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a b s t r a c t 

Zinc oxide/Copper oxide (ZnO/CuO) 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. 
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. Introduction 

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

The ZnO/CuO NCs have shown remarkable potential in diverse ar-
as. In energy storage, these materials exhibit high dielectric constants
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nd conductivity, making them suitable for capacitors and battery com-
onents [ 5 ]. Their photocatalytic capabilities are particularly notewor-
hy in environmental remediation, where they effectively degrade or-
anic pollutants and dyes under UV–visible light [ 6 ]. In solid-state light-
ng, the luminescence properties of these composites are leveraged to
nhance the efficiency and lifespan of light-emitting diodes (LEDs). Fur-
hermore, ZnO/CuO NCs have been explored as gas sensors, detecting
oxic gases like ammonia and ethanol due to their enhanced sensitivity
nd selectivity [ 7 ]. Their broad utility positions these NCs as pivotal
aterials in advancing sustainable technologies. Recent studies have
ighlighted the synergistic properties of ZnO and CuO in nanocompos-
te systems. Chang et al. [ 8 ] synthesized ZnO/CuO NCs via a hydrother-
al method and reported a sixfold enhancement in the photocatalytic
egradation rate of methylene blue (MB) when compared to pure ZnO.
his improvement was ascribed to efficient charge-transfer and reduced
ecombination rates. Similarly, Saravanan et al. [ 9 ] demonstrated the
uperior gas-sensing and photocatalytic performance of ZnO/CuO com-
osites prepared via thermal decomposition. They emphasized the role
f CuO in narrowing the bandgap and increasing light absorption in
ctober 2025 
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Fig. 1. XRD profile of ZnO/CuO NCs. 
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he visible region. Shinde et al. [ 10 ] explored ZnO/CuO NCs as effec-
ive photocatalysts and gas sensors, achieving nearly 90% degradation
f dye under optimized conditions. The researchers also highlighted the
mportance of structural and optical characterization in understanding
he material’s behaviour. 

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

. Experimental details 

ZnO/CuO (1:1) NCs were synthesized using the solution combustion
ethod with lemon extract (citric acid) as a green fuel. The synthesis
rotocol was adapted from [ 6 ], with slight modifications in the precur-
or ratio and calcination conditions. In this process, zinc nitrate and
opper nitrate serve as the precursors for ZnO and CuO, respectively.
emon extract, rich in citric acid and organic compounds, acts as both
 fuel and a complexing agent, enhancing combustion efficiency and
niform mixing of the precursors. The extract was prepared from fresh
emon juice obtained from locally available citrus limon fruits. The juice
as filtered to remove pulp and seeds, and the clear extract was used
irectly in the combustion synthesis. Citric acid is the major active com-
onent, but the extract also contains minor amounts of ascorbic acid,
ugars, flavonoids, and trace minerals, which can serve as mild reduc-
ng and stabilizing agents during nanoparticle formation. Stoichiometric
uantities of the precursor salts are dissolved in 20 mL deionized wa-
er, after which 10 mL of lemon extract is added to obtain a uniform
olution. This mixture is then subjected to heating in a muffle furnace
t approximately 500 °C for 10 min, triggering a self-propagating com-
ustion reaction that produces a fluffy powder. The obtained product
s subsequently calcined at 800 °C for 3 h to eliminate any remaining
rganic 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-
roscopy (BRUKER IFS 66 V), photoluminescence (Hitachi F-4600) and
ielectric properties (NF LCR meter) were employed to study their struc-
ural, morphological, optical and dielectric properties. 

Crystal violet (CV) was chosen as a model organic dye to evalu-
te the photocatalytic activity of ZnO/CuO NCs. A stock CV solution
1.0 × 10− 3 M) was prepared by dissolving 0.0373 g of dye in 100 mL of
oubly distilled water. Working solutions with concentrations ranging
rom 0 to 1.0 mg/L were obtained by appropriate dilution. For each pho-
ocatalytic experiment, 10 mg of ZnO/CuO NCs was dispersed in 100 mL
f the dye solution. The initial pH of the solution was measured with a
igital pH meter (Systronics Model 335) and adjusted, when necessary,
sing 0.05 mol/L H2 SO4 to achieve optimal photocatalytic conditions. 

