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Hazardous organic dyes, present in the effluents of industries, are continuously polluting the environ-
ment. Photodegradation of these dyes on catalyst surface under sunlight irradiation is economic, safe
and suitable strategy to protect environment. Hence, the synthesis and applications of Zn1-xNixO
(x = 0.00, 0.02, 0.04, 0.06) NPs are reported here. Effect of pH and dopant concentration was studied to
modify the electrical, magnetic, antibacterial and photocatalytic properties of Ni doped ZnO NPs. The
samples were characterized by Scanning electron microscopy (SEM), Powder X-ray diffraction (XRD),
UV–Visible spectroscopy (UV–Vis.), Energy-dispersive X-ray spectroscopy (EDS) and Fourier-transform
infrared spectroscopy (FTIR) to determine the morphology, crystallite structure, optical properties, ele-
mental composition and functional group detection, respectively. LCR meter and VSM were used to eval-
uate the dielectric properties and magnetic properties of Ni doped ZnO NPs, respectively. XRD pattern
confirmed the presence of hexagonal wurtzite geometry of ZnO NPs. The structural and morphological
analysis showed the increase in crystallinity with little effect on shape of doped NPs by increasing the
dopant concentration and slight increase of pH. It was observed that the Ni doped ZnO NPs possess good
photocatalytic potential by 94% degradation of 20 ppm solution of methyl orange dye (MO) in just 80 min
under sunlight. Moreover, the enhancement in antibacterial potential was also observed with increase in
dopant concentration and decrease in crystallite size of doped ZnO NPs. Smaller size NPs were found
more effective against gram negative bacterial strains.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Water is an essential need of life on earth. It is being continu-
ously polluted due to anthropogenic sources. Among the most dev-
astating human activities, effluents of industries are major
contributors of aquatic and air pollution. Textile dyes are substan-
tially polluting the fresh water reservoirs in terms of their effect on
biochemical and chemical oxygen demand (BOD and COD) value of
water (Ma et al., 2023, Vikal et al., 2023). These dyes can cause
mutations in the genome of aquatic organisms, inhibit photosyn-
thesis and may become part of food chain. Being highly toxic and
carcinogenic, there must be an effective strategy to remove or
lower the concentration of these hazardous dyes in water reser-
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voirs (Lellis et al., 2019, Nguyen et al., 2020). Among hazardous
dyes, MO is believed to be highly toxic in terms of its effects on
plant growth and gastrointestinal deceases in human being. It
may also cause genetic mutations, hypersensitivity, allergy and
intestinal cancer. Therefore, its removal must be ensured before
mixing the effluents with fresh water (Kishor et al., 2021).

Numerous strategies have been reported to curtain the side
effects of hazardous dyes such as adsorption (Zhong et al., 2023),
reverse osmosis (Nataraj et al., 2009), thermal degradation
(Habib et al., 2022) and ion-exchange chromatography (Joseph
et al., 2020). All these procedures have some limitations i.e., cost,
slow, less robust and thermal pollution. Apart from these tradi-
tional methods, photodegradation of dyes under sunlight irradia-
tion has emerged as promising strategy (Luu et al., 2023).

Among nano catalysts, Zinc oxide NPs (ZnO NPs) is a novel n-
type semiconductor material having a large exciton binding
energy of 60 meV, a vast band gap of 3.3 eV, high electron mobil-
ity, and high melting point (Lal et al., 2022). Moreover, these
properties can be further improved by the introduction of transi-
tion metal dopants which alters the band gap and substantially
modify the electrical and magnetic properties (Jabbar et al.,
2022). Photocatalytic efficiency of nano catalysts can be enhanced
many times by mixing of appropriate dopant, its concentration
and controlling the reaction pH (Badawi et al., 2022, Zaman
et al., 2023). Moreover, modified ZnO NPs can also be utilized
as dilute magnetic semiconductors (DMSs) which are emerging
materials having diverse applications in fields of optoelectronics,
biological imaging and ferromagnetism (Gopalakrishnan et al.,
2022). Recently, doped ZnO nanomaterials have emerged as good
catalysts. One of the dopants which can be used to alter the prop-
erties is Ni2+. The catalytic properties of Ni doped ZnO nanoparti-
cles can be improved by optimizing the synthesis method and the
doping concentration (Dhiman et al., 2023). Among the dopants,
Ni2+ is favorable to incorporate into the ZnO lattice due to its
same valence state (+2) and similar ionic radii (Ni2+, 0.69 oA;
Zn2+, 0.74 oA) (Naskar et al., 2020). Therefore, current work has
been designed to prepare Ni doped ZnO NPs to evaluate the effi-
cacy for various applications.

