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Abstract: This study investigates the structural, chemical, and morphological properties of CuO
nanoparticles synthesized via a green synthesis route using Opuntia ficus-indica cladode extract,
with a focus on the effects of stepwise versus direct calcination. Raman spectroscopy revealed the
presence of CuO, Na2CO3, and Na2SO3, with the latter two being associated with elements inherited
from the cactus extracts. XRD patterns confirmed the presence of crystalline CuO and Na2CO3

phases, with the low content of Na2SO3 inferred to be amorphous. Rietveld refinement estimated
a CuO content of approximately 77% in the stepwise-calcined sample and 75% in the directly
calcined sample, with lattice parameters closely aligning with reference values. SEM micrographs
revealed a tendency for CuO nanoparticles to aggregate, likely due to high surface energy and
interaction with the viscous plant extract used in the green synthesis. Crystallite size estimates,
along with morphological observations, suggest that stepwise calcination enhances crystallinity
and particle definition without altering the fundamental nanoparticle morphology. These findings
highlight the influence of calcination method and natural extracts on the composition and morphology
of green-synthesized CuO nanoparticles, offering insights into potential applications, namely in
microelectronics, due to their promising dielectric properties.

Keywords: CuO nanoparticles; green synthesis; Opuntia ficus-indica

1. Introduction

The synthesis and analysis of nanoparticles have gained considerable interest due to
their fundamental and technological advantages [1]. Nanoparticles are commonly char-
acterized as individual particles with a diameter between about 1 and 100 nm, exhibiting
properties that are not found in bulk samples of the same material [2,3]. Metal nanopar-
ticles are composed purely of metal precursors and can be monometallic, bimetallic, or
polymetallic, while metal oxide nanoparticles are formed by combining a metal precur-
sor with oxygen [4,5]. Metal and metal oxide nanoparticles display a wide variety of
physicochemical properties, outperforming bulk materials in terms of chemical, electrical,
optical, thermal, mechanical, electromagnetic, and surface characteristics. They additionally
offer extensive surface areas, controlled size and shape, and easy surface modification.
Alongside these advantages, they find applications in fields such as biomedicine, catalysis,
environmental remediation, energy harvesting, molecular sensing, and more [5,6]. Metal
oxide nanoparticles are a unique group separate from metal nanoparticles, and they are
considered to be one of the most promising nanomaterials in various fields [7].

Currently, various metal oxide nanoparticles are being explored across numerous
scientific fields, with copper oxide nanoparticles standing out due to their significant po-
tential in both scientific and industrial applications. Copper (II) oxide (CuO) nanoparticles
have been extensively studied because of their outstanding photocatalytic properties and
resemblance to other metal nanoparticles [8].
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Copper (II) oxide is a p-type semiconductor with a band gap ranging from 1.2 to
2.1 eV [9,10]. CuO has a number of unique characteristics including antimicrobial activity,
efficient light absorption, and low cost, which position it as a promising metal oxide
material [9]. CuO nanoparticles find applications in microwave irradiation, gas sensing,
redox catalysis, microelectronics, energy storage, and various oxidation processes. They
are also used in photoconductive and photothermal applications, showing effectiveness in
adsorption processes [10–13].

The appeal of CuO nanoparticles is increased by their small size, high surface area,
abundant raw materials, cost-effective production, and non-toxic nature [14].

Progress has been made in recent years to develop new synthetic methods for nano-sized
materials, allowing precise control over their size, shape, and properties [7]. These methods
fall into two main categories: (i) the bottom-up approach and (ii) the top-down approach [5].

The top-down method is a destructive process that involves breaking bulk materi-
als into smaller units using a physical or chemical approach (such as lithography, ball
milling, vapor and gas phase, evaporation–condensation, electro-deposition, pulsed laser
ablation, arc discharge, sonication, and spray pyrolysis), which are then transformed into
nanoparticles [6,15–17]. Although this method is simple, it usually requires expensive
equipment and can lead to imperfections on the surface that may impact the physical
characteristics and surface chemistry of the nanoparticles due to their elongated shape [5,6].

On the other hand, the bottom-up method is a constructive technique where atoms
or molecules come together on their own to create bigger groups, subsequently shaping
nanoparticles. This method involves techniques such as chemical vapor deposition, sol–gel,
spinning, pyrolysis, and biological synthesis [3,6,15,16].

The sol–gel method, a bottom-up wet-chemical process, is commonly used in the produc-
tion of different nanostructures, particularly metal oxide nanoparticles, in both traditional and
commercial applications. It provides superb manipulation of particle size, high uniformity,
and purity at cold temperatures [18,19]. The term refers to two fundamental concepts: sol
and gel. A sol is a type of colloidal solution consisting of tiny particles dispersed in a liquid
medium. A gel is a solid network with pores in three dimensions that encloses a liquid phase
without interruptions. The sol–gel process consists of progressing from the sol phase to a
gel-like continuous network, known as the gelling or viscous state, before reaching the final
stage [20,21]. The sol–gel method provides numerous benefits, including simplicity, low cost,
high homogeneity, and the production of nanoparticles with high purity. Furthermore, one of
its key benefits is the lower processing temperature compared to conventional methods. Due
to its exceptional properties, this method is capable of producing high-quality nanoparticles
of uniform size on an industrial scale [6,19].

However, it is important to develop rapid, safe, non-toxic, and environmentally
friendly methods for producing metal oxide nanoparticles [22]. Biosynthesis of CuO
nanoparticles using eco-friendly techniques has gained increasing attention due to its
numerous advantages over traditional chemical and physical methods, which often involve
hazardous, expensive chemicals and/or complex equipment [23].

Green synthesis of nanoparticles through biological entities, such as plants [24],
algae [25], bacteria [26], yeasts [27], fungi [28], and viruses [29], offers several benefits.
While employing microorganisms to synthesize nanoparticles has advantages for the en-
vironment, there are drawbacks as well, including some bacterial strains’ toxicity and
difficulties with the isolation and incubation procedures. On the other hand, the best tech-
nique for creating metal and metal oxide nanoparticles is still plant-based synthesis [30].
The use of plant extracts for the biosynthesis of nanoparticles offers numerous advantages,
such as accessibility, biocompatibility, environmental friendliness, cost-effectiveness, high
stability, and the absence of toxic chemicals. Plants can serve as both reducing and stabiliz-
ing agents, using water as a solvent and producing stable, cost-effective nanoproducts in
large quantities [23,30,31]. Additionally, plant-based techniques rely on organic compounds
like terpenoids, flavonoids, alkaloids, and phenolic compounds to control nanoparticle
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size, morphology, and performance through key factors like metal salt concentration,
temperature, pH, and phytochemical composition [23,32,33].

