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Synthesis and characterization of Cu;O and CuO nanoparticles in
distilled water using electrochemical process
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The synthesis of metal oxide semiconductors has garnered considerable attention due to
their wide-ranging applications in fields such as electronics, optoelectronics, catalysis, and
photovoltaics. This study presents the synthesis of copper oxide nanoparticles (NPs) in
distilled water through a two-probe electrochemical process at varying applied voltages.
The synthesized copper oxide NPs exhibited a color spectrum from light to dark brown,
suggesting the formation of copper oxide in the distilled water. Preliminary observations
utilizing the Tyndall effect with a red laser light confirmed the colloidal nature of the
solution. Photoluminescence emissions highlighted the semiconducting properties of the
synthesized copper oxide NPs. The copper oxide NPs exhibited small size into quantum
dots (QDs) at lower applied voltages, whereas higher voltages produced larger sizes. The
appearance of ring-like patterns suggested a polycrystalline structure, which was further
corroborated by selected area electron diffraction analysis, confirming the crystalline
structure of CuyO at low voltages and CuO at higher voltages. This study, therefore,
demonstrates a straightforward method for synthesizing copper oxide using a two-probe
electrochemical process, with the potential to produce QD and NP structures by
modulating the applied voltage.
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1. Introduction

Metal oxide semiconductors (MOS) with notable conductive properties have been
extensively studied for diverse applications. Copper oxide is a particularly interesting MOS,
conventionally utilized in a wide range of fields, including sensors, catalysts, conductive materials,
water purification systems, energy storage devices, antimicrobial agents, and photovoltaics [1].
Copper oxide enhances these applications' efficiency, accuracy, durability, and response time.
However, the relatively large particle size of conventionally prepared copper oxide presents
challenges in controlling specific properties. Reducing the size of nanostructured materials is
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crucial to improving these properties, primarily by increasing surface area, which enhances
interfacial contact in various applications. Moreover, reducing the quantum dots (QDs) size
significantly improves electronic properties due to quantum confinement effects.

Several methods for preparing MOS NPs are available, including precipitation, microwave
irradiation, hydrothermal synthesis, photochemical techniques, and electrochemical processes
[2-6]. For instance, chemical precipitation was used to synthesize copper oxide NPs using the
green source Tragia involucrata L. for water purification [7]. The structural and optical properties
were characterized using various analytical techniques, revealing CuO monoclinic structures with
a particle size of 46 nm, Cu—O stretching vibrations, an energy band gap (Eg) of 1.40 eV, and
surface areas of 7.80 m%*/g with a pore size of 1.42 nm. The degradation efficiency of the CuO NPs
photocatalyst was 78% for rhodamine B degradation. Another study reported the preparation of
CuO-ZnO nanocomposites (NCs) using an electrochemical discharge process [8]. A copper rod
and zinc plate served as cathode and anode, respectively, immersed in different electrolytes (KOH,
NaOH, and NaNO3) for discharge at a constant voltage of 120 V. The average crystallite sizes were
14.33, 18.55, and 12.82 nm for NCs prepared in KOH, NaOH, and NaNOs electrolytes,
respectively. The morphology exhibited various shapes, such as NPs, clusters, pencil-like nanorods
(NRs), flowers, and rice-like structures. The Eg values were 3.06, 3.04, and 3.14 eV for NCs
discharged in KOH, NaOH, and NaNOs; solutions, respectively. Similarly, CuO/ZnO
heterojunction nanorod arrays were synthesized via a photochemical method [9]. The deposition of
a Cuz(NO3)(OH)s/ZnO precursor was carried out by immersing ZnO NRs into a Cu(NOs), solution
with UV irradiation, followed by annealing to form CuO/ZnO heterojunction structures. The
transformation was complete at an annealing temperature exceeding 241.3 °C. A well-aligned
(111) plane was detected, and good crystallinity with a plane distance of 0.232 nm was observed,
indicating the presence of CuO, which was further confirmed by X-ray photoelectron
spectroscopy. To achieve size reduction, the electrochemical process is an effective method for
synthesizing a variety of NPs and QDs, such as CeO, QDs [10], reduced graphene QDs [11], CdSe
QDs [12,13], nitrogen-doped carbon QDs [14], and MoS, QDs [15]. The electrochemical process
offers simplicity, scalability, and flexibility in tuning particle size by adjusting synthesis
parameters such as applied voltage, electrolyte type, and concentration. Additionally, it is a
cost-effective method requiring minimal initial resources.

This study aims to synthesize copper oxide using a homemade two-probe electrochemical
process in distilled water electrolytes. The goal is to produce copper oxide in small sizes by
modulating the applied voltage. The synthesized copper oxide QDs were characterized by their
scattering behavior, absorbance, photoluminescence (PL) emission, morphology, size, and selected
area electron diffraction (SAED) patterns. This approach highlights the electrochemical process's
potential to produce flexible and controllable copper oxide with tailored properties.