Multidrug-resistant (MDR) bacteria are posing major threat to
survival of healthy life on earth. It has been predicted that bacteria
will cause around 10 million deaths by 2050 due to resistance
developed against various antibiotics. Therefore, this issue needs
to be immediate attention (Naskar et al., 2020). Several strategies
have been developed to combat this issue, like combination of
antibiotics, bacterial antibodies and nanoparticles (Siddique et al.,
2022, Zaman et al., 2023). Among NPs, ZnO nanostructures are
one of the five zinc compounds approved by the U.S. Food and Drug
Administration (21CFR182.8991) as a safe antibacterial agent
(Naskar et al., 2016). Selective antibacterial agents and minimal
toxic to normal cells, ZnO based NPs are considered to be a suitable
substitute of antibiotics to control the growth of resistant microbes
(Sirelkhatim et al., 2015). These NPs are can easily cross the mem-
brane barriers of bacteria and hinder the growth either by inacti-
vating the proteins or producing the reactive oxygen species in
the cell (Raha and Ahmaruzzaman 2022). Moreover, these NPs
can also cause death of several bacterial strains due to their possi-
ble interaction with genetic material inside the cell (Alshameri and
Owais 2022, Vikal et al., 2023, zaman et al., 2022). The activity of
ZnO NPs is majorly dependent on the size of particles, capping
agent and dopant. It has been observed that the doping of Ni
increases the efficacy of these antibacterial agents but little atten-
tion has been given previously to study the effect of doping on
antibacterial activities (Saleem et al., 2022, Naskar et al., 2020).
Therefore, currently synthesized Ni doped ZnO NPs have been eval-
uated for bactericidal activity for further insight of action of these
antibacterial agents.
2

Herein, synthesis of pH and dopant concentration modified Ni
doped ZnO NPs is being reported. Several modified samples were
synthesized by varying the dopant concentration and pH of med-
ium. After successful characterization, these samples were evalu-
ated for their electric, magnetic, photocatalytic, and antibacterial
properties.
2. Experimental

2.1. Method and materials

Analytical grade chemicals such as Zn(NO3)2�6H2O, NaOH,
NiCl2�6H2O, and ethanol were purchased from Sigma Aldrich and
were used without any further purification. The XRD spectra of
the samples were recorded by XRD (JDX-3532, JEOL, Japan) using
Cu-Ka (wavelength 1.5418 Å) to analyze the reflection planes
and crystal structure of NPs. Spectrophotometer (Shimadzu UV
240, Japan) was used for UV–Visible spectra. SEM (JSM5910, JEOL,
Japan) was used to study the morphology of NPs. An LCR meter and
Keithley I-V measurements were used to measure dielectric and
electrical (AC and DC) properties (model 2100). VSM is used to ana-
lyze the magnetic properties of a specimen.

2.2. Synthesis of Zn1-x Nix O

Zn1-xNixO (x = 0.00, 0.02, 0.04, 0.06) were fabricated using sol–
gel method. Briefly, 0.3 M solution of Zn(NO3)2�6H2O was prepared
in distilled water and its pH was adjusted to 9 by addition of aque-
ous NaOH solution. NiCl2�6H2O solution of appropriate concentra-
tion was added dropwise to above solution for 10 min. Later, this
solution was stirred at ambient conditions for 2 h followed by
the sonication of mixture for 1 h. After filtration and oven drying,
all samples were annealed at 400 �C for 150 min. After cooling,
these samples were stored in air tight bottles. Same procedure
was followed for preparation of samples at pH 11 and 13 and
Zn1-xNixO (x = 0.04) by keeping the other parameters constant.

2.3. Photocatalytic studies

Photocatalytic activity of the synthesized samples was analyzed
by photodegradation of hazardous MO dye in aqueous solution fol-
lowing the reported method (Zaman et al., 2023). Briefly, 20 ppm
solution of MO dye was prepared and 300 mg of each Zn1-xNixO
sample was added in 20 mL of different fractions of MO solutions.
These suspensions were kept in dark for 30 min for adsorption–
desorption equilibrium of dye on NPs. Then, the suspensions were
kept in sunlight for different time intervals ranging from 0 to
80 min. UV/Vis. spectrum for each sample was recorded at kmax

of 463 nm after regular intervals. The absorbance of light for each
sample was decreased continuously which denoted the decompo-
sition rate of MO dye. The decomposition efficiency was calculated
by using the equation (1).

