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Hierarchical CuO photocathodes with cobalt
doping for efficient photoelectrochemical water-
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Hierarchical cobalt-doped copper oxide (Co/CuO) photocathodes for photoelectrochemical water
splitting (PEC-WS) are an effective and promising strategy to enhance light harvesting. Here, hierarchical
Co/CuQO photocathodes were deposited via the effective-cost SILAR technique. Crystal structural
properties of Co/CuO films were examined via X-ray diffraction (XRD). XRD results confirmed the

monoclinic structure and polycrystalline nature of Co/CuO. Field emission scanning electron microscopy

images display a hierarchical “flower-like” morphology with nanoscale features resembling petals. All
films exhibit a relatively uniform distribution of flower-like structures. The transmittance spectra of Co-
doped and undoped CuO photoelectrodes were measured to study their optical properties. Increasing
the Co contents led to an optical energy band gap increase. Additionally, the applied photon to current
conversion efficiency (ABPE%) and electrochemical impedance spectroscopy (EIS) are comprehensively
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studied. Moreover, stability and incident photon to current conversion efficiency (IPCE%) were studied

for optimum photoelectrode. The CuO sample with an optimal Co dopant of 3% exhibit a maximum
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1. Introduction

Developing clean energy supplies is crucial to reduce green-
house gas emissions from fossil fuels.! Fossil fuel supplies are
diminishing at an alarming rate, raising concerns about future
energy security. In this setting, the desire to move to renewable
energy sources becomes clear.> Renewable energy, such as wind,
geothermal power, solar, and hydro, has the potential to be
a sustainable solution.® Adopting renewable energy can help
prevent climate change, decreasing dependance on fossil fuels,
and fostering a more sustainable and resilient energy system.
Hydrogen is regarded as the best energy carrier, with the
highest gravimetric heating value and minimal carbon emis-
sions during combustion.* Hydrogen can generate energy in
fuel cells with only water vapor as a byproduct, removing
dangerous pollutants.” However, there are limitations to the
broad use of hydrogen as an energy source, especially when it
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photocurrent density of —1.5 mA cm™2 at —0.4 V vs. RHE about triple that of pure CuO photocathode,
an ABPE of 0.35% at —0.4 V vs. RHE, and outstanding electrochemical stability in alkaline medium.

comes to transporting and storing hydrogen gas. Because
hydrogen has a low density, substantial amounts of energy must
be stored in huge volumes.® Finding a suitable low-cost semi-
conducting photocatalyst with strong light absorption and
acceptable stability in aqueous electrolytes is a truly challenging
circumstance.” Metal oxide semiconductors play an important
role in many industrial applications, including photo-
electrochemical and optoelectronic devices. Copper(u) oxide
(Cu0), also referred to as cupric oxide, has emerged in recent
years as one of the most important metal oxide semi-
conductors.? This is because of its many useful applications and
physiochemical characteristics. It is abundant in nature, inex-
pensive, biocompatible, has a narrow bandgap, and is chemi-
cally stable.” Solar cells, transistors, supercapacitors, lithium-
ion batteries, photocatalysis, and gas sensors are just a few of
the several applications for it.® It is thought to be beneficial for
use as a photocathode in PEC cells because of the location of its
conduction band edge, which is at a potential greater than that
of hydrogen evolution.™ In order to increase stability and
conductivity, a lot of studies have been conducted using cata-
lysts, doping procedures, composite architectures, and other
techniques. It is thought that the doping procedure is quick,
easy, and efficient and it can also enhance the properties of
Cuo.12,13

