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ABSTRACT

Hydrogen and renewable fuels were generated using cost-effective and efficient electrocatalysts for water splitting. In this work, a
CuO-based photocathode is used for the water splitting to generate hydrogen energy by PVD technique. The XRD analysis reveals
the deposition of CuO thin film on ITO substrates, which is monoclinic. The XRD and LSV analysis of CuO confirmed the type
of semiconductor and observed to be P-type semiconductor. SEM study of CuO confirmed the shape, morphology to be a circular

and regular shape. The grain size of deposited CuO thin film was found to be 18 nm. The absorption and transmission of CuO thin

film were observed through UV spectroscopy analysis and were found to be better photocatalyst in visible range 415-425nm. The

transmittance of the prepared thin film was noted to be maximum 7.6% in the UV range (280-300nm). The band gap was also

measured employing the Tauc plot and found to be 2.98eV, which is most favorable for water splitting application. FTIR study
showed the stretching, vibration, and the functional group of the deposited CuO thin film; the broad band of stretching of Cu-O in
monoclinic CuO was observed at the range of 500-700cm™, and further peaks were also noted at the range of 1500-1600cm . The
linear sweep voltammetry (LSV) of CuO thin film was calculated in the absence of solar spectra and the presence of solar spectra

and observed to be enhanced in current under solar spectra. The solar light to hydrogen emission percentage (STH %) of CuO

through LSV was observed to be 2.04% under solar spectra. The low Nyquist curve of blank ITO and CuO-coated ITO substrate via

electrochemical impedance spectroscopy (EIS) analysis was observed, which confirmed the enhancement of EIS of CuO-coated

ITO. The hydrogen generation rate was also calculated by electrochemical cell and observed to be 5325.21 mol g™ for 6 h.

1 | Introduction

CuO is an inorganic compound that contains copper and oxygen.
It has a blackish-brown color and is commonly found as a min-
eral known as tenorite. CuO is used in a variety of industrial ap-
plications, including as a catalyst, in the production of batteries,
and as a pigment in ceramics and glass [1]. CuO has a variety
of physical and chemical properties that make it useful in these

© 2024 John Wiley & Sons, Ltd.

applications. For example, it is a semiconductor that can conduct
both electricity and heat. It is also a basic oxide, which means it
can react with acids to form salts. In terms of its potential appli-
cations in energy storage, CuO has been investigated as a poten-
tial electrode material for lithium-ion batteries. Some research
has shown that CuO could offer an increased energy density
and cycle life compared to other common electrode materials.
However, there are still challenges that need to be overcome in
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terms of the stability and performance of CuO-based electrodes
[2]. Copper's polyvalency causes it to generate a variety of ox-
ides; the most well-known of which are cupric oxide (CuO) and
cuprous oxide (Cu O), which are p-type semiconductors due to
copper vacancies in the lattice. Cupric oxide (CuO), commonly
known as tenorite, is the most stable phase in the copper oxide
family. It exhibits excellent optical absorbance, a reported narrow
bandgap energy of 1.8 to 3eV, and the capacity to synthesis in
many nanostructured morphologies. CuO has recently received
a lot of attention in thin-film technology due to its abundance in
the Earth's crust, environmentally friendly nature, and tailorable
electro-optical properties. These applications include solar cells,
electrochemical devices, and, most importantly, gas sensors [3].

In photocatalytic applications, CuO is chosen over Cu,O due to
its higher stability and lower bandgap [4], which allows its optical
bandgap to be tuned by appropriate metal doping to utilize a wide
spectrum of visible (solar/synthetic) radiations. The strong reac-
tivity of copper (Cu?*) combined with CuO's narrow bandgap
makes it a viable photocatalyst for water purification. The elec-
trons in the conductions band are unstable in phase pure CuO;
therefore, the majority of photo-generated electrons migrate to
the valance band and recombine with the hole without participat-
ing in the oxidation process. Photocatalysis efficiency can there-
fore be increased by delaying charge carrier recombination [5].

