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In this investigation, the impact of electrodeposition time on the photoelec-
trochemical characteristics of a cuprous oxide (Cus0) nanocube semiconductor
photoelectrode is investigated. The CusO nanocube photoelectrode was syn-
thesized electrochemically, utilizing underpotential deposition (UPD).
Numerous techniques, including x-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive x-ray spectroscopy (EDX), ultraviolet—
visible (UV-Vis) spectroscopy, linear sweep voltammetry (LSV) and
chronoamperometry (CA), were utilized for characterization of the CuyO na-
nocube photoelectrode. A highly crystalline structure of Cu,O nanocubes de-
posited on an indium tin oxide (ITO) substrate can be seen in the XRD results.
SEM images revealed a cubic-shaped structure of Cu,O. However, EDX
analysis and the optical bandgap confirmed the presence of uniform single-
phase CuyO nanocubes. Astonishingly, the CusO nanocube photoelectrode
electrodeposited for 15 min possesses the highest photocurrent among all
investigated films. Also, the CuyO nanocubes displayed stable photocathodic
performance as a result of the p-type nature. Moreover, the CuyO nanocube
photoelectrode is suggested to be a good candidate for progressive photoelec-
trochemical detection. Furthermore, it can be utilized for the expanded field of
photoelectrochemical water splitting in addition to other solar photovoltaic
devices.
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INTRODUCTION

Electrochemistry deals with chemical changes
related to charge splitting, typically in a liquid
medium.! The splitting of charge is frequently
associated with charge transmission, which might
happen evenly in solution among diverse chemical
classes, or heterogeneously on electrode surfaces.?
Accordingly, it can be seen that its requirements are
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exceedingly widespread among the investigators.
Above the electrode surfaces, the oxidation and
reduction half replies are divided in space, typically
happening at diverse electrodes submerged in solu-
tion.® The electrodes are connected through con-
ducting routes together in solution, using ionic
transportation. Once the totality of the Gibbs
energy altered correspondingly at the electrodes is
negative, the electrical energy released can be
joined. However, if the Gibbs energy is positive,
outward electrical energy can be provided to over-
come the positive Gibbs energy change.* Therefore,
if the cell shape licenses, the products of the two
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electrode responses can be disconnected, as happens
in manufacturing electrolytic responses. On the
other hand, photoelectrochemistry, as an active
field of investigation, is a branch of chemistry that
deals with the interaction of light with electrochem-
ical systems.”

It can be stated that cuprous oxide (Cuz0) is a p-
type semiconductor with a direct bandgap of 2.0 eV.6
It can absorb solar energy to the extent of 300—
620 nm, which covers about half of the photons of the
solar spectrum.” Cuprous oxide is classified as a
candidate photocathode for photoelectrochemical
cells. Since the upper part of the conduction band of
Cuy0 is nearly —1.35V, it is sufficiently more
negative than the reduction potential of water,
—0.61 V.2 Accordingly, the generation of H, fuel from
water and visible light necessitates photoelectrodes,
such as Cuy0, that are inexpensive, stable and highly
reactive.” Photoelectrochemical cells are considered
as solar cells that are capable of changing light
sources into electrical energy.'® Every single cell
comprises a photocathode and a metal anode that is
immersed in a semiconducting electrolyte. The foun-
dation of solar cell systems in semiconductor tech-
nology has recently become very significant for
energy production. Also, the main properties of
semiconductor material make them appropriate as
vital components in electronic circuits.!! A photo-
electrochemical procedure takes place through the
following steps. Firstly, an electronic charge is
formed on the surface of a photocathode sensitive to
the sun’s light, producing electron—hole pairs. Sec-
ondly, electrons and protons in the photocathode are
reduced to hydrogen molecules. Lastly, conduction of
the photocathodically anodic holes occurs through an
electrolytic and electrical connection.'?

