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ARTICLE INFO ABSTRACT

Keywords: A highly efficient CuO/ZrO,/Al,O3 ternary nanocomposite was synthesized using a green and cost-effective electro-

CuO/Zr0,/Al,05 chemical method. The crystallinity, morphology, elemental composition, surface adsorption (BET), optical, catalytic

Nanocomposite and biological properties of the nanocomposite was systematically characterized using advanced analytical techniques.

iifcttmc?eimi-cal synthesis XRD analysis confirmed the presence of distinct peaks corresponding to CuO, ZrO,, and Al,Os, indicating the successful
otocatalysis

formation of a visible-light-active catalyst. SEM images revealed strong interfacial interactions between CuO and ZrO,
integrated within the porous, high-surface-area structure of Al,O3, UV-Visible and DRS analysis determined the band
gap energy to be 2.5eV. The nanocomposite demonstrated excellent photocatalytic efficiency in degrading Indigo
Carmine (IC) dye, achieving up to 95 % removal. The high surface area of Al,O3 (195 m?/g) facilitated dye adsorption,
while the CuO- ZrO, heterojunction enhanced charge separation: sunlight-excited electrons from p-type CuO were
transferred to n-type ZrO, reducing recombination. Additionally, the nanocomposite exhibited significant antimicrobial
activity against various bacterial and fungal strains, outperforming standard references. The novelty of this work lies in
the green electrochemical synthesis of a CuO/ZrO,/Al,0, ternary heterojunction photocatalyst that uniquely combines
high surface area, efficient charge separation, and visible-light activity, enabling dual photocatalytic and antimicrobial
functionality.

Biocompatibility

1. Introduction

The science of nanotechnology involves controlling matter at the
nanoscale, a dimension that typically ranges from 1 to 100 nanometers
[1-3]. This entails employing atoms and molecules to design, create
and operate systems, devices and structures [4-6]. Materials with un-
ique qualities can be engineered at this scale, offering broad applica-
tions in electronics, healthcare, and energy. [7,8]. Compared to con-
ventional materials, they offer improved performance and functionality
because of their capacity to mix the characteristics of many materials at
the nanoscale [9-11].They are appropriate for a variety of applications
because they have benefits in areas including strength, durability,
thermal stability and barrier qualities [12-15].

Compounds known as metal oxides are created when a metal and
oxygen combine (Al,O3, ZrO,, NiO, Fe30,, ZnO, CuO, and TiOy) [16,17].
Applications for them are numerous and varied, ranging from electronics to
environmental cleanup and catalysis [18]. Their significance stems from a
high surface area, semiconducting ability, and involvement in redox and
acid-base interactions [19,20]. Because they are more versatile and have
better qualities than their individual components, nanocomposite metal
oxides are significant [21]. Applications for them are numerous and include
environmental remediation, energy storage, sensors, and catalysis [22,23].
This customization capability makes them a significant area of research in
materials science and nanotechnology. [24,25].

Due to their unique properties, copper oxide (CuO) nanoparticles and
nanocomposites have attracted global interest for use in energy and
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environmental applications [26]. In this article, several methods for creating
CuO nanoparticles and their possible uses are covered [27]. In-depth re-
search is done on both conventional and environmentally friendly synthesis
methods as well as how reaction circumstances affect the produced nano-
particles [28,29]. Zirconia of biomedical grade shows possible mechanical
properties of oxide ceramics [30]. This study assessed the dispersion stabi-
lity of ZrO2 nanofluids over time by using anionic, cationic, and non-ionic
surfactants for stabilization. [31]. Up to 1200 °C, Al,O5 stability was in-
creased while the sintering of that phase was improved [32]. Aluminum
nanoparticles are especially vulnerable to severe oxidation during storage
before use because of their small diameters [33]. Nanomaterials are having
an impact on pharmacological and biological applications [34-36].

As nanocomposites, these materials benefit from nanoscale effects, large
surface-to-volume ratio, abundant active sites, and quantum confinement
that accelerate interfacial charge transfer and improve light harvesting
capability. In photocatalytic degradation of organic pollutants, the nano-
composite architecture provides a dual advantage: (i) efficient generation of
reactive oxygen species (ROS) such as O,” ~ and "OH through multi-path
electron transitions, and (ii) enhanced adsorption of dye molecules on the
catalyst surface due to increased porosity and surface energy.

Under optimal conditions, transition-metal-decorated Fez0, catalysts
achieved about 97 % degradation of Carbol Fuchsin dye, while doped Fe,03
systems reached complete (100 %) removal under specific conditions [37].
Incorporation of Fe*" into ZnO nanomaterials enhanced charge separation,
enabling efficient methylene blue degradation and improved ethanol gas
sensing [38]. Similarly, transition-metal-doped Bi,Os; nanophotocatalysts
exhibited superior light utilization and dye removal efficiency [39]. Fur-
thermore, Cu®* doped Fe;O4 nanoparticles showed enhanced photo-
catalytic degradation of MB and EBT dyes, coupled with strong anti-
microbial activity due to improved light absorption and charge separation
[40]. The ZrOo/PANI nanocomposite exhibits superior photocatalytic per-
formance for rapid degradation of Carbol Fuchsin dye, showing improved
properties over individual components [41]. Similarly, ZnO/CuO nano-
composites efficiently degrade organic dyes due to enhanced charge se-
paration and visible light absorption, while also serving as sensitive NO, gas
sensors [42]. The TiO,~ZrO,~PANI nanocomposite further enhances water
purification by combining high photocatalytic activity, large surface area,
and effective charge transfer, offering a durable and sustainable material for
dye removal under visible light [43]. Ternary metal oxide (TMO) nano-
composites exhibit unique physicochemical properties due to the synergistic
interaction of three metal oxides. Systems like CuO/ZrO,/AlL,O, offer high
surface area, tunable band gap, and efficient charge separation through
heterojunction formation, which suppresses electron-hole recombination
and enhances photocatalytic performance.

