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ABSTRACT

The hydrothermal approach has been applied to the synthesis of cuprous oxide on a quartz substrate. For 12 hours at 100°C, different morphologies
of micro (50 um) and nano (30 nm) copper powder were examined at a concentration of roughly 0.1 g. Using a scanning electron microscope
(SEM), spherical and dendritic-like structures were formed for nano and micro particle sizes, respectively. The presence of cuprous oxide was
demonstrated by X-ray analysis, and under the aforementioned circumstances, UV-VIS spectroscopy was utilized to identify the characteristics of
the absorption band and band gap energy of cuprous oxide synthesis. The AFM method was used to study the surface topography for nano and
micro particle sizes. The composition of the prepared sample was examined using FTIR. A DC measurement was utilized to investigate the

electrical characteristics.

Keywords: Hydrothermal, Copper powder, Cuprous oxide, Spherical, Dendrite-like structure.

1. INTRODUCTION

Cuprous oxide (Cu,0) is a p-type semiconductor with a
direct band gap of about 2.17 eV and a reddish color.
Cuprous oxide crystals are highly significant due to their
uniform and controllable morphology, as well as their
optimized synthesis for various applications, owing to their
optical, magnetic, and electrical properties [1]. Cuprous
oxide is an intriguing material with a wide range of
applications. Among the various materials found in the
Earth's crust, Cu,0 stands out as unparalleled, low-cost,
non-toxic, abundant, and environmentally friendly.
Consequently, it has been extensively utilized in numerous
applications and research areas [2, 3]. Various methods
have been employed for the synthesis of cuprous oxide [4].
In 2002, Borgohain et al. [5] used an electrochemical
method for Cu,0 synthesis. Other techniques include laser
ablation [6], sol-gel [7], heat treatment [8], magnetron
sputtering [9], chemical spray pyrolysis [10], and the
hydrothermal method (HTM). The HTM involves a
formation mechanism where crystals are obtained through
reactions in water at specific temperatures and pressures
[11].

With the increasing demand for advancements in material
science, the hydrothermal method has emerged as a
promising new technology for preparing thin films. This
chemical synthesis technique has rapidly developed in
recent years, enabling the creation of innovative materials
and composites [12].

In a previous study [13], Cu,0 with three distinct branching
morphologies was synthesized using the hydrothermal

method with copper acetate and sodium tartrate at varying
concentrations and temperatures. Additionally, open-
hollow nanostructured Cu,0 was successfully prepared
through the same technique. The temperature and
Cetyltrimethylammonium Ammonium Bromide (CTAB) of
the detergent have an interesting role in preparing the
cuprous oxide (Cuz0) at 120°C for 24 h [14]. First, the
hydrothermal method was employed to synthesize cuprous
oxide (Cup;0) with a nanoflower-like structure,
approximately 230 nm in size. Copper acetate monohydrate
was used as the copper source, with glucose, at 140°C for 6
hours [15]. The flower-like structure of Cu,0 was obtained
in distilled water at temperatures ranging from 50 to 200°C.
This resulted in the development of a relatively simple and
inexpensive method for fabricating Cu,0 with a flower-like
structure [16]. A straightforward hydrothermal synthesis of
copper oxide was reported, with the final results showing
that the hydrothermal method (HTM) is significantly
influenced by the process time, detergent concentration,
and temperature [17].

The hydrothermal method was employed to create micro-
sized cuprous oxide using CuCl,, NaOH solution, ascorbic
acid (AH;) as the reductant, and CTAB. The resulting
product was six-cornered truncated octahedra, which were
obtained by increasing the molar ratio of NaOH to CuCl,
[18]. Additionally, rose-like Cu,O nanoflowers were
synthesized using the hydrothermal method with CTAB.
This approach was chosen to leverage the effects of CTAB
on the morphology of the nanoflowers and to enhance their
suitability for specific applications [19]. The aim of this
research is to develop a novel hydrothermal method,
incorporating layer-by-layer deposition, to create cuprous
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oxide with various morphologies. This method combines
deionized water, micro- and nano-sized copper powders,
and heating the mixture to approximately 100°C,
eliminating the need for special reagents. This approach
aims to reduce costs and simplify fabrication for a range of
applications.

