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A B S T R A C T   

Heterojunction nanocomposites (ZnO:NiO:CuO) were synthesized via a hydrothermal method and 
annealed at three different temperatures (400 ◦C, 600 ◦C, and 800 ◦C). The structural, optical, and 
electrical properties were examined by employing XRD, SEM, UV–Vis, FTIR, and LCR meter 
techniques to investigate the effects of annealing. Increasing the annealing temperature resulted 
in the nanocomposites (NCPs) exhibiting enhanced crystallinity, purity, optical properties, and 
improved electrical and dielectric behavior. The calculated crystalline sizes (Debye-Scherrer 
method) of the NCPs were determined to be 21, 26 and 34 nm for annealing temperature 400 ◦C, 
600 ◦C, and 800 ◦C, respectively. The calculated bandgaps of synthesized samples were found in 
the range of 2.92-2.55 eV. This temperature-dependent annealing process notably influenced 
particle size, morphology, band-gap characteristics, and photocatalytic efficiency. EDX analysis 
affirmed the sample purity, with elemental peaks of Zn, Cu, Ni, and O. These NCPs demonstrated 
exceptional photocatalytic activity against various dyes solutions (Methyl orange (MO), Methy-
lene Blue (MB), and mixed solution of dyes) under sunlight and also showed good antibacterial 
properties assessed by the disc diffusion method. Notably, the nanocomposite annealed at 400 ◦C 
exhibited a particularly high degradation efficiency by degrading 96% MB and 91% MO in just 
90 min under sunlight.   

1. Introduction 

At nanoscale the characteristics of materials drastically change from their bulk equivalents, and new phenomena and applications 
may appear [1]. Nanotechnology is the application of nanoscience for the development of new substances, devices, and networks with 
unique features and abilities [2]. Nanomaterials possess unique properties due to their small size and high surface area [3]. These 
materials, with their small size, high surface area, and reactivity, offer a unique advantage for creating innovative substances, devices, 
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and networks [1]. Notably, semiconductor metal oxide nanomaterials like such as TiO2 [4], ZnO [5,6], Fe2O3 [7], NiO [8,9], CuO [10, 
11], SnO2 [12], CeO2 [13] and others [14,15], demonstrated versatile properties that render them highly valuable in scientific and 
engineering domains. These materials, particularly notable for their potent photocatalytic capabilities, find significant applications, 
such as in water purification. 

Metal oxide NCPs, combining various metal oxides, offer enhanced properties such as improved catalytic activity and optical 
characteristics, enabling applications in energy storage, sensors, biomedicine, and environmental remediation [16]. Examples include 
ZnO–NiO [17], ZnO–CdO [18], ZnO–MgO [19], and ZnO-ZnWO4-WO3 [20] NCPs with diverse applications. The ternary metal oxide 
nanocomposite ZnO–NiO–CuO [16,21], comprising ZnO, NiO, and CuO, overcomes limitations like rapid recombination and low 
charge generation by enhancing mechanical strength, charge separation, and photocatalytic properties. These NCPs find diverse 
applications in environmental remediation, antibacterial coatings, magnetic separations, and electronic devices. They exhibit prom-
ising antibacterial effects and enhanced photocatalytic degradation, attributed to the formation of heterostructures. 

ZnO is classified as an n-type semiconductor with a wide bandgap energy of 3.3 eV and possesses a hexagonal structure. Notably, it 
is bio-safe and biocompatible, making it suitable for various biomedical applications [5,6]. NiO stands out as a p-type semiconductor 
with a wider bandgap energy ranging from 3.5 to 4 eV. It adopts a cubic structure and is recognized for its excellent electronic and 
magnetic properties, contributing to its relevance in electronic devices [8,9]. CuO is another p-type semiconductor characterized by 
narrow bandgap energy of 1.2 eV and a monoclinic structure. Its distinct features include high electrical conductivity and favorable 
optical properties, positioning it for applications in electronic and optoelectronic devices [10,11]. 