The suspension was irradiated with a 200 W tungsten lamp, with a
irculating water layer placed in front of the lamp to filter infrared ra-
iation and minimize heating effects. At 15 min intervals, 3 mL aliquots
ere withdrawn, centrifuged to remove catalyst particles and the ab-

orbance of the supernatant was recorded at 650 nm using a UV–Vis
108
pectrophotometer (Systronics Model 106). Control experiments were
arried out under identical conditions without catalyst and without dye
o account for baseline effects. The degradation efficiency and absolute
ye concentrations were calculated from the absorbance values to eval-
ate photocatalytic kinetics and saturation behaviour. 

. Results and discussion 

.1. Structural analysis 

Fig. 1 presents the Rietveld refined XRD pattern of the ZnO/CuO NCs.
he refinement was carried out using Profex software [ 11 ], through a
tructured, step-by-step approach. Initially, the XRD data was imported,
nd phase identification was performed using the integrated search-
atch module. The Fundamental Parameters Approach (FPA) was uti-

ized for profile fitting, enabling precise modelling of the diffraction pat-
ern. Key parameters such as crystallite size, lattice constants, and micro-
train were iteratively refined to closely match the calculated profile
ith the experimental data. Refinement was continued until satisfactory
alues for the goodness of fit (GoF) and chi-square ( 𝜒2 ) were obtained,
ndicating a reliable correlation between the observed and simulated
atterns. Quantitative phase analysis of the XRD data was performed by
ietveld refinement. The refined phase fractions are ZnO = 52.6 wt%
nd CuO = 47.4 wt%, confirming the near 1:1 molar ratio between ZnO
nd CuO in the final nanocomposite, consistent with the intended syn-
hesis design. Atomic positions and profile parameters converged with
mall estimated standard deviations (ESD = 0.0056), confirming the
uality of the fit. The resulting refinement and structural parameters
re presented in Table 1 . 

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

The absence of any additional peaks indicates the successful synthe-
is of ZnO and CuO phases without detectable impurities or residual
ulk precursors, further validating the purity of the NCs. The diffraction
eaks at 31.87°, 34.46°, 35.93°, 47.66°, 56.67°, 62.84°, and 68.04° corre-
pond to the (100), (002), (101), (102), (110), (103), and (112) planes
f the hexagonal wurtzite ZnO phase. Similarly, the peaks at 35.55°,
8.76°, 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-
linic CuO phase. 
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Table 1 

Refinement parameters and structural properties of ZnO/CuO NCs. 

Phase Phase fractions 
(wt%) 

DScherrer 

(nm) 
DW-H 

(nm) 
𝜖 GoF 𝜒2 

ZnO 52.6 20.8 35 1.8 × 10− 3 1.08 1.17 
CuO 47.4 19.1 20.7 0.45 × 10− 3 

Fig. 2. W-H plot of (a) ZnO and (b) CuO phases in ZnO/CuO NCs. 

 

t

𝐷  

w  

f  

a  

f  

o  

b  

o  

s  

a  

v  

o  

i  

e  

C  

a  

a  

s  

p  

t  

m  

i  

s
H
c

𝛽  

 

m  

T  

t  

Z  

fi  

l  

C  

w  

p  

e  

i  

c  

c

3

 

S  

p  

o  

t  

c  

a  

s  

m  

e  

d  

[  

m  

r  

a  

t  

t  

t  

s  

o  

s  

p  

Z  

e  

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

 = 𝑘𝜆∕𝛽cos 𝜃, (1)

here k is the Scherrer constant, 𝜆 is the wavelength of the X-ray, 𝛽 is the
ull width at half maximum (FWHM) of the peak. The average D for ZnO
nd CuO phases were calculated from the respective major peaks, was
ound to be 20.8 and 19.1 nm respectively. The sharpness and intensity
f the peaks suggest excellent crystallinity in the ZnO/CuO NCs, which is
eneficial for applications requiring high structural order. The absence
f spurious peaks confirms the phase purity of the composite. This en-
ures that the properties of the nanocomposite are intrinsic to the ZnO
nd CuO phases, without interference from impurities. The observed
ariation in peak intensities corresponds to the preferential orientation
f crystallites along specific planes. The prominent (100) peak for ZnO
ndicates a preferred orientation along the a-axis, often associated with
nhanced optical and electronic properties. The coexistence of ZnO and
uO phases without detectable impurity phases suggests minimal inter-
ction at the atomic scale, maintaining the individual properties of ZnO
nd CuO. This feature is advantageous for applications in photocatalysis,
ensors, and optoelectronic devices where a synergistic effect between
hases is desired. The prepared ZnO/CuO NCs are polycrystalline in na-
ure, as confirmed by both XRD and SEM analyses. While the Scherrer
ethod provides an estimate of D , it does not account for the strain ( 𝜖)

nduced broadening of diffraction peaks. To achieve a more comprehen-
ive understanding of the microstructural properties, the Williamson–
all (W-H) method was considered, which considers both the D and 𝜖
ontributions to the broadening [ 13 ]. 

