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Abstract: Copper oxide (CuO) nanoparticles (NPs) were synthesized by the sol-gel method, followed by calcination
at 600°C for 2 h. The XRD pattern indicated that the synthesized CuO NPs had a monoclinic structure, with an
average crystallite size of 53 nm. The FT-IR spectra showed that surfactant molecules were adsorbed on the surface
of the CuO nanoparticles, along with the presence of Cu-O bonding. The TEM analysis revealed rod-like CuO NPs
with diameters of about 50 nm and lengths ranging from 150 to 200 nm. The XPS analysis confirmed that copper
and oxygen were synthesized as the main components with Cu’* and O* oxidation states. The optical band gap of
CuO was calculated to be 2.0 eV. The maximum PL emission was recorded at 430 nm for the 365 nm excitation
wavelength, and the change in PL intensity and peak shift was calculated as a function of excitation wavelength.
Reflectance spectra show increasing reflectance with wavelength, while Mie calculations indicate decreasing
spectral efficiencies, along with a reduction in the real refractive index and an increase in the imaginary part.
A slight size-dependent enhancement in optical response is also observed.

Keywords: CuO, Nanoparticles, Sol-gel, Photoluminescence, Mie analysis.

1. INTRODUCTION

Nanoparticles and nanostructured materials are
currently gaining popularity due to their high
surface-area-to-volume ratio [1, 2]. Metal oxide
nanoparticles (NPs) have remarkable optical, electrical,
magnetic, catalytic, and biological capabilities due
to their distinct physical and chemical properties
that differ greatly from those of the bulk metal
[1, 3]. CuO NPs are the most abundant transition
metal oxide binary compound, as well as the
most chemically and physically stable. It has a
monoclinic structure and a narrow bandgap of
1.3—-1.7 eV with p-type semiconductor material [4].
The multivalent states of CuO NPs also have
interesting physicochemical properties. CuO NPs
were of great interest due to their potential
applications in a wide variety of areas, including
electronic and optoelectronic devices, such as
lithium-ion batteries, photocatalytic activities, gas
sensors, biomedical applications, photovoltaics,
and supercapacitor materials [5—10]. CuO NPs,
with their extensive redox reactions and coloring
effects, can alter optical characteristics and up-
conversion [11]. CuO has also been employed
as a photocatalyst and host material for various
luminous emissions [11]. Recently, researchers
explored the optical properties of CuO nanostructures
[12—14]. However, a report on the luminescence
property is limited. The properties of CuO NPs

highly depend on their synthesis methods [15].
The synthesis methods of CuO NPs can control
particle size, morphology, and crystallinity.

CuO NPs were prepared using a variety of processes,
including sol-gel [16], solution-combustion method
[6], ball milling [ 7], precipitation [ 14], hydrothermal
[17], chemical bath deposition [18], solid-state
[19], and green synthesis [20]. Of these methods,
the sol-gel method is straightforward, suitable for
mass production, achieves relatively low temperatures
and ambient conditions, and is an economical
solution-based growth technology. This method,
which regulates precursor concentrations, reaction
time, and temperature, is especially suitable for
high-quality crystal formation, a greater surface
area, and a wide range of shapes. Despite the
extensive literature on the synthesis of CuO
nanostructures via solution-based methods, the
systematic investigations linking sol-gel synthesis
conditions to the photoluminescence (PL) behavior
of CuO nanoparticles are not fully understood.
This study presents the optimized and controlled
sol-gel synthesis of CuO NPs to study their
structural, morphological, and optical properties.

2. EXPERIMENTAL PROCEDURES

All the reagents used in this chemical synthesis
were supplied without any further purification.
For the synthesis of CuO NPs, 0.97 g of cupric
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nitrate trihydrate (Cu(NOs),.3H,0) was dissolved
in 25 mL of DI water. This solution was kept
under vigorous stirring for 3 h at room temperature.
During this stirring, 0.456 g of citric acid dissolved
in 10 mL of DI water was added dropwise. The
resulting solution was kept in the oven at 125°C
for 3 h. The dried gel was then calcined at 600°C
for 2 h in the muffle furnace and collected for
further characterization.

The crystal structure of the samples was determined
by powder X-ray diffraction (XRD, Bucker D8
Advance) using Cu Ko (A= 1.5418 A) radiation.
The transmittance property of CuO was studied using
Perkin Elmer Spectrum 100 Fourier-transformed
infrared spectroscopy (FTIR). Morphology and
lattice diffraction analyses were carried out using
a transmission electron microscope (TEM; JEOL,
JEM-2010F) operating at a 200 kV accelerating
voltage.