Numerous studies into the synthesis of CuO nanoparticles from plant extracts have
shown the effectiveness and sustainability of this method. One such instance, the ease of use
and affordability of CuO nanoparticle synthesis using leaf extracts from Phoenix dactylifera
L., has already been demonstrated [34]. In a different study, Bhatia et al. [35] used extracts
from Duchsnea indica as stabilizing and reducing agents throughout the CuO nanoparticles
synthesis process, achieving extremely stable particles with antibacterial activity. Additional
investigations proved that plants such as Daphnia magna and Ixora coccinea could be used
successfully, confirming the practicality of plant-based techniques [36,37].

Among potential plant sources, Opuntia ficus-indica offers a unique research opportu-
nity in green nanoparticle synthesis. To the best of the author’s knowledge, it has yet to be
explored for the green sol–gel route in synthesizing CuO nanoparticles.

Opuntia ficus-indica belongs to the Cactaceae family. Even though it originates from
Mexico, it grows wild in arid and semi-arid regions of South and Central America, Africa,
and the Mediterranean [38]. This prickly pear cactus has attracted global attention because
of its ability to thrive where few other crops can, such as in Ethiopia, where successful
crop growth is extremely challenging [39]. Its primary purpose of cultivation is for its
fruit [40]; however, it also has healthcare uses due to its high content of polyphenols and its
antioxidant, anti-inflammatory, and anxiolytic properties [39].

The cladodes of Opuntia ficus-indica exhibit antioxidant activity due to bioactive com-
pounds, including polyphenolics (such as phenolics and flavonoids), vitamins (e.g., thi-
amine, riboflavin, niacin, and ascorbic acid), alkaloids, and carotenoids [41,42].

Additionally, a significant number of inorganic minerals are present in Opuntia ficus-
indica cladodes. Among the macroelements, magnesium, sodium, potassium, and calcium
are highlighted, while the trace elements include phosphorus, manganese, iron, zinc,
and copper [43].

In this work, CuO nanoparticles were synthesized through a green sol–gel route using
extracts from Opuntia ficus-indica cladodes, employing both a stepwise and a direct calcination
process. Stepwise calcination enables better control over crystallite size and phase purity while
promoting controlled grain growth [44]. Additionally, in green synthesis, organic compounds
from plant extracts or other precursors often need to be gradually decomposed to avoid
carbon residues or uncontrolled sintering. Lower initial temperatures can help remove volatile
and organic components gently, preventing sudden decomposition.

The structure and morphology of the obtained powders were analyzed by Raman
spectroscopy, X-ray diffraction, energy-dispersive spectroscopy, and scanning electron
microscopy, while the dielectric characterization was performed through impedance spec-
troscopy analysis.

2. Materials and Methods
2.1. Materials

Opuntia ficus-indica cladodes were collected from an adult plant in a garden in Coimbra,
Portugal, in the month of October.

For the synthesis of CuO nanoparticles, in addition to the Opuntia ficus-indica cladode
extract, copper sulfate pentahydrate (CuSO4·5H2O, ≥99%, Labsolve, Warrington, UK) and
sodium hydroxide (NaOH, 98%, Panreac, Barcelona, Spain) were used.

The deionized water used was self-produced using ultra-pure water equipment.

2.2. Preparation of the Opuntia ficus-indica Cladode Extract

Opuntia ficus-indica cladodes were thoroughly washed, first with tap water and then
with deionized water, and, after the removal of the outer layer, were cut into small pieces.
A mixture of deionized water and cladode pieces, in a 1:1 weight ratio, was blended for
30 s. The resulting slurry was then heated to 80 ◦C for 45 min under mechanical agitation.
Afterward, the mixture was filtered through a 45 µm sieve and stored for future use.
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2.3. Synthesis of the CuO Nanoparticles

The precursor solution was prepared by dissolving 5.00 g of CuSO4·5H2O in 100 mL of
deionized water. Subsequently, 125 mL of plant extract was added to this solution dropwise.
The mixture was stirred for 2 h at 70 ◦C. While maintaining heating and stirring conditions,
an aqueous NaOH solution (0.08 wt%) was added, also dropwise, raising the pH from 2.62
to 12.70. The mixture was kept under these conditions for 45 min, during which the color
changed from green to brick orange. After sedimentation overnight, the material was dried
at 150 ◦C for 4 h.

For the calcination, two different approaches were followed: four cycles of heat
treatment, each for 2 h followed by cooling, with a heating rate of 15 ◦C/min at 300, 500,
600, and 700 ◦C, respectively, and a single heat treatment at 700 ◦C for 2 h, also with a
heating rate of 15 ◦C/min.

Figure 1 shows the flowchart of the steps involved in the synthesis of CuO nanoparticles.
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Figure 1. Schematic representation of the preparation of Opuntia ficus-indica cladode extract, step (1),
and the synthesis of CuO nanoparticles, steps (2) and (3). (Created in BioRender. Devesa, S. (2024)
https://BioRender.com/b68l138).

2.4. Characterization Techniques

X-ray diffraction (XRD) analyses were carried out using a Philips X’Pert PRO diffrac-
tometer (Almelo, The Netherlands) with Cu Kα (λ = 1.54060 Å) radiation, operating at
35 kV and 30 mA. The tests utilized a theta/2 theta geometry, with a step size of 0.02◦.

Raman spectroscopy measurements were executed with a Renishaw inVia™ (Wotton-
under-Edge, UK) confocal Raman spectrometer, employing a 532 nm green laser.

The morphology of the sintered powders and the internal tissue of Opuntia ficus-
indica cladodes was examined by scanning electron microscopy (SEM), using a Hitachi
SU3800 microscope (Tokyo, Japan) and a Zeiss Merlin microscope (Zeiss, Oberkochen,
Germany), respectively, both in secondary electron mode. The chemical composition of the
internal tissue of Opuntia ficus-indica cladodes was analyzed via energy-dispersive X-ray
spectroscopy (EDS) using a Bruker Nano system (Berlin, Germany), set at an accelerating
voltage of 10 keV.

The electrical measurements in the frequency range from 100 Hz to 100 MHz were
performed using the precision impedance analyzer Agilent 4294A (Santa Clara, CA, USA)
in the Cp − Rp configuration at room temperature.

https://BioRender.com/b68l138
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3. Results
3.1. Opuntia ficus-indica

The Raman spectrum of the internal tissue of the Opuntia ficus-indica cladodes is shown
in Figure 2.
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Figure 2. Raman spectrum of the internal tissue of the cladodes of Opuntia ficus-indica.