In this study, we conducted an electrochemical method for the synthesis
of CuO/Zr0O,/Al,05 nanocomposite and characterized the obtained material
with various analytical techniques. In this context, the CuO/ZrO,/Al,0,
nanocomposite offers several advantages. CuO, with its narrow band gap,
enhances visible light absorption and promotes electron transfer. ZrO,
contributes excellent thermal and chemical stability, while Al,O, provides a
high surface area and serves as a stable support for uniform dispersion of
active sites. The synergistic combination of these oxides not only suppresses
charge recombination but also improves the adsorption of dye molecules
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and enhances reactive oxygen species (ROS) generation. The novelty of this
work lies in the green electrochemical synthesis of a CuO/ZrO,/Al,0,
ternary heterojunction photocatalyst that uniquely combines high surface
area, efficient charge separation, and visible-light activity, enabling dual
photocatalytic and antimicrobial functionality.

2. Materials and methodology
2.1. Materials and characterization

Elico Pvt Ltd. supplied the platinum electrode, Alfa Asear gave the
sodium bicarbonate, and Alfa Asear furnished the Zirconium, copper
and aluminum metal wires. Every experiment used deionized water
from the PURELAB extreme water purification system. No additional
purification occurred and all chemicals were used exactly as supplied.

SEM analysis was carried out on a ZEISS SEM microscope, model-
evo/IS 15, Tokyo, Japan. Micrographs were taken at 5kV and compo-
sites were coated with graphite before analysis. An UV-Vis Shimadzu
UV-1800 instrument, with optical cell length 10 mm and cellvolume-
3mL,was used for absorbance analysis. Composite XRD analysis was
performed on a Rigaku desktop miniplex II X-ray powder diffractometer
with Cu Ka radiation, (1.5406 Z\) as the energy source. An atomic ab-
sorption spectroscopy (model number GBC, Avanta version 1.31) ana-
lysis was carried out for the quantitation of metals in organic matrices.

2.2. Methodology

2.2.1. Electrochemical synthesis of CuO/ZrO,/Al,03 nanocomposite

CuO/Zr0,/Al,0; nanocomposites were synthesized electro-
chemically in a two-electrode setup using platinum foil (cathode,
99.9 % purity) and aluminum, copper, and zirconium wires (=99 %
purity, anodes). The electrodes (=3 cm? area, 3 cm apart) were im-
mersed in 30 mL of 0.5 % NaHCO, solution (pH = 8.3) and electrolyzed
at room temperature for 6 h under constant stirring, with the current
maintained at 20mA (=6.7 mA cm™). During electrolysis, Al**, Zr*,
and Cu* ions were released from the anodes and oxidized to form their
respective oxides, with deposition rates influenced by their reduction
potentials (Al: -1.66 V, Zr: -1.53V, Cu: +0.34 V). Because of its more
negative potential, AI*" oxidized more readily than Zr* and Cu?®, fa-
voring the initial formation of Al,O; followed by ZrO, and CuO. The
bicarbonate medium acted as a mild buffer, stabilizing pH during
electrolysis and preventing uncontrolled precipitation.

After synthesis, the product was repeatedly washed with distilled water
to remove excess electrolytes and centrifuged to collect the precipitate. The
dried material was then calcined at 700 °C for 2 h at a heating rate of 10 °C/
min, which improved crystallinity and removed residual sodium and hy-
droxide impurities. Minor trace metal impurities present in the starting
wires were negligible, as confirmed by the absence of extraneous peaks in
XRD and EDX analysis. The combination of oxides in a single composite
structure arises from the simultaneous oxidation of the three anode metals
under the applied current. This electrochemical approach provides a simple,
reproducible, and environmentally friendly method for preparing ternary
metal oxide nanocomposites.