2. EXPERIMENTAL SECTION

Optimization of the synthesis process was the prime target
of this study. 0.1 g of copper, with different grain sizes, was
mixed with deionized water of about 40 mL using a
magnetic stirring for one hour to obtain a homogeneous
precursor solution. After this period of time, the solution
was transferred to an autoclave lined with Teflon cells at a
temperature of about 100°C for the synthesis of Cuz0, layer
by layer. The first layer took 6 hours to form. The system
was then turned off and allowed to cool to room
temperature, followed by drying the film at temperatures
below 70°C. After one hour of stirring, the formation of the
second layer began, and the same procedure was repeated
to complete a total of 12 hours for the Cu,0 thin film. The
characteristics of the prepared thin film were evaluated
using X-ray diffraction (LabX XRD-6000) and UV-Vis
spectroscopy (Metertech SP8001 spectrophotometer). To
assess the optical, structural, and compositional properties
of the synthesized sample, a field emission scanning
electron microscope (Inspect F50) operated at 30.0 kV was
employed. Atomic force microscopy (AFM) was conducted
using the AFM TT-2 (AFM Workshop, USA), while the
electrical characteristics of the prepared samples were
measured with a Keithley electrometer. Additionally, the
characteristics of the thin films were analyzed using Fourier
transform infrared spectroscopy (FTIR Spectrum Two,
PerkinElmer, USA).

3. RESULT AND DISSCUSION

3.1. X-Ray

The structural properties and particle size of the
synthesized Cu,0 were investigated using X-ray diffraction.
The X-ray diffraction results plot the intensity of the signal
against various diffraction angles, measured at their
respective 20 positions. These 26 positions correspond to
specific spacings between crystals or atoms in the sample
[20], determined by the angle of diffraction from the
incident X-ray beam interacting with the sample. The
intensity of the peaks is indicative of the quantity of
molecules or crystals with that particular spacing [21]. A
higher peak intensity signifies a greater quantity of crystals
or molecules with the same spacing. The typical X-ray
diffraction pattern of the synthesized Cu,0 is shown in
Figure 1.

Figure 1 displays the emission peaks for copper nano
powder. The diffraction peaks are observed at
approximately 26 values of 36.3° 42.2° 61.3° and 73.6°,
corresponding to the (111), (200), (220), and (311) planes,
respectively.
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Figure 1. X-Ray for copper nano powder using in hydrothermal
technique to obtain Cu20.

These peaks are attributed to the presence of Cu,0, with d-
spacings of 2.4, 2.1, 1.5, and 1.2 A, and confirm a cubic
structure, as indicated by the standard JCPDS file no. 99-
0041. Therefore, the growth rate of the crystals of Cu,0
increases progressively along the directions of these planes.
The 20 values at 43.2°, 50.4°, and 89.9° correspond to the
(111), (200), and (311) planes, respectively, indicating the
presence of copper with d-spacings of 2.0, 1.8,and 1.0 A. The
position and intensity of these peaks align well with the
values reported in the reference code 03-065-3288. The
crystal size for Cu,0 was estimated to be approximately
13.4 nm, determined using the Scherrer equation [22]:

D = KA/ cos@O (0

where, K is the Scherrer constant, which ranges from 0.68
to 2.08 depending on the particle shape, with a typical value
of 0.94 for spherical particles with cubic symmetry. (3
represents the full width at half maximum (FWHM), A is the
wavelength of the X-ray, which is 1.54 A for CuKa radiation,
and 6 is the diffraction angle obtained from the X-ray
measurement [23].

