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ABSTRACT

Zinc oxide/Copper oxide (ZnO/Cu0O) nanocomposites (NCs) have gained substantial importance due to their
synergistic structural, electrical, optical and photocatalytic properties. In this study, ZnO/CuO NCs were synthe-
sized using a green solution combustion method with lemon extract as fuel. X-ray diffraction (XRD) confirmed
the formation of highly crystalline ZnO and CuO phases, while scanning electron microscopy (SEM) revealed
an agglomerated morphology. UV-visible (UV-Vis) spectroscopy indicated an optical bandgap of 3.27 eV and
photoluminescence (PL) analysis demonstrated strong near-band-edge and defect-related emissions. Dielectric
studies highlighted superior charge storage capabilities, making these materials promising for energy storage
applications. Photocatalytic investigation on crystal violet dye degradation under visible light showed an 83%
efficiency at neutral pH, emphasizing their environmental remediation potential. The ZnO/CuO heterostructure
facilitates enhanced charge separation and light absorption, boosting performance in opto-electronic devices.
This study provides a comprehensive evaluation of ZnO/CuO NCs, positioning them as multifunctional materials

for sustainable energy, environmental and technological applications.

1. Introduction

Nanostructured materials are attracting significant interest because
of their distinctive characteristics and wide range of potential uses.
ZnO, a wide bandgap semiconductor and CuO, a narrow bandgap semi-
conductor, represent a promising combination for the development of
nanocomposites with enhanced functional properties. ZnO is widely rec-
ognized for its high exciton binding energy, environmental stability
and strong optical absorption, making them well-suited for applications
in photocatalysis, opto-electronics and energy storage [1,2]. However,
their practical application is often limited by the fast recombination of
photogenerated electron-hole pairs [3]. On the other hand, CuO, with
its p-type conductivity and narrow bandgap, not only enhances charge
separation when combined with ZnO but also extends light absorption
into the visible spectrum [4]. This complementary behaviour forms the
basis for designing ZnO/CuO NCs with superior performance in various
fields.

The ZnO/CuO NCs have shown remarkable potential in diverse ar-
eas. In energy storage, these materials exhibit high dielectric constants
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and conductivity, making them suitable for capacitors and battery com-
ponents [5]. Their photocatalytic capabilities are particularly notewor-
thy in environmental remediation, where they effectively degrade or-
ganic pollutants and dyes under UV-visible light [6]. In solid-state light-
ing, the luminescence properties of these composites are leveraged to
enhance the efficiency and lifespan of light-emitting diodes (LEDs). Fur-
thermore, ZnO/CuO NCs have been explored as gas sensors, detecting
toxic gases like ammonia and ethanol due to their enhanced sensitivity
and selectivity [7]. Their broad utility positions these NCs as pivotal
materials in advancing sustainable technologies. Recent studies have
highlighted the synergistic properties of ZnO and CuO in nanocompos-
ite systems. Chang et al. [8] synthesized ZnO/CuO NCs via a hydrother-
mal method and reported a sixfold enhancement in the photocatalytic
degradation rate of methylene blue (MB) when compared to pure ZnO.
This improvement was ascribed to efficient charge-transfer and reduced
recombination rates. Similarly, Saravanan et al. [9] demonstrated the
superior gas-sensing and photocatalytic performance of ZnO/CuO com-
posites prepared via thermal decomposition. They emphasized the role
of CuO in narrowing the bandgap and increasing light absorption in
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the visible region. Shinde et al. [10] explored ZnO/CuO NCs as effec-
tive photocatalysts and gas sensors, achieving nearly 90% degradation
of dye under optimized conditions. The researchers also highlighted the
importance of structural and optical characterization in understanding
the material’s behaviour.

Although significant advancements have been achieved in the syn-
thesis and characterization of ZnO/CuO NCs, most research has primar-
ily focused on their individual properties. Comprehensive studies ex-
ploring the combined structural, dielectric, optical and luminescence
characteristics—and their corresponding applications—are still limited.
This work seeks to bridge that gap by employing a simple and cost-
effective synthesis approach to develop ZnO/CuO NCs and systemati-
cally investigate their multifunctional properties. Unlike previous works
that predominantly focused on either photocatalysis or gas sensing, this
research emphasizes the interplay between structural, electronic and op-
tical properties, providing a holistic understanding of their potential in
energy storage, solid-state lighting and environmental remediation. The
Zn0O/CuO nanocomposite system offers a versatile platform for address-
ing challenges in energy, lighting and environmental sustainability. By
leveraging the complementary properties of ZnO and CuO, this study ad-
vances our understanding of these materials and places the groundwork
for their application in next-generation technologies.