In recent years, copper oxide (CuO) has emerged as a prom-
ising p-type semiconductor for photoelectrochemical (PEC)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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water splitting due to its narrow band gap (~1.2-1.9 eV), high
absorption coefficient, and earth-abundant, low-cost nature.*
CuO's conduction band is suitably positioned for hydrogen
evolution, making it a viable candidate for photocathodic
applications.'® However, its practical application is limited by
factors such as short minority carrier diffusion lengths, rapid
surface recombination, and photocorrosion.'® To enhance the
material's qualities, numerous researchers have experimented
with different dopant molecules. J. Uddin et al. using the spray
pyrolysis technique they synthesized undoped and Ni-doped
CuO thin films to study how the Ni contents affect the elec-
trical and optical characteristics of CuO films. Ni dopants have
been reported to increase resistivity and the energy band gap."”
Ba-doped CuO films were created by Ashour M. Ahmed et al.
using the SILAR technique for hydrogen production. Neverthe-
less, the stability curve indicates that after 50 seconds, the
photocurrent density drops to roughly 45% of its original value.®
Moreover, CuO thin films were created by S. Dolai et al. for solar
cell applications using reactive DC magnetron sputtering. An
efficiency of 1.2% and a current density of roughly 3.6 mA cm >
have been demonstrated by the CuO/CdS p-n junction solar
cell.® Sol-gel combustion was used by S. Al-Amri et al. to create
Ni-doped CuO films for optical and structural analysis. The
bandgap energy of Ni-doped CuO increased significantly with
the Ni content.” Y.-F. Lim et al. used the sol-gel technique to
deposit CuO and Cu,O films for PEC water splitting. —0.47 mA
cm 2 was recorded as a maximum photocurrent density, and
CuO and Cu,O films corroded.* To the best of our knowledge,
Co/CuO films especially prepared by SILAR method on FTO
coated glass substrate have never been deposited for using in
PEC water splitting. CuO thin films can be deposited using
a variety of methods, such as magnetron sputtering,* sol-gel,*
chemical bath deposition,* spray pyrolysis,** potentiodynamic
technique,” and SILAR technique.® SILAR distinguishes notably
among these methods due to its low cost, ease of use, speed,
and suitability for large-scale production with a high-quality
coating at low temperatures. In this work, we investigate how
doping CuO with a rare earth ion Co®>" with an ionic radius of
0.70 A (ref. 26) approximately similar to Cu®* (0.73 A)*” can affect
its optoelectrical properties. Cobalt (Co>") was chosen as
a dopant due to its favorable electronic configuration and its
ability to introduce beneficial defect states and intermediate
energy levels within the CuO band structure, which can enhance
charge separation and suppress recombination losses.* In
addition, cobalt is recognized for its catalytic activity toward
hydrogen evolution reactions (HER), potentially improving
interfacial charge transfer kinetics at the CuO/electrolyte
interface. Its relatively low cost and environmental compati-
bility further support its suitability for large-scale PEC applica-
tions. Although Co-doped CuO thin films have been synthesized
using techniques such as sol-gel, spray pyrolysis, and chemical
bath deposition, the integration of low-concentration Co
doping (1-5 at%), flower-like morphology, and spatial SILAR
growth remains underexplored in the context of PEC water
splitting. Our approach enables accurate control over film
thickness and composition at low temperatures, producing
uniform, high-surface-area microstructures. Moreover, we
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emphasize the improved long-term PEC stability of our Co/CuO
photoelectrodes, a feature often overlooked in other low-cost
systems. To the best of our knowledge, no prior study has
systematically investigated how low-level Co doping via spatial
SILAR impacts the combined effects of morphology, optical and
electrochemical properties, and device stability. These aspects
make our work both novel and practically relevant for scalable,
cost-effective hydrogen generation.

Thus, utilizing high-purity cobalt chloride and copper
acetate, undoped CuO and Co/CuO photocathodes were
deposited through the SILAR technique on FTO coated glass
substrates. Additionally, the influence of Co dopants on the
morphological, structural, optical properties, and chemical
composition of CuO thin films were estimated using a scanning
electron microscope (SEM), an X-ray diffractometer (XRD), a UV
spectrophotometer, and energy dispersive X-ray (EDX), respec-
tively. Then, using a three-electrode cell, the photo-
electrochemical experiment's performance was examined for
both undoped CuO and Co-doped CuO photoelectrodes.
Finally, electrochemical impedance spectroscopy (EIS) was
studied to investigate the charge transfer properties for all
photoelectrodes.

2. Experimental

2.1. Materials and methods

Using the SILAR technique, CuO and Co-doped CuO thin films
were deposited, as depicted in Fig. 1. The synthesis process
involved thoroughly mixing 3 ml of ammonia solution drops
with 0.05 M copper acetate [[CuCOOCHj;)-2H,0], the mixture
was stirred until the pH reached 9, it served as the cationic
precursors, and distilled water (90 °C) served as the anionic
solution. The FTO coated glass substrate was dipped in the
cationic solution for 30 seconds, allowing the copper-ammonia
complex [(Cu(NH;)4)*"] adsorption onto its surface via van der
Waals interactions.® Subsequently, the substrate was trans-
ferred to the anionic solution and maintained at 90 °C for 30
seconds, leading to the conversion of the adsorbed copper-
ammonia complex into copper hydroxide (Cu(OH),). Afterward,
the substrate was dipped in DI-water at room temperature for
about 20 seconds to eliminate any unreacted copper species
from the surface. This process is marked as one complete cycle
of Cu(OH), films synthesis. To produce high-quality thin films,
the cycle was repeated 20 times or till reaching to the desired
thickness, with changing the hot distilled water after every five
cycles. The films after the desired deposition were then washed
with Di-water and air-dried. The final step involved annealing
the films at 500 °C in a furnace for 4 hours to convert Cu(OH),
into CuO. Three concentrations (1, 3, and 5 at%) of cobalt
chloride (CoCl,-6H,0) were selected and added to the cationic
solution for doping. The resulting thin films demonstrated
stability and good adhesion to the substrate.

