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ABSTRACT
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Copper oxide (CuO) nanoparticles were thoroughly analyzed to evaluate their structural, morphological, optical and
electrochemical properties. X-ray diffraction (XRD) study confirmed the monoclinic phase and high crystallinity of the
prepared nanoparticles, with crystallite sizes ranging between 16 - 21 nm. High-resolution scanning electron microscopy
(HRSEM) revealed a mixture of porous, rod-like, and sheet-like morphologies, while transmission electron microscopy (TEM)
demonstrated the presence of nanoscale particles of dimensions 10 - 20 nm and chain-like aggregations. Raman spectroscopy
validated the monoclinic structure, with characteristic Ag and Bg vibrational modes. UV-Vis spectroscopic analysis highlighted
a quantum confinement effect, with a blue-shifted absorption peak at 306 nm and a bandgap of approximately 3.8 eV.
Electrochemical investigations using Nyquist plots and cyclic voltammetry (CV) revealed excellent pseudo capacitive
behavior, with low charge transfer resistance (Ret) and stable redox processes. The electrochemical impedance spectroscopy
(EIS) plot indicated effective ion diffusion and good conductivity, making CuO nanoparticles as promising candidates for
energy storage applications such as super capacitors and batteries. The rate constant for the irreversible adsorption-controlled

electrochemical process was calculated using Laviron plot.
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1. INTRODUCTION

Nanotechnology is emerging as a
transformative technology in areas such as medicine,
cosmetics, environmental health, energy science and
space industries, offering innovative solutions to various
challenges (Bezza et al. 2020). However, the introduction
of novel nanoparticles possess potential risks, as they
may interact with the immune system and trigger
inflammatory responses (Liu et al. 2022). Nanoparticles
can be synthesized through various methods, including
chemical, physical, and biological approaches, each
offering unique advantages depending on the intended
application (Crisan et al. 2022). Among metal
nanoparticles, copper oxide nanoparticles (CuO NPs)
have attracted considerable attention due to their non-
toxic nature, cost-effectiveness, natural abundance and
simple fabrication techniques (Mohamed et al. 2021).
These nanoparticles exhibit remarkable properties such
as a large surface area, good electrochemical activity,
stability in solutions and appropriate redox potential,
making them highly versatile for numerous applications.

CuO nanoparticles have been extensively
utilized in nano science for a wide range of applications.
Their biocidal properties make them suitable as

antimicrobial agents, while their ability to act as drug
delivery vehicles enhances therapeutic efficacy (Grigore
et al. 2016). Additionally, CuO NPs are employed in
antifouling coatings, sensors and biosensors due to their
excellent chemical and physical stability (Sarfraz et al.
2020). The potential of CuO nanoparticles for use in
photovoltaic cells and other energy applications further
underscores their importance in advancing sustainable
technologies.

2. MATERIALS AND METHODS

2.1 Materials

All chemical of high purity were purchased
from Merck (India) and were used as received. The
precursor materials used are copper chloride (CuCly),
sodium hydroxide (NaOH), acetone (CsHsO), ethanol
(CoHsOH) and deionized water.

2.2 Preparation Protocol

About 25 mL of 0.1 M CuCl; was placed in a
beaker and stirred using a magnetic stirrer. Then, 10 mL
of 0.2 M NaOH was added drop wise and stirred for 4
hours. After that, Whatmann (no.40) filter paper was
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used to filter the colloidal solution. The filtrate was
collected in a silica crucible and dried in a muffle furnace
for 4 hours at 400 °C.
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CuO nanoparticles, making them highly suitable for
applications requiring high crystallinity, such as
catalysis, energy storage and sensors. Furthermore, the
monoclinic structure and nanoscale features of CuO
nanoparticles contribute to its unique physical and
chemical properties, which are crucial for enhancing its
performance in practical applications. The absence of
secondary phases or impurities further emphasizes the
successful synthesis of phase-pure CuO nanoparticles.

Table 1: Microstructural properties of CuO NPs

’ ) Micro . Dislocation Lattice
Miller Crystalllte SR Stacking density parameter
Plane size (nm) fault . i 5

() (dislocation/m®) (3.)
(110) 20.25 0.0039 0.00181 0.0004881 a=4.952
(002) 18.46 0.0035 0.00173 0.0004838 b=3.854
(020) 15.93 0.0027 0.00139 0.0003337 ¢ =5.695

Fig. 1: XRD spectrograph of CuO nano particles
3. SAMPLE CHARACTERIZATION

The characterization techniques namely
structural, morphological and optical investigations were
made by XRD, HRSEM, HRTEM, Raman and UV-
Visible spectroscopic methods. A three-electrode system
was used to study the electrochemical activity of the
materials using KOH as electrolyte.