cos 𝜃 = 0 . 9 𝜆
𝐷 

+ 4 𝜖sin 𝜃. (2)

A plot of 𝛽cos 𝜃 versus 4sin 𝜃, known as the W-H plot, is used to esti-
ate both D and 𝜖. The W-H plot for ZnO and CuO are shown in Fig. 2 .
he intercept of the linear fit corresponds to the crystallite size, while
he slope provides the lattice strain. The calculated D s were 35 nm for
nO and 20.7 nm for CuO, indicating that CuO crystallites are relatively
ner compared to ZnO within the composite matrix. The corresponding
109
attice strains were estimated as 1.8 × 10− 3 for ZnO and 0.45 × 10− 3 for
uO, suggesting that both phases possess a well-ordered crystal lattice
ith minimal microstructural distortion. The lower strain in CuO im-
lies that the CuO crystallites experience less internal stress, while ZnO
xhibits slightly higher lattice strain, likely due to lattice mismatch and
nterfacial stress between the ZnO and CuO domains. These values are
onsistent with the sharp diffraction peaks observed in the XRD pattern,
onfirming good crystallinity of both phases. 

.2. Morphology 

The morphology and purity of the prepared NCs were analysed by
EM and EDX studies. The SEM image, EDX spectrum, elemental map-
ing are given in Figs. 3 (a)–(e). The SEM image shows a distribution
f irregularly shaped particles of varying sizes. Most particles are clus-
ered together, with clear boundaries visible between individual parti-
les, indicating a granular or agglomerated nature. The particles exhibit
 range of sizes, from smaller submicron particles to larger micrometer-
cale aggregates. The irregular particle shapes suggest that the synthesis
ethod produced a polycrystalline material with no significant prefer-

ntial growth directions. Clustering of particles can be observed, likely
ue to Van der Waals forces or other weak interactions between particles
 14 ]. This agglomeration is common in nanoparticles and micro-scale
aterials due to their high surface energy. The surface texture appears

ough and porous, which could enhance properties such as surface area
nd catalytic activity. Such a morphology is advantageous for applica-
ions like photocatalysis, sensors, and energy storage, as it promotes bet-
er interaction with surrounding media (reactants, ions, or light). While
he particles appear uniform in texture, their size distribution suggests
ome degree of polydispersity. Energy dispersive X-ray (EDX) spectrum
f ZnO/CuO NCs shown in Fig. 3 (b) confirms the purity of the prepared
ample. It exhibits only peaks for Zn, Cu and O. EDX elemental mapping
resented in Figs. 3 (c)–(e), confirms the uniform spatial distribution of
n, Cu, and O across the scanned region. The mapping images show
venly scattered signals for both Zn and Cu without localized agglomer-
tion, 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. 
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he ZnO/CuO nanocomposites. Quantitative EDX analysis further veri-
ed that the measured atomic percentages are consistent with the nom-

nal stoichiometry. The elemental analysis provides approximately 48.2
t% Zn, 24.6 at% Cu, and 27.2 at% O, consistent with the stoichiometry
xpected for a 1:1 ZnO/CuO composite. The absence of other elements
erified the phase purity of the sample. 

.3. FTIR analysis 

FTIR spectroscopy was employed to identify functional groups,
nd possible impurities present in the nanocomposite. This technique
110
s highly sensitive to vibrational modes of chemical bonds, allow-
ng detection in both crystalline and amorphous phases, as well as
urface-adsorbed species. Broad absorption bands observed in the 3200–
500 cm− 1 region correspond to the O–H stretching vibrations, indicat-
ng the presence of surface hydroxyl groups —a common feature in metal
xide nanostructures due to their high surface area. Peaks in the 2900–
000 cm− 1 range are attributed to C–H stretching vibrations, suggesting
he presence of residual organic species, likely originating from the syn-
hesis precursors. The absorption band near 1900 cm− 1 is corresponds
o C = C stretching, which may result from atmospheric carbon contam-
nation. Vibrations in the 1000–1700 cm− 1 region correspond to C–O
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Fig. 4. FTIR spectrum of ZnO/CuO NCs. 

