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ABSTRACT

Pure CuO and CuO-NiO nanocomposite were synthesised via a chemical process. The existence of cubic NiO and
monoclinic CuO phases was confirmed by structural analyses. EDS showed the existence of elements Cu, Ni, and O
without any discernible impurities; SEM analysis showed nanoscale aggregated morphologies. FTIR spectra showed
characteristic Cu—O and Ni—O vibrations, and UV—Vis absorption studies revealed a robust visible-light response
with a narrowed band gap upon NiO incorporation. When exposed to visible light, the CuO-NiO composite
degraded the methylene blue dye more effectively than pure CuO. The efficient separation of photogenerated
electron-hole pairs and effective charge transfer across the interface are all responsible for the enhanced
photocatalytic activity of the nanocomposite system. Similarly, the composite system exhibited stronger inhibition
against microorganisms due to its components' synergistic interaction and improved surface interface with bacterial
cell membranes, which increased oxidative stress and effectively inhibited bacterial growth. The developed
composite material can be considered as an integrated system for catalytic and microbial inhibition applications.
Keywords: CuO-NiO Nanocomposite, Hydrothermal Synthesis, Methylene Blue Dye, Photocatalytic Degradation,
Antibacterial Activity.
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INTRODUCTION
Due to the rapid advancement of industrialisation and urbanisation, as well as the high pace of global
economic development, a lot of environmental challenges have unavoidably emerged recently. As
artificial colours are widely used in many different industries, there are serious health and pollution
dangers associated with their untreated release into the environment. Methylene blue (MB) dye is a
widely used cationic dye in the textile, paper, and pharmaceutical industries and is frequently detected in
wastewater.! Dyes have been successfully removed from aqueous environments using various treatment
methods, such as electrochemical processes, chemical oxidation, adsorption, and photocatalysis.?”
Among the various treatment approaches, semiconductor-based photocatalysis is widely regarded as a
low-cost, highly efficient, and environmentally benign method. In recent years, the increasing occurrence
of antimicrobial resistance has motivated research into advanced antibacterial materials. In view of this,
metal oxide-based semiconductors have come to light as potential composite systems for multifunctional
performance in treating wastewater and biomedical fields. The composite material design has emerged as
a powerful strategy to enhance the functional performance of metal oxides. The integration of multiple
phases within a composite system enables tunable physicochemical properties through interfacial
interactions, phase distribution, and synergistic effects. Particularly, composite materials are of significant
interest in materials science due to their ability to improve charge transfer dynamics and surface reactivity,
making them suitable for multifunctional applications. Due to their exceptional chemical and physical
characteristics, copper oxide (CuO) and nickel oxide (NiO) have been the subject of extensive research.
CuO is a narrow band gap p-type semiconductor (approximately 1.9 eV) with high visible light
absorption and fast carrier mobility, whereas NiO is a broad band gap p-type semiconductor
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(approximately 4 eV) with superior stability, corrosion resistance, and oxidation ability.®” CuO-NiO
composites work together to create p—p type junctions that enhance visible light absorption efficiency,
reduce electron— hole recombination, and improve interfacial charge transfer.>* CuO-NiO
nanocomposites have been investigated for uses in environmental cleanup, gas sensing, water splitting,
and supercapacitors.'%!! Effective charge carrier separation and interfacial band alignment, which increase
charge lifetime and produce more reactive sites, are the causes of the increased activity in these
composites.!>!3 Most reported studies on CuO-NiO systems have mainly focused on photocatalytic
efficiency, whereas studies on antibacterial properties are relatively limited. This work demonstrates the
multifunctional nature of the CuO-NiO system synthesised using a cost-effective hydrothermal method,
with an emphasis on their structural, morphological, optical, photocatalytic and antibacterial
characteristics. The degradation of the methylene blue (MB) dye was used to evaluate the efficiency of
the produced samples. Similarly, antibacterial activity was analysed against the positive bacteria,
Staphylococcus and the negative bacteria, Pseudomonas. In both cases, the CuO-NiO nanocomposite
demonstrated the highest activity. The results highlight CuO-NiO composite as a potential
multifunctional agent for efficient environmental cleanup and antibacterial activity.