It can be noted that CuyO thin films can be
produced through numerous methods. Amongst
these, the electrodeposition method has garnered
increasing attention in recent years for producing
Cuy0 thin films.'® This method has two key bene-
fits, specifically its ease of use and the low growth
temperature, resulting in lower-cost procedures and
a great number of manufacturing requests. Like-
wise, electrodeposition permits controlling of the
stoichiometry, thickness and microstructure of the
films by adapting the deposition factors.'* Till now
there have been some researches exploring the
impact of pH on the preferred alignment of the
Cuy0 crystallites that form the film, but few
mechanical details were deliberated.'® On the other
hand, the energy band alignment at the heteroin-
terface between Cu,O and other oxide materials,
such as zinc oxide (ZnO), was investigated using
photoelectron spectroscopy with stepwise deposition
of oxide materials onto Cu,O and vice versa. It can
therefore be ascribed to a pinning of the Fermi level
in oxide materials and CuyO, which can be traced
back to oxygen vacancies in oxide materials and to
metallic precipitates in Cuy0.'¢
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In this investigation, the electrodeposition pro-
cess was performed to synthesize Cus0O films with
varied preferred crystal arrangements. The signif-
icance of the deposition time on the morphology, size
and the structural characteristics of the Cuy0O films
was studied using underpotential deposition (UPD).
The UPD potential for copper was determined by
cyclic voltammetry (CV) measurements. The photo-
electrochemical characteristics of the grown Cuy0
films were studied in the dark and under light
radiance. X-ray diffraction (XRD) and scanning
electron microscopy (SEM) measurements were
performed to check the stability and the structure
of the Cus0 films. Finally, the electrodeposition of
Cuy0 nanostructures with numerous dimensions on
the indium tin oxide (ITO)-coated electrode surface
was also investigated intensively.

MATERIALS AND METHODS

Copper sulfate pentahydrate (CuSO45H50),
sodium sulfate (NapSO,), lactic acid (CsHgOs),
sodium hydroxide (NaOH), sulfuric acid (HySO,),
ethanol (CosHgO) and acetone (C3HgO) were used as
received from Sigma-Aldrich Company.

An aqueous basic solution containing 0.02 M
CuSOy4, 0.2 M NaySO, and 0.3 M lactic acid solu-
tion, such as an environment prepared by semicon-
ducting materials were utilized by the
electrochemical method. The pH of the solutions
was adjusted to 9 with NaOH and H,SO, and
monitored with a Denver Instruments SI-234 pH
meter. An Orion 3-Star ultrasonic mixer was used
for mixing the chemicals homogeneously in the
experiments. An Apple S 60 H deionized water
device was used to provide distilled water for the
dissolution process. A Human Power 1 electrochem-
ical analyzer was used to monitor the linear sweep
voltammograms (LSV). A Princeton Applied
Research PAR 283 potentiostat with a three-elec-
trode system was used for thin-film preparation by
an electrochemical method. A CH Instruments CHI
6096E XRD system was used to verify the phase and
orientation of the deposited films. A JEOL JSM-
6510 SEM was used to characterize the morphology
of the Cuy0 films. A Rigaku Ultima IV energy-
dispersive x-ray (EDX) used for elemental analysis
process. A JEOL JSM-6510 UV-Vis-NIR spec-
trophotometer was utilized for calculating the
bandgaps of Cu,O films from the optical absorbance
in a wavelength range of 300-800 nm. A Shimadzu
UV-3600 spectrophotometer and Solar Light 16S-
002 solar simulator were used for photoelectrode
analysis.

The electrochemical deposition of Cus0 films was
carried out using a PAR 283 potentiostat in a three-
electrode configuration (Fig. 1). ITO served as the
working electrode (substrate), and a platinum sheet
served as the counter electrode. For the deposition
in pH 9 solutions, the reference electrode was a Ag/
AgCl electrode with a bridging saturated potassium
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Fig. 1. Schematic representation of electrochemical deposition of
Cu,0 film on ITO substrate.

chloride (KCI) solution, and all potentials are
referred to the Ag/AgCl electrode unless stated
otherwise. All the plating solutions were kept at
room temperature during the electrodeposition pro-
cess. Electrochemical reactions were performed in
cells with three electrodes. The reference electrode,
working (cathode) electrodes and counter (anode)
electrodes were immersed in an electrolyte solution
(plating bath). Thus, the oxidation/reduction (redox)
reactions took place. The reduction reactions took
place on the cathode electrode, while the oxidation
reactions took place on the anode electrode. In
addition, the three electrodes were placed in sepa-
rate compartments in the PAR 283 potentiostat. The
electrodeposition was operated at 0.1 V for different
times with a PAR 283 potentiostat.

