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In this study, pure and nickel-doped copper oxide (CuO and Ni-CuO) nanoparticles were synthesized via
a sol-gel route and comprehensively characterized to investigate their structural, electronic,
photocatalytic, and antimicrobial properties. X-ray diffraction (XRD) confirmed the formation of
monoclinic CuO with successful Ni incorporation, evidenced by peak broadening and lattice strain. Field
emission scanning electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDX)
analyses revealed quasi-spherical morphologies and homogeneous Ni doping, while FTIR spectra
confirmed Cu-0O bonding with subtle changes induced by Ni substitution. Photocatalytic degradation of
methylene violet (MV) dye under UV irradiation demonstrated enhanced efficiency for Ni-CuO (88.62%
at 20 ppm) compared to pure CuO (84.92%), with kinetics following a pseudo-first-order model.
Additionally, Ni-CuO exhibited improved antimicrobial activity against Gram-positive and Gram-negative
bacteria as well as Candida albicans, achieving up to 99.72% inhibition at 250 ug mL™%. To support the
antimicrobial findings, molecular docking studies were performed using CusO4 and Ni-doped CuzNiOg4
nanoclusters against microbial target proteins. The Ni-doped nanocluster displayed stronger binding
affinities with key proteins from E. coli, S. typhi, and Candida albicans, forming stabilizing interactions
such as hydrogen bonds, metal-acceptor contacts, and m-sulfur bonds. These interactions were
especially pronounced in the Candida model, aligning well with experimental inhibition data. Density
Functional Theory (DFT) calculations on Cu4O4 and Ni-doped CusNiO4 nanoclusters revealed
modifications in bond lengths, HOMO-LUMO gaps, and charge distribution upon doping, which

correlated well with experimental observations. Notably, partial density of states (PDOS) and charge
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Accepted 19th October 2025 analyses indicated increased electronic delocalization and orbital hybridization in Ni-CuO, supporting its

superior photocatalytic and antimicrobial performance. This integrative study provides atomistic insight
into the structure—property relationships of doped CuO nanostructures, underscoring their potential for
multifunctional environmental and biomedical applications.
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antimicrobial applications, gas sensing, lithium-ion batteries,
and solar energy conversion. However, the practical perfor-

1. Introduction

In recent years, the development of efficient, low-cost, and
environmentally friendly nanomaterials has attracted signifi-
cant attention for applications in environmental remediation
and biomedical fields." Among various transition metal oxides,
copper oxide (CuO) has emerged as a promising candidate due
to its narrow band gap (\~1.2 eV), high stability, abundance,
and strong optical absorption in the visible region. CuO nano-
particles (NPs) exhibit considerable potential in photocatalysis,
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mance of CuO-based systems is often limited by rapid electron-
hole recombination, low surface reactivity, and structural
instability under operational conditions.?

To overcome these limitations, doping CuO with foreign
metal ions has been explored as an effective strategy to tailor its
structural, optical, and electronic properties. Among the various
dopants, nickel (Ni) is particularly attractive due to its similar
ionic radius to Cu** and its ability to substitute into the CuO
lattice without drastically disrupting the host crystal structure.
Ni doping can modulate the electronic band structure, enhance
charge separation, introduce defect states, and improve overall
catalytic efficiency.> Moreover, transition metal doping may
influence the antimicrobial properties of CuO by altering
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surface charge distribution and enhancing reactive oxygen
species (ROS) generation.*

Despite numerous studies on CuO-based nanostructures,
a comprehensive understanding of the correlation between Ni
doping, structural modification, electronic properties, and
functional performance remains incomplete. In particular,
limited reports exist that integrate experimental characteriza-
tion with first-principles density functional theory (DFT)
calculations to gain atomistic insights into the electronic
structure and charge redistribution in Ni-CuO nanoclusters.?

In this work, we synthesized pure and Ni-CuO nanoparticles
via a facile sol-gel method using citric acid as a chelating agent
and CTAB as a stabilizer. The structural, morphological, and
chemical properties of the synthesized samples were systemat-
ically characterized by X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM), energy-dispersive X-ray
spectroscopy (EDX), and Fourier-transform infrared (FTIR)
spectroscopy. The photocatalytic activity was evaluated by
degrading methylene violet (MV) dye under ultraviolet light, and
antimicrobial efficacy was assessed against both Gram-positive
and Gram-negative bacterial strains, as well as Candida species.

To complement the experimental findings, we performed
spin-unrestricted DFT calculations using ORCA software to
model the electronic structures of Cu,0, and Cu;NiO, nano-
clusters.® Structural optimization, HOMO-LUMO analysis,
charge distribution (via Hirshfeld, Mulliken, and Loéwdin
schemes), and projected density of states (PDOS) calculations
were conducted to elucidate the influence of Ni doping at the
atomic level. In addition, molecular docking studies were con-
ducted against Gram-positive and Gram-negative bacterial
strains, as well as Candida species to assess their possible
interactions and inhibitory effects of the Cu,0, and Ni-doped
Cu,0, (CuzNiO4) nanoclusters. The selected targets included
Bacillus cereus (PDB ID: 1BMC),* Candida albicans (PDB ID:
6AKZ),” Escherichia coli (PDB ID: 3ZMI),® Salmonella typhi (PDB
ID: 6IAI),° and Staphylococcus aureus (PDB ID: 4QLO).** The
integrated experimental-theoretical approach in this study
provides new insights into the structure-property—performance
relationships in Ni-CuO nanostructures and highlights their
potential for multifunctional applications in environmental
and biomedical domains.

2. Materials and methodology
2.1 Materials

All of the reagents used in this study were analytical grade and
did not require any further purification. Merck (Germany)
provided the following chemicals: cetyltrimethylammonium
bromide (CTAB), citric acid monohydrate, ethanol, nickel(u)
nitrate hexahydrate (Ni(NO;),-6H,0), and copper(u) nitrate tri-
hydrate (Cu(NOs),-3H,0)."*** The entire synthesis procedure
was carried out using deionized (DI) water.

2.2 Synthesis of CuO and Ni-doped CuO nanoparticles

CuO and Ni-CuO nanoparticles were synthesized utilizing
a sol-gel technique using ethanol and deionized water as
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solvents.""* After dissolving copper(u) nitrate trihydrate in the
solvent mixture, citric acid was added as a chelating agent and
the ratio was 1:1 (CN: CA)."* A stabilizer called cetyltrimethyl-
ammonium bromide (CTAB) was used to stop agglomera-
tion."** Sodium hydroxide (NaOH) was used to bring the pH
down to about 7 while the mixture was constantly stirred at 50 to
60 degrees Celsius.’® The Ni-doped sample was prepared by
adding 2 mol% of nickel(u) nitrate hexahydrate to the precursor
solution employing the same method of sol-gel synthesis as
previously mentioned.”* Once the gels had formed, they were
dried and ground into fine powders. After that, these powders
were calcined for four hours at 600 °C in an air environment in
a muffle furnace to create the final nanoparticles."”