This paper represents as a sequel to our prior research investigating ZnO–NiO–CuO NCPs [21]. It extends our previous work by 
providing a comprehensive exploration of the impact of different annealing temperatures [22] on the properties of these NCPs. This 
paper investigates how annealing temperature influences the properties of heterojunction NCPs (ZnO:NiO:CuO) synthesized using 
hydrothermal methods and annealed at varied temperatures. This research is significant and novel since it seeks a complete under-
standing of the material properties, especially exploring the complex effects of different annealing temperatures. Examining these 
factors, the study aims to determine the ideal annealing temperature to modify the desired properties, such as electrical, dielectric, 
structural, and optical properties. 

2. Experimental procedure  

a. Materials and Instruments used 

The raw materials for synthesis included high-purity chemicals: Zinc chloride (ZnCl2), Nickel (II) nitrate hexahydrate (Ni(NO₃)₂. 
6H₂O), Copper (II) chloride dihydrate (CuCl2. 2H2O), and Sodium hydroxide (NaOH) purchased from Sigma Aldrich. All solutions were 
prepared using distilled water, and water and ethanol were used for sample washing.  

b. Instruments used 

Characterization techniques included Powder XRD (PXRD) analysis with a JEOL XRD instrument using Cu-Kα lines, SEM imaging 
with a JEOL microscope, and UV–Visible spectrophotometry with a Shimadzu instrument for absorbance spectra in the 200–800 nm 
range. Electrical properties were measured using an LCR meter and Keithley I–V measurement. 

2.1. Synthesis of NCPs 

In this synthesis process (Fig. 1), ZnO–NiO–CuO nanoparticles (NCPs) with a 1:1:1 M ratios were prepared. Precursor salts of ZnCl2 
(0.6 g), Ni(NO3)2.6H2O (1.19 g), and CuCl2.2H2O (0.85 g) were dissolved in 50 mL distilled water separately, to prepare 0.1 M so-
lutions of each salt. Then, the 50 mL of each 0.1 M solution was mixed in 200 mL flask and kept on magnetic stirring for 2 h. Sodium 
hydroxide (NaOH) was added to maintain the pH 10 of resulting solution. The solution was stirred, heated, and then autoclaved at 
150 ◦C for 12 h [21]. The resulting dark green solution was collected, processed, washed, dried, and annealed at 400 ◦C, 600 ◦C, and 
800 ◦C. The resulting powder was stored in airtight jar for further applications. The representative scheme of synthesis and color of 
solutions are various stages are shown in Figs. 1 and 2, respectively. 

Fig. 1. Schematic diagram of synthesis.  
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2.2. Photocatalytic degradation of dyes 

The photocatalytic efficiency of ZnO–NiO–CuO NCPs was evaluated by degrading 10 ppm solutions of methylene blue (MB), methyl 
orange (MO), and a mixture of both dyes under sunlight. The NCPs were introduced into the dye solutions, allowed to reach equi-
librium, and subsequently exposed to sunlight. Spectra were recorded at specific time intervals, revealing a gradual reduction in color 
over a 90-min period, indicating the degradation of dyes (Fig. 3). The absorbance data was used to determine the %degradation of dyes 
after regular intervals following Equation (1), [21]. 

% degradation of dye=
C0 − Ct

C0
× 100 % (1)  

Where, Co and Ct represent the initial concentration of the dye (before irradiation) and final concentration of dye after each regular 
interval. 

2.3. Antibacterial activity 

The antibacterial activity of ZnO–NiO–CuO NCPs was assessed against 2 gram-positive strains (S. aureus and B. subtilis) and 2 gram- 
negative strains (E. coli and P. aeruginosa) using the disc diffusion method as shown in Fig. 4 [23,24]. Firstly, bacterial colonies were 
grown in the freshly prepared nutrient agar solution (2g/100 mL) at 4 ◦C for 24 h. The turbidity of the colonies was maintained at 108 
CFU (colonies forming unit) using 0.9% saline. These freshly prepared colonies were used for the seedling of cooled sterilized petri 
dishes containing freshly prepared agar. Petri dishes filled with agar were sterilized by autoclaving at 120 for 1 h. After seedling and 
solidification of agar, the NCPs were dissolved in DMSO (2 mg/5 mL) and applied to sterile paper discs, which were subsequently 
positioned on nutrient agar plates inoculated with bacterial cultures. Following 24 h of incubation at 37 ◦C, the inhibition zones were 
measured to assess the antibacterial efficacy of the NCPs [25]. 

Fig. 2. Mixture solutions at different stage.  

