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Synergistic radical scavenging effect of NiSe,-
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vacancies revealed by post-reaction

characterizations
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Antioxidant imbalance plays a major role in triggering infllmmation, cellular damage, and the progression of
chronic diseases. Conventional antioxidants are limited by rapid degradation, poor stability, and low radical
scavenging efficiency, creating the need for sustainable materials with improved antioxidant properties.

Designing such materials requires a precise understanding on the fundamental radical scavenging mechanisms,

particularly how electron transfer, surface defects and reactive active sites contribute to efficient radical
neutralization for light-free scavenging. In this work, undoped and NiSe,-doped SnO, nanocomposites (10%,
20% and 30%) were synthesised and evaluated for antibacterial and antioxidant activity using the DPPH assay
(light-free scavenging). XRD, UV-vis spectroscopy, FTIR spectroscopy, HRSEM, HRTEM, FESEM, ESR, and XPS
techniques were used to confirm the formation of nanocomposites and to characterise their structural and

physicochemical properties. XRD peak shifts confirmed the successful incorporation of NiSe, into the SnO,
lattice, while secondary peaks indicated nanocomposite formation. HRTEM results revealed the size of the
material (SNO,: 36 nm and NiSe,: 18 nm). In the DPPH scavenging studies, we optimized concentration, pH
and time kinetics. The 30% NiSe,-doped SnO, NCs showed superior activity, with an ICsq value of 41.2 ug
mL? (first-order kinetics), compared with other materials. Post-antioxidant ESR confirmed radical scavenging

by NCs, and FTIR spectral results confirmed the structural rigidity of DPPH. Post-reaction XPS analysis revealed
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a notable change in the oxygen vacancy signal in the oxygen 1s spectrum, confirming that electron originating

from an oxygen vacancy to scavenge the free radical's mechanism. Additionally, the 30% NiSe,-doped SnO,
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1. Introduction

The oxidation mechanism is vital for cellular life. Aerobic cellular
respiration in organisms produces energy from organic molecules
like glucose while simultaneously producing free radicals that
induce cellular damage during metabolism." A free radical
possesses an unpaired electron that is characterized by a quantum
mechanical feature known as spin. This entity generally exhibits
significant reactivity due to its open-shell structure.” The presence
of free radicals is indicative of oxidative stress. Oxidative stress is
relatively a new concept in medical science. It is a crucial physio-
logical imbalance that occurs when the production of reactive
oxygen species (ROS) surpasses the ability of endogenous antiox-
idant defences to remove them. Initially identified in the mid-20th
century through the cutting-edge study of Gerschman, Harman,
and others, ROS-mediated oxidative stress is now known to
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NCs exhibited strong antibacterial activity against K. pneumoniae, P. aeruginosa, E. coli, and S. aureus,
demonstrating their potential for biomedical applications.

contribute to cellular injury, inflammation, aging, and a broad
array of chronic disorders. Biological systems employ enzymatic
antioxidants (SOD, CAT, and GPx) and non-enzymatic antioxidants
(ascorbate, tocopherols, and glutathione)* to remove ROS;
however, the efficacy of these small molecules is frequently
ephemeral. Their swift deterioration, instability under physiolog-
ical settings, and constrained diffusion-controlled radical
quenching efficacy limit their prolonged therapeutic and technical
applicability.*

These constraints prompted the investigation of solid-state
antioxidants, particularly metal oxides, at the beginning of late
1990s and early 2000s, when the catalytic redox properties of CeO,,
MnO,, and TiO, generated substantial interest in defect-mediated
ROS regulation.” Metal oxides possess adjustable electronic
structures, wide band gaps and enhanced surface reactivity, which
contribute to their prolonged radical scavenging activitiy. Oxygen-
deficient oxides have proven to be remarkably effective antioxi-
dants. Their surface oxygen vacancies (Vo) serve as electron-rich
sites that directly participate in redox reactions with ROS, simu-
lating and even outperforming traditional antioxidant behaviour.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The antioxidant efficacies of metal oxides are determined by
their radical scavenging processes, which generally function
through electron transfer (ET), hydrogen atom transfer (HAT),
or radical adduct formation (RAF).® In metal oxide semi-
conductors, electron transfer dominates due to the effects of
their electronic states, redox potential, and the capacity of
oxygen vacancies (V,) to function as a readily accessible electron
reservoir. The operative mechanism is not simply a descriptive
element; it affects the reaction kinetics, thermodynamic
viability, and selectivity for the radical species. Furthermore,
this mechanistic approach directly affects essential material
characteristics, including redox reversibility, defect regenera-
tion, and long-term cycling stability, which enable solid mate-
rials to outperform conventional small molecule quenchers.

Consequently, establishing the molecular basis of ROS
quenching is essential for the systematic development of next-
generation antioxidant materials. A full mechanistic under-
standing facilitates the prediction and modification of band
structures, defect chemistry, dopant distribution, and surface
electronic states, consequently permitting the deliberate design of
highly effective radical-capturing and -scavenging platforms.
Fundamentally, mechanism-driven design converts empirical
material discovery into a systematic, controllable, and
performance-optimized approach for the development of
improved metal oxide antioxidants.

Tin oxide (SnO,) NPs have particularly significant chemical,
electrical and optical properties. The bandgap of SnO, NPs ranges
from 2.4 to 3.6 eV, which is characteristic to n-type semi-
conductors and contributes to their high optical transparency and
low electrical resistivity.” Nano-sized SnO, NPs show improved
photocatalytic activity due to their increased surface-to-volume
ratio and enhanced surface reactivity, compared to other metal
oxide semiconductors. As a result, SnO, NPs show extensive
applicability in several technologies and research fields, such as
energy storage,® catalysis,” agriculture,'’ gas sensing,'* and solar
energy conversions.”

Conventional procedures for synthesising SnO, NPs is chemi-
cally and physically intensive and may negatively impact the
environment due to the high energy consumption and elevated
temperatures; they also require costly processing methods and the
use of hazardous solvents. To address these limitations, alterna-
tive green and environmentally friendly techniques have been
developed. These techniques use biological sources such as plants,
algae, and microorganisms as natural agents for reducing and
capping agents, for the formation of NPs, and to reduce the use of
toxic chemicals.” Especially, the justicia adhatoda plant extract is
rich in phytochemicals such as alkaloids, flavonoids, phenolics,
terpenoids and secondary metabolites, which act as reducing and
capping agents for NPs synthesis."* These systems promote the
controlled nucleation and growth of the NPs, resulting in good
crystallinity and enhanced surface functionality. These
approaches enhance the biocompatibility and stability of NPs and
provide a cost-effective and economically viable way to fabricate
functional nanostructures with significant potential for use in
therapeutic and catalytic applications.

In addition, nickel-based NPs have shown vital antimicrobial
properties and are promising candidates for various medical,
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environmental, and industrial uses. Numerous studies have re-
ported that Ni NPs can significantly inhibit the growth and
reproduction of both Gram-negative and Gram-positive bacteria,
demonstrating a broad range of antimicrobial activity." Among
nickel compounds, NiSe, in the form of NPs shines as it has
attractive scientific features, such as unique magnetic, electrical
and catalytic properties.'® These properties are highly suited for
different technologies and energy-based applications, such as
electrochemical sensors,"” catalysis,” solar cells,” electrolysis,
optical devices and supercapacitors.”** Its outstanding conduc-
tivity, strong structural integrity, and reactive surface characteris-
tics further expand its uses.