The Raman spectrum is dominated by three bands, centered at 1522, 1152 and
1000 cm−1, that are well aligned with the three prominent bands assigned to carotenoids [45].
The band centered at 1522 cm−1, v1, is due to the stretching vibrations of the conjugated
C=C backbone of carotenoids. The v2 band, centered at 1152 cm−1, has been widely as-
signed to a combination of C–H in-plane bending and C–C stretching vibrations of the
polyene chain. The third most prominent band, v3, centered at 1000 cm−1, arises from
C–CH3 in plane-rocking deformations of methyl side chains coupled to C–C bonds [45,46].

Below 1000 cm−1, there is an additional band, centered at 962 cm−1, v4, which
arises from out-of-plane motions of the H nuclei on the conjugated chain. Although
relatively weak, it can increase in intensity if there are distortions in the plane modes of the
carotenoids, for example, due to steric hindrance within a protein binding pocket [45]. A
few other weaker features, resonantly enhanced in the 532 nm spectra, also contribute to
the Raman spectrum and can be found in the region > 2000 cm−1. These weaker features
are overtone and combination bands which arise from the total symmetric character of the
carotenoid vibrations (v1, v2 and v3) [45,47].

Figure 3a shows the SEM micrograph of the internal tissue of Opuntia ficus-indica
cladodes, revealing elongated and interconnected fibers that form structures with smooth
surfaces, characteristic of cellulose. Surrounded by these structures, a heterogeneous,
fibrous morphology is observed, indicative of lignocellulosic material. These observa-
tions align with the known presence of cellulose, hemicellulose, and lignin as structural
carbohydrates in Opuntia ficus-indica cladodes [48–50].
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Figure 3. (a) SEM micrograph taken at a magnification of 1000×; (b) EDS spectrum of the internal
tissue of the Opuntia ficus-indica cladodes.

The corresponding EDS spectrum of the internal tissue of Opuntia ficus-indica cladodes
is depicted in Figure 4b, showing the presence of carbon, oxygen, sodium, magnesium,
aluminum, phosphorus, sulfur, chlorine, potassium, and calcium.

These findings exhibit some variation compared to previous reports, including those
by [43,49], which themselves do not coincide, as cladode chemical composition varies
with factors like soil characteristics (pH, salinity, structure), climate conditions during the
growing season, and plant age [43,50]. Additionally, the identification of trace elements
can be influenced by the resolution of the EDS equipment.
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3.2. CuO Nanoparticles

Figure 4a displays the Raman spectra of the synthesized powders after each heat
treatment cycle. After the first annealing, performed at 300 ◦C, CuO bands are absent, but a
band at 1073 cm−1, attributed to Na2CO3, is observed. This is the most intense Raman band
for Na2CO3 and corresponds to the ν1 symmetric stretching vibration of the carbonate
group [51]. The second cycle, made at 500 ◦C, significantly increases the intensity of this
band and reveals a new Na2CO3 band at 702 cm−1, corresponding to the v4 asymmetric
bending mode [51]. Additionally, two of the three bands attributed to CuO begin to emerge,
indicating the onset of CuO crystallization. After the two remaining cycles, at 600 and
700 ◦C, all three CuO bands are clearly visible.

CuO has a monoclinic structure with a C6
2h space group with two molecules per primitive

cell, yielding zone center Raman active modes of ΓRA = 4Au + 5Bu + Ag + 2Bg. These include
three acoustic (Au + 2Bu), six infrared-active (3Au + 3Bg), and three Raman-active modes
(Ag + 2Bg). The known Raman bands of CuO are Ag (295 cm−1), B1g (345 cm−1), and B2g
(629 cm−1), which are in good agreement with the literature [52]. In the Ag and Bg modes,
only oxygen atoms move: Ag mode displacements are along the b-axis, while Bg modes are
perpendicular to it [53].

After the fourth heat treatment cycle, the CuO bands are better defined, suggesting
improved crystallinity and reduced structural disorder [54]. Also, the Ag band becomes
sharper and shows a slight blue shift with the heat treatment cycles. This can be related to
the grain size increase that is expected from the increase in the heat treatment temperature.
Similar results were reported by Xu et al. [55]. Additionally, the intensity of the most
prominent Na2CO3 band decreases, and it undergoes a slight shift, while the 702 cm−1

band disappears entirely, likely indicating the structural decomposition of Na2CO3.
The bands centered at 948 and 1004 cm−1 can be attributed to Na2SO3, corresponding

to the anti-symmetric and symmetric SO3 stretching vibrations, respectively [56]. The
intensity evolution of these peaks is similar to that observed for Na2CO3, indicating that
the final heat treatment cycle also promotes its decomposition. Both phases are associated
with elements inherited from the cactus extracts.

The sample obtained after the four heat treatment cycles is hereafter identified as the
stepwise-calcined sample.

Figure 4b shows this stepwise-calcined sample as well as the directly calcined sample,
which corresponds to a single heat treatment performed at 700 ◦C for 2 h. The CuO bands
are better defined, and the decreased intensity or disappearance of foreign bands suggests
the enhanced potential of the stepwise-calcined sample.

Figure 5a shows the XRD patterns of the stepwise-calcined and directly calcined sam-
ples, along with references for CuO [57] and Na2CO3 [58]. All observed peaks can be
attributed to these two crystalline phases, suggesting that the Na2SO3 phase, whose pres-
ence was confirmed by the Raman analyses, exists in an amorphous or quasi-amorphous
state with a negligible amount in the sample. This conclusion is supported by the absence
of a characteristic hump for amorphous material in the XRD diffractograms. Regarding
CuO, the narrow peaks indicate good crystallinity, with no noticeable differences between
the two samples.

To quantify the chemical composition of the crystalline phases present in these two
samples, Rietveld refinement was applied using the software Profex (Version 5.0.1) [59].
Figure 5b displays the measured and calculated diffractograms and the diffraction patterns
of the stepwise-calcined sample, along with the peak assignments for each phase. The inset
highlights the more intense peaks with their corresponding Miller indices.
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Table 1 shows the percentage of each crystalline phase, confirming the results of the
Raman analysis. The estimated cell parameters of the CuO phase are also presented and
align well with the aforementioned reference [57], demonstrating the consistency of the
results. Finally, the crystallite size was determined using the Rietveld method, yielding a
value of 52.9 nm for the stepwise-calcined sample and 43.0 for the directly calcined sample.
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Table 1. Chemical composition, Rietveld fitting parameters, and lattice parameters and crystallite
size estimated for the CuO phase.