The oxidation states of the synthesized CuO NPs were
determined using X-ray photoelectron spectroscopy
(XPS) with a PHI 5400 XPS spectrometer using a
monochromatic Al Ka X-ray source (1486.6 eV,
15 kV, 300 W) and a hemispherical sector analyzer.
The reflectance UV-vis spectrum was obtained
using a Shimadzu UV-3600 spectrometer with an
integrating sphere. PL spectra of the synthesized
CuO NPs were recorded at room temperature
on a fluorescence spectrophotometer (F-7000)
using a 150 W xenon lamp as an excitation source
and a grating to select a suitable wavelength for
excitation.

3. RESULTS AND DISCUSSION

3.1. Structural Analysis

The XRD spectrum of the synthesized CuO
NPs is illustrated in Fig. 1. The diffraction peaks
observed at 20 are attributed to the (110), (002),
(111), (-112), (-202), (020), (202), (-113), (-311),
(320), (311), and (222) planes associated with
the monoclinic structure of CuO NPs. This result
is consistent with prior reports [5, 21, 22]. The
observed XRD pattern also matches the standard
JCPDS Card no. 45-0937 of the pure CuO phase
[23, 24]. The Miller-indexed (002) and (111)
reflections were the strongest, suggesting that the
NPs produced by the sol-gel method have preferred
crystal planes. The sharp and highly intense
diffraction peaks in the XRD profile indicate that
the CuO NPs are highly crystalline. In addition,
no impurities were noticed. Thus, the XRD pattern
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strongly supports the formation of CuO nanoparticles.
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Fig. 1. The XRD spectrum of CuO NPs after calcined
at 600°C for 2 h

The average crystallite size (D) was calculated from

the XRD pattern using Scherrer’s equation [25]:

D = 0 (1)
Bcosb

The dislocation density (8), which gives the number

of defects in a crystal, and the micro-strain (g)

were determined using the following relations [14]:

1
5= )
_ B
€= 4tan6 (3)

The lattice constants (a#b=c) and unit cell volume
(V) are also calculated from the strong diffraction
peaks of the (002), (111), and (-202) planes in the
case of the monoclinic crystal [26] using

1 1 (h?  k3?sin?y 1> 2hlcosy
(dpk1)? = sin?y (; b? 2 ac )
V= abcsiny (%)
where A is the wavelength of the X-ray used,
which is CuKa radiation (A= 1.5406 A), B is the
full width at half maximum (in radians), and 6 is
the Bragg’s angle, where a, b, and c are the lattice
constants, duq is the interplanar distance, y is the
interfacial angle (y= 99.41°), and h, k, and 1 are
the Miller indices. The calculated average crystallite
size 1s found to be 53 nm, as shown in Table 1.
Table 1 also displays the results for peak position
and estimated structural parameters. The obtained
dislocation density is 3.6 x 10'* m™, and the
micro-strain is 8.3 x 107, The calculated lattice
parameters were a= 4.6336 A, b=3.4296 A, and
¢=5.1251 A, and the unit cell volume was 80.33 A>
which is in good agreement with previous reports
[6, 14, 17].
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Table 1. XRD peak position and calculated structural parameters of CuO NPs

" N Lattice constants (A) °

¢ ) o N £ =& i~
B 3 $2lei | sE| &% |3

v N = 7 <

52| 2 |Fwam| 5 1 | gE| 538 52| Rz £
= 2 52| €3 Zz5 | 22 |~8
S iy > - E R 3
(002) | 353 | 0.1574 | 2.5275

(111) | 38.57 | 0.1574 | 2.3168 | 4.6336 | 3.4296 | 5.1251 | 80.33 53 83x10°% | 3.6x10™ | 0.84
(202) | 48.5 0.2558 1.8718