Degradation %ð Þ ¼ Co � C
Co

� 100 ¼ Ao � A
Ao

� 100 ð1Þ

Where Co, C, Ao and A represented the initial concentration of
dye, the concentration at a time ‘t’, the initial absorbance of dye
and the absorbance of light at a time ‘t’, respectively.

2.4. Antibacterial studies by disc diffusion assay

The antibacterial potential of the Zn1-xNixO samples was evalu-
ated following the disc diffusion method as reported in the litera-
ture (Zamana et al., 2022). Samples were tested against four
bacterial strains, two gram-positive (S. aureus and B. subtilis) and
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two gram-negative (E. coli and P. multocida). Briefly, bacterial
strains stored in nutritional agar medium were kept alive at 4 ⁰C
for 24 h. The turbidity of this medium was adjusted to McFarland
0.5% BaSO4 turbidity standard [108 colony forming unit (CFU) per
mL] density by addition of saline (0.9% NaCl). Nutrient gar (20 g/
L) was autoclaved at 45 ⁰C and pH 7. After cooling this agar,
1 mL of already made inoculum (108 CFU per mL) was added in
it. 25 mL of each seeded agar was placed in petri dish plate and left
to set. The Sterile paper discs loaded with samples in DMSO were
placed in petri dishes having bacterial strains maintained at 37
⁰C and pH 7.0. DMSO was used as negative control while a broad
spectrum commercially available drug, i.e., rifampicin was used
as positive control. Each medium was kept at a constant tempera-
ture of 37 ⁰C for 24 h. After this time, the zone of inhibition of each
sample was measured in millimeters.

2.5. Statistical analysis

Triplicate analysis was carried out for each bioactivity test in
current research work. The results were analyzed statistically by
ANOVA. Statistical significance 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

Fig. 1(a) & (b) represents the XRD pattern of Ni doped ZnO NPs,
prepared by varying dopant concentration and pH of solution. For
pure ZnO NPs, the diffraction peaks at angles (2h) of 31.729�,
34.372�, 36.204�, 47.495�, 56.548�, 62.821�, 67.929� and 69.048�
corresponded to planes (100), (002), (101), (102), (110), (103),
(112) and (201) respectively, were obtained, while slight shift in
peaks strength was observed with increasing dopant concentration
and pH values. The hexagonal wurtzite structure was suggested for
all samples by pattern of diffraction peaks, with space group
Fig. 1. The XRD pattern of Ni doped ZnO NPs a

Table 1
Crystalline parameters of Zn1-xNixO at varying dopant concentration.

NPs a (Å) c (Å) c/a

X = 0.00 3.254 5.214 1.602
X = 0.02 3.254 5.214 1.602
X = 0.04 3.253 5.212 1.602
X = 0.06 3.257 5.216 1.601

3

P63mc and matched with standard ICSD data having the reference
code: 01–080-0074 (Bhuiyan and Rahman 2014). The larger peaks
observed at 36.204� showed the high crystallization of samples. No
secondary phase peaks due to nickel or its oxides were observed in
the XRD pattern which showed there was no segregation of phases.
It represented that the dopant Ni ions entered the ZnO lattice and
occupied the Zn+2 lattice positions without altering the hexagonal
wurtzite structure due to the same valence and ionic radii. Ni dop-
ing is also preferred due to its compatibility with the host material
and almost similar sizes (Ma et al., 2020). The Debye-Scherrer’s
equation was used to determine the crystallite size as represented
in equation (2).

D ¼ 0:9k
bcosh

ð2Þ

Where, ‘‘b” represent the full width at half maxima, ‘‘D” is the
crystalline size, ‘‘k” is X-ray wavelength of Cu-Ka line (1.5406 Å).