EXPERIMENTAL
Chemicals
Methylene blue, sodium hydroxide, nickel nitrate hexahydrate, and copper 2,4-pentanedionate were
utilised exactly as supplied. Throughout the investigation, deionised water was utilised for all solution
preparations, and all compounds were of analytical quality.

Synthesis of Pure CuO and CuO-NiO Nanocomposite

A low-temperature hydrothermal method is used for preparing CuO nanoparticles. A measured quantity
of copper 2,4-pentanedionate was dissolved in deionised water under continuous stirring to obtain a
homogeneous precursor solution. To attain a stable solution, the pH value was calibrated by NaOH
dropwise addition. To ensure complete homogenization after pH adjustment, the reaction mixture was
magnetically stirred for an extended period. After that, the mixture was kept in an autoclave with a Teflon
seal and heated to 180°C for eight hours in order to encourage hydrothermal crystallisation. Once the
precipitate had naturally cooled to room temperature, it was collected, repeatedly cleaned with ethanol
and deionised water to eliminate any remaining ions and organic species, then dried to produce pure CuO.
The CuO-NiO composite was synthesised using the same hydrothermal process, with the addition of an
appropriate nickel precursor along with the copper precursor under identical conditions.

Characterizations

An X-ray diffraction analysis using a Bruker AXS D8 Focus instrument with 20-80 ° Cu Ka radiation
(wavelength 1.5406 A) was used to analyse the crystalline structure of the produced materials. The
surface characteristics and elemental distribution of the material was analysed by SEM (ZEISS)
integrated with EDX.FTIR was used to identify the functional groups and chemical bonds in the samples.
Optical absorption assessments were recorded using a UV-visible spectrophotometer (Hitachi U-4100).

Photocatalytic Test

We used mimic solar light conditions using a 300W xenon lamp as a light source. The irradiation
intensity was adjusted to 100 mW/cm?, while the separation between the source of light and the reactor
was kept constant. In a procedure, the prepared photocatalyst was suspended in an aqueous MB dye
solution and agitated in the absence of light to establish adsorption—desorption equilibrium. The pH of the
suspension can be adjusted using 0.1 M NaOH or dilute acid solutions. After equilibrium, the suspension
was exposed to visible light, and samples were collected at regular intervals for analysis. Ten milligrams
of MB were dissolved in one thousand millilitres of deionised water to create a stock MB solution (10
mg/L). The reaction suspensions were prepared by introducing the photocatalyst into the dye solution,
followed by stirring for half an hour. By continuously exposing to visible light, at 30-minute intervals, 2
mL samples were withdrawn and centrifuged to separate the catalyst particles. The absorbance of the
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clear supernatant was then monitored using UV-Visible spectroscopy to track the degradation progress.
The photocatalytic degradation efficiency D (%), was computed utilising the subsequent relation. !4

D)= (I— Cio)xmo (1)
Here, Co is the MB concentration (at initial time t = 0), and C is the MB concentration (at irradiation time
t).
Antibacterial Activity
The agar well diffusion method, a widely employed qualitative approach for assessing the antimicrobial
efficacy of nanomaterials, was utilised to evaluate the antibacterial properties of the synthesised samples.
To make and sterilise nutritional agar medium at 121°C for 15 minutes, standard microbiological methods
were used. To ensure uniform bacterial distribution, freshly prepared bacterial suspensions (~10°
CFU/mL) were uniformly applied on agar plates with sterile cotton swabs after solidification. A
predetermined concentration of nanoparticle suspension (50 pL) was carefully added to each well. To be
sure that any inhibition noticed was just due to the activity of the nanoparticles, control wells filled with
pure water were retained. The plates were kept at 37 °C for 24 hours to make sure that the bacteria and
nanoparticles grew and interacted with each other as much as possible. After incubation, a digital calliper
was used to measure the diameter of the clear zone of inhibition (ZOI) around each well to see how well
the antibacterial worked.