In energy conversion, copper oxide thin films are used as pho-
tocatalysts in water-splitting reactions, where they can use light
to split water molecules into hydrogen and oxygen. This makes
copper oxide nanoparticles an important material for the pro-
duction of clean hydrogen fuel [5] Overall, CuO is an important
material in various industrial and research applications due to
its unique properties and potential benefits.

Farhad et al. [6] has done a great deal of research on the afford-
able, reliable, and productive electrocatalysts for photoelec-
trochemical water-splitting to find a resolution to the world's
energy issue over the past 10years. One of the few photocatalysts
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with a limited bandgap, CuO is a potential photocathodic cat-
alyst thanks to its intriguing physicochemical features. Under
synthetic direct solar radiation, this photocatalyst exhibits high
efficiency for the PEC hydrogen evolution process. Here, the
most recent developments in CuO-based photoelectrodes, par-
ticularly undoped, doped, and CuO composites, are thoroughly
examined in the context of PEC water-splitting. Additionally,
every classification’s characterization, core characteristics, and
other elements are thoroughly explained. In addition to the
unique features of CuO-based photocatalysts, the physicochem-
ical properties of CuO/2D materials as sections of developing
nanocomposites in photocurrent-generating equipment are in-
vestigated in distinct parts. For the CuO heterostructure photo-
cathodes in particular, the PEC water splitting implementation
is studied, and each group's characteristics, including electronic
configuration, imperfections, bandgaps, and institutional ar-
rangements, are carefully evaluated [7].

Farhad et al. [8] analyze the treatment of organic, inorganic,
and microbiological contaminants in water and wastewater;
heterogeneous photocatalysis is a promising method. Due to
its low cost, environmental friendliness, ability to operate at
ambient conditions of pressure and temperature, and capacity
to entirely disintegrate toxins into ecologically sound products
under the right circumstances, it is a procedure that is preferred
over other conventional wastewater treatment strategies. In
photocatalytic degradation, active ions produced in situ and
their immediate assault when intense radiation strikes the
semiconductor catalyst are the major causes of the degradation
of organic pollutants. As a result, the used catalyst should be
highly photonic efficient, less poisonous, plentiful, chemically
and photo catalytically safe, and visible light active to effec-
tively and economically remove wastewater contaminants [8].
One of these potential challenges is the photocatalytic efficiency
of copper oxide (CuO), which has been limited primarily by the
fast dispersion and poor mobility of photogenerated charge
carriers. The techniques used to address the aforementioned
limitations are summarized in this study, along with additional

Reduction Catalyst

FIGURE1 | Water splitting mechanism of CuO-based photocatalyst for H, generation [12].
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operational factors that will increase its catalytic performance
for the removal of harmful organic and inorganic metal ions
from aqueous environments [9-11].

Water splitting mechanism is mentioned in Figure 1.

2 | Experimental Procedure
2.1 | CuO Thin Film Preparation

The first step in preparing the heterostructure thin film was
to deposit CuO on an ITO substrate using thermal vapor depo-
sition. Initially, clean the substrate with ethanol. The starting
material for the formation of the CuO thin film was 0.5g of
99% pure CuO powder from Sigma Aldrich. The tungsten boat
contained 99% pure CuO [13]. The tungsten boat and substrate
holder (made up of brass) were fixed at a distance of 19cm in the
working chamber. This working chamber is a metal envelope
that houses a vacuum system, material evaporation, and depo-
sition of vapors on the substrate, which is placed at the top of
the boat. Now, we turned on the power supply and switched on
the Rotary Van Pump. It takes up to 45min for proper work. At
the same time, we turn on the water supply. Subsequently, the
diffusion pump heater was turned on to warm up the oil [14, 15].
Now, we opened the roughing valve until it showed a reading
of 10~2mbar. Open the backup valve after closing the roughing
valve. Finally, link the diffusion pump and vacuum chamber by
opening the isolation valve (Baffle Valve), achieving a vacuum
of 10~ mbar switched on the power source of the transformer
and applying a current of 75-85A to electrically heat the tung-
sten boat containing CuO till 250°C. With the application of
thermal energy, the source material was evaporated on 1000°C
and deposited on the substrates. After the deposition, close the
baffle valve and turn off the diffusion pump, let the rotary van
pump and backing valve run for a while, close the backing valve
and shut off the rotary van pump, off the main power, and let
the water supply run until the temperature of the flowing water
returned to normal. A very fine thin film of CuO was depos-
ited at the rate of 0.1-10 A/s on the borosilicate and indium tin
oxide substrates with film thickness 10-500nm due to the sub-
limation of CuO [16]. The surface profilometer is used for the
measurements of thickness of the thin film at room tempera-
ture and found to be average 1 nm. High temperatures can alter
film properties and make measurements challenging. Surface
profilometers have limited resolution (~1-10 nm). Thin films are
degraded, oxidize, and diffuse at 1000°C°C-1200°C, affecting
thickness measurements. Surface profilometers may not main-
tain accuracy at high temperatures due to thermal expansion,
instrument drift, or damage.