2. Experimental details

Pure copper rods, measuring 7 cm in length and 3 mm in diameter, were prepared by
initially cleaning them in acetone via ultrasonication for 20 minutes. The rods were then subjected
to repeated sonication in a solution of isopropanol and distilled water (1:1 volumetric ratio) for an
additional 20 minutes. Subsequently, the rods were dried using a nitrogen air gun. Two copper rods
were then immersed in a beaker containing 30 mL of distilled water, ensuring a constant separation
of 2 cm between the electrodes. Copper oxide NCs were synthesized through a homemade
two-probe electrochemical process by applying 2, 5, 10, 15, 20, and 25 V voltages, with each
condition maintained for 6 hours. Following the synthesis, the distilled water containing the
copper oxide was collected and stored in a glass bottle for further analysis.

The synthesized copper oxide was characterized using multiple techniques. The Tyndall
effect was initially examined using a red laser to observe scattering behavior. A UV-Vis
spectrophotometer (Varian, Cary 50, Xenon flash lamp) was employed to measure the absorbance
spectra. The measurements were taken across a wavelength range of 200-1000 nm with a
resolution of 1.0 nm. Photoluminescence spectroscopy (Horiba Scientific, FluoroMax+
SpectroFluorometer, ozone-free xenon arc lamp) was conducted to study excitonic emission
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behavior. Excitation was performed at 280 and 320 nm wavelengths, with emission wavelengths
monitored over a wide range of 300-750 nm at a resolution of 1 nm. Particle sizes were
determined using transmission electron microscopy (TEM; JEOL, JEM-2100Plus), and the images
were analyzed with Image-J software [16]. Additionally, selected area electron diffraction (SAED)
patterns were analyzed to determine the crystallographic structure.

3. Results and discussion

The photograph of copper oxide synthesized in distilled water for 6 hours using an
electrochemical process at voltages ranging from 2 to 25 V was presented in Fig. 1(a). A noticeable
color-change in the solution, from light to dark brown, occurs as the applied voltage increases.
This color shift is a key indicator of changes in the size, concentration, and distribution of copper
oxide particles. Preliminary investigations into the light scattering behavior of the copper oxide
were conducted using the Tyndall effect, with a red laser light source, as depicted in Fig. 1(b). The
observed intensities of the laser beam increased with higher applied voltages, suggesting that the
degree of scattering was influenced by the voltage, which caused the greater the number of
scattering centers, copper oxide colloids [17]. The color variation of colloidal suspension for
synthesized copper oxide in distilled water suggests changes in the concentration or particle size of
the copper oxide in the distilled water. It is well-known that in a pure solution, no scattering occurs
as there are no particles to obstruct the light path. Conversely, the colloids act as scattering centers
in a colloidal solution, altering the light path and rendering the beam's trajectory visible according
to the Tyndall effect observation. These observations suggest that the synthesized copper oxide
forms a colloidal suspension in distilled water [18], and the intensity of the observed laser beam
increases slightly at higher applied voltages, indicating enhanced scattering. The electrochemical
process used to synthesize the copper oxide was voltage-dependent, meaning that higher applied
voltages likely increase the rate of particle formation or influence the oxidation state, morphology
of the particles, and optical characteristics.

Fig. 1. Optical image of colloidal suspension of synthesized copper oxide in distilled water at different
applied voltages: (a) without and (b) with laser beam irradiation.

The absorbance spectra of copper oxide in distilled water were presented in Fig. 2,
measured over a wavelength range of 200-1000 nm. The absorbance spectra exhibited similar
patterns for all samples, with variations in intensity. The increase in absorbance intensity with
increasing applied voltage indicated that the voltage could control the synthesis conditions,
directly influencing the optical properties of the copper oxide. This is a critical observation in
colloidal chemistry that can influence the optical properties of the colloidal system in accordance
with larger scattering beam in the Tyndall effect. Notably, for the sample at an applied voltage of
25V, a significant increase in absorbance intensities was observed in the 200400 nm range. This
wavelength region corresponds to the UV-visible spectrum, where smaller particles typically
exhibit stronger absorbance due to surface plasmon resonance and electronic transitions [19-21].
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The enhanced absorbance in this region suggests that the synthesized copper oxide at higher
voltages not only has a greater concentration of copper oxide particles but also includes smaller
particles or a homogeneous distribution of particles that exhibit more pronounced optical effects at
shorter wavelengths [22].
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Fig. 2. Absorbance of synthesized copper oxide in distilled water at different applied voltages.

To further understand the excitonic emission of copper oxide, photoluminescence (PL)
was analyzed under excitation wavelengths of 280 nm and 320 nm, as illustrated in Fig. 3. PL is a
valuable technique for studying the optical properties of materials, providing insight into
electronic transitions and the E, of a material. In this case, the PL emission spectra for the two
excitation wavelengths demonstrated similar patterns, with no significant differences between the
two excitation conditions, as summarized in Table 1. The PL emission peaks occurring between
393 and 401 nm, which aligns with the expected emission from copper oxide [23]. The analysis
revealed that the copper oxide synthesized at an applied voltage of 2 V exhibited the highest PL
peak intensities. The PL intensity is often directly related to the characteristics of materials, as well
as the concentration of excitons (electron-hole pairs) that recombine to emit light [24]. The
exploration of the strongest PL emission peaks at a low applied voltage of 2 V suggests a high
recombination rate due to quantum confinement [7] in the copper oxide which is the nature of
small and independent particles. On the other hand, lower PL emission intensities were observed at
higher applied voltages. The red-shift behavior in PL emission peaks at higher voltages implies
more defects, possibly due to copper oxide aggregation caused by accelerated nucleation under
high applied voltage.
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Fig. 3. PL emission spectra of copper oxide in distilled water at different applied voltages under excitation
wavelength of (a) 280 nm and (b) 320 nm.
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Table 1. PL emission peak wavelengths of copper oxide.