Table 2 

Eg , n , and 𝜒 for ZnO/CuO NCs. 

Eg (eV) 3.27 

n 2.30 
𝜒 0.39 
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ond stretching, possibly due to adsorbed CO2 . A distinct peak around
80 cm− 1 is assigned to Zn–O and Cu–O stretching modes, which are in
ood agreement with reported values for ZnO/CuO composites ( Fig. 4 )
 15 ]. 

.4. UV–Vis analysis 

The UV–visible reflectance spectrum of the ZnO/CuO NCs was
ecorded in the wavelength range of 250 to 700 nm, as illustrated in
ig. 5 (a). The spectrum reveals a prominent absorption peak at 297 nm.
he optical band gap ( Eg ) was estimated using the relation 𝐸g = ℎ𝑐∕𝜆,
 is the Planck’s constant, c is the speed of light and 𝜆 is the wavelength
orresponding to the maximum absorption. Additionally, the band gap
as further evaluated using the Tauc plot method shown in Fig. 5 (b),
ielding a value of approximately 3.27 eV. The determined bandgap is
atching well with literature [ 8 , 16 ]. 

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

𝑛2 + 2 
)2 (

𝐸g − 0 . 365 
)
= 154 , (3)

= 0 . 08 ×
{ [

−ln 
(
0 . 027𝐸g 

)]2 − 1 
} 

. (4)

he obtained results were tabulated in Table 2 . 

.5. Photoluminescence analysis 

PL spectrum shown in Fig. 6 (a) was studied at an excitation wave-
ength of 325 nm to examine their electronic structure, defect states, and
111
ptical properties. PL spectrum exhibits two peaks at 425 and 555 nm.
eak at 425 nm is due to near-band-edge (NBE) emission of ZnO [ 16 ].
he NBE emission arises from the recombination of free excitons or
ound excitons. The sharpness and intensity of this peak indicate the
ominance of radiative recombination, suggesting a low density of de-
ects in the ZnO matrix [ 19 ]. The green emission (peak at 555 nm) is gen-
rally attributed to deep-level defects, such as oxygen vacancies (VO ),
inc interstitials (Zni ), or Cu-related defect states introduced by CuO in
he nanocomposite [ 15 ]. The CuO phase can introduce additional de-
ect states, including Cu+ /Cu2 + ion traps, which may contribute to this
mission [ 15 ]. This peak reflects the interaction between ZnO and CuO
nd their combined defect structure. The intensity of the 425 nm peak
ompared to the 555 nm peak gives an idea about the quality of the com-
osite and the degree of defect density. A higher 425 nm peak relative to
he 555 nm peak indicates a higher crystallinity and fewer defects. The
roader emission bands suggest a distribution of defect states, imply-
ng that CuO doping introduces a range of defect-related energy levels
ithin the bandgap of ZnO. The presence of CuO narrows the bandgap of

he nanocomposite due to the introduction of intermediate states. This
odification can enhance visible light absorption and is advantageous

or applications like photocatalysis and photodetectors. 
The PL emission lifetime offers valuable insights into the recombina-

ion dynamics of photoexcited charge carriers. The decay behaviour of
L intensity over time can typically be modelled using an exponential
unction, expressed as [ 20 ] 

( 𝑡) =
∑
𝑖 

𝐴𝑖 e
− 𝑡 
𝜏𝑖 , (5) 

here, I ( t ) is the PL intensity at time t , 𝐴𝑖 is the amplitude associated
ith the ith decay process and 𝜏𝑖 is the lifetime associated with the ith 

ecay process. The average PL lifetime ( 𝜏) can be defined as [ 21 ] 

=
∑

𝑖 𝐴𝑖 𝜏𝑖 
2 

∑
𝑖 𝐴𝑖 𝜏𝑖 

. (6) 

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

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

P =

√ (
𝑥 − 𝑥𝑤 

)2 + (
𝑦 − 𝑦𝑤 

)2 
√ (

𝑥𝑑 − 𝑥𝑤 
)2 + (

𝑦𝑑 − 𝑦𝑤 
)2 × 100% , (7) 

here, 𝑥𝑤 , 𝑦𝑤 are the chromaticity coordinates of the reference white
oint and 𝑥𝑑 , 𝑦𝑑 are the chromaticity coordinates of the dominant wave-
ength. The numerator of the Eq. (5) represents the distance between
he chromaticity of the light source and the white point. It shows how
ar the light source deviates from neutral (white light). Whereas the
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Fig. 5. (a) UV–Vis absorbance spectrum and (b) Tauc plot for ZnO/CuO NCs. 