RESULTS AND DISCUSSION

XRD Analysis
The diffraction peaks of both samples exhibit strong and well-defined reflections, confirming their
crystalline nature.'> For the pure CuO sample, the CuO phase's (002), (111), (20-2), and (11-3) planes are
represented by separate peaks at 20 = 35.4°, 38.7°, 48.8°, and 61.4° (JCPDS card no. 48-1548),
respectively.'® The produced CuO nanoparticles' high degree of crystallinity is indicated by the strong and
vivid peaks.!” All characteristic diffraction peaks of CuO remain clearly observable after the incorporation
of NiO (Fig.-1(b)), indicating that the fundamental monoclinic structure of CuO is preserved after
doping.'® Nevertheless, the peak intensities exhibit a modest shift toward lower 260 values and a tiny drop,
indicating lattice deformation brought on by interstitial inclusion or Ni** replacement inside the CuO
matrix.!” Additional faint peaks that appear at 20 = 37.2° and 43.3° are caused by the (111) plane and (200)
plane of the face-centred cubic NiO phase (JCPDS card no. 47-1049).2° These results verify that the CuO-
NiO nanocomposite was successfully formed.’
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Fig.-1: XRD of the Prepared Samples

EDS Analysis

It shows strong and distinct peaks corresponding to Cu (Ka, La) and O (Ka), confirming the formation of
copper oxide without detectable impurities.!®!> In the CuO-NiO nanocomposite, an additional
characteristic peak corresponding to Ni is observed along with Cu and O signals, verifying the successful
incorporation of NiO into the composite. The values nearly match the anticipated stoichiometry of a CuO-
rich CuO—-NiO nanostructure. In line with the XRD results, the comparatively lower Ni% indicates that
NiO nanoparticles are finely distributed on the CuO surface rather than forming a distinct bulk phase.!®2!
The creation of a well-integrated CuO—NiO composite is supported by the uniform distribution of Cu, Ni,
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and O atoms throughout the matrix and is crucial for enhanced charge transfer and interfacial stability.'?
The functional behaviour of CuO-NiO composites can be tuned with the use of such uniform elemental
dispersion and defect-controlled Ni inclusion. Recent investigations have revealed similar EDS
observations for hydrothermally produced CuO-NiO composites, indicating uniform element distribution

and the lack of secondary contaminants, which together enhance photocatalytic and electrochemical
performance.?
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Fig.-2: EDS Spectrum Showing the Elemental Composition

FTIR Analysis

The stretching vibration of O-H groups are due to the absorption band at 3442 cm™ for pure CuO (Fig.-3)
and indicates the presence of surface-adsorbed water molecules. The peak at 2915 cm'! is caused by the
C-H stretching vibrations. The band at 2335 cm’! that is absorbed from the environment is indicative of
the CO, stretching vibration. The band at 1614 cm™ is caused by the bending mode of H-O-H. Cu-O

stretching vibrations are represented by the peaks at 1043 cm!, 1386 cm™!, and 621 cm™!, indicating the
development of monoclinic CuQ.”?3:24
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Fig.-3: FTIR Spectra of Prepared Samples

Regarding the CuO-NiO nanocomposite (Fig.-3), the broad band at 3425 c¢cm! corresponds to O-H
stretching vibrations, while the peaks at 2923 cm!, 2845 cm’!, 2423 cm™!, and 2370 cm™! are due to C-H
and CO; stretching modes. The absorption band at 1562 ¢cm! corresponds to H-O-H bending vibrations.
The bands appearing at 1386 cm!, 1158 cm™!, 1035 cm™!, 841 cm!, 709 cm’!, and 634 cm™! are assigned to
metal-oxygen stretching vibrations, indicating the coexistence of Cu—O and Ni—O bonds in the composite
structure.!%2225 The absence of impurity peaks and the preservation of both Cu—O and Ni-O vibrational
modes point to high phase purity and successful composite production. These results, which are in good
agreement with XRD and EDS examinations, confirm the formation of a CuO-NiO composite system
with stable chemical bonding and minimal surface contamination.®?
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SEM Analysis

The SEM image of pure CuO (Fig.-4(a)) shows a compact, rough, and densely packed surface
morphology composed of closely spaced nanoparticles. The grains form a continuous network-like
structure with no distinct particle boundaries, giving the appearance of being heavily agglomerated.
Because of their high surface energy and nanoscale size, the CuO nanoparticles appear to have a strong
inclination to cluster, as indicated by their dense aggregation. Overall, the morphology appears fine-

grained and relatively homogeneous, suggesting uniform nucleation and growth of CuO crystallites
during synthesis.

