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INTRODUCTION

Ni-ZnO is a potential composite material incorporating
the advantages of nickel doping with the properties ZnO imparts
such as a wide band gap, high exciton binding energy and exce-
llent chemical stability. The presence of nickel ions in the ZnO
lattice alters its electrical, optical and magnetic characteristics,
thus increasing it for modern-day applications. Accordingly,
the doping induced localized states and lowered the band gap
for better absorption in the visible range which is of great nece-
ssity in photocatalytic and optoelectronic applications [1-5].
Materials like Ni-ZnO obtain a new life owing to their enhanced
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In this work, the co-precipitation method was used to synthesize nickel nitrate-doped zinc oxide (Ni:ZnO) nanoparticles. Zinc oxide
(ZnO) is widely known for its optical, electrical and catalytic properties, making it a versatile material in various applications, including
sensors, catalysis and optoelectronic devices. The incorporation of nickel nitrate into the ZnO matrix aims to enhance its structural and
functional properties by altering the defect states, band gap and surface morphology. In this study, Ni-doped ZnO nanoparticles were
prepared using zinc nitrate as precursor for ZnO and nickel nitrate as the dopant. The doping concentration of nickel nitrate was varied to
investigate its impact on the structural, optical and magnetic properties of the synthesized material. The co-precipitation method was
employed, followed by calcination to achieve crystallization. The synthesized nanoparticles were characterized using X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and UV-Vis spectroscopy. The results
revealed that nickel doping significantly affected the crystallite size, bandgap energy and optical absorption properties of ZnO, making
Ni:ZnO a promising candidate for potential applications in photocatalysis, cyclic voltammetery provides insights into its electrochemical
properties and optoelectronics.
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electrical conductivity, vacancy engineering and possible room
temperature ferromagnetic activity for applications in spin-
tronic devices. The multifunctional characteristics render Ni-
ZnO attractive to energy storage, gas sensing, photocatalysis
and nonlinear optics applications, thus offering an efficient and
green solution to future technological problems [6,7].

Nickel nitrate assumes prominence in catalyst preparation,
ceramics and production of doped materials because of its uni-
form incorporation of nickel in host matrices. In addition, with
its perennial properties, corrosion resistance and electroplating,
nickel nitrate is a serious compounds for industrial applications
[8,9]. NiO alone may promote advances in science and technol-
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ogy aplenty be it with sensing, electronic devices to energy
storage. On the contrary, ZnO being a versatile semiconductor
possesses a band gap of nearly 3.37 eV. It has got vast optical,
sensing and storage properties [10-13]. The wurtzite crystal
structure and inherent defect chemistry of Zn give it high tuna-
bility for specific applications. The excellent optical application
and piezoelectric properties of ZnO make the material vital for
photocatalytic mechanism. Besides that, due to its biocompati-
bility and antimicrobial properties, it also finds applications
in biomedical engineering. Moreover, the abundance, low cost
and friendliness of ZnO make it even a more important
sustainable material for new technology generations.

Nanocomposites are the materials formed with a matrix
embedded with nanoscale fillers, providing special mechanical,
chemical and physical specifications to the composites. Owing
to their increased basal area, the fine characters and quantum
regulations of such materials have yielded additional mechan-
ical magnitude and durability in thermal treatment, electric
conductance improvement and optimizing of optical features
[14-16]. They are visible in diverse areas including energy
storage, environmental cleanup, health, electronics and aero-
space. These cone-style materials have steadily been contributing
to modern material sciences in providing hallmark solutions
to complex technical problems by combining and polishing
the most important properties of multiple components at nano
fascia. With these advantages in support of nanocomposites,
nickel and zinc oxide was used in this study, which presents
with the introduction of doped nickel nitrate in increasing its
attributes [17-20]. The co-precipitation method was chosen for
the synthesis of this nanocomposite. The synthesized nanocom-
posite structure, functional groups, optical property and the
nature of the material were studied by the XRD, FT-IR and
UV-Vis studies. Nickel nitrate-doped zinc oxide (Ni:ZnO) is a
nanocomposite material that incorporates nickel ions into the
crystal lattices of ZnO [21-23]. This modification has a pro-
found effect on the material’s physical and chemical properties
and hence, increases its performance in various applications.
Summarized, nickel nitrate-doped zinc oxide enchants a com-
patible conjoined effect of nickel with ZnO, enabling its better
use to electronics, catalysis and sensing applications [24]. The
electrochemical properties of Ni-doped ZnO, such as its charge
storage and redox behaviour, are studied using cyclic volta-
mmetry (CV). This work analyzes the provided CV plot and
correlates it with the synthesis and characterization data.