RESULTS AND DISCUSSION
Electrochemical Studies

This study originally focused on homogeneous
Cuy0 photoelectrode synthesis as a function of
deposition time using the UPD-based electrochem-
ical technique. In principle, UPD occurs when the
electrochemical deposition of a metal onto a sub-
strate at potentials is more positive than the Nernst
potential.” It is usually constrained to the forma-
tion of one atomic layer of the deposited metal.
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Fig. 2. Cyclic voltammogram of Cu,O on ITO electrode recorded in
0.02 M CuSOQ, solution at a potential sweep rate of 20 mV/s.

Therefore, to deposit one atom at a time, very small
amounts of dissolved copper and oxygen species are
needed in the solution phase for UPD. The UPD
potential for copper was determined by cyclic
voltammetric measurements.’® To determine a
deposition potential of copper (I) oxide from the
solution, the cyclic voltammetric measurements of
copper were also recorded at the UPD region in the
aqueous medium (Fig. 2).

The cyclic voltammetric technique was utilized in
the first step to prepare copper oxide semiconduc-
tors, and the voltammogram was taken in the range
from —500 mV to 500 mV. This technique was
utilized to determine the electrodeposition potential
for the preparation of semiconductors, and to
provide methodical nucleation. The second step
involved the utilization of the controlled potential
electrolysis technique at the determined potential;
electrodeposition was realized throughout 15 min.
The UPD region, where surface-limited electro-
chemical reactions were realized, was preferred as
the electrodeposition potential region over the bulk
deposition or overpotential deposition region. In
similar investigation, Arifin et al. carried out cyclic
voltammetry measurement to determine the ideal
potential range for fabrication of p-type Cuy0O on n-
type CuyO/FTO substrate.'® They found that these
potential values were variable with the selected pH
values of 12.0 and 12.5 to fabricate the p-type Cu0
thin film.

The results showed that the bulk Cu deposition
does not occur until —200 mV. If the potential of the
working electrode is kept constant at a more
positive potential than —200 mV, copper and oxygen
are supposed to deposit underpotentially at the ITO-
coated electrode surface. The electrodeposited Cu
and O react to form a CusO semiconductor on the
ITO-coated surface. Bijani et al. indicated that the
amount of electrodeposited Cu,O depends on the
deposition time.?° Thus, electrodeposition of CusO
nanostructures with various dimensions on the
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Fig. 3. (a) The XRD of Cu,O photoelectrodes electrodeposited for
15 min on ITO substrate in comparison with (b) the JCPDS standard.

ITO-coated electrode surface could be achieved by
this method using different deposition times.

XRD Studies

Figure 3 represents the XRD of CuyO nanocube
photoelectrodes electrodeposited for 15 min. The
XRD of copper (I) oxide consists of a strong diffrac-
tion peak at 36.6° arising from (1 1 1) reflections
from Cuy0. The weaker diffractions at 42.5°, 61.7°
and 73.9° correspond to (2 00), (22 0)and (31 1)
reflections of CuyO, respectively. The other peaks
belong to ITO-coated glass which served as the
working electrode in this investigation. The XRD
analyses showed that all CuyO thin films were in a
polycrystalline cubic phase and similar to the
standard data of the Joint Committee on Powder
Diffraction Standards (JCPDS 78-2076), with pref-
erential orientation in (111) plane. The XRD pat-
terns collected confirmed that all the nanocube
samples were indeed Cuy0, and no other phases of
copper oxide were present. The other XRD of Cuy,0
at different deposition times were similar to Fig. 3.
This indicates that the crystal structures of Cu,O
films were not affected by the change of deposition
times. In a comparable investigation, Hossain et al.
indicated that the electrodeposition time enhanced
the crystallinity of CuyO thin film.>! The only
distinct point one can observe from other XRD
images is as the deposition time increased, the
intensity of CuyO diffractions increased. The XRD
results in this investigation are a good indicator
that CuyO nanocubes possess very high crys-
tallin7ity. Similar results have been obtained by Ma
et al.
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Fig. 4. SEM images of the (a) ITO-coated glass working electrode
and (b) Cu,0O photoelectrodes electrodeposited onto the ITO-coated
glass surface.