Sample Stepwise-Calcined
Sample

Directly Calcined
Sample

Crystalline
phases CuO Na2CO3 CuO Na2CO3

Content
(wt%) 77.15 22.85 75.10 24.92

Rietveld fitting
parameters

Rwp = 3.90
Rexp = 2.46 GoF = 1.59 Rwp = 3.65

Rexp = 1.76 GoF = 2.07

Lattice
parameters a (nm) b (nm) c (nm) β (◦) Crystallite

size (nm)

CuO
stepwise-calcined

sample
0.46925 0.34228 0.51342 99.54 (111)

52.9 ± 0.7

CuO
Directly calcined

sample
0.46896 0.34226 0.51322 99.51 (111)

43.0 ± 0.5

CuO
Reference

04-007-1375 [57]
0.46837 0.34226 0.51288 99.54 ---------

The Rietveld fitting parameters, also included in Table 1, indicate the good quality of
the fitting [60].

The morphological properties of the prepared samples were observed using SEM,
with the corresponding micrographs presented in Figure 6. These images show that only a
few nanoparticles with a spherical shape were synthesized. Some nanoparticles are well
separated, while most are present in an agglomerated form.
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Figure 6. SEM micrographs of the (a) stepwise-calcined and (b) directly calcined samples, taken at a
magnification of 30 k×.

This agglomeration is typically attributed to the large surface area and high surface
energy of nanoparticles [61,62], which are further enhanced when the synthesis is carried
out in an aqueous medium [63]. Additionally, green-synthesized nanoparticles tend to
have a higher surface area and adhere strongly to each other due to the viscous nature of
plant extracts [62], leading to a tendency to form asymmetrical clusters [64].

The formation of larger, bulky particles in the synthesized CuO may be attributed
to the reduction in the grain boundary area as the growing grains disturb each other and
decrease the crystal surface energy during aggregation under calcination. This process
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reduces the pore volume, leading to compact shrinkage as the calcination temperature
increases [62,65]. No observable differences were found between the stepwise and direct
calcination processes applied.

3.3. Dielectric Properties

The dielectric permittivity is represented by [66]

ε∗ = ε′ + jε′′ (1)

The first term, the real part or dielectric constant, describes the stored energy, while
the second term, the imaginary part or dielectric loss, represents the dissipated energy [67].

The real and imaginary parts of permittivity were calculated using the
following relations [68]:

ε′ =
d
A

Cp

ε0
(2)

ε′′ =
d
A

1
ωRpε0

(3)

where Cp and Rp are the measured capacitance and resistance, respectively, ω is the an-
gular frequency, d is the sample thickness, A is the electrode area, and ε0 is the vacuum
permittivity (8.8542 × 10−12 F/m).

Figure 7 shows the variation in the dielectric constant and dielectric loss as a function
of frequency, at room temperature, for the stepwise-calcined sample, which presents a
higher percentage of CuO and enhanced crystallinity.
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The dielectric constant initially decreases significantly at lower frequencies, but this
decline becomes more gradual at higher frequencies, eventually stabilizing and becoming
nearly frequency-independent. This behavior is typical of dielectric materials and arises
because, as the frequency of the applied electric field increases, the polarization mechanisms
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cannot keep up with the rapid changes. Consequently, their contribution to the overall
dielectric constant diminishes [69].

The dielectric dispersion behavior can be explained using the Maxwell–Wagner model
for a homogeneous double-layer structure, in line with Koop’s phenomenological theory.
This model suggests that the dielectric material consists of a conducting layer formed by
the grains, which is surrounded by a less conductive layer corresponding to the grain
boundaries, with these different layers contributing to the overall dielectric response [67].

The frequency dependence of the dielectric loss, as shown in Figure 7, exhibits a
peak, indicating the presence of a relaxation phenomenon. Additionally, up to 20 kHz, the
dielectric loss is significantly lower than the dielectric constant, implying that the energy
dissipated is less than the energy stored. This suggests that the material has good potential
for energy storage applications.

Comparing the dielectric properties of the studied sample with the results reported by
Chand et al. [13], who used different copper precursors in the conventional sol–gel method,
it is clear that, particularly in the abovementioned frequency range, the sample presents a
significantly higher dielectric constant and enhanced potential for energy storage.

Regarding the results reported by Vindhya et al. [70], who used Annona muricata leaf
extracts in a green synthesis route, it is evident that, especially within the frequency range
discussed, the dielectric constant of the studied sample is also significantly higher.

Based on these results, it is valid to infer that, as previously reported, the inherited
phases from the plant extracts used in green synthesis routes can positively impact the
performance of the obtained material.

4. Conclusions

CuO nanoparticles were successfully synthesized via a green synthesis route using
Opuntia ficus-indica cladode extract, demonstrating that this extract can act as a natural
reducing agent, replacing traditional chemical reagents to reduce metal ions to lower
valence states. Raman spectroscopy revealed the presence of CuO, Na2CO3, and Na2SO3,
with the latter two being associated with elements inherited from the cactus extracts. XRD
analysis confirmed the crystalline phases of CuO and Na2CO3, while Na2SO3 appeared
to be present in a low concentration, likely in an amorphous form. Rietveld refinement
indicated that the CuO content was slightly higher in the sample subjected to stepwise
calcination compared to the directly calcined sample.

Materials synthesized via green routes often retain structures and functional groups
inherited from their organic precursors. These structures can impart unique mechanical,
chemical, electrical, and optical properties to nanomaterials, making them useful in diverse
fields, from biomedical applications to electronics.

The morphological characterization revealed a few spherical nanoparticles and ag-
glomeration, as well as bulky particles, which could be attributed to several factors, some
inherent to the biosynthetic process. The viscous nature of the plant extract and the pres-
ence of hydroxyl groups likely promote particle cohesion, while van der Waals forces
contribute to further agglomeration, binding the particles closely together. The formation
of bulky particles is a consequence of the calcination process, with both stepwise and direct
calcination approaches showing similar outcomes.

The dielectric characterization of the stepwise-calcined sample showed the typical
behavior of dielectric materials, with potential for energy storage applications.