The diffraction peaks of samples containing nickel are substan-
tially sharper than pure ZnO NPs which showed that the dopant
concentration and pH encouraged the crystallite formation. The
crystallite diameters were calculated in the range of 20–26 nm at
varying dopant concentration and 25.3–27 nm at varying pH. A
slight broadening of peak was observed at pH 13, which showed
the poor crystallinity in strongly alkaline environment. An increase
in crystallite size and cell volume but decrease in dislocation den-
sity and lattice parameters was observed with increase in dopant
concentration and pH as shown in Table 1 and 2. Ni+2 ion with a
slightly smaller ionic radius (0.70 Å) was substituted at a Zn+2

(0.74 Å) site inside the ZnO lattice, which caused the change in lat-
tice characteristics (Zhao et al., 2011, Srinet et al., 2013, Fabbiyola
et al., 2017, Elkamel et al., 2018, Ali et al., 2020, Norouzzadeh et al.,
2020). The crystallite size decreases, the dislocation density tends
to increase, and vice versa as the dopant and pH increases. When
the crystallite size is small, there is less space for dislocations to
accommodate the lattice strain, leading to a higher dislocation
density. Conversely, larger crystallite sizes provide more space
t varying (a) dopant concentration (b) pH.

D (nm) d x10-3 (nm)-2 e x10-3 (unitless)

20.90 2.289 1.65
22.28 2.015 1.55
25.34 1.552 1.36
26.72 1.400 1.29



Table 2
Crystalline parameters of Zn1-xNixO at different reaction pH.

NPs a (Å) c (Å) c/a D (nm) d x10-3 (nm)-2 e x10-3 (unitless)

pH = 9 3.253 5.212 1.602 25.34 1.557 1.36
pH = 11 3.254 5.213 1.602 27.84 1.289 1.24
pH = 13 3.282 5.244 1.598 10.23 9.538 1.15
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for dislocations to relax, resulting in a lower dislocation density.
The dislocation density and micro-strain are closely related. An
increase in dislocation density can contribute to an increase in
micro-strain (Zeid et al., 2019).

3.2. SEM and EDS analysis

The morphology and elemental composition of Ni doped ZnO
NPs was studied by SEM and EDS analysis, respectively. SEM anal-
ysis showed the spherical nature of NPs with average diameter 20
to 26 nm as shown in Fig. 2a-h. Agglomeration of particles was
observed with increase of dopant concentration (Fig. 2a-e) while
irregular trend was observed by varying pH (Fig. 2f-h). By increas-
ing the pH from 9 to 11, the agglomeration was reduced but at
strong alkaline pH 13, a slight increase in agglomeration was
observed. The EDS spectra of ZnO and doped ZnO NPs is shown
in Fig. 2i and 2j. The ZnO spectra have only ‘Zn’ and ‘O’ peaks while,
‘Ni’ peak was also observed in doped ZnO NPs, which proved the
purity and addition of Ni2+ ions in ZnO lattices.

3.3. UV–Visible and FTIR analysis

Formation of NPs was confirmed by the appearance of charac-
teristic absorption peaks in the UV–Vis. spectra of samples as
shown in Fig. S1a and S1b. Energy band gap (Eg) of each sample
was determined using equation (3) to understand the effect of
doping and pH on absorption spectra of samples.

DE ¼ hc
k

ð3Þ

Where, ‘‘h” is the Planks constant, ‘‘c” is the speed of light and
‘‘k” is the wavelength of absorption. It was observed that the
energy band gap was decreased when dopant concentration was
increased up to x = 0.04. Further increase in dopant concentration
caused the increase in Eg. At higher dopant concentrations, the
introduction of Ni ions can lead to the creation of defect states
within the material’s band structure. These defect states can act
as trap levels, causing an increase in the energy band gap. This phe-
nomenon has been observed in various studies. For example, in Ni-
doped ZnO nanorods, the band gap energy was found to increase
with increasing Ni dopant concentration. Moreover, at higher
dopant concentrations, there is a higher probability of dopant clus-
tering, where multiple dopant ions come together to form clusters
or aggregates. These clusters can introduce additional energy levels
within the band structure, leading to an increase in the energy
band gap. Beyond a certain dopant concentration, the host material
may reach a saturation point where it can no longer effectively
incorporate additional dopant ions. This can result in the formation
of secondary phases or the segregation of dopant ions, which can
alter the band structure and lead to an increase in the energy band
gap (Singh et al., 2018, Yang et al., 2023). Similarly, by increase of
pH up to 11, the value of Eg was decreased to minimum value of
2.95 eV. At further increase of pH, the Eg value was again increased
due to smaller crystalline size. The values of Eg were calculated by
Tauc’s relation (Fig. 3) and mentioned in Table 3.