2NaHCO,+ 2" == 2Na+2CO, + 20H"

Ir —

Zr** + 4(0H)”

Y + 4e Cu

<——17r(OH),

P —

Cu?* + 2(0OH) ==—=Cu(OH),

Cu® + 2e Al == AI* + 3¢

AlF* + 3(OH)” =— Al(OH),

Cu(OH), + Zr(OH), + 2AI(OH); === Cu0/Zr0, /Al,0; + 6H,0
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2.2.2. Photodegradation of Indigo Carmine dye using CuO/ZrO»/Al;03
under sunlight

The photodegradation of Indigo Carmine (IC) dye using CuO/ZrO,/
Al,05 under sunlight was investigated by preparing a solution of IC dye
with a defined concentration (0.0-50 ppm) in de-ionized water.
Adsorption-desorption equilibrium was established by dispersing a
specified quantity of CuO/ZrO,/Al,03; nanocomposite catalyst in the
dye solution and stirring it in the dark for 15-30 min. In a photo-
catalytic reactor, the solution is then continuously stirred while exposed
to sunlight. To monitor dye degradation, aliquots of the solution are
taken out at regular intervals, centrifuged to remove the catalyst and
then evaluated with a UV-Visible spectrophotometer at wavelength
610 nm. By altering the catalyst dosage, pH, starting dye concentration,
and irradiation duration, optimization experiments can be carried out.
Additionally, recovering, cleaning and reusing the catalyst in sub-
sequent degradation cycles can be used to verify its reusability. The
photocatalytic degradation experiments were conducted in triplicate
under identical conditions to ensure reproducibility. The results showed
consistent degradation efficiencies with only minor variations ( + 3 %),
confirming the repeatability of the process.

2.2.3. Biological activity

2.2.3.1. Anti-bacterial activity. To assess their antibacterial effectiveness, on
the produced CuO/ZrO,/Al,03 was tested against a few Gram-positive and
Gram-negative pathogens. This study included Gram-positive bacterial
strains, such as Listeria monocytogenes (ATCC 13593), Staphylococcus
aureus (ATCC 700699) and Bacillus subtilis (ATCC 21332) as well as
Gram-negative strains, such as Pseudomonas aeruginosa (ATCC10145). The
inoculum suspension was standardized to include 106 bacterial colony-
forming units. Separate stock solutions of each synthesized CuO/ZrO,/
Al,O3 (1 mg/mL) were made in dimethylsulfoxide (DMSO, v/v).The
bacterial activity was investigated using the well diffusion method [44].
Using a sterile 1-shaped glass rod, the produced bacterial inoculums were
equally distributed over a Muller-Hinton agar plate.100 uL. of the test
composite was added to each well after the wells (9 mm in diameter) were
prepared using a sterile cork borer. Each plate was then incubated for one
day at 37 °C. Following incubation, the zone of inhibition (in millimeters)
was measured on each well.

2.2.3.2. Antifungal activity. The synthesized CuO/ZrO,/Al,0O3 was tested
for its invitro antifungal activity using the disc diffusion method.
Aspergillusflavus and Aspergillusniger were used in this investigation and
were cultivated on potato dextrose agar (PDA). The standard process
involved creating a well in the middle of the agar medium, which had
already been inoculated with fungi and it had a diameter of around 9 mm.
Using a micro pipette, the tested solutions (100 uL) were carefully added to
the plate, which was then incubated for three days at 37 °C. Diffusion of the
test solution and the growth of the infected fungi occurred in the interim.
On the plate, track the inhibitory zone's growth. For the investigation,
fluconazole served as a reference chemical.

2.2.3.3. Minimum inhibitory concentration. The resultant CuO/ZrO,/
Al,O3 screen is used for the serial plate dilution method's MIC test in
DMSO. In the nutrient broth, which includes logarithmic serially
diluted magnitudes of the test nanocomposite and controls, 10* c.f.u
mL~! (colony composing unit) of actively proliferating bacterial cells
were injected. Microbial cultures were incubated at 37°C for 24 h and
their optical density (OD) was measured at 600nm using
spectrophotometry and ocular inspection. The term minimum
inhibitory concentration (MIC) refers to the lowest concentration
(highest dilution) needed to observe the bacterial magnification.

2.2.3.4. Antioxidant activity. The absorption peak of DPPH, which has an
odd electron, is located at 517 nm. The DPPH moiety unpaired electron
pairs off, causing a stoichiometric drop in absorbance in relation to the
quantity of electrons used. This change in absorbance from the resulting
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reaction has been very helpful in determining how well a number of
compounds can scavenge free radicals. DPPH was utilized to test the
compounds' free radical-scavenging activity in the hydrogen-donating or
radical-scavenging ability by giving the stable radical [45]. To create the
sample stock solutions (1 mg/mL), an appropriate amount of DPPH was
dissolved in DMSO. Stock solutions were subjected to concentration changes
(0.2-1.0 x10~2 L) up to 3mL with methanol. For the above-tested
solution, DPPH solution was used. After giving the resultant combination
a good shake and letting it sit for half an hour, the absorbance at 517 nm
was measured. Every estimate was performed three times and the findings
were expressed as mean * standard deviation (S.D.). The experiment's
standard or positive was ascorbic acid, which was utilized as the negative
control in parallel with the test compound and without the test compound
or standard. The ability to scavenge the DPPH radical was determined using
the following formula:

I (%) = (Aplank-Asample/Ablani) X 100,

Where Agample is the absorbance of the test compounds and Apjany is the
absorbance of the control reaction mixture including the test com-
pounds.