2. Experimental details

Zn0O/CuO (1:1) NCs were synthesized using the solution combustion
method with lemon extract (citric acid) as a green fuel. The synthesis
protocol was adapted from [6], with slight modifications in the precur-
sor ratio and calcination conditions. In this process, zinc nitrate and
copper nitrate serve as the precursors for ZnO and CuO, respectively.
Lemon extract, rich in citric acid and organic compounds, acts as both
a fuel and a complexing agent, enhancing combustion efficiency and
uniform mixing of the precursors. The extract was prepared from fresh
lemon juice obtained from locally available citrus limon fruits. The juice
was filtered to remove pulp and seeds, and the clear extract was used
directly in the combustion synthesis. Citric acid is the major active com-
ponent, but the extract also contains minor amounts of ascorbic acid,
sugars, flavonoids, and trace minerals, which can serve as mild reduc-
ing and stabilizing agents during nanoparticle formation. Stoichiometric
quantities of the precursor salts are dissolved in 20 mL deionized wa-
ter, after which 10 mL of lemon extract is added to obtain a uniform
solution. This mixture is then subjected to heating in a muffle furnace
at approximately 500 °C for 10 min, triggering a self-propagating com-
bustion reaction that produces a fluffy powder. The obtained product
is subsequently calcined at 800 °C for 3 h to eliminate any remaining
organic content and to achieve phase purity.

The synthesized ZnO/CuO NCs were characterized using XRD
(Rigaku-Altima-4), SEM (ZEISS Evo-15), UV-visble spectroscopy
(Perkin-Elmer Lambda-35), Fourier transform infrared (FTIR) spec-
troscopy (BRUKER IFS 66 V), photoluminescence (Hitachi F-4600) and
dielectric properties (NF LCR meter) were employed to study their struc-
tural, morphological, optical and dielectric properties.

Crystal violet (CV) was chosen as a model organic dye to evalu-
ate the photocatalytic activity of ZnO/CuO NCs. A stock CV solution
(1.0 x 10~3 M) was prepared by dissolving 0.0373 g of dye in 100 mL of
doubly distilled water. Working solutions with concentrations ranging
from O to 1.0 mg/L were obtained by appropriate dilution. For each pho-
tocatalytic experiment, 10 mg of ZnO/CuO NCs was dispersed in 100 mL
of the dye solution. The initial pH of the solution was measured with a
digital pH meter (Systronics Model 335) and adjusted, when necessary,
using 0.05 mol/L H,SO, to achieve optimal photocatalytic conditions.

The suspension was irradiated with a 200 W tungsten lamp, with a
circulating water layer placed in front of the lamp to filter infrared ra-
diation and minimize heating effects. At 15 min intervals, 3 mL aliquots
were withdrawn, centrifuged to remove catalyst particles and the ab-
sorbance of the supernatant was recorded at 650 nm using a UV-Vis
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Fig. 1. XRD profile of ZnO/CuO NCs.

spectrophotometer (Systronics Model 106). Control experiments were
carried out under identical conditions without catalyst and without dye
to account for baseline effects. The degradation efficiency and absolute
dye concentrations were calculated from the absorbance values to eval-
uate photocatalytic kinetics and saturation behaviour.

3. Results and discussion
3.1. Structural analysis

Fig. 1 presents the Rietveld refined XRD pattern of the ZnO/CuO NCs.
The refinement was carried out using Profex software [11], through a
structured, step-by-step approach. Initially, the XRD data was imported,
and phase identification was performed using the integrated search-
match module. The Fundamental Parameters Approach (FPA) was uti-
lized for profile fitting, enabling precise modelling of the diffraction pat-
tern. Key parameters such as crystallite size, lattice constants, and micro-
strain were iteratively refined to closely match the calculated profile
with the experimental data. Refinement was continued until satisfactory
values for the goodness of fit (GoF) and chi-square (y2) were obtained,
indicating a reliable correlation between the observed and simulated
patterns. Quantitative phase analysis of the XRD data was performed by
Rietveld refinement. The refined phase fractions are ZnO = 52.6 wt%
and CuO = 47.4 wt%, confirming the near 1:1 molar ratio between ZnO
and CuO in the final nanocomposite, consistent with the intended syn-
thesis design. Atomic positions and profile parameters converged with
small estimated standard deviations (ESD = 0.0056), confirming the
quality of the fit. The resulting refinement and structural parameters
are presented in Table 1.

The XRD patterns of the ZnO/CuO NCs exhibit sharp and well-
defined peaks, confirming a high degree of crystallinity in the synthe-
sized sample. The obtained diffraction peaks were indexed to the stan-
dard JCPDS card No. 36-1451 for ZnO (hexagonal-wurtzite phase) and
card No. 89-5899 for CuO (monoclinic phase). Peaks corresponding to
ZnO were marked with a “#”, while those of CuO were denoted with a
“$71'

The absence of any additional peaks indicates the successful synthe-
sis of ZnO and CuO phases without detectable impurities or residual
bulk precursors, further validating the purity of the NCs. The diffraction
peaks at 31.87°, 34.46°, 35.93°, 47.66°, 56.67°, 62.84°, and 68.04° corre-
spond to the (100), (002), (101), (102), (110), (103), and (112) planes
of the hexagonal wurtzite ZnO phase. Similarly, the peaks at 35.55°,
38.76°, 48.76°, 58.37°, 61.54°, 66.28°, and 69.20° belong to the (002),
(110), (-202), (202), (-113), (—311), and (—220) planes of the mono-
clinic CuO phase.
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Table 1
Refinement parameters and structural properties of ZnO/CuO NCs.
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Phase Phase fractions
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Fig. 2. W-H plot of (a) ZnO and (b) CuO phases in ZnO/CuO NCs.

