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rnary metal oxide (ZnO:NiO:CuO)
nanocomposite heterojunctions for enhanced
photocatalytic and antibacterial applications†

Muhammad Zahid Ishaque,a Yasir Zaman, a Alia Arif,a Abu Bakar Siddique, *b

Muhammad Shahzad,fa Daoud Ali,c Muhammad Aslam,e Hira Zaman*d

and Muhammad Faizan a

In this article, ZnO:NiO:CuO nanocomposites (NCPs) were synthesized using a hydrothermal method, with

different Zn : Ni : Cu molar ratios (1 : 1 : 1, 2 : 1 : 1, 1 : 2 : 1, and 1 : 1 : 1). The PXRD confirmed the formation of

a NCP consisting of ZnO (hexagonal), NiO (cubic), and CuO (monoclinic) structures. The crystallite sizes of

NCPs were calculated using Debye Scherrer and Williamson–Hall methods. The calculated crystalline sizes

(Scherrer method) of the NCPs were determined to be 21, 27, 23, and 20 nm for the molar ratios 1 : 1 : 1, 2 :

1 : 1, 1 : 2 : 1, and 1 : 1 : 2, respectively. FTIR spectra confirmed the successful formation of heterojunction

NCPs via the presence of metal–oxygen bonds. The UV-vis spectroscopy was used to calculate the

bandgap of synthesized samples and was found in the range of 2.99–2.17 eV. SEM images showed the

mixed morphology of NCPs i.e., irregular spherical and rod-like structures. The dielectric properties,

including AC conductivity, dielectric constant, impedance, and dielectric loss parameters were measured

using an LCR meter. The DC electrical measurements revealed that NCPs have a high electrical

conductivity. All the NCPs were evaluated for the photocatalytic degradation of Methylene blue (MB),

methyl orange (MO), and a mixture of both of these dyes. The NCPs with a molar ratio 1 : 1 : 2 (Zn : Ni :

Cu) displayed outstanding photocatalytic activity under sunlight, achieving the degradation efficiency of

98% for methylene blue (MB), 92% for methyl orange (MO) and more than 87% in the case of a mixture

of dyes within just 90 minutes of illumination. The antibacterial activity results showed the more noxious

nature of NCPs against Gram-negative bacteria with a maximum zone of inhibition revealed by the NCPs

of molar ratio 1 : 2 : 1 (Zn : Ni : Cu). On the basis of these observations, it can be anticipated that the NCPs

can be successfully employed for the purification of contaminated water by the degradation of

hazardous organic compounds and in antibacterial ointments.
1. Introduction

Water pollution is currently considered a global issue due to its
harmful effects on human health, the environment, and aquatic
life.1,2 Despite the essential need for clean water and air for
human survival, approximately 80% of industrial waste and
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30854
municipal wastewater is discharged into the environment
without treatment.3 Organic dyes from industries, like plastic,
textile, tanning, paper, and leather, contribute to water pollu-
tion as they are discharged directly to fresh water reservoirs.4,5

Food industry wastewater enriched with microorganisms,
responsible for many diseases, is being continuously mixed in
lakes and agricultural land without any pretreatment.6 In this
regard, the development of cost-effective, eco-friendly, and
easily reusable materials to eliminate these pollutants is
needed.7 These harmful pollutants can be eliminated from
industrial effluents by adsorption, ltration, reverse osmosis, or
photodegradation on a nanocatalyst surface,8 ensuring the
availability of clean and safe drinking water and preventing the
spread of waterborne diseases.9 However, photodegradation on
a solid surface is considered a viable approach for all these
applications due to the less expensive and robust nature of
these materials.10

Nanomaterials have enormous applications in various elds,
including optics, fuel cells, batteries, sensors, catalysis, energy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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storage, and biomedical imaging.11 Among the many nano-
materials, semiconductor metal oxide nanoparticles (NPs) such
as ZnO,12 TiO2,13 NiO,14 CuO,15 and SnO2,16 etc. as well as doped
metal oxides,17,18 have attracted great attention for antibacterial
and photocatalytic applications due to their easily tunable
properties. Many metal NPs have been studied for photo-
degradation of hazardous organic materials but the rapid
electron/hole pair recombination in metal oxide is still the main
problem that impedes photocatalytic activity.19 However, the
development of metal oxide NCP materials has greatly reduced
the hurdles in the use of metal NPs as photocatalysts due to the
high charge carrier separation, mobility of charge carriers and
reduced recombination rate.20 Several binary and ternary metal
oxide NCPs have been reported for their enhanced antibacterial
and photocatalytic activity such as ZnO–NiO,21 ZnO–CdO,22

ZnO–MgO,23 NiO–CeO2–ZnO,24 ZnO–CeO2–TiO2
25 etc., but there

is still a need to develop more NCP materials having a more
appropriate bandgap and easily excitable electrons to enhance
photocatalytic efficiency.

The development of ternary metal oxide NCP using abun-
dantly available salts is a viable method to develop cheap and
effective NCP materials for improved photocatalytic applica-
tions. Many NPs can be utilized to synthesize ternary NCPs such
as, ZnO is an n-type semiconductor having a wide band gap
energy 3.32 eV and can also be easily used for biological appli-
cations due to its safe nature. NiO is p-type semiconductor
having a wide band gap energy (3.5 eV) and have excellent
electronic and magnetic properties. CuO is p-type
Fig. 1 General scheme of synthesis of ZnO–NiO–CuO NCPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
semiconductor with having band gap energy 1.2 eV and high
electrical conductivity and optical transmission in the visible
region.26–29 All the NPs of these metal oxides have exhibited
antibacterial and photocatalytic properties. To enhance their
properties, metal oxide NCPs are designed to be synthesized
that may show better magnetic, structural, optical, catalytic,
and thermal properties compared to individual
components.30,31

In current work, we have investigated the impact of varying
molar ratios of the Zn, Ni and Cu oxides on the structural,
optical, morphological, dielectric, DC electrical, antibacterial,
and photocatalytic properties of the NCP. We aimed to synthe-
size better photocatalytic materials for wastewater treatment.
We have synthesized ternary metal oxide (ZnO–NiO–CuO) NCP
with different molar ratios of metals (Zn : Ni : Cu) in NCPs via
the hydrothermal method. All the NCPs have been evaluated for
their photocatalytic potential for the degradation of hazardous
dyes (MB, MO and mixture of both these dyes) under sunlight
irradiation. Moreover, antibacterial potential of all these NCPs
has also been evaluated against Gram-positive and Gram-
negative bacterial strains.
2. Experimental procedure
2.1 Materials and instruments used

The raw materials used for synthesis were zinc chloride (ZnCl2),
nickel(II) nitrate hexahydrate (Ni(NO3)2$6H2O), copper(II) chlo-
ride dihydrate (CuCl2$2H2O) and sodium hydroxide (NaOH). All
RSC Adv., 2023, 13, 30838–30854 | 30839
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the chemicals were purchased from Sigma Aldrich with purity
>99%. All solutions were prepared in distilled water. Water and
ethanol were used to wash the samples.