3. Results and discussion
3.1. X-ray diffraction (XRD)

Fig. 1a displays the XRD pattern of the synthesized CuO/ZrO,/Al,03
nanocomposite, which exhibits unique diffraction peaks. The 26 values
of the peaks 30.2° and 34.8°, which correlate to crystal planes of the
(hkl) values (101) and (110) respectively, verify the presence of ZrO,
[JCPDS No. 17-0923] [46]. The 20 values of 35.5°, 38.7°, 58.3°, 61.5°
and 68.1°, which correlate to the crystal planes of the (hkl) values
(-111), (111), (202), (-113) and (220) respectively, verify the presence
of CuO [JCPDF No. 48-1548] [47]. The 26 values 32.6°, 37.2°, and
54.2°, which correlate to the crystal planes of the (hkl) values (220),
(222) and (422), respectively, show the presence of Al,03 [JCPDF No.
10-0173] [48]. By the Scherrer equation the average crystallite sizes of
CuO/Zr0,/Al,03 nanocomposite was found to be 51.5 + 0.7 nm.

3.2. The energy dispersive X-ray spectroscopy (EDX)

The exhibited Energy Dispersive X-ray Spectroscopy (EDX) spectrum is
used to qualitatively and quantitatively examine the sample elemental
composition. The EDX spectrum in Fig. 1b confirms the presence of O, Al,
Zr, and Cu. The most abundant element, oxygen, is 49.5wt percent and
exhibits substantial oxidation. In the inset of Fig. 1b, the atomic mass per-
centages of Al (17.3 %), Zr (15.5%), and Cu (17.7 %) suggest that a metal
oxide CuO/ZrO,/Al,0; nanocomposite may be formed. The peaks at
0.52keV (0), 1.5keV (Al), 15.8keV (K shell of Zr), 2.0keV (L shell of Zr)
and 8 keV (Cu) verify their presence. CuO, Al,O5 and ZrO, are among the
oxides that could be produced due to the high oxygen level. The inset in
Fig. 1b shows the percentage of atoms and weights.

3.3. Scanning electron microscope images (SEM)

A heterogeneous and agglomerated surface morphology, char-
acteristic of multi-phase nanomaterials is revealed by the SEM images
Fig. 1c and Fig. 1d of the CuO/ZrO,/Al,03 nanocomposite. The elec-
trochemical approach was used to carry out the synthesis, which al-
lowed CuO and ZrO, to be uniformly deposited onto the Al,O5 surface.
Strong interparticle interactions are shown by the irregularly shaped
and closely packed particles. On the Al,03 matrix, CuO and ZrO, are
heterogeneously joined to form a stable composite structure. Because of
the high surface energy and insufficient dispersion during synthesis,
agglomeration is clearly visible. The surface area and catalytic potential
of the composite are increased by its rough and porous appearance.
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Fig. 1. a) X-ray diffraction pattern b) Energy Dispersive X-ray Spectroscopy (EDX) c) and d) Scanning Electron microscope images of CuO/ZrO,/Al,O3 nano-

composite.

Different phases are suggested by bright and dark contrasts with ZrO,
and CuO seeming brighter and Al,O5 appearing darker. The successful
integration of all three oxides is confirmed by nanoscale characteristics.
Grain boundaries and porous areas suggest strong potential for ad-
sorption or photocatalysis. All things considered, the SEM validates the
creation of a functionally organized and well-blended nanocomposite.

3.4. Transmission electron microscopy analysis

The TEM micrographs (Fig. 2a and b) of the CuO/ZrO,/Al,0, nano-
composite reveal well-defined, nearly spherical nanoparticles with a uni-
form size distribution in the range of 50-100 nm. The particles display a
distinct core-shell-like contrast, suggesting a hybrid interfacial structure
where CuO and ZrO, nanoparticles are effectively anchored on the Al,O,
matrix. The darker regions correspond to the CuO and ZrO, phases, while
the lighter areas indicate the Al,0, support, confirming the successful for-
mation of a ternary nanocomposite. The close contact between the con-
stituent oxides implies the creation of heterojunction interfaces, which fa-
cilitate charge separation and efficient electron transfer during
photocatalysis. The uniform morphology and interconnected network
structure contribute to the high surface area and porosity, as supported by
BET analysis. Such a nanostructured arrangement provides abundant active
sites for adsorption and reaction, enabling enhanced photocatalytic de-
gradation of Indigo Carmine dye. The TEM results therefore demonstrate
that the CuO/ZrO,/Al,0, composite possesses a well-integrated hybrid
structure suitable for efficient visible-light-driven photocatalysis.

3.5. BET surface area analysis

The specific surface areas (SBET) of pure Al,O, and the synthesized
catalysts (CuO/ZrO,/Al,0;) were determined from nitrogen
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adsorption—desorption isotherms (type IV) measured at 77 K using a
NOVA 3200 BET surface area analyzer (Quantachrome Corporation,
USA). Prior to the measurements, all samples were degassed under va-
cuum at 300 °C for 3.0 h to remove adsorbed species. The surface area
was calculated using the Brunauer-Emmett-Teller (BET) method, and no
BJH or other pore size distribution analyses were employed in this study.
The nitrogen adsorption-desorption isotherms of Al,O; and CuO/ZrO,/
Al,0; nanocomposite are shown in Fig. 2.c). Both samples exhibit a type
IV isotherm with an H3-type hysteresis loop, characteristic of meso-
porous materials. The pure Al,O; shows a higher BET surface area of
195 m?/g, while the CuO/Zr0,/Al,O, nanocomposite displays a slightly
reduced surface area of 150 m?/g, attributed to the partial filling of Al,O,
pores by CuO and ZrO, nanoparticles. Despite the decrease, the com-
posite retains a high specific surface area and well-developed porous
network, which are beneficial for catalytic reactions. The incorporation
of CuO and ZrO, forms a hybrid structure with intimate interfacial
contact, promoting efficient charge separation and enhanced light ab-
sorption. These interfacial heterojunctions enable better accessibility of
active sites and facilitate the adsorption of dye molecules. Consequently,
the high surface area and mesoporous texture of the CuO/ZrO,/Al,O,
nanocomposite play a crucial role in improving photocatalytic degrada-
tion efficiency of Indigo Carmine dye, by providing a large reaction in-
terface and accelerating redox processes under light irradiation.