Author Contributions: Conceptualization, S.D. and J.N.; methodology, S.D., J.N. and Z.B.; validation,
S.D. and J.N.; formal analysis, S.D.; investigation, S.D., J.N. and Z.B.; resources, S.C.; data curation,
S.D.; writing—original draft preparation, S.D. and J.N.; writing—review and editing, S.D., J.N.,
Z.B. and S.C.; visualization, S.D.; supervision, S.D. and S.C.; project administration, S.C.; funding
acquisition, S.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research is sponsored by national funds through FCT–Fundação para a Ciência e
Tecnologia, under projects UIDB/00285/2020 and LA/P/0112/2020. Also, this research is financed



Materials 2024, 17, 5709 13 of 15

by PRR-Recovery and Resilience Plan and by the Next Generation EU Funds, following NOTICE
N.º 02/C05-i01/2022, Component 5–Capitalization and Business Innovation-Mobilizing Agendas
for Business Innovation under the AM2R project “Mobilizing Agenda for business innovation in the
Two Wheels sector” (reference: 7253).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Taghavi Fardood, S.; Ramazani, A.; Joo, S.W. Green Chemistry Approach for the Synthesis of Copper Oxide Nanoparticles Using

Tragacanth Gel and Their Structural Characterization. J. Struct. Chem. 2018, 59, 482–486. [CrossRef]
2. Auffan, M.; Rose, J.; Bottero, J.-Y.; Lowry, G.V.; Jolivet, J.-P.; Wiesner, M.R. Towards a Definition of Inorganic Nanoparticles from

an Environmental, Health and Safety Perspective. Nat. Nanotechnol. 2009, 4, 634–641. [CrossRef] [PubMed]
3. Borm, P.J.; Robbins, D.; Haubold, S.; Kuhlbusch, T.; Fissan, H.; Donaldson, K.; Schins, R.; Stone, V.; Kreyling, W.; Lademann,

J.; et al. The Potential Risks of Nanomaterials: A Review Carried out for ECETOC. Part. Fibre Toxicol. 2006, 3, 11. [CrossRef]
[PubMed]

4. Joudeh, N.; Linke, D. Nanoparticle Classification, Physicochemical Properties, Characterization, and Applications: A Comprehen-
sive Review for Biologists. J. Nanobiotechnology 2022, 20, 262. [CrossRef]

5. Szczyglewska, P.; Feliczak-Guzik, A.; Nowak, I. Nanotechnology–General Aspects: A Chemical Reduction Approach to the
Synthesis of Nanoparticles. Molecules 2023, 28, 4932. [CrossRef]

6. Sajid, M.; Płotka-Wasylka, J. Nanoparticles: Synthesis, Characteristics, and Applications in Analytical and Other Sciences.
Microchem. J. 2020, 154, 104623. [CrossRef]

7. Khalil, M.; Jan, B.M.; Tong, C.W.; Berawi, M.A. Advanced Nanomaterials in Oil and Gas Industry: Design, Application and
Challenges. Appl. Energy 2017, 191, 287–310. [CrossRef]

8. Alhalili, Z. Green Synthesis of Copper Oxide Nanoparticles CuO NPs from Eucalyptus Globoulus Leaf Extract: Adsorption and
Design of Experiments. Arab. J. Chem. 2022, 15, 103739. [CrossRef]

9. Kumar, N.; Parui, S.S.; Limbu, S.; Mahato, D.K.; Tiwari, N.; Chauhan, R.N. Structural and Optical Properties of Sol–Gel Derived
CuO and Cu2O Nanoparticles. Mater. Today Proc. 2021, 41, 237–241. [CrossRef]

10. Yang, C.; Xiao, F.; Wang, J.; Su, X. Synthesis and Microwave Modification of CuO Nanoparticles: Crystallinity and Morphological
Variations, Catalysis, and Gas Sensing. J. Colloid Interface Sci. 2014, 435, 34–42. [CrossRef]

11. Chavali, M.S.; Nikolova, M.P. Metal Oxide Nanoparticles and Their Applications in Nanotechnology. SN Appl. Sci. 2019, 1, 607.
[CrossRef]

12. Oruç, Ç.; Altındal, A. Structural and Dielectric Properties of CuO Nanoparticles. Ceram. Int. 2017, 43, 10708–10714. [CrossRef]
13. Chand, P.; Manisha; Kumar, P. Effect of Precursors Medium on Structural, Optical and Dielectric Properties of CuO Nanostructures.

Optik 2018, 156, 743–753. [CrossRef]
14. Ighalo, J.O.; Sagboye, P.A.; Umenweke, G.; Ajala, O.J.; Omoarukhe, F.O.; Adeyanju, C.A.; Ogunniyi, S.; Adeniyi, A.G. CuO

Nanoparticles (CuO NPs) for Water Treatment: A Review of Recent Advances. Environ. Nanotechnol. Monit. Manag. 2021, 15,
100443. [CrossRef]

15. Ijaz, I.; Gilani, E.; Nazir, A.; Bukhari, A. Detail Review on Chemical, Physical and Green Synthesis, Classification, Characterizations
and Applications of Nanoparticles. Green Chem. Lett. Rev. 2020, 13, 223–245. [CrossRef]

16. Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, Applications and Toxicities. Arab. J. Chem. 2019, 12, 908–931. [CrossRef]
17. Alsaiari, N.S.; Alzahrani, F.M.; Amari, A.; Osman, H.; Harharah, H.N.; Elboughdiri, N.; Tahoon, M.A. Plant and Microbial

Approaches as Green Methods for the Synthesis of Nanomaterials: Synthesis, Applications, and Future Perspectives. Molecules
2023, 28, 463. [CrossRef]

18. Alhalili, Z. Metal Oxides Nanoparticles: General Structural Description, Chemical, Physical, and Biological Synthesis Methods,
Role in Pesticides and Heavy Metal Removal through Wastewater Treatment. Molecules 2023, 28, 3086. [CrossRef]

19. Bokov, D.; Turki Jalil, A.; Chupradit, S.; Suksatan, W.; Javed Ansari, M.; Shewael, I.H.; Valiev, G.H.; Kianfar, E. Nanomaterial by
Sol-Gel Method: Synthesis and Application. Adv. Mater. Sci. Eng. 2021, 2021, 1–21. [CrossRef]

20. Prabakaran, S.; Rajan, M. Biosynthesis of Nanoparticles and Their Roles in Numerous Areas. Compr. Anal. Chem. 2021, 94, 1–47.
21. Raduwan, N.F.; Shaari, N.; Kamarudin, S.K.; Masdar, M.S.; Yunus, R.M. An Overview of Nanomaterials in Fuel Cells: Synthesis

Method and Application. Int. J. Hydrogen Energy 2022, 47, 18468–18495. [CrossRef]
22. Deena Raj, K.M.; Sujatha, S.; Chanthini, K.M.-P. Green Synthesis of CuO Nanoparticle Using Cyperus Rotundus and Evaluation

of Their Anticancer Potentials against Lung Cancer Cells Invitro. Biocatal. Agric. Biotechnol. 2024, 57, 103119. [CrossRef]
23. Kerour, A.; Boudjadar, S.; Bourzami, R.; Allouche, B. Eco-Friendly Synthesis of Cuprous Oxide (Cu2O) Nanoparticles and

