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This study focuses on the optical and antioxidant properties of zinc-doped nickel sulfide (Zn—NiS) nanoparticles synthesized via an eco-
friendly co-precipitation method, using varying zinc concentrations of 10%, 20% and 30%. In structural analyses using IR, SEM, TEM,
and XRD techniques, Zn-NiS nanoparticles exhibited distinct features compared to undoped nickel sulfide (NiS), with EDAX confirming
its crystalline organization. At higher Zn doping levels, optical studies based on Tauc equation revealed a redshift in the absorption edge
and a reduction in band gap energy, attributed to defect-induced modifications in the electronic structure. Structural and morphological
investigations confirmed phase stability (hexagonal) and demonstrated doping-dependent morphological transitions—from rod-like
structures to porous clusters. Notably, 30% Zn-doped NiS exhibited approximately 95% inhibition at a concentration of 1000 pg/mL in
DPPH radical scavenging assays, highlighting its remarkable antioxidant activity. These findings underscore the dual functional potential
of Zn-NiS for sustainable technological applications, particularly in the biomedical field (as antioxidants) and in optoelectronics (via
tunable band gaps).
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INTRODUCTION are developing nanomaterials with customizable band gaps to
broaden absorption and reduce energy loss. Doping transition
metal sulfides like NiS with zinc introduces defect states and
adjusts electronic structures, enabling red-shifted absorption
and enhanced charge separation [4].

In addition to their potential in energy conversion, Zn-
doped metal oxide/sulfide nanoparticles might demonstrate
promising antioxidant properties [5-7]. The incorporation of
zinc ions into the sulfide matrix enhances surface reactivity,
which facilitates the neutralization of free radicals. A widely
employed method for evaluating antioxidant capacity is the
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay, which relies
on the ability of electron-donating agents to reduce DPPH
radicals. Owing to their redox active surfaces, Zn-doped NiS
nanoparticles exhibit a concentration-dependent inhibition of
DPPH radicals, comparable to the activity of standard anti-
oxidants such as ascorbic acid. In this study, the synthesis,
physico-chemical characterization and dual-functional pro-
perties of Zn-doped NiS nanoparticles are systematically
explored.

The global shift toward eco-friendly synthesis aims to
reduce environmental hazardousness and reliance on the
fossil fuels. Photovoltaic solar cells, which convert sunlight
into electricity, are central to renewable energy. However,
traditional silicon-based cells face challenges like limited
light absorption and efficiency losses at high temperatures
[1]. Semiconductor nanomaterials, particularly doped nano-
particles, offer promising solutions [2]. Among them, zinc-
doped nickel sulfide (Zn-doped NiS) nanoparticles stand out
for their tunable optical and electrical properties, making
them ideal for next-generation solar energy applications [3].

The efficiency of solar cells is heavily influenced by the
band gap of semiconductor, which determines the energy
required to excite electrons from the valence to conduction
band. Silicon (~1.1 eV) primarily absorbs visible light, leav-
ing substantial portions of the solar spectrum namely ultra-
violet and infrared underutilized. To address this, researchers
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EXPERIMENTAL

All chemicals used in the synthesis were of analytical
grade and used without further purification. Nickel(Il) chlo-
ride hexahydrate (NiClz-6H,0) was used as nickel precursor
(Loba Chemie, India), zinc chloride (ZnCl,) served as dopant
source (Merck, India) and sodium sulfide nonahydrate
(NazS-9H,0) acted as the sulfur source (SRL, India). Poly-
vinyl alcohol (PVA, M.W. ~30,000-70,000) was employed
as a capping and stabilizing agent (HiMedia), while methanol
(SD Fine Chemicals, India) and deionized water were used
as solvents throughout the process.