Powder XRD (PXRD) analysis was carried out by XRD (JDX-
3532, JEOL, Japan) with Cu-Ka lines (wavelength 1.5418 Å).
The XRD analysis was conducted with parameters set at a step
duration of 0.04 seconds and utilizing a moderate scanning
speed. SEM (JSM5910, JEOL, Japan) having maximum magni-
cation and resolving power (3 000 00× and 2.3 nm) was used to
capture the pictures of samples for morphological analysis of
samples. The SEM analysis was conducted at an electric current
of 106 mA, a working distance of 9.03 mm, and by employing
non-metallization process. The UV-visible spectrophotometer
(Shimadzu Japan, Pharmaspec-1700) was used to record the
absorbance spectra in the range of 200 to 800 nm. The thermal
analysis (TGA/DSC) was performed with Discovery 650 SDT
thermal analyzer (TA instruments, USA) from 25 to 1000 °C. The
heating rate was maintained at 20 °C min−1 using ultra-pure
(99.99%) N2 gas at ow rate of 50 mL min−1. LCR meter,
Keithley I–V measurement (model 2100) was used to measure
electrical properties of samples.

2.2 Synthesis of NCPs

To prepare ZnO–NiO–CuO (1 : 1 : 1) NCPs, 50 mL of 0.1 M solution
of each precursor salt was prepared by dissolving 0.68 g, 1.45 g and
0.85 g of anhydrous ZnCl2, Ni(NO3)2$6H2O and CuCl2$2H2O,
respectively in distilled water. These solutions were then mixed
with constantly stirring for 30 minutes at room temperature.
50 mL of 1 M solution of NaOH was also prepared and added in
the above solution of salts until the pH 10 was maintained. The
resulting solution was stirred for one hour at 50 °C. The resulting
dark green colored solution was poured into a Teon lined auto-
clave, heated at 150 °C for 12 hours, and then cooled to room
temperature. The black precipitates obtained were collected and
sonicated. The precipitates were washed thrice with distilled water
and ethanol and mixture was centrifuged at 13 000 rpm for 10
minutes aer eachwashing. Subsequently, the sample was dried at
80 °C in the oven for 3 hours and then grinded by mortar and
pestle into ne black powder. This powder was annealed at 400 °C
for 2 hours as reported in literature.32 To synthesize the ZnO–NiO–
CuO NCPs with different molar ratios (2 : 1 : 1, 1 : 2 : 1 and 1 : 1 : 2),
the same procedure was performed using the desired precursor
salt ratios (Fig. 1).

2.3 Photocatalytic degradation of dyes

The photocatalytic efficiency of the ZnO–NiO–CuO NCPs was
determined by degradation of MB, MO and mixture of dyes (MB
+ MO) solution under sunlight irradiation following the proce-
dure reported in literature.10,33 Briey, 10 ppm solution of MB
and MO dyes were prepared in distilled water, separately. 10 mg
of the each ZnO–NiO–CuO NCPs powder was added separately
in each 100 mL aliquot of dyes and stirred for 30 minutes in
dark to maintain adsorption–desorption equilibrium. Subse-
quently, each mixture was exposed to sunlight and spectra were
recorded at 668 nm for MB and 464 nm for MO aer every 15
minutes till 90 minutes exposure. With the passage of time, the
30840 | RSC Adv., 2023, 13, 30838–30854
color of the dye solutions (MB and MO) started to diminish,
indicating the degradation of the dyes. The absorbance data was
used to determine the % degradation of dyes aer regular
intervals following the eqn (1).

% degradation of dye ¼ C0 � Ct

C0

� 100% (1)

where Co and Ct represent the initial concentration of the dye
(before irradiation) and nal concentration of dye aer each
regular interval.
2.4 Antibacterial activity

The antibacterial activity of ZnO–NiO–CuO NCPs was evaluated
following the disc diffusion method.32,34–36 Two Gram-positive
strains (S. aureus and B. subtilis) and two Gram-negative strains
(E. coli and P. aeruginosa) of bacteria were used for this study. The
bacterial strains were grown in nutritional agar for 24 hours at 4 °
C, and the turbidity of the cultures was controlled with saline
solution (0.9% NaCl) and maintained at 108 CFU (colony forming
unit). Fresh nutrient agar (3 g/100mL) was seeded with the already
prepared inoculum aer autoclave at 45 °C at pH 7.25 mL of each
seeded agar was placed in Petri dish plate. Sterile paper discs
loaded with pure DMSO and solutions of NCPs in DMSO (2 mg
mL−1) were placed in Petri dishes. These Petri dishes were kept in
incubator at 37 °C for next 24 h. Aer 24 h, the inhibition zone of
inhibitions of each NCP were measured in millimeters using
a Vernier caliper to evaluate the antibacterial activity.
2.5 Statistical analysis

Triplicate analysis was carried out for each photocatalytic and
antibacterial test. The results were analyzed statistically by
ANOVA. Statistical signicance was accepted at a level of p <
0.05. All the results were reported as mean ± SD.
3. Results and discussion
3.1 XRD analysis

The XRD patterns of ZnO–NiO–CuO NCPs with different molar
ratio of metals (Zn : Ni : Cu) 1 : 1 : 1, 2 : 1 : 1, 1 : 2 : 1, and 1 : 1 : 2
annealed at 400 °C, labeled as ZNC (1 : 1 : 1), ZNC (2 : 1 : 1), ZNC
(1 : 2 : 1), and ZNC (1 : 1 : 2), respectively, are shown in Fig. 2.
The XRD peaks of samples were matched with the library of
XRD patterns which conrmed the hexagonal Wurtzite struc-
ture of ZnO (COD No. “9004180”),29 the cubic structure of NiO
(COD No. “01-089-3080”)31 and the monoclinic structure of CuO
(COD No. “9016105”).29 The XRD peaks showed the presence of
three phases in a single matrix. The ZnO peaks were found at
diffraction angles of 2q = 31.7°, 34.5°, 36.2°, 47.6°, 56.7°, 62.6°,
66.3°, 67.9°, 69.1° corresponding to Miller indices (100), (002),
(101), (102), (110), (103), (200), (112), and (201), respectively. The
NiO peaks appeared at diffraction angles of 2q = 37.1°, 43.1°,
62.6°, 75.1°, 79.0° corresponding to Miller indices (111), (200),
(220), (311), and (222), respectively and the CuO peaks at 2q =

31.8°, 35.5°, 38.8°, 47.5°, and 66.3° corresponding to Miller
indices (110), (111), (200), (−202), and (022), respectively. The
XRD patterns exhibited no ambiguous peaks, conrming the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of NCPs for different molar ratios of ZnO : NiO :
CuO; (a) 1 : 1 : 1 (b) 2 : 1 : 1 (c) 1 : 2 : 1 (d) 1 : 1 : 2.