Fig.-4: SEM Images of Prepared Samples

The CuO-NiO nanocomposite (Fig.-4(b)) displays a comparatively coarser surface morphology. There
are some discernible porosity areas in between the larger, more erratic, and irregularly scattered particles.
This morphological variation suggests that the incorporation of NiO influences the nucleation and growth
behaviour of CuO, leading to partial agglomeration and increased surface roughness. As a result, the

composite surface displays a rough appearance that is consistent with the formation of a mixed metal-
oxide system.?

UV-Vis Absorption Spectra and Band Gap Studies

Figure-5 displays the optical absorbance of the generated CuO and CuO-NiO nanocomposite. This
discovery revealed that the absorbance peak of CuO was located at about 410 nm. The CuO-NiO
nanocomposite surface characteristics resulted in increased light absorption coverage in the visible
spectrum, which can be due to interfacial interactions between CuO and NiO. The increased visible light

absorption indicates a modification in the electronic structure, which may provide better photocatalytic
26
response.
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Fig.-5: Absorption Spectra of the Prepared Samples

The bandgap energy calculated using the Tauc relation (ahv)" =A(hv - E,) for a permitted direct transition,
n equals 2. The band gap values were estimated to be approximately 2.75 eV for CuO-NiO
nanocomposite and 3.02 eV for CuO.?” The energy gap narrowing in the CuO-NiO composite is caused
by a strong electronic interaction between CuO and NiO that encourages charge delocalisation and lowers
the energy gap between the valence and conduction bands. The reduced band gap, along with enhanced
visible-light absorption, promotes higher photoinduced charge carrier density and prolongs charge carrier
lifetime, which is beneficial for the functional performance of the prepared samples. Some recent studies
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have reported similar band-gap narrowing in CuO-NiO composites synthesised by hydrothermal or sol—
gel techniques, attributing the reduced Eg to effective interfacial charge transfer and defect-induced band
alignment.?®?® Overall, the formation of a CuO-NiO composite significantly enhances the optical
properties of the material, making it a promising candidate for visible light photocatalysis.
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Fig.-6: Tauc Plots for Optical Band Gap Estimation

Photocatalytic Degradation Studies of Methylene Blue Dye

In the case of pure CuO, the characteristic MB absorption peak at Amax = 660 nm decreases slowly with
time, indicating limited photocatalytic activity.?’ In contrast, CuO-NiO composite shows a much faster
and more pronounced decrease in absorbance intensity at 660 nm with irradiation time. After 180 minutes
of exposure to visible light, CuO-NiO exhibited a significantly higher efficiency than pure CuO,
demonstrating the superior photocatalytic performance of the composite system (Fig.-7(b)). Control tests
under the same irradiation set-up without the photocatalysts confirmed that the dye degradation was
primarily due to photocatalytic processes and not caused by light exposure. A first-order kinetic
approximation was used to further assess the degradation behaviour and compare the photocatalytic
efficiency of the photocatalysts using the equation.'®
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Fig.-7: UV-Vis Absorption Behaviour of MB during Photocatalytic Degradation

It can be observed from the Fig.-8(a) that the decrease in dye concentration was achieved more with
composite CuO-NiO, while the straight line trend from Fig.-8(b) gives the rate constants (k) of 0.00183
min™! for CuO and 0.00874 min! for CuO-NiO, which shows that the composite system with the higher
rate constant exhibits faster degradation efficiency compared to the other.