3.1 X-ray Diffraction Analysis

The XRD pattern of CuO nanoparticles exhibits
distinct diffraction peaks that confirms the monoclinic
phase and crystalline structure of the material (Mobarak
et al. 2022). Prominent peaks were observed at 26 values
of 35.55°, 35.57°, 38.41° and 38.73°, which correspond
to the crystal planes (002), (111) and (200) respectively
(Fig. 1). Additional peaks are assigned to crystal planes
such as (110), (-112), (202), (020), (202), (113), (022),
(311), (-113), (220) and (311) confirming the monoclinic
CuO phase according to the JCPDS card number 00-041-
0254. The sharpness and intensity of the diffraction peaks
indicate the high degree of crystallinity in the synthesized
nanoparticles, while the absence of any extraneous peaks
demonstrates the phase purity of the material.

The crystallite size of CuO nanoparticles,
calculated using the Scherrer equation, falls in the range
16 - 20 nm, confirming the nanoscale dimensions of the
material (Table 1).

Peak broadening in the XRD pattern indicates
lattice strain, which is a typical characteristic of
nanomaterial that may arise from surface defects and the
high surface-to-volume ratio of nanoparticles. These
findings validate the structural integrity and purity of
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3.2 HRSEM and EDAX Analysis

The High-Resolution Scanning Electron
Microscopy (HRSEM) analysis of CuO nanoparticles
reveals a distinctive rod-like and sheet-like morphology,
with particle dimensions ranging from ten to several
hundred nanometers (Fig. 2).
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Fig. 2: HRSEM image of CuO nanoparticles

This anisotropic growth pattern during synthesis
contributes to an increased surface area, enhancing the
material's suitability for catalytic and energy storage
applications. Similar morphological characteristics have
been reported in the literature (Pal et al. 2014),
highlighting the influence of synthesis conditions on the
structural attributes of CuO nanostructures.

The observed aggregation of nanoparticles is
likely due to Van der Waals forces or magnetic
interactions, which can marginally reduce surface
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accessibility. Despite this, the inherent high surface area

of the rod-like and sheet-like structures remains
advantageous for various applications. Porous
architectures in  CuO nanostructures have been

synthesized using methods such as thermal oxidation,
resulting in materials with enhanced surface areas and
pore volumes, beneficial for applications requiring
efficient ion transport and adsorption (Ahmed et al.
2023).
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Fig. 3: EDAX spectrum of CuO nanoparticles

Energy-dispersive X-ray spectroscopy (EDX)
analysis (Fig. 3) confirms the elemental composition of
the synthesized CuO nanoparticles, indicating the
presence of copper and oxygen. This compositional
purity is crucial for the reliability and performance of
CuO NPs in practical applications. The combination of
HRSEM and EDX analyses provides a comprehensive
understanding of the morphological and compositional
properties of CuO nanostructures.

100 nm

Fig. 4: HRTEM image of CuO nanoparticles
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3.3 HRTEM Analysis

The high-resolution transmission electron
microscopy (HRTEM) image of CuO nanoparticles
reveals their aggregated nature, with individual particles
measuring between 10 and 20 nm in diameter (Fig. 4).
The observed spherical and slightly irregular particle
shapes indicate controlled nucleation and growth
processes during synthesis. The aggregation of these
nanoparticles forms chain-like structures, which may
impact their conductivity and ion transport properties.
These nanoscale dimensions align with the crystallite
sizes determined through XRD analysis, further
validating the uniformity of the synthesized CuO
nanoparticles.

The dark regions visible in the HRTEM image
represent areas of high electron density, signifying well-
crystallized nanoparticles. The absence of discernible
lattice fringes in the image implies that higher
magnification or resolution may be required to explicitly
confirm crystallinity. Despite this, the well-defined
structural features observed emphasize the superior
nanoscale effects and structural uniformity of the
material. Such characteristics are pivotal for various
high-performance applications, including catalysis,
energy storage, and sensing technologies.

These findings reinforce the potential of CuO
nanoparticles as functional nanomaterials, leveraging
their size-dependent properties and structural uniformity
for advanced applications.
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Fig. 5: Raman spectrum of CuO nanoparticles
3.4 Raman Analysis

Raman spectroscopy serves as a powerful tool
for understanding the vibrational dynamics and defect
structures of CuO nanoparticles. The findings align with
prior studies that highlight the role of surface defects and
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lattice distortions in tailoring the properties of

nanomaterial (Tite et al. 2019).