Fourier transform infrared spectroscopy (FTIR) was per-
formed on a Perkin-Elmer Spectrum 2 spectrometer in the
range of 4000-400 cm™ using the KBr pellet method. The
crystalline structure was analyzed using X-ray diffraction
(XRD) with a PANalytical X'Pert PRO diffractometer equi-
pped with CuKa radiation (A = 1.5406 A) over a 26 range of
10-80°. Surface morphology was examined using a JEOL
JSM-6390LYV Scanning Electron Microscope (SEM) and the
internal structure and crystallinity were studied using a JEOL
JEM-2100 transmission electron microscope (TEM) opera-
ting at 200 kV along with Selected Area Electron Diffraction
(SAED) patterns. Optical absorption properties were asse-
ssed using a JASCO V-730 UV-Visible spectrophotometer in
the 200-800 nm range.

Preparation of zinc doped nickel sulfide nanoparti-
cles with various compositions: Various compositions of
nickel chloride and zinc chloride were dissolved in a 100 mL
of aqueous methanol (1:1) under constant magnetic stirring.
A fixed amount of Na,S-9H,0 dissolved in 50 mL deionized
water, was then added dropwise to the solution. This was foll-
owed by the addition of another 50 mL of methanol contai-
ning 0.5 g of PVA as a stabilizing agent. The reaction mixture
was stirred continuously for approximately 30 min, leading
to the formation of a fine precipitate of Zn—NiS nanoparticles.
The resulting precipitate was collected by vacuum filtration,
washed thoroughly with methanol and dried using a microw-
ave oven. A fine yellow powder was obtained, indicating the
successful formation of Zn—NiS nanocomposites. Samples
with varying doping concentrations (10%, 20% and 30%)
were synthesized by varying the molecular mass ratio of zinc
and nickel precursors as detailed in Table-1.

TABLE-1
Zn doping NiCl2-6H20 ZnCl; NazS-9H20
(%) (mmol) (mmol) (mmol)
0% (undoped) 1.0 0.0 1.0
10 0.9 0.1 1.0
20 0.8 0.2 1.0
30 0.7 0.3 1.0

Antioxidant activity: A methanolic solution of 1,1-di-
phenyl-2-picrylhydrazyl (DPPH) was prepared at a concent-
ration of 0.135 mM to evaluate the antioxidant activity of Zn-
doped NiS nanoparticles. For the assay, 180 uL of the DPPH
solution was mixed with 20 uL of Zn-doped NiS nanoparti-
cles suspensions at varying concentrations. To prepare the
test samples, 5 mg of Zn-doped NiS nanoparticles were dis-

persed in 1 mL of HPLC grade water to yield a stock solution.
Working solutions at concentrations of 10, 50, 100, 500 and
1000 pg/mL were prepared by serial dilution in HPLC water,
followed by sonication for 10 min to ensure uniform dis-
persion. After mixing with DPPH, the reaction mixtures were
incubated in the dark at room temperature for 30 min and then
measured at 517 nm using a BioTek ELx800 microplate
reader. Methanol served as the blank, and ascorbic acid was
used as a positive control. All measurements were performed
in triplicate and the percentage of DPPH radical scavenging
was calculated to assess the antioxidant activity. The experi-
ments were performed in triplicate and percentage scaven-
ging activity was calculated using following equation:
Abs — Abs

control sample x 100

Abscomrol

All the experiments were conducted in triplicate and
means with standard deviation were calculated [8]. The anti-
oxidant activity of synthesized zinc doped nickel sulfide
nanoparticles was evaluated by DPPH radical scavenging
assay.