3.6. Rate constant and order of photodegradation reaction

The kinetic of photocatalytic decolorization for most organic com-
pounds is described by the pseudo-first-order kinetic model [49] in (Eq.
1). The blank experiment (control) performed in the absence of the
photocatalyst showed no IC dye degradation (data not shown) even
after 2 h of irradiation exposure.
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—de _

dt @
where kap, (min~?) is the apparent rate constant. In this case, the re-
lation between concentration found at time t (C,) and the initial con-
centration (Co) can be calculated by integrating Eq. (1), considering the
limit condition C, = Cy at t = 0 (Eq. 2).

(2)

The k,pp of each experiment was then estimated by plotting In(Co/
Ct) versus reaction time t. At extreme tested pH conditions, pH = 6.5,
the kinetic data fit the pseudo-first order. Finally, at pH = 6.5 was the
instance with the higher kinetic constant rate (5.12 x 1072 min™ ).

3.7. UV-visible spectroscopy

Fig. 3a shows the absorption peak at 525 nm in the CuO/ZrO,/Al,05
nanocomposite UV-Vis absorption spectra indicates effective visible
light absorption. The CuO component is mainly responsible for this
peak since it displays distinctive d—d transitions of Cu®™ ions. Good
integration of the three oxides and potential synergistic interactions are
suggested by the broad absorption band. While Al,O5 serves as a steady
support, ZrO,, with its large band gap, contributes mostly in the UV
region. The composite photoactive nature is confirmed by the peak's
appearance in the visible spectrum. It is possible that the electro-
chemical synthesis improved electrical interactions and allowed for
uniform mixing. Because of its reactivity to visible light, the composite
can be used in photocatalytic processes. All things considered, the
spectrum attests to the nanocomposite effective production and useful
qualities.
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3.8. Band gap energy

The optical band gap energy of the CuO/ZrO,/Al,03 nanocomposite
is estimated via the Tauc plot. A direct permitted transition is indicated
by the horizontal axis being photon energy (hy, in eV) and the vertical
axis being (ahv)? Band gap energy of 2.5eV is obtained by extra-
polating the linear part of the curve in Fig. 3b. This result indicates
effective visible light absorption because it is within the visible light
range. CuO inclusion lowers the band gap, as seen by the smaller band
gap when compared to pure ZrO, or Al,O3; The composite photo-
catalytic activity under visible light is improved by this improvement.
The outcome shows that the metal oxides formed a successful nano-
composite with robust electronic interactions.

3.9. Photocatalytic Indigo Carmine Dye (IC) degradation

The percentage degradation of a contaminant over time for CuO/
Zr0,/Al,03 nanocomposite, CuO, ZrO, and Al,Os is depicted in the
Fig. 3c. About 95% degradation is reached by the CuO/ZrO,/Al,O3
nanocomposite (black squares) after 25 min, after which it plateaus.
Similar degradation is reached by CuO (red circles), albeit a little later
than by the nanocomposite. Degradation is slower for ZrO, (blue tri-
angles) and Al,O3 (magenta triangles). All materials degrade quickly at
first, then gradually toward their ultimate deterioration. The nano-
composite increased activity indicates that its constituent parts work in
concert. This demonstrates CuO/ZrO,/Al,03; capacity for effective
photocatalysis.

A contaminant photocatalytic degradation over time for CuO, ZrO,,
Al,03 and a CuO/Zr0,/Al,03 nanocomposite is depicted in the Fig. 3d.
The ratio of the contaminant concentration with time to the initial
concentration (C,/C,) on the y-axis represents degradation efficiency.
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Fig. 3. a) UV-Visible Spectroscopy, b) Band Gap Energy, c) Photocatalytic properties, d) Percentage degradation of IC Dye using CuO/ZrO,/Al,03 nanocomposite.

The CuO/ZrO,/Al,0; nanocomposite (black squares) degrades at the
fastest rate, being nearly completely degraded within about half an
hour. In contrast to the nanocomposite, CuO (red circles) exhibits no-
ticeable deterioration, albeit more slowly. The degradation efficiencies
of ZrO, (blue triangles) and Al,O3; (magenta triangles) are lower, with
Al,0O3 being the least. This suggests that the components synergistic
interactions improve photocatalytic performance in the nanocomposite.
The findings imply that the photocatalytic degradation efficiency is
enhanced by the combination of CuO, ZrO, and Al,Os5,

3.10. Effect of catalytic concentration

The smallest quantity of catalyst required for efficient dye de-
gradation is known as the catalytic minimum concentration. In this
investigation, indigo carmine dye was effectively broken down by 0.7 g
of the CuO/ZrO,/Al,03; nanocomposite in 25-30 min when exposed to
sunshine display in Fig. 4a. The composite absorb great light and re-
active species formation provides this high efficiency at a low dosage,
which makes it affordable and appropriate for environmental applica-
tions.