2.3 Characterization techniques

The structural, morphological, elemental, and chemical
bonding properties of the synthesized CuO and Ni-CuO nano-
particles were examined using a combination of powder X-ray
diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), and Fourier-
transform infrared spectroscopy (FTIR) techniques.**™*

2.3.1 XRD analysis. A GBC EMMA X-ray diffractometer
(Mini Material Analyzer) was used to do structural analysis. The
Cu Ko, radiation (A = 1.5406 A) produced by a copper target was
used to record the diffraction patterns. The operating voltage
and current were 40 kV and 40 mA, respectively, and the scan
was conducted over a 26 range of 10° to 90°. Data were digitally
stored for post-processing, and the instrument was completely
computer-controlled.

2.3.2 SEM and EDX analysis. An MA15 VP-SEM (Carl Zeiss
EVO, UK) with spatial resolution between 50 and 100 nm and
magnifications ranging from 20x to 30000x was used to
examine the surface morphology of the nanoparticles. The SEM
study shed light on the distribution, aggregation, and
morphology of the particles. A SEM-integrated energy-
dispersive X-ray spectroscopy (EDX) instrument, which iden-
tifies elemental presence and distribution by detecting
distinctive X-ray emissions from the sample, was used to
establish the elemental composition.

2.3.3 FTIR analysis. The Shimadzu IR Affinity-1S spec-
trometer, which has a MIRacle 10 ATR attachment, was used to
record Fourier-transform infrared (FTIR) spectra. At room
temperature, the spectra were measured between 400 and
4000 cm ™. Advanced dynamic alignment for increased stability
and an airtight interferometer chamber with an automatic
internal dehumidifier to reduce environmental impact during
analysis are features of the system.

2.4 Photocatalytic activity test

The photocatalytic activity of the synthesized CuO and Ni-CuO
nanoparticles were assessed using methylene violet (MV) dye at
initial concentrations of 15 ppm and 20 ppm. A photocatalyst
dosage of 500 mg L™ was dispersed in 100 mL of dye solution
and magnetically stirred at 600 rpm. The suspension was kept
in the dark for 30 minutes to ensure adsorption-desorption
equilibrium. Photocatalytic degradation was carried out under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ultraviolet (UV) irradiation using a 125 W mercury lamp posi-
tioned 10 cm above the sample surface. The reaction mixture
was contained in borosilicate glass vessels. Absorbance
measurements were taken at 580-592 nm (characteristic of MV)
using a Shimadzu UV-1800 spectrophotometer and a silicon
photodiode detector was employed to monitor light intensity.
All experiments were conducted at ambient temperature, and
degradation efficiency was calculated based on the decrease in
dye absorbance over time.

2.5 Antimicrobial activity test

The antimicrobial activity of the synthesized CuO and Ni-CuO
nanoparticles were evaluated using the agar well diffusion
method, a standard method for the initial screening of anti-
microbial agents.” To evaluate the broad-spectrum activity of
the nanoparticles, five distinct microbial strains were selected:
a fungal strain (Candida albicans), Gram-positive bacteria
(Bacillus cereus, Staphylococcus aureus), and Gram-negative
bacteria (Escherichia coli, Salmonella typhi).** A nutrient broth
was used to cultivate each microbial strain, and the 0.5
McFarland standard (about 1.5 x 10® CFU mL ") was applied.?®
Mueller-Hinton Agar (MHA) plates were utilized for bacterial
strains, while Sabouraud Dextrose Agar (SDA) was used to
cultivate Candida albicans. Sterile cotton swabs were used to
uniformly inoculate the prepared agar plates to ensure consis-
tent lawn formation.?® A cork borer was utilized to create sterile
wells with a diameter of 6 mm in the agar surface, and 50 pL of
CuO and 50 uL of Ni-CuO nanoparticle suspensions at
concentrations of 50, 100, 150, 200, and 250 pug mL™" were
added to each well. All experiments were conducted under
aseptic conditions with a negative control (solvent only) to verify
the absence of inherent antibacterial activity. The zones of
inhibition (ZOI) surrounding each well were measured in
millimeters using a digital Vernier caliper following 24 hours of
incubation at 37 °C."™ All experiments were performed in trip-
licate, and the results were reported as the mean + standard
deviation. Based on diffusion characteristics and inhibitory
patterns of the tested compounds, this method facilitates the
qualitative and semi-quantitative evaluation of antimicrobial
efficacy. Future research may use minimum bactericidal
concentration (MBC) and minimum inhibitory concentration
(MIC) assays to enable a more accurate and quantitative eval-
uation of antimicrobial potency, while the agar diffusion
method provides useful preliminary insights.**>*

2.6 Computational method (DFT)

The experimental study was complemented by Density Func-
tional Theory (DFT) calculations to provide atomistic insights
understanding of the electronic and structural properties of the
synthesized CuO and CuzNiO, nanoclusters. The ORCA 5.0.4
quantum chemistry software package was used for all calcula-
tions. In combination with the def2-SVP basis set, geometry
optimizations were carried out using the BP86 generalized
gradient approximation (GGA) functional, which offers a reliable
balance between computational efficiency and accuracy for
transition metal oxide systems.*” Geometry optimizations were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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restricted to 200 iterations, and the SlowConv keyword and an
increased SCF cycle limit of 800 iterations were used to guarantee
convergence of open-shell configurations.” Cu,0, and Cu;NiO,
clusters were employed as finite-sized models in these compu-
tations. The effects of doping spin states, and charge redistribu-
tion in transition metal oxides are frequently assessed using these
models, which also provide meaningful correlation with experi-
mental reactivity and electronic properties. Spin-state testing was
performed for all clusters to determine their ground-state
configurations. For pristine Cu,0,, the triplet state was found
to be more stable than the singlet. For Cu;NiO,, the doublet state
converged successfully over the quartet and was used in further
calculations. The gas phase was used for all calculations in order
to simulate isolated nanoclusters. Single-point energy calcula-
tions were conducted to extract electronic relevant descriptors
and refine total energies following geometry optimization. The
electronic stability and reactivity of the nanoclusters were
assessed by computing the HOMO-LUMO energy gaps from
orbital eigenvalues. Multiwfn packages were used to do orbital
visualization based on the generated .molden files.

2.7 Molecular docking studies

2.7.1 Target protein retrieval and preparation. The crystal
structure of Bacillus cereus (PDB ID: 1BMC),* Candida albicans
(PDB ID: 6AKZ),” E. coli (PDB ID: 3ZMI),® Salmonella typhi (PDB
ID: 6IAI),° and Staphylococcus aureus (PDB ID: 4QLO)" protein
was retrieved in PDB format utilizing data from RCSB Protein
Data Bank (https://www.rcsb.org/). This Bacillus cereus (PDB ID:
1BMC), protein is composed of 1 chains (A). A chain sequence
length is 221 amino acid residues. The structure's resolution
is 2.50 A, with an Rge. value: 0.330 (Depositor).® To prepare
the protein for further study, we used the protein preparation
wizard available in Pymol to eliminate hetero atom molecules,
water molecules, and co-crystalized ligand to get clean
Protein.>® Protein was cleaned by Pymol default parameters and
optimized using SPDBV 4.10.** Similarly all remaining micro-
bial proteins were prepared using the mentioned softwares and
packages.

