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Abstract: Bioactive copper oxide (CuO) nanoparticles were synthesized through a combustion method using Vitis
vinifera extract, and the effects of temperature on CuO calcination were shown. The structural, morphological,
compositional, optical, and thermogravimetric properties were investigated. Powder X-ray diffraction confirmed the
successful formation of crystalline nanoparticles with a crystallite size of 18.7 nm, and FTIR analysis confirmed the
formation of the CuO phase. The morphological images revealed nanosphere-like structures, while elemental
analysis confirmed the uniform distribution of Cu and O throughout the samples. TG/DTA analysis revealed the
thermal stability, phase transformations, and temperature-dependent weight loss of the samples. The direct band
gap energies are determined using the Tauc plot of the UV-Vis DRS data. Zeta-potential analysis was used to
investigate the surface-charge characteristics and colloidal stability. These findings indicate the formation of
microsphere-like assemblies composed of CuO nanoparticles. This study systematically evaluates multiple
physicochemical properties to provide insight into the physicochemical characteristics that may contribute to
improved gas adsorption, charge transfer, and sensing performance.

Keywords: CuO Nanoparticles, Bio-Fuel, Combustion Synthesis, Physico-Chemical Studies.

1. Introduction resistance, and quantum confinement [9]. Various
capping agents and surfactants have been utilized in this

Recent advances in science and technology  setting. In recent years, plant extracts containing
increasingly rely on the manipulation of matter at the  piomolecules such as polyphenols and terpenoids have
atomic and nanoscale levels [1]. Nanotechnology peen used as reducing and capping agents because
involves the design and fabrication of nanoscale  thejr functional groups can coordinate with metal ions
materials with controlled physical and chemical  gyring nanoparticle synthesis [10, 11]. This incorporation
characteristics [2, 3]. A nanomaterial is a material with at may promote improved crystallinity, nanosphere-like

least one dimension in the nanometre range [4].  morphology, and favourable optical properties.
Nanomaterials generally have dimensions between 1

and 100 nm (10 m), and it is 100,000 times smaller than Transition-metal oxide nanomaterials containing
the diameter of a human hair [5]. Nanomaterials are ~ €lements such as Fe, Co, Ni, Mn, Cu, and Mo have been
commercialized in the form of nano powders, widely reported over many years [12,13]. Transition
functionalized nanomaterials and quantum dots [6]. Metals are the d-block elements, and they have
Nanomaterials have enhanced properties owing to their incompletely filled d-orbitals. In other V\{OI’dS, they have
high surface area to volume ratio, electroactive property, ~d' to d° electrons [14]. These materials offer better
and unique optical and electrical properties [7]. structural, electrical/electronic, and magnetic properties.
Nanomaterials were classified into zero-dimensional ~ Transition-metal oxides can exhibit either p-type or n-
nanomaterials (0-D quantum dots), one-dimensional  tYP€ Sem'C'O”d'UCt'”g behaviour and may possess
nanomaterials  (1D-nanowires),  two-dimensional ~ Multiple oxidation states (e.g., Fe*'/Fe®, Co*/Co®,
nanomaterials (2D), three-dimensional nanomaterials Mn2+/!\/ln3+, Niz*/Ni°*),  providing extens.|ve redox
(3D-bulk material) and multidimensional (combination of ~ chemistry [15,16]. However, when synthesized at the
1D and 2D) [8]. These dimensional classifications playa  nanoscale, its dimensions generally range from 5 to 100
crucial role in determining properties such as surface "M fo.r nanoparticles. CuO is a p-type semlcondugtmg
area, electron-transport pathways, charge-transfer material that can possess a porous morphology with a
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narrow band gap in the range of 1.2-1.5 eV, which
facilitates rapid charge transfer [17,18]. These result in
significant excitation of electrons from the valence band
to the conduction band with electron transfer flow, even
at moderate and room temperatures [19]. Enhancing
baseline conductivity enables measurable changes in
resistance upon gas interaction. These nanomaterials
have attracted considerable attention from researchers
because of their diverse sensor applications.