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 
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enominator of the Eq. (5) represents the maximum possible distance
rom the white point to the chromaticity of the dominant wavelength.
he ratio gives the relative saturation of the colour. A light source with
hromaticity coordinates close to the dominant wavelength will have
 high CP value, indicating a saturated and vivid colour. If the chro-
aticity coordinates are closer to the white point, the CP value will be

ower, indicating a more desaturated appearance. Table 3 presents data
n CP for various light sources, including standard illuminants (A, B,
, D -series, and E), fluorescent lamps (F-series), and LED light sources.
mong the standard illuminants, source D93 has the lowest colour pu-
ity (46.30%), indicating that it produces light with less vividness or
aturation compared to other sources like A (67.97%) or B (58.67%).
112
hese differences reflect variations in their spectral distributions, with
ources like D93 often simulating cooler light with higher blue content,
hich can appear less saturated. Among fluorescent lamps, F12 and F3

how relatively high color purity values (67.19% and 64.95%, respec-
ively), indicating better saturation. On the other hand, F5 (54.69%)
nd F7 (52.95%) exhibit lower CP values, suggesting these lamps emit
ight with less saturated colors. Fluorescent lamps typically show vari-
tion in CP due to differences in phosphor coatings, which affect the
ight’s chromaticity and spectral output. Among LED sources, LED-V1
as the highest colour purity value (70.03%), followed by LED-RGB1
68.90%). These values suggest that modern LED technologies, particu-
arly 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. 
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Table 4 

Equivalent electric circuit parameters from Nyquist plot. 

NPs 𝑅gb ( Ω) 𝑅b ( Ω) 𝐶gb (F) 𝐶b (F) 

ZnO/CuO NCs 3.15 × 106 8.57 × 107 3.10 × 10− 15 1 × 10− 11 

i  

n  

e  

t  

d
 

c  

r  

o  

u  

a  

i  

s  

c  

s  

T  

t  

o  

t  

s  

s
 

F  

c  

M  

s  

e  

f  

c  

p  

t  

c  

f  

b  

n
 

i  
rast, sources like LED-B5 (52.24%) and LED-B4 (57.29%) exhibit lower
P values, reflecting the influence of specific LED designs and phosphor

ayers used to produce the light. The ZnO/CuO nanocomposite’s mod-
rate CP arises from its broad and hybrid emission spectrum, making it
uitable for applications requiring both tuneable chromaticity and bal-
nced colour rendering, such as decorative lighting or optoelectronics. 

.6. Dielectric properties 

The complex dielectric permittivity ( 𝜖∗ ) of a material is defined by
he following Equation [ 23 ]. 

∗ = 𝜖′ − 𝑗𝜖′′, (8)

here 𝜖′ and 𝜖′′ are real and imaginary part of permittivity. The 𝜖′ is
eferred to as the dielectric constant, indicating the material’s energy
torage ability. The 𝜖′′ implies the energy dissipated in the dielectric
aterial known as dielectric loss. Figs. 7 (a)(b) depicts the dielectric con-

tant and dielectric loss for ZnO/CuO NCs respectively. Both 𝜖′ and 𝜖′′

xhibit conventional trend as they decrease with increasing F. At lower
, the higher 𝜖′ is due to interfacial polarization caused by interfaces
ike material-electrode, material-impurities, or grain boundaries. These
nterfaces accumulate charges, creating potential barriers and resulting
n higher 𝜖′ at lower frequencies [ 24 ]. As F increases, the 𝜖′ decreases
apidly due to the relaxation of extrinsic factors and the dominance
f intrinsic factors in the high-F domain. This behaviour is known as
axwell–Wagner polarization [ 25 ]. 