2.8 Prediction of toxicity of nanoclusters

The toxicity profiles of two metal oxide nanocomposites—
Cu;NiO4 and Cu,O,—were evaluated using the ProTox-3.0 web
server, a widely accepted platform for computational toxicity
prediction using ProTox-3.0.>* The server integrates machine
learning models trained on large datasets to predict various
toxicity endpoints, including LDs, values, toxicity classes,
hepatotoxicity, immunotoxicity, mutagenicity, and cytotox-
icity.”® The platform utilizes a consensus approach incorpo-
rating  structural alerts, molecular similarity, and
pharmacophore features to improve prediction accuracy.”

3. Result and discussion

The synthesized CuO and Ni-CuO nanoparticles were compre-
hensively characterized and their structural, morphological,
chemical, antimicrobial, and electronic properties were
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investigated in detail. The crystallographic structure,
morphology, elemental composition, and chemical bonding
were evaluated by X-ray diffraction (XRD), field emission scan-
ning electron microscopy (FESEM), energy-dispersive X-ray
spectroscopy (EDX), and Fourier-transform infrared (FTIR)
spectroscopy, respectively. Additionally, the photocatalytic
degradation of organic dye under visible light and the anti-
bacterial activity against bacterial and fungal strains were
systematically evaluated. To better link the experimental results
with the electrical structural and electronic behavior at the
atomic scale, Density Functional Theory (DFT) computations
were performed. The combined findings provide a comprehen-
sive understanding of how Ni doping affects CuO nano-
structures' physicochemical and functional properties.

3.1 XRD analysis

The crystalline structure and phase purity of the synthesized
CuO and Ni-CuO nanoparticles were analyzed using X-ray

View Article Online
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diffraction (XRD). The diffraction patterns, shown in Fig. 1(a),
display sharp and well-defined peaks, indicating the high
crystallinity of the samples. All prominent peaks of CuO sample
were indexed to the monoclinic phase of CuO (JCPDS card no.
01-077-7716), corresponding to diffraction planes such as (110),
(—111), (111), (—202), and (202) at 26 values of approximately
32.5°, 35.5°, 38.7°, 45.5°, and 48.7°, respectively.>® The absence
of additional peaks confirms the phase purity of the synthesized
product. Minor matching scores for oxygen-related phases (O,
and O;) were observed during phase identification; however,
these scores were below the accepted significance threshold
(score < 30). Moreover, no corresponding diffraction peaks were
evident in the experimental patterns, suggesting these signals
likely arose from background noise or instrumental artifacts.
Consequently, these phases were excluded from further anal-
ysis. Upon Ni doping, the diffraction peaks remained consistent
with the monoclinic CuO structure, indicating that the crystal
system was preserved. However, slight peak broadening and

— Ni doped Cu0|
(a)
/3\ JCPDS 01-089-2529
@
| 11 |
—— Pure CuO\
A .
JCPDS 01-077-7716
| I [ |
35 40 45 50
206
- 0.0052 ]
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00034 "=
0.003 0.00324
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Fig. 1

(a) XRD patterns of pure and Ni-doped CuO nanoparticles, confirming the monoclinic CuO phase and indicating lattice contraction upon

doping. (b) Williamson—Hall plots (8 cos 6 vs. 4 sin ) showing size-strain separation for pure CuO (c) Ni doped CuO.
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marginal shifts in the peak positions were observed, suggesting
lattice distortion due to the incorporation of Ni*" ions (ionic
radius ~ 0.69 A) into the Cu®" lattice sites (ionic radius ~ 0.73
A). Such substitution induces microstrain and local disorder in
the crystal lattice. Crystallite sizes were initially estimated using
the Scherrer equation, applied to the most intense diffraction
peaks. The average crystallite size of CuO was found to be
32.91 nm, while that of Ni-CuO was reduced to 27.17 nm,
indicating that Ni doping restricted crystal growth during the
sol-gel synthesis process.”®?* To decouple the effects of micro-
strain and size-induced broadening, the Williamson-Hall (W-
H) method was employed. A plot of §cosf versus 4sinf is
shown in Fig. 1(b) and (c) from which crystallite size and lattice
strain were extracted.' The W-H plot yielded a linear fit with
intercepts of 0.00208 (CuO) and 0.00349 (Ni-CuO), and slopes of
0.00139 and 0.000763, respectively. Using the intercepts and the
equation:

K2
intercept

where K = 0.9 and A = 0.15406 nm, the W-H crystallite sizes
were calculated to be approximately 66.65 nm for CuO and
39.72 nm for Ni-CuO (Table 1). The slight discrepancy with the
Scherrer values is expected, as W-H analysis accounts for both
size and strain contributions to peak broadening, whereas the
Scherrer equation assumes strain-free conditions.

The increased microstrain (¢) in the doped sample under-
scores lattice distortion due to Ni** incorporation, in agreement
with literature.”®* Such distortions are expected to affect crystal
growth and reactivity of CuO-based catalysts.

It should be noted that the linear regression yielded relatively
low adjusted R? values indicating weak statistical reliability of the
W-H fits. Such limitations are frequently reported in lightly
doped oxide systems, where peak broadening is subtle and often
dominated by instrumental factors rather than strain. Therefore,
the W-H results here are considered as indicative trends rather
than absolute values. The Scherrer equation, applied to the main
diffraction peaks, provides more robust crystallite size estimates
and is used as the primary basis for discussion.

Despite this limitation, the W-H analysis still suggests
a relative increase in microstrain (¢) in the doped sample, which
is consistent with lattice distortion arising from Ni** incorpo-
ration. Such distortions are reported to hinder crystal growth
and modify the surface reactivity of CuO-based catalysts.****

3.2 Morphological analysis (FESEM and EDX)

Field Emission Scanning Electron Microscopy (FESEM) was
utilized to investigate the surface morphology and particle

Tablel Comparison of crystallite size and microstrain of pure and Ni-
doped CuO nanoparticles

Scherrer size W-H size Lattice strain
Sample (nm) (nm) (x107%)
Pure CuO 32.91 66.65 1.39
Ni-doped CuO 27.17 39.72 0.763

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distribution of both CuO and Ni-CuO nanoparticles. The
FESEM images of CuO and Ni-CuO nanoparticles are shown in
Fig. 2(a, c¢) and (b, d) respectively. Both samples exhibit quasi-
spherical nanoparticles with varying degrees of agglomera-
tion. The Ni-CuO sample appears more clustered with slightly
rougher surface textures.**** The images of pure and Ni-CuO
nanoparticles reveal the morphological features including
particle size and distribution at two different magnifications
(200 nm and 1000 nm scale bars). As commonly observed in sol-
gel synthesized metal oxide nanoparticles, some degree of
particle agglomeration is present due to the high surface energy
and strong interparticle interactions inherent in nano-sized
materials. This agglomeration leads to particle clusters where
individual nanoparticles become difficult to distinguish clearly
on the micrographs. To address this, the samples were carefully
prepared to improve dispersion before imaging, and multiple
independent regions were analyzed using the Image] software
to estimate particle size distribution. Despite the presence of
agglomerates, the analysis focused on well-dispersed areas
where primary particles could be identified more distinctly.
Particle size distributions showed the majority of nanoparticles
lie below 200 nm, which aligns well with the crystallite size
values obtained from XRD analysis.*

