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Abstract: The aim of this study is to explore the potential
compatibility of copper oxide nano-powders synthesised
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via hydrothermal method for solar cell applications by
triggering a reaction between copper acetate and various
reducing agents derived from natural resources, including
Arabic gum, molasses, starch, and vinegar. X-ray diffraction
analysis revealed the crystalline phases of the synthesised mate-
rials, indicating the successful synthesis of copper oxide mate-
rial, which was confirmed by identifying patterns that matched
specific copper oxide phases. Fourier transform infrared spec-
troscopy was employed to analyse the molecular vibrations and
chemical compounds present in the reducing agents. The redu-
cing properties of the selected materials and their capacity to
convert copper acetate into copper oxide were validated. Field-
emission microscopy and transmission electron microscopy
analyses of the synthesised copper oxide nanoparticles (NPs)
revealed variations in particle size and morphology. These var-
iations were dependent on the particular reducing agent uti-
lised during synthesis. Moreover, the carrier concentration,
mobility, and resistivity were evaluated as the electrical proper-
ties of the spin-coated copper oxide thin films. Hall effect ana-
lysis determined that the choice of reducing agent significantly
influenced the carrier concentration (n) and mobility (1) of
the films. Remarkably, nano copper oxide films synthesised
using starch exhibited irregular spherical grains with porous
surfaces. Starch-synthesised samples showed the highest
conductivity of n = 1.2 x 10" cm™ when compared with those
synthesised with other reducing agents. This suggests that
the porous surfaces in the starch-synthesised films may
have contributed to their enhanced conductivity compared
to films synthesised with alternative reducing agents. In sum-
mary, the findings emphasised the influence of the reducing
agent on the size, morphology, and electrical conductivity of
the copper oxide NPs.

Keywords: energy, solar cell, synthesis, nano copper oxide,
hydrothermal
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1 Introduction

In recent years, research on green chemistry and its poten-
tial to eliminate or reduce hazardous materials in sus-
tainable energy generation and chemical processes has
grown significantly. Biopolymer-based reduction agents
have emerged as a promising alternative in synthesis reac-
tions because of their environmental friendliness. The
development of nanomaterials via green procedures has
attracted attention, particularly in the search for nanomater-
ials that possess excellent stability, selectivity, and reactivity
[1,2]. Copper oxide nanoparticles (NPs) possess remarkable
ability to be finely tuned in their growth, resulting in diverse
structures and properties that provide intriguing possibilities.
These NPs have been applied in numerous fields, including
magnetic storage, gas sensors, DNA biosensors, lithium-ion
batteries, catalysis, cancer treatment, antimicrobial agents,
hydrogen generation, optics, and electrocatalysis [3,4]. Notably,
copper oxides have emerged as a highly promising material in
the field of photovoltaics, serving as an active layer in various
types of solar cells and as a passive layer in solar-selective
surfaces. This research predates the widespread adoption of
silicon solar cells. The abundance of copper further adds to its
appeal in solar applications. This unique characteristic
makes copper oxide an ideal candidate for integration into
solar cells, where it can play a crucial role in energy gen-
eration. Copper oxide is available across the stable forms of
CuO and Cu,0, both having a direct p-type band gap of
1.7-2.2 eV, with optimal absorption coefficient of 10° cm™
where it can play a crucial role in energy generation and
decarbonisation [5]. For instance, copper oxide can be
employed as a conductive ink, facilitating the development
of printed electronics [6,7]. With their exceptional con-
ductivity, these inks enable intricate circuitry on various
substrates, revolutionising the manufacturing process of
electronic devices. Nano copper oxides are also instrumental in
the field of touch screen and display technology. By leveraging
their electrical semiconductor behaviour, they can be utilised
in the fabrication of transparent conductive films. These films
act as transparent electrodes that allow the precise detection of
touch and enable the creation of interactive displays. The inte-
gration of nano copper oxides into touch screens and displays
paves the way for advanced and user-friendly interfaces,
enhancing the overall consumer experience [8,9]. The imple-
mentation of nano copper oxides in solar cell technology and
electrical semiconductor behaviour presents exciting possibili-
ties that can revolutionise the solar-thermal field [10]. For
instance, the cupric oxide (CuO) thin film is reported to be
more attractive as a selective absorber than copper oxide in
solar thermal energy collectors because of the former’s
strong solar absorptance and low thermal emittance [11].
By harnessing the unique properties of nano copper
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oxides, researchers and engineers can explore highly effi-
cient and sustainable technologies. High-performance
nano copper oxide-based solar cells can significantly
enhance the efficiency of solar energy conversion, leading
to the increased adoption of renewable energy sources and
minimising the emission of carbon gases [12,13]. Further-
more, the utilisation of copper oxides in electrical and
electronic applications contributes to the development
of energy-efficient devices. Their high electrical semicon-
ductor behaviour allows for efficient energy transfer, reduced
power consumption, and extended lifespan of electronic
devices. This move towards efficient and sustainable technol-
ogies aligns with the global efforts to combat environmental
challenges and create a greener future [14,15].