2.2. Characterization techniques

The surface morphology and topography of CuO and Co/CuO
films were estimated through field emission scanning
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Fig.1 Schematic presentation shows the deposition of CuO by the SILAR method at room temperature.

electron microscopy (FE-SEM) (JSM-7600; JEOL-Japan), while
the elemental composition was assessed using energy disper-
sive spectroscopy (EDX). The phase formation and crystal
structure of the synthesized photoelectrodes were analyzed
using a high-resolution X-ray diffractometer (XRD) equipped
with Mo-filtered CuKa,, radiation (wavelength: 1.54060 A). The
measurements were proceeded over a 2df range of 20-80° with
a step size of 0.1°. Additionally, the optical transmittance of the
CuO films was measured using a double beam UV-vis spectro-
photometer (Lambda 750, PerkinElmer) to determine the
optical energy band gap.

2.3. Photoelectrochemical measurements

A three-electrode cell Metrohm Autolab L.V. (AUT86593) was
used to evaluate the photo-electrochemical (PEC) performance.
An Ag/AgCl electrode (E, = 195 mV vs. RHE at 25 °C) served as
the reference electrode. Co-doped CuO films (1.5 x 1.5) cm®
were served as the working photo-electrodes, while a platinum
sheet of the same size of Co/CuO was served as the counter
electrode. The experiment was performed at room temperature
(25 °C) using an electrolyte of 0.3 M aqueous sodium sulfate
(Na,S0,) solution at neutral pH (~7). The measurement range
for linear sweep voltammetry (LSV) was —0.4 to 0.4 V. vs. the
reversible hydrogen electrode (RHE) under dark conditions, and
white light illumination. A solar simulator (HAL-320.F.S,
compact xenon light source) with optical filters and an irradi-
ation output of 100 mW cm™?, was used to illuminate the PEC
cell. Additionally, stability tests, electrochemical impedance
spectroscopy (EIS), applied bias photon-to-current efficiency
(ABPE%), and incident photon-to-current conversion efficiency
(IPCE%) were evaluated in the same 0.3 M Na,SO, electrolyte at
neutral pH under illumination. The EIS tests were performed at
room temperature (~25 °C) at 0 V vs. RHE using frequencies
between 100 kHz and 0.01 Hz.

3. Results and discussion

3.1. Structural study (XRD)

The properties of crystal structure and the phase purity of the
photoelectrodes were examined by X-ray diffractometer instru-
ment. X-ray patterns for all samples are depicted in Fig. 2, all
peaks are accurately matched well to ICDD Card No. 96-
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9015888, confirming the monoclinic structure of all thin films
with the space group C12/c1.”® The diffraction pattern also
reveals that the CuO films exhibit a polycrystalline nature. The
CuO films exhibited five prominent peaks at 26 values of
approximately 32.19°, 35.38°, 38.317°, 38.87°, and 67.357°,
corresponding to the (110), (—111), (111), (200), and (022)
planes, respectively. Additionally, no peaks or phases associated
with Co were observed, indicating the successful growth of the
CuO films without any phase change. Additionally, the incor-
poration of Co®* at the Cu”" site does not alter the structure of
CuO film crystal. This is because the ionic radius of Co** (0.70
A)*® is approximately close to that of Cu** (0.73 A),%” allowing
Co*" ions to seamlessly integrate into Cu®" sites within the CuO
crystal lattice. Furthermore, there is no shift in the diffraction
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Fig. 2 XRD graph for Co doped CuO films and pure CuO.
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peaks, confirming that the Co ions are substituting Cu ions in
the lattice without significantly changing the lattice parameters.
This incorporation maintains the monoclinic structure of CuO,
due to the similarity in the Co and Cu ionic radii, allowing Co to
fit into the CuO lattice without causing major distortions.>>*
Based on the analysis of XRD peak intensities, the (—111)
crystallographic plane shows higher intensity than other
planes, indicating the primary diffraction peak and it is
considered the main crystallographic orientation in CuO films.
XRD peak intensity increases with the addition of Co content up
to 3%, followed by a sudden decrease at 5% Co. This suggests
that the crystallinity of the films improves with Co dopants up to
3%, this improvement may be due to the incorporation of Co>*