Energy-Dispersive X-ray Spectroscopy (EDX) was employed to
determine the elemental composition of the synthesized
nanoparticles and to evaluate the effectiveness of Ni doping. For
CuO sample, point analyses at two different regions (point 7 and
point 8) and the representative spectrum (spectrum 4) revealed
only copper (Cu) and oxygen (O), with atomic percentages of Cu:
50.41-44.65% and O: 49.59-55.35% (weight percentages: Cu:
76.22-80.15%, O: 19.85-23.78%). These results confirm the
high purity of the CuO nanoparticles without detectable
contamination. Representative EDX spectra for these points are
presented in Fig. 3(a). For the Ni-CuO sample, EDX analysis at
multiple points (points 9, 10, and spectrum 5) confirmed the
successful incorporation of Ni into the CuO lattice. The
measured atomic percentages were:

Point 9: Cu - 46.58%, O — 52.43%, Ni - 0.99%

Point 10: Cu - 51.71%, O - 46.85%, Ni - 1.44%

Spectrum 5: Cu - 44.31%, O - 55.07%, Ni - 0.62%

(weight percentages: Cu 75.42-79.76%, O 18.19-23.60%, Ni
0.98-2.05%). These consistent results across multiple points
indicate effective doping and confirm the presence of Ni in the
nanoparticles. Representative EDX spectra for the Ni-CuO
sample are shown in Fig. 3(b). It is important to note that while
EDX provides quantitative elemental composition, it cannot
unambiguously confirm the homogeneous spatial distribution of
Ni within the sample. However, the repeated detection of Ni at
multiple points suggests uniform incorporation, in agreement
with previously reported studies on Ni-CuO nanoparticles.****

3.3 FTIR analysis

FTIR spectroscopy was employed to analyze the functional groups
and structural variations between pure and Ni-CuO nanoparticles
(NPs), with spectra recorded in the range of 4000-400 cm ™'
(Fig. 4). In the spectrum of CuO NPs (red curve), a broad band

RSC Adv, 2025, 15, 41479-41496 | 41483
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Fig. 2 (a) FESEM micrographs of pure and (b) Ni-doped CuO nano-
particles showing the quasi-spherical morphology at 200 nm. (c and d)
Pure and Ni dope CuO at 1000 nm scale.
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observed around 3400-3200 cm ' corresponds to the O-H
stretching vibrations of surface-adsorbed water or hydroxyl
groups.** The peak near 1600-1400 cm ™' is attributed to H-O-H
bending, further confirming the presence of moisture. A strong
absorption band belongs to the Cu-O stretching vibrations
around 500-600 cm ™", which confirms the formation of copper
oxide nanoparticles.**** In the Ni-CuO sample (blue curve),
similar bands are present but exhibit reduced intensity and slight
shifts in position. The O-H stretching and H-O-H bending bands
are less pronounced, indicating altered surface chemistry likely
due to Ni** incorporation.®® Notably, the Cu-O stretching region
also shows a weakened and slightly shifted absorption, suggest-
ing lattice distortion or substitution of Cu** by Ni** ions. While
no distinct Ni-O vibrational band was observed (as Ni-O modes
are often IR-inactive or overlap with Cu-O bands), subtle changes
in the Cu-O stretching region suggest successful Ni incorporation
into the CuO lattice, causing lattice distortion and modified
bonding environments. These changes indicate that Ni** ions
were successfully introduced into the CuO matrix, modifying its
local structure and potentially influencing its electronic, photo-
catalytic, and antimicrobial behavior. The results are consistent
with prior studies on transition metal doping in CuO, where peak
shifts and intensity reduction were also observed as indicators of
dopant incorporation.***

3.4 Photocatalytic activity

The photocatalytic degradation of methylene violet (MV) dye
was assessed under UV light using pure and Ni-CuO nano-
particles as catalysts. Photodegradation experiments were per-
formed at two MV concentrations (15 ppm and 20 ppm).* Prior
to UV illumination, all samples were subjected to a 30 minute
dark adsorption period to ensure surface-dye equilibrium,
eliminating the contribution of initial adsorption from the
subsequent kinetic analysis. Similar studies using CuO-based
materials have reported MV degradation efficiencies over 80%
under UV light.*>*® The percentage degradation of MV dye was
calculated directly from the change in absorbance at 584 nm
using the equation:

Ao — 4,

0

Degradation (%) = x 100

where (4,) is the initial absorbance before UV irradiation and
(A, is the absorbance at time ¢. This approach is consistent with
previous studies on CuO-based photocatalysts**=® and assumes
a linear relationship between absorbance and concentration
according to the Lambert-Beer law.

The change in absorbance over time at the characteristic
wavelength of MV dye indicated the progression of the photo-
catalytic reaction. Among the samples, Ni-CuO at 20 ppm
exhibited the highest degradation efficiency (88.62%) within 90
minutes of UV exposure, while CuO at 20 ppm achieved 84.92%
under identical conditions. These results surpass earlier reports
on bare CuO or CeO,-CuO systems (64-93%) indicating that Ni
doping enhances active site density and electron-hole separa-
tion.*® At the lower dye concentration (15 ppm), Ni-CuO reached
82.01% degradation compared to 70.00% by CuO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDX spectra of (a) pure CuO nanoparticles confirming the presence of Cu and O with near-stoichiometric distribution (point 7, 8 and
spectrum 4). (b) EDX spectra of Ni-doped CuO nanoparticles (points 9, 10, spectrum 5). Representative EDX spectra showing elemental
composition of pure and Ni-doped CuO nanoparticles. Ni is consistently detected across multiple points, supporting successful doping.
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The UV-Vis absorbance spectra of MV recorded at different
time intervals using Ni-CuO 20 ppm are presented in Fig. 5(a). A
gradual reduction in the absorption peak at ~584 nm confirms
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effective dye degradation under UV light.*® The decrease in
absorbance intensity as a function of time is illustrated in
Fig. 5(b). The percentage degradation versus time for all
samples, enabling a clear comparison of photocatalytic effi-
ciencies are presented in Fig. 5(c).

To understand the reaction mechanism, the kinetics were
fitted using a pseudo-first-order model described by:

In(Ay/A,) = kt

where A, and A, are the absorbance values at time zero and time
t, respectively, and k is the apparent rate constant. The linear
plots of In(Ao/A,) versus time for all four systems exhibited strong
correlation (R> > 0.95), validating the pseudo-first-order reaction
model (Fig. 5(d)). The rate constant (k) for Ni-CuO at 20 ppm
was 0.02452 min~', slightly higher than that for CuO
(0.02364 min~). At 15 ppm, Ni-CuO (0.00978 + 0.00098 min )
significantly ~ outperformed pure CuO (0.00547 =+
0.00055 min~ "), highlighting the effectiveness of Ni doping in
enhancing the photocatalytic degradation rate at lower dye
concentrations. The calculated half-life (¢,,) values, derived
from the rate constants using the equation:

—=— Pure CuO 20 ppm
—o—Ni—CuO 20 ppm

—4—Pure CuO 15 ppm|
—+—Ni—CuO 15 ppm

Absorbance
o
>

0.3+
0.2+
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2.5
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(a) UV-Vis spectra of MV (20 ppm) during photocatalytic degradation using Ni—CuO under UV irradiation. The decrease in absorbance at