Improvement of Their Solar Photocatalytic Activities. J. Solid State Chem. 2018, 263, 79–83. [CrossRef]

https://doi.org/10.1134/S0022476618020324
https://doi.org/10.1038/nnano.2009.242
https://www.ncbi.nlm.nih.gov/pubmed/19809453
https://doi.org/10.1186/1743-8977-3-11
https://www.ncbi.nlm.nih.gov/pubmed/16907977
https://doi.org/10.1186/s12951-022-01477-8
https://doi.org/10.3390/molecules28134932
https://doi.org/10.1016/j.microc.2020.104623
https://doi.org/10.1016/j.apenergy.2017.01.074
https://doi.org/10.1016/j.arabjc.2022.103739
https://doi.org/10.1016/j.matpr.2020.08.800
https://doi.org/10.1016/j.jcis.2014.08.044
https://doi.org/10.1007/s42452-019-0592-3
https://doi.org/10.1016/j.ceramint.2017.05.006
https://doi.org/10.1016/j.ijleo.2017.12.029
https://doi.org/10.1016/j.enmm.2021.100443
https://doi.org/10.1080/17518253.2020.1802517
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.3390/molecules28010463
https://doi.org/10.3390/molecules28073086
https://doi.org/10.1155/2021/5102014
https://doi.org/10.1016/j.ijhydene.2022.03.035
https://doi.org/10.1016/j.bcab.2024.103119
https://doi.org/10.1016/j.jssc.2018.04.010


Materials 2024, 17, 5709 14 of 15

24. Govindasamy, R.; Govindarasu, M.; Alharthi, S.S.; Mani, P.; Bernaurdshaw, N.; Gomathi, T.; Ansari, M.A.; Alomary, M.N.; Atwah,
B.; Malik, M.S.; et al. Sustainable Green Synthesis of Yttrium Oxide (Y2O3) Nanoparticles Using Lantana Camara Leaf Extracts:
Physicochemical Characterization, Photocatalytic Degradation, Antibacterial, and Anticancer Potency. Nanomaterials 2022, 12,
2393. [CrossRef] [PubMed]

25. Gu, H.; Chen, X.; Chen, F.; Zhou, X.; Parsaee, Z. Ultrasound-Assisted Biosynthesis of CuO-NPs Using Brown Alga Cystoseira
Trinodis: Characterization, Photocatalytic AOP, DPPH Scavenging and Antibacterial Investigations. Ultrason. Sonochem. 2018, 41,
109–119. [CrossRef]

26. Lv, Q.; Zhang, B.; Xing, X.; Zhao, Y.; Cai, R.; Wang, W.; Gu, Q. Biosynthesis of Copper Nanoparticles Using Shewanella Loihica
PV-4 with Antibacterial Activity: Novel Approach and Mechanisms Investigation. J. Hazard. Mater. 2018, 347, 141–149. [CrossRef]

27. Cunha, F.A.; Cunha, M.d.C.S.O.; da Frota, S.M.; Mallmann, E.J.J.; Freire, T.M.; Costa, L.S.; Paula, A.J.; Menezes, E.A.; Fechine,
P.B.A. Biogenic Synthesis of Multifunctional Silver Nanoparticles from Rhodotorula Glutinis and Rhodotorula Mucilaginosa:
Antifungal, Catalytic and Cytotoxicity Activities. World J. Microbiol. Biotechnol. 2018, 34, 127. [CrossRef]

28. Jalal, M.; Ansari, M.A.; Alzohairy, M.A.; Ali, S.G.; Khan, H.M.; Almatroudi, A.; Raees, K. Biosynthesis of Silver Nanoparticles
from Oropharyngeal Candida Glabrata Isolates and Their Antimicrobial Activity against Clinical Strains of Bacteria and Fungi.
Nanomaterials 2018, 8, 586. [CrossRef]

29. Love, A.J.; Makarov, V.; Yaminsky, I.; Kalinina, N.O.; Taliansky, M.E. The Use of Tobacco Mosaic Virus and Cowpea Mosaic Virus
for the Production of Novel Metal Nanomaterials. Virology 2014, 449, 133–139. [CrossRef]

30. Akintelu, S.A.; Folorunso, A.S.; Folorunso, F.A.; Oyebamiji, A.K. Green Synthesis of Copper Oxide Nanoparticles for Biomedical
Application and Environmental Remediation. Heliyon 2020, 6, e04508. [CrossRef]

31. Nasrollahzadeh, M.; Sajadi, S.M.; Issaabadi, Z.; Sajjadi, M. Biological Sources Used in Green Nanotechnology. Interface Sci. Technol.
2019, 28, 81–111. [CrossRef]

32. Miu, B.A.; Dinischiotu, A. New Green Approaches in Nanoparticles Synthesis: An Overview. Molecules 2022, 27, 6472. [CrossRef]
[PubMed]

33. Aigbe, U.O.; Osibote, O.A. Green Synthesis of Metal Oxide Nanoparticles, and Their Various Applications. J. Hazard. Mater. Adv.
2024, 13, 100401. [CrossRef]

34. Berra, D.; Laouini, S.E.; Benhaoua, B.; Ouahrani, M.R.; Berrani, D.; Rahal, A. Green Synthesis of Copper Oxide Nanoparticles by
Pheonix Dactylifera L Leaves Extract. Dig. J. Nanomater. Biostruct. 2018, 13, 1231–1238.