Table 1 Estimated parameters for all deposited photoelectrodes

Parameter/sample Pure-CuO Co 1% Co 3% Co 5%
20 (°) 35.21 35.27 35.197  35.23
I(a.u.) 216 240 393 329

8 () 1.55 1.22 1.11 1.28

D (nm) 56.16 71.37 78.43 68.02
6 (lines per m?) x10™ 3.17 1.96 1.63 2.16

& (lines ®> per m*) x10™*  6.44 5.07 4.61 3.32
Ey (ev) 2.42 2.70 3.45 3.12
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ions into the CuO matrix, which could enhance the arranging of
the crystal structure. Co ions might stabilize the lattice struc-
ture, reducing defects or disorder at these doping levels.”®*"
Moreover, increasing the Co contents more than this concen-
tration led to poorer crystallinity. This could result from Co
atoms exceeding the solubility limit, leading to lattice distor-
tion, the formation of secondary phases, or an increase in
structural defects®

Using the Debye-Scherrer equation, as shown in eqn (1)****
the prepared films' crystallite size (D) was determined.

kA
" Bcosb

(1)

In this equation, § stands for full width at half maximum
(FWHM), A for the X-ray beam's wavelength (~1.54 A), # for
Bragg's angle, and k for the shape factor (~0.94). Table 1
displays the structural characteristics that were determined for
the (—111) crystallographic plane. Additionally, eqn (2) was
used to assess the dislocation density, and eqn (3) was used to
determine the micro-strain values.**

1
0= 13 (2)
_ G c;)s 0 3)

Fig. 3 SEM images (a) pure CuO, (b) 1% Co/CuO, (c) 3% Co/CuO, and (d) 5% Co/CuO.
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Based on Table 1, pure CuO thin films have an average crys-
tallite size of 56.16 nm. The crystallite sizes for Co/CuO films
were found to be 71.37 nm for 1% Co, 78.43 nm for 3% Co, and
68.02 nm for 5% Co. This shows how the crystallite size is
irregularly affected by the dopant of Co into CuO. Moreover, the
crystal formation is hindered by the migration of Co-O-Cu
complexes to the surface, and this may be the reason of large
crystallite sizes of Co doped CuO compared to pure CuO.
Additionally, as mentioned, Co®" ions have an ionic radius of
approximately 0.70 A, which can introduce defects, leading to
lattice distortion due to the substitution of Co®" ions. This
results in a broadening of the XRD peaks. In general, doping
transition metals can reduce crystal growth in metal oxides. The
impurities formation on the surface of the crystal when Co**
ions replace Cu®" ions in the CuO lattice may be an explanation
for the decrement in peak intensity.>**”

3.2. Morphology and elemental composition

The morphology of the surface for both CuO and Co/CuO films
with varying dopant concentrations, fabricated via the SILAR
method, was examined using field emission scanning electron
microscopy (FE-SEM). Fig. 3 presents the SEM images for the
pure and Co/CuO films, the images display a hierarchical
“flower-like” morphology with nanoscale features resembling
petals. This indicates a well-defined self-assembly process
during film growth, which may arise due to the SILAR tech-
nique's ability to control layer-by-layer deposition.**> Moreover,

View Article Online
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all films exhibit a relatively uniform distribution of flower-like
structures, suggesting good deposition control. The rough
surface can enhance the surface area, which is beneficial for
applications such as catalysis, sensing, and photo-
electrochemical reactions. Cobalt doping often promotes the
formation of more intricate morphologies, as Co ions can alter
the nucleation and growth mechanisms during the SILAR
process. The ionic radius of Co”" is slightly smaller than Cu*",
and its incorporation into the CuO lattice can introduce lattice
strain, influencing the film's morphology.*® Furthermore, the
flower-like features become more prominent with Co doping, as
cobalt ions act as nucleation centers, facilitating the formation
of hierarchical structures. This can improve the surface area
and active sites for applications. In addition, at higher doping
levels, cobalt might hinder grain coalescence due to increased
strain or defects, leading to smaller grains and more intricate
morphologies. Moreover, the chemical composition of both
pure CuO and Co/CuO films was determined by the energy-
dispersive X-ray spectrometer (EDX). The EDX spectra for pure
and 5% Co/CuO films are shown in Fig. 4a and b, respectively.
The EDX analysis revealed that the Co/CuO thin films consist of
cobalt (Co), oxygen (0O,), and copper (Cu). The weight
percentage (wt%) of cobalt in these electrodes ranges from 0.1
to 0.51 wt% as an average, depending on the amount of cobalt
dopant used. These findings indicating the successful substi-
tution of Co™" ions for Cu®" ions during the process of the thin
film growth.
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Fig. 4 EDX spectra of (a) pure CuO and (b) 5% Co/CuO films.
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3.3. Optical properties