Amax (~584 nm) over time confirms dye breakdown. (b) Absorbance versus time profile for MV degradation under UV light. (c) Percentage
degradation of MV as a function of irradiation time for all catalysts. (d) Pseudo-first-order kinetic plots of In(Ag/A;) versus time for Ni-CuO

20 ppm, pure CuO 20 ppm, Ni-=CuO 15 ppm, and pure CuO 15 ppm.
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Table 2 The corresponding kinetic parameters, including rate
constants and half-lives
Rate constant k Half-life ¢,
Sample (min™") (min) R
Ni-CuO 20 ppm 0.02452 28.26 0.99077
Pure CuO 20 ppm 0.02364 29.31 0.95285
Ni-CuO 15 ppm 0.00978 70.83 0.99271
Pure CuO 15 ppm 0.00547 126.65 0.99631
In(2)
tiyp =

provide further insight into the degradation rate of MV dye.** A
lower half-life indicates faster degradation. Among the cata-
lysts, the calculated half-life (¢,,) values showed that Ni-CuO
required less time to degrade 50% of methylene violet than CuO
at both 15 ppm and 20 ppm concentrations. At 15 ppm, the half-
life of Ni-CuO was 70.83 minutes compared to 126.65 minutes
for CuO, confirming enhanced photocatalytic efficiency due to
Ni doping. TMatchewan optimized TiO,-based catalysts
achieving >95% degradation, with a clear kinetic trend
described by pseudo-first-order behavior.?” In our work, Ni-CuO
showed a significantly higher rate (0.00978 min™" at 15 ppm)
compared to CuO (0.00547 min~"), reflecting the positive
impact of Ni doping. The corresponding kinetic parameters,
including rate constants and half-lives, are summarized in
Table 2.

It is well established that surface area and porosity strongly
influence photocatalytic efficiency. While BET measurements
were not performed in the current study, literature reports
indicate that the synthesized CuO nanoparticles exhibit specific
surface areas ranging from 12.4 m*> g~ ' to 67.7 m> g ', higher
than commercially available CuO NPs (1.38 m> g~ '), with type-
IV isotherms characteristic of mesoporous materials with slit-
like pores.*® Similarly, mesoporous CuO nanoparticles with
tunable size and morphology also demonstrate enhanced
surface areas and porosity.*® Furthermore, Ni-containing CuO-
based composites, such as Cu-NiO@graphene microspheres,
show significantly increased surface areas (~93 m> g™ ') and
well-developed mesoporous structures.*’ This trend aligns with
our observed photocatalytic activity, where Ni-CuO exhibited
higher degradation rate constants and shorter half-lives than

View Article Online
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CuO. Increased surface area and porosity likely enhance dye
adsorption and provide more active sites for electron-hole
transfer, thereby accelerating degradation kinetics. Future work
will include direct BET measurements and a systematic analysis
of the correlation between pore structure parameters and pho-
tocatalytic performance to quantitatively strengthen the struc-
ture-activity relationship.

3.5 Antimicrobial activity

Ni-CuO and CuO nanoparticles were evaluated for antimicro-
bial activity against Bacillus cereus, Escherichia coli, Staphylo-
coccus aureus, Salmonella typhi, and Candida at concentrations
ranging from 50 to 250 pg mL ™", Optical density (ODggo)
measurements were used to quantify microbial growth inhibi-
tion. Data represent means + SD of three replicates, and
statistical significance between Ni-CuO and CuO was assessed
by t-test (p < 0.05, p < 0.01). Complete data, including raw OD
values and statistical analyses, are provided in Table S1.Both
nanoparticles demonstrated significant, dose-dependent anti-
microbial effects, with mean OD values decreasing as concen-
tration increased (Table S1). Percentage inhibition,
calculated as:

[(Control OD — treatment OD)/control OD] x 100

increased accordingly with concentration. At 250 pg mL ™, pure
CuO achieved percentage inhibitions of 91.7% =+ 0.96 (B.
cereus), 80.7% + 1.12 (E. coli), 94.1% =+ 0.88 (S. aureus), 76.8% +
1.03 (S. typhi), and 98.4% =+ 0.57 (Candida). Ni-doped CuO
showed comparable or slightly enhanced activity, with inhibi-
tions of 96.2% =+ 0.44, 86.6% =+ 0.96, 93.8% =+ 0.92, 78.5% =+
1.02, and 99.7% =+ 0.31 against the same pathogens
(Table 3).Among all tested microbes, Candida was the most
sensitive, exhibiting over 96% inhibition at concentrations of
100 pg mL~ " and above for both nanoparticles (Fig. 6(e)). Gram-
positive bacteria (S. aureus, B. cereus) were generally more
susceptible than Gram-negative bacteria (E. coli, S. typhi) a trend
consistent with prior studies on CuO NPs.* While CuO
exhibited slightly higher inhibition against B. cereus and E. coli
at the highest concentration, Ni-CuO demonstrated marginally
better activity against S. aureus and Candida at intermediate
concentrations (Fig. 6). These findings align with recent reports
indicating that Ni doping can improve CuO's antimicrobial

Table 3 Percentage inhibition of microbial growth by Ni-doped CuO and pure CuO nanoparticles

Pathogen Material 50 pg mL ! 100 pg mL ™" 150 pg mL ™" 200 pg mL ™" 250 pg mL !
B. cereus Ni-doped CuO 82.26 + 2.04 86.42 + 1.56 89.02 + 1.26 89.91 + 1.16 96.22 + 0.44
B. cereus Pure CuO 80.27 + 2.27 85.76 + 1.64 88.13 + 1.37 90.73 + 1.07 91.69 + 0.96
E. coli Ni-doped CuO 73.23 +1.98 74.71 + 1.63 77.08 + 1.42 79.22 + 1.29 86.65 + 0.96
E. coli Pure CuO 60.89 £ 2.11 66.75 + 1.88 72.62 + 1.47 73.30 £+ 1.36 80.70 + 1.12
S. aureus Ni-doped CuO 74.93 + 2.44 89.50 + 1.47 90.19 + 1.33 92.89 + 1.11 93.78 + 0.92
S. aureus Pure CuO 81.42 + 2.07 90.61 + 1.33 91.51 + 1.21 92.47 + 0.94 94.13 £ 0.88
S. typhi Ni-doped CuO 60.18 + 1.76 74.20 + 1.42 77.72 £ 1.19 77.99 + 1.13 78.54 + 1.02
S. typhi Pure CuO 59.54 + 1.83 65.71 + 1.55 70.04 + 1.37 70.77 £ 1.26 76.82 + 1.03
Candida Ni-doped CuO 76.17 + 2.17 85.60 + 2.01 97.16 + 0.86 97.37 + 0.88 99.72 + 0.48
Candida Pure CuO 67.45 + 2.36 96.67 & 0.91 96.88 + 0.88 97.87 £+ 0.77 98.44 + 0.56
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Fig. 6 Antimicrobial activity of pure CuO and Ni-doped CuO nanoparticles against (a) B. cereus, (b) E. coli, (c) S. aureus, (d) S. typhi and (e)
Candida at 50-250 pg mL~2, Percentage inhibition was calculated from ODggo readings. Data represent mean + SD (n = 3). Both materials
exhibited dose-dependent inhibition, with Ni-doped CuO showing superior efficacy in several cases.

activity, particularly against both Gram-positive and Gram-
negative pathogens.** The underlying mechanisms likely
involve enhanced Ni-O-Cu surface interactions and increased
reactive oxygen species (ROS) generation, consistent with
established CuO nanoparticle behavior.** Although both CuO
and Ni-CuO nanoparticles exhibited strong antimicrobial
activity, the enhancement from Ni doping was generally modest
and pathogen-dependent. In particular, Ni-CuO showed
slightly higher inhibition against S. aureus and Candida at
intermediate concentrations, consistent with previous studies
suggesting Ni incorporation can modulate antimicrobial
performance.