3.2. FT-IR Spectroscopy

FT-IR spectroscopy is an important instrument
for identifying the presence of various functional
groups in the synthesized powder. Figure 2 shows
the FTIR spectrum of CuO NPs. The band at
3400 cm™ corresponds to the O—H hydroxyl group
stretching vibration [27]. This O-H vibration arises
from hydrogen bonding between CuO and adsorbed
water molecules, as well as interactions with their
surfaces, indicating that the surface of the NPs
absorbs water from the environment. Peaks in the
range of 2100-2600 cm™ may be associated with
C=C stretching vibrations or the adsorption of
CO:; on the surface of CuO NPs [28]. The vibration
band at 1800 cm™ is attributed to the C=0 stretching
mode [27]. The band at 1600 cm™ can be attributed to
the Cu—O stretching vibration, confirming the formation
of CuO NPs [29]. The weak peak at 1350 cm ' usually
appears in the spectrum and denotes the C—H
stretching mode. The peak at 1050 cm™ is due to O—H
bending and C—O and O—Cu pair stretching [30].
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Fig. 2. FTIR spectrum of CuO NPs

3.3. Microstructure
The particle size and morphology of the sample

are analyzed by transmission electron microscopy
(TEM). Figure 3(a) displays a picture of the
calcined powder. The black color of the CuO
product is clearly visible. Figures 3(b) and 3(c)
show the TEM images of the prepared CuO NPs
at different magnifications, allowing for a more
detailed investigation of their structural features.
These images showed how NPs get agglomerated
and have irregular forms [31, 32]. Two distinct
particle shapes: spherical and rod-shaped, were
shown by TEM images. The rod-shaped particles
had a diameter of roughly 50 nm and a length of
150-200 nm. The majority of nanoparticles detected
in the micrographs are roughly spherical, with a
small number of elongated particles. The particle
size of a spherical morphology was in the range
of 50—-60 nm, which is in good agreement with the
calculated crystallite size in the Scherrer formula.
Figure 3(d) depicts the selected area electron
diffraction (SAED) pattern of CuO NPs. The
diffraction rings are indexed as (002), (111), and
(-202) planes, confirming the formation of the
polycrystalline monoclinic crystal of the synthesized
CuO NPs [14, 33]. The TEM study also supports
the XRD result.

3.4. XPS Analysis

The chemical oxidation state of the CuO NPs was
investigated by X-ray photoelectron spectroscopy
(XPS), and the results are presented in Fig. 4. The
peaks of the XPS survey spectrum in Fig. 4(a)
indicated the presence of Cu, O, and C (used as
references) elements in the synthesized CuO NPs
[5]. Other contaminants did not show up as clearly
on the survey scan. As seen in Fig. 4(b), the XPS
spectrum for the Cu 2p core level displays two
peaks at 934 eV and 953.9 eV, which correspond
to Cu 2ps and Cu 2p,p, respectively. The distance
between Cu 2ps3;, and Cu 2pi» was measured to
be 19.9 eV, indicating the presence of Cu*" ions in
the synthesized NPs [34].
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Fig. 3. a) Photograph of calcined powder, b,c) TEM images of the synthesized NPs at different magnifications,
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Fig. 4. a) XPS survey spectrum, b) Cu 2p, ¢) Ols core-levels of CuO NPs
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The presence of the Cu?* chemical state was
confirmed by the detection of two additional
satellite peaks at 943.6 and 962.5 eV in addition
to the Cu 2p peaks. Figure 4(c) shows the Ols
spectrum of CuO NPs. The Ols spectrum is now
deconvoluted into distinct components, where the
lower binding energy peak at ~529.9 eV corresponds
to lattice oxygen (O*") in CuO, while the higher
binding energy component at ~532.1 eV is assigned
to surface hydroxyl groups and/or adsorbed water
molecules [35, 36]. This result is in agreement with
the previous reports [37, 38].

3.5. Optical Properties

Figure 5(a) depicts the diffuse reflectance spectrum
of CuO NPs recorded at room temperature in the range
of 200—800 nm. The sample is extremely reflective
in the visual region, as indicated in Figure 5(a) [12].
A significant absorption edge is found at around
354 nm, which is consistent with previous reports
for CuO NPs [39, 40]. The reflectance data were
converted to the absorption coefficient F(R) values

using the Kubelka-Munk equation [41]:
_ (1-R)?

a=FR) ==+ (6)

where F(R) is the Kubelka—Munk function, a is
the absorption coefficient, and R is the reflectance
(%). The band gap energy (Eg) of the CuO NPs
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was evaluated using Tauc’s plot in accordance
with the equation [42]:

ahv = A(hv — Eg)" (7)
where hv represents the photon energy, A is a
proportionality constant, E, is the bandgap energy,
and n is the exponential constant index, which
depends on the nature of the transition (n= 2 for
an indirect allowed transition). Figure 5(b) depicts
the Tauc plot of (ahv)"? vs. hv, which is based on
the indirect transition. The energy band gap is
calculated by extrapolating a line tangent to the
hv axis. The estimated optical energy band gap was
approximately 2.0 eV, indicating its potential in
photocatalysis. This value and the reported values
agree quite well [14, 43]. However, the obtained
E, value for synthesized CuO NPs is substantially
higher than that of bulk CuO (1.85 V) [44, 45] but
lower than previously reported values [24, 46, 47].
The quantum confinement effect brought on by
the nanosized crystals found in TEM examination
is responsible for the high Eg value [47].