35. Bhatia, N.; Kumari, A.; Chauhan, N.; Thakur, N.; Sharma, R. Duchsnea Indica Plant Extract Mediated Synthesis of Copper
Oxide Nanomaterials for Antimicrobial Activity and Free-Radical Scavenging Assay. Biocatal. Agric. Biotechnol. 2023, 47, 102574.
[CrossRef]

36. Saif, S.; Tahir, A.; Asim, T.; Chen, Y. Plant Mediated Green Synthesis of CuO Nanoparticles: Comparison of Toxicity of Engineered
and Plant Mediated CuO Nanoparticles towards Daphnia Magna. Nanomaterials 2016, 6, 205. [CrossRef]

37. Vishveshvar, K.; Aravind Krishnan, M.V.; Haribabu, K.; Vishnuprasad, S. Green Synthesis of Copper Oxide Nanoparticles Using
Ixiro Coccinea Plant Leaves and Its Characterization. Bionanoscience 2018, 8, 554–558. [CrossRef]

38. Aragona, M.; Lauriano, E.R.; Pergolizzi, S.; Faggio, C. Opuntia ficus-indica (L.) Miller as a Source of Bioactivity Compounds for
Health and Nutrition. Nat. Prod. Res. 2018, 32, 2037–2049. [CrossRef]

39. Silva, M.A.; Albuquerque, T.G.; Pereira, P.; Ramalho, R.; Vicente, F.; Oliveira, M.B.P.P.; Costa, H.S. Opuntia ficus-indica (L.) Mill.: A
Multi-Benefit Potential to Be Exploited. Molecules 2021, 26, 951. [CrossRef]

40. de Cortázar, V.G.; Nobel, P.S. Biomass and Fruit Production for the Prickly Pear Cactus, Opuntia ficus-indica. J. Am. Soc. Hortic. Sci.
1992, 117, 558–562. [CrossRef]

41. Gebretinsae, H.G.; Tsegay, M.G.; Nuru, Z.Y. Biosynthesis of Nickel Oxide (NiO) Nanoparticles from Cactus Plant Extract. Mater.
Today Proc. 2021, 36, 566–570. [CrossRef]

42. Chiteva, R.; Wairagu, N. Chemical and Nutritional Content of Opuntia ficus-indica (L.). Afr. J. Biotechnol. 2013, 12, 3309–3312.
[CrossRef]

43. Shoukat, R.; Cappai, M.; Pia, G.; Pilia, L. An Updated Review: Opuntia Ficus Indica (OFI) Chemistry and Its Diverse Applications.
Appl. Sci. 2023, 13, 7724. [CrossRef]

44. Kim, J.-Y.; Lim, J.-C.; Kim, S.; Hwang, S.-M.; Shin, W.-H.; Yang, H.; Lee, K.H.; Kim, H.-S. Impact of Two-Step Calcination on
Microstructure, Phase, Electronic, and Dielectric Properties of KCa2Nb3O10 Bulk Layered Perovskite. J. Asian Ceram. Soc. 2023, 11,
188–196. [CrossRef]

45. Udensi, J.; Loughman, J.; Loskutova, E.; Byrne, H.J. Raman Spectroscopy of Carotenoid Compounds for Clinical Applications—A
Review. Molecules 2022, 27, 9017. [CrossRef]

46. Mehta, M.; Naffa, R.; Zhang, W.; Schreurs, N.M.; Waterland, M.; Cooper, S.; Holmes, G. Validity and Reliability of Raman
Spectroscopy for Carotenoid Assessment in Cattle Skin. Biochem. Biophys. Rep. 2021, 27, 101036. [CrossRef]

47. Udensi, J.; Loskutova, E.; Loughman, J.; Byrne, H.J. Quantitative Raman Analysis of Carotenoid Protein Complexes in Aqueous
Solution. Molecules 2022, 27, 4724. [CrossRef]

48. Figueirôa, J.A.; Menezes Novaes, G.U.; de Souza Gomes, H.; de Morais Silva, V.L.M.; de Moraes Lucena, D.; Lima, L.M.R.;
de Souza, S.A.; Viana, L.G.F.C.; Rolim, L.A.; da Silva Almeida, J.R.G.; et al. Opuntia ficus-indica Is an Excellent Eco-Friendly
Biosorbent for the Removal of Chromium in Leather Industry Effluents. Heliyon 2021, 7, e07292. [CrossRef]

https://doi.org/10.3390/nano12142393
https://www.ncbi.nlm.nih.gov/pubmed/35889617
https://doi.org/10.1016/j.ultsonch.2017.09.006
https://doi.org/10.1016/j.jhazmat.2017.12.070
https://doi.org/10.1007/s11274-018-2514-8
https://doi.org/10.3390/nano8080586
https://doi.org/10.1016/j.virol.2013.11.002
https://doi.org/10.1016/j.heliyon.2020.e04508
https://doi.org/10.1016/B978-0-12-813586-0.00003-1
https://doi.org/10.3390/molecules27196472
https://www.ncbi.nlm.nih.gov/pubmed/36235008
https://doi.org/10.1016/j.hazadv.2024.100401
https://doi.org/10.1016/j.bcab.2022.102574
https://doi.org/10.3390/nano6110205
https://doi.org/10.1007/s12668-018-0508-5
https://doi.org/10.1080/14786419.2017.1365073
https://doi.org/10.3390/molecules26040951
https://doi.org/10.21273/JASHS.117.4.558
https://doi.org/10.1016/j.matpr.2020.05.331
https://doi.org/10.5897/AJB12.2631
https://doi.org/10.3390/app13137724
https://doi.org/10.1080/21870764.2023.2174243
https://doi.org/10.3390/molecules27249017
https://doi.org/10.1016/j.bbrep.2021.101036
https://doi.org/10.3390/molecules27154724
https://doi.org/10.1016/j.heliyon.2021.e07292


Materials 2024, 17, 5709 15 of 15

49. Lavado-Meza, C.; Fernandez-Pezua, M.C.; Gamarra-Gómez, F.; Sacari-Sacari, E.; Angeles-Suazo, J.; Dávalos-Prado, J.Z. Single
and Binary Removals of Pb(II) and Cd(II) with Chemically Modified Opuntia Ficus Indica Cladodes. Molecules 2023, 28, 4451.
[CrossRef]

50. Perucini-Avendaño, M.; Nicolás-García, M.; Jiménez-Martínez, C.; Perea-Flores, M.d.J.; Gómez-Patiño, M.B.; Arrieta-Báez, D.;
Dávila-Ortiz, G. Cladodes: Chemical and Structural Properties, Biological Activity, and Polyphenols Profile. Food Sci. Nutr. 2021,
9, 4007–4017. [CrossRef]

51. Buzgar, N.; Apopei, A.I. The Raman Study of Certain Carbonates. Geol. Tomul L 2009, 2, 97–112.
52. Tran, T.H.; Nguyen, V.T. Phase Transition of Cu2O to CuO Nanocrystals by Selective Laser Heating. Mater. Sci. Semicond. Process.