Fig. 3. Color change of the dye solution after sunlight irradiation in presence of catalyst (a) MB, (b) MO, (c) mixed solution of dyes  
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2.4. Statistical analysis 

Triplicate analyses were conducted for both photocatalytic and antibacterial tests, and statistical analysis using ANOVA with 
significance accepted at p < 0.05 yielded results reported as Mean ± SD. 

3. Results and discussion 

3.1. XRD analysis 

XRD patterns (Fig. 5) of ZnO–NiO–CuO NCPs annealed at 400 ◦C, 600 ◦C, and 800 ◦C (labeled ZNC-400 ◦C, ZNC-600 ◦C, and ZNC- 
800 ◦C) revealed the presence of hexagonal ZnO, cubic NiO, and monoclinic CuO phases, indicating a multiphase structure within a 
single matrix [16,21]. These phases were consistent with literature values. XRD analysis (Fig. 5) revealed distinct peaks corresponding 
to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) Miller indices for ZnO (COD No. “9004180” [16]), the (111), 
(200), (220), (311), and (222) Miller indices for NiO (COD No.“01-089-3080” [26]), and the (110), (111), (200), (− 202), and (022) 
Miller indices for CuO (COD No “9016105” [16]) [21]. The absence of impurity peaks in the XRD patterns confirms the high crys-
tallinity and purity of the ternary metal oxide ZnO–NiO–CuO NCPs. Fig. 6 shows peaks shift in annealed samples at different tem-
peratures. The crystalline sizes of the NCPs were determined using Debye Scherrer and Williamson–Hall (W–H) method utilizing 
Equations 2 and 3, respectively. 

Fig. 4. Inhibition zone generated by NCP against different bacteria.  

Fig. 5. XRD patterns of NCPs annealed at different temperatures.  
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D=
Kλ

βD cos θ
(2)  

βhkl cos θ=
Kλ
D

+ 4ε sin θ (3) 

The W–H plots of synthesized samples ZNC-400 ◦C, ZNC-600 ◦C, and ZNC-800 ◦C are given in Fig. 7. The measured crystalline sizes, 
lattice parameters, unit cell volumes, dislocation densities, lattice strains, and interplanar spacing for samples with different annealing 
temperature are given in Tables 1 and 2. Increasing annealing temperature resulted in sharper XRD peaks and higher intensities, 
indicating enhanced crystallinity of the nanoparticles [27]. Annealing at 600 ◦C and 800 ◦C caused a slight shift to lower peak angles 
and reduced lattice strain, with larger crystalline sizes (26.3 nm and 34.6 nm) observed due to increased atomic mobility, nucleation, 
and grain growth during annealing [28,29]. 

Fig. 6. Shifting of peaks in samples of annealed at different temperatures.  

Fig. 7. Plots of W–H method for NCPs annealed at different temperature.  
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During annealing, the thermal energy increases, which results in an increase in the atomic mobility within the material. This in-
crease in atomic mobility allows the atoms to rearrange themselves, leading to the formation of larger crystallites. The atomic diffusion 
rate is also increased at higher temperatures, which increases in the rate of nucleation and growth of crystallites [29]. In addition, 
thermal energy can help to relieve the strain on the material caused by lattice defects or structural defects. According to Table 2, the 
lattice strain of NCPs decreases as the annealing temperature increases. This relaxation of strain can also contribute to the growth of 
crystallites [30]. 

3.2. UV–Vis spectral analysis 

UV–Vis absorption spectra (Fig. 8) of CuO–ZnO–NiO NCPs exhibited absorption maxima in the 230–330 nm range, lower than pure 

Table 1 
Lattice parameters of samples annealed at different temperatures.  

Samples oxides a (A֯) b (A֯) c (A֯) c/a Volume (A֯)3 d-spacing (A֯) 

ZNC-400 ◦C ZnO 3.24 3.24 5.19 1.60 47.40 1.89  
NiO 4.19 4.19 4.19 1.00 73.77 1.66  
CuO 4.63 3.39 5.03 1.08 78.28 2.11 

ZNC-600 ◦C ZnO 3.25 3.25 5.20 1.60 47.61 1.89  
NiO 4.1 4.19 4.19 1.00 73.71 1.69  
CuO 4.62 3.40 4.99 1.08 77.55 2.11 

ZNC-800 ◦C ZnO 3.25 3.25 5.20 1.60 47.91 1.89  
NiO 4.21 4.21 4.21 1.00 74.99 1.69  
CuO 4.64 3.42 4.94 1.06 77.62 2.38  

Table 2 
Different parameters of samples annealed at different temperatures.  