3.11. Effect of dye concentration

In Fig. 4b shows high catalytic efficiency is demonstrated by the
CuO/Zr0,/Al,03 nanocomposite ability to degrade dye up to 95 % at a
concentration of 25 ppm. The nanocomposite has enough active surface
area to interact with dye molecules at this concentration. Because it
breaks down the dye structure by producing reactive oxygen species
like hydroxyl and superoxide radicals, the CuO component is essential
for catalytic or photocatalytic reactions. Concurrently, ZrO, and Al,O3
improve the composite's thermal and structural stability and aid in
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better dispersion of CuO, which raises the element's availability for
catalytic process. These metal oxides work together to effectively de-
grade dyes, which makes the nanocomposite a viable material for waste
water treatment and environmental cleanup applications.

3.12. Effect of pH on Indigo Carmine (IC) dye degradation

The CuO/ZrO,/Al,03 nanocomposite dye degradation is often ef-
fective at pH 6.5 because the slightly acidic to neutral pH promotes the
generation of reactive oxygen species, especially hydroxyl radicals,
without significantly deactivating the catalyst shows in Fig. 4c. Ad-
sorption and subsequent photocatalytic breakdown are facilitated by
the nanocomposite's surface maintaining a balanced charge at this pH,
which permits good interaction with the majority of dye molecules.
Moreover, pH 6.5 is a good pH for stable and effective dye degradation
because it avoids the severe circumstances that could otherwise prevent
radical generation or lead to dye molecules aggregating.

3.13. Effect of temperature on indigo carmine (IC) dye degradation

The CuO/ZrO,/Al,03 nanocomposite does not significantly degrade
or undergo phase shifts at 35 °C in Fig. 4d. CuO remains in its oxidized
state, whereas zirconia and alumina maintain their structural integrity.
Catalytic activity might go up a little, but there are no significant im-
pacts like sintering or reduction. While dye degradation is conceivable,
it happens more slowly than at higher temperatures.All things con-
sidered, 35 °C is a reasonable temperature at which the nanocomposite
should remain stable and experience no deterioration or change in
performance.



V. Nagaraju, J. Krishnegowda, L.N. Shivalingaiah et al.

a

95
90
85

80 4

Degradation (%)

751

0.2 0.4 0.6 0.8

Catalyst Concentration (g/L)

0.0 1.0

9]

96
94 U
92
90
88
86
84
82
80
784

Degradation (%)

N A
w
IS
(L]
(-]
~
-]
©

10

Environmental Pollution and Management 3 (2026) 88-98

o

96

94 4

92

90 4

Degradation (%)

88 -

10
Dye Concentration (ppm)

96 -

95

94

93

92

Degradation (%)

91

90 T T T T T

70
Temperature (-C)

Fig. 4. a) Effect of Catalytic concentration, b) Effect of Dye concentration, c¢) Effect of pH, d) Effect of Temperature on IC dye degradation.

3.14. Radical-scavenging analysis

To confirm the role of various reactive oxygen species (ROS) in the
degradation of Indigo Carmine, radical-scavenging tests were per-
formed using different scavengers. IPA (1 mM), BQ (1 mM), and AO
(1 mM) were used as scavengers for ‘OH, O, ~, and h’, respectively. As
shown in Fig. 5a, the degradation efficiency of IC was 95 % (without
scavenger), 73 % (with IPA), 52 % (with BQ), and 68 % (with AO). The
significant suppression of degradation in the presence of BQ confirms
that O, radicals are the primary reactive species, while *OH and h*
play secondary roles in the photocatalytic mechanism of CuO/ZrO,/
AlL,O;. The results suggest that photogenerated electrons in the con-
duction band react with adsorbed O, to form O,—, which pre-
dominantly oxidizes the dye molecules, leading to their degradation.

3.15. Catalyst reusability/cycle performance

The CuO/ZrO,/Al,03 nanocomposite exhibits outstanding reusability,
retaining over 95 % degradation efficiency after 10 cycles (Fig. 5b). This

(a) 1004

80

95%

73%

60 -

40

Degradation (%)

20

Without scavanger IPA

BQ
Scavengers

AO

(b)

confirms its stability and potential for repeated use in photocatalytic ap-
plications, making it a cost-effective and durable catalyst for environmental
remediation. This has now been clarified in the revised manuscript.