When crystals are formed at 100°C for 12 hours, the
preferential adsorption reduces the surface energy of the
bound planes and inhibits crystal growth perpendicular to
these planes [24]. Figure 2 displays the X-ray diffraction
analysis of copper micro powder, with diffraction peaks
appearing at 22.1°, 38.0°, 43.4°, 50.4°, 61.3° and 73.7°. The
crystal size, determined using the Scherrer equation, was
approximately 23.4 nm.
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Figure 2. X-Ray for copper micro powder

Figure 2 also shows the X-ray diffraction analysis for copper
micro powder. The diffraction peaks at 22.1° and 38°
correspond to CuO, with d-spacings of 4.0 and 2.4. The
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peaks at 61.3° and 73.7° are attributed to Cu,0, with d-
spacings of 1.5 and 1.2. Additionally, the peaks at 43.4° and
50.4° are associated with copper powder, with d-spacings of
2.0and 1.8.

The broadening in the peak can be attributed to the atomic
position change which resulted from strain [25]. In another
study, it was reported that as particle size increases, the full
width at half maximum (FWHM) decreases. Thus, the
overall peak broadening results from a combination of
strain and particle size effects. For nanoparticles, the
particle size determined using the Scherrer equation is
smaller than that for microparticles, resulting in narrower
peak broadening compared to micro powders [26].
Williamson Hall studied the reason behind the width of the
peak, and he attributed that to the strain, as elucidated in
Figure 3 a, b.
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Figure 3. Effect of the strain and particle size on the broad: (A)
for nano powder (B) for micro powder.

where Bcos6/A was plotted with respect to 2sinf/A for the
peaks of copper powder which was used for the formation
of cuprous oxide. Particle size and strain are determined
from the y-axis intercept and the slope of the fitted line.
Strain might have occurred due to lattice shrinkage, as
indicated by the lattice parameter calculations. The y-axis
intercept of the straight line represents the reciprocal of the
crystal size. As shown in Figure 3, the crystal size is
approximately 21 nm for nanoparticles and 34.2 nm for
microparticles, which is consistent with the results
obtained from the Scherrer equation [27].
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3.2. Scanning Electron Microscope (SEM)

In the hydrothermal method, copper powder was initially
used as the precursor for synthesizing cuprous oxide. Cu,0
crystals grew randomly at a low hydrothermal temperature
(approximately 100°C) on a quartz substrate over 12 hours,
resulting in spherical nanoparticles, as shown in Figure 4.
The morphology of the products is highly dependent on
temperature, time, and other parameters of the
hydrothermal treatment during the synthesis [28].

det pressure WD - 3 pm

12/13/2022 HV mag
10:16:14 AM 30.00 kV 30 000 x ETD 1.15e-2 Pa 10.0 mm

inspect f 50-FEI Compan: .
Figure 4. SEM image for copper nano powder at different
scales (A) at 10pm (B) at 3um.

Spherical nanoparticles of Cu,0 accumulated to form
polycrystalline structures with a rough external surface. As
particles accumulated layer by layer on the quartz
substrate, effective nucleation increased the thickness of
the thin film. In cuprous oxide (Cu,0), the amount of copper
(Cu+) is approximately twice that of oxygen (02-). The
crystal lattice varies across different planes, with different
surface atom arrangements: the (100) plane represents a
polar surface, while the (111) plane is nonpolar. During the
formation of cuprous oxide, nuclei were formed, and the
desorption and adsorption of ions on different Cu,0 planes
influenced the crystal growth direction and the shape of the
resulting particles [29]. Figure 5 shows the EDX and the
exploited area with different colors for the thin film of
copper nano powder. As shown in Figure 5, the presence of
silicon can be attributed to the quartz substrate, which
contributes to the undeveloped space in the sample.
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Figure 5. EDS for copper nano powder with the map plot.