Photocatalytic Degradation Mechanism

By electrostatic attraction and surface interactions, methylene blue dye molecules are adsorbed onto the
photocatalyst surface, thereby initiating an adsorption-desorption equilibrium. Fig.-9 illustrates the
suggested photocatalytic breakdown pathway of methylene blue dye when exposed to light. An electron is
driven from the VB to the CB when the photocatalyst is exposed to light. This leaves behind an electron-
deficient, hole (h*) in the VB.
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These electron-hole pairs, which are photogenerated charge carriers, can either undergo recombination or
take part in different surface redox processes. Because photogenerated charge carriers quickly recombine,
there are fewer electrons and holes available for surface redox processes in pure CuO, which lowers
degradation efficiency. In contrast, the CuO-NiO composite effectively suppresses charge-carrier
recombination by promoting interfacial charge separation, thereby increasing the lifetime of
photogenerated electrons and holes available for surface redox reactions. Upon irradiation, the catalyst
generates electron-hole pairs, where holes generate *OH radicals and electrons contribute to O, radicals,
which attack dye molecules, and degrade into harmless end products like CO, and H,0.3°

= il
Adsorption of Ive

/omo the catalyst surface

@ +0,

Fig.-9: Possible Reaction Mechanism using CuO-NiO Catalyst

Antibacterial Activity Studies

In our study, the CuO-NiO composite exhibited more antibacterial activity against Gram-positive
Staphylococcus bacterium. Both bacterial groups' cell surface amine and carboxyl groups showed a strong
attraction for copper ions, resulting in interface interactions. The antibacterial activity of CuO
nanostructures may be intimately linked to two oxidation states: cupric (Cu?") and cuprous (Cu®). CuO
nanostructures produced Cu ions during various oxidation states, which interfered with metabolism,
denatured proteins, and inhibited enzyme activity. The manner in which CuO nanostructures' mechanism
of growth inhibition involves Cu ion interaction with DNA, which causes cross-linking to harm the
molecular structure and strands. CuO nanostructures physically damage bacterial membranes, impairing
their permeability and integrity and perhaps leading to cell lysis. Furthermore, CuO nanostructures may
interact with biological components or trigger Fenton-like processes to produce reactive oxygen species
(ROS). The buildup of ROS in bacteria causes oxidative damage to proteins, lipids, and nucleic acids,
thereby interrupting essential cellular functions and metabolic pathways. Moreover, exposure to CuO
nanoparticles can reduce bacterial viability by blocking DNA replication and electron transport chain
enzyme activity. This mechanism reduces the likelihood of resistance development and worsens bacterial
cell death.’! On incorporating NiO into the CuO matrix, it contributes to collective ROS generation,
coupled metal ion toxicity, better charge separation, and preferable interference of bacterial cell
membranes, ultimately resulting in CuO-NiO composite exhibiting greater antibacterial performance. The
antibacterial activity of the prepared samples is shown in Fig.-10.
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Table-1: Diameter of Inhibition

Sample Staphylococcus Pseudomonas
Pure CuO 26 mm 18 mm
CuO-NiO composite 32 mm 22 mm

Fig.-10: Antibacterial Performance of CuO(I) and CuO-NiO(2) against (a) Staphylococcus, and (b) Pseudomonas
Bacteria

CONCLUSION

The Hydrothermal process is used in the synthesis of pure CuO and CuO-NiO nanocomposite. The
nanocrystalline nature of CuO and the presence of CuO and NiO forms in the CuO-NiO composite were
confirmed by XRD studies. UV-vis absorption studies revealed a noticeable redshift of the adsorption
edge for the CuO-NiO composite compared to pure CuO, suggesting a smaller optical band gap and
increased absorption in the visible spectrum. The CuO—-NiO composites’ efficient migration of electrons
and holes, along with better charge mobility, is responsible for the composite's improved photocatalytic
activity. Additionally, the increased antibacterial effect of the composite system results from the better
generation of reactive oxygen species along with strong interaction with bacterial cell walls. Our studies
demonstrated that the prepared composite system can act as a multifunctional agent, highlighting the
synergistic role of NiO incorporation into CuO matrix, by improving charge-carrier dynamics, which will
play a vital role in photocatalytic and antibacterial applications. These findings emphasise the importance
of nanocomposite material design in developing next-generation functional materials for environmental
remediation and antimicrobial applications.
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