3 | Experimental Analysis

The physical and chemical properties of the samples were evalu-
ated using various analytical techniques. X-ray diffraction (XRD)
was used to determine their structural properties, whereas Nova
Nano SEM was used to analyze their morphological properties.
Spectrophotometry was used to measure their optical properties.
To assess their ability to split water through photoelectrochem-
ical [17] reactions, the samples were used as working electrodes

in a three-electrode electrochemical cell, with platinum and Ag/
AgCl electrodes as the counter and reference electrodes, respec-
tively [18]. The experiments were carried out in a 0.5M Na,SO,
electrolyte solution with a pH of 7; a 100-W xenon arc lamp with
an AM 1.5G filter was used to simulate solar spectra. Linear
sweep voltammetry (LSV) was performed with and without
illumination at a scan rate of 10mV/s. A 100mL 0.5M Na,SO,
solution, a quartz reactor, and a gas chromatograph were used
to test photocatalytic hydrogen production in the presence of the
samples. A standard procedure was used to quantify the hydro-
gen produced during the photocatalytic reaction [19].

To prepare for the photocatalytic reaction, nitrogen was used to
purge the solution 30 to 60 min before the experiment to remove
any dissolved oxygen species from the flask. The photocatalyst
was placed 16cm away from the xenon lamp. A gas chromato-
graph equipped with a thermal conductivity detector (Clarus
500 PerkinElmer, United States) was used to measure photocat-
alytic hydrogen production. The hydrogen production rate was
recorded at hourly intervals for a total of 10h for each sample,
in addition to the measurement of oxygen produced [20, 21]. To
determine the weight of the deposited films, the weight of the
substrate was subtracted from the combined weight of the sub-
strate and the deposited films.
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FIGURE 2 | (a) XRD patterns of deposited CuO thin film on ITO
substrate. (b) Standard JCPDS #05-0661 for monoclinic CuO [23].
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3.1 | XRD Study

The confirmation of CuO thin film XRD spectra was acquired
using a Bruker D8 Advance powder X-ray diffractometer with
Cu Ka (A=1.5406 A) radiation. The diffraction patterns were
recorded using a step size of ~0.0250 and a duration per step of
18s. The samples were rotated to ensure homogeneous observa-
tions. A D-8 Bruker diffractometer work on 40kV and 40mA,
from 0° to 80° (26), is mentioned in Figure 2a [22].

The XRD pattern of the deposited CuO thin film (Figure 2a)
exhibits characteristic peaks matching the monoclinic crystal
structure of CuO (JCPDS #05-0661). The observed peaks at 26
values of 32.48° 35.46° 38.74°, 48.72°, 53.48° 58.26° 61.54°,
66.28° and 68.12° correspond to the (110), (002), (111), (-202),
(020), (202), (-=113), (311), and (220) planes, respectively. The ab-
sence of additional peaks corresponding to Cu (JCPDS #04-0836)

(a)

or Cu,O (JCPDS #05-0667) phases confirms the phase purity of
the deposited CuO thin film.