Scavenging activity (%) =

RESULTS AND DISCUSSION

FTIR spectral studies: The structural changes induced
by doping were investigated using FTIR spectroscopy, as
illustrated in Fig. 1. The incorporation of zinc into NiS signi-
ficantly alters its physico-chemical properties compared to
the undoped material. FTIR spectra of Zn-doped NiS nano-
particles with doping concentrations of 10%, 20% and 30%
exhibit distinct vibrational features indicative of compo-
sitional modifications. A broad absorption band observed
around 3400 cm™* corresponds to O—H stretching vibrations,
likely arising from adsorbed moisture or surface hydroxyl
groups. The gradual decrease in the intensity of this band
with increasing Zn content suggests reduced surface hydro-
xylation due to doping. Additionally, the absorption band
near 1630 cm* is attributed to H-O—H bending vibrations of
molecular water, with similar doping-dependent variations in
intensity. In the fingerprint region (600-400 cm™), prominent
peaks between 620-680 cm* are assigned to Ni—S stretching
vibrations, confirming the formation of the NiS phase. The
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Fig. 1. FTIR interpretation for Zn:Ni S nanoparticle



Vol. 37, No. 9 (2025)

Enhancing Optical and Antioxidant Functionality in Zinc Doped Nickel Sulfide Nanoparticles 2137

substitution of Zn?* for Ni?* in the NiS lattice induces loca-
lized structural distortions, leading to modifications in the
metal-sulfur bonding environment. These changes are reflec-
ted in the shifts, intensity variations, and sharpening of vibra-
tional peaks with increasing Zn doping levels [9,10]. The
observed spectral variations confirm the successful incorpo-
ration of Zn into the NiS matrix and provide insights into the
altered local bonding structure, which may significantly infl-
uence the material's physical and chemical behaviour [11].
XRD studies: The XRD patterns (Fig. 2) suggest that
the interaction between Zn and NiS involves not only surface
adsorption but also covalent bonding, indicating effective
incorporation of Zn into the NiS lattice [12,13]. The observed
diffraction peaks at 26 values of approximately 8°, 12° and
18° correspond to the crystalline planes of the doped NiS
phase. Based on the full width at half maximum (FWHM) of
these peaks, the average crystallite sizes were estimated using
the Scherrer equation to be approximately 2 nm, 3 nm and
4.5 nm, respectively. These results confirm the crystalline
nature of the nanoparticles and suggest a regular arrangement
within the crystal lattice [14]. Well-defined diffraction peaks
corresponding to the hexagonal phase of NiS are clearly
observed for samples doped with 10%, 20%, and 30% Zn.
This indicates that the fundamental crystal structure remains
intact upon doping. The sharp and intense peaks are indi-
cative of high crystallinity in the synthesized materials [15].
Significantly, the positions of the major peaks remain largely
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Fig. 2. XRD interpretation for Zn:Ni S nanoparticle
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unchanged with increasing Zn content, implying successful
substitution of Zn?* ions into the NiS lattice without disrupt-
ting the overall crystal symmetry. Minor variations in the
peak width and intensity were observed; however, a general
increase in peak intensity with higher Zn doping levels may
suggest improved crystallite growth and lattice ordering. The
absence of secondary phases further confirms the phase
purity and effective doping of Zn into the NiS matrix.

SEM studies: The surface morphology and structural
features of Zn-doped NiS nanoparticles were examined using
scanning electron microscopy (SEM), as shown in Fig. 3 for
samples I, 1l and I1l. These images reveal that the nanopar-
ticles exhibit predominantly globular shapes with varying
particle sizes. The SEM examination of the 10%, 20% and
30% Zn-doped NiS samples reveals significant morpholo-
gical evolution with increasing Zn content. SEM analysis
confirms a relatively uniform distribution of particles across
the examined regions [7], indicating effective dispersion and
homogeneity. At 10% doping, the nanoparticles display rod-
like or needle-shaped structures, suggestive of anisotropic
growth and a high degree of crystallinity [16]. With 20% Zn
doping, the morphology shifts to a granular form comprising
densely packed, nearly spherical particles, indicating supper-
ssion of directional growth. At 30% Zn concentration, the
particles form a sponge-like porous network characterized by
increased surface roughness and higher levels of agglomera-
tion. These progressive changes in microstructure imply that
Zn?* ions substantially affect the nucleation and growth proc-
esses during synthesis, thereby influencing the final morpho-
logy and surface properties of the nanoparticles.