3.16. Mechanism of CuO/ZrO,/Al,03 composite in photocatalytic
degradation

The CuO/Zr0O,/Al,05; composite exhibits significant potential for
visible light driven photocatalysis, particularly in the region of the solar
spectrum ranging from approximately 400-800 nm. This is primarily
attributed to the narrow band gap of CuO (~ 1.5 eV), which allows it to
absorb photons in the visible region effectively, while the presence of
ZrO, aids in charge separation and Al,O3 contributes to structural
stability and dispersion of active sites. Indigo Carmine (organic pollu-
tant) is used to assess the photocatalytic activity of synthesized speci-
mens upon exposure to visible light. For comparison, the photo cata-
lytic activity of the pure CuO, ZrO, and Al,O3; were also measured.
Al,0O3 alone show a very low photocatalytic activity 78 %. This low

100
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Fig. 5. a) Radical Scavenger test of CuO/ZrO,/Al,03, b) CuO/ZrO,/Al,05 Catalyst reusability on IC dye degradation.
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Sun

light Interface b/w

CuO & ZrO,

Fig. 6. Schematic mechanisms of IC dye degradation under sunlight using
Cu0/Zr0O,/Al,03 nanocomposite.

photocatalytic activity is due to large band gap which makes it less
effective harvester of solar light and that is the drawback of Al,O3 for
the use of sunlight.

During the experiment the sunlight energy was absorbed by the CuO
nanoparticle, the energy able to excite electron from valence band of
CuO to conduction band of CuO. Therefore electron (e) moved to
conduction band and hole (h") present in valence band. Sometimes the
formed hole (h) and electron (e) recombined, the degradation effi-
ciency will be decreased due to unavailability of hole (h") and electron
(e) for the photocatalysis. Therefore the presence of ZrO, helps to se-
parate the hole and electron by interfacial charge separation via p-n
heterojunction with CuO and ZrO,. When the hole (h") and electron (&)
get separated by ZrO, (n-type Semiconductor) the photodegradation
efficiency of the CuO/ZrO,/Al,0; composite increase to 95%. The
Al,O3 nanoparticle with large surface area was helpful for the better
dispersion of CuO and ZrO, nanoparticle, reduced agglomeration and
acts as physical barrier by minimizing recombination effect.

The photogenerated (Excited) electrons from ZrO, react with dis-
solved oxygen to form superoxide radicals. Meanwhile, photogenerated
holes (now in CuO) can oxidize water or hydroxide ions to form hy-
droxyl radicals. These radicals are highly reactive and non-selectively
degrade organic IC dyes. The generated radicals attack the Indigo
Carmine dye molecules, breaking down their chromophoric structures
finally to form H,0O and CO,. An illustration of p-n heterojunction be-
tween CuO and ZrO, behavior is proposed as shown in Fig. 6.

When the CuO/ZrO,/Al,0O5; system is irradiated under sunlight
(A > 400 nm), CuO can be activated since the band gap energies of
ZrO,, CuO and Al,O3 observed in this study were 5.3, 2.1 and 5.6 eV
respectively. The electrons will then react with oxygen molecules to
finally form radicals. These radicals will further oxidize the IC mole-
cules that are preferentially adsorbed on the CuO/ZrO5,/Al,05 particles.
This is due to the fact that the CuO/ZrO,/Al,O3 particles possess a
slightly positive surface charge (at pH 6.5), which would preferably
adsorb an ionic dye molecules, rather than cationic dye. As a result,
more efficient charge-carrier separation and thus improved photo-
catalytic activity could be achieved.

Cumulative mechanism:

CuO +hy ———
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To highlight the efficiency of the synthesized CuO/ZrO,/Al,O,
composite, its photocatalytic degradation performance toward Indigo
Carmine (IC) dye was compared with various reported catalysts
(Table 1). It can be observed that catalysts such as Bi,MoOg, Sm?'-
doped ZnS, ZnO-Cu,0/GO, ZnO nanoparticles, CaZrO,, and ZnBi,0,/
rGO hybrids exhibit degradation efficiencies ranging from ~88 % to
~96 % under UV, visible, or solar irradiation. The present CuO/ZrO,/
Al,O; composite demonstrated 95 % degradation in 25 min under Sun
light, which is comparable or superior to many reported systems. The
enhanced activity can be attributed to the synergistic interaction be-
tween CuO, ZrO,, and Al,O, phases that promotes efficient charge se-
paration and visible-light absorption, reducing electron-hole re-
combination and improving photocatalytic efficiency.

3.17. Biological activity

3.17.1. Antimicrobial activity

The newly synthesized composite was tested in an in vitro anti-
bacterial assay against B. subtilis, L. monocytogenes, S. aureus and P.
aeruginosa. Additionally, invitro antifungal activity was assessed by
assessing two fungi, A. flavusand A. niger. The area surrounding each
well was visually inspected (Fig. 7) to determine the prime range of the
zone of inhibition. The zone size in millimeters (mm) was used to
quantify the zone of inhibition surrounding each well. Inhibitions
against Gram-positive and Gram-negative bacteria are quantified and
summarized in Table 2.

3.17.2. Minimum inhibitory concentration

The resulting nanocomposite minimum inhibitory concentration
(MIC) was calculated by growing the bacterial cultures overnight, ad-
justing the concentration, and using the McFarland turbidity standard.
To determine the MIC of CuO/ZrO,/Al,0sin the microtitre plate assay,
the serial dilution method was used. Both Gram positive and Gram
negative bacteria are significantly inhibited by the produced nano-
composite MIC range (Table 3). Significant antibacterial activity was
demonstrated by the produced CuO/ZrO,/Al,03nanocomposite. Since
the cell is encased in a lipid membrane, only soluble chemicals are
permitted to pass through it, as demonstrated by the Overtone concept
of cell permeability. The results obtained clearly imply that the syn-
thesized nanocomposite can be applied to the treatment of resistant
microorganisms.