3.6 DFT analysis and electronic properties

To gain insight into the electronic properties of the synthesized
nanoclusters, density functional theory (DFT) calculations were
performed on the optimized geometries of pure Cu, 0, (triplet
spin state) and CuzNiO, (doublet spin state) clusters. To
understand the local structural modifications induced by Ni
doping in the Cu,0, nanocluster, a detailed analysis of bond
lengths and bond angles was conducted. The optimized
geometry of Cu,0, cluster revealed typical Cu-O bond lengths
ranging from 1.85 A to 2.32 A, consistent with a distorted square
planar coordination environment commonly observed in tran-
sition metal oxides. In the Ni-doped Cu;NiO, cluster, the Ni-O
bonds were slightly shorter (e.g., 1.72 A and 1.80 A) compared to
the corresponding Cu-O bonds, reflecting the higher electro-
negativity and smaller ionic radius of Ni*" relative to Cu®".
Additionally, selected bond angles such as £ O-Ni-O (150.46°)
and /Cu-O-Cu (54.24-87.87°) indicated minor angular
distortions around the metal centers upon doping. A full list of

41488 | RSC Adv, 2025, 15, 41479-41496

computed bond lengths and bond angles for both pristine and
doped nanoclusters, along with the optimized Cartesian coor-
dinates and 3D structural visualizations, is provided in the SI
(Tables S7, S8 and Fig. S4).The calculated HOMO-LUMO energy
gap for Cu,0, was 0.303 eV (a-spin) and 0.672 eV (B-spin), while
Cu3NiO, exhibited slightly larger gaps of 0.720 eV («) and
0.735 eV (6) (provided in Table S2). This disparity is attributed to
the spin multiplicity change restricting spin delocalization—
a phenomenon highlighted in recent DFT studies of CuzNiO,
systems.** Despite the increased gap in the doped system,
Cu;NiO, demonstrated superior photocatalytic and antimicro-
bial activity in experimental results (see Sections 3.4 and 3.5).
The spatial distribution of the frontier molecular orbitals for
both nanoclusters is illustrated in Fig. 7. For the pure Cu O,
cluster, the o-HOMO is mainly localized over Cu atoms, while
the «-LUMO shows delocalization across Cu and O atoms,
suggesting potential for efficient charge transfer. In the
Cu;NiO, cluster, Ni substitution leads to a notable redistribu-
tion of orbital densities, with the «-HOMO and o-LUMO
exhibiting enhanced overlap with surrounding oxygen atoms,
potentially facilitating improved charge separation and surface
reactivity. These orbital features support the enhanced photo-
catalytic and antimicrobial performance observed experimen-
tally for the Ni-doped system (Sections 3.4 and 3.5).* while
further analysis of electronic structure is presented in Section 4.

To understand the influence of Ni doping on charge redis-
tribution within the Cu,04 nanocluster, a comprehensive pop-
ulation analysis was conducted using the Hirshfeld, Mulliken,
and Lowdin charge schemes. Among these, the Hirshfeld
method was selected for primary discussion due to its reduced
basis set dependency, improved numerical stability, and phys-
ically realistic description of charge localization—especially in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Frontier molecular orbitals of the nanoclusters calculated at the DFT level (B3LYP/def2-SVP, spin-unrestricted). (a) a-HOMO of pure
CuyOy (triplet), (b) a-LUMO of pure CuyOy (triplet), (c) a-HOMO of Ni—CuzO4 (doublet), (d) a-LUMO of Ni—CuzO4 (doublet).

systems involving transition metals. The resulting atomic
charges are summarized in Table 4 for both the pristine Cu,0,
and the CuzNiO,4 nanoclusters. In the undoped Cu,O, cluster,
the Cu atoms exhibited positive partial charges ranging from
+0.2599 to +1.1184 a.u., while the O atoms carried negative
charges between —0.1526 and —1.0241 a.u., consistent with
strong ionic character in Cu-O bonding. Upon substitution of
one Cu atom by Ni, a notable redistribution of electron density
occurred. The Ni dopant exhibited a charge of +0.5596 a.u.,
which is significantly lower than the most oxidized Cu site in
the undoped cluster, suggesting distinct electronic behavior.

Table 4 The Hirshfeld atomic charges are summarized for both the
pristine CusO4 and the Ni-doped CuzNiO4 nanoclusters

Atom Element Cu,0, (charge, a.u.) Cu;NiO, (charge, a.u.)
1 Cu 0.2974 0.3328

2 Cu 1.1184 0.7574

3 Cu 0.2599 0.3363

4 Cu/Ni 0.7321 +0.5596(Ni)

5 o —0.9654 —0.6884

6 o —0.1526 —0.142

7 o —1.0241 —0.8783

8 o —0.2657 —0.2775

© 2025 The Author(s). Published by the Royal Society of Chemistry

The remaining Cu atoms in the doped system carried charges
between +0.3328 and +0.7574 a.u., and the O atoms exhibited
slightly less negative charges (from —0.1420 to —0.8783 a.u.)
compared to those in the pure cluster. This shift in charge
distribution indicates that Ni incorporation reduces the polar-
ization of Cu-O bonds, potentially promoting greater electronic
delocalization and influencing the material's catalytic or elec-
tronic properties. To provide a broader view of the electronic
structure, Mulliken and Loéwdin charge analyses were also per-
formed (see Tables S3-S6 in the SI). While overall trends such as
charge transfer from metals to oxygen and reduction in O atom
polarization upon Ni doping were consistent, quantitative
differences were noted. For instance, Lowdin charges generally
showed lower polarization, while Mulliken analysis exhibited
slightly higher charge separation, especially at the Ni site.**
These variations highlight the sensitivity of these methods to
the basis set and justify the emphasis on Hirshfeld results for
core interpretation.