For comparison, the XRD pattern of pure CuO powder (Sigma
Aldrich) is shown in Figure 2, demonstrating excellent agree-
ment with the deposited film. The standard JCPDS #05-0661
pattern is also included (Figure 2b) for Reference [23], and there
is no extra peak observed except ITO peaks as cited by an aster-
isk symbol (¥).

The deposition of CuO film is homogeneous in thickness and
has a reddish-gray appearance. As a result, the deposition time
was set at 2h to meet the requirement of uniformity with in-
creased thickness. The variation in thickness was discovered
to be correlated with the variation in deposition potentials
0.355, 0.455, and 0.555V, and its value is between 2 and 2.3 um.
Crystallinity affects charge carrier mobility and surface reaction

FIGURE3 | (a) SEM analysis of ITO substrate. (b, c, d) SEM analysis of CuO on ITO substrate.
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kinetics. Phase purity influences the availability of active sites
for catalysis [24].

3.2 | SEM Study

The SEM (Cube II Emcraft South Korea) setup is used to ana-
lyze ITO substrates; it typically exhibits a smooth, featureless
surface. ITO films consist of small grains (10-50nm) that are
not visible in SEM images. The surface roughness of ITO sub-
strates is usually low, around 1-5nm. ITO has a polycrystalline
structure, but individual crystals are not easily visible in SEM as
shown in Figure 3a.

CuO studied at different scales gives the symmetrical circular

shape of the obtained thin films; the particles are compactly
arranged due to the agglomeration [25]. The grain size of the
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FIGURE4 | Surface plot of CuO.
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FIGURES5 | FTIR spectrum of CuO thin film.

CuO thin films was measured through ImagelJ software and
found to be about 18 to 30nm with a mean surface area of
15.7m?/g [26].

The grain size, shape, and agglomeration of particles in
Figure 3b-d were noted as the magnification scale increased.
The symmetrical grain size and low particle size are responsible
for the better PEC response toward UV solar spectra [27].

The surface plot analysis was performed using ImageJ soft-
ware to determine the surface smoothness of the CuO, and
dark surfaces have a low albedo, absorbing more sunlight at
the range of 1-100 nm [28]. The surface smoothness is also re-
sponsible for the maximum absorption of solar spectra, which
generate more electron-hole pairs for better photocatalysis as
cited in Figure 4.

3.3 | FT-IR Analysis

FTIR (Thermo Scientific Nicolet iS 5, United States) is used
for identifying functional groups within the structure of mol-
ecules. It utilizes unique energy absorption bands associated
with specific chemical bonds to analyze structural details and
bonding properties for intricate molecules [29]. Significant
discoveries may be seen in the FTIR spectrum of the freshly
manufactured copper oxide sample material displayed in
Figure 5.

CuO has a limited number of vibrational modes in the range
0f 400-1000cm™. FTIR instruments typically have lower sen-
sitivity and resolution at high wavenumbers. FTIR detectors
have a cutoff wavelength around 400-1000cm™!, making it
difficult to detect peaks at lower wavelengths. Water vapor
and CO, in the air absorb radiation in the high-wavenumber
region mask potential peaks. The bands seen at 1107.29 and
31,358.61cm™! indicate the vibrations associated with the
stretching of the O-H bond [30]. Two different bands were
found at 868.29 and 2003.14cm™! in the examination of the
FTIR spectra of CuO thin films within the range of 500 to
4000 cm™!, which correspond to certain CuO modes. The peak
at 868.29 cm™! shows the stretching vibration of Cu-O bonds
in one direction, whereas the high-frequency peak at 610 cm™!
likely suggests the stretching vibration of Cu-O bonds in the
other direction [31]. Peaks at 1438, 2498.08, and 3433.48cm™!
show different bending vibrational modes in the Cu-O bond,
in addition to their existence.