UV-visible spectroscopy is an important and valuable instru-
ment for investigating semiconductor materials' optical prop-
erties vai measuring their absorbance and transmittance in the
visible and the UV region.*” The transmittance spectrum of
undoped and Co/CuO photoelectrodes were evaluated using
a PerkinElmer UV-visible spectrophotometer and are presented
in Fig. 5(a). All electrodes exhibit low transmittance, about 15%
in the visible regions, extending to approximately 650 nm.
Additionally, all films achieve their highest transmittance in the
near-infrared region, ranging from 800 to 1200 nm. However,
adding Co dopants leads to a decline in transmission curves.
The transmittance drops from 25% for undoped CuO to about
12% as a result of doping. This decrease may be due to photon
absorbance scattering caused by defects in the crystal structure
introduced by Co doping.””** The band gap and absorption
coefficient are estimated from the transmittance spectra and
Tauc's relation eqn (4):*

ahv = B(hy — Ep)" (4)

a)

35 Pure CuO
4 Co/CuO 1%
3() 4~ Co/CuO 3%
4= Co/CuO 5%
25 A
X 20 4
— |
15 1
10 A
5
0 L) L L L] L]
200 400 600 800 1000 1200
Wavelength (nm)
500 == Pure CuO |
—e—Co/Cu0 1% ]
o i -Co/CuO 3%
£ 400 Co/CuO 5%
d
2 300
=
X 2001
)
=
S 100 -
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1 3
E=hc/A (eV)
Fig. 5 (a) Optical transmittance spectra of all films, (b) Taucs' plot of

pure and Co/CuO thin films.
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where B is a proportionality constant, n = 2 for indirect and n =
1/2 for direct allowed transition optical bandgap semi-
conductors and « is known as the absorption coefficient that
can be determined using the relation o = é x In (?) where
d and T are the thickness and the transmittance, respectively. In
this study, the optical band gap values were determined by
assuming an indirect allowed transition for CuO, which is
consistent with previous reports on CuO-based thin films.
Therefore, the value of n used in Tauc's relation was set to 2,
corresponding to indirect transitions. The band gap energy (Eg)
of each electrode is determined from the linear region in the
(ahv)® vs. hv graph by extrapolating at & = 0, as shown in
Fig. 5(b). The pristine CuO film has an E, of 2.42 eV which is
higher than the bulk CuO (1.85), and it increases to about 3.4 eV
with the addition of Co dopants. However, from the Tauc plot it
observed that with increasing the doping level of Co dopants by
more than 3%, the band gap is slightly decreased which can be
attributed to the nanoparticles quantum confinement
effect.’>*"** Rehman et al.*® have also reported that intra-gap
defects contribute to the reduction of the bandgap in CuO
nanoparticles. Similarly, Ovchinnikov et al. have examined the
impact of electronic defects in CuO, noting that intraband
states form within the bandgap due to the existence of dopants
or valence defects, such as oxygen vacancies and Cu'" states.
These defects are identified as key factors responsible for the
bandgap narrowing in CuO nanoparticles.**

3.4. PEC measurements

The photoelectrochemical (PEC) properties of CuO and Co/CuO
films were estimated by an electrochemical potentiostat,
a xenon lamp of 400 W, and a homemade three-electrode
system. LSV measurements were initially taken from —1 V to
1 V against the reference electrode (Ag/AgCl) that ranges from
—0.4 Vto 0.4 Vvs. RHE, both in the dark and with illumination
from the xenon lamp at around 100 mW cm 2. In Fig. 6(a),
raising the voltage causes the photocurrent density to increase
negatively, demonstrating that the produced films act as
photocathodes and p-type semiconductors. Additionally, all
samples exhibited negligible dark current. Under white light,
the photocurrent density for the pure CuO photoelectrode
achieved —0.5 mA cm > at —0.39 V via the RHE. Adding Co
dopant boosted photocurrent density, peaking at —1.5 mA cm >
at —0.39 V via the RHE, nearly triple that of the pure CuO
photoelectrode.