The TDOD, PDOS, OPDOS profiles of Cu,O, and CuzNiO,
nanoclusters, as shown in Fig. 8(a) and (b), exhibit distinct
electronic features. In the pure system (Fig. 8(a)), the density of
states near the HOMO-LUMO edges is primarily derived from Cu
3d and O 2p orbitals.*” In contrast, the Ni-doped cluster (Fig. 8(b))
displays additional states close to the Fermi level due to Ni 3d

RSC Adv, 2025, 15, 41479-41496 | 41489
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orbital contributions. These newly introduced states slightly shift
the valence and conduction band edges, effectively reducing the
HOMO-LUMO energy gap. Furthermore, the appearance of
orbital overlap density of states (OPDOS) in the doped system
suggests increased hybridization and electronic delocalization,
potentially enhancing the catalytic activity of the material.
Although direct photocurrent and electrochemical imped-
ance spectroscopy (EIS) measurements were not performed in
this study, previous reports have shown that Ni incorporation
significantly reduces charge transfer resistance in CuO
systems.*®>*” For instance, these studies demonstrated that Ni
doping enhances charge transfer properties, leading to
improved photocatalytic efficiency. These findings suggest that
Ni doping promotes more efficient separation and transport of
photogenerated electron-hole pairs, aligning with the trends
observed in our DFT analysis. The redistribution of frontier
orbitals and decreased polarization of metal-oxygen bonds in
Cu;NiO, clusters imply enhanced electronic delocalization,
which may facilitate improved charge carrier mobility and
reduced recombination rates. Future work will include experi-
mental photocurrent and EIS measurements to quantitatively
validate these predictions and provide a more comprehensive
understanding of the charge dynamics in these nanoclusters.

3.7 Photocatalytic mechanism of Ni-CuO (CuzNiO,)

The proposed photocatalytic mechanism of Ni-CuO (CuzNiO,)
under UV illumination (A = 365 nm) is illustrated in Fig. 9.
Upon irradiation, photons with energy greater than or equal to
the band gap (Eq) are absorbed by the CuzNiO, catalyst, result-
ing in the excitation of electrons from the valence band (VB) to
the conduction band (CB), leaving behind corresponding holes
(h") in the VB, as represented by:

CU3NiO4 +h — ecg T hVB+
The VB is primarily composed of O 2p orbitals, whereas the

CB mainly arises from hybridized Cu 3d and Ni 3d orbitals.

41490 | RSC Adv, 2025, 15, 41479-41496

Incorporation of Ni** ions into the CuO lattice slightly narrows
the band gap and introduces localized energy states between
the VB and CB, thereby facilitating electron excitation and
improving visible-light responsiveness.

Density functional theory (DFT) and XRD analyses confirm
that Ni** ions substitute Cu®" within the lattice, forming Ni-O
bonds of approximately 1.72 A. The substitution introduces
shallow donor levels near the CB, which enhances charge
carrier separation and migration. DFT orbital overlap analysis
further suggests that Ni incorporation increases the degree of
charge delocalization, effectively suppressing electron-hole
(e"-h") recombination.

Following photoexcitation, the photogenerated electrons
(e7) migrate toward the catalyst surface via Ni sites, while the
corresponding holes (h") remain in the O 2p-derived valence
band. These charge carriers participate in surface redox reac-
tions according to the following pathways:

ecg’ + 0y » "0y

hVB+ + Hzo — 'OH + H+

The resulting reactive oxygen species (ROS), including
superoxide (O, ") and hydroxyl radicals ("OH), play dominant
roles in the oxidative degradation of organic pollutants.***°

Methyl Violet (MV, C;,H;,N3503) molecules are preferen-
tially adsorbed near Ni-enriched regions of the Cu;NiO, surface,
as indicated by the DFT-calculated adsorption energy (AE.qgs)-
Stronger MV-Ni-O interactions promote enhanced dye binding
and proximity to reactive centers, facilitating efficient photo-
degradation. The ROS produced subsequently attack the dye
molecules, leading to stepwise oxidation and mineralization
into CO,, H,0, and inorganic ions:

MV + ("OH/'O,7) — intermediates
— CO, + H,O + mineral salts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic illustration of the photocatalytic mechanism of CuzNiO4 under UV irradiation (A = 365 nm). Photon absorption promotes
electron excitation from the O 2p valence band to the Cu/Ni 3d conduction band, while Ni2* doping enhances charge separation and reduces
recombination. The generated "O,~ and *OH radicals oxidize Methy! Violet (MV) into CO, and H,O, achieving 88.62% degradation within 90 min.

3.8 Analysis of molecular docking and evaluation of P-L
interactions

Using PyRx software, molecular docking was performed on
Cu, 0, and Cu3NiO, against the target microbial proteins.
Between these two ligands, the second one (Ni-doped nano-
particles) emerged as the best candidate against E. coli (binding
score: —5.5 keal mol ™), S. typhi (binding score: —5 kcal mol ™),
and Candida (binding score: —5 kcal mol %), indicative of their
strong potential for interaction. On the contrary, the first one,
Cu,0,4, which was docked against all with the aforementioned
microbial proteins, and Cu,0, works as the best candidate
against Candida (binding score —4.8 kcal mol ") (Fig. 10).
Molecular interactions between ligands (Cu,O, and
Cu;3NiO,) and receptors were visualized using Biovia Discovery
Studio Visualizer.”® Different types of interactions were
involved, such as hydrophobic bonds, polar bonds, and
hydrogen bonds. Specifically there are 3 types of intermolecular
bonds are present like conventional hydrogen bond, metal-
acceptor, and Pi-sulfur bonds. In the process of molecular

© 2025 The Author(s). Published by the Royal Society of Chemistry

docking these two nanoclusters, exhibited interaction with
specific amino acid residues shared by the protein. The
common amino acid involved in conventional H-bonding
comprises ARG254. Furthermore, THR248, GLU234, and
ARG254 take part in metal-acceptor type non-bonding interac-
tion. Additionally, amino acid CYS250 was found to participate
commonly in Pi-S bonding. Notably, each of the two nano-
particles displayed a unique interaction pattern with a distinct
amino acid residue as illustrated in Fig. 11 detailed in SI
(Fig. S1-S3). These interactions between amino acid residues
with different portion of ligands stabilize the protein ligand
complex.®* In the molecular docking of both clusters against five
microbial proteins, Cu,04 & Cu3NiO,4 nanoclusters both showed
the highest inhibition against Candida (PDB ID: 6AKZ) which is
aligned with our experimental data.

According to ProTox-3.0 predictions, Cu,0, demonstrated
a relatively safer toxicity profile than CuzNiO,. The predicted
LDs, for CuzNiO, was significantly lower (~255 mg kg™'), cat-
egorizing it in Toxicity Class 3 (toxic if swallowed), while Cu,0,

RSC Adv, 2025, 15, 41479-41496 | 41491
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Fig. 10 Molecular docking score of CusO4 and CuszNiO4 against 5
microbial proteins.

showed a higher LDs, (~1950 mg kg™ '), placing it in Toxicity
Class 4 (harmful if swallowed).>

In terms of hepatotoxicity, CuzNiO, was flagged as active,
suggesting potential liver damage upon prolonged exposure,
whereas Cu,0, was predicted to be inactive, indicating a lower
hepatic risk.>” This result aligns with previous findings on the
toxic influence of transition-metal-doped copper oxides on
hepatic biomarkers in vivo.>

For immunotoxicity, CuzNiO, again showed active response,
suggesting potential immunosuppressive effects, whereas
Cu,0,4 was classified as inactive, implying minimal risk to
immune function. Such immunotoxic responses are often
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Fig. 11 Non-bonding interactions of CusO4 cluster against (a) 6AKZ
(pose predicted by AutoDock Vina).

attributed to nickel's immunomodulatory potential, which is
known to interfere with cytokine signaling and lymphocyte
activation.”