TEM and SEAD studies: Transmission electron micro-
scopy (TEM) images of Zn-doped NiS nanoparticles, presen-
ted in Fig. 4, reveals a network of interconnected quasi-
spherical particles forming an aggregated and porous archi-
tecture. At higher magnifications, individual nanoparticles
become more distinguishable and the variation in contrast
across regions suggests the coexistence of well-defined crys-
talline domains within a more disordered matrix. The obser-
ved particle sizes are generally below 50 nm, making them
highly suitable for applications that benefit from a high sur-
face-to-volume ratio. The selected area electron diffraction
(SAED) pattern further confirms the polycrystalline nature of
the material, displaying distinct concentric rings correspond-

Fig. 3. SEM images of Zn:NiS nanoparticles
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Fig. 4. TEM and SEAD pattern of zinc doped nickel sulfide nanoparticles

ding to specific crystallographic planes [17,18]. These rings
are indicative of high crystallinity and phase purity. Notably,
Zn doping does not disrupt the overall integrity of the NiS
crystal lattice but may induce slight variations in interplanar
spacing due to the substitution of Ni%* by Zn®" ions. Such
structural modifications can enhance the functional perfor-
mance of the material, supporting its potential use in appli-
cations such as energy storage devices, chemical sensors, and
heterogeneous catalysis.

UV-Visible studies: The UV-visible absorption spectra
of Zn-doped NiS nanoparticles, shown in Fig. 5, reveal signi-
ficant changes in optical behaviour with increasing Zn con-
centrations (10%, 20% and 30%). The 30% Zn-doped sample
demonstrates the highest absorbance intensity, indicating
enhanced light-harvesting efficiency, which is favourable for
the optoelectronic and photocatalytic applications [19]. A
progressive increase in absorption across the series confirms
the role of Zn incorporation in modifying the optical density
of the material. Moreover, a redshift in the absorption edge
is observed with higher Zn content, suggesting a reduction in
band gap energy. This shift is attributed to increased electron
density and lattice strain arising from Zn?* substitution,
which alters the band structure and dielectric properties of
the material. The absence of sharp excitonic features in the
spectra implies that doping effects dominate over quantum
confinement, indicating that the observed changes are
primarily structural and electronic rather than size-related.
These observations are consistent with prior studies on transi-
tion-metal-doped semiconductor systems, where controlled
doping effectively tunes the band gap and improves the opti-
cal performance [20,21]. Overall, Zn doping emerges as an
efficient strategy to tailor the optical characteristics of NiS
nanoparticles for energy-oriented applications. The estimated
optical band gap of approximately 5.25 eV, illustrated in Fig.
6, is significantly larger than those of typical semi-conductors
(< 3.5eV), aligning more closely with wide band gap insula-
tors. However, this apparent value is modulated by localized
defect states or intermediate energy levels introduced through
Zn?* substitution. These defect states enable sub-band-gap
transitions, thereby extending absorption into the visible
region. Furthermore, the structural distortion and altered
electronic density due to Zn doping influence the material’s
dielectric response, potentially enhancing its suitability for
high-capacitance devices and catalytic systems [22]. While
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Fig. 5. UV-Visible spectrum of zinc doped nickel sulfide
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quantum confinement effects are minimal in this context,
doping-induced compositional and structural changes clearly
dominate the optical response, underscoring the tunability
and functional versatility of Zn-doped NiS nanoparticles.
Antioxidant activity: The antioxidant activity of Zn:
NiS nanoparticles was evaluated using the DPPH radical
scavenging assay, with ascorbic acid serving as the reference
standard. Both Zn:NiS and ascorbic acid exhibited a concen-
tration-dependent increase in radical scavenging efficiency
across the tested concentration range (10-1000 pg/mL).
Significantly, Zn:NiS nanoparticles consistently outperform-
med the standard at all concentrations. At the highest tested
dose (1000 png/mL), Zn:NiS achieved a scavenging efficiency
of 94.71%, nearly double that of ascorbic acid, which demo-
nstrated 50.54% inhibition. Even at the lowest concentration
(10 pg/mL), Zn:NiS exhibited 5.65% inhibition, compared
to 3.46% by the standard. These results (Table-2), underscore
the superior antioxidant potential of Zn doped NiS nanopar-
ticles [23]. The enhanced scavenging behaviour is attributed
to the synergistic effects introduced by Zn doping within the
NiS matrix. Zinc incorporation alters the electronic structure
and introduces lattice defects, creating localized energy states
that facilitate improved electron transfer to DPPH radicals.
Furthermore, the redox-active Ni?*/Ni* couples inherent to
the NiS lattice contribute to effective radical neutralization
by promoting electron transport and stabilizing reactive
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Fig. 6. Optical band graph of zinc doped nickel sulfide
TABLE-3
COMPARATIVE STUDY WITH VARIOUS NANOMATERIALS
. . Max. DPPH
Metal sulfide Synthesis method Morphology scavenging activity (%) Ref.
Zn-doped NiS Co-precipitation (green method with PVA)  Porous clusters at 30% doping 94.71 Present study
CusS nanoparticles Hydrothermal Nanospheres ~82.00 [22]
Co-doped MoS2 Solvothermal Nanosheets ~88.00 [26]
Mn-doped FeS2 Chemical co-precipitation Granular morphology ~90.00 [9]
Ni-doped SnS2 Microwave-assisted hydrothermal Nanoplates ~85.00 [23]