The size and shape of NPs are pivotal in determining
their surface arrangement and exposed facets. Therefore,
various methods have been employed to synthesise copper
oxide NPs with specific size and shape profiles. Different
methods have been used to synthesise copper oxide NPs,
including electrochemical, sonochemical, laser ablation,
ball milling, solution phase synthesis, microwave, and
hydrothermal syntheses [16-19].

Amongst these methods, hydrothermal synthesis has
drawn increased attention because of its numerous advan-
tages. First, it allows for precise control over particle size,
enabling the production of NPs with tailored properties
that are optimised for specific applications. This level of
control is crucial for optimal performance [20,21]. Second,
hydrothermal synthesis promotes high purity by mini-
mising impurities during the closed, pressurised reaction [22].
By constantly controlling the reaction conditions, including tem-
perature, pressure, and reaction time, researchers can mini-
mise impurities and ensure high-purity nanomaterials. Third,
hydrothermal synthesis promotes homogeneity, ensuring uni-
form composition and properties of the synthesised nanomater-
ials. This feature is particularly important for applications that
require uniformity to achieve optimal performance [23,24].
Hydrothermal synthesis offers versatility in terms of the struc-
tures and shapes of the synthesised nanomaterials. By carefully
adjusting the reaction conditions, researchers can synthesise a
diverse range of nanomaterials with different structures and
shapes, thereby expanding their applicability in various fields.
Another advantage of hydrothermal synthesis is its energy
efficiency and scalability, making it suitable for industrial appli-
cations where large quantities of NPs are required. The energy-
efficient nature of the process and its potential for mass produc-
tion make it an attractive option for commercial production
[2526]. In the context of sustainability and environmental
impact, the aim of the present study is to explore a facile and
efficient synthesis of copper oxide NPs by using natural
resources of reduction agents via the hydrothermal method.
By utilising natural resources as reduction agents, this method
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offers a sustainable and environmentally friendly approach to
NP synthesis. This approach is also economically viable and
additive-free, enhancing its appeal as an alternative method.
It provides a simple, green, and economical approach to synthe-
sise copper oxide NPs while minimising the use of hazardous
materials in solar cell devices and reducing the overall environ-
mental impact [27].

2 Experimental procedure

The synthesis of nano copper oxide involved a hydrothermal
procedure with the use of various reduction agents, including
Arabic gum, molasses, starch, and vinegar. Initially, 0.1 mol%
of copper acetate monohydrate (Cu(CH;COO),'H,0) was dis-
solved in a 1:1 mixture of distilled water and ethanol,
resulting in a 40 CC solution with a distinct blue colour.
Subsequent to the initial preparation, solutions were meth-
odically crafted by incorporating 0.1 mol of reducing agents
into 100 mL of distilled water each individually. These solu-
tions were then merged with the original mixture to aid in
the synthesis. During this stage, the mixture was continu-
ously agitated at 200 rpm and sustained at 90°C, facilitating
the copper ions reduction and initiating synthesis. The sub-
sequent step involved transferring the solution into Teflon-
lined stainless steel autoclaves, which were then sealed and
maintained at a temperature of 160°C for 12h. This facili-
tated the formation of a black-coloured precipitate. The
obtained precipitate was thoroughly cleansed alternately
with distilled water and ethanol to eliminate impurities.
Subsequently, it was dried at 80°C in a hot-air oven for 3h
in order to complete the synthesis process (Figure 1). The
powders were analysed by X-ray diffraction (XRD) via a
diffractometer (Bruker AXS, Germany) under monochro-
matic Cu—Ka radiation (A = 0.1541nm) at 40kV and 4 mA
to determine their compositional properties. Morphological
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Figure 1: Schematic diagram of copper oxide preparation.
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features were evaluated by field-emission scanning electron
microscopy (FE-SEM; Zeiss Merlin) and transmission elec-
tron microscopy (TEM; Phillips CM-12). The specific surface
area of the particles was measured by Brunauer-Emmett—
Teller (BET) analysis aided by N, absorption. A Perkin—Elmer
Spectrum 400 Fourier transform infrared (FTIR/FTNIR) spec-
troscope (Akron, OH, USA) was utilised to investigate the
chemical composition of the samples in the 500-4,000 cm™
region. In the electrical tests, a 0.05 M suspension of the pow-
ders was prepared by dispersing 7.2 mg synthesised powder
in 1mL of absolute ethanol (99.9%). This suspension was
stirred for 30 min at room temperature to ensure a homoge-
nous dispersion. Soda lime glass substrates, precisely cut to
1.5 x 1.5 cm, underwent ultrasonic cleaning in acetone and
methanol for 10 min each. These substrates were then rinsed
with deionised water and nitrogen-dried. The film was depos-
ited using a dynamic method, where the spin-coating process
was conducted at a rotation speed of 1,000 rpm. The samples
were annealed at 100°C for 10 min on a hot plate. The thick-
ness of the resultant film was determined using a Veeco Dek-
takXT surface profilometer. The electrical properties, such as
carrier concentration, mobility, and resistivity, were evalu-
ated using an HMS ECOPIA 5500 Hall Effect system. The
applied magnetic field was 0.57 T, and the probe current
varied from 30 nA to 1mA for all samples. Calibration was
conducted by testing a reference oxide sample under stan-
dard conditions.

