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In recent years, significant research has been done on semiconductor heterostructures to
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produce hydrogen by water splitting. The absorption of wvisible light and

photoelectrochemical properties of CuO thin film are enhanced by the selenization. The
selenization of CuO thin film is done by chemical vapor deposition (CVD) at various
temperatures. The structural properties of the prepared samples were characterized by XRD,
and the morphological properties of the prepared film were characterized by scanning electron
microscopy. Optical properties reveal that the bandgap was decreased by increasing the
selenization temperature. The solar light to hydrogen conversion efficiency of the CuSe-
500°C, CuSe-600°C, and CuSe-650°C films were estimated by using three-electrode cells. It
was noticed that CuSe-650°C showed much better STH% compared to pristine CuO thin film.

Keywords: Semiconductor Heterostructures, Hydrogen Production, Morphological Analysis,
Three-Electrode Cell, Cuse-500°C, Cuse-600°C, Cuse-650°C
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Introduction:

The rapid pace of economic development, coupled with a growing global population,
has significantly escalated energy demand, presenting a serious threat to human sustainability.
In addition, there has been a significant rise in greenhouse gases in the atmosphere as a result
of the widespread use of fossil fuels and industrial waste [1]. The use of renewable energy
sources like wind, solar, and tidal energy has enormous promise for future populations. The
quantity of solar energy on Earth and its lack of danger make it the most attractive of them
[2].

Hydrogen is a desirable, environmentally benign fuel that may be used for a number
of purposes, including heating, driving vehicles, and material recycling. Its high energy density
and compatibility with both internal combustion engines and fuel cells make it a promising
alternative to fossil fuels, positioning it as a key component in the future of emission-free
transportation [3][4][5]. In addition, a number of water-splitting technologies have been
discovered, including electrochemical, thermochemical, photocatalytic, photoelectrochemical
(PEC), and biohydrogen production. One of them, PEC water splitting, converts solar energy
into hydrogen, which may subsequently be utilized for a variety of other energy-related
applications [6]. Photoelectrochemical (PEC) water splitting is considered one of the most
promising technologies for hydrogen production due to its inherent safety, non-toxicity, and
the clean nature of its reaction, which produces only pure hydrogen and oxygen without any
harmful byproducts [7].

The current global energy consumption stands at approximately 18.5 terawatts (TW),
and this demand is expected to rise further in the future as a result of ongoing industrialization
and population growth. In 2050, the demand is predicted to increase to as much as 50 TW [8].
These gases into the atmosphere, raising concentrations of greenhouse gases, which warms
the Earth's climate and has an influence on environmental change (carbon dioxide, methane,
nitrous oxide). It is clear that carbon dioxide has just recently entered the atmosphere, and
human activity is causing it to increase, which has an impact on the environment. The most
effective way to reduce carbon dioxide emissions and reduce the consumption of fossil fuels.
The photocatalytic activity of any metal oxide can be significantly improved through
nanostructuring and by enhancing its ability to absorb solar light [9]. Nanostructures offer a
higher surface area, making them a promising approach to boosting photocatalytic efficiency
[10][11].

According to reports, semiconductors with hierarchical hollow shells, mesoporous
thin films, and nanocrystalline thin films have superior photocatalytic activity compared to
bulk semiconductor material [11]. To assess the materials' capacity for photocatalysis,
nanoporous and nano flask CuSe and assessed for the photocurrent density. The nano-
structuring of CuSe was found to significantly enhance photocurrent density, highlighting the
improved performance of the nanoporous and nanoflask morphologies.

Photoelectrochemical water splitting is the most important process to produce
hydrogen from water via solar energy. A Photoelectrochemical cell is based on the translation
of light energy into electricity in the form of hydrogen within a cell involving two electrodes
[12][13]. In this setup, one electrode functions as the cathode while the other serves as the
anode. Among these, one must act as the photoelectrode, meaning it responds when exposed
to direct sunlight. In this study, a photoanode is used, which is composed of a semiconductor
material capable of absorbing light and initiating the photoelectrochemical reaction upon
illumination. [13].

The solar-to-hydrogen (STH) efficiency of photocatalytic water splitting has remained
low, primarily due to limited light absorption and sluggish oxidation reactions. To enhance
STH efficiency, this study aims to utilize a clean water-splitting catalyst that effectively
harnesses sunlight [14]. The type of solar cell or photocatalyst employed, the wavelength and
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intensity of the sun's radiation, and the water-splitting processes are some of the variables that
affect STH efficiency. Higher efficiency in the system results in greater conversion of solar
energy into hydrogen [14][15][10].

