values for the peak of (-111) plane at 260=35.76 using the
Scherrer equation (1) indicated that the presence of KOH in sonochemical precursors affected
the ACS values of CuO samples, as are summarized in Table 1. The crystal size of all CuO samples
obtained is relatively small (below 25 nm) corresponding to the broadening of the diffraction
patterns, therefore it can be considered that grown CuO has nanostructures.
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The data tendency shows that the ACS of CuO fluctuates with KOH molarity in the sonochemical
precursor solution. Initially, the ACS increased when the KOH molarity increased from 0.25 M to
0.5 M (the largest ACS), then decreased when the KOH molarity increased to 0.75 M to 1 M. The
addition of KOH at 0.5 M molarity is considered as an optimal condition for increasing the ACS.
The further addition of KOH with the highest molarity (0.75 M and 1 M) significantly reduced the
ACS of CuO, due to the crystal growth inhibited when the amount of KOH in the precursor
solution was too large (saturation condition).

The surface morphology of the CuO samples was taken with a scanning electron microscope
(SEM) with a magnification of 20,000 times. Figure 2 shows the SEM images of four CuO samples
with different KOH molarities in precursor solutions. The sample with the lowest KOH molarity
(0.25 M) showed a very different morphology compared to the other three samples. The
morphology of the CuO sample with the lowest KOH molarity (0.25 M) shows a flower-shaped
structure (Figure 2a), while other samples show the flakes morphology. It can be concluded that
the formation of a flower-shaped structure can occur at low KOH molarity. Higher KOH molarity
in sonochemical precursors produces abundant alkali concentrations so the process takes place
faster so it cannot control the formation of flower-shaped CuO nanostructures.

Figure 2. SEM Photographs of CuO samples with different concentrations of KOH: (A) 0.25 M,
(B)0.5M, (C) 0.75M, and (D) 1.0 M

3.2 Optical properties

The optical properties of CuO samples were explored by measuring the absorbance
characteristics of CuO films using a Vis-NIR spectrophotometer (USB2000 Ocean Optics). Figure
3 shows the absorption spectra of CuO films with variations in the molarity of KOH in
sonochemical precursors. Based on the absorption characteristics obtained, it was found that all
samples absorbed the electromagnetic spectrum in a fairly long range below 650 nm, similar to
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some previous studies [8,21-32]. The edge of the absorption band is around 650 nm which
shows that the bandgap of CuO films is in a wide range of values.
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Figure 3. Absorption spectra of CuO films with different concentration of KOH: 0.25 M, 0.5 M,
0.75Mand 1.0 M

Bandgap energy (Eg) of CuO films was determined by using the relationship between absorption
coefficient (o) and photon energy (hv). The absorption coefficient (a) is calculated using the
relationship a = 2.3026 (A/x), where A is the absorbance of the film at each wavelength, and x is
the thickness of the film. Bandgap energy is determined by a plot between (ahv)2 and photon
energy (hv), known as the Tauc plot. Figure 4 shows a curve (ahv)?2 versus photon energy (hv)
for each CuO film with different KOH molarity in the precursor solutions. The intersection of the
linear part of the curve with the photon energy axis (hv) is the bandgap energy of the CuO film.
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Figure 4. Tauc plot of (athv)? versus photon energy (hv) for CuO films with different
concentration of KOH: 0.25 M, 0.5M, 0.75 M and 1.0 M

Note: Accepted manuscripts are articles that have been peer-reviewed and accepted for publication by the Editorial Board. These
articles have not yet been copyedited and/or formatted in the journal house style.



International Journal of Nanoelectronics and Materials @ UNIVERSITI
MALAYSIA

In Press, Accepted Manuscript — Note to user U MAP PERLIS

Table 2. Optical band gap of the CuO samples.

Conc. of KOH (M) Bandgap energy (eV)

0.25 1.82
0.5 1.74
0.75 1.77
1.0 1.79

In general, the bandgap energy of synthesized CuO samples is relatively larger than most others
literature (around 1.2 eV) [1,2]. However, some literature also reports relatively large bandgap
energy of Cu0,1-3 similar to that found in this work. The Tauc plot shows that the bandgap energy
of the CuO sample is in the range of 1.74 - 1.82 eV which varies depending on the KOH molarity
in sonochemical precursor solutions, as presented in Table 2. These bandgap energies fluctuate
with the KOH molarity in the precursor solution, initially, the bandgap energy of CuO was 1.82
eV at 0.25 M KOH molarity, then decreased with increasing KOH (0.5M) molarity to 1.74 eV. This
decrease is estimated due to the crystallite size of the CuO is enlarged. Then, the bandgap energy
increases when the KOH molarity increases further (0.75 and 1 M), although it does not reach
the lowest value such as when the KOH molarity is 0.25 M.
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Figure 5. Curves between KOH molarities versus bandgap energy (Eg) and average crystallite
size (ACS) of CuO nanocrystals

Figure 5 shows a combined curve between bandgap energy and the crystal size of CuO with KOH
molarity in the precursor solutions. Bandgap energy correlates with the crystal size of the CuO,
when the crystal size is small the bandgap energy is large and vice versa, this corresponds to
what is predicted by the quantum confinement effect [35]. On the other hand, the relationship
between bandgap energy versus KOH molarity is in-verse with the relationship between ACS
versus KOH molarity in sonochemical precursor solutions. This result confirms that the addition
of KOH into sonochemical precursor solutions affects the crystal size which in turn affects the
bandgap energy of CuO. As discussed earlier, the ACS of CuO varies with the molarity of KOH in
the precursor solution. In this study, there is an inverse relationship between the ACS and
bandgap energy of CuO on the variation of KOH molarity, where when the ACS is small the
bandgap energy is large, and vice versa.
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CONCLUSION

Flower-like CuO nanostructures has been successfully synthesized by the ultrasonic-
assisted precipitation method. The presence of KOH in sonochemical precursors affected the
structure, morphology and optical properties of CuO. Lattice constants tend to decrease with
increasing KOH molarity in the sonochemical precursor solution. While the average crystallite
size (ACS) of CuO also varies with the molarity of KOH in the precursor solution, where the
greatest ACS was obtained when the KOH molarity was 0.5 M in the precursor solution. On the
other hand, the flower-like morphology was obtained when the molarity of KOH is 0.25 M in the
precursor solution. Thus, the formation of flower-like CuO morphology is obtained when the
molarity of KOH is low. The optical properties of CuO are also influenced by the molarity of KOH
in precursor solutions. Bandgap energy is quite large and also varies with KOH molarity in
sonochemical precursor solutions. Bandgap energy correlates with the crystal size of Cu0O, where
when the crystal size is small the bandgap energy is large, and vice versa.
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