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

The impedance spectra of the CuO/ZnO NCs, as depicted in the
ig. 8 (a), illustrate the variation of both the real ( Z ’) and imaginary
 Z ’’) components of impedance with frequency. At lower frequencies,
oth Z ’ and Z ’’ exhibit high values, indicating that the material exhibits
ignificant resistance and polarization effects in this range [ 27 ]. As the
requency increases, Z ’ and Z ’’ gradually decrease, eventually becom-
ng almost independent of frequency at higher frequencies, suggesting
 decrease in resistive and capacitive contributions due to reduced in-
erfacial polarization and enhanced charge carrier mobility [ 28 ]. The
113
maginary component Z ’’ reaches a peak at approximately 200 Hz, sig-
ifying the characteristic relaxation frequency associated with the di-
lectric response of the composite. The presence of this peak suggests
hat at this frequency, the material undergoes a transition where energy
issipation due to relaxation mechanisms is maximized [ 29 ]. 

Fig. 8 (b) shows Nyquist plot, which displays a semicircular nature,
haracteristic of a single relaxation process associated with the mate-
ial’s charge transport properties. The semicircle implies the dominance
f a parallel RC circuit behaviour, where the intercept at higher Z ’ val-
es corresponds to bulk resistance, and the curvature reflects capacitive
nd interfacial polarization effects [ 30 ]. The impedance response of NCs
s fitted using an equivalent circuit model using EIS spectrum analyzer
oftware, shown in the inset of Fig. 8 (b). The equivalent electric cir-
uit (EEC) consisting of two parallel resistor–capacitor (RC) elements in
eries, representing the grain (bulk) and grain boundary contributions.
able 4 summarizes the extracted parameters from fitting with EIS Spec-
rum Analyzer. The fitted parameters suggest that the bulk (grain) region
ffers a substantially larger resistance ( Rb ) and a much higher effec-
ive capacitance ( Cb ) than the grain boundaries. The large Cb indicates
tronger charge storage or polarization within grains, while the much
maller Cgb reflects limited charge accumulation at grain interfaces. 

The electric modulus spectra of the CuO/ZnO NCs are shown in the
ig. 9 . This illustrates the variation of the real ( M ’) and imaginary ( M ’’)
omponents of the modulus with F. M ’ exhibit a peak at ∼200 Hz and
 ’’ at 4.3 kHz. The increase and decrease of electric modulus with F

uggest that at lower frequencies, long-range mobility of charge carri-
rs dominates, leading to negligible contribution to the modulus. As the
requency increases, the relaxation process becomes more prominent,
ausing M ’ to increase, followed by a decrease due to the reduction in
olarization effects at high frequencies. The peak represents the charac-
eristic relaxation process of the material. The peak is associated with
harge carrier hopping and localized motion, reflecting the transition
rom long-range to short-range mobility [ 31 ]. The observed peaks in
oth M ’ and M ’’ confirm the presence of a dielectric relaxation mecha-
ism. 

The AC conductivity ( 𝜎ac ) spectrum of the CuO/ZnO NCs, as shown
n 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. 

Fig. 9. The variation of electric modulus as a function of frequency for 
CuO/ZnO NCs. 
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Fig. 10. The variation of AC conductivity as a function of frequency for 
CuO/ZnO NCs. 
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niversal power law. At lower frequencies, the conductivity remains
early constant, indicating the dominance of DC conductivity ( 𝜎dc ),
hich arises from long-range charge transport. As F increases, 𝜎ac in-

reases significantly, following a power-law behaviour, which indicates
 hopping conduction mechanism associated with charge carrier move-
ent in localized states. The solid curve represents a fit to Jonscher’s
ower law, confirming that the conductivity follows the expected trend.
onscher’s universal power law is expressed as [ 32 ] 

𝑎𝑐 ( 𝜔) = 𝜎𝑑𝑐 + 𝐴𝜔𝑠 , (9)

here, A is a material-dependent pre-factor, and s is the frequency expo-
ent (0 < s < 1). The presence of a nearly constant 𝜎dc at low frequencies
uggests that charge transport occurs via a continuous pathway, whereas
he increase in 𝜎ac at higher frequencies is due to hopping conduction
f charge carriers between localized states. The exponent s provides in-
ormation about the conduction mechanism, where its value less than
 indicates that the system follows a correlated barrier hopping (CBH)
odel, a common feature in disordered semiconductors [ 33 ]. The ob-

erved increase in 𝜎ac with F suggests that at higher frequencies, the
opping of charge carriers between defect states or localized sites be-
omes more dominant. The excellent fit of the experimental data with
onscher’s power law further confirms the reliability of the observed
114
rend and supports the role of F-dependent charge carrier dynamics in
he CuO/ZnO NCs. 