One useful method for examining the atomic
structure of a crystal is optical conductivity. The
optical response of a material is mainly studied
in terms of the optical conductivity (o), which is
given by the relation [48]:
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Fig. 5. a) Diffuse reflectance spectrum, b) Tauc plot, ¢) optical conductivity, d) Urbach energy of the synthesized
CuO NPs
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where ¢ is the velocity of light, o is the absorption
coefficient, and n is the refractive index. The
optical conductivity of CuO NPs as a function of
photon energy is displayed in Fig. 5(c). Optical
conductivity generally increases with photon energy
because higher-energy photons can excite electrons
across larger energy gaps and into higher conduction
states, thereby enhancing the material’s ability to
absorb and transport optical energy. This trend is
often consistent with the decrease in reflectance
at higher photon energies, since more photons are
absorbed rather than reflected, leading to stronger
electronic transitions [49]. The Urbach energy can

also be calculated using [50]:
hv

o = a,eku )]
where o is the absorption coefficient, o, is a
constant, hv is the incident photon energy, and
Eu is the Urbach energy, which indicates the
width of the band tails of the localized states in
the gap region and is used to characterize the
degree of disorder in crystalline solids. Fig. 5(d)
shows Lna as a function of photon energy hv.
Urbach energy is derived from the inverse of the
slope of Lna vs hv. The slope was calculated to
be 0.18. The computed Urbach energy value of
CuO NPs was 5.56 eV [48, 51], which is higher
than that of other metal oxides. The Urbach energy,
which characterizes the width of the exponential
absorption tail near the band edge, provides insight
into the degree of disorder and defect states in
the material. A larger Urbach energy indicates
more localized states that facilitate sub-bandgap
absorption, while at higher photon energies, the
optical conductivity dominates as band-to-band
transitions become more pronounced. Thus, the
interplay between optical conductivity, reflectance,
and Urbach energy highlights how intrinsic electronic
structure and disorder collectively govern the
material’s optical response.

Figure 6 shows the PL emission spectra of CuO
NPs recorded at room temperature with excitation
wavelengths of 325, 340, and 365 nm. Every
spectrum has an emission peak that is easily seen.
Violet emission peaks are visible in the spectra at
428, 428.6, and 430.4 nm at excitation wavelengths
of 325, 340, and 365 nm, respectively. The plot
indicates that as the excitation wavelength increases,
the emission's intensity rises linearly. The excitation
source at 365 nm produced the greatest emission
peak. Emission intensity rises with increasing
excitation wavelength because the unrelaxed

s 52 e g

photoexcited species separate from the lower-energy
excited species more clearly [52]. The increase in
emission intensity at higher excitation wavelengths
was consistent with the findings of 1. Abdullahi
et al. [11]. A high recombination rate is indicated
by the strong band. Conversely, a decrease in
peak heights suggests that band levels are easily
accessible for electron migration and that electron-
hole couples are well separated [33]. The intensity
shift was attributed to radiative recombination caused
by surface defect passivation [53]. The recombination
process involves moving the electron back to the
valence band while simultaneously emitting energy.
The luminescence bands in the violet region
(428-430 nm) may be attributed to the band edge
emission or defect levels in CuO caused by oxygen
vacancy and Cu interstitial [12, 54]. Additionally,
the violet emission peak is a result of the charge
transfer transition from Cu and O ions in the CuO
lattices [55]. The emission peaks are also slightly
red-shifted, which is directly linked to the average
grain size. Because 365 nm light has less energy
than 320 nm and 340 nm light, the spectra show
a significant red shift when compared to those
excited at lower wavelengths. In general, visible
emissions are strongly dependent on the synthesis
conditions, nanoparticle size, and shape. The PL
value achieved here is consistent with previous
reports [54, 56].

PL intensity (a.u.)