Functional group analysis and nature of bonding in samples
were analyzed by the FTIR analysis. Peaks in the range of 450–
4

507 cm�1 were assigned to the stretching vibrations of Zn-O bond
as shown in the Fig. 4a and 4b. A slight blue shift in the vibrational
frequencies of Zn-O bond was observed when Zn2+ were replaced
by the Ni2+ ions in the lattice of ZnO. Sharp peaks in the range of
2345–2355 cm -1 were assigned to the stretching vibrations of
CO2. A broad peak around 3500 cm�1 was assigned to stretching
vibration of O–H group.
3.4. Dielectric parameters

3.4.1. Dielectric permittivity and dielectric loss
From the Fig. 5(a) it can be clearly seen that the dielectric char-

acteristics were strongly dependent on doping. Firstly, the dielec-
tric constant was low and then it was raised with dopant
concentration. At X = 0.04, Ni doping caused a significant number
of surface defects which resulted in generation of vacancies and
porosities along the grain borders and trap states. The greater
dielectric constant of doped ZnO samples was most likely due to
the enhancement of charge carrier density due to Ni doping. More-
over, a variety of polarization types, including as ionic, interfacial,
electronic, and dipolar polarization, may have contributed to the
large value of the dielectric real part (e0) at low frequencies. The
combined contribution of several polarization types, such as ionic,
electronic, interfacial, and dipolar polarization, caused the greater
values of e0 at lower frequencies (Ashokkumar and
Muthukumaran 2015). While at x = 0.06, when crystallite size
was maximum, the dielectric constant was decreased because it
was inversely proportional to average crystallite.

The effect of pH on dielectric constant is show in Fig. 5d. The
results showed that, the dielectric constant value is maximum
for pH 13 and minimum for pH 9, due to minimum crystallite size
at pH 13. According to the dislocation density’s findings, the ZnO
lattice has a number of defects such vacancies and interstitials.
The decrease in the imaginary component of the Low frequency
dielectric constant (e‘‘) is show in Fig. 5b and 5e. Ion hopping, con-
duction losses from ion migration, and losses from ionic polariza-
tion are potential explanations of the fluctuations. Reduced
involvement of polarization mechanism’s number of dipoles at
higher frequencies is the only source of dielectric loss caused by
ion vibration and a slow response time of dipoles, which causes a
lag in between an oscillating dipoles frequency and the frequency
of an external electric field. Fig. 5c and 5f showed the dielectric
loss rises as the concentration of Ni doping increases, up to
x = 0.04 and then decreasing for x = 0.06, while it is highest for
pH 13 and lowest for pH 9. For lower frequencies, the tand plot
shows high values that gradually decreases to steady levels for
higher frequencies (Belkhaoui et al., 2019). The elevated dielectric
loss values seen in the low frequency range are related to crystal
imperfections, impurities, and moisture in the produced samples.
Based on domain wall resonance, it is possible to understand
how frequency reduces dielectric loss. The strong resistance of
the grain boundary requires more energy at lower frequencies,
while at higher frequencies, the resistance decreases, and the
energy required for the transportation of charge carriers decreases.
The produced samples are a good material for nonlinear optical
applications because they have low dielectric loss percentages at
higher frequencies.



Fig. 2. SEM and EDX results of Zn1-xNixO NPs (a) x = 0.00 at pH = 9 (b) x = 0.02 at pH = 9 (c) x = 0.04 at pH = 9 (d) x = 0.06 at pH = 9 (e) x = 0.04 at pH = 11 (f) x = 0.04 at pH = 13
(g) x = 0.00 at pH = 9 (h) x = 0.02 at pH = 9 (i) x = 0.04 at pH = 09 (j) x = 0.06 at pH = 09.
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3.4.2. A.C conductivity (rac)
AC conductivity and impedance of Ni doped ZnO NPs synthe-

sized at various doping and pH conditions is shown in Fig. 6. The
doped ZnO NPs has the maximum AC conductivity at x = 0.04
due to increased crystallite size. Larger crystallite size suggested
the less insulating grain boundaries, which obstruct the flow of
electrons, greater surface contact between grains, which enhanced
the electron flow. AC conductivity (Fig. 6a) declines with increasing
Ni concentration at x = 0.06 due to presence of defect at the bound-
aries of grain (Ashokkumar and Muthukumaran 2015, Belkhaoui
5

et al., 2019). Fig. 6d showed that the AC conductivity has same
behavior at pH 9 to 11 and have low AC conductivity at pH 13. This
was attributed to the decrease in crystallite size at corresponding
pH. Fig. 6b demonstrated that when the Ni concentration was
raised from x = 0.02 to 0.06, the real part of impedance (Z0) value
dropped while with increase of pH, the Z0 value was increased
(Varghese and Varghese 2015, Usha et al., 2017, Samanta et al.,
2018).