Table 1 Lattice parameters of samples with different molar ratios

Samples Oxides a (A°) b (A°) c (A°) c/a V (A°)3
d-Spacing
(A°)

ZNC-(1 : 1 : 1) ZnO 3.24 3.24 5.19 1.60 47.40 1.8950
NiO 4.19 4.19 4.19 1.00 73.77 1.6911
CuO 4.63 3.39 5.03 1.08 78.28 2.1131

ZNC-(2 : 1 : 1) ZnO 3.24 3.24 5.20 1.60 47.56 1.8946
NiO 4.19 4.19 4.19 1.00 73.77 1.6923
CuO 4.63 3.40 4.99 1.07 77.72 2.1119

ZNC-(1 : 2 : 1) ZnO 3.25 3.25 5.21 1.60 47.73 1.8921
NiO 4.20 4.20 4.20 1.00 74.56 1.6984
CuO 4.62 3.43 4.93 0.93 77.32 2.1144

ZNC-(1 : 1 : 2) ZnO 3.25 3.25 5.20 1.60 47.61 1.8951
NiO 4.19 4.19 4.19 1.00 73.92 1.6944
CuO 4.62 3.42 4.90 0.94 76.66 2.1120

Fig. 3 Shifting of peaks in samples with different molar ratios.

Table 2 Relative intensity ratios% of samples with different molar
ratios

Sample Oxides Peaks Peak intensity
Relative intensity
ratios%

ZNC-(1 : 1 : 1) ZnO (101) 41.98 39.62
NiO (200) 40.71 38.42
CuO (111) 23.27 21.96

ZNC-(2 : 1 : 1) ZnO (101) 96.22 58.99
NiO (200) 39.90 24.46
CuO (111) 26.99 16.55

ZNC-(1 : 2 : 1) ZnO (101) 33.02 34.27
NiO (200) 48.35 50.17
CuO (111) 14.99 15.56
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purity and high crystallinity of NCPs. The appearance of three
phases due to ZnO, NiO and CuO in the samples, conrmed the
successful synthesis of a ternary metal oxide ZnO–NiO–CuO
NCPs.

The lattice constants (a, b, and c) and unit cell volume (V) for
cubic NiO, hexagonal ZnO, and monoclinic CuO were measured
using the eqn (2)–(4) following the literature.30

1

d2
¼ h2 þ k2 þ l2

a2
and V ¼ a3ðfor cubicÞ (2)

1

d2
¼ 4

3

�
h2 þ hk þ k2

a2

�
þ l2

c2
and V ¼ 0:866

�
a2c

�ðfor hexagonalÞ
(3)

1

d2
¼ 1

sin2
b

�
h2

a2
þ k2sin2

b

b2
þ l2

c2
� 2hk cos b

ab

�
and V

¼ abc sin bðfor monoclinicÞ (4)
© 2023 The Author(s). Published by the Royal Society of Chemistry
where ‘d’ is the interplanar spacing measured using Bragg”s
law, and ‘h’, ‘k’, and ‘l’ are the Miller indices mentioned in Table
1.

The presence of Zn, Ni, and Cu with their distinct ionic radii
(0.74 Å, 0.69 Å, and 0.73 Å for Zn2+, Ni2+, and Cu2+, respectively)
in NCPs caused slight shis in the metal oxide peaks as shown
in Fig. 3. The XRD peaks of metal oxides were shied in
synthesized NCPs compared to pure metal oxide NPs in
consistent with the literature.37,38 This may happen due to
mutual interactions of metal oxides, resulting in new phases
with unique lattice parameters and crystal structures.

3.1.1 Relative intensity ratios. The relative intensity ratios
corresponding to the volume fractions of ZnO, NiO, and CuO in
the synthesized samples can be estimated by the following
relations presented in eqn (5)–(7).30

RZnO ¼ IZnO

IZnO þ INiO þ ICuO
(5)
ZNC-(1 : 1 : 2) ZnO (101) 37.83 28.19
NiO (200) 47.67 35.53
CuO (111) 48.65 36.26

RSC Adv., 2023, 13, 30838–30854 | 30841
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Table 3 Parameters of NCPs for different molar ratios

Samples Oxides

Average crystalline size D (nm)

Dislocation density
d × 10−3

Lattice strain
3 × 10−3Scherer method

W–H
plot method

ZNC-(1 : 1 : 1) 21.51 18.88 3.13 0.91
ZnO 26.54 58.99 1.78 0.76
NiO 16.42 15.51 3.77 1.2
CuO 18.23 15.99 4.83 0.78

ZNC-(2 : 1 : 1) 27.91 33.16 1.84 0.72
ZnO 32.63 353.83 1.25 0.66
NiO 24.05 47.79 1.92 0.96
CuO 24.91 18.93 2.93 0.60

ZNC-(1 : 2 : 1) 23.03 42.78 4.38 1.11
ZnO 31.76 110.88 2.06 0.78
NiO 12.41 35.81 7.30 1.90
CuO 21.83 15.10 5.16 0.78

ZNC-(1 : 1 : 2) 20.23 15.77 7.04 1.28
ZnO 22.39 18.49 8.90 1.47
NiO 19.48 27.45 2.71 1.13
CuO 11.43 10.86 12.97 1.23
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RNiO ¼ INiO

IZnO þ INiO þ ICuO
(6)

RCuO ¼ ICuO

IZnO þ INiO þ ICuO
(7)

The calculated relative intensity ratios corresponding to the
volume fractions of NiO, ZnO, and CuO in the synthesized
samples are given in Table 2.
Fig. 4 Plots of W–H method for NCPs with different molar ratios.

30842 | RSC Adv., 2023, 13, 30838–30854
3.1.2 Debye Scherrer method. The crystalline sizes of the
NCPs were determined using Debye Scherrer the formula as
shown by eqn (8).39

D ¼ Kl

bD cos q
(8)

where D is crystalline size, l is X-ray wavelength, q is diffraction
angle, b is FWHM, and K is Shape factor (typically 0.9). The
dislocation density (d) was measured using standard relation
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variation in crystalline size with samples.