Literature Review:

Nanostructured CuO thin films are fabricated using thermal evaporation followed by
annealing. Structural, optical, and morphological changes induced by the annealing process are
analyzed using X-ray diffraction (XRD), UV-Visible absorption spectroscopy, atomic force
microscopy (AFM), and field emission scanning electron microscopy (FESEM). These
changes are further correlated with the films' photocatalytic performance. Thermal annealing
results in notable changes in the morphological, optical, structural, and photocatalytic activity
of nanostructured CuO thin films. CuO nanoparticles are produced using thermal annealing,
and when the annealing temperature is raised to 600°C, the average size of the CuO
nanoparticles rises from 23nm to 293nm [17].

The formation of an abundance of materials with varied and adaptable electrical,
optical, and chemical characteristics has led to an increase in research interest in two-
dimensional (2D) materials. Moreover, heterostructures based on 2D materials that combine
numerous distinct 2D materials offer special platforms for the creation of an almost unlimited
variety of materials, as well as the demonstration of novel physical phenomena, features, and
applications [18]. To meet these high standards, techniques for the scalable preparation of
high-quality, inexpensive 2D heterostructures and 2D materials are needed. Despite some
initial ongoing difficulties, chemical vapor deposition (CVD), a potent technique that may
satisfy the aforementioned criteria, has been widely employed to build 2D materials and
associated heterostructures in recent years [19]. In this study, the current developments in the
controlled growth of single-crystal 2D materials, with a focus on semiconducting transition
metal dichalcogenides, are assessed in an assessment of the difficulties in the CVD formation
of 2D materials [20].

The author reported that cuprous oxide is one of the possible active layers for solar
systems based on semiconductor oxides (Cu2O). This oxide semiconductor exhibits a variety
of desirable properties that are advantageous for the construction of solar cells, including
affordability, minority mobility of carriers, and diffusion length are also large, as is the
absorption coefficient and direct energy gap. This article presents the findings from optical
and structural investigations of Cu,O thin films formed by thermal vacuum evaporation of
CuO powder. The structural and optical properties of Cu,O films are studied as a function of
deposition velocity [21].

The author mentioned the structural, optical, and electrical characteristics of copper
selenide thin films (0.05-0.25pum) made in chemical baths with sodium selenosulfate or N, N-
dimethylselenourea as the selenide ion source. The films produced by baths containing sodium
selenosulfate appear to have a cubic structure similar to that of berzelianite, Cuz.Se with
x=0.15. The films are partially converted to CuSe by annealing them at 400°C in nitrogen.
The XRD patterns of the films made from baths containing dimethylselenourea correspond
to those of klockmannite, CuSe. The XRD patterns of films prepared from baths containing
dimethylselenourea correspond to the klockmannite phase, CuSe. Upon annealing in nitrogen
at 400 °C, selenium is lost, resulting in the formation of a copper-rich composition such as
Cuz_xSe [22].

Obijectives:
e CuSe thin films are deposited via chemical vapor deposition (CVD) and water splitting.

e To determine how selenization temperature (500°C, 600°C, and 650°C) affects the
structural, morphological, and optical aspects of CuSe thin films.
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e To assess the photoelectrochemical (PEC) performance of CuSe films in terms of
photocurrent density and solar-to-hydrogen conversion efficiency.

Novelty:
To synthesize CuSe thin films, this study utilizes a unique technique that combines water
splitting with the selenization of CuO films by CVD. Unlike most previous studies, which
focus on either CuO or CuSe, this work systematically investigates how changing the
selenization temperature affects film characteristics and increases hydrogen production
efficiency. The determination of the ideal processing temperature (650°C) for best PEC
performance provides a realistic approach to improving solar hydrogen generation.
Research Methodology:
Growth of the Cu Layer by Thermal Evaporation:

CuO thin films were initially deposited using the thermal evaporation method.
Following this, CuSe films were developed through a chemical vapor deposition (CVD)
process. Before film deposition, the resistivity of the ITO substrates was measured using a
multimeter to ensure suitability. The glass substrates were then mounted onto the substrate
holder positioned at the top of the vacuum chamber lid in the thermal evaporator.
Subsequently, high-purity copper oxide powder (99.98%) obtained from Sigma-Aldrich was
loaded into a tungsten boat positioned at the bottom of the vacuum chamber. Once a vacuum
level of 107 mbar was achieved in the chamber, the power supply of the transformer was
switched on, and the current was applied. As the tungsten boat was heated, the pure copper
oxide powder inside began to evaporate and subsequently deposited onto the surface of the
substrate.