TABLE-2
ANTIOXIDANT ANALYSIS OF ZINC
DOPED NICKEL SULFIDE

Ascorbic acid (standard) Zn:NiS

Conc. —— —
(Hg) Absorbance Inh&;lon Absorbance Inh(lgzglon
10 1.058 3.46 1.034 5.65
50 0.954 12.96 0.642 41.42
100 0.723 34.03 0.209 80.93
500 0.618 43.62 0.067 93.88
1000 0.542 50.54 0.058 94.71

species through reduction mechanisms [24,25]. The observed
dose-dependent activity and structural robustness suggest
that tuning Zn doping levels between 10% and 30% can
effectively modulate redox behaviour and surface reactivity.
These findings point to the potential of Zn doped NiS nano-
particles as high-performance antioxidant materials. More-
over, Table-3 emphasizes that Zn-doped NiS nanomaterial
shows superior antioxidant activity (94.71%) compared to
other reported metal sulfide systems synthesized by different
methods.

Conclusion

Zinc-doped nickel sulfide (Zn-NiS) nanoparticles with
varying Zn concentrations (10%, 20% and 30%) were suc-
cessfully synthesized and their structural, morphological,
optical, and antioxidant properties were systematically inves-
tigated. The XRD and FTIR analyses confirmed the retention
of the hexagonal NiS phase upon Zn incorporation, while
also indicating structural modifications and reduced surface
hydroxylation at higher doping levels. Morphological charac-

terization using SEM and TEM techniques revealed a progre-
ssive transformation from rod-like structures to porous,
interconnected aggregates with increasing Zn content. The
polycrystalline nature of the doped nanoparticles was further
validated by SAED patterns. The optical studies demons-
trated a redshift in the absorption edges and a reduction in
band gap energy to approximately 5.25 eV, attributed to Zn-
induced alterations in the electronic structure and lattice
strain. Antioxidant performance assessed using the DPPH
radical scavenging assay showed a significant concentration-
dependent response, with Zn-NiS nanoparticles achieving up
to 94.71% inhibition at 1000 ug/mL, surpassing the standard
antioxidant, ascorbic acid. This enhanced activity is asso-
ciated with the synergistic effects of Zn doping, including
surface defect formation, increased porosity and the presence
of redox-active Ni2*/Ni®* couples.
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