Fig. 6 UV-vis spectra of NCPs with different molar ratios.
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�
d ¼ 1

D2

�
. The calculated crystalline size, micro strain, and

dislocation density are given in Table 3.
3.1.3 Williamson–Hall (W–H) plot method. Williamson–

Hall (W–H) method is another way to nd the crystalline size of
NPs. It is based on nding the broadening of diffraction peaks
in the XRD pattern caused by crystallite size and micro strain
(3).17 The total peak broadening relation is presented in eqn (9).
Fig. 7 Tauc plots of NCPs for determination of bandgap energies.

© 2023 The Author(s). Published by the Royal Society of Chemistry
bhkl cos q ¼ Kl

D
þ 43 sin q (9)

The W–H method involves plotting 4 sin q and bhkl cos q
(shown in Fig. 4) to determine crystalline size and micro strain,
with the slope representing micro strain and the intercept
indicating crystallite size. A comparison between the results
obtained using the Scherrer method and the W–H plot method
is provided in Table 3, showing the different contributions of
crystallite size and strain to peak broadening.

The XRD analysis revealed that by increasing the molar
ratios (ZNC-(2 : 1 : 1 and 1 : 2 : 1)), except for the increasing
molar ratio of Cu (ZNC-(1 : 1 : 2)), resulted in larger crystallite
sizes compared to the sample (1 : 1 : 1) having equal molar
concentration of all the metals. When the molar ratio of metals
is increased, it promotes the availability of additional ions that
act as nucleation sites, resulted in facilitating the formation of
new crystal nuclei. This enhanced nucleation leads to the
growth of larger crystallites as shown in Fig. 5. The highest
crystalline size was observed in the sample ZNC-(2 : 1 : 1). This
can be attributed to the role of Zn ions in enhancing the
diffusion rates of the metal ions during the synthesis process,
thereby promoting the growth of crystallites in the sample.
Consequently, the growth of ZnO crystallites was favored over
that of NiO and CuO when the molar ratio of Zn was increased.
In contrast, the sample ZNC-1 : 1 : 2 exhibited the smallest
crystalline size. This can be attributed to the different growth
kinetics of Cu ions compared to Zn and Ni ions, which disrupt
the crystalline growth process and hinders the formation of
larger crystallites.40,41
3.2 UV-vis spectral analysis

Fig. 6 shows the UV-vis absorption spectra obtained for ZnO–
NiO– CuO NCPs within the 200–800 nm range. The absorption
maxima (lmax) are observed in the range of 230 to 330 nm. These
lmax values align closely with the literature values ZnO,42 NiO,43

CuO–ZnO–NiO,32 ZnO–NiO,44 ZnO–CuO,45 and NiO–CuO,46

verifying the successful production of the NCPs. The NCPs
exhibit lower absorption maxima compared to pure ZnO, CuO,
and NiO NPs. This decrease in the absorption maxima is due to
either the coupling of metal oxides or the formation of defect
energy levels within the NCP.44,47 The absorption coefficient (a)
was derived using the eqn (10).27
RSC Adv., 2023, 13, 30838–30854 | 30843
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Table 4 Bandgap values of NCPs calculated by Tauc plots

Sample
lmax

(nm) Eg (eV)

ZNC-(1 : 1 : 1) 263 2.90
ZNC-(2 : 1 : 1) 265 2.27
ZNC-(1 : 2 : 1) 259 2.87
ZNC-(1 : 1 : 2) 293 2.02
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a ¼ 2:303A

t
(10)

Here; A and t represents the absorbance and thickness of the
cuvette, respectively.

The optical bandgap (Eg) was determined using the relation
shown in eqn (11).

ahn = A(hn − Eg)
g (11)

where, “hn” represents the photon energy, “A” denotes
a constant, and “Eg” corresponds to the bandgap energy. The
parameter “g” in the equation, known as the Tauc exponent, for
direct bandgap materials, g has a value of 1/2, while for indirect
bandgap materials; g takes a value of 2.48 To nd the direct
bandgap (Eg), a plot of (ahn)

2 against hn was generated as shown
in Fig. 7, and bandgap values of each NCPs were obtained as
given in Table 4.

The effect of molar ratios on the NCPs can be observed from
Fig. 6. The absorption peaks were shied and distinct bandgap
values (Fig. 7) were obtained by changing the molar ratios of
components of NCP. The observed behavior of the samples can
be understood by considering the individual properties of each
metal oxide and their interactions within the NCP. All compo-
nents (metal oxides) of NCP exhibits different bandgap such as
NiO has 3.6–4.0 eV, ZnO has ∼3.37 eV and CuO has a smaller
Fig. 8 FTIR spectra of NCPs with different molar ratios.

30844 | RSC Adv., 2023, 13, 30838–30854
bandgap of 1.2 eV.26 These differences in bandgap values
inuence the overall bandgap behavior of the NCP as the molar
concentrations of the metal oxides vary. When increasing the
molar concentration of NiO in the NCP, the larger bandgap of
NiO (ZNC-(1 : 2 : 1)) dominates and contributes to an overall
larger bandgap in the NCP. ZnO has a smaller bandgap
compared to NiO but is larger than CuO so the sample with an
increased molar ratio ZnO (ZNC-211) exhibits an intermediate
bandgap compared to the other two. When increasing the molar
concentration of CuO in the NCP (ZNC-(1 : 1 : 2)), the smallest
bandgap of CuO dominates and becomes the major contributor
to the overall bandgap.49 The specic properties and electronic
structures of each metal oxide determine the overall bandgap of
the composite material when their molar concentrations are
modied.50
3.3 FTIR analysis

FTIR analysis is performed to conrm the presence of major
functional groups present in the samples. The FTIR spectrum of
the CuO–NiO–ZnO NCPs is displayed in Fig. 8. The FTIR spectra
showed the presence of broad peaks in the region of 3250–
3600 cm−1 due to hydroxyl groups attached to the NCPs surface.
Narrow peaks present in the region of 450–1000 cm−1 were
assigned to the M–O bonds. Peaks in the region of 800–
930 cm−1, 600–750 cm−1 and 450–570 cm−1 were assigned to
the Zn–O, Ni–O and Cu–O bonds, respectively.51,52 It was also
observed that the relative absorption of selective bond peak was
empirically increased with increase of molar ratio that partic-
ular metal in NCPs.
3.4 SEM and EDX analysis