As a vital trace element, selenium is an essential part of seleno-
proteins and selenium compounds in the human body.* Se plays
a major role in metabolism, DNA synthesis, reproduction, the
regulation of thyroid hormones, and the prevention of oxidative
stress and infection. Due to its strong reactivity in hydration and
oxidation reactions, as well as its significant photoconductivity
and low melting point, Se is useful for a wide range of industrial
and technological applications. The UK scientific group on vita-
mins and minerals advises a daily intake of selenium of around 60
pg for women and 70 pg for men.> However, intake surpassing
400 pg per day may lead to selenosis, a toxic condition charac-
terized by symptoms including gastrointestinal disturbances, hair
loss and nail brittleness. Thus, it is essential to sustain an optimal
selenium balance to fully leverage its health advantages while
preventing toxicity.*

In this research, we have successfully implemented an inno-
vative strategy for the preparation of NiSe, NPs and NiSe,-doped
SnO, NCs using plant extract at various doping concentrations.
Previous studies on metal oxide-based antioxidants and antibac-
terial materials (such as SnO,, CeO,, TiO, and ZnO)***"** primarily
relied on intrinsic effects, particularly oxygen vacancies in single-
component metal oxides, to explain radical scavenging and anti-
bacterial activity. In contrast, the novelty of this work lies in the
introduction of NiSe, as a dopant in the SnO, lattice. The NCs were
employed to elucidate the most favourable mechanistic pathways
governing antioxidant activity using the DPPH assay, with
systematic optimization of both pH and NCs concentration, which
has not been previously reported. Furthermore, the antibacterial
activity of the NCs was evaluated against Gram-negative bacteria
(Klebsiella pneumoniae, Escherichia coli, and Pseudomonas aerugi-
nosa) and a Gram-positive bacterium (Staphylococcus aureus).
Notably, 30% NiSe,-doped SnO, NCs exhibited the highest
performance, confirming the critical role of the optimized NiSe,
incorporation.

2. Materials and experimental
methods

A brief description of the materials, instrumentation, and
analytical procedures is provided in the SI.

2.1. Preparation of Justicia adhatoda leaf extract

The leaves of Justicia adhatoda were collected from a local
garden in Chennai, Tamil Nadu. The plant leaves were washed

RSC Adv, 2026, 16, 10904-10924 | 10905
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with tap water thrice to remove unwanted dust particles, rinsed
with double-distilled water (DDW), and dried at room temper-
ature. Subsequently, 20 g of justicia adhatoda leaves were
crushed and mixed with 300 mL of DDW and boiled for 25
minutes at 70 °C. After boiling, the solution was cooled to RT.
The colour changed from pale green to greenish brown. The leaf
extract was then filtered through Whatman No. 1 filter paper,
and the resulting extract was kept at 5 °C for use in nanoparticle
synthesis.

2.2. Plant-extract-mediated synthesis of SnO, nanoparticles

SnO, NPs were synthesised using the plant extract by a green
method. 400 mg of tin precursor (SnCl,-2H,O (0.01 M)) was
dissolved in 100 mL of DDW, then 50 mL of Justicia adhatoda
leaf extract and 2 mL of ammonia solution (25%) were added to
the reaction mixer to maintain pH 8, and the mixture was stir-
red at RT. The solution was centrifuged at 4000 rpm for 15 min,
and the resulting precipitate was washed three times with DDW
and ethanol and dried at 110 °C overnight to obtain the plant-
extract-based SnO, NPs, with a reaction conversion of ~88%.
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2.3. Biosynthesis of NiSe, nanoparticles

The NiSe, NPs were synthesised by a wet chemical method. First,
581 mg of nickel precursor (Ni (NO3),-6H,O (0.01 M)) was di-
ssolved in 200 mL of DDW, followed by the addition of 50 mL of
Justicia adhatoda leaf extract, and the mixture was stirred at RT for
30 min to obtain a solution (solution-A). Then, 395 mg of selenium
ultra-pure powder (0.1 M) was dissolved in 50 mL of leaf extract
along with ammonia solution (solution-B), stirred at RT for 30 min.
Solutions A and B were then blended together to form a homoge-
nous mixture. Subsequently, 50 mL of Justicia adhatoda leaf extract
was added as a stabilizing agent. Followed by heating at RT and
stirred for 2 hours, later it was centrifuged at 4000 rpm for 10 min
and the precipitate was rinsed three times with DDW and ethanol.
Finally, the product was dried overnight at 110 °C to obtain ultra-
pure NiSe, NPs via a bio-synthesis method, achieving a reaction
conversion of approximately 75%.

2.4. Ultrasonic-assisted synthesis of the NiSe,-doped SnO,
nanocomposite

In this process, 10 mg of nickel selenide (NiSe,) NPs were first
dispersed in 50 mL of ethanol, after which 90 mg of plant-

~
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Scheme 1 Schematic illustration of the synthesis of SnO, and NiSe,-doped SnO, nanocomposites: (a) preparation of Justicia adhatoda leaf

extract, (b) green synthesis of plant-mediated SnO, nanoparticles, (c)
fabrication of NiSe,-doped SnO, nanocomposites with varying NiSe,

10906 | RSC Adv, 2026, 16, 10904-10924

synthesis of NiSe, nanoparticles using the leaf extract, and (d) ultrasonic
concentrations (10, 20, and 30 wt%).
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mediated stannous oxide (SnO,) NPs was added, and ultra-
sonication was applied to the slurry for 45 minutes to ensure
thorough mixing. The mixture was then dried overnight at 110 ©
C to obtain NiSe,-doped SnO, NCs. The nickel selenide (NiSe,)
NPs had varied concentrations (10, 20, and 30 wt%) relative to
SnO, to synthesise NiSe,-doped SnO, NCs (Scheme 1).

3. Results and discussions

3.1. Structural and morphological characterizations

XRD analysis was performed to determine the crystallinity of
Sn0,, NiSe, and the NiSe,-doped SnO, NCs. The XRD pattern of
SnO, NPs showed distinct peaks at 26 = 26.67°, 34.50°, 38.07°,
43.51°, 51.85°, 54.74°, 58.65°, 62.06°, 65.62°, and 78.38° corre-
sponding to the (110), (101), (200), (210), (211), (220), (002),
(310), (112), and (321) Bragg reflections, respectively, which is in
perfect agreement with the dominant phase corresponding to
the SnO, NPs (JCPDS card no. 41-1445, tetragonal structure).*
The green-synthesised NiSe, NPs exhibited strong intensity
peaks at 30.57°, 34.16°, 37.04°, 43.35°, 51.85°, 56.28°, 60.18°,
and 74.14° corresponds to (111), (220), (210), (211), (220), (311),
(400), and (421) planes, respectively, which correspond to the
cubic phase of penroseite, which is similar to the pyrite struc-
ture (JCPDS card no. 00-011-0552).>* The peak at 26.34° occurs
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due to selenium. After doping NiSe, onto SnO, NPs, the XRD
peak of SnO, at 26.67° shifts towards lower values and higher
values, as shown in Fig. 1a and b. This was the strongest
evidence that NiSe, was effectively doped into SnO, NPs. Riet-
veld refinement was carried out for the pristine SnO, and NiSe,
samples to confirm the phase purity. The refinement was per-
formed using the rutile SnO, structure (P4,/mm) and the cubic
NiSe, structure (Pa3), resulting in an excellent agreement
between the experimental and calculated profiles (Fig. S3.1); the
results demonstrate the purity of the material.

After effective doping, the dopant material can alter the
crystal parameters, including lattice parameters, average crys-
tallite size, cell volume, X-ray density, average crystalline size,
atomic packing fraction, and surface-to-volume ratio, as
detailed in Table 1.

The average crystallite size of the synthesised materials was
calculated using Scherrer's eqn (1).

kA
D= —cosf
8
where, D is the average crystallite size of the crystal in nm, A is
the X-ray wavelength (1.5405 A with Cu Ka), 0 is the Bragg angle,
6 is the full width at half-maximum in radians, and k& is a shape
factor (0.9).
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the dominant (110) plane with increasing NiSe, concentration.
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(a) XRD patterns of the synthesised SnO, NPs and NiSe,-doped SnO, NCs at different concentrations (10%, 20%, and 30%). (b) Peak shift of
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Table 1 Comparison of XRD parameters (lattice parameters, cell volume, X-ray density, atomic packing fraction and crystalline size) pre- and
post-reaction of NiSe,-doped SnO, NCs at different concentrations (10%, 20%, and 30%)

Atomic
Cell volume X-ray density ~ packing Crystalline

Lattice parameters (A) (A% (gem™) fraction (APF)  size (nm)

Pre Post
SL. no Materials a c a c Pre Post Pre Post Pre Post Pre Post
1 SnO, NPs 4.738 3.187 4.750 2.653 69.190 59.87 7.23 8.37 0.524 0.813 8.17 17.56
2 10% NiSe,-doped SnO, NCs ~ 4.787 3.196  4.477 2.668 73.225 60.71 7.13 8.60 0.627 0.938 14.66 17.22
3 20% NiSe,-doped SnO, NCs  4.767 3.192  4.782  2.665 72.548 60.95 7.50 8.93 0.766 1.069 13.63 6.97
4 30% NiSe,-doped SnO, NCs  4.704 3.157  4.038 1.579 69.847 25.75 8.11 21.98 0.706 2.85 16.98 22.57

The average crystallite size of SnO, is 8 nm. After NiSe, was
doped into SnO, NPs, the average crystallite size increased when
compared to SnO, NPs. The NCs range in size from 8 to 17 nm,
which may be due to NiSe, expanding the crystal lattice of SnO,
NPs.