PL emission peak wavelength )nm(
Applied voltage )V(
Excitation at 280 nm Excitation at 320 nm
2 393 393
399 398
10 397 399
15 397 398
20 401 400
25 401 393

High-resolution transmission electron microscopy (HR-TEM) was used to analyze the size
of the synthesized copper oxide, as shown in Fig. 4. Samples synthesized at 5 V, 15V, and 20 V
were selected to represent low, medium, and high applied voltages, respectively. HR-TEM images
revealed very small, spherical structures [25], with well-distributed dots at 5 V, while larger,
irregular shapes were observed at 15 V and 20 V. Image-J software was used for size
measurement, and the size distribution was plotted, as shown in Fig. 5. Copper oxide synthesized
at 5 V had an average size of 1.79 + 0.41 nm, classifying it as quantum dots (QDs) [12,26]. The
spherical morphology and narrow size distribution observed at 5 V indicate the well-controlled
nucleation and growth processes, which prevent the aggregation and promote the formation of
uniform small particle sizes. In contrast, the particle sizes increased to 6.26 + 2.28 nm and 5.85 +
2.02 nm at applied voltages of 15 V and 20 V, respectively, resulting in a lower surface area
compared to the condition at 5 V. These larger particles indicate that the synthesis process at high
voltages causes rapid particle aggregation and growth. The particle size analysis implies that
copper oxide with small size can be synthesized at lower voltages, while larger sizes form at
higher voltages. The crystalline structures of copper oxide were examined using selected area
electron diffraction (SAED) patterns to investigate phase formation, as shown in Fig. 6. The SAED
patterns revealed ring-like structures for all samples, indicating polycrystalline nature [27-29], for
the synthesized copper oxide QDs This polycrystalline structure is characteristic of materials
synthesized through electrochemical processes due to rapid nucleation and random growth
direction, resulting in multiple crystallization. Detailed analysis identified the crystalline structures
of Cu0 (JCPDs no. 5-0667) at lower voltages (5 V). The Cu,O is typically formed under milder
synthesis conditions and is associated with smaller particle sizes, which aligns with the QD
formation observed at this voltage. For the high applied voltage of 15 V and 20 V, the crystalline
phase shifted to CuO (JCPDs no. 48-1548). CuO formation is favored under extreme
electrochemical conditions because higher voltages promote the oxidation of copper to its higher
oxidation state (Cu’*"). The phase transformation of Cu;O to CuO with increasing voltage
correlates with the observed larger particle size and irregular morphology, as CuO tends to form
larger and more complex structures in comparison with Cu;O [30]. Thus, the low and high applied
voltages result in crystalline structures of Cu,O and CuO, respectively. This finding demonstrates
the controllable synthesis of Cu,O and CuO through the adjustment of applied voltage using a
simple two-probe electrochemical process. The presence of both phases at different voltage levels
demonstrates the versatility of the electrochemical process in tuning the material properties of
copper oxide.
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Fig. 4. HR-TEM images of copper oxide for applied voltages of (a) 5 V, (b) 15 V, and (c) 20 V.
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Fig. 5. The diameter of copper oxide for applied voltages of (a) 5V, (b) 15V, and (c) 20 V.
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Fig. 6. SAED patterns of copper oxide for applied voltages of (a) 5V, (b) 15 V, and (c) 20 V.

4. Conclusion

The copper oxide synthesized via a homemade two-probe electrochemical process in
distilled water displayed a color shift from light to dark brown, corresponding to different applied
voltages. Based on the Tyndall effect using a red laser light source, preliminary scattering
observations confirmed that the copper oxide formed colloidal suspensions. The absorbance
spectra exhibited similar patterns across samples, though with varying intensities.
Photoluminescence emissions further verified the semiconducting properties of the copper oxide.
HR-TEM analysis revealed an average particle size of 1.79 = 0.41 nm at the lower applied voltage
of 5V, with larger particle sizes observed at higher voltages. This result indicates that the size of
copper oxide QDs correlates directly with the applied voltage. SAED patterns exhibited ring-like
structures, suggesting the polycrystalline nature of the synthesized copper oxide. Crystalline phase
analysis identified Cu,O at low voltages and CuO at higher voltages. The study demonstrates that a
simple two-probe electrochemical process can be used to synthesize Cu,O and CuO QDs, with
tunable sizes based on the applied voltage. The ability to produce QD structures at lower voltages
may be advantageous for quantum confinement applications.
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