2016, 46, 6–9. [CrossRef]
53. Debbichi, L.; Marco de Lucas, M.C.; Pierson, J.F.; Krüger, P. Vibrational Properties of CuO and Cu 4 O 3 from First-Principles

Calculations, and Raman and Infrared Spectroscopy. J. Phys. Chem. C 2012, 116, 10232–10237. [CrossRef]
54. Brajesh, K.; Ranjan, S.; Kumar, R.; Gupta, R.; Dixit, A.; Garg, A. Room-temperature Structural, Magnetic, and Dielectric

Characteristics of La-doped CuO Bulk Multiferroic. J. Am. Ceram. Soc. 2023, 106, 6769–6777. [CrossRef]
55. Xu, J.F.; Ji, W.; Shen, Z.X.; Tang, S.H.; Ye, X.R.; Jia, D.Z.; Xin, X.Q. Preparation and Characterization of CuO Nanocrystals. J. Solid

State Chem. 1999, 147, 516–519. [CrossRef]
56. Yang, J.-Q.; Yu, H.-H.; Jin, L.; Yang, F.-Z.; Wu, D.-Y.; Zhan, D.-P.; Tian, Z.-Q. Insights into the Effects of Chloride Ions on

Cyanide-Free Gold Electrodeposition. J. Electrochem. Soc. 2020, 167, 102514. [CrossRef]
57. Åsbrink, S.; Norrby, L.J. A Refinement of the Crystal Structure of Copper(II) Oxide with a Discussion of Some Exceptional e.s.d.’s.

Acta Crystallogr. B 1970, 26, 8–15. [CrossRef]
58. Dusek, M.; Chapuis, G.; Meyer, M.; Petricek, V. Sodium Carbonate Revisited. Acta Crystallogr. B 2003, 59, 337–352. [CrossRef]
59. Doebelin, N.; Kleeberg, R. Profex: A Graphical User Interface for the Rietveld Refinement Program BGMN. J. Appl. Cryst. 2015,

48, 1573–1580. [CrossRef]
60. Toby, B.H. R Factors in Rietveld Analysis: How Good Is Good Enough? Powder Diffr. 2006, 21, 67–70. [CrossRef]
61. Sharma, S.; Yadav, D.K.; Chawla, K.; Lal, N.; Lal, C. Synthesis and Characterization of CuO Nanoparticles by Aloe Barbadensis

Leaves. Quantum J. Eng. Sci. Technol. 2021, 2, 1–9.
62. Chan, Y.; Selvanathan, V.; Tey, L.-H.; Akhtaruzzaman, M.; Anur, F.; Djearamane, S.; Watanabe, A.; Aminuzzaman, M. Effect of

Calcination Temperature on Structural, Morphological and Optical Properties of Copper Oxide Nanostructures Derived from
Garcinia Mangostana L. Leaf Extract. Nanomaterials 2022, 12, 3589. [CrossRef] [PubMed]

63. Sajjad, A.; Bhatti, S.H.; Ali, Z.; Jaffari, G.H.; Khan, N.A.; Rizvi, Z.F.; Zia, M. Photoinduced Fabrication of Zinc Oxide Nanoparticles:
Transformation of Morphological and Biological Response on Light Irradiance. ACS Omega 2021, 6, 11783–11793. [CrossRef]
[PubMed]

64. You, W.; Ahn, J.C.; Boopathi, V.; Arunkumar, L.; Rupa, E.J.; Akter, R.; Kong, B.M.; Lee, G.S.; Yang, D.C.; Kang, S.C.; et al.
Enhanced Antiobesity Efficacy of Tryptophan Using the Nanoformulation of Dendropanax Morbifera Extract Mediated with ZnO
Nanoparticle. Materials 2021, 14, 824. [CrossRef] [PubMed]

65. Baharudin, K.B.; Abdullah, N.; Derawi, D. Effect of Calcination Temperature on the Physicochemical Properties of Zinc Oxide
Nanoparticles Synthesized by Coprecipitation. Mater. Res. Express 2018, 5, 125018. [CrossRef]

66. Devesa, S.; Gonçalves, F.; Graça, M. Influence of the Preparation Method on the Structural, Morphological and Dielectric
Properties of FeNbO4 Ceramics. Materials 2023, 16, 3202. [CrossRef]

67. Devesa, S.; Amorim, C.O.; Belo, J.H.; Araújo, J.P.; Teixeira, S.S.; Graça, M.P.F.; Costa, L.C. Comprehensive Characterization of
Bi1.34Fe0.66Nb1.34O6.35 Ceramics: Structural, Morphological, Electrical, and Magnetic Properties. Magnetochemistry 2024, 10, 79.
[CrossRef]

68. Devesa, S.; Ferreira, N.M.; Peixoto, M.V.; Costa, F.M.; Graça, M.P.F. Growth Rate Effect on the Dielectric Properties of FeNbO4
Fibres Processed by the Laser Floating Zone Technique. Ceram. Int. 2024, 50, 34143–34152. [CrossRef]

69. Gomes, E.d.S.; Lima, A.M.d.O.; Gavinho, S.R.; Graça, M.P.F.; Devesa, S.; Macêdo, A.A.M. Influence of Polymeric Blends on
Bioceramics of Hydroxyapatite. Crystals 2023, 13, 1429. [CrossRef]

70. Vindhya, P.S.; Jeyasingh, T.; Kavitha, V.T. Dielectric Properties of Copper Oxide Nanoparticles Using AnnonaMuricata Leaf. AIP
Conf. Proc. 2019, 2162, 020021. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules28114451
https://doi.org/10.1002/fsn3.2388
https://doi.org/10.1016/j.mssp.2016.01.021
https://doi.org/10.1021/jp303096m
https://doi.org/10.1111/jace.19306
https://doi.org/10.1006/jssc.1999.8409
https://doi.org/10.1149/1945-7111/ab9e3e
https://doi.org/10.1107/S0567740870001838
https://doi.org/10.1107/S0108768103009017
https://doi.org/10.1107/S1600576715014685
https://doi.org/10.1154/1.2179804
https://doi.org/10.3390/nano12203589
https://www.ncbi.nlm.nih.gov/pubmed/36296778
https://doi.org/10.1021/acsomega.1c01512
https://www.ncbi.nlm.nih.gov/pubmed/34056332
https://doi.org/10.3390/ma14040824
https://www.ncbi.nlm.nih.gov/pubmed/33572189
https://doi.org/10.1088/2053-1591/aae243
https://doi.org/10.3390/ma16083202
https://doi.org/10.3390/magnetochemistry10100079
https://doi.org/10.1016/j.ceramint.2024.06.233
https://doi.org/10.3390/cryst13101429
https://doi.org/10.1063/1.5130231

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of the Opuntia ficus-indica Cladode Extract 
	Synthesis of the CuO Nanoparticles 
	Characterization Techniques 

	Results 
	Opuntia ficus-indica 
	CuO Nanoparticles 
	Dielectric Properties 

	Conclusions 
	References