SEM and EDX Analysis

Figure 4a shows the SEM image of the ITO-
coated glass surface, which was utilized as a
working electrode in this study, while Fig. 4b shows
the SEM image for the CusO nanocube semicon-
ductor electrodeposited on the ITO-coated glass for
15 min. The reason behind highlighting this depo-
sition time among all cases is due to the fact that the
thin film within 15 min deposition exhibited the
highest photocurrent. Evenly distributed CuyO
nanocubes, of approximately the same size,
200 nm, are observed on the surface of the ITO-
coated electrode. Most of the CusO semiconductor
nanocubes possess a uniform shape. Recently, Yil-
maz et al. stated that the film thickness and
crystallite grain size affect the photoelectrochemical
activity and stability of CupO film that can be
utilized for solar cell applications.?? The average
size of Cus0 semiconductor nanocubes observed for
15 min were about 200 nm in diameter. The mor-
phology of the CusO grown by electrochemical
deposition is similar to the results with an average
nanocube size of 200 nm reported in the
literature.??

It can be observed from this investigation that as
the electrodeposition time is increased, the diame-
ters of the CuyO nanocubes increase (Fig. 5). The
resulting Cu,O nanocubes in these samples have
diameters of approximately 120 nm, 200 nm,
300 nm and 500 nm for 5 min, 15 min, 30 min and
60 min, respectively. Interestingly, these Cuy0
nanocubes, in all conditions, possess high
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Fig. 5. SEM images of Cu,O photoelectrodes electrodeposited onto the ITO-coated glass surface for (a) 5 min (b) 15 min (c) 30 min and (d)

60 min.
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Fig. 6. EDX analysis of Cu,O photoelectrodes electrodeposited onto
the ITO-coated glass surface.

uniformity in size and shape. This is perhaps due to
the fact that CuyO has a cubic crystal structure, i.e.
a body-centered cubic packing of oxygen atoms with
copper atoms occupying one-half of the tetrahedral
sites. Wang et al. stated that the conductive nature
of the Cuy0-based semiconductor is tunable, per-
mitting the construction of n-type and J)—type, in
addition to p—n junction photoelectrodes.**

The elemental composition of the Cus,O nanocube
semiconductor photoelectrodes was determined by
EDX analysis (Fig. 6). The lack of appearance of any
peaks other than Cu and O is a good indicator that
the CuyO is homogeneous in composition and
formed from Cu-O. Also, EDX analyses from differ-
ent regions gave the same outcomes. For the copper
(I) oxide semiconductors, the quantitative atomic
ratios of Cu/O were 32.16:67.84, which is close to 1:2
stoichiometry. Similar outcomes have been obtained
by Lenglet et al.?®

UV-Vis Absorbance and Bandgap Studies

The UV-Vis absorbance spectrum of CuyO nano-
cube semiconductor photoelectrodes electrode-
posited for 15 min on the ITO substrate is shown
in Fig. 7. It can be seen from Fig. 7 that Cuy0
possesses only one absorption band in the UV-Vis
region. The absorption peak measured for the
photoelectrodes was 544 nm, which corresponds to

Wavelength (nm)

Fig. 7. UV-Vis spectrum of Cu,O semiconductor photoelectrodes
electrodeposited for 15 min on the ITO substrate. Inset: Tauc plot of
the same UV-Vis spectrum.

the exciton formation in the nanocrystalline
Cuy0.%° The other absorbance spectrums of CuyO
semiconductor photoelectrodes at different deposi-
tion times were similar to Fig. 7. In a similar study,
Li et al.?” described similar absorption peaks posi-
tioned at 539 nm. Also, Sekhar et al.?® detected a
comparable peak of Cus0O at 547 nm.