30 40 50 60 700
Wavelength (nm)

Fig. 6. PL emission spectra of CuO NPs excited by
different wavelength using a 150 W xenon lamp
as an excitation source

3.6. Mie Analysis

The optical properties of spherical nanoparticles
can also be studied using the Mie theory [58]. In
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Mie scattering theory, optical scattering efficiency
(Qsca) and extinction efficiency (Qex) [58] can be
calculated using

2 yvoo
Qsca = X_Zanl(zn + 1)(|an|2 + |bn|2

2 [0¢]
Qext = X_22n=1(2n + 1)Re(ay + by) (10)
where x = % is the size parameter, r is the

radius of the nanoparticle, and a, and b, are the
Mie scattering coefficients, which are calculated
numerically. For a simpler analysis, the directional
scattering behavior can be described by the
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average cosine of the scattering angle, known as
the asymmetry factor (g) [59], given by
f(:T Z:Sll(e)cos?sinede (11)
J; 2mS11(8)sin6d6
where S11(0) is the scattering matrix and 0 is the
scattering angle. The efficiency factors Qsca, Qexis Qabs,
the real and imaginary (n, k) index of refractions, and
the asymmetry (g) were determined using the Mie
scattering theory with the help of Mie Plot v.4.3
software. The changes in optical characteristics for
particle sizes of 50, 60, and 70 nm are shown in Fig, 7.
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Fig. 7. Mie calculations of the a) extinction efficiency, b) scattering efficiency, ¢) absorption efficiency, d) real
refractive index, e) imaginary refractive index and f) asymmetry of CuO NPs for different particle sizes
(50-70 nm)
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The optical characteristics of CuO nanoparticles
exhibit a clear dependence on both wavelength
and particle size. With increasing wavelength, the
scattering efficiency and extinction efficiency display
a decreasing trend with wavelength, reflecting the
reduced contribution of scattering and attenuation
in this spectral region (Figs. 7(a) and 7(b)). As
wavelength increases (lower photon energy), fewer
electronic transitions are excited, so the polarization
response weakens, and the real index decreases
(Fig. 7(d)). When considering particle size within
the 50-70 nm range, both extinction efficiency
and scattering efficiency increase with increasing
nanoparticle diameter.

This size-dependent enhancement arises from the
larger photon—matter interaction and stronger
polarization effects in bigger particles, which
increases the magnitude of these optical parameters.
In contrast, the absorption efficiency (Fig. 7(c)),
reflectance, and the imaginary part of the refractive
index (Fig. 7(e)). all show a pronounced enhancement
with wavelength, indicating stronger photon—
matter interactions and more effective electronic
transitions. Figure 7(f) displays the asymmetry
parameter (g) of CuO NPs at 50—70 nm as a
function of wavelength. The forward scattering
effect was enhanced with a positive value of g,
and the g value also rose as the NP size grew [60].
Furthermore, for CuO NPs, large values of g
indicate light scattering in a narrow wavelength
range [61].

4. CONCLUSIONS

CuO NPs were successfully prepared using the
sol-gel method, which involves calcination at
600°C for 2 h. The XRD pattern confirmed
the monoclinic CuO phase and a crystallite size
of about 53 nm. The FTIR spectrum verified
the chemical bonding of CuO NPs. The TEM
investigation confirmed the spherical shape and
the rod-like morphology. The spherical particle
size was approximately 50—60 nm, while the
rod-shaped particles ranged in length from 150 to
200 nm with an average diameter of about 50 nm.
The distinct diffraction rings observed in the
SAED pattern confirm the polycrystalline structure
of the CuO NPs. The binding energies obtained
from XPS analysis are associated with the Cu**
and O* oxidation states. CuO has a direct optical
bandgap of 2.0 eV, as shown by the Tauc plot,
which is blue-shifted from the bulk value of

- G

1.8 eV. The PL spectra as a function of excitation
wavelength revealed that raising the excitation
wavelength from 320 nm to 365 nm resulted in
enhanced violet emission intensity centered at
428-430 nm and a red shift in peak emission
wavelength. The Mie theory—based analysis of the
optical properties of CuO NPs in the 50-70 nm
size range was employed as a function of wavelength.
The calculated results show that spectral efficiencies
decrease with increasing wavelength, while the
real part of the refractive index decreases and
the imaginary part increases, indicating reduced
absorption at longer wavelengths. A size-dependent
enhancement in optical response is also observed.
This may be due to the larger light-matter interaction
at a larger size. The combined experimental and
theoretical results revealed that CuO NPs exhibit
tunable optical behavior.
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