The PEC experiment was analyzed by coducting a potential
between the counter and the working electrodes. This applied
bias enhances the current flow from the working electrode to
the counter electrode, influencing PEC performance. To
account for this excess voltage, the applied bias photon-to-
current conversion efficiency (ABPE%) is measured and esti-
mated using eqn (5).*

|[7|(mA cm™)

0/
ABPE% = Prrone (MW cm2)

(1.23 = Vo) x 100 (5)
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Fig. 6 PEC properties of pure CuO and Co/CuQ photoelectrodes in 0.3 M Na,SO4 as an electrolyte. (a) Jon—V curves of all photocathodes, (b)
ABPE% of all samples under white light illumination, (c) different values of IPCE% as a function of wavelengths for all films, and (d) the stability of
the 3% Co/CuO photoelectrode under light illumination at an applied voltage of —0.4 V vs. RHE in a 0.3 M Na,SO, electrolyte.

1.23 V corresponds to the thermodynamic potential necessary
for water splitting, while V};,5 represents the externally applied
voltage. All calculations assume an approximately 100% fara-
daic efficiency. Fig. 6(b) presents the ABPE% as a function of
applied potential for all fabricated films under illumination
(~100 mW em™?). The data reveal that the 3% Co/CuO photo-
electrode achieves the highest ABPE% compared to other
photoelectrodes.

The incident photon-to-current efficiency
(IPCE%) measures the fraction of incident photons at a specific
wavelength that successfully generates and contributes to the
photocurrent.* This metric is essential as it directly reflects the
film's efficiency in converting absorbed photons into electrons.
The IPCE% is calculated using eqn (6):*¢

1240(eV nm™) |J|(mA cm72)
A(nm) Priono (MW cm~2)

conversion

IPCE% = x 100

(6)
Here, J represents the photocurrent density at —1 V versus Ag/

AgCl, A denotes the wavelength of monochromatic illumina-
tion, and P corresponds to the intensity of the monochromatic

24618 | RSC Adv, 2025, 15, 24612-24623

light. The constant 1240 results from the product of Planck's
constant (%) and the speed of light (c). The IPCE% for the 3% Co/
CuO photoelectrode is represented as a function of wavelength
of monochromatic light in Fig. 6(c). With bandgap of 3.4 eV,
this photoelectrode primarily absorbs sunlight in the near-UV
region (A ~ 450 nm). As illustrated in Fig. 6(c), the IPCE%
spectrum shows a broad photoresponse extending across the
visible range (400-650 nm), reaching a peak efficiency of 4.6% at
450 nm. The improvement in PEC performance upon Co doping
can be attributed to multiple factors. Firstly, the introduction of
Co>" ions creates localized energy states within the band gap,
which facilitate improved light absorption and enhanced pho-
togeneration of charge carriers. Secondly, Co doping can
suppress charge recombination by acting as an electron trap,
effectively prolonging the lifetime of photogenerated holes.
Additionally, the presence of Co may increase the electrical
conductivity of the film and improve the charge transport
pathway toward the electrode/electrolyte interface. These
combined effects result in higher photocurrent density and
IPCE values compared to undoped CuO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EIS measurements at room temperature at 0 V vs. RHE and frequency ranges 1 mHz to 1 MHz and under white light illumination.

While calculating the ABPE and IPCE values, a faradaic
efficiency of 100% was assumed for simplification, as
commonly reported in related PEC studies using CuO-based
photocathodes. However, we acknowledge that this assump-
tion may not fully reflect the actual charge-to-product conver-
sion efficiency in our system. Due to equipment and time
constraints, direct experimental measurements of faradaic
efficiency were not performed in this work. Nonetheless,
previous reports on similar CuO-based systems under compa-
rable operating conditions have demonstrated near-unity fara-
daic efficiencies, which justifies its use as a reasonable
approximation in our analysis.>® We recognize this as a limita-
tion of the current study and recommend future work to include
direct quantification of evolved hydrogen and oxygen gases to
verify the true faradaic efficiency and further validate the PEC
performance. Furthermore, the stability of the photoelectrodes
was evaluated under illumination at an applied voltage of
—0.4 V vs. RHE in a 0.3 M Na,SO, electrolyte, as shown in
Fig. 6(d). All samples initially exhibited a rapid drop in photo-
current density to approximately 0.7 mA ecm ™2, which is most
likely due to double-layer formation and photo-corrosion of the
photoelectrode surface. Under continuous illumination and

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 8 Schematic represents the equivalent circuit simulated by Zview
and ZSimWin software.
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applied bias, chemical degradation processes may occur,
impairing the surface and reducing the efficiency of charge
generation and transport. After this initial drop, the current
density stabilized at around 0.65 mA cm ™.