The lattice parameters of the material @ and ¢ were calculated
from eqn (2).

1 RP+kr P
= +

d?

a2 g (2)
where, a and ¢ are the lattice parameters, d is an interplanar
distance, and (%kl) are the Miller indices. The lattice parameters
gradually increase with increasing NiSe, content into the SnO,
NPs due to ionic size differences. While Sn*™ and Ni*™ possess
comparable ionic radii, (~69 pm), the anions different signifi-
cantly, the Se™™ ions (~198 pm) is much larger than O ions
(~140 pm). This size mismatch induces lattice distortion in the
crystal structure. However, the lattice parameters increase as
the concentration of NiSe, increases. This behaviour is not
observed for 20% and 30% NiSe,-doped SnO, NCs. At lower
concentrations, the dopant ions is readily substituted into the
lattice sites, resulting in minimal lattice expansion. However, at
higher concentrations, interstitial incorporation or secondary
phase formation may occur, leading to structural distortion.
The crystal becomes distorted or strained in the lattice, and the
parameters decrease, as shown in Fig. 2a.

The volume of the unit cell and X-ray density were calculated
using eqn (3).

V=d*xc (3)
where a and c are lattice parameters. The volume of the unit cell
increases at lower concentrations, while the cell volume
decreases as the concentration increases due to different lattice
parameters. These values are listed in Table 1. The X-ray density
was determined by eqn (4).

P, nM

N7 (4)

where 7 is the number of atoms per unit cell, M is the molecular
weight of the material, N, is the Avogadro number, and V is the
volume of the unit cell. The X-ray density decreases at lower
concentrations of NiSe,-doped SnO, NCs. When the NiSe,
concentration increases, the X-ray density increases. This may
be due to the decrease in the volume of the cell unit as the
molecular weight of the nanocomposite increases. The molec-
ular weight of SnO, is 150.71 ¢ mol™' and that of NiSe, is
216.61 g mol~". The volume unit cell decreases, and X-ray
density increases, with increasing NiSe, concentration, as
shown in Fig. 2b. This means that the Ni and Se ions are
effectively doped into the Sn and O sites of the SnO, structure.

The atomic packing fraction (APF) was calculated using

eqn (5).

4.80

= a(A) 74
. c(d) ]320

734

4.78 4 "

‘ = Average grain size (nm) I 0.75

= Surface to volume ratio (nm") )

-c)

Fig. 2
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(a) Lattice parameters [a and c], (b) unit cell volume and X-ray density, and (c) average grain size and surface to volume ratio of the
undoped SnO, NPs and NiSe,-doped SnO, NCs at different concentrations (10%, 20% and 30%).
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Fig.3

500 nm
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(a(i and ii)) SEM image of SnO, NPs; (b—d(i and ii)) SEM image 10%, 20% and 30% NiSe,-doped SnO, NCs at magnification of 2 um and 500

nm; (d(iii)) EDS spectrum of 30% NiSe,-doped SnO, NCs; (e(i and ii)) TEM images at different magnifications (50 and 20 nm), (e(iii)) SAED pattern,
and (e(iv)) HRTEM image showing lattice fringes and d space values of of 30% NiSe,-doepd SnO, NCs.

The atomic packing factor (APF) of the NiSe,-doped SnO,
NCs exhibited a clear dependence on dopant concentration. At
lower NiSe, concentrations, the APF values increased, which
may be attributed to the reduction of interstitial voids and
homogeneous substitution of Ni and Se ions within the SnO,

3

—Trn
APF = 3

V

lattice. Such uniform incorporation improves the local atomic

(5)

packing efficiency without significant structural distortion.

However, at higher doping levels (=30%), the APF values
decreased markedly (Fig. 2c), indicating severe lattice distor-

tion, crystal strain, and the generation of oxygen vacancies
caused by excessive dopant incorporation.

The morphological (shape) and elemental composition of
green-synthesised SnO,, NiSe, NPs and NiSe,-doped SnO, NCs
were investigated by HRTEM and FESEM-EDAX analysis. The
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Fig.4 UV-visible spectra and Tauc plots (insets) for (a) undoped SnO, and (b—d) NiSe,-doped SnO, NCs at different concentrations (10%, 20%,
and 30%).
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images were recorded at magnifications of 2 um and 500 nm.
The green synthesised undoped SnO, NPs were not uniformly
distributed and exhibited significant aggregation, forming
irregular and clustered spherical particles, as shown in Fig. 3a(i
and ii). The NiSe, particles exhibited an irregular spherical
cluster-like morphology. After doping NiSe, NPs into SnO, NPs,
the NiSe, surrounded and embedded the surface of SnO, NPs,
as shown in Fig. 3b and c(i and ii); this was confirmed by FESEM
analysis. The shape of the NPs plays a crucial role in deter-
mining their efficacy against pathogens; spherical NPs tend to
be very potent during antibacterial activity owing to their ability
to easily penetrate into the cell wall of pathogens. After doping,
the dopant materials are embedded on the surface of the
irregular spherical shape. It effectively interacts with bacterial
cells, thereby enhancing its antibacterial efficiency. EDS anal-
ysis of 30% NiSe,-doped SnO, NCs confirmed that NiSe, was
evenly distributed on the surface of SnO, NPs, as shown in
Fig. 5b(i-viii).

HRTEM analysis of the 30% NiSe,-doped SnO, NCs shows
that spherical SnO, NPs were surrounded by small spherical
NiSe, NPs, with a cluster-like morphology. SAED pattern anal-
ysis demonstrated excellent agreement with the XRD data, and
the d-space values were perfectly matched with those of SnO,
and NiSe, NPs with corresponding planes, as shown in
Fig. 3e(iii-iv). The average particle size was determined to be
36 nm (SnO,) and 18 nm (NiSe,) by particle size distribution
spectra, as shown in Fig. S3.2. It was evident from the results

30% NiSe doped Sn0, NCs
$n-O stretching

D

e 200% NiSe doped SnO; NCs

e 10% NiSe doped SnO; NCs

Transmittance (%)

C-N stretehing
1328 cm '

— SnO, NPy

592 cm™

Sn-0 stretching

Plunt leaves extruct (Justicia adhatoda)

1633 eV
3320cm’ 5 C=0 stretching

O H stretching

4000 3500 2500 2000 1500 1000 500

Wavelength (em™)

Fig. 5
(i—viii) EDS elemental mapping images of 30% NiSe,-doped SnO, NCs.
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that the size of the NiSe, NPs was much smaller than that of the
SnO, NPs.