3.17.3. Antioxidant activity

To test the nanocomposite capacity to scavenge free radicals, the
DPPH assay was employed. The DPPH assay examined the ability of the
resulting nanocomposite to function as an electron transfer in the
transformation of the DPPH radical from its radical state to the reduced
form, DPPH-H. a 0.1 mM DPPH solution in methanol was prepared as
stock, and 1 mL of this solution was mixed with 1 mL of the sample
extract at different concentrations. The reaction mixtures were in-
cubated in the dark at room temperature (25 = 2 °C) for 30 min to
avoid photodegradation. When compared to normal ascorbic acid, the
nanocomposite ability to energetically scavenge the DPPH radical was

ec T h'yp

ecp + 0, —» 0y

h*yg + HO——> 'OH +H"

O, , "OH + Indigo Carmine —> Degraded products (CO,, H,0)
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Table 1
Comparision of Indigo Carmine (IC) dye degradation using various catalysts.

Environmental Pollution and Management 3 (2026) 88-98

Catalyst Light source Time (min) Degradation (%) Reference
Bi,MoOg Solar light 120 ~94% [50]

Sm®* doped ZnS nanoparticles Visible light (excited at 395 nm) 210 ~93% [51]
Zn0-Cu,O/Graphene Oxide composite UV (500 W Hg lamp) 240 96.5 % [52]

ZnO nanoparticles UV light 60 ~92% [53]
CaZrO,-SiO, UV light 920 ~96 % [54]
ZnBi,0,/rGO hybrid Visible light 75 ~91% [55]
CuO/Zr0O,/Al,03 nanocomposite Sunlight 25 ~95% Present work

(a)

S.aureus

control

(b)

N
@
o
o3

Fig. 7. The bactericidal activity of CuO/ZrO,/Al,03 nanocomposite and control on S.aureus.

Table 2
Results of antimicrobial activity of as synthesized CuO/ZrO,/Al,Oznanocomposite.

Zone of inhibition (mm)?

Nano composite Bacteria Fungi
L. Monocytogenes B. subtilis S. aureus E. coli A. niger A. flavus
Cu0/Zr0,/Al,03 12 7 11 14 14 8
Ampicillin 23 24 25 27 - -
Fluconazole - - - - 21 21
The results obtained from the average of three replicates.
Table 3
Minimum inhibitory concentration results.
Range of concentration (pg/mL)
Nano composite Bacteria Fungi
L. Monocytogenes B. subtilis S. aureus E. coli A. niger A. flavus
CuO/Zr0,/Al,03 93 95 94 97 83 89
Ampicillin 26 26 26 27 - -
Fluconazole - - - - 43 43

The results obtained from the average of three replicate analyses

Table 4
Antioxidant ability (ICso) of all the synthesized compounds.

Compounds ICso (ng/mL) = S.D*
AA 24 + 0.55
Cu0/Zr0,/Al, 0, 61 + 0.29

AA = Ascorbic acid
* 8.D = Standard deviation (average of three replicates)

examined. Its effectiveness was assessed by measuring the absorbance
at 517 nm. The reaction mixture color changed from deep purple (DPPH
radical) to yellow (DPPH-H), indicating its antioxidant activity. The
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decreased absorbance value of the reaction mixture demonstrated the
presence of free radical scavenge activity. The CuO/ZrO,/Al,O3 nano-
composite ICs, value was similar to that of ascorbic acid (Table 4).

4. Summary and conclusion

In this study, a nanoscale CuO/ZrO,/Al,O, ternary nanocomposite
was successfully synthesized through a simple, cost-effective, and en-
vironmentally benign electrochemical method for dual applications in
photocatalysis and bacterial inactivation. The synthesized nano-
composite exhibited outstanding photocatalytic performance toward
the degradation of Indigo Carmine dye under natural sunlight
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irradiation. Using only 0.7 g L? of the catalyst, a high degradation ef-
ficiency of 95 % was achieved under optimized conditions (pH 6.5, 35
°C, 25 ppm dye concentration). The presence of Al,O, provided a stable
and porous surface that enhanced dye adsorption, while CuO and ZrO,
formed an efficient heterojunction facilitating effective charge separa-
tion. Upon sunlight exposure, photoexcited electrons generated in CuO
were transferred to the conduction band of ZrO,, thereby suppressing
electron-hole recombination and enhancing the overall photocatalytic
activity. This synergistic interaction among the constituent oxides led to
superior adsorption capacity and visible-light responsiveness. In addi-
tion to photocatalytic performance, the CuO/ZrO,/Al,0; nanocompo-
site displayed remarkable biological activity, including antimicrobial
efficacy, minimum inhibitory concentration (MIC), antioxidant poten-
tial, and antibacterial properties. Overall, this study demonstrates that
the CuO/ZrO,/Al,0; nanocomposite is a promising multifunctional
material for sustainable wastewater treatment and microbial control
applications. The novelty of this work lies in the electrochemical
synthesis of a ternary CuO/ZrO,/Al,O; heterostructure that couples
high surface area with visible-light activity and biological functionality
features rarely achieved together in a single photocatalyst system.
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