CuO nanoparticles can be synthesized using
hydrothermal [20], sol-gel [21], chemical-precipitation,
and combustion methods [22]. Hydrothermal, sol—gel,
and chemical-precipitation methods often require long
processing times, high pressures, and multiple
processing stages. To overcome these limitations, the
conventional combustion method was selected due to its
specific capacity to create extremely porous
nanostructures with excellent crystallinity, ease of use,
and quick reaction kinetics. Therefore, the combustion
method is considered a cost-effective, energy-efficient,
and scalable approach for synthesizing nanostructured
materials suitable for high-performance electrochemical
applications.

The current work focuses on the synthesis of
copper oxide (CuO) nanomaterials through a facile
combustion method, which facilitates their rapid reaction
kinetics and enhances ability to produce highly porous
nanostructures.  The  synthesized CuO  was
characterized to evaluate its structural, morphological,
and optical properties using various techniques. The
phase purity and crystallographic structure were
analysed by X-ray diffraction (XRD), while the surface
morphology and particle distribution were examined
using scanning electron  microscopy  (SEM).
Furthermore, elemental composition and spatial
distribution of elements were confirmed through energy-
dispersive X-ray spectroscopy (EDS) analysis. The
optical absorption properties and band gap energy of the
prepared CuO were evaluated using UV-visible
spectroscopy. The surface charge and material stability
of the synthesized material were assessed via zeta
potential measurements. Based on these
physicochemical characteristics, the synthesized CuO
nanostructure is expected to exhibit promising properties
for gas sensing applications due to its suitable band gap,
high surface area, and favourable surface charge
characteristics.

2. Experimental Section
2.1 Chemical Reagents

Analytical grade chemicals were used for the
synthesis of copper oxide nanoparticles. Cupric nitrate
trihydrate (Cu(NO3)2:3H20; extra pure, 98%; ACS
reagent; SRL Pvt. Ltd, India) was used without further
purification. Distilled water (H20) was used as solvent
throughout the experiment.

2.2 Preparation of Vitis Vinefera Extract

Fresh, commercially purchased Vitis vinifera
grapes were used as the fuel source in the synthesis of
copper oxide nanoparticles. The grapes were washed
thoroughly with ethanol and distilled water. The fruits
were crushed using agate mortar and pestle. The freshly
prepared extract was filtered using Whatman filter paper
to remove the fruit solids and was subsequently
centrifuged at 6000 rpm for 30 minutes. The clear
supernatant was collected and used as the
biofuel/reducing agent for the synthesis.

2.3 Synthesis of Copper Oxide Nanoparticles

Copper oxide nanoparticles were prepared by
the green extract assisted solution combustion method.
1M (12.069) of analytical grade cupric nitrate trihydrate
was dissolved in 50ml of distilled water. The solution was
magnetically stirred for 60 minutes to ensure the uniform
distribution of ion and complete dissolution of metal salt.
The resulting homogeneous solution was then slowly
added to 50 mL of Vitis vinifera extract which acts as the
biofuel and reducing agent for this synthesis process.
The solution was again magnetically stirred at 440 rpm
for 45 minutes to facilitate the effective co-ordination
between the metal ions and phytochemicals. The
resultant homogenous mixture was introduced onto the
pre-heated (100°C) hotplate. When the solution reached
100°C, water evaporated and gaseous species were
released. Partial evaporation of the water resulted in the
visible formation of a hydrogel. Further heating ignited
the solution, leading to the complete combustion of the
precursor mixture. The beaker was then cooled to room
temperature, after which the combusted particles were
collected and washed to remove impurities followed by
drying at 60°C for 12h for the removal of the moisture
and finally ground into a fine CuO nanoparticle powder
(Scheme 1).

For the comparative study on the effect of
annealing on the copper oxide nanoparticles, Separate
5 g portions of the CuO nanoparticles were placed in
crucibles and were subjected to heat treatment in muffle
furnace at 5°C/min heating rate for 350°C (5h) and
450°C (5h) respectively. The heat-treated samples were
collected and subjected to structural, morphological,
colloidal, optical, vibrational, and thermal
characterization.

2.4 Characterization Instruments

The structural characterization of the prepared
metal oxide nanoparticles was done by X-ray diffraction
analysis, D8 Bruker Advance (Germany), under the
ambient operating conditions.
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Scheme 1. Synthesis scheme for the preparation of CuO nanospheres.