EXPERIMENTAL

Nickel nitrate hexahydrate (Zn(NO3)2·6H2O); zinc nitrate
hexahydrate (Zn(NO3)2·6H2O); ammonium hydroxide (NH4OH)
and sodium hydroxide (NaOH) were procured from Sigma-
Aldrich, USA.

Preparation of stock solutions: To prepare stock solu-
tions, dissolved 14.54 g of Ni(NO3)2· 6H2O into 100 mL of dis-
tilled water to obtain a 0.5 M solution. Dissolved 14.87 g of
Zn(NO3)2·6H2O in 100 mL of distilled water to obtain a 0.5 M
solution. Prepared the mixtures of three molar ratios as follows:
Pure ZnO, used 100 mL of zinc nitrate solution (no nickel
nitrate). For Ni:Zn = 0.2:1, mixed 20 mL of nickel nitrate

solution with 80 mL of zinc nitrate. For Ni:Zn = 0.4:1, mixed
40 mL of nickel nitrate solution with 60 mL of zinc nitrate.

Procedure: For each solution mixture, added 0.5 M NH4OH
or NaOH dropwise with constant stirring using magnetic stirrer
for 30 min by maintaining the pH of soltuion at 9-10. A pale-
greenish precipitate was formed and at room temperature, the
precipitate was allowed to settle undisturbed for 1 to 2 h. Then
the precipitate was filtered and washed the precipitate several
times until the filtrate is free of nitrates. The precipitate was
dried in an oven at 100-120 ºC for 12 h. In next step, the samples
were calined between 450-600 ºC for 24 h. After calcination,
the samples were grinded to fine powder using agate mortar
and pestle.

RESULTS AND DISCUSSION

X-ray diffraction studies: The X-ray diffraction analysis
showed significant insight into the crystalline structure as well
as nickel-doping on the Zn1–xNixO nanostructures. The diffraction
patterns revealed the distinct peaks at 2θ values of 31.260º,
31.705º, 32.128º, 36.162º, 36.610º, 56.246º and 56.694º. These
data clearly depict the hexagonal wurtzite ZnO crystal structure’s
distinctive planes in accordance with JCPDS card No. 36-1451
(Fig. 1). The observed peaks of high specificity confirm the
high crystallinity of the synthesized samples. Small shifts of
the peaks like shifts in (100), (101) and (110) planes are sugges-
tive that substitution of Zn2+ ions (ionic radius 0.74 Å) by Ni2+

ions (ionic radius 0.69 Å) causes lattice strain and distortion.
This substitution causes a slight reduction of the lattice para-
meters which one can observe in the systematic variation of
the diffraction peaks. The peak 32.128º accounts for the (100)
plane, while that of 36.162º and 36.610º can be attributed to the
(101) plane, while the peaks 56.246º and 56.694º correspond
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Fig. 1. XRD pattern of Ni-ZnO
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to the (110) plane confirming the retention of the quartzite struc-
ture upon Ni doping. Peak broadening or in some cases splitting
such as that between 31.260º and 31.705º could indicate doping-
induced microstrain or variations in crystallite size. With the
help of the Debye-Scherrer’s formula, the average crystallite
size can be calculated to ascertain the effects nanoparticle on
the ZnO lattice. Also, there are no secondary phase peaks, which
indicate the homogeneous incorporation of Ni ions without
forming the segregated NiO phases, which further confirms
the success of the doping process. The results indicate that Ni
doping significantly alters the structural characteristics of ZnO,
affecting both the capacity for Ni substitution to adjust lattice
constants and the induction of strain, which in turn influ-ences
the crystallite size.