Samples 
Oxides 

Average crystalline size (nm) Dislocation density (nm)− 2 δ × 10− 3 Lattice strain 
ε × 10− 3  

Debye- Scherrer method W.H plot 
Method  

ZNC-400 ◦C 21.51 18.88 3.13 0.91 
ZnO 26.54 32.99 1.78 0.76 
NiO 16.42 15.51 3.77 1.2 
CuO 18.23 15.99 4.83 0.78 
ZNC-600 ◦C 26.33 24.19 2.65 0.83 
ZnO 34.52 70.01 1.31 0.66 
NiO 17.72 18.26 3.24 1.21 
CuO 23.09 28.46 4.34 0.72 
ZNC-800 ◦C 34.63 85.51 1.08 0.61 
ZnO 38.08 90.58 0.87 0.55 
NiO 26.11 81.52 1.74 0.93 
CuO 40.95 59.74 0.66 0.29  

Fig. 8. UV–Vis spectra (left) and tauc plots (right) of samples annealed at different temperatures.  
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ZnO, CuO, and NiO NPs, indicating potential coupling effects or defect energy levels [21,31]. With increasing annealing temperature, a 
red shift in the absorption band edges was observed, consistent with the changes in crystallite sizes seen in XRD results. The calculated 
bandgap values for the NCPs annealed at 400 ◦C, 600 ◦C, and 800 ◦C were listed in Table 3. This reduction in bandgap with increasing 
annealing temperature is attributed to quantum confinement effects, which result from larger crystalline sizes in the material [32]. In 
nanoscale materials, increased crystalline size leads to closely spaced energy levels, causing a decrease in the bandgap energy [33]. 

3.3. FTIR analysis 

The FTIR spectra (Fig. 9) of CuO–NiO–ZnO oxide NCPs in the range of 400–4000 cm− 1 reveal vibrations of metal-oxygen (M − O) 
bonds below 1000 cm− 1 and the presence of hydroxyl groups (O–H) in the 3570-3200 cm− 1 region [34,35]. Increasing annealing 
temperature causes slight shifts in certain peaks, likely due to changes in the bonding environment, lattice vibrations, or molecular 
interactions [36]. Table 4 presents the measured values of effective masses, bond lengths, and force constants of ZnO, NiO, and CuO for 
the synthesized samples [37,38]. Higher annealing temperatures promote desorption of water molecules and hydroxyl groups from the 
material’s surface, leading to weaker –OH stretching peaks. Stronger peaks in the fingerprint region around 480 cm− 1 indicate 
enhanced atom and molecule mobility, facilitating improved bond formation and alignment, particularly in M − O bonds [39,40]. 

3.4. SEM & EDX analysis 

SEM images (Fig. 10) of CuO–NiO–ZnO NCPs revealed irregular, mixed rod, and spherical structures, indicating compatibility 
between different metal oxide phases. Higher annealing temperatures (400 ◦C, 600 ◦C, and 800 ◦C) improved the NCPs morphology, 
resulting in larger particle sizes and potentially more uniform structures [41]. EDX analysis was conducted on samples synthesized at 
constant concentration ratios to assess both purity and composition, as illustrated in Fig. 10(d). The elemental analysis revealed 
distinct peaks corresponding to all elements (Zn, Cu, Ni, and O) in the EDX spectra, aligning well with the prescribed ratio of salts for 
each ternary metal oxide. The absence of any additional peaks affirmed the purity of samples. 

3.5. DC electrical properties 

The current-voltage graph slope is used for the measurement of resistance, resistivity, and conductivity. Temperature-dependent 
electrical conductivity and resistivity of the synthesized NCPs (400–700K) displayed (Fig. 11) expected semiconducting behavior 
[21,42]. With increasing temperature, the greater thermal energy promotes charge carriers from the valence band to the conduction 
band, augmenting the number of available charge carriers and thereby enhancing electrical conductivity [43]. 