Notably, the 3% Co-doped CuO electrode demonstrated
a more stable photocurrent over time compared to the undoped
sample, indicating enhanced structural and chemical dura-
bility. This improved stability is likely due to the role of Co in
passivating surface defects and suppressing photocorrosion,
both of which are prevalent in pure CuO under operating
conditions. Additionally, the enhanced crystallinity and modi-
fied grain structure resulting from Co doping may contribute to
reduced degradation rates. To contextualize our findings,
a comparative analysis with previously reported systems is
presented in Table 3. While some studies report higher photo-
current densities than our achieved value of —1.5 mA cm 2,
these often involve higher dopant concentrations, more

complex fabrication procedures, or elevated processing
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temperatures. In contrast, our spatial SILAR-based approach
offers a favorable balance of photoelectrochemical perfor-
mance, ease of fabrication, and improved operational stability
under illumination. These results highlight the practical
advantages of low-level Co doping and flower-like morphology
via SILAR, supporting its potential for scalable, low-cost PEC
hydrogen production.

Electrochemical impedance spectroscopy (EIS) was
measured to estimate the charge carrier dynamics at the
photocathode/electrolyte interface. Measurements were per-
formed at room temperature across a frequency range of 1 mHz
to 1 MHz at 0 Vvs. RHE and under white light. The EIS data were
analyzed using Zview and ZsimpWin software to fit a simplified
equivalent circuit. Fig. (7) displays the Nyquist plot of fitted data
of all photoelectrodes dipped in a 0.3 M Na,SO, electrolyte. The
equivalent circuit, depicted in Fig. (8), consists of an electrolyte
resistor (R,), which is evaluated from the high-frequency inter-
cept in the Nyquist plot. This resistor represents charge

Table 2 EIS results estimated using ZView and ZSimWin software

Pure CuO Co/CuO 1% Co/CuO 3% Co/CuO 5%
R, (Q) 33.95 36.43 24.04 38.29
C,y (uF) 1.4125 2.6636 2.1324 1.701
R, (kQ) 5.816 10.792 18.471 926.570
C, (1F) 0.12972 0.1307 0.11871 0.046019
R; (MQ) 5.8326 1.223 0.695080 0.274180
CPE-YO (S sec”) 2.3092 x 10°° 1.4611 x 10°° 1.2362 x 10°° 0.5085 x 10°°
CPE-n 0.54614 0.63889 0.83725 0.75413

Table3 Photocurrent densities of the present work compared with selected prior studies using CuO-based photocathodes. The voltage listed in
the table corresponds to the potential at which the respective photocurrent (J) was recorded. "RE" refers to the Ag/AgCl reference electrode,
while "RHE" denotes the reversible hydrogen electrode

Photoelctrode Testing conditions Photocurrent density Ref.
Co-doped CuO by SILAR 0.3 M Na,SO,4 pH = 7, J=—-15mAcm? This work
100 mW cm 2, -0.39 V vs. RHE
CuO photo-electrode with 10 at% 1 M KOH, pH = 14, 300 W xenon J=5mAcm? 12
Ni-doped seed layer on FTO lamp (100 mW cm2), 0.7 V vs. RE
substrate via the spin-coating
Cu,0 and CuO by sol-gel technique 0.1 M Na,SO,, pH = 5.84, 150 W J=—0.47 mA cm 2 20
xenon arc lamp (100 mW cm ?),
0.05 Vvs. RHE
CuO films on FTO substrate by 0.1 M Na,SO,, pH = 6, 240 mW J=—0.94 mA cm 2 22
sol-gel technique cm 2 visible-IR irradiation, 0 V vs.
RHE
1 at. in ms % Ni-doped CuO by 1 M KOH, pH = 14, 300 W Xe-lamp J=-1.75mAcm > 23
chemical bath deposition (100 mW em™?), —0.55 V vs. RE
Sm-doped CuO by RF-sputtering 0.3 M Na,SO, pH = 7, 100 mW J = —4.66 mA cm 2 47
ecm™?,-0.385 V vs. RHE
Ti/p-CuO/n-Cu,O/Au by 0.1 M sodium acetate, 100 W J =310 pAcm 2 48
electrodeposition tungsten lamp (100 mW e¢m ™ ?),
0Vvs. RE
2% Ag-doped CuO by flame spray 1 M KOH, pH = 14, AM 1.5 G solar J=-1.9mAcm? 49
pyrolysis simulator (100 mW cm ™ 2), —0.7 V
vs. RE
CuO/Cu,0 by two-step 1 M Na,SOy4, pH = 7,150 W J=—1.44 mA cm™> 50