Growth of the CuSe layer by Chemical Vapour Deposition:

The thin layer of CuSe was prepared in a single-zone horizontal quartz tube furnace.
An alumina boat was taken and filled with pure selenium powder obtained from Sigma-
Aldrich. The CuO thin film was used as a substrate, as a layer of selenium was to be deposited
on it to form CuSe. A rotary van pump was connected to the tube furnace of the CVD to
create a vacuum up to 10> mbar. As selenium powder statts to evaporate, we supply the argon
gas from the gas cylinder for 20 minutes into the tube furnace as a carrier gas, and the
evaporated selenium is deposited on the substrates. We achieve a very fine thin film of CuSe.
The deposited films were annealed at varying temperatures (500°C, 600°C, and 650°C) in a
vacuum tube furnace to enhance crystallinity and optimize band alighment.

The structural properties of the materials were determined by XRD. The samples were
analyzed using a Bruker D2 Phaser X-ray diffractometer to study their structural properties.
XRD pattern provides information about the phase and purity of the sample. The crystallite
size of the prepared samples was also estimated using the Debye—Scherrer formula. The
surface morphology of CuSe films was investigated using an SEM with a 5 kV accelerating
voltage and an 8 mm working distance. The secondary electron detection technique was used
with a 10 ps stay period per pixel. SEM is based on the interaction of an electron beam with a
sample's atoms at different depths and reveals the information in the signal form
(backscattered electrons, secondary electrons, x-rays, etc) that gives information about the
sample’s surface composition and topography. A spectrophotometer is an optical instrument
used to measure the absorbance and transmittance of a sample at different wavelengths when
a beam of monochromatic light passes through it. In this work, a Cary 60 UV-Vis
spectrophotometer was used, operating in the wavelength range of 200 to 800 nm. A clean
glass substrate was used for baseline correction, and spectra were recorded at 1 nm resolution.
A spectrophotometer is based on Beer and Lambert’s Law, which states that the amount of
light absorbed by a sample is directly proportional to the concentration and the path length
(thickness) of the sample. The photoelectrochemical cell consists of three main parts. The
working electrode is made of a semiconductor (photoanode), and the reference electrode is
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made of platinum and water, which is an electrolyte (KCl, Na,SOy). The photoelectrochemical
(PEC) cell consisted of an electrolyte-filled chamber with two electrodes immersed in it. The
CuSe and pure CuO thin films behave like a working photoanode with a 0.5M solution of
KOH serving as the electrolyte. The scan rate was set at 100mV /s with a starting voltage range
of 1.0V to +1.0V to obtain the J-V graph using Linear Sweep Voltammetry under dark and
light conditions. The following formula is used to measure photocurrent density.
Photocurrent density = Jphoto = Jlight — Jdark (1)

ITO Substrate Preparation

Measurement of Substrate Resistivity
(using multimeter)

Deposition of CuO Thin Films
via Thermal Evaporation

Selenization of CuO At 500°C At 650°C
Films to Form CuSe

via Chemical Vapor
Deposition (CVD)

Annealing of Deposited Cu5e Films
(to enhance crystallinity)

Characterization of Films:

XRD (Structural Analysis)
SEM (Morphological Analysis)

UV-Vis Spectroscopy
(Optical Bandgap)

Photoelectrochemical (PEC)
Measurements:

PEC Cell Setup with 3 Electrodes
lllumination using 100 mW/cm?
Light Source

Measurement of Photocurrent
Density & STH Efficiency

Figure 1. Flow Diagram of Methodology
Results and Discussion:
Structural Analysis:

Figure 2 shows the XRD pattern of CuSe annealed at 500 °C. Figure 2.1(a) displays
diffraction peaks located at 20 wvalues of 24.15°, 27.07°, 31.13°, 46.48°, and 55.70°,
corresponding to the (101), (102), (006), (110), and (116) crystal planes, respectively. All
diffraction peaks were well matched to the (JCPDS card no. 34-0171). The XRD pattern of
the CuSe-600°C Figure 2(b) shows the diffraction peaks located at 20= 23.92°, 27.18°, 30.90°,
46.73°, and 55.58° which cortrespond to the (101), (102), (0006), (110), and (1106) crystal planes,
respectively. All diffraction peaks are well matched to the (JCPDS card no. 34-0171) [23]. The
XRD pattern of the CuSe-650°C Figure 2(c) shows the diffraction peaks located at 26= 24.03°,
31.02°, 46.49°, and 55.70° which correspond to the (101), (0006), (110), and (116) crystal planes,
respectively. The CuSe thin films developed at 500 °C, 600 °C, and 650 °C exhibited a
hexagonal crystal structure. The crystallinity of the films was improved with an increase in film
thickness.
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Figure 2. Represents the XRD patterns of CuSe-500 °C (a), CuSe -600 °C (b), and CuSe -

650 °C (c) thin films

Morphological Properties:

The morphological properties of the CuSe thin films prepared at 500°C, 600°C, and
650°C are measured by scanning electron microscopy (SEM). The surface morphology of the
CuSe film prepared at 500°C examined by SEM is shown in Figure 3 (a) and (b) with the
resolution of Tpm and 200 nm, respectively. The images clearly show that the film has a
granular structure, and agglomeration of particles is also observed. SEM image depicts that
the surface almost looks smooth and no creaks, voids, or empty spaces are present. It shows
that the particle size lies in the range of 100 nm to 200 nm. The microstructure of the films
was significantly affected by the annealing temperature.

CuSe-500°C CuSe-500°C

200nm

» 4
WO=350mm  EHT=20000V  SgralA=C2DX ﬁ 20mm W= 90mm  EHT=2000k/  SgealA=C20X
Time 151701

ony Mgz 500KX  Width=2287pm Mage 1600KX Widh=7.146pm Time 151131

Figure 3. SEM images for CuSe-500°C thin film at 1pm and 200nm resolutions
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The surface morphology of the CuSe film at 600°C examined by SEM is shown in
Figure 4 (a) and (b) with the resolution of 1um and 200nm, respectively. SEM images revealed
that the film is smooth, and at some point, we can see the agglomeration of particles on the
surface of the CuSe thin film. Therefore, the surface of the CuSe film appears smoother
compared to the CuSe-500 °C sample, due to selenization at the higher temperature of 600 °C.
No cracks, voids, or empty spaces are observed on the film’s surface.

CuSe-600°C

f’f{ WLZ::M Ez:mszk:x m‘n:ﬁ: Time 16:1233 ﬁ WL‘C::IM E:;:?j::;:x ;:uw:zz: Time 15:5721
Figure 4. SEM images for CuSe-600°C thin film at 1pm and 200nm resolutions
The surface morphology of the CuSe film at 650°C examined by SEM is shown in
Figure 5 (a) and (b) with the resolution of 1um and 200nm, respectively. SEM images revealed
that the film is smooth, but in some regions, empty spaces are observed. In the empty spaces,
numerous particles of varying sizes can be observed, ranging from 100 nm to 300 nm. The
formation of empty spaces is attributed to high-temperature annealing.

CuSe-650°C CuSe-650°C

%
Py

1pm WO S0mm  EWT=20008V  SgaalA=C20X 200m WD=30mm  EHT=2000AV  SgealA=C20X o

Ipm

o Mag= 500KX  Withe2287pm  Time 162155 Lewy Mag= 1500KX Withs762pm Time 161742

Figure 5. SEM images for CuSe-650°C thin film at 1um and 200nm resolutions
Optical Properties:

Figure 6 shows the transmittance spectra of a glass substrate, CuO, and CuSe-500°C,
CuSe-600°C, and CuSe-650°C thin films. It was observed that the transmittance of CuSe
decreased as the temperature increased from 500 °C to 600 °C, but then increased again when
the temperature was raised from 600 °C to 650 °C. The decrease in transmittance might be
due to the diffusion of Se atoms into the CuO thin film, which could introduce structural
defects. With a further increase in temperature, Se may react with Cu and facilitate the removal
of oxygen from the film. The decrease in the number of structural defects resulted in less
scattering, and thus increased the transmittance of CuSe.
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Figure 6. Transmittance spectra of all samples
Determination of Bandgap:

Figure 7 (a) shows the Tauc plot of CuO thin film. The linear part of the curve was
fitted to estimate the optical bandgap of pure CuO. The calculated value of the optical bandgap
for pure CuO is 2.50eV, which is greater than the bandgap of bulk CuO 1.30eV. Figure 7(b)
shows the optical bandgap of the CuSe thin film annealed at a temperature of 500°C was based
on the transmittance measurement. The linear part of the curve was fitted to measure the
optical bandgap. So, the value of the bandgap of CuSe-500°C is 2.40eV. Figure 7 (c) shows the
bandgap of CuSe annealed at a temperature of 600°C. For the CuSe thin film, the value of the
band gap was found by the linear portion of the

Tauc plot on the x-axis. The calculated value of the band gaps of CuSe-600°C thin film
is 2.13eV. Figure 7 (d) shows the optical bandgap of CuSe thin film annealed at a temperature
of 650°C. By plotting the graph of (xhv)* versus photon energy, a strong linear relationship
was observed, indicating the bandgap value of the CuSe thin film annealed at 650 °C. The
value of the bandgap of CuSe-650°C is 2.10eV. The energy bandgap of the CuSe thin film
decreases with the increase of temperatures from 500°C-650°C due to the increase in
crystallinity and decrease in defects. The decrease in band gap with an increase in temperature

is also attributed to the increase in grain size of the crystallite with an increase in the thickness
of the film.
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Figure 7. Tauc plot for as-deposited CuO, Figure(a), CuSe-500 °C, Figure(b), CuSe-600°C
Figure(c), CuSe-650°C Figure(d).
Photoelectrochemical Water Splitting:

Pure CuO has a relative photocurrent density of 0.3247 mA/cm® The relative
photocurrent density of the CuSe heterostructure thin film after annealing at 500 is 3.633
mA/cm® while at 600°C it is 1.222 mA/cm’. However, at 650 °C, the photocurrent density
significantly increases to 8.6 mA/cm? which is the highest among all the measured values.
Subsequently, further increase in temperature, the photocurrent density increased. The initial
decrease in photocurrent density is attributed to the presence of Se atoms on the surface,
which reduces the generation of electron-hole pairs. However, with a further increase in
temperature, electron-hole recombination decreases and a more favorable energy gradient for
charge transfer is established, resulting in enhanced photocurrent. The photocurrent density

of pure CuO is low due to its relatively high bandgap, which limits the absorption of solar
light.
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Figure 8. LSV Graphs of Pure CuO Figure(a), Pure CuSe-500°C Figure(b), CuSe-600°C
Figure(c), CuO650 °C Figure(d) thin films under dark and light conditions.
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Solar to Hydrogen Conversion Efficiency:
The performance of the working electrode was estimated by measuring the solar light

to hydrogen conversion efficiency. The following formula of STH% is
STHY, = 323V 1009 (2)
P
Where P is the intensity of the solar spectrum, Vi, is the applied voltage, and j is the
photocurrent density.

Samples STH%
CuO 0.3502%
CuSe-500°C 0.2507%
CuSe-600°C 1.012%
CuSe-650°C 2.967%

All the calculated values of Solar to hydrogen conversion efficiency in percentage are
plotted in Figure 9 below. It was observed that the solar-to-hydrogen efficiency (STH%)
increased with the rising selenization temperature of CuO. The highest STH% was recorded

for the CuSe thin film annealed at 650 °C.

3.0+

.

0.5 -4
o
-

T T T T
PueCuO CuSe-500°C CuSe-800°C CuSe850°C
Samples

Figure 9. STH% of all the samples

Sel;:i-condnctor based
Electrode

Counter Electrode
Platinum Wire

Figure 10. Plausible reaction mechanism of CuSe thin film-based photocatalyst for H
generation under solar light irradiation.
Conclusions:

CuSe thin films were successfully produced by selenizing CuO using CVD at different
temperatures. Polycrystallinity has been confirmed by structural investigation, with some
residual CuO present at lower temperatures. SEM analysis revealed that surface morphology
improved as temperatures increased. Optical properties determined that the bandgap
decreased with increasing selenization temperature, indicating increased crystallinity.
Particularly, CuSe-650°C had the highest photocurrent density and solar-to-hydrogen (STH)
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efficiency (2.967%), indicating its promise as a photoelectrode material for solar hydrogen
generation. Overall, increasing the selenization temperature increases the optoelectronic and
photoelectrochemical properties of CuSe thin films.
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