SEM analysis of NCPs was performed to observe themorphology
of samples. SEM images of the CuO–NiO–ZnO NCPs are shown
in Fig. S1.† The micrographs of ZNC-(1 : 1 : 1) [Fig. S1a†], ZNC-
(2 : 1 : 1) [Fig. S1b†], ZNC-(1 : 2 : 1) [Fig. S1c†] and ZNC-(1 : 1 : 2)
[Fig. S1d†] revealed the presence of irregular (rough) mixed rod
Fig. 9 Thermogram of ternary metal oxide NCPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Thermogravimetric analysis of ternary metal oxide NCPs

Nanocomposite

Weight loss (%) at different temperatures

373 K 473 K 573 K 673 K 773 K 873 K 973 K 1073 K 1173 K

ZNC-(1 : 1 : 1) 0.88 1.51 4.3 5.13 7.41 8.64 9.36 10.32 12.98
ZNC-(1 : 1 : 2) 0.68 1.06 6.43 7.19 10.56 19.54 22.93 23.81 26.82
ZNC-(1 : 2 : 1) 0.76 1.12 3.32 4.05 6.22 7.00 7.76 8.95 10.32
ZNC-(2 : 1 : 1) 0.52 1.81 4.53 5.29 8.05 11.24 11.79 12.53 14.37
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and spherical highly agglomerated structures. It proved the
good compatibility between the different metal oxides phases
present within the NCPs.

EDX analysis of the samples synthesized at different
concentration ratios was carried out to check the purity and
compositional analysis as shown in Fig. S2–S4.† The elemental
analysis showed the peaks of all the elements (Zn, Cu, Ni and O)
in the EDX spectra with strong agreement to the ratio of salts
used for each ternary metal oxide. The absence any other peaks
due to impurities also proved the purity of samples.
3.5 Thermal analysis

Thermogravimetric analysis (TGA) of all the NCPs was carried
out in the temperature range of 25–1000 °C at constant heating
rate of 20 °C under nitrogen atmosphere. TGA data of all the
ternary metal oxide composites was found in good concurrence
with the conguration and putrefaction process under heating
conditions. All the NCPs were found highly stable in the range
of 25–1000 °C with minimum weight loss (%). The thermo-
grams of all the NCPs are shown in Fig. 9 and weight loss (%) of
each composite at various temperatures is depicted in Table 5.

From thermograms, it can be observed that all the NCPs were
decomposed in at least three stages and maximum weight loss
(26.82%) was exhibited by the ZNC-(1 : 1 : 2), which was due to
pyrolysis of CuO at high temperature. All the NCPs have shown
minimum weight loss (∼7%) up to 400 °C. This weight loss was
attributed to the loss of water molecules attached at the surface
Fig. 10 Temperature-dependant (a) resistivity and (b) conductivity of Zn

© 2023 The Author(s). Published by the Royal Society of Chemistry
of NCPs. Weight loss observed in the range of 400–600 °C was
might be due to elimination of coordinated water molecules.53

In third stage of decomposition (above 800 °C), weight loss was
observed due to break down of Cu–O bond and resulting
pyrolysis of nanocomposites.54
3.6 DC electrical properties

From the slope of the current–voltage (I–V) graph, we can

measure the resistance
�
R ¼ 1

slope

�
, resistivity

�
r ¼ RA

l

�
and

conductivity
�
s ¼ 1

r

�
of NCPs. The temperature-dependent

electrical conductivity and resistivity behavior was observed in
all synthesized NCPs, indicating the expected semiconducting
behavior as shown in Fig. 10a and b. In the temperature range of
400–700 K, the conductivity of the NCPs increased as the
temperature was increased.55,56 In semiconducting materials, as
the temperature rises above 400 K, the thermal energy
increases, resulting in the promotion of charge carriers from
the VB to the CB. This process increases the number of charge
carriers available for conduction, thus enhancing electrical
conductivity. It was observed that higher molar concentrations
resulted in a greater density of charge carriers within the NCP,
which has further enhanced the conductivity.57,58

To calculate the activation energy using resistivity measure-
ments, we employed the Arrhenius relation, represented in eqn
(12).
O–NiO–CuO NCPs at different molar concentrations of metals.

RSC Adv., 2023, 13, 30838–30854 | 30845
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Fig. 11 Plot of log(r) vs. 1000/T at different molar ratios.
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r ¼ rN exp

�
Ea

KbT

�
(12)

This eqn (12) relates the temperature-dependent resistivity
(r) to the activation energy (Ea).59 From Fig. 11, It was observed
that as the molar concentration of the metal oxide increases,
there is a decrease in activation energy due to an increase in the
availability of charge carriers (electrons or holes) within the
NCP. Nanomaterials with high electrical conductivity can be
used in high-speed electronics, sensors, and energy generation
and storage devices.
3.7 Dielectric properties

The dielectric analysis of the synthesized samples indicated
that 3r, 3i, dielectric loss (tan d), and impedance (Z) demonstrate
Fig. 12 Plots of NCPs with different molar ratios (a) log(f) vs. 3r and (b) lo

30846 | RSC Adv., 2023, 13, 30838–30854
higher values at lower frequencies of the applied electric eld,
as depicted in Fig. 12 and 13. As the frequency increases, these
values gradually decrease. At low frequencies, high dielectric
constant values were observed due to oxygen vacancies present
in the lattice, defects at the grain boundaries, and low
conductivity at the grain boundaries. The observed dielectric
behavior inmetal oxide NCPs can be explainedmore thoroughly
by combining the Maxwell–Wagner interfacial model and
Koop's phenomenological hypothesis,60 which takes into
account the roles of both conducting grains and interfaces in
determining the dielectric properties. According to the model,
the material is considered a composite of conducting grains
and interfaces or grain boundaries. Due to the inuence of an
external electric eld, charge carriers in conducting grains
exhibit enhanced mobility, while accumulation occurs at the
interfaces or grain boundaries due to their resistive properties.
This accumulation results in signicant polarization and
results in a high dielectric constant in the material.61,62 These
interfaces oen have higher resistance or lower conductivity, so
the ow of charge carriers is impeded within the material,
leading to higher impedance and dielectric loss.63 As the
frequency increases, the grain boundaries become less signi-
cant due to ionic displacement lag. As the frequency of the
applied electric eld increases, the ionic displacement within
the material lags behind the rapid changes in the eld.64 This
reduces the resistance and impedance, leading to a decrease in
dielectric loss and dielectric constant as shown in Fig. 12(a) and
(b).

As the molar concentration increases, there is a correspond-
ing rise in the dielectric constant of metal ions in the ZnO–NiO–
CuO NCPs due to the increased polarization response resulting
from a higher density of charge carriers within thematerial. The
observed increase in dielectric constants is due to the higher
density of charge carriers within the grains.61 Each metal ion
contributes differently to the dielectric response of the NCP due
to its unique electronic structure and polarizability. The
g(f) vs. 3i.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Plots of NCPs with different molar ratios (a) log(f) vs. impedance (z), and (b) log(f) vs. dielectric loss (tan d).