UV-visible spectroscopy was used to determine the optical
properties of the synthesised materials. Fig. 4 shows the UV-vis
spectra of SnO, and NiSe,-doped SnO, NCs. The optical
bandgap values were calculated using Tauc-Lorentz eqn (6),*
which correlates the incident photon energy with the absorp-
tion coefficient:

ahv = A(hv — Egn (6)
where n is the optical bandgap, in direct bandgap semi-
conductors, n is the power of (kv — Eg), where £ is the frequency
and E, is the bandgap (n = 1/2). These predicted band gaps of
SnO, NPs were found to be approximately 3.5 eV. With the
incorporation of lower concentrations of NiSe, into the SnO,
crystal, the absorption edge is expanded within the visible
spectrum, and a significant redshift is observed. The redshift
could result from defect states introduced by Ni/Se doping and
oxygen vacancies within the band gap of the host material,
reducing its effective band gap energy. Because NiSe, is incor-
porated into SnO,, the Ni 3d and Se 4p orbitals interact with Sn
5s/5p and O 2p orbitals, causing sp-d and p-p hybridization.**
This interaction, along with crystal imperfections, such as
oxygen vacancies or Sn interstitials, can introduce defect states
within the band gap. These defect states shift the Fermi level
and effectively narrow the band gap. Accordingly, the bandgap
values for 10% and 20% NiSe,-doped SnO, NCs are 3.13 and
3.2 eV, respectively.

b) (i) 167 I 255 ii)
TR

iii) ojmms iv

(a) FTIR spectra of the synthesised undoped SnO, NPs and NiSe,-doped SnO, NCs at various concentrations (10%, 20% and 30%) and (b)
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At higher concentrations of NiSe, in SnO,, the parent alignment and reduces structural symmetry, leading to phase
material becomes overloaded, and strain and distortion segregation. The weakened orbital overlap suppresses effective
are introduced due to ionic radius mismatch (Ni*" < Sn™, s-p and p-p hybridization,* resulting in band gap widening to
Se™™ > 0. This lattice mismatch disturbs the orbital approximately 3.31 eV.
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Fig. 6 (a—f) Pre- and post-reaction XPS spectra of 30% NiSe,-doped SnO, NCs showing the core levels of Sn, O, Ni, and Se.
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The FTIR spectra of undoped SnO, and NiSe,-doped SnO,
NCs are shown in Fig. 5. The plant extract (J. adhatoda) showed
peaks at 3320, 2887, and 1633 cm ™. The peaks correspond to
O-H bond, aromatic C-H stretching, and carbonyl groups,
respectively. The undoped SnO, NPs exhibit peaks at 3320,
2887, 1633 and 592 cm ! corresponding to OH, CH, CO, and
SnO, groups, respectively. These peaks were used to confirm the
presence of J. adhatoda-mediated undoped SnO, NPs. The FTIR
peaks of NiSe, were largely similar to those of the plant extract,
with an additional peak at 1328 cm™!, attributed to C-N
stretching vibration of phytochemical residue. Most of the
peaks in the FTIR spectrum of NiSe,-doped SnO, NCs at
different concentrations (10, 20 and 30%) were similar to those
of the plant extract, with an additional peak at 1328 cm™*,
attributed to C-N stretching, as shown in Fig. 5a. Increasing the
NiSe, concentration (10-30%) enhances the C-N peak intensity,
indicating stronger interaction between dopant species and
surface nitrogen functionalities. Higher NiSe, content likely
induces lattice distortion and increases polarizability,
promoting more effective adsorption or coordination of phyto-
chemicals, thereby reinforcing surface biofunctionalization and
potentially improving nanocomposite reactivity.

The zeta potential of SnO, NPs is approximately 25 mV, and
it is positively charged. This positive charge is the result of two
primary contributions: (1) the hydrolysis of the precursor
results in the formation of protonated hydroxyl groups (-OH,")
and the presence of Sn*™V cations on the material surface. (2)
Functional groups can undergo protonation in aqueous envi-
ronments where the phytochemicals are present on the mate-
rial's surface. The agglomeration of the NPs was effectively
inhibited by the electrostatic repulsion generated by the pres-
ence of positively charged groups. After adding NiSe, (lower
concentration), the ZP value decreased slightly compared to
that of SnO,, to a potential value of around 18.5 mV. This
reduction indicates partial neutralization of surface positive
charge; this effect arises from substitutions of Sn*"v with Ni*"
ions and Se ™ introduced in the undoped SnO, NPs, both of

View Article Online
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which lower the net positive charge density on the nanoparticle
surface. In addition, the phytochemical capping agents from
the justicia adhatoda extract may interact differently with the
doped surface, further reducing surface protonation. Although
the potential decreases, the value (+18.5 mV) remains suffi-
ciently positive to impart moderate colloidal stability through
electrostatic repulsion. When higher concentrations of NiSe,
were doped into SnO, NPs, the zeta potential value slightly
increased compared to undoped and less NiSe,-doped NCs
(10% NiSe,-doped SnO, NCs ZP value around 29.8 mV, and 30%
NiSe,-doped SnO, NCs ZP value around +37.7 mV). This is
slightly different from previous trends due to changes in surface
chemistry rather than bulk stoichiometry alone. At high dopant
concentrations, Ni species are more likely to segregate toward
the nanoparticle surface or form Ni-rich surface phases. These
sites present labile hydroxyl groups that are easily protonated
under the experimental conditions, thereby increasing the net
positive charge, as shown in Fig. 7a. In addition, excess NiSe,
may disrupt or displace certain phytochemical capping agents
derived from Justicia adhatoda. Since some of these biomole-
cules carry negatively charged or deprotonated functional
groups that mask surface cations at low doping, their partial
removal would expose more positively charged Sn™ and Ni*"
sites, further enhancing the surface potential. Phase segrega-
tion occurs as the Se ™ anions migrate to the particle lattice,
leaving the outer surface filled with cationic species. These
factors explain the reason for the increase in the surface charge
at higher concentrations of NiSe, doping.

The survey spectrum of the synthesised NCs is shown in
Fig. S3.3. Elements such as Ni, Se, Sn, O, N and C are present in
the NCs. The signals of carbon and nitrogen are obtained from
the leaf extract of justicia adhatoda, which is employed in the
synthesis process. The core material in our NCs is Sn, and its 3d
spectrum contains two distinct peaks at 495.15 eV and 486.7 eV,
which correspond to Sn 3d;, and Sn 3ds,, respectively, with
a spin-orbit splitting (AE) of around 8.48 eV (Fig. 6a). The
observed peak separation corresponds to tin existing in a +IV

a) b)
40 4 Pre Post| 7 AT T ——preson doped Sn0, NCs
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\
(\30 L -
3
Z | A W
&
- &
F204 377 5
= g
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Fig. 7

Magnatic field (Gauss)

(a) Zeta potential characterization of the undoped SnO, NPs and NiSe,-doped SnO, NCs at different concentrations (10%, 20, 30%) pre-

and post-reaction. (b) (i and ii) ESR spectra and corresponding g-factor values of 30% NiSe,-doped SnO, NCs pre- and post-reaction.
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oxidation state in Sn0O,.*® A significant peak at 530.58 eV in the
oxygen spectrum corresponds to lattice oxygen (M-O) with Sn-O
bonding. The 531.79 eV components represent oxygen vacan-
cies, while the 532.13 eV component represents surface
hydroxyl (-OH) groups.*”~** The C 1s spectrum, shown in Fig. 6d,
reveals peaks at 284.59, 285.39, 286.35, and 288.63 eV corre-
sponding to C-C, C-H, C=0, and O-C=0 (ester-type) species,
respectively. The N 1s spectrum shows an amide-like charac-
teristic at 400 eV, as well as an additional peak at 406 eV that
corresponds to surface NOx species, as shown in Fig. 6c. The
presence of nitrogen and carbon species in the justicia adhatoda
extract is confirmed by the FTIR results shown in Fig. 5a. The
high-resolution Ni 2p spectrum was deconvoluted into five
distinct peaks. The lower binding energy peak at 849 eV indi-
cates metallic Ni° whereas the peaks at 856.24 eV (Ni 2ps/,) and
873 eV (Ni 2py),) indicate the presence of Ni*"" oxidation states.
The two additional photoemission peaks observed at 861.40 eV
and 879.9 eV correspond to Ni™" satellite peaks (Fig. 6€). The Se
3d spectrum shows five unique peaks (Fig. 6f). The peaks at
51.98 and 54.38 eV correspond to Se 3ds,, and Se 3d;,, Se "
species, respectively, showing the presence of a metal-selenide
bond. The signal around 55.68 eV corresponds to elemental
selenium (Se®), indicating the presence of Se-Se bonds in the
metal-selenide framework. The higher binding energy maxima
at 58.78 eV and 59.88 eV correspond to oxidized selenium
species (Se-O,) arising from surface oxygen processes.