SEM analysis: The Ni doping may cause changes in the
morphology; hence, depending on the method of synthesis and
its doping level, various shapes and structures like spherical, rod
or porous might be expected. The particle size distribution and
grain boundaries generally govern the properties of Zn1–xNixO.
In some cases, higher doping concentrations may yield finer
grain sizes or aggregation, which would affect the electrical
and optical characteristics. The SEM allows for detailed obser-
vation of surface roughness and texture. Variations in roughness
can impact catalytical or sensor applications due to increased
surface areas available for reactions. An EDS is often coupled
to the SEM to trace the distribution of species, e.g., Zn, Ni and
O, in a material. This confirms homogeneous incorporation
of Ni in the ZnO matrix and provides semi-quantitative data
of elemental composition. Differences are observed between
the undoped ZnO and Zn1–xNixO bring forth understanding of
the effects of Ni doping in microstructure, such as defect forma-
tion or phase separation that might influence it in turn with
respect to optical, magnetic or electrical properties (Fig. 2).

Fig. 2. SEM image of Ni-ZnO at different magnifications (a-d)

FTIR studies: FTIR spectroscopy is considered as a power-
ful tool for observing the chemical compositions and structural
variations of nickel-doped zinc oxide (Zn1–xNixO) nanoparticles.
The introduction of Ni2+ ions into the ZnO lattice occurs when
zinc oxide doped with nickel nitrate. The mode of vibration

caused by stretching of the Zn-O bond appears at around 600-
400 cm–1; doping with Ni2+ introduces a small shift in this area,
attributed to changes in the lattice (Fig. 3). A separate peak
possibly related to the Ni-O bond stretching vibration may arise
at around 650-450 cm–1, supported by the addition of nickel.
The FT-IR spectrum will then show a common feature of some
shifts and new peaks related to the structural modification of
the ZnO lattice incurred due to the substitution of Zn2+ with
Ni2+ and the formation of new Ni-O bonds. These observed vari-
ations are some of the many changes to which insights into
the bonding environment of the material and the electronic
properties developed owing to nickel doping refined.
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Fig. 3. FT-IR spectral studies of Ni-ZnO

Optical studies: Researchers often aim to explore the
optical properties of Zn1–xNixO by UV analysis in order to figure
out the electrical structure of ZnO is affected by Ni doping, as
well as its optical bandgap. The possible transitions connected
with defects, impurities or changes in the band structure due
to Ni doping usually reflect the colours of the peaks at 237.307
nm and 236.548 nm (Fig. 4). The slight differences in wave-
lengths may be attributed to alterations in optical characteristics
resulting from varying Ni concentrations. The absorption spect-
rum could assist in finding the optical bandgap of Zn1–xNixO
based on the Tauc plot method. Typically, Ni doping leads to
a decrease in the bandgap due to the introduction of Ni 3d states
close to the conduction band. The influence of Ni concentration
is attributed to the increasing Ni content in the material, sugge-
sting that variations lead to alterations in absorption peaks,
intensified the intensities or decreased bandgaps due to changes
in band structure and an increase in defect states.

Photoluminescence: In photoluminescence (PL), the near-
band-edge (NBE) emission, typically in the ultraviolet region,
is associated with excitonic recombination at the conduction
and valence bands. Doping with nickel often quenches or shifts
this emission due to bandgap narrowing caused by the inter-
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Fig. 4. UV-Vis spectrum of Ni-ZnO at different ratio

action of Ni ions with the host lattice. Additionally, the presence
of defect-related emissions in the visible region, such as green,
yellow or red light, can be attributed to intrinsic defects like
oxygen vacancies or new dopant-induced states. The intensity
and position of these emissions are highly sensitive to the doping
concentration and synthesis conditions, such as calcination
temperature and pH.