In Fig. 6e showed the increase of Z0 with increasing of pH
because the AC conductivity has inverse relation with impedance.



Fig. 3. Tauc plot of Zn1-xNixO NPs at varying (a) concentration (b) pH.

Table 3
Bandgap energy for Zn1-xNixO at different concentration and pH values.

Samples X = 0.00 X = 0.02 X = 0.04 X = 0.06 X = 0.04

pH = 9 pH = 11 pH = 13

k (nm) 376 377 380 376 380 376
Eg (eV) 3.03 3.01 3.00 3.03 3.00 3.03
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It’s possible that Z0’ is considerable frequency dependency in the
lower regime is caused by the high resistivity that comes from
the efficiency of resistive grain boundaries there. Nonetheless, all
created samples display frequency independent behavior in the
higher frequency domain. because all the prepared samples with
the variation in dopant concentration and with the variation in
pH value have a constant value of ac conductivity at the higher fre-
quency region. Fig. 6c showed the increment in imaginary part of
impedance (Z00) from x = 0.02 to x = 0.06 and Fig. 6f showed the
Z00 as a function of frequency. The value of Z00 was increased with
increased of pH, this was due to the fluctuations in capacitance
Fig. 4. FTIR spectra of Ni doped ZnO NPs synth

6

of grain boundary. Moreover, Z0 0 is inversely related with capaci-
tance (Siddique et al., 2018).
3.5. VSM results

Hysteresis loops of magnetism illustrated that all the samples
showed ferromagnetic activity with coercive fields ranging from
198 to 350 Oe as shown in Fig. 7a and 7b. Due to exchange cou-
pling between localized ‘‘d” spins on Ni ions, which could be car-
ried out by free delocalized carriers may have caused
ferromagnetism in samples (Theyvaraju and Muthukumaran
2015). The magnetic d-d exchange interaction between the mag-
netic moments of Ni2+ leads to the ferromagnetic state. The varia-
tions in magnetization and coercive field were explained by the
dispersion of Ni2+ ions within the ZnO NP structure. As a result,
the shallow donor electron-mediated long-range Ni2+-Ni2+ ferro-
magnetic coupling may be the source of the sample’s RT ferromag-
netism. Hence, the ferromagnetism in samples might be attributed
to the exchange interaction between localized d-spins on the Ni
ions and free delocalized carriers (hole or electron from the valence
esized at varying (a) concentration (b) pH.



Fig. 5. Frequencies dependent dielectric properties of Zn1-xNixO NPs (a) real (b) imaginary (c) lose factor, for variant concentration and (d) real (e) imaginary (f) lose factor, at
different pH.

Fig. 6. Frequency dependence AC properties of Zn1-xNixO (a) AC conductivity, (b) Impedance real part, (c) Impedance imaginary part, for variant concentration and (d) AC
conductivity (e) Impedance real (f) impedance imaginary part, at different pH.

Y. Zaman, M.Z. Ishaque, K. Waris et al. Arabian Journal of Chemistry 16 (2023) 105230
band). Free carriers must exist in order to appear ferromagnetism
in Ni-doped NP.

The pH effect on M�H loop showed the increase of Mr and Ms

with increase of pH from 9 to 11. At pH = 13, the Mr and Ms values
were again decreased. The pH affects the surface defects in samples
which influences both Mr and Hc intensively. These results are
summarized in Table 4.
7

3.6. Photocatalytic activity of Zn1-xNixO NPs

NPs are believed to be good catalysts due to their large surface
area and appropriate energy band gap. Metal based nano catalysts
can be employed to degrade the hazardous organic dyes by the
absorption of sunlight for photoexcitation of electrons from
valence band to conduction band. Non-recombination of photoex-



Fig. 7. Magnetic hysteresis (M�H) loops of the Zn1-xNixO NPs for (a) concentration (b) pH.

Table 4
Saturation Magnetization (Ms), Remanent Magnetization (Mr) and Coercive field (Hc)
of Zn1-xNixO at different concentration and pH values.

Samples X = 0.02 X = 0.04 X = 0.06 X = 0.08 X = 0.04

pH = 9 pH = 11 pH = 13

Ms (emu/g) 1.5 0.8 1.4 0.76 1.55 1.3
Mr (emu/g) 0.45 0.3 0.44 0.29 0.49 0.39
Hc (Oe) 198 320 230 350 210 245
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cited electrons and holes ensures the higher catalytic efficiency of
NPs. Therefore, photocatalytic degradation of MO dye was per-
formed in presence of sunlight (Fig. 8).