The Raman spectrum shown in Fig. 5 exhibits
distinct peaks that correspond to the vibrational modes of
the monoclinic phase, confirming the structural integrity
of the CuO. A prominent peak observed at approximately
292 cm! is assigned to the symmetric Ay mode, which
corresponds to the Cu-O bond stretching vibrations.
Additional peaks, including a signal around 344 cm™' and
620 cm™!, are attributed to the By modes, representing
asymmetric vibrations in the lattice. These characteristic
modes validate the presence of the monoclinic phase and
confirm the structural purity of the synthesized CuO
nanoparticles.

The broadening of the Raman peaks,
particularly in comparison to bulk CuQ, highlights the
influence of quantum confinement effects and surface-
related defects that are inherent in nanostructures. These
broadened peaks also suggest a reduction in particle size,
as quantum effects become more pronounced in
nanoparticles.

3.5 UV-Vis Analysis

The UV-Vis spectrograph of CuO nanoparticles
shown in Fig. 6 reveals a strong absorption peak at 306
nm, suggesting a significant blue shift compared to that
of bulk CuO. This shift indicates a quantum confinement
effect due to the reduced particle size (Rehman et al.
2011). The bandgap energy, estimated from the Tauc
plot, was approximately 3.8 eV, demonstrating the
nanoscale-induced modification of electronic properties.
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Fig. 6: UV Visible absorption spectrum of CuO nanoparticles

The strong interaction with UV light suggests
the enhanced photo catalytic efficiency, making CuO
nanoparticles suitable for environmental and energy-
related technologies (Munawar et al. 2020).

3.6 FTIR Spectroscopic Analysis

The FTIR spectrum of CuO nanoparticles
reveals distinct vibrational modes, providing critical
information about the structural and chemical
characteristics of the material (Atri et al. 2023). A broad
band observed around 2972.31 cmYis attributed to
the stretching  vibrations, likely originating from
adsorbed water molecules or surface hydroxyl groups
(Fig 7). Such features are commonly associated with
nanomaterials synthesized in aqueous media or those
exposed to atmospheric moisture. These hydroxyl groups
can influence surface chemistry and interaction
properties, making them essential for understanding the
nanoparticle’s potential reactivity and stability in various
applications (Andualem et al. 2020).

The mid-wavenumber region, particularly the
peak at 1627.92 cm™, indicates the presence of surface-
adsorbed water molecules. This feature is commonly
observed in FTIR studies of metal oxide nanoparticles
and underscores the role of surface hydration in affecting
the materials catalytic and electrochemical performance
(Kamnev et al. 2021). Presence of these vibrational
modes confirms the expected chemical composition.

In the low-wavenumber region, the prominent
peaks at 530.42 cm™and 636.51 cm™ are characteristic
of Cu-O stretching vibrations, a signature of monoclinic
CuO. Additional peaks, such as those at 873.75cm-
Land 1006.84 cm, may correspond to lattice vibrations
or weak contributions from surface impurities. These
confirm the successful synthesis of CuO nanoparticles
(Alhalili, 2022).
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Fig. 7: FTIR spectrum of CuO nanoparticles
3.7 Nyquist Plot (GCD Analysis)

The Nyquist plot (Fig. 8) of CuO nanoparticles
recorded at a current density of 5 mA provides valuable
insights into their electrochemical behavior. The plot
features a prominent semicircular arc in the high-
frequency region, representing the charge transfer
resistance (Rc). The relatively large semicircle indicates
higher R, which reflects slower charge transfer kinetics
at the electrode-electrolyte interface. This behavior
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suggests moderate electronic conductivity under these
conditions.

At lower frequencies, the Warburg tail is
evident, signifying ion diffusion limitations in the CuO
nanoparticles. The slope of the Warburg tail highlights
moderate ion transport properties, which are critical for
optimizing the material's performance in electrochemical
applications (Kosmaca et al. 2023)

The findings from the Nyquist plot highlight the
current-dependent electrochemical performance of CuO
nanoparticles. The semicircular arc at high frequencies
decreases significantly under these conditions, indicating
enhanced charge transfer and reduced resistance. This
improvement in conductivity is further supported by the
reduced Warburg impedance observed at lower
frequencies, which signifies better ion transport through
the electrode material.
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Fig. 8: GCD analysis of CuO nanoparticles at 5 mA

These properties make CuO nanoparticles
highly promising for high-rate energy storage
applications. Overall, the electrochemical impedance
spectroscopy (EIS) analysis emphasizes the role of CuO
nanoparticles as efficient electrode materials due to their
low charge transfer resistance, improved ion diffusion,
and superior current-carrying capabilities (Aziz et al.
2017).