The surface morphological studies and
elemental composition were characterized using Field
Emission Scanning Electron Microscopy (FESEM) with
Energy Dispersive X-ray Spectroscopy (EDS), Carl
Zeiss SIGMA 300 (Germany). The vibrational studies
were carried out using Fourier Transformation Infrared
analysis (FTIR), JASCO FTIR-4X, Japan with the
wavenumber range of 400 cm™ to 4000 cm. The
thermal stability was analyzed using Thermogravimetric
/ Differential Thermal analysis, Perkin Elmer, STA-800,
China. The colloidal stability was investigated using zeta
potential analysis, Malvern Zetasizer 1000 HS, UK. The
optical properties were measured using UV-DRS
(Diffuse Reflectance Spectroscopy), JASCO V67 UV-
Vis-NIR spectrophotometer, Japan.

3. Results and Discussions

3.1 XRD analysis

The XRD patterns of the combustion-
synthesized as-prepared CuO, Cu0O-350°C, and CuO-
450°C samples are shown in Figure 1A—C. The XRD

patterns of the as-prepared and calcined CuO
nanoparticles are shown in Figure 1A-C. The diffraction
peaks were observed at (20 degree) = 32.63° (110),
35.60° (002), 38.90° (111), 48.73° (-202), 53.50° (020),
58.34° (202), 61.49° (-113), 66.4° (-311) and 68.09°
(220) correspond to the hkl indices of different planes of
monoclinic CuO. The diffraction patterns confirmed the
formation of polycrystalline CuO with JCPDS card No.
02-1225 [23]. A predominant (111) reflection was
observed in all samples. Its intensity was lower in the as-
prepared sample than in the calcined samples. The
results suggest that increasing the calcination
temperature enhances the material's purity. The results
in Table 1 show that the crystallite size decreased as the
microstrain increased [24, 25], which were calculated in
equation 1&2 denoted D crystallite size, § FWHM
(radians), € microstrain (dimensionless), B Full Width at
Half Maximum (FWHM) of the diffraction peak in radians,
and 6 = Bragg diffraction angle (half of 268). The CuO-
450°C sample exhibited more intense diffraction peaks
and improved phase purity.

Crystallite Size Calculation (Scherrer Equation)
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B cos® the CuO, Cu0O-350°C and Cu0-450°C samples

Microstrain Formula

g=—L£ 2)

" 4tan 6

3.2 FTIR Analysis

The characteristic vibrational bands exhibited by
the CuO, Cu0-350°C, and CuO-450°C nanoparticles
were recorded via FTIR analysis. The characteristic
bands and stretching vibrations in the spectra confirm
the formation of CuO phase along with the occurrence of
surface functional groups. Figure 2 indicates the
evolution in the FTIR spectra with respect to the heat
treatment. The distinctive peaks at 583.5 cm', 512.4 cm
" and 429 cm™' are the characteristics peaks of
monoclinic CuO and are assigned to the M-O stretching
vibrations [26, 27]. The vibrational band at 1378.65 cm-
1 corresponds to the rocking vibration of C-H groups
(methyl group) and the significant peak at 1039.38 cm-!
is consistent with previously reported C—N stretching
bands of aliphatic amines. These peaks are mainly
attributed to the functional groups present in the
biomolecules of the grape extract assisted during the
synthesis [28, 29]. As the annealing temperature
increased, the intensity of these peaks decreased
because of the thermal decomposition of the organic
components present in the CuO samples. The weak
band at 2353.14 cm is assigned to the asymmetric
stretching of CO2 molecules adsorbed during the
synthesis or present in the instrument during
measurement [30]. The weak peaks in the 3500—-4000
cm-1 region suggest the presence of hydroxyl groups
common in green synthesis [31]. The spectra exhibit the
typical M-O vibration elucidating the formation of CuO
phase, and the increase in the intensity of these peaks
after annealing at 450°C indicates the phase purity of the
CuO 450°C sample.