Furthermore, Figure 5 shows a map plot where green
indicates the presence of oxygen in the sample, and purple
represents copper. The amount of oxygen is lower than
copper, which aligns with the formation of cuprous oxide
where two copper atoms are paired with one oxygen atom.
This explains the presence of copper nanoparticles
observed in the XRD analysis. For the copper micro powder,
the hydrothermal synthesis produced a dendrite-like
structure, as shown in Figure 6.
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Figure 6. SEM image for copper micro powder(a)at 10um (b)
at 4um.

Controlling the shapes of crystals is highly interesting due
to various factors, such as bonding, surface energy, and
electronic structure, which are strongly related to the
resulting morphology [30].

The behavior of dendrite-like Cuz0 crystal growth indicates
that dendrites form in a stirred electrolyte, while octahedral
structures are observed in a static electrolyte. The
morphological properties are influenced by the transfer of

Cuz+ ions. The depletion area around the Cu2+ nuclei is
disrupted, and under hydrothermal conditions, a face-
centered cubic (FCC) Cu lattice forms due to the deposition
of Cuz+ ions. The lattice expansion corresponds to the
formation of a cuprite Cuz0 lattice, where oxygen atoms
diffuse into the copper lattice. As a result, the structure of
the cuprous oxide (Cuz0) crystal enhances the dendritic-
like structure and influences the growth direction of the
dendritic branches [31]. With less nucleation on the
substrate surface, the thickness of the thin film is lower
compared to that of the nano powder. The particles
accumulated on the substrate, leading to a reduced
presence of copper relative to the oxide. Figure 7 illustrates
the particle aggregation, and the map shows regions of
oxygen, copper, and silicon. The high concentration of
silicon is likely due to the quartz substrate, which
contributes to the low film thickness and reduced growth
rate on the substrate.
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Figure 7. EDS for copper micro powder with the map plot.

3.3. UV-VIS Spectroscopy

The optical properties and band gaps of the prepared
samples are obtained from a UV-VIS spectrophotometer
[32]. The UV-VIS spectrum reveals a transmittance peak for
the spherical-like cuprous oxides (Cuz0) prepared using
copper nano powder, as shown in Figure 8.
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Figure 8. UV-VIS for copper nano powder

The absorption peak for copper nano powder appears at
470 nm. This band is attributed to the band-to-band
transition of the Cu-oxide nanocrystals suspended in water.
It may also be related to the small particle size and the
associated energy gap [33]. The transition peak for the
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dendrite-like structure of copper micro powder is shown in
Figure 9. The first peak at 456 nm is attributed to the
presence of Cu,0. Peaks at 727 nm are ascribed to the
presence of Cu/Cu,0/CuO on the surface of the synthesized
material. These peaks correspond to the formation of the
CuO phase, as indicated by the XRD analysis [34].
Interestingly, this feature has been previously observed,
where these bands progressively red-shift to the near-
infrared (NIR) region as the nanomaterial diameters
increase. The results suggest that this additional absorption
feature is related to light scattering by larger Cu,O
nanoparticles, with dimensions on the order of hundreds of
nanometers, similar to copper micro powder [35]. Figure 9
shows UV-VIS measurement for copper micro powder.
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Figure 8. UV-VIS for copper micro powder.

The optical band gap value was calculated based on the
electron transition from the valence band to the conduction
band, which corresponds to the absorption peak. The
relation between the absorbance coefficient (a) and the
incident photon energy(hv) is written as [36].

ahv = A (hv—Ey)" (2)

where, A is a constant, hv is the photon energy, Eg is the
energy gap, and n is the transition. The band gap estimated
for the copper nano powder is about 2.5 eV, and the
decrease in the particle size resulted in an increase in the
band gap. The quantum confinement effect takes place
when the particle size of nano-crystals decreases to become
smaller than the Bohr radius of the electron-hole pair. On
the other hand, for copper micro powder, the band gap is
about (2 eV). As the wavelength increases, the band gap
decreases, which indicates a reduction in the absorption
peak and an increase in transmittance.