.7. Photocatalytic studies 

Fig. 11 highlights the influence of pH on the photocatalytic degrada-
ion efficiency of ZnO/CuO NCs, studied over a pH range of 2 to 10 using
 dye concentration of 0.5 mg/L for a reaction time of 60 min. The pH
f the dye solution is a critical parameter in photocatalytic degradation
ue to its significant impact on the surface charge properties of the cata-
yst and the generation of reactive oxidative species [ 34 ]. The ZnO/CuO
Cs exhibit a point of zero charge (pH xp c) of 7.8, consistent with liter-
ture [ 35 ]. This suggests that the catalyst surface becomes positively
harged in acidic conditions (pH = 2–7) and negatively charged under
lkaline conditions (pH = 7–10). At neutral pH (pH = 7), the maximum
egradation efficiency of CV dye was observed, reaching up to 83%. At
H = 7, the surface of the ZnO/CuO NCs remains protonated and pos-
tively charged, which facilitates better interaction with the negatively
harged dye molecules, enhancing degradation efficiency. Positive holes
h+ ) act as strong oxidizing agents at pH = 7. The high redox potential
f photo-generated holes in the valence band of the NCs is sufficient to
enerate hydroxyl radicals, which are key contributors to dye degrada-
ion. NCs function as an efficient photosensitizer, absorbing light energy
nd 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. 
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Fig. 12. Effect of initial dye concentration on the photocatalytic degradation of 
CV. 
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n addition to hydroxyl radical generation, direct oxidation of the CV dye
ccurs as dye molecules interact with the positive holes on the catalyst
urface [ 36 ]. Under acidic conditions (pH < 7), electrostatic repulsion
etween positively charged catalyst surfaces and dye molecules may re-
uce degradation efficiency. Conversely, at alkaline conditions (pH > 7),
he reduced availability of protonated surface sites and competitive ad-
orption of hydroxyl ions (OH− ) can hinder photocatalytic performance
 37 ]. 

The effect of varying the initial concentration of CV dye on the
hotocatalytic degradation efficiency of the ZnO/CuO NCs was inves-
igated at pH = 7, with concentrations ranging from 0 to 1 mg/L. The
esults, illustrated in Fig. 12 , shows a decline in degradation efficiency
s the dye concentration increased. At lower concentrations, the cat-
lyst surface has abundant active sites available for the adsorption of
ye molecules and efficient absorption of incident photons. This pro-
otes the formation of reactive hydroxyl radicals, the primary agents

esponsible for breaking down dye molecules during photocatalytic re-
ctions [ 38 ]. However, as the dye concentration increases, the surface
f the catalyst becomes saturated with dye molecules. This saturation
mpedes light penetration, as the dye molecules themselves begin to ab-
orb significant portions of the incident radiation, reducing the energy
vailable for photocatalytic activity. Also, the generation of hydroxyl
adicals is hindered at higher dye concentrations due to the occupation
f active surface sites by excess dye molecules. The limited availability
f these radicals, combined with their inherently short lifespan, exacer-
ates the challenge. Effective collisions between hydroxyl radicals and
ye molecules become less frequent, further diminishing the degrada-
ion efficiency [ 39 ]. Along with these, the accumulation of dye interme-
iates and byproducts during the reaction can contribute to surface foul-
ng, which further inhibits light absorption and active site availability.
he reduced degradation efficiency at higher concentrations highlights
he importance of optimizing dye concentrations for practical wastewa-
er treatment applications. 