3.4 | UV-Vis Spectroscopy

A UV-VIS-NIR spectrophotometer (Shimadzu UV2600 plus)
equipped with an integrating sphere was used to assess the op-
tical absorption and transmission of films produced on quartz
substrates. The absorbance of CuO was measured via UV spec-
troscopy and noted the maximum absorbance in the visible
range (violet-blue region) of solar spectra at the range of wave-
length from 415 to 425 is about 7.6, whereas the absorbance is
recorded minimum at the wavelength below from 415nm range
as mentioned in Figure 6. This range of wavelength (<400) of
solar spectra is a better range to absorb visible range of solar
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FIGURE7 | Transmittance of CuO thin film.

spectra for the maximum generation of PEC, and solar spectra
at these wavelength ranges are used for water splitting to gener-
ate hydrogen energy, and the voltage needed for water splitting
is being used as a solar spectrum [32, 33].

The transmittance % of CuO was noted through UV spectros-
copy and found to be 7.5% in UV region and gradually decreases
with increasing of wavelength, which is very better for the solar
application to split water for the production of hydrogen energy
as shown in Figure 7. The low transmittance in visible region is
the evidence of better photocurrent.

3.5 | Bandgap Determination

The optical bandgap of the deposited sample on ITO was de-
termined using a Tauc plot constructed from diffuse reflection
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FIGURE 8 | Band gap measurement of CuO.

data using the K-M function, as shown in Figure 8. The band-
gaps (Eg) of CuO thin films are determined to be 2.98eV. The
lower optical bandgap for film suggests that oxygen vacancies
(Vo) create defect states in the bandgap, resulting to a reduced
effective bandgap. The optical spectra of the prepared thin
film of CuO were used to estimate the band gap value [34].
Knowing the thickness of the obtained thin film, the optical
absorption coefficient (o) is determined through the men-
tioned formula:

a=1/dIn(1/T). (1)

Here, d denotes the thickness of the thin films in use whereas T
stands for their transmittance [35]. The absorption coefficient is
affected by the strong zone of photon energy absorbed by thin
films, and the band gap of metal oxide semiconductors is mea-
sured using the well-known Tauc relation.

(ahv) = B (hv—E,)" @

8 is the constant and n powers are taken %2 for indirect band
gap semiconductors and 2 for the direct band gap semiconduc-
tors [36].

The CuO band gap of 2.98¢eV is the most favorable band gap to
absorb visible range of solar spectra for better photocatalytic ac-
tivity to generate hydrogen energy via water splitting [37].

3.6 | Electrochemical Impedance Spectroscopy
(EIS) Study

The EIS measurements were carried out in the dark using a po-
tentiostat (Autolab, PGSTAT-30) with a frequency analyzer. To
maintain the stability of the CuO film, an AC signal with an am-
plitude of 20mV and frequencies ranging from 50Hz to 10kHz
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was delivered over a limited potential window at a constant bias
voltage.

EIS was carried out for insight into the reaction kinetics. The
semicircle in the impedance spectra in the Nyquist plot shows
the resistance transfer of charge [38, 39]. The diameter of the
semicircle showed the reaction kinetics.

A smaller diameter of the Nyquist plot showed faster reaction
kinetics. The low diameter of the plotted graph is the con-
firmation of the fast reaction and low resistance, which is a
very better application for photocurrent generation by absorb-
ing the solar spectra as reported in Figure 9 [40, 41]. CuO-
coated ITO substrate has maximum EIS values compared to
blank ITO substrate due to charge transfer resistance (Rct),
pseudocapacitive behavior, and enhanced surface roughness,
whereas blank ITO substrate has lower EIS values due to
smoother surface, lower charge transfer resistance, and re-
duced pseudocapacitance. The blank ITO has lower EIS val-
ues (2100-500 Q2), and CuO-coated ITO has higher EIS values
(~1-10 kQ).

3.7 | LSV Measurements

Linear sweep voltammetry (LSV) measurements were taken
in the dark using an Autolab Potentiostat (PGSTAT-30) with a
frequency analyzer. To maintain the stability of the CuO film,
an AC signal with an amplitude of 20mV and frequencies rang-
ing from 50 Hz to 10kHz was delivered over a limited potential
window at a constant bias voltage. The linear sweep voltam-
metry graph of the CuO thin film was examined, in which the
photocurrent of the CuO thin film was calculated [42-44].
The solar light hydrogen conversion efficiency of the obtained
sample CuO thin film was measured through the following
reaction:

1.23-Vbi
(1.23-Vbias)J y

STH% =
p
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FIGURE10 | LSV measurements of CuO thin film.
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FIGURE 11 | Hydrogen production rate versus time.