The crystallite size (D) of the ZnO/CuO NCs was determined using
the Scherrer equation [12].

D = kA/Bcosb, )

where k is the Scherrer constant, A is the wavelength of the X-ray, § is the
full width at half maximum (FWHM) of the peak. The average D for ZnO
and CuO phases were calculated from the respective major peaks, was
found to be 20.8 and 19.1 nm respectively. The sharpness and intensity
of the peaks suggest excellent crystallinity in the ZnO/CuO NCs, which is
beneficial for applications requiring high structural order. The absence
of spurious peaks confirms the phase purity of the composite. This en-
sures that the properties of the nanocomposite are intrinsic to the ZnO
and CuO phases, without interference from impurities. The observed
variation in peak intensities corresponds to the preferential orientation
of crystallites along specific planes. The prominent (100) peak for ZnO
indicates a preferred orientation along the a-axis, often associated with
enhanced optical and electronic properties. The coexistence of ZnO and
CuO phases without detectable impurity phases suggests minimal inter-
action at the atomic scale, maintaining the individual properties of ZnO
and CuO. This feature is advantageous for applications in photocatalysis,
sensors, and optoelectronic devices where a synergistic effect between
phases is desired. The prepared ZnO/CuO NCs are polycrystalline in na-
ture, as confirmed by both XRD and SEM analyses. While the Scherrer
method provides an estimate of D, it does not account for the strain (¢)
induced broadening of diffraction peaks. To achieve a more comprehen-
sive understanding of the microstructural properties, the Williamson—
Hall (W-H) method was considered, which considers both the D and e
contributions to the broadening [13].

@

A plot of fcosf versus 4sind, known as the W-H plot, is used to esti-
mate both D and e. The W-H plot for ZnO and CuO are shown in Fig. 2.
The intercept of the linear fit corresponds to the crystallite size, while
the slope provides the lattice strain. The calculated Ds were 35 nm for
ZnO and 20.7 nm for CuO, indicating that CuO crystallites are relatively
finer compared to ZnO within the composite matrix. The corresponding

fcosf = % + 4esing.
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lattice strains were estimated as 1.8 x 10~2 for ZnO and 0.45 x 10~2 for
CuO, suggesting that both phases possess a well-ordered crystal lattice
with minimal microstructural distortion. The lower strain in CuO im-
plies that the CuO crystallites experience less internal stress, while ZnO
exhibits slightly higher lattice strain, likely due to lattice mismatch and
interfacial stress between the ZnO and CuO domains. These values are
consistent with the sharp diffraction peaks observed in the XRD pattern,
confirming good crystallinity of both phases.

3.2. Morphology

The morphology and purity of the prepared NCs were analysed by
SEM and EDX studies. The SEM image, EDX spectrum, elemental map-
ping are given in Figs. 3(a)-(e). The SEM image shows a distribution
of irregularly shaped particles of varying sizes. Most particles are clus-
tered together, with clear boundaries visible between individual parti-
cles, indicating a granular or agglomerated nature. The particles exhibit
a range of sizes, from smaller submicron particles to larger micrometer-
scale aggregates. The irregular particle shapes suggest that the synthesis
method produced a polycrystalline material with no significant prefer-
ential growth directions. Clustering of particles can be observed, likely
due to Van der Waals forces or other weak interactions between particles
[14]. This agglomeration is common in nanoparticles and micro-scale
materials due to their high surface energy. The surface texture appears
rough and porous, which could enhance properties such as surface area
and catalytic activity. Such a morphology is advantageous for applica-
tions like photocatalysis, sensors, and energy storage, as it promotes bet-
ter interaction with surrounding media (reactants, ions, or light). While
the particles appear uniform in texture, their size distribution suggests
some degree of polydispersity. Energy dispersive X-ray (EDX) spectrum
of ZnO/CuO NCs shown in Fig. 3(b) confirms the purity of the prepared
sample. It exhibits only peaks for Zn, Cu and O. EDX elemental mapping
presented in Figs. 3(c)-(e), confirms the uniform spatial distribution of
Zn, Cu, and O across the scanned region. The mapping images show
evenly scattered signals for both Zn and Cu without localized agglomer-
ation, suggesting good phase mixing and compositional homogeneity of
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Fig. 3. (a) SEM image and (b) EDX spectrum of ZnO/CuO NCs and (c)—(e) elemental mapping of Zn, Cu and O respectively.

the ZnO/CuO nanocomposites. Quantitative EDX analysis further veri-
fied that the measured atomic percentages are consistent with the nom-
inal stoichiometry. The elemental analysis provides approximately 48.2
at% Zn, 24.6 at% Cu, and 27.2 at% O, consistent with the stoichiometry
expected for a 1:1 ZnO/CuO composite. The absence of other elements
verified the phase purity of the sample.