3 Results and discussion

FTIR is an analytical technique used for studying molecular
vibrations and identifying chemical compounds based on
their characteristic absorption bands. This study synthesised
nano powders of copper oxide by using different reducing
agents derived from natural resources via the thermal
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method. The results obtained in this study are shown in
Figure 2. Molasses, a by-product of sugar refining, typically
shows C-H asymmetric stretching vibrations, primarily in
alkyl groups (CH, and CH), in the range of 2836.1-2885.1 cm™*
[28]. The band at 1,109 cm™ is often associated with C-0
stretching vibrations, suggesting the presence of C-O bonds
in the molecular structure of this by-product. The precise
interpretation of this band may vary depending on the spe-
cific composition and structure of the by-product being ana-
lysed. Furthermore, the band at 1,558 cm ! is often linked to
C=C stretching vibrations, indicating the presence of car-
bon-carbon double bonds (C=C) in the molecular structure
of the sugar refining by-product [29]. Additionally, bands observed
around 1,050-1,150 cm™* correspond to C-O stretching vibrations
originating from carbohydrates prevalent in molasses. Arabic
gum, known for its polymeric nature and inherent reducing
capabilities, exhibits distinct absorption bands. A band near
1,500 cm ™ corresponds to the presence of carboxylate
groups (—-COO-) or carboxylic acids (-COOH). This region
is associated with asymmetric and symmetric stretching
vibrations of carboxylate groups. Across all reducing agents,
spectral bands within the range of absorption bands at 610
and 1,380 cm ™ were attributed to the Cu-O stretching vibra-
tions and Cu—O—Cu bending vibrations, respectively.