Increasing the annealing temperature leads to higher electrical conductivity due to larger grain growth and fewer resistive grain 
boundaries. The activation energy (Ea) values, calculated from log(ρ) vs. 1000/T plots (Fig. 12), decreased with increasing annealing 
temperature, with values of 0.51 eV, 0.47 eV, and 0.42 eV for samples annealed at 400 ◦C, 600 ◦C, and 800 ◦C, respectively. This 
decreased activation energy indicated that higher annealing temperatures provide a more favorable environment for charge carrier 
movement, resulting in lower energy barriers and improved conductivity in the NCPs [44]. 

3.6. Dielectric properties 

Fig. 13 & 14 revealed that dielectric parameters [45] such as real dielectric constant (εr), imaginary dielectric constant (εi), 
dielectric loss (tan δ), and impedance (Z), are higher at lower frequencies, gradually decreasing with increased frequency [21]. The 
dielectric properties high at low frequencies are attributed to oxygen vacancies, grain boundary defects, and low conductivity. The 
Maxwell-Wagner interfacial model and Koop’s phenomenological hypothesis explain how conducting grains and interfaces influence 
dielectric behavior [46]. At low frequencies, interface accumulation leads to high dielectric constant but also higher impedance and 
dielectric loss due to resistance [21]. As frequency increases, reduced importance of grain boundaries and ionic displacement lag result 
in lower resistance, impedance, and dielectric properties. 

In Fig. 13, an increase in annealing temperature from 400 ◦C to 800 ◦C leads to higher values of εr and εi. This is attributed to larger 
grain or particle sizes, reducing grain boundary effects and enhancing dipole moments’ susceptibility to the applied electric field, 
resulting in improved dielectric properties. In Fig. 14, increasing annealing temperature from 400 ◦C to 800 ◦C results in higher values 
of both real dielectric loss and impedance due to increased grain size, enhanced polarization effects, increased resistivity, and greater 
charge carrier mobility [47]. Overall, annealing significantly enhances dielectric properties, especially at low frequencies [44]. The 
nanomaterials exhibiting high dielectric constants and dielectric losses at low frequencies have diverse applications across various 
fields, including electronics, energy storage, telecommunications, and sensing [48,49]. 

Table 3 
Calculated bandgap energies of synthesized samples annealed at different temperatures.  

Samples λmax (nm) Eg (eV) using tauc plot 

ZNC-400 ◦C 263 2.92 
ZNC-600 ◦C 267 2.62 
ZNC-800 ◦C 274 2.55  

A. Arif et al.                                                                                                                                                                                                            
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3.7. AC electrical conductivity 

AC conductivity in ZnO–NiO–CuO NCPs increases with increasing frequency due to the activation of a hopping mechanism driven 
by the applied electric field, primarily attributed to the presence of mobile charge carriers [50]. At low frequencies, charge transfer is 
limited to neighboring lattices, but with higher frequencies, charge carriers overcome barriers, hop between localized states or defect 
sites, and enhance conductivity [51]. 

Fig. 15 demonstrates that with the increase in annealing temperature from 400 ◦C to 800 ◦C, a significant increase in AC con-
ductivity is observed in the NCPs. Larger grain size and improved surface contact between grains result in higher conductivity, as larger 
grains imply fewer insulating grain boundaries [52]. This effect is consistent with XRD and SEM findings, where higher annealing 
temperatures lead to larger grain and crystalline sizes, promoting enhanced crystallinity for more efficient charge transport and overall 
increased conductivity. 

4. Applications of ZnO–NiO–CuO NCPs 

4.1. Photocatalytic efficacy of NCPs for dye degradation 

The ZnO–NiO–CuO NCPs demonstrated superior degradation efficiency compared to individual oxides (ZnO, NiO, and CuO) due to 
synergistic effects. The interaction between these metal oxides improved the optical properties like light absorption, charge separation, 
and catalytic activity, amplifying the overall photocatalytic performance. The distinct energy levels and band structures of the indi-
vidual oxides enable broader light spectrum utilization, and the heterostructure interface in the NCPs enhances charge carrier 
mobility, reduces recombination, and ensures long-term efficiency and stability [21]. 