3.3. FTIR analysis

FTIR spectroscopy was employed to identify functional groups,
and possible impurities present in the nanocomposite. This technique

is highly sensitive to vibrational modes of chemical bonds, allow-
ing detection in both crystalline and amorphous phases, as well as
surface-adsorbed species. Broad absorption bands observed in the 3200-
3500 cm~! region correspond to the O-H stretching vibrations, indicat-
ing the presence of surface hydroxyl groups—a common feature in metal
oxide nanostructures due to their high surface area. Peaks in the 2900-
3000 cm™! range are attributed to C-H stretching vibrations, suggesting
the presence of residual organic species, likely originating from the syn-
thesis precursors. The absorption band near 1900 cm~! is corresponds
to C=C stretching, which may result from atmospheric carbon contam-
ination. Vibrations in the 1000-1700 cm~! region correspond to C-O

110
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Fig. 4. FTIR spectrum of ZnO/CuO NCs.

Table 2
Eg, n, and y for ZnO/CuO NCs.

E; (eV) 3.27
n 2.30
0.39

bond stretching, possibly due to adsorbed CO,. A distinct peak around
880 cm™! is assigned to Zn-O and Cu-O stretching modes, which are in
good agreement with reported values for ZnO/CuO composites (Fig. 4)
[15].

3.4. UV-Vis analysis

The UV-visible reflectance spectrum of the ZnO/CuO NCs was
recorded in the wavelength range of 250 to 700 nm, as illustrated in
Fig. 5(a). The spectrum reveals a prominent absorption peak at 297 nm.
The optical band gap (E;) was estimated using the relation E, = hc/4,
h is the Planck’s constant, c is the speed of light and 4 is the wavelength
corresponding to the maximum absorption. Additionally, the band gap
was further evaluated using the Tauc plot method shown in Fig. 5(b),
yielding a value of approximately 3.27 eV. The determined bandgap is
matching well with literature [8,16].

The refractive index (n) is a critical optical parameter, particularly
for semiconductors intended for integration into photonic devices such
as optical modulators, switches and filters [17]. In such devices, precise
control over n is essential for efficient light manipulation. ZnO/CuO NCs
are especially promising for these applications due to their unique opti-
cal and electronic characteristics. Equally important is the evaluation of
optical susceptibility (), which provides valuable insight into the elec-
tronic structure and bonding nature within semiconductor materials.
The optical susceptibility reflects how a material responds to an external
electro-magnetic (EM) field, thus playing a key role in understanding
and engineering optical responses for various applications—including
optical communication and optoelectronics. To better understand the
optical behaviour of the ZnO/CuO NCs, efforts were made to calculate
the n, y and absorption coefficient («) using the following expressions
[18].

(n* +2)°(E, —0365) = 154, ©)

x =008 x {[-In(0.027E,)]" - 1}. @)

The obtained results were tabulated in Table 2.
3.5. Photoluminescence analysis

PL spectrum shown in Fig. 6(a) was studied at an excitation wave-
length of 325 nm to examine their electronic structure, defect states, and
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optical properties. PL spectrum exhibits two peaks at 425 and 555 nm.
Peak at 425 nm is due to near-band-edge (NBE) emission of ZnO [16].
The NBE emission arises from the recombination of free excitons or
bound excitons. The sharpness and intensity of this peak indicate the
dominance of radiative recombination, suggesting a low density of de-
fects in the ZnO matrix [19]. The green emission (peak at 555 nm) is gen-
erally attributed to deep-level defects, such as oxygen vacancies (V),
zinc interstitials (Zn;), or Cu-related defect states introduced by CuO in
the nanocomposite [15]. The CuO phase can introduce additional de-
fect states, including Cu*/Cu?* ion traps, which may contribute to this
emission [15]. This peak reflects the interaction between ZnO and CuO
and their combined defect structure. The intensity of the 425 nm peak
compared to the 555 nm peak gives an idea about the quality of the com-
posite and the degree of defect density. A higher 425 nm peak relative to
the 555 nm peak indicates a higher crystallinity and fewer defects. The
broader emission bands suggest a distribution of defect states, imply-
ing that CuO doping introduces a range of defect-related energy levels
within the bandgap of ZnO. The presence of CuO narrows the bandgap of
the nanocomposite due to the introduction of intermediate states. This
modification can enhance visible light absorption and is advantageous
for applications like photocatalysis and photodetectors.