Maximum degradation (94%) of dye was achieved at x = 0.04 at
pH 13 after 80 min (Fig. 9) when crystallite size was smallest.
Value of Eg was largest at this crystallite size and avoided the
recombination of photoelectrons and holes as compared to other
Fig. 8. Photocatalytic degradation
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samples. Higher catalytic activity of doped NPs can be attributed
to higher surface area along with surface defects.

The reaction kinetics of photodegradation of MO dye followed
the equation (4) which proved the pseudo-first-order kinetics of
reaction.
ln
Co

C
¼ �kt ð4Þ

Where Co, C and K represented the initial concentration (mol.L-
1) of the dye solution at 0 min, concentration (mol.L-1) at different
time intervals, and the pseudo-first-order constant, respectively. %
Dye degradation under sunlight at various time intervals is shown
in Fig. 10. High degradation efficiency of relatively cheap and non-
hazardous NPs has proved the usefulness of these materials for
purification of industrial effluents and water bodies from haz-
ardous organic dyes.
of samples under sunlight.



Fig. 9. Photocatalytic degradation of MO dye under sunlight.
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Little attention has been paid previously for the photodegrada-
tion of MO dye using ZnO based nanomaterials. By analyzing the
literature reported for the degradation of MO dye (Table 5), it
can be declared that the currently synthesized material is much
efficient as photocatalyst at ambient conditions. Some previously
reported catalysts have shown more promising results but they
need high energy source (UV lamp) or large time period. Hence,
it has been anticipated that current nanomaterial may have com-
Fig. 10. Photocatalytic degradation (%) of MO

Table 5
Comparison of photocatalytic potential of Zn1-xNixO with previously reported materials fo

Sr.
No.

Material used Maximum Degradation of M
(%)

1 Cerium-Oxide-Nanoparticle-Decorated Zinc
Oxide

94.06

2 Silver doped ZnO nanorods 88
3 Al/ZnO Nanoparticles 80%

4 TiO2/ZnO/GO 44
5 ZnO 100
6 Fe doped ZnO 92.1
7 Ag-ZnO 96
8 Zno-CuO nanocomposite 92.18
9 ZnO-Sn(10%)/GO 96.2
10 Zn1-xNixO (x = 0.04 at pH 13) 94

9

mercial importance to degrade hazardous organic dyes in indus-
trial effluents.

Proposed Mechanism

Following mechanism was proposed for the photodegradation
of MO dye on catalyst surface in line with the literature reported
(Batra et al., 2022, Zaman et al., 2023).

1. Photoexcitation

In first step, photoexcitation of electron occurs from valence
band to conduction band in presence of sunlight. As a result,
electron-hole pair is generated, indicated by Equation (5).

ZnOþ hv UVð Þ ! ZnOðe� CBð Þ þ hþ VBð ÞÞ ð5Þ

2. Ionization of water

In second step, hydroxyl radicals are produced by the reaction
of holes and water molecules as shown in Equation (6). These rad-
icals are strong oxidizing agents and can react with any organic
pollutants non-selectively to produce other reactive species and
can decompose the molecules. Hydroxyl radicals may also kill
the bacteria by rupturing their cell barriers.

H2O adsð Þ þ hþ VBð Þ ! OH: adsð Þ þ HþðadsÞ ð6Þ
dye followed pseudo-first order kinetics.

r the degradation of MO dye.

O dye Conditions Reference

60 min under fluorescent lamp Rodwihok et al., 2020.

2 h of UV light treatment Bhatti et al., 2019.
4 h under the Ultraviolet (UV) light
irradiation

Peerakiatkhajohn et al.,
2021.

120 min under Xe-lamp Raliya et al., 2017.
80 min under UV light Kaur et al., 2013.
90 min in sun light Algarni et al., 2022.
80 min in sunlight Chauhan et al., 2020.
120 min under UV lamp Gerawork et al., 2020.
120 min under visible light Oyewo et al., 2022
80 min in sunlight Current work



Table 6
Antibacterial activity of Zn1-xNixO samples synthesized at varying conditions.