3.3 Morphological Analysis

FESEM analysis was performed to examine the
surface morphology of the synthesized copper oxide
nanoparticles. The FESEM micrographs in Figure 3A-C

respectively. The micrographs reveal a highly porous,
interconnected three-dimensional network and show
how the surface morphology evolved during annealing.
The CuO, as prepared sample exhibits the porous
structure with irregular, agglomerated morphology.
Mostly, the particles appear to be sponge like clusters
with numerous voids and cavities. Figure 3B shows that
annealing at 350°C caused changes in the surface
morphology. The porous nature of the nanoparticles is
still visible but less prominent when compared to the as
prepared sample CuO. The reduction in porosity and
formation of distinct grain boundaries provide evidence
of initial sintering. While the morphology remains
interconnected there is a notable crystallite growth and
removal of residual organic matters. Meanwhile, Figure
3C exhibits a significant change in the morphology at the
annealing temperature of 450°C. The samples exhibit
densely packed structure with pronounced grain growth
with reduced porosity. The higher temperature annealing
resulted in the defined grain boundaries and reduced
voids and cavities [32, 33]. The formation of porous
structure with agglomerated voids and cavities for the as
prepared samples is the resultant incorporation of the
phytochemicals during the synthesis that serves the
major role as the capping and reducing agents. Before
annealing, the particles remained in agglomerated
structures with poorly defined grain boundaries, whereas
annealing produced well-defined crystalline particles
[34]. The evolution in the morphological features with
respect to the annealing process reveals the
improvement in crystallinity, which may further enhance
the physical and chemical properties of the copper oxide
nanoparticles [35]. Additionally, the EDS spectra (Figure
3D-F) consistently confirm the presence of Cu and O
elements as the primary constituents, with progressive
improvement in phase purity with respect to the
annealing temperature. The background signal
observed in Figure 3D may indicate the presence of any
residual carbon from the grape extract. The reduced
background signal in Figures 3E and 3F indicates the
removal of residual carbonaceous species during
annealing, thereby ensuring the enhancement in phase
purity and crystallinity.

Table 1. Calculated crystalline size and microstrain for the prepared sample

Sample Crystallite Size (nm) Microstrain
CuO As-prepared 33.7 3 x1073
Cu0-350 °C 26.3 3.9x1073
Cu0-450 °C 18.7 5.5 %1073
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Figure 1 A-C XRD Spectrum for CuO - as-prepared sample, CuO - 350°C, and CuO - 450 °C.
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Figure 3 A-C. SEM images (D-F)for CuO - as-prepared sample, CuO - 350°C, and CuO -4
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3.4 Optical Analysis

The synthesis of CuO was conducted via the
combustion method. As-prepared CuO, CuO-350 °C,
and Cu0O-450 °C were evaluated using UV-Vis DRS in
Figure 4 A-C. The direct band-gap energies were
estimated by extrapolating the linear regions of the Tauc
plots using Equation (3). Where Eg represents the optical
band gap, hv denotes the photon energy, A is a material-
specific constant, and a is the absorption coefficient,
while the parameter n defines the nature of the
electronic transition [36]. The estimated band gap values
were 1.318 eV for as-prepared CuO, 1.261 eV for CuO-
350 °C, and 1.207 eV for CuO-450 °C, indicating a
gradual decrease in the band gap energy with increasing
calcination temperature [37]. This reduction in band gap
may be attributed to calcination-induced improvements
in crystallinity, structural modification, and the formation
of defect states that influence the electronic structure,
and the resulting lower charge-transfer resistance may
promote stronger interactions with gas molecules of the
CuO lattice.

(ahv)™ = A (hv — Eg) (3)

3.5 Zeta Potential analysis

Zeta-potential analysis was used to evaluate the
surface-charge characteristics and colloidal stability.
The synthesised CuO nanostructures were evaluated,
as shown in Figure 5A—-C. Zeta potential reflects the
electrostatic repulsion between dispersed particles and
plays an important role in determining dispersion
stability, surface interactions, and adsorption behaviour,
particularly in sensor-related applications. Figure 5A
presents the zeta potential distribution of the as-
prepared CuO sample, which exhibits a narrow
distribution centred around approximately —5.3 to —=10.1
mV. This behaviour is typically associated with the
presence of surface hydroxyl groups and incomplete
crystallization in the as-prepared nanostructures. Upon
calcination at 350°C, the CuO sample shown in Figure

5B shows a slightly shifted zeta potential value of
approximately —=12.1 to -15.2 mV, indicating an increase
in the negative surface charge. The enhanced negative
potential can be attributed to improved crystallinity and
the formation of more stable surface oxygen species
during thermal treatment. These negatively charged
surface sites promote stronger electrostatic interactions
with positively charged species, which is beneficial for
adsorption and surface reaction processes.