The PL emission lifetime offers valuable insights into the recombina-
tion dynamics of photoexcited charge carriers. The decay behaviour of
PL intensity over time can typically be modelled using an exponential
function, expressed as [20]

=1
10 =) A, )
1
where, I(t) is the PL intensity at time t, A; is the amplitude associated
with the ih decay process and z; is the lifetime associated with the ith
decay process. The average PL lifetime (z) can be defined as [21]

_ Zi AiTiz
2 AT

The calculated value of 7 is 438 ns. This indicates that the radiative
recombination processes are relatively efficient in the prepared nanopar-
ticles. The longer r confirms that non-radiative pathways (such as de-
fect states or surface recombination) are not dominant and it reflects the
quality of the NCs [21]. Therefore, these NCs can be considered for opto-
electronic applications. Fig. 6(b) depicts the CIE-1931 chromaticity dia-
gram for the ZnO/CuO NCs, showing its emission coordinates within the
visible spectrum. The CIE-1931 diagram maps all perceivable colours as
a function of two chromaticity coordinates, the x and y coordinates are
0.218 and 0.168 respectively. The black triangle marker corresponds
to the chromaticity coordinates of the ZnO/CuO nanocomposite’s PL
emission. The marker is located closer to the region where blue and
pink/violet hues converge, suggesting that the combined emission from
the material results in this perceived colour.

Colour purity (CP) is a measure of how close the chromaticity of a
light source is to the dominant wavelength, and it determines the de-
gree of saturation of the emitted colour. The concept is based on the
CIE 1931 chromaticity diagram, which defines the relationship between
chromaticity coordinates (x, y) and colour perception. The colour pu-
rity can be defined as the ratio of the distance between the chromaticity
point of the light source and the reference point (usually white light) to
the distance between the dominant wavelength and the reference point.
It can be expressed as [22]

Vix=x.) +(r-v2)
V= x0) 2+ (= 3)?

where, x,, v, are the chromaticity coordinates of the reference white
point and x,, y, are the chromaticity coordinates of the dominant wave-
length. The numerator of the Eq. (5) represents the distance between
the chromaticity of the light source and the white point. It shows how
far the light source deviates from neutral (white light). Whereas the

T

©

CP = X 100%,

)




S.N. Chandranna, V.N. Hegde, N.C. Sandhya et al.

ChemPhysMater 5 (2026) 107-117

V ZnO/CuO

: (a) (b)
1R -
8 ' £
g | S
& ; 2
Ke) H ~
A ] —
o ' >
2| | <
< | -
: 297nm E =3.27 eV
¥y g9
L T —F r J - & F % [ ¥
300 400 500 600 20 25 3.0 35 40 45 5.0
Wavelength (nm) Energy (eV)
Fig. 5. (a) UV-Vis absorbance spectrum and (b) Tauc plot for ZnO/CuO NCs.
425nm 920
e
s
=
w
[
2
£
555nm
T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 6. (a) PL spectrum and (b) CIE diagram of ZnO/CuO NCs.

Table 3

The colour purity values for ZnO/CuO NCs.
Source A B C D50 D55 D65 D75 D93 E F1 F2
CP (%) 67.97 58.67 51.26 58.23 56.28 52.90 50.11 46.30 55.10 53.80 61.35
Source F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 LED-B1
CP (%) 64.95 67.36 54.69 62.56 52.95 58.26 61.35 58.36 62.07 67.19 68.50
Source LED-B2 LED-B3 LED-B4 LED-B5 LED-BH1 LED-RGB1 LED-V1 LED-V2
CP (%) 66.99 61.43 57.29 52.24 67.93 68.90 70.03 61.92

denominator of the Eq. (5) represents the maximum possible distance
from the white point to the chromaticity of the dominant wavelength.
The ratio gives the relative saturation of the colour. A light source with
chromaticity coordinates close to the dominant wavelength will have
a high CP value, indicating a saturated and vivid colour. If the chro-
maticity coordinates are closer to the white point, the CP value will be
lower, indicating a more desaturated appearance. Table 3 presents data
on CP for various light sources, including standard illuminants (A, B,
C, D-series, and E), fluorescent lamps (F-series), and LED light sources.
Among the standard illuminants, source D93 has the lowest colour pu-
rity (46.30%), indicating that it produces light with less vividness or
saturation compared to other sources like A (67.97%) or B (58.67%).

112

These differences reflect variations in their spectral distributions, with
sources like D93 often simulating cooler light with higher blue content,
which can appear less saturated. Among fluorescent lamps, F12 and F3
show relatively high color purity values (67.19% and 64.95%, respec-
tively), indicating better saturation. On the other hand, F5 (54.69%)
and F7 (52.95%) exhibit lower CP values, suggesting these lamps emit
light with less saturated colors. Fluorescent lamps typically show vari-
ation in CP due to differences in phosphor coatings, which affect the
light’s chromaticity and spectral output. Among LED sources, LED-V1
has the highest colour purity value (70.03%), followed by LED-RGB1
(68.90%). These values suggest that modern LED technologies, particu-
larly RGB-based systems, can achieve highly saturated colours. By con-
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Fig. 7. The variation of (a) dielectric constant and (b) dielectric loss as a function of frequency for ZnO/CuO NCs.

trast, sources like LED-B5 (52.24%) and LED-B4 (57.29%) exhibit lower
CP values, reflecting the influence of specific LED designs and phosphor
layers used to produce the light. The ZnO/CuO nanocomposite’s mod-
erate CP arises from its broad and hybrid emission spectrum, making it
suitable for applications requiring both tuneable chromaticity and bal-
anced colour rendering, such as decorative lighting or optoelectronics.