Phase identification of materials synthesised using
four reducing agents was performed through XRD analysis,
as shown in Figure 3. The discernible peaks in the XRD
pattern precisely matched the established diffraction
patterns of various copper oxide phases, providing strong
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validation for the successful synthesis of the desired copper
oxide materials. The sharp and well-defined peaks in the XRD
spectrum confirmed the crystalline nature of the synthesised
copper oxides. Peaks were observed at 36.4, 42.3, 334, 35.5, and
38.7°C, corresponding to reflections from the Cu,0 (111), Cu,0
(200), CuO (110), CuO (002), and CuO (111) planes, respectively.
These observations confirmed the polycrystalline nature of
all samples, which was aligned with the characteristic peaks
of monoclinic CuO (JCPDS 048-1548) and cubic Cu,0 (JCPDS
71-3645) structures. The experimental results were consistent
with previously reported diffraction patterns of CuO and Cu,0
NPs prepared using various methodologies [30,31]. Thus,
XRD analysis is reliable and consistent in determining the
crystalline phases of the synthesised copper oxide materials.
The absence of diffraction peaks corresponding to impurity
phases or unreacted precursors emphasised the high degree
of conversion achieved during hydrothermal synthesis. This
result demonstrated the efficacy of the hydrothermal condi-
tions in promoting copper oxide phase formation while
minimising undesired by-products. Notably, the Cu,0 (111)
peak was absent in the material synthesised by Arabic gum.
This result could be attributed to the small quantity of the
material, resulting in low crystallinity and weak diffraction
signals. A similar reduction in XRD intensity, caused by a
low quantity of the phase, was observed in previous studies,
providing further support for this explanation [32,33]. Further-
more, carboxylate groups and carboxylic acids, as indicated by
FTIR results, can indeed influence the phase formation in
synthesised materials. The absence of the Cu,0 (111) peak
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Figure 2: FTIR spectra of the samples at different reduction agent.
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synthesised material, potentially due to phase transformations
or preferential synthesis conditions favouring CuO forma-
tion over Cu,O. These compounds can impact the crystal
structure and the preferential formation of one copper
oxide phase over the other. Additionally, incorporation of
carboxylate groups and carboxylic acids can significantly
impact the crystallinity of synthesised copper oxide NPs
through their interactions with the nucleation and growth
processes during synthesis. These functional groups can act
as both capping agents and ligands on the NP surface, influ-
encing the formation of nucleation sites. In fact, carboxylate
groups and carboxylic acids can provide stabilisation to the
NPs, which may affect the arrangement and packing of the
crystal lattice during NP formation. These interactions may
lead to a more ordered and crystalline structure in the
resulting NPs, resulting in sharper and more intense XRD
peaks.

In order to determine the average crystallite size of the
particles, the Scherrer formula can be used:

Table 1: Calculated structural parameters

where d represents the average crystallite size of the
powder, A denotes the wavelength of Cu K radiation (A =
1.5405 A), B represents the full width at half maximum
(FWHM) intensity, 6 signifies Bragg’s diffraction angle,
and k is a constant typically around 0.9. Furthermore,
the microstrain (¢) is derived using equation (2) [34].

__ B
£ 4tan 0’
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The structural parameters of the nano copper oxides
synthesised using different reduction agents are presented
in Table 1. It can be inferred from Table 1 that the crystal
size of nano copper oxides synthesized using vinegar as the
reduction agent is the largest when compared to the other
reduction agents, a trend that aligns with the findings from
TEM analysis. The discrepancy between the results obtained
from XRD and TEM can be ascribed to the inherent differ-
ences in what each method measures. While TEM provides

Parameters

Sample

Vinegar (Cu,0)

Starch (Cu,0)

Molasses (CuO) Arabic gum (CuO)

Miller indices (hkl) 111) (111) (002) (002)
The angle of incidence () 17.82 18.33 19.32 19.40
FWHM (B) (deg) 35.517 36.469 38.684 38.700
Crystallite size D (nm) 53 34 20 32
Lattice a (A) 4.016 4,033 4.899 5.034
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direct observations of individual particle dimensions, the
crystallite size obtained from XRD reflects an average size
within the bulk material. This variation is influenced by
factors such as crystal facets, stacking faults, and disloca-
tions, which can lead to differences in the size determina-
tion between these two techniques [35,36].

The size and morphology of nano copper oxide are
shown in Figure 4. The microstructures of the materials
at two magnifications were approximately similar, and
agglomeration particles could be observed with almost uni-
form particle size distribution. In general, the growth
mechanism of nano copper using a reduction agent with
the hydrothermal method involves the reduction of copper
ions, nucleation of small clusters, and their subsequent
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growth into nano-sized particles. The choice of reduction
agent and control of reaction conditions are key factors in
tailoring the properties of these NPs for various applications,
and the formation of different particle sizes is described in the
literature [37-40]. The results showed considerable differences
in morphology amongst these powders synthesised by dif-
ferent reduction materials. For instance, the FE-SEM image
in Figure 4a and b of the nano CuO synthesised by molasses
showed sand-like morphology, which was composed of a series
of irregular spherical shapes in the range of 50-200 nm due to
powder agglomeration. By contrast, starch showed slightly dif-
ferent forms of morphology in Figure 4c and d. Pores (red
arrows) on the surface of the particles helped distinguish
them from one another. Starch operates as a stabilizing agent

Figure 4: FE-SEM images of the samples with different reduction agent at different magnifications: (a) and (b) molasses, (c) and (d) starch, (e) and (f)

Arabic gum, and (g) and (h) vinegar.