The decrease in degradation efficiency of the ZnO–NiO–CuO NCPs for MB and MO dyes with increasing annealing temperature 
(from 400 ◦C to 800 ◦C) can be attributed to several factors. As the annealing temperature rises, the nanoparticles grow, resulting in 
larger crystalline sizes and a reduced surface area [53,54]. A larger surface area is crucial for dye adsorption and reaction rates. 
Furthermore, the increased annealing temperature influences the bandgap energy, leading to a decrease in bandgap due to the 
quantum confinement effect, affecting the NCP’s optical properties [55]. The calculation of the degradation percentages of dyes 

Fig. 9. FTIR spectra of samples of different annealing temperature.  

Table 4 
Different parameters calculated from FTIR data.  

Samples Metal- oxygen bonds Wavenumber (cm− 1) Effective mass (10− 26 kg) Force constant (N/cm) Bond length (A֯) 

ZNC-400 ◦C Zn–O 864 2.130 5.64 1.444  
Ni–O 737 2.083 4.08 1.608  
Cu–O 474 2.118 1.689 2.159 

ZNC-600 ◦C Zn–O 877 2.130 5.815 1.429  
Ni–O 648 2.080 3.104 1.762  
Cu–O 505 2.120 1.917 2.069 

ZNC-800 ◦C Zn–O 883 2.130 5.894 1.423  
Ni–O 717 2.080 3.801 1.647  
Cu–O 480 2.120 1.732 2.141  
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depicted in Figs. 16 and 17, as well as the determination of the reaction rate constants (k) shown in Figs. 18 and 19, is detailed in 
Table 5 for various samples. Studying the photocatalytic degradation of dye mixtures directly addresses the practical requirement for 
efficient treatment solutions in environmental applications involving polluted water bodies. The comparison of degradation efficiency 
of MB dye with other reported NPCs, as summarized in Table 6. 

By comparison with the reported catalysts, it can be observed that the synthesized catalyst is more efficient to degrade the azo dyes 
in sunlight irradiation. 

Fig. 10. SEM images of samples annealed at (a) 400 ◦C, (b) 600 ◦C, (c) 800 ◦C (d) EDX analysis.  

Fig. 11. Temperature-dependent (a) resistivity and (b) conductivity of samples at different annealing temperatures.  
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4.1.1. Proposed mechanism 
The catalytic activity in sunlight is advantageous to degrade azo dyes instead of using hazardous chemicals or high energy con-

sumption techniques, like reverse osmosis. During sunlight exposure, the photocatalyst having appropriate bandgap absorbs light 
energy to generate electron-hole pairs (e− -h+). Excited electrons in the CB reduce adsorbed pollutants, while holes in the VB oxidize 
them. This dual action of electron transfer and hole oxidation leads to the effective degradation of organic pollutants, transforming 
them into simpler and less harmful substances. Thus, photocatalysis offers a promising approach to environmental purification. 
Proposed mechanism of action can be illustrated by Equations (4)–(10). 

ZnO − NiO − CuO+ hν→ ZnO − NiO − CuO
(
e−CB + h+

VB

)
(4)  

ZnO − NiO − CuO
(
e−CB

)
+O2 → ZnO − NiO − CuO + O∗

2 (5)  

H2O → H+ + OH− (6)  

O∗
2 + H+→HO∗

2 (7)  

ZnO − NiO − CuO
(
e−CB

)
+HO∗

2 +H+→H2O2 (8)  

ZnO − NiO − CuO
(
h+

VB

)
+Dye→Degradation product (9) 

Fig. 12. Plot of log (ρ) vs 1000/T (a) for different annealing temperatures of ZnO–NiO–CuO NCPs.  

Fig. 13. Plots of NCPs at different annealing temperature (a) log(f) vs εr, and (b) log(f) vs εi.  
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ZnO − NiO − CuO
(
e−CB

)
+Dye→Degradation product (10) 

The pictorial representation of dye degradation mechanism is shown as in Fig. 19. 