3.6. Dielectric properties

The complex dielectric permittivity (¢*) of a material is defined by
the following Equation [23].

®)

where ¢’ and ¢ are real and imaginary part of permittivity. The ¢’ is
referred to as the dielectric constant, indicating the material’s energy
storage ability. The ¢” implies the energy dissipated in the dielectric
material known as dielectric loss. Figs. 7(a)(b) depicts the dielectric con-
stant and dielectric loss for ZnO/CuO NCs respectively. Both ¢’ and ¢
exhibit conventional trend as they decrease with increasing F. At lower
F, the higher ¢’ is due to interfacial polarization caused by interfaces
like material-electrode, material-impurities, or grain boundaries. These
interfaces accumulate charges, creating potential barriers and resulting
in higher ¢’ at lower frequencies [24]. As F increases, the ¢’ decreases
rapidly due to the relaxation of extrinsic factors and the dominance
of intrinsic factors in the high-F domain. This behaviour is known as
Maxwell-Wagner polarization [25].

Fig. 7(b) illustrates the decreasing trend of dielectric loss with in-
creasing F. This behaviour is primarily attributed to polarization mech-
anisms and relaxation dynamics within the ZnO/CuO NCs. At lower
frequencies, dipoles have sufficient time to reorient in response to the
slowly varying external alternating electric field, resulting in higher en-
ergy dissipation due to increased dielectric loss [26]. As the F increases,
the electric field reverses direction more rapidly, making it difficult for
the dipoles to realign in time. This lag in response reduces energy dissi-
pation, thereby lowering the dielectric loss at higher frequencies.

The impedance spectra of the CuO/ZnO NCs, as depicted in the
Fig. 8(a), illustrate the variation of both the real (Z’) and imaginary
(Z2”) components of impedance with frequency. At lower frequencies,
both Z’ and Z” exhibit high values, indicating that the material exhibits
significant resistance and polarization effects in this range [27]. As the
frequency increases, Z’ and Z” gradually decrease, eventually becom-
ing almost independent of frequency at higher frequencies, suggesting
a decrease in resistive and capacitive contributions due to reduced in-
terfacial polarization and enhanced charge carrier mobility [28]. The
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Table 4
Equivalent electric circuit parameters from Nyquist plot.

NPs Ry () Ry(Q) Cy(F) Gy(®

Zn0O/CuO NCs 3.15 x 10° 8.57 x 107 3.10 x 10715 1x1071

imaginary component Z” reaches a peak at approximately 200 Hz, sig-
nifying the characteristic relaxation frequency associated with the di-
electric response of the composite. The presence of this peak suggests
that at this frequency, the material undergoes a transition where energy
dissipation due to relaxation mechanisms is maximized [29].

Fig. 8(b) shows Nyquist plot, which displays a semicircular nature,
characteristic of a single relaxation process associated with the mate-
rial’s charge transport properties. The semicircle implies the dominance
of a parallel RC circuit behaviour, where the intercept at higher Z’ val-
ues corresponds to bulk resistance, and the curvature reflects capacitive
and interfacial polarization effects [30]. The impedance response of NCs
is fitted using an equivalent circuit model using EIS spectrum analyzer
software, shown in the inset of Fig. 8(b). The equivalent electric cir-
cuit (EEC) consisting of two parallel resistor-capacitor (RC) elements in
series, representing the grain (bulk) and grain boundary contributions.
Table 4 summarizes the extracted parameters from fitting with EIS Spec-
trum Analyzer. The fitted parameters suggest that the bulk (grain) region
offers a substantially larger resistance (R;,) and a much higher effec-
tive capacitance (C) than the grain boundaries. The large C,, indicates
stronger charge storage or polarization within grains, while the much
smaller Cgy, reflects limited charge accumulation at grain interfaces.

The electric modulus spectra of the CuO/ZnO NCs are shown in the
Fig. 9. This illustrates the variation of the real (M’) and imaginary (M)
components of the modulus with F. M’ exhibit a peak at ~200 Hz and
M” at 4.3 kHz. The increase and decrease of electric modulus with F
suggest that at lower frequencies, long-range mobility of charge carri-
ers dominates, leading to negligible contribution to the modulus. As the
frequency increases, the relaxation process becomes more prominent,
causing M’ to increase, followed by a decrease due to the reduction in
polarization effects at high frequencies. The peak represents the charac-
teristic relaxation process of the material. The peak is associated with
charge carrier hopping and localized motion, reflecting the transition
from long-range to short-range mobility [31]. The observed peaks in
both M’ and M” confirm the presence of a dielectric relaxation mecha-
nism.