For all the semiconductors, the widely used
method of plotting («hv)? versus the energy hv was
adopted to determine the bandgap of the materials.
The E; can thus be estimated from a plot of (ohv)?
versus the photon energy hv (Fig. 7 inset). The
bandgap of CuyO semiconductors electrodeposited
onto ITO-coated glass was found to be E, = 2.12 eV.
Between the fine bandgap semiconductor photocat-
alysts, the cuprous oxide with a direct bandgap of
2.17 eV is very promising due to its exclusive
characteristics, for example, p-type character, rela-
tively negative conduction band location, low cost,
profusion and safety.?® Recently, there has been
increasing attention to the synthetic, morphological
and catalytic characteristics of Cu0.%°

Linear Sweep Voltammogram Studies

Figure 8 represents linear sweep voltammograms
of CuyO nanocube semiconductor photoelectrodes
electrodeposited in dark and light as a function of
deposition time in 0.1 M Na,SO,. Figure 8 also
shows the effect of electrochemical deposition time
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Fig. 8. Linear sweep voltammograms of Cu,O semiconductor photoelectrodes electrodeposited for (a) 1 min, (b) 3 min, (c) 5 min, (d) 10 min, (e)
15 min, (f) 30 min, (g) 60 min, (h) 120 min and (i) 180 min in 0.1 M Na,SO,.
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on the light and dark current of CusO semiconduc-
tor photoelectrodes. This linear sweep voltammo-
gram exhibited a photocathodic behavior due to the
p-type nature of the CusO semiconductors in a
voltage range of 0.2 V to —0.8 V. Figure 8a repre-
sents linear sweep voltammograms of Cus,O semi-
conductor photoelectrodes electrodeposited in dark
and light for 1 min in 0.1 M NaySO,. In a similar
study, Tang et al.®' showed the electrochemical
deposition of nanocrystalline Cu,O thin films on
TiO, films coated on transparent conducting optical
glass substrates by cathodic reduction of cupric
acetate.

Figure 8b shows linear sweep voltammograms of
Cu,0 photoelectrodes electrodeposited for 3 min. It
can be noticed that the mismatching between the
starting points begin to diverge between dark and
light and exhibited photocathodic behavior. The
photocurrent was increased with longer deposition
time. This mismatching became broader at 5 min
(Fig. 8¢) and 10 min (Fig. 8d) until it reached the
highest point at 15 min (Fig. 8e). Surprisingly, after
15 min deposition (Fig. 8e), this trend reversed
exactly like the starting deposition time. This is
again a good indicator showing that the thin film
within 15-min deposition possesses the highest
photocurrent of all investigated semiconductor
films.

It can be seen from Fig. 8 that 30 min deposition
(Fig. 8f) produced a similar trend as 10 min depo-
sition (Fig. 8d), while 60 min deposition (Fig. 8g)
resulted in a similar trend as 5 min deposition
(Fig. 8¢), and 120 min deposition (Fig. 8h) resulted
in a similar trend as 3 min deposition (Fig. 8b).
Lastly, 180 min deposition (Fig. 8i) was quite close
to the case with 1 min deposition (Fig. 8a). This
selective analysis indicates the superiority of
15 min deposition among all investigated semicon-
ductor films. It is also worth noting that, beyond
120 min, the photocurrent of Cu,O semiconductor
photoelectrodes remained almost constant. This
may be due to the increased bending of CuyO
semiconductor photoelectrodes for higher deposition
times, which may reduce the effective area for
surface reactions, leading to lower photocurrent. All
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Fig. 9. Current density of copper (I) oxide photoelectrodes
electrodeposited for (a) 1, (b) 3, (c) 5, (d) 10, (e) 15, (f) 30, (g) 60,
(h) 120 and (i) 180 min under light illumination in 0.1 M Na,SO,.

the linear sweep voltammograms showed a photo-
cathodic behavior due to the p-type nature of the
Cuy0 semiconductors. Shyamal et al.>> demon-
strated the preparation of p-type CusO thin films
using a cathodic electrodeposition method. They
also showed that the CuysO semiconductor photo-
electrodes experience higher ohmic resistance at the
electrode solution interface due to a decreased
electronic conductivity; better electrical connectivity
of a CuyO semiconductor can be obtained with
metallic Cu and Al substrate as compared with that
of ITO-coated glass.®®