The cyclic voltammetry (Fig. 9) curves of CuO
nanoparticles, recorded at scan rates ranging from 50 -
100 mV/s, exhibit a quasi-rectangular shape, which is
indicative of excellent capacitive behavior. The broad
redox peaks observed in the CV curves point to faradaic
processes that correspond to the reversible redox
transitions of Cu?*/Cu*, confirming the pseudocapacitive
nature of the material. These pseudocapacitive properties
highlight the ability of CuO nanoparticles to store charge
not only via electrical double-layer capacitance but also
through electrochemical reactions at the electrode surface
(Kumar et al. 2022).
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Fig. 9: Cyclic voltammetry (CV) plot of CuO nanoparticles

As the scan rate increases, the area enclosed by
the CV curves expands significantly, reflecting the
material’s capacity to maintain high charge storage
performance even at elevated rates. This behavior
indicates rapid charge transfer kinetics and a high degree
of electrochemical stability. Importantly, the minimal
distortion in the shape of the CV curves at higher scan
rates underscores the stability of the electrochemical
processes occurring within the CuO electrode material.

The combination of excellent capacitive
behavior and stability under varying scan rates makes
CuO nanoparticles promising candidates for energy
storage devices (Ansari et al. 2023).

3.8 Electrochemical Impedance Spectroscopy
(EIS) Analysis

The Electrochemical Impedance Spectroscopy
(EIS) plot of CuO nanoparticles (Fig. 10) provides
critical insights into their electrochemical properties.
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Fig. 10: The electrochemical impedance spectroscopy (EIS)
plot for CuO nanoparticles
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The linear region in the low-frequency range
corresponds to the Warburg impedance, which relates to
ion diffusion within the electrode material. The moderate
Warburg impedance highlights reasonable ion transport
properties,  essential ~ for  maintaining  stable
electrochemical performance. Together, the low R and
moderate Warburg impedance suggest that CuO
nanoparticles exhibit superior charge transfer and ion
transport properties (Yu et al. 2020).

The kinetics of the irreversible reaction can be
defin ed using Laviron equation (Jasvinder et al. 2021)

as,
)toe (357) (5 ) oo

where, E® is formal redox potential, o is the
transfer coefficient, n-number of electrons transferred, k°
is the rate constant and v is scan rate.

RTk®
xnF

2.303RT
«nF

Ep=EO+( - ()

0.07

0.06

0.05

0.04

(A)

I

0.03
0.02

0.01

T T
50 60 70 80 920 100

v (MV/S)

Fig. 11:Plot of peak current vs. scan rate

-0.08 4

-0.10 4

R’=(0.9738
0.124

S 0.4
\-;
=
0.16
0.18
0.20 @
T T T ¥ T T T T T T
165 170 175 180 1.85 1.90 195 200
log v (MV/S)

Fig. 12: Laviron plot for CV curves of CuO nanoparticles
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The cyclic voltammetry plot reveals an anodic
peak, which points to the irreversible nature of the
electrochemical process occurring on the electrode
surface. This feature is indicative of faradaic reactions
associated with the active material's redox behavior.
Furthermore, the linear relationship (Fig. 11) observed
between the peak current and scan rate confirms that the
electrochemical process is adsorption-controlled. The
strong linear correlation between peak current and scan
rate highlighted the adsorption-controlled nature of the
electrochemical reaction. Using the Laviron equation
(Fig. 12), the rate constant for the irreversible adsorption-
controlled electrochemical process was calculated to be
0.9071x107 s7%, providing the electrochemical behavior
of the system obeys first order Kinetics.

4. CONCLUSION

This study provided an in-depth insight about
the physicochemical properties of CuO nanoparticles,
emphasizing their potential across various applications.
The XRD and Raman analyses confirmed the monoclinic
phase, high crystallinity, and structural integrity of the
CuO nanoparticles. The HRSEM and TEM
investigations revealed a porous structure and high
surface area, essential for enhancing catalytic and
electrochemical efficiency. UV-Vis spectroscopy
highlighted a significant quantum confinement effect,
with the nanoparticles exhibiting a widened band gap of
3.8 eV, further validating their suitability for
optoelectronic and photo catalytic applications.

Electrochemical studies strongly supported the
versatility of CuO nanoparticles in energy storage
systems. The Nyquist plot demonstrated low charge
transfer resistance, reflecting excellent conductivity and
stable ion diffusion. Cyclic voltammetry (CV) analysis
showed broad redox peaks and a quasi-rectangular
profile, confirming pseudo capacitive behavior. The
linear correlation between the peak current and the scan
rate confirms that the electrochemical process is
irreversible and adsorption-controlled. The rate constant
for the irreversible electrochemical process was
calculated to be 0.9071x1073 s™! using Laviron equation.
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