The AC conductivity (c,.) spectrum of the CuO/ZnO NCs, as shown
in the Fig. 10, exhibits F-dependent behaviour and follows Jonscher’s
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Fig. 8. (a) The variation of impedance as function of frequency and (b) Nyquist plot with equivalent circuit for ZnO/CuO NCs.
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Fig. 9. The variation of electric modulus as a function of frequency for
CuO/ZnO NCs.

universal power law. At lower frequencies, the conductivity remains
nearly constant, indicating the dominance of DC conductivity (c4.),
which arises from long-range charge transport. As F increases, o, in-
creases significantly, following a power-law behaviour, which indicates
a hopping conduction mechanism associated with charge carrier move-
ment in localized states. The solid curve represents a fit to Jonscher’s
power law, confirming that the conductivity follows the expected trend.
Jonscher’s universal power law is expressed as [32]
Oge(@) = 04, + A0®, ()
where, A is a material-dependent pre-factor, and s is the frequency expo-
nent (0 < s < 1). The presence of a nearly constant o4, at low frequencies
suggests that charge transport occurs via a continuous pathway, whereas
the increase in o, at higher frequencies is due to hopping conduction
of charge carriers between localized states. The exponent s provides in-
formation about the conduction mechanism, where its value less than
1 indicates that the system follows a correlated barrier hopping (CBH)
model, a common feature in disordered semiconductors [33]. The ob-
served increase in o,. with F suggests that at higher frequencies, the
hopping of charge carriers between defect states or localized sites be-
comes more dominant. The excellent fit of the experimental data with
Jonscher’s power law further confirms the reliability of the observed
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Fig. 10. The variation of AC conductivity as a function of frequency for
CuO/ZnO NCs.

trend and supports the role of F-dependent charge carrier dynamics in
the CuO/ZnO NCs.

3.7. Photocatalytic studies

Fig. 11 highlights the influence of pH on the photocatalytic degrada-
tion efficiency of ZnO/CuO NCs, studied over a pH range of 2 to 10 using
a dye concentration of 0.5 mg/L for a reaction time of 60 min. The pH
of the dye solution is a critical parameter in photocatalytic degradation
due to its significant impact on the surface charge properties of the cata-
lyst and the generation of reactive oxidative species [34]. The ZnO/CuO
NCs exhibit a point of zero charge (pH,c) of 7.8, consistent with liter-
ature [35]. This suggests that the catalyst surface becomes positively
charged in acidic conditions (pH = 2-7) and negatively charged under
alkaline conditions (pH = 7-10). At neutral pH (pH = 7), the maximum
degradation efficiency of CV dye was observed, reaching up to 83%. At
pH = 7, the surface of the ZnO/CuO NCs remains protonated and pos-
itively charged, which facilitates better interaction with the negatively
charged dye molecules, enhancing degradation efficiency. Positive holes
(ht) act as strong oxidizing agents at pH = 7. The high redox potential
of photo-generated holes in the valence band of the NCs is sufficient to
generate hydroxyl radicals, which are key contributors to dye degrada-
tion. NCs function as an efficient photosensitizer, absorbing light energy
and enhancing charge separation for improved photocatalytic activity.
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Fig. 11. Influence of pH on photocatalytic degradation of CV by ZnO/CuO NCs.

In addition to hydroxyl radical generation, direct oxidation of the CV dye
occurs as dye molecules interact with the positive holes on the catalyst
surface [36]. Under acidic conditions (pH < 7), electrostatic repulsion
between positively charged catalyst surfaces and dye molecules may re-
duce degradation efficiency. Conversely, at alkaline conditions (pH > 7),
the reduced availability of protonated surface sites and competitive ad-
sorption of hydroxyl ions (OH™) can hinder photocatalytic performance
[37].

The effect of varying the initial concentration of CV dye on the
photocatalytic degradation efficiency of the ZnO/CuO NCs was inves-
tigated at pH = 7, with concentrations ranging from O to 1 mg/L. The
results, illustrated in Fig. 12, shows a decline in degradation efficiency
as the dye concentration increased. At lower concentrations, the cat-
alyst surface has abundant active sites available for the adsorption of
dye molecules and efficient absorption of incident photons. This pro-
motes the formation of reactive hydroxyl radicals, the primary agents
responsible for breaking down dye molecules during photocatalytic re-
actions [38]. However, as the dye concentration increases, the surface
of the catalyst becomes saturated with dye molecules. This saturation
impedes light penetration, as the dye molecules themselves begin to ab-
sorb significant portions of the incident radiation, reducing the energy
available for photocatalytic activity. Also, the generation of hydroxyl
radicals is hindered at higher dye concentrations due to the occupation
of active surface sites by excess dye molecules. The limited availability
of these radicals, combined with their inherently short lifespan, exacer-
bates the challenge. Effective collisions between hydroxyl radicals and
dye molecules become less frequent, further diminishing the degrada-
tion efficiency [39]. Along with these, the accumulation of dye interme-
diates and byproducts during the reaction can contribute to surface foul-
ing, which further inhibits light absorption and active site availability.
The reduced degradation efficiency at higher concentrations highlights
the importance of optimizing dye concentrations for practical wastewa-
ter treatment applications.