It can be observed that the linear sweep voltam-
metry of the Cu,O nanocube semiconductor photo-
electrodes under light with a bias more negative
than that of the flat-band potential displayed
increased photocurrent. This is attributed to the
direct bandgap nature of Cu,O with better charge
carrier mobility and carrier lifetime. In addition, it
is obvious from the linear sweep voltammograms
that the photocurrent increases at a potential which
is more negative than the flat-band potential of the
corresponding metal oxide. It is also expected that
at flat-band potential, there is no net charge trans-
fer and the net current is zero. Nevertheless, the
linear sweep voltammogram shows a small current
at the flat-band potential for dark and light condi-
tions, which is attributed to the surface states. With
Cuy0 being a p-type and ITO an n-type semicon-
ductor, the nature of the ITO-Cu,O interface was
checked by recording the I-V behavior under dark
conditions at the same potential range. The I-V
behavior is found to be purely ohmic in nature,
ruling out its interference in the water-splitting
experiment by acting as a p—n junction.

Figure 9 illustrates the current density under
sunlight for the corresponding copper (I) oxide
semiconductor photoelectrodes. Herein, the effect
of Cuy0 electrodeposition time on the photocurrent
of photoactive films is investigated.

It can be seen from Fig. 9 that as the electro-
chemical deposition time increased, the current
density of CuyO semiconductor photoelectrodes
increased. The Cuy0 semiconductor photoelectrodes



electrodeposited for 15 min (Fig. 9e¢) exhibit the
highest current density among all the investigated
semiconductor films. This is, again, due to the fact
that the thin film within 15 min deposition pos-
sesses the highest photocurrent of all investigated
semiconductor films. In general, as the electrochem-
ical deposition time increased, the current density of
Cuy0 semiconductor photoelectrodes decreased.
After 120 min (Fig. 9i), the current density of
Cuy0 semiconductor photoelectrodes remained
almost constant. Also, CusO photoelectrodes exhibit
good stability and switching behavior for different
Cu,0 electrodeposition times. Qadir et al.®® stated
that a combination of ZnO and Cu,O semiconduc-
tors is remarkable for efficient photovoltaic cells and
enhanced photoelectrochemical performance. This
can be expected since they form high electronic
energy band alignment together and have a con-
trollable electronic structure at the interface.

CONCLUSIONS

In this study, p-type direct-bandgap CuyO nano-
cubes were synthesized by an electrochemical pro-
cess at pH 9 under ambient conditions. This study
mainly focused on the synthesis of homogeneous
Cu,0 photoelectrodes with various deposition times
using a UPD-based electrochemical technique. The
UPD study for CusO was determined by cyclic
voltammetric measurements. This electrodeposited
Cu and O reacted to form the CusO semiconductor
on an ITO-coated surface. The amount of electrode-
posited Cu,O was dependent on the deposition time.

The XRD analyses showed that the CuyO nano-
cubes thin films were of a polycrystalline cubic
phase with preferential orientation in (1 1 1) planes.
SEM study showed evenly distributed CusO nano-
cubes of approximately the same size on the surface
of the ITO-coated electrode. Most CusO nanocubes
had a uniform shape, and as the electrodeposition
time increased, the diameter of the Cuy,O nanocubes
also increased. The EDX analyses indicated that the
Cu,0 was homogeneous in composition and was
formed from Cu—O. The quantitative atomic ratios
of Cu/O were close to 1:2 stoichiometry. The Cuy,0
semiconductor photoelectrodes electrodeposited for
15 min exhibited the highest photocurrent and
current density among all of the investigated semi-
conductor films. After 120 min, the photocurrent
and the current density of Cu,O semiconductor
photoelectrodes remained almost constant. Linear
sweep voltammetry of CuyO semiconductor photo-
electrodes under light with a bias more negative
than that of flat-band potential displayed an
increase in the photocurrent. This was attributed
to the direct-bandgap nature of Cu,O with better
charge carrier mobility and carrier lifetime. CuyO
photoelectrodes display good stability and can be
utilized in photoelectrochemical water splitting and
other solar photovoltaic applications.
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