The presence of nickel can enhance or suppress certain
defect emissions, offering control over the material’s lumine-
scent efficiency and functionality. The peak positions within
380 nm can provide insights into the defect density and the
nature of the defect states introduced by nickel doping. Obser-
ving a redshift (movement of peak toward longer wavelengths)
indicates a reduction in the bandgap (Fig. 5), which is consis-
tent with in Ni-doped ZnO, the peak at 762 cm–1 in the PL spec-
trum is generally attributed to the effects of the dopants and
crystal lattice defects. Ni doping introduces extra energy levels
inside the bandgap of ZnO. These could be involved with intri-
nsic defect states such as oxygen vacancies or zinc interstitials.
The interaction of Ni with other elements or states could either
enhance or suppress luminescence in certain areas and the peak
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Fig. 5. Photoluminescence (PL) spectrum of Ni-ZnO

around 762 cm–1 possibly corresponds to transitions within
defect states or acceptor pairs. Thus, it is verified through PL
analysis of Ni-doped ZnO that nickel does indeed modify
defect states in the material and the electronic properties.

Electrochemical studies: The redox activity of Ni-doped
ZnO nanocomposite was observed. A sharp increase in current
at approximately 1.5 V corresponds to oxidation, possibly due
to Ni2+ going to Ni3+, while the partial reduction of nickel ions
back to Ni2+ shows a smaller plateau between 0 to –0.5 V (Fig.
6). The Faradaic process indicates that the electrochemical
reaction arises from Faradaic charge storage linked to nickel
ion redox transitions. Doping of nickel into zinc oxide increases
the active sites, enhancing the charge-transfer kinetics. The
quasi-rectangular shape of the capacitance nature in the low
potential region –1 V to 0.5 V establishes that the capability is
a double-layer capacitance (electrostatic charge adsorption)
along with Faradaic pseudocapacitance (redox reactions from
Ni centers). Increased current at the higher potential indicates
an electrocatalytic effect, suggesting that nickel-doped ZnO
has good electrocatalytic characteristics, especially in oxidation
reactions. These materials thus have potential applications
involving oxygen evolution reactions or energy storage. The
incorporation of Ni within the ZnO lattice introduces localized
electronic states which enhance conductivity and charge
storage capacity. The high current response in the cyclic voltam-
metery (CV) study confirms the successful incorporation of
nickel into zinc oxide. The CV results indicate that Ni-doped
ZnO can be applied into energy storage devices: supercapacitors
and batteries because of the redox activity and capacitive nature.
Moreover, the high oxidative current responses can establish
it as a potent electrocatalyst for the OER. Redox-sensitive pro-
perties indicate its also being effective for electrochemical
sensors.
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Conclusion

Nickel nitrate-doped zinc oxide (Ni:ZnO) nanocomposites
were synthesized and characterized successfully, revealing
valuable insights into their structural, morphological, optical
and electrochemical properties. Diffraction patterns showed
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the traces of the hexagonal wurtzite structure of ZnO with minor
shifts in peak positions, confirming successful incorporation
of the Ni ions into the ZnO lattice. The crystallite size decreased
slightly due to the incorporation of Ni, which can be ascribed
to some extent of lattice distortion owing to Ni substitution.
Morphological studies revealed that the synthesized nanocom-
posites had quite uniform morphology with well-defined nano-
particles. The influence of the Ni substitution in the agglomera-
tion behaviour and surface texture of the ZnO particles seemed
to further enable better dispersion in the composite matrix. The
FTIR confirmed the presence of characteristic Zn–O stretching
vibrations in the wavelength range along with few extra peaks
attributed to Ni–O and nitrate groups. The Zn–O peaks after
doping were also found to disappear somewhat and broaden,
indicating successful incorporation of Ni. Optical spectroscopy
demonstrated the Ni-doped Zno nanocomposite shifting of the
band gap energy. The red shift suggests the localization of
energy states within the ZnO band structure, providing the
enhancement in its optical properties. Photoluminescence studies
showed an overall decreased emission intensity, which means
the competition for recombination between electrons and holes
occurring in that support is much less, thus favouring their photo-
catalytic and optoelectronic applications. Electrochemical
analysis (cyclic voltammetry) exhibited the electrochemical
activity of the Ni:ZnO nanocomposites. Enhanced redox peak
currents and better transport properties for charge were obse-
rved, assigned to the synergistic effect of Ni doping. These
results substantiate these nanocomposites for energy storage
devices and sensing. Overall performance and potential appli-
cations the introduction of nickel nitrate to ZnO nanoparticles
further leads to their improved stability, optical tunability and
electrochemical performance.
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