Furthermore, the results show that calcination at
450°C produced a more pronounced negative zeta
potential of approximately —-18.07 to -20.01 mV, as
depicted in Figure 5C. The increase in surface charge
magnitude indicates improved dispersion stability and
reduced particle aggregation. This enhancement can be
linked to increased grain growth, improved crystal
ordering, and the stabilization of oxygen-related surface
functional groups on the CuO lattice.

3.6 Thermogravimetric Analysis

The Thermogravimetric / Differential Thermal
Analysis (TG/DTA) has been carried out for the prepared
CuO, Cu0-350°C and Cu0-450°C samples to
comprehend their thermal stability. The exothermic and
endothermic features in the TG/DTA curves indicate
physical and chemical changes occurring during
heating. Figure 6.a. of the as prepared sample without
any prior thermal treatment exhibits a major weight loss
(~66%) in five major steps. The initial weight loss of
15.5% around the temperature range of 220°C indicates
the evaporation of adsorbed moisture and surface bound
water. The endothermic peak around the same region
confirms the process of dehydration. During the second
degradation stage, the exothermic curve exhibits a major
weight loss of 24.5% indicating the thermal degradation
and oxidative decomposition of organic compounds of
the phytochemicals in the grape extract [38]. The minor
degradation events observed in stages 3-5, with weight
losses of ~10.6%, ~10.1%, and ~5.9%, represent the
slow decomposition of carbonaceous residues.

(A) (B) ©
20 20 20
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Figure 4. A-C UV direct band gap for CuO - as-prepared sample, CuO - 350°C, and CuO - 450 °C.
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Figure 6. A-C TG/DTA analysis for CuO - as-prepared sample, CuO - 350°C, and CuO - 450 °C.

For CuO-350°C (Figure3.b) sample the total
weight loss observed was ~59.4%. An initial dehydration
stage occurred near 120°C, followed by a weight loss of
approximately 17.7% between 150 and 300°C,
indicating the decomposition of organic residues The
reduced decomposition indicates that pre-annealing at
350°C led to the successful removal of the
phytochemical and thereby initiating the stable oxide
formation.

The Cu0-450°C annealed samples
demonstrated the highest thermal stability with a total
weight loss of ~49.89%. After the water loss at the initial
stage, the sample exhibited a 12% weight loss in the
organic-residue region, which was significantly lower
compared to the CuO, Cu0O-350°C samples, which is
mainly attributed to the pre-heat treatment at 450°C,
which was effective in removing the residuals from green
synthesis. The minimal weight loss and higher residual
mass at 900°C in comparison to the other samples
indicates that the CuO-450°C sample possessed the
highest phase purity and thermal stability. The
comparative analysis shows that treatment at higher
temperatures resulted in lower weight loss because
residual organic species had already been removed.
This behaviour demonstrates the importance of pre-heat
treatment in removing organic capping agents and
promoting the formation of a stable CuO phase.

4. Conclusion

Copper oxide nanoparticles were successfully
prepared via biofuel assisted solution combustion
synthesis and were subjected to thermal treatment.
Changes in the physicochemical properties resulting
from thermal treatment were analysed using various
characterisation techniques. XRD analysis revealed
increased peak intensity and a reduced crystallite size in
the Cu0-450°C sample. SEM micrographs showed the
transformation of the porous structure into more densely
packed, crystalline nanosphere-like structures as the
calcination temperature increased. FTIR analysis
confirmed the presence of organic compounds in the
biofuel and the M-O vibration in the fingerprint region
below 600 cm-1 confirmed the formation of CuO NPs.
The band gap calculated from the UV-Vis DRS analysis
was found to be 1.207 eV for Cu-450°C and this
reduction in band-gap energy in comparison to CuO and
Cu0-350°C is attributed to the heat treatment. The
surface-charge measurements showed that the
magnitude of the surface charge and colloidal stability
increased as the treatment temperature increased.
Moisture loss and thermal decomposition of organic
residues occurred through multiple degradation stages
during TG/DTA analysis. These characterization results
demonstrate that the incorporated grape extract acted
effectively as both a capping and reducing agent and the
importance of thermal annealing which notably improved
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the physico-chemical characteristics of the prepared bio-

fuel assisted CuO NPs making them promising materials
for future sensing applications.
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