4.2. Antibacterial activity 

The antibacterial activity of ZnO–NiO–CuO NCPs was evaluated using the disc diffusion method [56,57]. For the studies, 2 
gram-positive strains (S. aureus and B. subtilis) and 2 gram-negative strains (E. coli and P. aeruginosa) of bacteria were used and results 
of activity are shown in Fig. 20 and Table 7. Increasing the annealing temperature of the ZnO–NiO–CuO NCPs leads to an increase in 
the zone of inhibition in antibacterial activity [21]. Higher annealing temperatures promote the formation of well-defined crystalline 
structures in the NCPs. The small crystallite size of NCPs enhances the antibacterial properties of the material, leading to a larger zone 
of inhibition. NCPs have the capability to interact with bacterial cells, resulting in the disruption of the cell membrane or cell wall. This 
interaction includes the generation of reactive oxygen species such as •O2

- , H2O2, and •OH etc., upon contact with bacteria. The ROS 
induce oxidative stress, leading to the impairment of bacterial DNA, proteins, and other cellular components, ultimately resulting in 
bacterial cell death. 

Fig. 14. Plots of NCPs at different annealing temperature (a) log f vs impedance (z), and (b) log f vs imaginary dielectric loss (tan δ).  

Fig. 15. Plot of log (f) vs σac (a) samples at different annealing temperature.  
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Fig. 16. Degradation efficiency vs irradiation time plots of ZnO–NiO–CuO NCPs for MB (left) and MO(right) dye.  

Fig. 17. Degradation efficiency vs irradiation time plots of ZnO–NiO–CuO NCPs for the mixed dyes (MO + MB).  

Fig. 18. ln(C0/Ct) vs irradiation time plots of ZnO–NiO–CuO NCPs.  
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5. Conclusion 

Increasing the annealing temperature resulted in increase of crystallite size (from 26 to 34 nm) and crystallinity, attributed to 
enhanced nucleation and grain growth. UV–Vis. spectra demonstrated a decrease in the bandgap of the NCPs from 2.92, 2.6 and 2.55 
eV with increasing annealing temperature from 400 ◦C to 800 ◦C, attributed to the larger crystallite size. FTIR spectra of the NCPs 
revealed the presence of metal-oxygen and –OH molecular bonds. Increasing the annealing temperature led to weaker –OH bond peaks 
and stronger M − O bond signals, indicating a change in bond strengths. SEM images of the synthesized NCPs exhibited irregular mixed 
rod and spherical nanostructures and agglomeration occur due to increasing annealing temperature. Higher annealing temperature 
leads to increased electrical conductivity by promoting crystalline growth, facilitating charge carrier movement, and increasing charge 
carrier density within the NCPs. With increasing annealing temperatures lead to the increased dielectric constant in synthesized NCPs 
due to larger grain size, enhancing polarization effects, resistivity, and charge carrier mobility. Increasing annealing temperature 
enhances AC conductivity in NCPs by improving grain size and surface contact. The synthesized ZnO–NiO–CuO NCPs annealed at 
400 ◦C, 600 ◦C, and 800 ◦C exhibited remarkable photocatalytic degradation efficiency (96, 92 and 86%, respectively) for MB and (91, 
86 and 84%, respectively) MO, under sunlight irradiation, attributed to its heterostructure that promoted efficient charge carrier 
generation, stability and reduced recombination rates of charge carriers. Gram-positive and gram-negative bacterial strains were 
tested to examine the antibacterial activity of the ZnO–NiO–CuO NCPs. The NCPs were found more active towards the growth inhi-
bition of gram-negative bacterial strains. 

Fig. 19. Pictorial representation of dye degradation mechanism.  

Table 5 
Reaction rate constant (k) and degradation % of dyes for different samples.  

Samples k for MB 
(min− 1) 

k for MO 
(min− 1) 

k for MB + MO 
(min− 1) 

Degradation% of MB 
dye 

Degradation% of MO 
dye 

Degradation% of MB + MO 
solution 

ZNC- 
400 ◦C 

0.0346 0.0240 0.0301 96 91 75 

ZNC- 
600 ◦C 

0.0265 0.0209 0.0249 92 86 71 

ZNC- 
800 ◦C 

0.0216 0.0185 0.0205 86 84 64  

Table 6 
Comparison of degradation efficiency of various catalysts to degrade azo dyes.  

Samples Degradation efficiency (%) References 

Fe3O4–CuO–ZnO 79 % [53] 
ZnO/graphene/TiO2 82 % [54] 
NiO–Fe2O3–CdO 85 % [55] 
CdO–NiO–ZnO 86 % [56] 
CdO–ZnO–MgO 91 % [57] 
ZnO–NiO–CuO 96 % Present work  
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