DE GRUYTER

by binding to the surfaces of developing copper oxide NPs.
Starch forms a protective biopolymeric layer that envelops
the nascent NPs, affecting the particle’s shape, and serves as
a shape-controlling and capping agent throughout the growth
stages. The same behaviour was also observed in the synthesis
of silver NPs [41]. The synthesised samples by Arabic gum in
Figure 4f displayed nanorod-like morphology with some
agglomeration; the nanorods had a length of 300-400 nm
and width of 100 nm, whereas the particles ranged from
60 to 200 nm. The last microstructure presented sphere-
like particle morphology. The material had some small quasi-
spheres that were randomly stuck to the large particles.
Vinegar prevents the NPs from agglomerating or forming irre-
gular shapes by providing a stable environment in the reaction
mixture. Considering all the cited cases, it is noted that the
morphology of nano copper oxide synthesised using different

Physiochemical and electrical activities of nano copper oxides = 7

reduction agents can be attributed to the complex interactions
between the reduction agents and copper ions during the
synthesis process. Each reduction agent exhibits distinct che-
mical components and functional groups that influence the
reduction kinetics, nucleation, and crystal growth of the copper
oxide NPs, resulting in variations in morphology. Arabic gum,
with its complex carboxylate groups and carboxylic acids,
acts as an effective stabilizer and capping agent, leading to
the formation of unique nano copper oxide morphologies.
Molasses, a viscous syrup containing sugars and organic
compounds, may impart different kinetic and thermody-
namic effects on the NP synthesis process, resulting in dis-
tinct morphologies. Starch, a polymer consisting of glucose
units, and vinegar, containing acetic acid, both exhibit
chemical properties that can influence the reduction and
growth of copper oxide NPs in ways that lead to varied

1 10 NnmMm™

Figure 5: TEM images (a), (c), (e), and (g) and ring electron diffraction patterns (b), (d), (f), and (h) of the synthesised powders by different reduction
agent: (a) and (b) molasses, (c) and (d) starch, (e) and (f) Arabic gum, and (g) and (h) vinegar.
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morphologies. The specific chemical composition and reac-
tivity of each natural reduction agent can lead to different
nucleation and growth patterns, ultimately affecting the
final morphology of the synthesised nano copper oxide.
This highlights the importance of carefully selecting and
optimizing the reduction agent for the specific synthesis
conditions to achieve the desired NP morphology.

TEM tests were performed to characterise the detailed
features of nano copper in this study. As shown in Figure 5,
the TEM images revealed that the average particle sizes
ranged from 50 to 200 nm for the powders synthesised
with molasses, starch, and Arabic gum. Thus, these three
methods produced copper NPs that were less than 200 nm.
Interestingly, the TEM image of the particles synthesised
with vinegar showed a slightly larger particle size of
around 300 nm. This difference in particle size could be
attributed to the interaction between the copper precursor
and vinegar. Notably, the TEM results corroborated the Fe-
SEM results, thereby reinforcing the consistency and relia-
bility of the particle size measurements. Furthermore, TEM
ring (Figure 5b, d, f, and h) diffraction tests yielded excel-
lent insights into the crystal structure of materials, even
those exhibiting a polished surface. CuO (copper(u) oxide)
and Cu,O (copper(n) oxide) are two different compounds
with distinct crystal structures. In TEM ring diffraction
tests, these compounds exhibited different diffraction pat-
terns because of their unique crystal lattices. CuO has a
monoclinic crystal structure; its crystal lattice is not per-
fectly symmetric, resulting in the presence of multiple dif-

DE GRUYTER

about the spatial arrangement of atoms within the CuO
crystal lattice. Meanwhile, Cu,0 has a cubic crystal struc-
ture, which exhibits higher symmetry compared with the
monoclinic structure of CuO. The diffraction pattern of
Cu,0 typically exhibits sharp and distinct spots, forming
a clear pattern of spots rather than rings or arcs (Figure 5d
and h). Notably, when particles are uniformly distributed,
they are likely to exhibit a regular arrangement and align-
ment within the sample, leading to a symmetrical and
well-defined diffraction pattern. By contrast, an uneven or
non-uniform distribution of particles can introduce defects,
clustering or random orientations within the sample. These
irregularities can disrupt the ordered arrangement of par-
ticles and produce a diffraction pattern with distorted or
diffuse rings instead of sharp and well-defined rings.