The combined spectroscopic characterizations provide
a comprehensive understanding of the synthesised NCs. The
XRD patterns confirm the crystal nature and phase purity of the
synthesised SnO, and NiSe, NPs. The characteristic peak shifts
indicate that the NiSe, was effectively doped on the SnO, lattice;
in our case, shifts to both lower and higher angles are observed
due to crystal expansion and compression. The band gap
alterations were confirmed by UV-visible spectroscopy. At lower
concentrations, the band gap decreases, and at higher
concentrations, the band gap increases due to the mismatch of
ionic radius (Ni*" < sn"™, se™™ > O0™"). The SEM and TEM
analyses reveal morphological changes upon doping, consistent
with the elemental composition and distribution confirmed by
EDS analysis. According to the XPS results, the oxidation states
of the elements Sn (Sn™), Ni (Ni"™), and Se (Se, ™) confirm the
successful doping and the chemical environment of the
elements. The FTIR spectra confirm the presence of functional
groups in the plant extract on the surface of the NPs, indicating
their role in surface capping and stabilization. The zeta poten-
tial analysis reveals that the surface charge is positive for SnO,
NPs and that, after doping, the surface charge decreases. This
likely contributes to the biological and catalytic activity.
Collectively, the results of these multiple techniques corrobo-
rated the structural and compositional modifications that were
responsible for the observed enhancement in the antibacterial
and antioxidant activities.

The ESR spectra of pure SnO, reported in the literature
generally exhibit a center around g = 2.00, which is frequently
linked to centers related to oxygen vacancies.*® The 30% NiSe,-
doped SnO, NCs analysed in this study showed a pre-
characterization g-value of 2.1317, which is slightly higher

© 2026 The Author(s). Published by the Royal Society of Chemistry
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than that of undoped SnO,. The observed increase can be linked
to the substitution of Ni*"/Se™™, lattice distortion, and the
effects of enhanced spin-orbit coupling within the host matrix.
Following characterization, specifically after the interaction
with DPPH radicals, the g-value exhibited a further shift to
2.1553. The local electrical environment of the paramagnetic
centers changed significantly, as evidenced by the observed
upward shift in the spectral features. This shift indicates the
formation of additional oxygen vacancies and surface defects
states. These defects enhance the radical scavenging activity of
the NPs in the DPPH assay by donating electrons and promoting
surface redox reactions. The new paramagnetic centers alter the
resonance state and cause increases in the g-values by changing
the orbital overlap and spin distribution. This fact increases the
gvalue from 2.1317 (pre) to 2.1553 (post characterization), as
shown in Fig. 7b(i and ii). It suggests electronic rearrangements
and defect generation caused by interactions with the DPPH
radical. The actions of these particles further support their
potential for antioxidant and related functional applications.
Mechanistic insights from Post-Characterization Studies,
XRD shows that DPPH incorporation and increasing NiSe,
loading perturb the SnO, lattice in a concentration dependent
manner. At low dopant concentrations (10-20%), the diffraction
peaks shift slightly toward lower 26 (lattice expansion), while
peak intensities decrease, consistent with homogeneous
substitution of Ni/Se into the SnO, lattice, moderate lattice
strain, and partial loss of long-range order due to surface
adsorption of organic radicals. These substitutions increase the
local atomic density and reduce open interstitial voids,
producing a modest increase in the apparent packing efficiency.
At the highest loading (30% NiSe,), the diffraction pattern
changes dramatically: major peaks (e.g., near 2 = 26.7° and
34.5°) shift to higher angles in Fig. 8a, intensities and extracted
unit cell volume collapse, and derived parameters (X-ray
density, APF, crystallite size) change nonlinearly. This behav-
iour is indicative of severe lattice distortion, phase segregation
or the formation of Ni/Se-rich secondary phases, accompanied
by crystal strain and oxygen-vacancy formation. Note that
geometric APF values of >1 are artefacts of the hard-sphere
approximation combined with large volume changes and
should be interpreted qualitatively as markers of extreme local
densification or structural reorganisation rather than literal
physically possible packing efficiencies; the values are denoted
in Table 1. Upon interaction with the DPPH radical solution, the
post-reaction zeta potential values (Fig. 7a) exhibited a signifi-
cant negative shift, reaching —7.18 mV for SnO,, and —25.9,
—20, and —18.7 mV for 10%, 20%, and 30% NiSe,-doped SnO,
NCs, respectively. The reduction in surface charge magnitude
after DPPH incorporation suggests surface neutralization due to
adsorption of DPPH or its reduced form (DPPH-H) onto the
nanoparticle surface. This modification supports the electron
transport from the NPs to the DPPH radicals and demonstrates
that surface oxygen vacancies and active sites are involved in the
free-radical scavenging mechanism. SEM images in Fig. 8c-f
show that the NiSe,-doped SnO, NCs agglomeration after DPPH
treatment compared to the pre SEM images. This aggregation is
attributed to enhanced van der Waals attractions and increased
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(aand b) XRD and FTIR analyses performed after activity. (c—f) SEM images of SnO, NPs and NiSe,-doped SnO, NCs (10%, 20% and 30%) at

different magnifications (2 um and 500 nm). (g and h [i-vil) EDS mapping analysis of 30% NiSe,-doped SnO, NCs.

interactions among them, it is responsible for agglomeration
behaviour. Moreover, the high surface energy and presence of
oxygen vacancies (Vo) on the SnO, surface promote interparticle
adhesion through electrostatic and hydrogen-bond interac-
tions. This aggregation, which reduces the visible surface area,
might increase interfacial charge transfer in redox processes by
forming conductive networks between neighbouring particles.
This interfacial heterojunction architecture may thus lead to
effective electron transport across the NiSe,-doped SnO, NCs,
thereby supporting increasing antioxidant and antibacterial
performance. The FTIR spectra of the NCs (Fig. 8b) exhibit no
notable changes before and after the DPPH interaction. This
indicates that the chemical state of the NCs remains unchanged
and no new bonds are formed during the radical scavenging
processes. Similarly, the XPS survey and high-resolution spectra
of Sn, Ni, and Se show nearly identical peak positions before
and after DPPH treatment, as shown in Fig. 6a-f. This shows
that the chemical states of the NCs are chemically stable.
However, a noticeable variation was observed in the O 1s
spectrum post reaction, as shown in Fig. 6b, where the intensity
and deconvolution profile of the oxygen components decreased
after DPPH incorporation. This reduction in the relative area of
lattice oxygen and defect-related oxygen peaks suggests partial
consumption or passivation of surface oxygen vacancies during
the free-radical scavenging process. These vacancies likely
participate as active sites, donating electrons to neutralize
DPPH radicals, leading to a decrease in their concentration after
the reaction. The XPS peak area ratio, calculated according to
eqn (6), was used to estimate the relative oxygen vacancy:**

o @)

Relative oxygen vaccancy ratio = ————
Ve Y O + 0,

10914 | RSC Adv, 2026, 16, 10904-10924

where Oy and Oy, correspond to oxygen vacancy related and
lattice oxygen species, respectively. Although this ratio does not
represent the absolute oxygen vacancy density, it serves as
a semiquantitative indicator of surface-defect concentration.
For the 30% NiSe,-doped SnO, NCs, the relative oxygen vacancy
(ROV) increased from 0.612 before the DPPH assay to 0.626 after
the assay, indicating dynamic redistribution and active
involvement of surface oxygen vacancies during the radical
scavenging reaction. This increase in relative oxygen vacancies
corresponds to decrease in ICs,, suggesting that oxygen vacan-
cies act as electron donating sites that facilitate defect assistant
electron transfer to DPPH radicals. Therefore, the enhanced
antioxidant performance is attributed to surface defect partici-
pation rather than absolute oxygen vacancy density.