Fig. 14 Plot of log(f) vs. sac at different molar ratios of ZnO–NiO–CuO
NCPs.
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dielectric constant is inuenced by factors such as the charge,
size, and electronic conguration of the metal ions.

Fig. 13(a) and (b) showed that impedance (Z) and dielectric
loss (tan d) of the ZnO–NiO–CuO NCPs increased by increasing
the molar concentration of different metals in the NCP. As
discussed earlier, the increased molar concentration results in
an increase in the dielectric constant value of the synthesized
NCPs, which contributes to enhanced polarization effects,
increased resistivity, and greater mobility of charge carriers
within the material. These factors collectively contribute to the
observed increase in both the dielectric loss and impedance.

3.8 AC electrical conductivity

Fig. 14 shows the relationship between AC conductivity (sac)
and the applied electrical frequency of synthesized samples.
The increase in AC conductivity of ZnO–NiO–CuO NCPs was
observed with increasing frequency, as depicted in Fig. 14. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
increase in conductivity is due to the activation of a hopping
mechanism as the electric eld is applied.65 The AC conductivity
in a material is primarily attributed to the presence of mobile
charge carriers. At low frequencies, the charge transfer is
primarily limited to the nearest neighboring lattices.66 When an
electric eld frequency increases, it provides the necessary
energy for charge carriers to overcome these barriers and hop
between these localized states or defect sites. This hopping
process facilitates the movement of charge carriers and leads to
an enhancement in conductivity.

Higher molar concentrations lead to an increase of charge
carriers and also improve the mobility of charge carriers within
the material. It also affects interfacial phenomena, such as
inter-particle interactions and charge carrier hopping between
localized states or defect sites. The different behavior observed
when increasing the molar concentration of different metals
(Zn, Ni, Cu) in the ZnO–NiO–CuONCP (Zn : Ni : Cu 2 : 1 : 1, 1 : 2 :
1 and 1 : 1 : 2), was due to the distinct electronic, dielectric,
morphological, and structural characteristics of each metal.
These unique properties inuence the AC conductivity of the
NCP. Specically, Ni possesses properties that promote higher
conductivity compared to Zn and Cu. From Fig. 14, It was
conrmed that the NCP sample with an increased concentra-
tion of Ni ions ZNC-(1 : 2 : 1) exhibited the highest AC
conductivity.
4. Applications of ZnO–NiO–CuO
NCPs
4.1 Photocatalytic efficacy of NCPs for dye degradation

Photocatalytic efficiency of each NCP was evaluated for the
photodegradation of MB, MO and mixture of MB and MO dyes
in the batch experiments. Decrease in color intensity and
resulting absorbance decrease data was utilized to determine
the % dye degradation aer regular intervals. For further
insight of the degradation kinetics, the rate constant of each
experiment was determined using the eqn (13). All the
RSC Adv., 2023, 13, 30838–30854 | 30847
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Fig. 15 MB dye degradation after regular intervals (a) absorbance spectra, (b) color degradation, (c) % dye degradation and (d) rate constant plot.

Fig. 16 MO dye degradation after regular intervals (a) absorbance spectra, (b) color degradation, (c) % dye degradation and (d) rate constant plot.

30848 | RSC Adv., 2023, 13, 30838–30854 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Degradation of mixture of dyes after regular intervals (a) absorbance spectra; (b) change in color intensity.
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photodegradation experiments followed the pseudo-rst-order
kinetics in consistent with the literature.8

ln

�
Ct

C0

�
¼ kt (13)

Here ‘k’ represents the rate constant and is determined by
examining the slope of the ln(C0/Ct) versus irradiation time (t)
plot.

4.1.1 Photodegradation of MB dye. The photodegradation
of MB dye was performed under sunlight exposure using all the
NCPs in batch experiments. Sharp decrease in the absorbance
spectra (lmax = 668 nm) (Fig. 15a) and color intensity (Fig. 15b)
were observed for each NCP catalyst. ZNC-(1 : 1 : 1), ZNC-(2 : 1 :
© 2023 The Author(s). Published by the Royal Society of Chemistry
1), ZNC-(1 : 2 : 1) and ZNC-(1 : 1 : 2) exhibited 96%, 89%, 90%
and 98% degradation of dye, respectively aer 90 minutes
exposure to sunlight as shown in Fig. 15c. ZNC-(1 : 1 : 2) showed
the maximum % dye degradation with highest rate constant
value (k = −3.934 × 10−2 min−1) which may be attributed to the
smallest crystallite size of this NCP. The rate constant plot and
values of ‘k’ are depicted in Fig. 15d.

4.1.2 Photodegradation of MO dye. Photodegradation of
MO dye was also performed to check the catalytic behavior of
NCPs for dyes other than MB. NCPs were found equally effective
to photodegrade the MO dye as shown by the absorbance
spectra (lmax = 464 nm) (Fig. 16a) and color intensity (Fig. 16b)
diagrams. Similar trend of dye degradation was observed i.e.,
RSC Adv., 2023, 13, 30838–30854 | 30849
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Fig. 18 Schematic diagram of ZnO–NiO–CuO NCPs heterojunctions
for electron–hole pairs generation and segregation.
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ZNC-(1 : 1 : 1), ZNC-(2 : 1 : 1), ZNC-(1 : 2 : 1) and ZNC-(1 : 1 : 2)
exhibited 90%, 85%, 87% and 93% degradation of dye,
respectively aer 90 minutes exposure to sunlight as shown in
Fig. 16c. Maximum dye degradation (93%) was observed in the
presence of ZNC-(1 : 1 : 2) with highest rate constant value (k =

−2.920 × 10−2 min−1) which was attributed to the smallest
crystallite size of this NCP. The rate constant plot and values of
‘k’ are depicted in Fig. 16d.

4.1.3 Photodegradation of mixture of dyes. Photo-
degradation of mixture of dyes (MB + MO) was carried out in
presence of NCPs in the similar manner by addition of 20 mg of
catalyst in each batch instead of 10 mg. The gradual decrease in
the absorbance spectra of mixture of dyes (Fig. 17a) and color
intensity (Fig. 17b) can be seen. NCPs showed the excellent
capability to degrade the mixture of dyes by maximum degra-
dation 92% (MB dye) and 88% (MO dye) shown by the ZNC-(1 :
1 : 2) NCP. The % dye degradation and rate constant plots of
each NCP are shown in Fig. S5 and S6.† In environmental
applications, the goal is oen to treat wastewater or polluted
water bodies that contain a mixture of pollutants. Investigating
the photocatalytic degradation of a dye mixture directly
addresses the practical need for efficient treatment solutions in
such scenarios.