The core factors of electrical analysis are semicon-
ductor type, conductivity, mobility, and carrier concentra-
tion of nano copper oxide films calculated at 25°C (Figure 6).
The equations connecting the carrier concentration, mobi-
lity, and resistivity were (n = qnue) and (n = 1/p) following
Ohm’s law, where n is the conductivity, p is the resistivity, q
is the electron charge, n is the electron density, and u is the
Hall mobility [42]. Here all the coated films were derived to
be p-type, with the carrier concentration equal to the number
of holes at equilibrium temperature. The velocity of electrons

Table 2: BET results with different reduction agent
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as rings or arcs in the patterns (Figure 5f). The arrange- 2 2 2 2
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Figure 6: Electrical properties of the samples at different reduction agents.
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inside a semiconducting material when an electric field was
applied was referred to as mobility. Impurity levels, defects,
and carrier concentrations directly alter the carrier mobility
in a semiconductor [43], which were observed to decline
when Arabic gum and molasses were used as reduction
agents. The results of FTIR demonstrated that CH,, CH, and
C-0 stretching vibrations and carboxylate groups (-COO-) or
carboxylic acids (-COOH) were for molasses and Arabic gum,
respectively. Furthermore, the agglomeration of large parti-
cles could have a significant impact on the electrical proper-
ties of materials. One consequence of particle agglomeration
was a decrease in mobility and carrier concentration, leading
to an increase in resistivity. When particles agglomerated, as
in Figure 4e and g, their surface area decreased, reducing the
number of available active sites for charge carriers. This
reduction in surface area limited the movement of charge
carriers, thereby hindering their mobility and increasing
the resistivity of the material [40]. Agglomeration can lead
to the formation of insulating barriers between particles.
These barriers impede the flow of charge carriers and con-
tribute to the increase in resistivity, as observed in the synthe-
sised samples by vinegar. Hall effect analysis demonstrated
that starch case was more conductive compared with the
other grown films. Consistent with the literature [44], the
results confirmed that the surface uniformity and high spe-
cific surface (Table 2) resulted in low electrical resistivity
(Figure 6). Notably, the increased specific surface area in
nano copper could enhance the surface-to-volume ratio.
This ratio could influence the carrier concentration by
allowing additional charge carriers to reside at the surface
of the material. With a large surface area, many charge
carriers could be accommodated, which led to an increase
in carrier concentration (Figure 4c and d). Furthermore,
copper oxide synthesized with molasses demonstrates mark-
edly elevated mobility and slightly lower carrier concentra-
tion and resistivity in comparison to starch samples. Reduced
carrier concentration can be attributed to the reduced por-
osity in agglomerated sites and diminished surface area,
thereby limiting the availability of active sites, and increased
recombination velocity [45,46]. Hence, CuO, thin films synthe-
sised via starch were concluded to be the most suitable choice
as a back surface field (BSF) layer in thin film solar cells with
respect to the electrical properties. Improving the electrical
properties could enhance the energy conversion efficiency of
the solar cell, allowing it to generate more electricity from
sunlight. However, Hall measurement alone is not a wide-
spread calculation to resemble the copper oxide thin film
potential as BSF in solar cells. Further characterisation is
necessary in the future to verify the results.
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4 Conclusion

This study was performed to evaluate the properties of
hydrothermally synthesised copper oxide for solar cell
applications activated by various natural reducing agents
consisting of Arabic gum, molasses, starch, and vinegar.
The size and morphology of the synthesised copper oxide
NPs were found to significantly affect the electrical proper-
ties. FE-SEM results demonstrated that starch functioned as
a stabilising agent by binding to the surfaces of developing
copper oxide NPs in samples. TEM confirmed the mono crys-
tallinity of Arabic gum samples with asymmetric monoclinic
CuO crystals, which differed from the multi-crystalline struc-
ture of the other samples with a combination of monoclinic
and symmetric cubic crystalline Cu,0 structures. Impurities
such as CH;, and CH, C-O stretching vibrations, and carbox-
ylate groups (-COO-) or carboxylic acids (~COOH) were mea-
sured by FTIR, and their presence was found to increase the
resistivity of the copper oxide particles. The findings showed
that the nano powders of copper oxide with fine size, por-
osity, and increased specific surface area in the sample were
optimal candidates for photovoltaic applications, which
involve semiconductors with high carrier concentration.
However, impurities also affected the mobility of the copper
oxide particles. Further research is needed to explore the
potential of copper oxide NPs synthesised by using natural
reducing agents for solar cell applications and to optimise
their performance by controlling the particle size, mor-
phology, and impurities.
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