4. Biological application

4.1. Antioxidant activity

In this work, we evaluated the antioxidant capacity of our
materials by conducting DPPH antioxidant assays. The colour of
DPPH is purple, and it absorbs in the UV and visible regions at
330 and 577 nm, respectively. The peak in the UV region cor-
responding to 7t — 7* electronic transitions (responsible for
the nitrogen center radical), and the peak at 577 nm, in the
visible region, gives the deep violet colour of the stable free
radical; this peak is particularly important for antioxidant
studies, as it reflects the presence of unpaired electrons in
DPPH.*

When the NPs interact with DPPH, the scavenging of free
radicals can occur in different ways, such as direct electron
transfer (ET), hydrogen atom transfer (HAT), and surface-
mediated redox cycling. Fig. 9 exhibits the UV-visible spectra

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mL™Y) treated with DPPH.

of DPPH with different concentrations of undoped SnO, NPs
and NiSe,-doped SnO, NCs. When the concentration of the NPs
increases (10 to 100 pug mL™'), the 577 nm peak intensity
decreases; at higher concentrations of our material, the inten-
sity drops to near zero compared to untreated DPPH.

The main reason for the decrease in peak intensity was due
to the reduction of DPPH radicals as well as intramolecular
charge transfer (ICT) processes induced by the NPs. The NPs
can donate electrons (ET) or hydrogen atoms (HAT) to DPPH,
facilitating electron delocalization within the DPPH molecule
and altering its electronic structure. This ICT effect destabilizes
the radical's conjugated system; the incoming electron redis-
tributes electron density across the conjugated m-system. This
redistribution destabilizes the radical's delocalized electronic
structure, altering the energy levels of the molecular orbitals
involved in the electronic transition responsible for absorption
at 517 nm. As a result, the probability of the w — =* transition
decreases, leading to a reduction in absorbance at 517 nm. At
higher NP concentrations, more electrons are transferred to
neutralize the free radical and enhance ICT, which can cause
the peak to diminish to near zero. Thus, the observed decrease
in the 517 nm peak reflects a combination of direct radical
scavenging and ICT-induced disruption of the radical's
conjugation.

An additional peak appears around 330 nm is observed, this
peaks corresponds to w — 7* transition of benzenoid aromatic
ring. This benzenoid aromatic ring is not directly involved in
radical scavenging. When ET occurs in the DPPH molecule, the
electronic density is altered in the conjugated system. This can

© 2026 The Author(s). Published by the Royal Society of Chemistry

enhance shift level of @ — =* transition, causing either
increases and decreases, depending on electron delocalization.
In our case, when the NPs were incorporated at lower concen-
trations, the peak intensity increased, whereas at higher
concentrations, the peak intensity decreased, similar to the
visible region peak. The initial increase at low NP concentra-
tions can be attributed to partial electron donation and intra-
molecular charge transfer (ICT), which slightly enhances the =
— m* transition by increasing electron density in certain
regions of the conjugated system. Essentially, the molecule
adjusts its electron distribution to accommodate the incoming
electron, which can temporarily increase the probability of the
UV transition. At higher NiSe, NP concentrations doped in the
SnO, NCs, however, the large number of electrons donated
leads to over-saturation of the m-system and destabilization of
the conjugated structure, causing the @ — w* transition to
become less favourable and decreasing the UV peak intensity.
Additionally, at high concentrations, light scattering or aggre-
gation effects of the NPs may also contribute to the apparent
drop in intensity. Thus, the observed pattern reveals a concen-
tration dependent balance between the over reduction of the
DPPH conjugated system and ICT induced enhancement. As the
concentration increases, the peaks in both the UV and visible
regions diminish, indicating that the NC has strong antioxidant
activity, as shown in Fig. 9a-d. In contrast, with increased
dopant concentrations, much lower ICs, values were exhibited,
suggesting improved activity based on the ICs, values,
compared to previous literature (Table 3).
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Table 2 Reaction kinetics, rate constant, half-life and I1Csq value of the
trations (10%, 20%, and 30%)

(a—d) Time kinetics study of SnO, and NiSe,-doped SnO, at different concentrations (10%, 20% and 30%) [time interval 0-60 minutes].

undoped SnO, NPs and NiSe,-doped SnO, NCs at different concen-

Sample Order of the kinetics K (rate constant)

Observation

ty (min ) ICs0 (ng mL™")

Undoped SnO, NPs (T)  Second order

10% NiSe,-doped Zero order 0.00956 + 5.88 x 10"
SnO, NCs (M)
20% NiSe,-doped
Sno, NCs (N)
30% NiSe,-doped

SnO, NCs (0)

Second order 0.01257 £9.91 x 10°*

First order 0.01806 + 0.00212

Fig. 10a-d shows the UV-visible spectra obtained in the
kinetic studies. The DPPH absorption peaks decrease gradually
over a period of 0 to 60 minutes. After 60 minutes, the
distinctive bands dropped to virtually baseline levels, when the
NCs donate electrons or hydrogen atoms to DPPH to scavenge
the free radicals. This indicates that the radicals had been
completely scavenged. As a result, at higher concentration of the
NiSe,-doped SnO, NCs both the UV (~330 nm) and visible
(~517-577 nm) peaks disappear completely within 60 minutes.

Both the rate constant (k) and the half-life (¢;/,) are important
parameters in chemical kinetics; the rate constant is used to
determine reaction speed, and the half-life is used to determine
the time required for the reactant concentration to drop to half
of its original value. The relationship between k and ¢,,, changes
depending on the order of the reaction. In first-order reactions,

10916 | RSC Adv, 2026, 16, 10904-10924

0.01949 + 0.00180.01949

6.5771.1 + 6.57 72 Slow reaction and higher
ICs, value

64.5 + 4.0 54 Moderate reaction

97.9 £7.72 48,5 Slow kinetics (t,, is higher)
but better ICs,
38.15 +4.45 41.2 Faster (shorter t,,,, higher k),

best antioxidant

the half-life is unrelated to initial concentration. In zero-order
reactions, it decreases linearly with respect to the initial
concentration, and it is inversely related to the rate and initial
concentration in second-order reactions. Collectively, these
characteristics provide important insights into the molecular
pathways and comparative systems.

By applying the experimental data to the integrated rate
equation that corresponds to the order of the reaction. We
found the best fit by considering the linearity (*) of the plots of
[A] vs. t (zero-order), In[A] vs. ¢ (first-order), and 1/[A] vs. ¢
(second-order). The reaction order was selected as the model
with the best correction coefficient.*>**

Table 2 shows that sample T followed second-order kinetics,
indicating moderate reaction speed, with a rate constant of
0.01949 + 0.00180.01949 and a half-life of 6.5771 £ 6.57

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and 9).

minutes. Sample M was best described by the zero-order model
and had a rate constant of —0.00956 + 5.88 x 10~ * and a half-
life of —64.5 &+ 4.0 minutes, suggesting a constant rate process
that is unrelated to the concentration of reactant. Sample N was
related to Sample T, was also second-order, but it had slower
reaction kinetics with a longer half-life of 97.9 £ 7.72 minutes
and a lower rate constant of 0.01257 + 9.91 x 10~ . Sample O
was best described by the first-order model, with a faster reac-
tion rate compared to the other samples, with a rate constant of
—0.01806 + 0.00212 and a half-life of 38.15 + 4.45 minutes; its
shorter half-life indicates more rapid reaction kinetics. Samples
with shorter half-lives and higher rate constants showed lower
ICs, values, indicating enhanced scavenging activity, as shown
in Fig. S4.

Fig. 11a-d shows that the intensities of the UV and visible
region peaks for DPPH decrease at pH 3 and pH 5 without any
noticeable position changes, indicating that there was no
structural disruption in the mildly acidic environment. Only
Sample M incorporated DPPH; as we can see, the peak shifts
toward lower wavelengths at pH 7, whereas other concentra-
tions showed no change. This suggests that a slight lattice
expansion occurred due to the limited incorporation of hydroxyl
ions at neutral pH. We can see a notable change at pH 9, due to
lattice expansion, increased oxygen site deprotonation, and
surface hydroxylation. Additionally, a higher pH enhances ionic
interactions with the dopant, resulting in changes to the

10918 | RSC Adv, 2026, 16, 10904-10924
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(a—d) UV-visible spectra of the undoped SnO, NPs and 10, 20, and 30% NiSe,-doped SnO, NCs treated with DPPH at different pH (3, 5, 7,

crystallographic parameters. The results indicate that the lattice
parameters and structural integrity of the NCs are sensitive to
the pH of their surroundings, with the impact being more
noticeable in basic environments.