Vyiase 18 the applied voltage using solar spectra between the
working and reference electrodes (AgCl/Ag), J is the photocur-
rent density, and P is the solar intensity at the Earth's surface

(100mW/cm?) [45].

The STH% of CuO thin film was measured to be 2.09% at 0.9V,
which is quite a better percentage of hydrogen generation as
compared to the other semiconductors reported in the literature
as shown in Figure 10 [46, 47].

The change in photocurrent under dark conditions and light
conditions was measured through the below formula:

J= Jlight - ]Dark' (4)
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3.8 | Hydrogen Generation Measurement

Photoelectrochemical (PEC) water splitting is a potential
method of hydrogen synthesis. The performance of PEC water
splitting is largely dependent on the qualities of the light source.
The UV-Vis range is 200-500nm, and the intensity range is
10-100mW/cm?. Irradiance intensity ranges from 100 to
1000 W/m?. Common light sources used in PEC water-splitting
research include xenon lamps, LED arrays (UV, blue, or white
LEDs), solar simulators, and laser sources (e.g., 365 or 405nm)
[48-50].

CuO is a p-type semiconductor that has a direct band gap, so
the conduction band is more negative than the ITO substrate;
the contact of CuO and ITO substrate creates a p-n junction,
which is the cause of the electric field [51, 52]. The electrons of
CuO migrate to react with water to generate hydrogen, whereas
the holes are consumed by the sacrificial agent as mentioned in
Figure 11.

The hydrogen production rate of CuO under a xenon lamp was
noted to be 5325.21 mol-g~-h~, which is higher than other ma-
terials [12, 53].

4 | Conclusion

CuO was successfully deposited on ITO substrate using PVD
techniques for photocatalytic hydrogen production activity via
potentio-galvanostat. The XRD confirmed the deposition of
CuO on ITO substrates using an X-ray diffractometer, and some
extra peaks of ITO also observed and compared it with blank
ITO substrate. The surface profilometer is used for the mea-
surements of thickness of the thin film at room temperature
and found to be average 1nm. SEM study revealed the mor-
phology and grain size of the CuO, which was a symmetrical
circular shape and grain size of 18 to 30nm. It is also observed
more clarity in grain size with the increasing of resolution till
200nm. The surface plot was examined through imageJ soft-
ware and to be found smooth, which is favorable for maximum
absorption of solar spectra for hydrogen generation. FTIR
peaks are not observed in the 400-750cm™! region because
the lower sensitivity in this region, too thickness of thin film is
also affected peak visibility. It is also due to substrate material
KBr absorb in this region. The instrument background is also
one of the reasons and noted the distortion in rest of the peaks.
The UV spectroscopy confirmed the absorption of solar spec-
tra in the visible range, and the band gap was also measured
using a Tauc plot for better conditions while exposed to solar
spectra. The C, H,.C,,- (Epon 828, Bisphenol A-type epoxy) in
making photoelectrodes common insulation materials Epoxy
resins (e.g., Epon 828, Araldite) is used. The exposed areas for
CuO photoelectrodes range from 0.1 to 1cm?, and the win-
dow materials used in photoelectrochemical cells are quartz.
The electrochemical impedance spectroscopy confirmed the
better conduction state and gave the minimum impedance for
blank ITO substrate and maximum for CuO-coated ITO due
to charge transfer resistance (Rct), pseudocapacitive behavior,
and enhanced surface roughness, whereas blank ITO substrate
has lower EIS values due to smoother surface, lower charge
transfer resistance, and reduced pseudocapacitance. The linear

sweep voltammetry of CuO was studied while exposed to solar
spectra and found to be enhanced; the solar light to hydrogen
emission STH% was 2.09% at 0.9V. The hydrogen evolution
of CuO under solar spectra was examined and recorded as
5325.21mol-g7-6h~L.
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