4.1.4 Generation and segregation of electron–hole pairs in
NCPs. The change of molar ratios of metals in a NCP affects the
Table 6 Comparison of photocatalytic potential of single, binary and
ternary metal oxides

Material
Maximum degradation
of MB (%)

Maximum degradation
of MO (%)

ZnO NP 45 38
NiO NP 43 32
CuO NP 46 36
ZnO:NiO NC 75 72
ZnO:CuO NC 79 74
NiO:CuO NC 72 64
ZnO:NiO:CuO NC 98 93

30850 | RSC Adv., 2023, 13, 30838–30854
photodegradation efficiency due to their inuence on the NCP
structure, morphology, and bandgap energy. These factors
collectively affect the photodegradation process, leading to
inuence the overall efficiency of the degradation reaction. The
combination of different metal oxides with different molar
ratios can lead to a synergistic effect on photocatalytic activity.
The presence of multiple metal ions can create new active sites,
facilitate charge separation, and promote specic reactions,
leading to improved performance.

Fig. 18 illustrates the formation of a heterojunction photo-
catalyst (ZnO–NiO–CuO) with distinct bandgap energies and
band structures. This heterojunction interface enables efficient
mobility and separation of photogenerated electrons and holes,
reducing charge carrier recombination and maximizing pho-
tocatalytic activity. Furthermore, the smaller crystalline size in
the 1 : 1 : 2 (Zn : Ni : Cu) molar ratio sample demonstrates the
highest photodegradation efficiency (98% for MB and 93% for
MO), while other samples show varying photodegradation effi-
ciency based on their respective crystalline sizes. The remaining
samples demonstrate a trend where the photodegradation
efficiency varies in accordance with their respective crystalline
sizes. This nding suggests a correlation between the size of the
crystalline structure and the photocatalytic performance. The
change in band gap resulting from different molar ratios, as
observed in UV-vis spectra, may inuence the degradation effi-
ciency of dyes in photocatalytic processes.

In order to compare the photocatalytic potential of single,
binary and mixed metal ternary oxides, batch wise photo-
catalytic decomposition of MB and MO dye solution was carried
out under sunlight exposure of 90 minutes. From results of
photodegradation of dyes (Table 6), it had been observed that
the ternary metal oxides were more efficient for degradation of
dyes, due to smaller bandgap, easy separation and less recom-
bination of electron–hole pairs.

4.1.5 Effect of radical scavengers. In order to propose
suitable mechanism of photodegradation and presence of main
Fig. 19 Effect of radical scavengers on % dye degradation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxygen species involved in this process, radical scavenging/
inhibition tests were carried out.67,68 Four radical scavengers
were used in batch experiments. Ethylenediaminetetraacetic
acid (EDTA), p-benzoquinone (p-BQ), isopropanol (IPA) and L-
ascorbic acid (L-AA) were used to scavenge holes (h+), super
oxide anion radical (O2c

−), hydroxyl radical (OHc) And hydrogen
peroxide (H2O2), respectively.68 10 mL of 0.25 mM solution of
each radical scavenger was added to the mixture of dye and
catalyst in each catalytic batch experiment and decrease in %
dye degradation was observed.

From Fig. 19, it can be observed that hydroxyl radicals and
holes play major role in the photodegradation of dye because
minimum% dye degradation was observed in presence of EDTA
and IPA. Superoxide anion radical has minimum effect on
degradation of dye followed by hydrogen peroxide. Collectively,
all reactive oxygen species were produced in the mixture and
contributed to dye degradation on surface of catalyst.

4.1.6 Proposed mechanism. 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, trans-
forming them into simpler and less harmful substances.69 Thus,
photocatalysis offers a promising approach to environmental
purication. Proposed mechanism of action can be illustrated
by the eqn (14)–(20).

ZnO–NiO–CuO + hn / ZnO–NiO–CuO(eCB
− + hVB

+) (14)

ZnO�NiO� CuOðeCB�Þ þO2/ZnO�NiO� CuOþO*
2

(15)

H2O / H+ + OH− (16)

O*
2 þH�/HO*

2 (17)
Fig. 20 % TOC removal of dye solution on catalyst surface.

© 2023 The Author(s). Published by the Royal Society of Chemistry
ZnO�NiO� CuOðeCB�Þ þHO*
2 þHþ/H2O2 (18)

ZnO–NiO–CuO(hVB
+) + dye / degradation product (19)

ZnO–NiO–CuO(eCB
−) + dye / degradation product (20)

Briey, in the 1st step, electrons ae excited to the conduction
band by absorption of light and electron–hole pair is generated.
In 2nd step, photoexcited electron is used to reduce the oxygen
molecule to oxygen radical which produces a chain of reactive
radicals by reaction with water and other species. These excited
radicals reduce the dye molecules by multiple secondary reac-
tions while holes present in the valence band oxidize the dye
molecules directly and cause degradation.

4.1.7 Total organic carbon analysis. Total organic carbon
(TOC) analysis was carried out to analyze the extent of miner-
alization of dye on surface of catalyst.70 Disappearance of color
from the dye solution may be due to breakdown of azo group in
the MO and MB which may result in the generation of more
toxic species in solution. Therefore, it was pertinent to deter-
mine the carbon content analysis of solutions to determine how
much mineralization has occurred.71

TOC analysis results are shown in Fig. 20. It shows that the
mineralization lags behind the photodegradation process. %
Removal of TOC value was measure aer every 30 minutes up to
5 hours. 82% removal of TOC content was observed even aer 5
hours which showed that the mineralization was relatively
slower process and may take more time for 100% mineraliza-
tion. Slow rate of mineralization process may be attributed to
the breakdown of dye into many intermediates and slow
oxidation of resistant nitrogen containing compounds produces
as a result of azo group cleavage.
4.2 Antibacterial activity

The antibacterial activity of ZnO–NiO–CuO NCPs was evaluated
using the disc diffusion method.8 All the nanocomposites were
RSC Adv., 2023, 13, 30838–30854 | 30851
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found effective to inhibit the growth of both bacterial strains
i.e., Gram-positive (B. subtilis and S. aureus) and Gram-negative
(E. coli and P. aeruginosa). However, NCPs were found relatively
more effective against Gram-negative strains with maximum
inhibition shown by the ZNC-(1 : 1 : 2). More activity against the
Gram-negative bacteria can be attributed to the different
structure of cell wall of this strain. Cell wall of Gram-negative
bacteria is relatively thin which result in the more penetration
of small size NCPs in the cell, which resulted in the generation
of reactive oxygen species (ROS) in the cell by interaction with
different cell components. The ROS cause the inactivation of
genetic material and proteins, which ultimately results in the
death of bacteria.72 The activity of each NCP to inhibit bacterial
growth in terms of zone of inhibition is depicted in Fig. 21.