The effect of catalyst loading on the photocatalytic degradation of
CV was examined by varying the ZnO/CuO NCs concentration from 0 to
1.0 g/L under identical conditions (pH = 7, fixed dye concentration and
60 min irradiation). As shown in Fig. 13(a), which illustrates the degra-
dation efficiency as a function of catalyst dose, the efficiency increased
steadily and reached a maximum at 1.0 g/L. This trend is attributed to
the larger number of active sites available at higher loadings, which en-
hances dye adsorption and promotes the generation of reactive species
(e.g., *OH radicals) under UV-Vis irradiation, thereby accelerating the
degradation process.
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Fig. 12. Effect of initial dye concentration on the photocatalytic degradation of
CV.

The UV-Vis absorption spectra, monitored over a time period of 0
to 60 min and shown in Fig. 13(b). The degradation rate increased with
dye concentration up to ~0.5-1.0 mg/L, which is due to the greater
number of dye molecules available for adsorption and reaction on the
catalyst surface. However, at higher concentrations, the efficiency de-
clined and eventually plateaued due to saturation of active sites and
the light-shielding effect of excess dye molecules, which reduce photon
penetration into the solution. This behaviour indicates that an optimum
dye concentration exists in the range of 0.5-1.0 mg/L for effective pho-
tocatalytic performance of ZnO/CuO NCs. To further understand the
reaction kinetics, the photocatalytic degradation rate constant (k) was
determined using a first-order kinetic model. The relationship between
In(Cy/C,) and time (t) was plotted for all samples, with the slopes of
these plots used to calculate the corresponding rate constants, as shown
in Fig. 13(c). The results indicate that lower initial dye concentrations,
particularly at 0.25 mg/L, exhibit the highest reaction rate constants
followed pseudo-first-order kinetics with an excellent linear fit (R? ~
0.99). This can be attributed to efficient light penetration and minimal
competition among dye molecules for active sites on the catalyst sur-
face. This suggests that the photocatalytic degradation process is most
effective under conditions where fewer dye molecules are present. How-
ever, at higher initial dye concentrations (>0.5 mg L~ '), deviations from
linearity were observed, suggesting that the first-order model does not
adequately describe the reaction.

Fig. 14(a) illustrates the photocatalytic degradation process of CV
dye using a ZnO/CuO NCs under sunlight. Upon exposure to sunlight,
these nanoparticles are activated, enabling the catalytic degradation
process. CV, a complex organic dye interacts with the activated catalyst.
As a result, the dye undergoes degradation, breaking down into smaller
fragments. Fig. 14(b) gives schematic representation of the underlying
mechanisms in the photocatalytic reaction. When exposed to sunlight,
photons with energy equal to or greater than the band gap energy (E,)
excite electrons from the VB to CB of the semiconductor catalyst. This
process creates electron-hole pairs (e~ and h'*). The electrons in CB can
reduce oxygen molecules (O,) to form reactive oxygen species such as
superoxide anions (02~). Meanwhile, the positive holes (h*) in VB oxi-
dize water molecules or hydroxide ions (OH™) to generate highly reac-
tive hydroxyl radicals (OH). These reactive species, superoxide anions
and hydroxyl radicals are powerful oxidizing agents that break down or-
ganic pollutants, CV dye, into such as carbon dioxide (CO,) and water
(H,0). The depiction of recombination processes between electrons and
holes signifies a competing mechanism that can reduce the efficiency of
photocatalytic reactions.
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4. Conclusion

The structural, optical, dielectric, and photocatalytic properties of
ZnO/CuO NCs synthesized via a green solution combustion method
were comprehensively analyzed. XRD analysis confirmed the formation
of hexagonal ZnO and monoclinic CuO phases. SEM images revealed
agglomerated particles with a rough and porous morphology, advan-
tageous for photocatalysis. The optical bandgap was determined to be
3.27 eV, while PL analysis showed strong emissions at 425 nm (NBE) and
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555 nm (defect states), highlighting their optoelectronic potential. The
Zn0O/CuO NCs exhibited a moderate colour purity of 70.03% for LED-
V1 source, making it suitable for lighting applications. Dielectric studies
demonstrated a high dielectric constant and minimal energy dissipation,
confirming superior charge storage capabilities. Photocatalytic degrada-
tion of crystal violet dye reached 83% efficiency at pH = 7, with optimal
catalyst loading of 1.0 g/L. These results evident that the ZnO/CuO NCs
are promising materials for energy storage, environmental remediation,
and optoelectronic applications.
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