Interestingly, neither compound was predicted to be muta-
genic, indicating a low likelihood of DNA-damaging effects.
This prediction is particularly crucial for biomedical applica-
tions, where genetic safety is essential.*

On cytotoxicity, both compounds showed active responses,
although the score for CuzNiO, was more severe, reaffirming the
additional toxicity burden introduced by nickel incorporation.*®

These findings suggest that while both nanomaterials
exhibit some degree of toxicity, Cu,O, appears safer for
biomedical or environmental applications due to its lower
hepatotoxic and immunotoxic risk profiles. The substitution of
nickel in the copper oxide lattice, while enhancing catalytic
properties, seems to increase the compound's biological risks.
Therefore, careful optimization is essential when designing
such nanocomposites for real-world applications.’

3.9 Correlation between experiment and theory

The theoretical findings obtained from DFT calculations
strongly align with the experimental characterizations, rein-
forcing the reliability of the predicted properties of both the
pure Cu, 0, and Ni-doped CuzNiO, nanoclusters.

Structurally, the optimized geometries revealed that the Ni-
O bonds in the doped cluster (1.72-1.80 A) are shorter than the
Cu-0 bonds in the pure cluster (1.85-2.32 A), which correlates
well with the XRD results that showed peak shifts toward higher
26 values upon Ni doping (see Fig. 1(a)). This shift indicates
lattice contraction, consistent with the smaller ionic radius of
Ni** compared to Cu**. Additionally, broader XRD peaks in the
doped sample may be attributed to local symmetry distortions,
which are reflected in the DFT-calculated bond angles—for
example, a significantly large ZO-Ni-O angle of 150.46°
compared to more constrained Cu—O-Cu angles in the undoped
structure (e.g., 54.24-87.87°).

Charge distribution analysis using Hirshfeld, Mulliken, and
Lowdin schemes showed a more balanced and less polarized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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charge distribution in the doped system. This theoretical
observation is corroborated by the EDX spectra (see Fig. 3(a) and
(b)), confirming successful substitution of Cu by Ni, and by FTIR
analysis (see Fig. 4), which exhibited minor shifts in Cu-O
vibrational regions — indicating subtle but real modifications
in the metal-oxygen bonding environment.

Interestingly, the HOMO-LUMO energy gap was found to be
slightly higher in the Ni-doped Cu;NiO, cluster (in doublet
state) compared to the pure Cu,O, cluster (in triplet state),
contrary to the common expectation that doping reduces the
gap. This counterintuitive result is justified by the difference in
spin multiplicity: the doublet state restricts spin delocalization,
resulting in orbital stabilization and a widened gap.?” Despite
this, the PDOS plots (Fig. 8) reveal that Ni doping introduces
new Ni 3d states and alters orbital contributions near the Fermi
level, enhancing orbital hybridization and charge carrier delo-
calization, which improve photocatalytic performance.*®

Experimentally, Ni-CuO exhibited significantly enhanced
photocatalytic degradation efficiency for methylene violet under
UV light.**-** The theoretical insights into orbital interactions
and reduced electron-hole recombination—as supported by
overlapping PDOS and OPDOS features—provide a clear
mechanistic basis for this improvement. Moreover, the
enhanced orbital overlap and stronger Ni-O bonding predicted
in the DFT model are likely contributors to more efficient
reactive oxygen species (ROS) generation, in line with the
observed superior antimicrobial activity of the CuzNiO,
cluster.”®

Overall, the strong agreement between structural, electronic,
and reactive characteristics predicted by theory and observed
experimentally validates the conclusion that Ni doping in CuO
nanoclusters induces synergistic structural and electronic
modifications, making it a promising strategy for tuning cata-
lytic and antimicrobial properties.

4. Conclusion

This comprehensive investigation combined experimental and
theoretical approaches to elucidate the structural, electronic,
photocatalytic, and antimicrobial properties of pure Cu,0, and
Ni-doped CuzNiO, nanoclusters. The successful synthesis of
both nanoclusters was confirmed by XRD, FESEM, EDX, and
FTIR analyses, revealing notable changes upon Ni doping. XRD
peak shifts toward higher 26 values and bond length shortening
(1.72-1.80 A for Ni-O vs. 1.85-2.32 A for Cu-O) reflected lattice
contraction due to the smaller ionic radius of Ni**. FTIR spectra
further supported altered bonding environments through
minor shifts in metal-oxygen vibrational frequencies.

Photocatalytic studies demonstrated that Ni-CuO achieved
a higher degradation efficiency of methylene violet (88.62% at
20 ppm in 90 minutes) and exhibited a faster degradation rate
with a lower half-life (28.26 min) compared to CuO (84.92%,
29.31 min). Kinetic analysis validated the pseudo-first-order
reaction model (R* > 0.95), and improved performance was
particularly evident at low dye concentration (15 ppm), where
the Ni-doped catalyst's rate constant was nearly double that of
the undoped.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Antimicrobial assays showed that both nanoparticles
possess strong dose-dependent activity, with Ni-doped CuO di-
splaying slightly superior inhibition against certain strains. At
250 pg mL~", Ni-CuO inhibited Candida growth by 99.72% and
showed robust activity against both Gram-positive and Gram-
negative pathogens. Molecular docking and antimicrobial
assays together highlighted the enhanced bioactivity of Ni-
doped Cu3NiO, over pure Cu,O, Docking results showed
stronger binding affinities of the doped nanocluster to micro-
bial proteins from E. coli, S. typhi, and Candida albicans, with
key interactions involving residues such as ARG254, THR248,
and GLU234. These findings aligned with in vitro data, where
Ni-doped CuO exhibited superior inhibition, especially against
Candida. The combined in silico and experimental evidence
supports the potential of Ni-doped CuO as a promising anti-
microbial candidate, warranting further mechanistic and safety
evaluations.

DFT calculations provided a deeper understanding of the
observed phenomena. Despite exhibiting a slightly larger
HOMO-LUMO gap in the doublet state, the CuzNiO, cluster
featured enhanced orbital overlap and charge delocalization, as
indicated by TDOS, PDOS and OPDOS analysis. Population
analysis (Hirshfeld, Mulliken, and Léwdin) revealed less polar-
ized and more balanced charge distribution after doping,
aligning with experimental observations of enhanced conduc-
tivity and activity. Structural distortion and shorter Ni-O bonds
contributed to the improved performance by facilitating faster
charge transfer and stronger metal-oxygen hybridization.

Theoretical predictions strongly correlated with experi-
mental outcomes, validating the synergistic impact of Ni doping
in modulating geometry, electronic structure, and reactivity.
This work underscores the potential of Ni-CuO nanoclusters as
multifunctional materials for photocatalysis and antimicrobial
applications, and establishes a valuable framework for rational
design of doped transition-metal oxides in future studies.
Although BET surface area analysis was not performed in this
study, previous reports suggest that Ni-CuO nanoparticles
generally possess a larger surface area than pure CuO, which
could be one of the reasons behind their enhanced photo-
catalytic performance. In future work, direct BET measure-
ments will be carried out to establish a clearer connection
between surface characteristics and catalytic activity. Likewise,
photocurrent response and electrochemical impedance spec-
troscopy (EIS) analyses will be included to quantitatively eval-
uate charge carrier separation and support the DFT predictions.
Recent studies have also shown that Ni doping tends to lower
charge transfer resistance and improve photocurrent response
in CuO-based systems.
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