3.4. FTIR Measurement

FTIR measurement was conducted to study the
compositional and chemical characteristics of the prepared
Cu20 [37]. Figures 10 and 11 display the FTIR spectrum of
the prepared samples for nano and micro copper powder,
respectively, over the range of 400 to 4000 cm-1.
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Figure 9. FTIR spectrum for copper nano powder.

The functional bond was observed at different positions,
while the absorption band at 3385 cm? showed a
symmetric or asymmetric stretching of O-H bonds, which
might have been caused by the presence of water [38].

The vibrations peaks at 2917 cm-1 represent the presence of
Cuz20, while at 2353 cm-! they were observed as a result of
the presence of atmospheric COz [39]. Metal-oxygen (Cu-0)
bonds can be seen at 1644, 1543, 1454 cml. The Cu20
stretching bond can also be seen at 626 cm, revealing the
presence of a metal oxide group in the sample. This data is
obtained in order to analyze the absorption level at each
wavelength [40].

(o]
~
1

[(e] [(e]
[&)] [¢]
1 1

1644 |[1454 1046

(e}
S
1

(o]
w
1

[(e]
N
1

2357

Transmittance (%T)

(o]
=
1

©o
o

3000 2000 1000

Wavenumber (cm™)

4000

Figure 10. FTIR measurement for copper micro powder.

Most of the functional groups in Figure 11 display similar
characteristics to those in nano copper powder, with some
differences. Notably, the 3385 cm! bond is absent in the
FTIR measurement for copper micro powder. Additionally,
the absorption intensity increases for copper nano powder,
indicating the presence of more specific bond numbers at
particular wavenumbers. The peaks at 1046 and 3430 cm-!
are attributed to the presence of the CuO phase in the
sample prepared using copper micro powder. This result
supports the findings obtained from XRD.

3.5. Atomic Force Microscope (AFM)

This technique was employed for the investigation of
surface morphology and consequently the effect of the
formation technique on the quality of the thin film surface
[41]. Topographical properties, such as average grain size,
surface roughness, and root mean square (RMS) of the
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samples of Cuz0 thin film deposition on a substrate were all
investigated by atomic force microscopy (AFM).
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Figure 11. (A) AFM measurement for copper nano powder (B)
histogram

Figure 12 elucidates the topography of the sample prepared
by the hydrothermal method using copper nano powder at
(100°C). The figure also shows that there is a bright and
dark region which explains the difference in the roughness
of the surface. The particle size of copper nano powder is
smaller than copper micro powder, but the thickness of the
thin film, which was measured using laser measurement, is
found for copper nano powder to be about 190 nm, while
for copper micro powder, it is about 158 nm. This may be
due to the better nucleation of particles on the substrate.
This suggests that one of the main advantages of
hydrothermal methods is the ability to use particles as
seeds, either in the form of thin films or nanoparticles, to
direct the growth [42]. The root mean square (RMS) is
defined as the square root of the distribution of surface
height, and it is considered to be more sensitive than the
average roughness for large deviations from the mean
line/plane. The value of the root mean square for copper
nano powder is about 3 nm, and for copper micro powder,
it is about 6 nm. This can be attributed to the particle size.
The roughness of the surface for copper micro powder is
slightly less than for copper nano powder, as shown in
Figure 13.
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Figure 12. (A)AFM measurement for copper micro powder
(B) histogram

The surface roughness for copper nano powder is about 2.3,
while for copper micro powder, it is about 4.9. The increase
in surface roughness for copper micro powder is due to the
larger particle size compared to the copper nano powder.
The grain size, as determined from AFM, was 14.5 nm for
copper nano powder and 30 nm for copper micro powder,
respectively.