5. Conclusion

Ternary metal oxide NCPs (ZnO–NiO–CuO) were synthesized via
the hydrothermal method, and their properties were studied by
varying molar ratios i.e., (Zn : Ni : Cu) 1 : 1 : 1, 2 : 1 : 1, 1 : 2 : 1,
and 1 : 1 : 2. The XRD conrmed the presence of three phases in
the NCPs. The volume fraction of metal oxides in the NCP was
estimated by analyzing the relative intensity ratio of the peaks in
PXRD and EDX spectra. Crystalline sizes and micro strains were
determined using both Scherrer and W–H methods. The crys-
tallite sizes of 21 nm, 27 nm, 23 nm, and 20 nm were observed
for the molar ratios 1 : 1 : 1, 2 : 1 : 1, 1 : 2 : 1, and 1 : 1 : 1,
respectively, attributed to the unique ionic radii of the metals
present in the NCP. The FTIR spectra analysis of the NCPs
conrmed the presence of vibrational peaks corresponding to
the –OH, Zn–O, Ni–O, and Cu–O bonds. The UV-vis analysis
demonstrated that altering the molar ratios resulted in
a modication of the bandgap due to the varying bandgaps of
the constituent metal oxides. SEM images of the synthesized
NCPs exhibited agglomerated mixed rod and spherical-like
nanostructures. TGA showed the high stability of NCPs at
high temperature with minimum weight loss (%). DC electrical
measurements demonstrated that the NCPs exhibited high
electrical conductivity and low activation energies by increased
molar ratios present in the NCPs due to an increase in the
availability of charge carriers (electrons or holes) within the
NCP. The analysis of dielectric properties of the NCPs revealed
that NCPs have higher dielectric constant and tangent loss at
low frequencies, and then gradually decrease with increasing
electric eld frequency. By increasing the molar ratios, the
concentration of metal ions increased in ZnO–NiO–CuO NCPs
resulting in increased dielectric constant due to higher charge
carrier density and polarization response. The NCP with amolar
ratio of 1 : 1 : 2 exhibited the highest photodegradation effi-
ciency for degradation of MB (98%), MO (93%) and mixture of
dyes (92% MB and 88% MO) due to its smaller crystallite size
and higher surface energies, facilitating enhanced photo-
catalytic activity. The antibacterial property of NCPs revealed
the crystallite size dependent inhibition of bacterial strains. The
comprehensive study of applications of this material proves the
commercial importance of this material for purication of
water.
30852 | RSC Adv., 2023, 13, 30838–30854
Data availability

All the data is available in the manuscript. Additional
information/data can be provided on request.

Conflicts of interest

The authors have no relevant nancial or non-nancial inter-
ests to disclose.

Acknowledgements

The authors extend their appreciation to Researchers Support-
ing Project number (RSP2023R165), King Saud University,
Riyadh, Saudi Arabia.

References

1 B. A. Anderson, J. H. Romani, H. Phillips, M. Wentzel and
K. Tlabela, Popul. Environ., 2007, 28, 133–161.

2 Y. Hunge, A. Yadav, S.-W. Kang and H. Kim, J. Alloys Compd.,
2022, 928, 167133.

3 Y. Cui, C. Lin, M. Li, N. Zhu, J. Meng and J. Zhao, J. Alloys
Compd., 2022, 893, 162181.

4 X. Jv, X. Zhao, H. Ge, J. Sun, H. Li, Q. Wang and H. Lu, J.
Chem. Eng. Data, 2019, 64, 1228–1236.

5 S. R. Youse, A. Sobhani, H. A. Alshamsi and M. Salavati-
Niasari, RSC Adv., 2021, 11, 11500–11512.

6 H. Zhang, B. Xia, P. Wang, Y. Wang, Z. Li, Y. Wang, L. Feng,
X. Li and S. Du, J. Alloys Compd., 2020, 819, 153053.

7 S. Gunatilake, Methods, 2015, 1, 14.
8 M. Z. Ishaque, Y. Zaman, M. Shahzad, A. B. Siddique,
S. Shahid, M. Akram, H. Kanwal, M. T. Akhtar and
S. Hussain, Water, Air, Soil Pollut., 2023, 234, 252.

9 K. Qi, B. Cheng, J. Yu and W. Ho, J. Alloys Compd., 2017, 727,
792–820.

10 Y. Zaman, M. Z. Ishaque, S. Ajmal, M. Shahzad,
A. B. Siddique, M. U. Hameed, H. Kanwal,
R. J. Ramalingam, M. Selvaraj and G. Yasin, Inorg. Chem.
Commun., 2023, 110523.

11 M. Lines, J. Alloys Compd., 2008, 449, 242–245.
12 C. B. Ong, L. Y. Ng and A. W. Mohammad, Renewable

Sustainable Energy Rev., 2018, 81, 536–551.
13 A. Mishra, A. Mehta and S. Basu, J. Environ. Chem. Eng., 2018,

6, 6088–6107.
14 K. Kannan, D. Radhika, M. P. Nikolova, K. K. Sadasivuni,

H. Mahdizadeh and U. Verma, Inorg. Chem. Commun.,
2020, 113, 107755.

15 A. K. Sibhatu, G. K. Weldegebrieal, S. Sagadevan, N. N. Tran
and V. Hessel, Chemosphere, 2022, 300, 134623.

16 G. Elango and S. M. Roopan, J. Photochem. Photobiol., B,
2016, 155, 34–38.

17 M. Tariq, Y. Zaman, M. Shahzad, K. Ahmad, A. B. Siddique
and H. Zaman, Mater. Sci. Eng., B, 2023, 294, 116549.

18 I. Jabbar, Y. Zaman, K. Althubeiti, S. Al Otaibi, M. Z. Ishaque,
N. Rahman, M. Sohail, A. Khan, A. Ullah and T. Del Rosso,
RSC Adv., 2022, 12, 13456–13463.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05170f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 4
:2

8:
12

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
19 C. M. Magdalane, K. Kanimozhi, M. Arularasu,
G. Ramalingam and K. Kaviyarasu, Surf. Interfaces, 2019,
17, 100346.

20 T.-P. Ruoko, K. Kaunisto, M. Bärtsch, J. Pohjola, A. Hiltunen,
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