The control DPPH ESR spectrum showed a clear triplet
pattern with a strong signal in the magnetic field range of 3480-
3540 G. When the unpaired electron of the DPPH radical
interacts with a magnetic moment of nitrogen nucleus (I = 1),
hyperfine splitting results in this triplet. Three possible spin
states (+1, 0, and —1) are present in the nitrogen nucleus, and
the unpaired electron interacts with each of these states to
generate three lines that are equally spaced and have compa-
rable intensities. In comparison to the control, the ESR signal
intensity of DPPH for samples T, M, and N gradually decreased
after treatment of the NCs. This implies that the NCs can
effectively scavenge radicals by transferring electrons or
hydrogen atoms. In contrast to the other samples, sample O
caused complete decrease of the DPPH signal to baseline,
indicating significantly higher antioxidant activity.

Fig. 12a shows the FTIR spectra of the treated nanoparticle
samples (T, M, N, and O) and the control DPPH, showing
significant changes in the band locations and intensities. The
results are consistent with ESR results and suggest interactions
between the NCs and DPPH radical. The sequence of C> O >T
> M > N was observed in the extensive OH stretching vibration
(3318 c¢m™'), indicating a decrease in hydroxyl-related

© 2026 The Author(s). Published by the Royal Society of Chemistry
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different doping concentration (10%, 20% and 30%).

vibrations caused by hydrogen atom transfer (HAT), which
corresponds to antioxidant activity. The C-H stretching bands
(2944-2832 cm ') exhibited two patterns O > C>T >M > N and
O >T>C >N > M, suggesting that higher NiSe, doping,
particularly in O, enhances C-H bond perturbation, reflecting
structural reorganization during DPPH reduction. The aromatic
C=C stretching (1633 cm ') exhibited the sequence N>M > O >
C > T, showing enhanced preservation of aromatic conjugation
in N and M, while T and O demonstrated increased disruption
due to more potential to donate electrons. Asymmetric and
symmetric nitro (-NO,) stretching (~1456-1412 em™") followed
O >C>T>N >M, demonstrating that the O sample (30% NiSe,
doping) most effectively perturbs the nitro functional group,
consistent with near-complete DPPH reduction observed in
ESR, shown in Fig. 12b and c. Bands corresponding to C-H
vibrations within the nitrogen framework (2524-2231 cm ")
were more intense in O > C >M > T > N, supporting the superior
radical quenching ability of sample O. The C-H bending
(~1019-679 cm™ ') decreased in the order O > C > T > N > M,
indicating stronger distortion of the aromatic ring hydrogens,
while phenyl ring substitution vibrations followed O > C>M >N
> T, confirming that sample O most significantly modifies the
aromatic environment of DPPH.

In particular, in the O sample (30% NiSe,-doped SnO, NCs),
all characteristic FTIR bands of DPPH decreased in intensity
when compared with the control, including O-H (~3318 cm ™),
C-H stretches (2944-2832 cm™ "), aromatic C=C (~1663 cm™ "),
nitro asymmetric/symmetric stretches (~1456-1412 cm™ '), the
coupled C-N/N-N region (~1020 cm™ "), and the out-of-plane C-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a—c) FTIR spectra, ESR spectra with inset photographs, and ICsq values of DPPH-treated SnO, NPs and NiSe,-doped SnO, NCs at

H/phenyl substitution band (~680 cm ™). The global attenua-
tion of these vibrations indicates a near-complete neutraliza-
tion of the DPPH radical by sample O, consistent with the
complete disappearance of the DPPH ESR signal for this
sample. Mechanistically, the uniform decrease across the
spectral fingerprint suggests that electron transfer and/or
hydrogen-atom transfer from the nanoclusters effectively delo-
calize and stabilize the radical center, perturbing the entire
aromatic and nitro hydrazyl framework without cleaving the
molecular backbone. The absence of new FTIR bands or major
shifts further supports a non-destructive reduction to DPPH-H
rather than chemical degradation.

Overall, the combined FTIR and ESR results demonstrate
that nanoparticle treatment progressively scavenged free radi-
cals. The OH, CH, nitro and phenyl substitution bands showed
the greatest disruption in sample O, which is consistent with
their increased radical scavenging capability. Essential
aromatic and nitro vibration are still present, indicating that
the NP's primary work is to donate the electron to form DPPH ™
and its protonated form in aqueous solution, while preserving
the molecular structure.

4.1.1 DPPH radical scavenging mechanism: a multifaceted
approach. The antioxidant activity of NiSe,-doped SnO, NCs can
be elucidated through three synergistic pathways, all affected by
oxygen vacancies (Vo) and interfacial charge-transfer processes.
The unique mechanism is correlated to the XPS results (pre- and
post-reaction).

4.1.1.1 Pathway 1: the principal routes involve direct electron
transfer from oxygen vacancies

RSC Adv, 2026, 16, 10904-10924 | 10919
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4.1.1.1.1 Step: 1 transfer of electron and adsorption. As it
approaches the surface of the NPs, a DPPH" radical is adsorbed
straight onto an V,, site. The two localized electrons at the Vo
sites are readily transferred to the DPPH' radical, and the Vo
serves as an electron-rich center that stabilizes the radical
species, as represented in eqn (7):

Vo, (2e") + DPPH' — Vo+ + DPPH™ (8)
This reaction converts the DPPH" into a stable anionic
intermediate (DPPH ).

4.1.1.1.2 Step: 2 anionic intermediates neutralized by protons
unique mechanism is correlated. A non-radical compound is
formed when the DPPH™ anion rapidly accepts a proton (H')
from the surrounding medium or from surface -OH groups of
NPs, as shown in eqn (8)

DPPH™ + H* — DPPH-H (9)

4.1.1.1.3 XPS correlation. The electron-donation event alters
the chemical environment of the V, sites, allowing for the
adsorption of oxygenated species such as O™ or “OH to
stabilize the electron-deficient vacancies. This change increases
the relative strength of the Vo component in the O 1s spectrum,
corresponding to the near 8-fold increases observed in experi-
mental results.

4.1.1.2 Pathway 2: electron transfer through NiSe,-doped SnO,
nanocomposites as a heterojunction. As an electron reservoir,
NiSe, continuously transports electrons into the SnO, conduc-
tion band Vo states over the heterojunction interface. The
scavenging cycle is maintained by the electrons being easily
transferred to adsorbed DPPH" radicals, as shown in eqn (9):

NiSe, — SnO; (Vo) — DPPH" — DPPH-H (10)

By restoring the electron density at the Vg sites, the dynamic
electron mobility improves the composite system efficiency and
adds to its partially self-regenerative radical scavenging
capabilities.

©
™ e e
o
________ @/ |7 o
VB VB

10% NiSe,doped

SnO, NPs
SnO, NCs

View Article Online

Paper

4.1.1.3 Pathway 3: hydrogen/radical abstraction through
surface hydroxyl groups (secondary route). Scavenging hydrogen
directly from surface -OH groups is an example of a parallel
process, as shown in eqn (10).

Surface-OH + DPPH" — Surface-O" + DPPH-H (11)

The neighbouring lattice stabilizes the resulting surface
oxygen radical (surface-O°), or it may recombine with another
radical species.

4.1.1.3.1 XPS correlation. The noted decrease in the inten-
sity of the -OH component in the O 1s XPS spectrum after DPPH
exposure corroborates this process by confirming that surface
hydroxyl groups are partially reduced, as shown in Fig. 6b, due
to radical neutralization.

4.1.1.3.2 Overall mechanistic insights. The significant anti-
oxidant activity and the alterations observed in the post-
reaction XPS of the NiSe,-doped SnO, NCs are explained by
the combined effects of (i) electron transfer made possible by
oxygen vacancies, (ii) electron replenishment via hetero-
junctions with NiSe, and (iii) the participation of surface
hydroxyl groups to form DPPH-H (Fig. 13).