Zone of inhibition (mm)

Sample Gram Negative Bacteria Gram Positive Bacteria

E. coli P. multocida S. aureus B. subtilis

X = 0.00 pH = 9 12 ± 0.4 13 ± 0.3 11 ± 0.4 11 ± 0.3
X = 0.02 15 ± 0.6 14 ± 0.1 12 ± 0.5 12 ± 0.5
X = 0.04 16 ± 0.1 14 ± 0.2 14 ± 0.2 12 ± 0.4
X = 0.06 15 ± 0.2 13 ± 0.1 13 ± 0.4 12 ± 0.2
X = 0.04 pH = 11 16 ± 0.1 15 ± 0.2 15 ± 0.6 14 ± 0.4

pH = 13 19 ± 0.4 17 ± 0.4 16 ± 0.6 15 ± 0.2
DMSO (Negative control) pH = 7 1 ± 0.4 1 ± 0.4 1 ± 0.2 1 ± 0.3
Rifampicin (Positive control) pH = 7 25 ± 0.5 23 ± 0.2 23 ± 0.5 22 ± 0.3

Fig. 11. Comparative antibacterial activities of samples.
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3. Oxygen ionosorption

In 3rd step, binding of electron occurs with the dissolved oxy-
gen molecules to produce anionic superoxide radical as shown in
Equation (7). This radical is strong oxidizing agent which may
cause further oxidation of pollutant species. Formation of this rad-
ical by accepting the electron also prevents the recombination of
electron-hole pairs.

O2 þ e� CBð Þ ! O�:
2 ðadsÞ ð7Þ

4. Protonation of superoxide

Superoxide radical reacts with hydrogen ions to produce multi-
ple oxidizing species by chain reactions as represented in Equation
8–13. All these species can break down the organic structures pre-
sent/adsorbed on the surface of NPs.

O�:
2 adsð Þ þ Hþ¡HOO:ðadsÞ ð8Þ

HOO: adsð Þ ! H2O2 adsð Þ þ O2 ð9Þ

H2O2 adsð Þ ! 2OH:ðadsÞ ð10Þ

Dyeþ 2OH: ! intermediates ! CO2 þ H2O ð11Þ

Dyeþ hþ VBð Þ ! Oxidation products ð12Þ

Dyeþ e� CBð Þ ! reduction products ð13Þ
3.7. Antibacterial evaluation of Zn1-xNixO NPs

Antibacterial evaluation of pure and doped ZnO NPs revealed
the more noxious nature of doped NPs (Table 6). It may be due
to strong binding affinity of Ni2+ ions with enzymes or genetic
material of bacteria. Moreover, it was also observed that the NPs
were more active towards gram negative strains of bacteria and
activity goes on increasing with decrease of particle size. More
activity of doped NPs toward gram negative strains was attributed
to the relatively thin cell wall of these bacteria which can be
crossed easily by smaller NPs. On crossing the cell barriers, these
NPs can easily bind with enzymes and inhibit their growth.

It has been reported in the literature that the main reason of the
bacterial cell death is the generation of reactive oxygen species
(ROS) inside the cell by the action of NPs. ROS directly interact with
the DNA and proteins to hinder their function and causing death.
The generation of ROS is greatly enhanced with the decrease of
crystallite size of NPs and increase of surface area (Naskar et al.,
2020). Therefore, the activity of smaller size Ni doped ZnO NPs
(x = 0.04% at pH = 13) was observed highest than other samples
10
but less than the standard drug. It was anticipated that the activity
of doped ZnO NPs can be further enhanced by the selective capping
of biologically active groups. The comparative graph of samples
and controls is shown in Fig. 11.
4. Conclusion

Ni doped ZnO NPs (Zn1-xNixO) were synthesized by sol–gel
method at varying reaction parameters i.e., dopant concentration
and pH value. All the doped NPs exhibited hexagonal crystal struc-
ture by substitution of Zn+2 with Ni2+ at lattice sites. SEM analysis
confirmed the spherical shape of NPs while EDX analysis revealed
the purity of samples. Eg of samples was found in range of 3.00–
3.03 eV calculated by Tauc’s plot. Improved electrical properties
(dielectric properties and AC conductivities) were observed by
NPs having smaller crystallite size (x = 0.04 and pH = 13) while
magnetic properties were optimized at x = 0.02 at pH 9 and
x = 0.04 at pH 11. Enhancement in photocatalytic potential was
achieved with increase of energy band gap of NPs. Maximum pho-
todegradation (94%) of methyl orange was observed at x = 0.04 and
pH 13. Moreover, smaller size NPs showed higher antibacterial
activity against gram negative bacterial strains as compared to
gram positive bacterial strains.
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