electrodeposition method

24620 | RSC Adv, 2025, 15, 24612-24623

Xe-lamp, —0.7 V vs. RE

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transport through the electrolyte and it provides information
about the amount of charges in the electrolyte. Furthermore, in
our system as shown in Fig. (8), we have two layers, the
electrolyte/thin-film layer, and the thin-film/substrate layer.
Consequently, the simulated circuit includes two charge
transfer resistors (R, and R;), extracted from the semicircle
diameter in the Nyquist plot, that reflect charge carrier migra-
tion across each layer. Additionally, a capacitor represents the
double-layer capacitance, where higher capacitance values
correspond to increased charge carrier and/or ion accumulation
on the surface of the working electrode. Similarly, in the
simulated circuit, we have two capacitors for each layer and
a constant phase element (CPE) for the second interface
between the thin film and the substrate. This CPE represents
the nonideal capacitance behavior in our system, the value of n
in CPE represents the ideality of capacitance behavior in the
system ie. 0 <n < 1 with n = 1 representing the ideal capacitive
behavior. As shown in Table 2, the Co/CuO 3% photoelectrode
exhibits a relatively low R; value compared to other circuit
components, indicating an efficient charge transportation
process within the electrolyte. Moreover, increasing the Co
contents led to an increase in the charge transfer resistance (R,)
and consequently increase in the charge carrier recombination
at the interface between the electrolyte and the electrode.
Additionally, there are observed variations in the values of
capacitance due to Co dopants, with higher capacitance value
indicating more charge accumulation at the surface of the
photoelectrode and this can affect the stability and charge
transportation at the surface and the interface in the system.
These results demonstrate that Co incorporation significantly
improved the stability, light absorption, and charge carrier
dynamics of CuO films.

4. Conclusion

This study provides a comprehensive discussion on the devel-
opment of Co doped CuO-based photocathodes with promising
performance in PEC water splitting. By exploring different Co
dopants amounts, it was determined that these factors signifi-
cantly influence the resulting photocurrent density and,
consequently, the overall efficiency of PEC water splitting.
Furthermore, an analysis of the essential parameters confirms
that achieving a highly photoactive and photostable material
requires an optimized surface area, controlled crystallinity,
reduced charge carrier recombination, and a suitable electro-
lyte. The optical band gap energy were estimated as 2.42, 2.70,
3.45, and 3.12 eV for undoped CuO and Co/CuO 1%, Co/CuO
3%, and Co/CuO 5% respectively. In a photoelectrochemical
cell, the CuO photocathode exhibited p-type semiconductor
behavior. However, the Co-doped CuO photocathode demon-
strated superior performance over pure CuO samples, achieving
higher photocurrent density, improved anodic bias photon-to-
current efficiency (ABPE%), and enhanced stability. In partic-
ular, the 3% Co-doped CuO thin film delivered photocurrent
density of —1.5 mA cm ™2 at —0.39 V vs. RHE about triple that of
pure CuO photocathode, an incident photon-to-current
conversion efficiency (IPCE%) of 4.6%, and outstanding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrochemical stability. These results highlight the potential
of both undoped CuO and Co/CuO photocathodes as highly
efficient materials for PEC water splitting, offering a favorable
route for sustainable hydrogen generation. A benchmarking
comparison (Table 3) further demonstrates that our Co-doped
CuO photocathodes offer competitive PEC properties relative
to previously reported systems. The novelty of this work lies in
the use of low-level Co doping, spatial SILAR growth, and the
resulting flower-like hierarchical morphology, which collec-
tively contribute to enhanced PEC activity and operational
durability. These findings provide a promising path forward for
developing efficient and scalable CuO-based materials for solar
hydrogen production.
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