4.2. Antibacterial activity

The disc diffusion method was employed to evaluate the in vitro
antibacterial efficacy of undoped SnO, NPs and NiSe,-doped
SnO, NCs. This work used Gram-negative bacteria K. pneumonia
(MTCC 618), E. coli (MTCC 443) and P. aeruginosa (MTCC 1688),
and the Gram-positive bacterium S. aureus (MTCC 96). The
SnO, and NiSe, NPs both contributed significantly, which
elucidated their efficient bactericidal characteristics. The over-
all efficiency was enhanced by increased NiSe, concentration at
10, 20 and 30%, compared to undoped SnO, NPs. The multiple
antibacterial mechanistic processes of NiSe,-doped SnO, NCs
are given below.

First and foremost, mechanisms based on charge and size
are more crucial. Due to their smaller, the nanoparticles can
readily penetrate bacterial cell walls. In this study, Sn*™ and
Ni™™" cationic species can easily pass through the outer
membrane lipopolysaccharides (LPS) and accumulate within

Defect
states ™ ¢

20% NiSe, doped
SnO, NCs

30% NiSe, doped
SnO, NCs

Fig. 13 Band bending diagram of the undoped SnO, NPs and NiSe,-doped SnO, NCs (10%, 20% and 30%): charge-transfer mechanism for

antioxidant activity.
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the inner membrane. LPS have electron-donor sites, oxygen-
based donors such as phosphate, carboxyl, and hydroxyl
groups, that interact with metal ions to form strained
complexes (metal-lipid complexes), as shown in eqn (11). It
form stronger ionic connection, although weaker than covalent
bond. This complex increases membrane permeability, leading
to cell death by disrupting the bacterial membrane.>

+II
[LPS — OPO3] I\(/:[g [OPO3 — LPS]— [LPS — OPO3] — M*"
+II
+ % (released)
(12)

Secondly, it is crucial to consider interactions with thiol
groups. The interaction between adsorbed Sn'"Y and Ni*" ions

View Article Online

RSC Advances

and the thiol (-SH) group of cysteine residues in bacterial
enzymes can lead to the formation of new Sn-H and Ni-H
bonds through hydrogen replacement, as shown in eqn
(12)—(14). As a further advantage, thiol groups or ROS generated
by Se™ and O™ anions on the NP's surface might induce
oxidative stress. These changes make it harder for proteins to
carry out important cellular tasks and enzyme activity. Blocking
the enzyme B-lactamase restores bacterial susceptibility to B-
lactam antibiotics, which is essential for the survival of E. coli
and S. aureus under antibiotic exposure. The nitrate reductase is
essential for anaerobic respiration in P. aeruginosa, and metal
ions can render this enzyme inactive. This puts the bacteria's
viability at risk and eventually causes cell death.>*

Cys—SH (enzyme) + Sn™™V — Cys-Sn + H* (13)

a') Klebsiella pneumoniae
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Fig. 14
and E. coli) and Gram-positive (S. aureus) bacteria.
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b') Pseudomonas aeruginosa
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ys— enzyme) + N1 — Cys—Ni1 + 14
Cys—SH ( )+ Ni*"! — Cys-Ni + H*

Cys-SH (enzyme) + Se ™" — Cys-Se (thiol modification) (15)

Thirdly, based on the shape, bacterial membranes could
sustain physical harm from NPs with sharp edges or one- or two-
dimensional shapes. The mechanical consequences include
lipid extraction, bubble-mediated disruption, membrane
cutting and instability. Previous literature reports show that E.
coli cell walls can be ruptured by forces as small as about 20 N.
As such, sharp-edged nanomaterials could function like a knife,
efficiently breaking and disrupting the membrane.*

The reactive oxygen species (ROS) production as the
concentration dependent process.*® The NPs exhibit enhanced
antibacterial activity with increasing dopant (NiSe,) concentra-
tion in the composite. Lower concentrations are insufficient to
produce ROS to inhibit or kill the bacteria. Superoxide di-
smutase (SOD), which efficiently neutralizes superoxide anions,
is produced by bacteria in response to small quantities of ROS.
Overproduction of ROS damages proteins, lipids, and DNA,
ultimately leading to bacterial death. Fig. 14a-d shows the
antibacterial activity ranked as O > N > M > T, indicating that
sample O had superior activity against K. pneumonia, P. aerugi-
nosa, S. aureus and E. coli.

The characterization results provide further evidence for the
superior antibacterial efficiency of sample O. The XRD results
showed that sample O had the largest peak shift and lattice
strain, which makes the surface of the NCs more reactive. The
FTIR spectra confirm that the obtained functional groups
reduce free radicals, while the UV-visible investigations
demonstrate the improved catalytic effectiveness. XPS and ESR
investigations performed before and after DPPH contact indi-
cate that sample O generates ROS with increasing concentration
and maintains advantageous oxidation states (Sn*""/Se "/Ni*™h),
thereby promoting redox cycling at the bacterial interface.
These results show that sample O is the best antibacterial agent
among the synthesised materials, because of its structural
change and better redox activity.

5. Conclusion

This work describes the effective synthesis of NiSe,-doped SnO,
NCs using Justicia adhatoda leaf extracts at different concen-
trations 10%, 20% and 30%. The crystal nature was confirmed
by structural analysis, and the peak shift indicates that NiSe,
was effectively doped into the SnO, crystal lattice, while
secondary peaks support the formation of NCs. Due to doping
effects, UV-visible spectroscopy revealed notably decreased (at
lower concentration doping) and increased (at higher concen-
tration doping) band gaps. While EDX and XPS investigation
verified the chemical composition and oxidation states, TEM
and SEM analyses revealed the irregular spherical and cluster-
shaped morphology of the NPs and NCs, respectively.

By optimizing the pH and NC concentration, the DPPH assay
was used to determine antioxidant activity. Although pH 3, 5,
and 7 showed minimal influence on scavenging activity, the
DPPH analysis at pH 9 exhibited an irregular peak. The ICs,
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value for the 30% NiSe,-doped SnO, NCs was 41.2 pg mL™ ",
whereas the ICs5, of SnO, NPs was 77 ug mL™~". The FTIR spec-
trum shows the appearance of a new OH stretching band with
no other significant peak changes, while the ESR spectrum lacks
the characteristic triplet signal, indicating complete scavenging
of radicals by the NCs.

According to post-reaction characterizations conducted after
DPPH inclusion, the XRD peaks showed a noticeable shift
towards higher angles at higher doping concentrations but very
slight structural changes at lower concentrations. Post SEM
analysis confirmed particles agglomeration, indicating direct
surface contact between the particles. Post XPS results showed
no significant changes in the metals and Se chemical states;
however, the O 1s peak showed variation in the oxygen vacan-
cies deconvolution peak. Furthermore, zeta potential analysis
confirmed an oxygen vacancy mediated radical scavenging
process. Significant antibacterial activity against Klebsiella
pneumoniae (10 mm), Pseudomonas aeruginosa (11 mm),
Escherichia coli (12 mm), and Staphylococcus aureus (12 mm) was
demonstrated by the 30% NiSe,-doped SnO, NCs (Sample O),
highlighting its potential for environmentally friendly
biomedical applications.
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NPs Nanoparticles
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SnoO, Tin Oxide

NiSe, Nickel Selenide

XRD Powder X-ray Diffraction

uv UV-visible spectroscopy

HRSEM  High-Resolution Scanning Electron Microscopy
EDX Energy-Dispersive X-ray Analysis

FTIR Fourier Transform Infrared Spectroscopy

TEM Transmission Electron Microscopy

ESR Electron Spin Resonance Spectroscopy

DDW Double-Distilled Water

JCPDS Joint Committee on Powder Diffraction Standards
nm Nanometres

SAED Selected Area Electron Diffraction

XPS X-ray Photoelectron Spectroscopy

DPPH 2,2-Diphenyl-1-Picrylhydrazyl
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