3.6. Electrical characteristic and Figure of Merit

Similar to DC characteristics, the electrical characteristics of
the film may support the thin film application [43]. In the DC
measurement, the current passes through the sample via an
electrode with a width of 1 cm, a spacing of about 3 mm
between electrodes, and a film thickness of 190 nm for the
copper nano powder and 158 nm for the copper micro
powder. To clarify the electrical properties of the thin film
prepared by the hydrothermal method using copper nano
and micro powders, resistivity was measured as a function
of temperature in the range of 40-150 °C, as shown in Figure
14.
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Figure 13. Electrical resistivity as a function of the
temperature.
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The resistivity of the prepared sample decreases as the
temperature increases, indicating that conductivity
improves with rising temperature due to the formation of
semiconductor Cu,0. The data in Figure 14 suggests that the
sample exhibits typical semiconductor behavior, where an
increasing number of thermally activated charge carriers
can overcome the energy barrier and contribute to
electrical conduction as the temperature rises. Notably, all
known superconductors with critical temperatures above
40 K share a structure based on square-planar-coordinated
Cu-O sheets. This fact has sparked significant interest in the
behavior of carriers within Cu-0 planes, which are believed
to be responsible for superconductivity, as well as in the
electronic interactions within simple copper oxides [3, 44,
45]. The conduction mechanisms were found to follow the
well-known Arrhenius' equation:

6 = 6o (—E./KpT) (3)

where, 0 is the pre-exponential factor, Ea is the activation
energy of electrical conduction which corresponds to the
minimum energy required for conduction from one site to
another and undergoes physical transport, T is the absolute
temperature, and KB is the Boltzmann constant. The
activation energy (Ea) of the DC conductivity is calculated
from the slopes of the two linear parts of the In (EEA)
versus 1/T plot, as shown in Figure 15.
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Figure 14. The electrical characteristic (a) activation energy from
In o: for copper nano powder and (b) the activation energy from
In o for copper micro powder.
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The figure of merit was used to evaluate the performance of
a method or system relative to its alternatives. This was
done by determining the appropriate figure of merit for a
specificapplication. To assess the suitability of the prepared
films for optoelectronic devices, both electrical conductivity
and visible light absorption were measured. These
parameters are collectively known as the figure of merit
(), which is estimated by applying the equation in [46]:

¢ = 1/ p Ln(Tapa) (4)

where, p is the electrical resistivity measured based on the
Dc measurement, and T is the transmittance average from
400-800 nm using UV-VIS measurement. The figure of merit
for copper nano powder is about 0.0048, while for copper
micro powder, itis about 0.0007. This indicates that copper
nano powder is better than copper micro powder in many
applications [47].

4. CONCLUSION

Copper nano and micro powders, using only deionized
water, were employed to synthesize cuprous oxide via the
hydrothermal method, with different particle sizes for each
powder. X-ray diffraction (XRD) measurements revealed
that monoclinic Cu,0 crystals were formed, with the copper
nano powder producing particles around 13.4 nm in size,
while the copper micro powder resulted in particles
approximately 23.4 nm in size. SEM analysis revealed the
presence of both spherical and dendrite-like cuprous oxide
structures. Additionally, EDS indicated varying proportions
of copper and oxygen in the copper nano powder, which
explains the higher percentage of cuprous oxide observed
in the X-ray measurement. In contrast, for the copper micro
powder, the amount of copper was much lower than oxygen,
resulting in a reduced presence of cuprous oxide in the X-
ray measurement. The UV-VIS absorption peak further
confirmed the existence of copper in the form of oxides. The
UV-VIS spectroscopy measurement is in agreement with the
quantum confinement effect (QCE). As the particle size
decreases the energy gap increases. The band gap for
copper nano powder is about 2.5 eV, and for copper micro
powder, itis about 2 eV. FTIR measurements elucidated the
chemical composition and bond presence on the film
surface, indicating the presence of metal oxide and Cu,0
stretching bonds with high intensity for the copper nano
powder. AFM analysis depicted the surface topography,
showing a high nucleation rate for copper nano powder. The
figure of merit measurement is a crucial factor in selecting
the best material for a specific application, and the copper
nano powder demonstrated a higher value.
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