The effect of catalyst loading on the photocatalytic degradation of
V was examined by varying the ZnO/CuO NCs concentration from 0 to
.0 g/L under identical conditions (pH = 7, fixed dye concentration and
0 min irradiation). As shown in Fig. 13 (a), which illustrates the degra-
ation efficiency as a function of catalyst dose, the efficiency increased
teadily and reached a maximum at 1.0 g/L. This trend is attributed to
he larger number of active sites available at higher loadings, which en-
ances dye adsorption and promotes the generation of reactive species
e.g., •OH radicals) under UV–Vis irradiation, thereby accelerating the
egradation process. 
115
The UV–Vis absorption spectra, monitored over a time period of 0
o 60 min and shown in Fig. 13 (b). The degradation rate increased with
ye concentration up to ∼0.5–1.0 mg/L, which is due to the greater
umber of dye molecules available for adsorption and reaction on the
atalyst surface. However, at higher concentrations, the efficiency de-
lined and eventually plateaued due to saturation of active sites and
he light-shielding effect of excess dye molecules, which reduce photon
enetration into the solution. This behaviour indicates that an optimum
ye concentration exists in the range of 0.5–1.0 mg/L for effective pho-
ocatalytic performance of ZnO/CuO NCs. To further understand the
eaction kinetics, the photocatalytic degradation rate constant ( k ) was
etermined using a first-order kinetic model. The relationship between
n( C0 / Ct ) and time ( t ) was plotted for all samples, with the slopes of
hese plots used to calculate the corresponding rate constants, as shown
n Fig. 13 (c). The results indicate that lower initial dye concentrations,
articularly at 0.25 mg/L, exhibit the highest reaction rate constants
ollowed pseudo-first-order kinetics with an excellent linear fit ( R2 ≈
.99). This can be attributed to efficient light penetration and minimal
ompetition among dye molecules for active sites on the catalyst sur-
ace. This suggests that the photocatalytic degradation process is most
ffective under conditions where fewer dye molecules are present. How-
ver, at higher initial dye concentrations ( ≥ 0.5 mg L− 1 ), deviations from
inearity were observed, suggesting that the first-order model does not
dequately describe the reaction. 

Fig. 14 (a) illustrates the photocatalytic degradation process of CV
ye using a ZnO/CuO NCs under sunlight. Upon exposure to sunlight,
hese nanoparticles are activated, enabling the catalytic degradation
rocess. CV, a complex organic dye interacts with the activated catalyst.
s a result, the dye undergoes degradation, breaking down into smaller

ragments. Fig. 14 (b) gives schematic representation of the underlying
echanisms in the photocatalytic reaction. When exposed to sunlight,
hotons with energy equal to or greater than the band gap energy ( Eg )
xcite electrons from the VB to CB of the semiconductor catalyst. This
rocess creates electron-hole pairs (e− and h+ ). The electrons in CB can
educe oxygen molecules (O2 ) to form reactive oxygen species such as
uperoxide anions (O2− ). Meanwhile, the positive holes (h+ ) in VB oxi-
ize water molecules or hydroxide ions (OH− ) to generate highly reac-
ive hydroxyl radicals (OH). These reactive species, superoxide anions
nd hydroxyl radicals are powerful oxidizing agents that break down or-
anic pollutants, CV dye, into such as carbon dioxide (CO2 ) and water
H2 O). The depiction of recombination processes between electrons and
oles signifies a competing mechanism that can reduce the efficiency of
hotocatalytic reactions. 
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Fig. 13. (a): Effect of catalyst dose on the photocatalytic degradation of CV, (b) UV–Vis spectral variation during CV degradation and (c) Kinetics study (ln( C0 / Ct ) 
vs. t ). 

Fig. 14. (a) The photocatalytic degradation process of CV dye using ZnO/CuO NCs and (b) Photocatalytic mechanism. 
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. Conclusion 

The structural, optical, dielectric, and photocatalytic properties of
nO/CuO NCs synthesized via a green solution combustion method
ere comprehensively analyzed. XRD analysis confirmed the formation
f hexagonal ZnO and monoclinic CuO phases. SEM images revealed
gglomerated particles with a rough and porous morphology, advan-
ageous for photocatalysis. The optical bandgap was determined to be
.27 eV, while PL analysis showed strong emissions at 425 nm (NBE) and
116
55 nm (defect states), highlighting their optoelectronic potential. The
nO/CuO NCs exhibited a moderate colour purity of 70.03% for LED-
1 source, making it suitable for lighting applications. Dielectric studies
emonstrated a high dielectric constant and minimal energy dissipation,
onfirming superior charge storage capabilities. Photocatalytic degrada-
ion of crystal violet dye reached 83% efficiency at pH = 7, with optimal
atalyst loading of 1.0 g/L. These results evident that the ZnO/CuO NCs
re promising materials for energy storage, environmental remediation,
nd optoelectronic applications. 
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