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1. Introduction

Electronic structure tuning to facilitate charge
transfer in Z-scheme mediated CuO/Se@WOs3 aided
by synchronized Cu(OH), for efficient overall water
splittingt

Nitul Kalita, Upasana Nath, Anjana Singha, Manabendra Sarma ©
and Mohammad Qureshi & *

This work presents electronic structural tuning of metal oxides within a CuO/Se@WO-=/Cu(OH), catalyst on
Ni foam for efficient and sustainable electrocatalytic overall water splitting, addressing key limitations of
scarce noble metal catalysts. A dendritic CuO layer is electrodeposited, followed by Se doping in WOz
(Se@WO3), forming a stable p—n junction that enhances the interfacial charge transfer for improved HER
and OER activity. Selenium doping optimizes band alignment, enabling a more facile Z-scheme electron
transfer pathway with CuO, minimizing electron—hole recombination. An additional Cu(OH), layer acts
as a hole extractor, further enhancing process kinetics, achieving Tafel slopes of 35 mV dec™ (OER) and
45 mV dec™! (HER). The modified catalyst achieved overpotentials as low as 202 mV for the OER and 55
mV for the HER at a current density of 10 mA cm™2, surpassing traditional RuO, (for the OER) and
comparable to Pt/C (for the HER) benchmarks. Density functional theory (DFT) calculations confirmed
that Se doping increases the electron density at W sites and reduces the band gap, enhancing the OER
through a Z-scheme aided electron—hole separation in the presence of the Cu(OH), hole extraction
layer. Gibbs free energy calculations for hydrogen adsorption indicate a AGy« of —0.17 eV, representing
favorable HER kinetics. From the distribution of relaxation time (DRT) analysis, the time constants
associated with various relaxation processes indicate a faster diffusion and charge transfer kinetics across
the interfaces. These findings highlight the potential of CuO/Se@WO3/Cu(OH), as a low-cost, high-
performance catalyst for durable hydrogen and oxygen production from water splitting.

complex but also raises manufacturing costs and increases the
risk of cross-contamination. As a result, there is a strong focus

Electrocatalytic water-splitting is widely regarded as a prom-
ising method for converting renewable energy into hydrogen
fuel. In this process, hydrogen and oxygen are produced using
a water electrolyser, which consists of a cathode for the
hydrogen evolution reaction (HER) and an anode for the oxygen
evolution reaction (OER)." However, since the catalytic mecha-
nisms for the HER and OER differ significantly, catalysts that
are efficient for the HER typically perform poorly for the OER,
and vice versa. Currently, the leading technology involves using
platinum-based catalysts for the HER and IrO,/RuO, catalysts
for the OER to speed up the reactions.> Despite their effective-
ness, the high cost of these noble metals poses a challenge for
commercialization. Additionally, using distinct materials for
the cathode and anode not only makes the production more
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on developing a single, versatile catalyst made from earth-
abundant materials to simplify the process and reduce
expenses. In recent years, significant research has focused on
first-row transition metals, particularly nickel (Ni),* iron (Fe),*
and cobalt (Co),* for their exceptional role in electrocatalytic
overall water splitting, which have been predominantly studied
in the form of hydroxides,® oxides,” sulfides,® chalcogenides,®
and phosphides.'® Different modification techniques, such as
elemental doping, heterojunction formation, surface function-
alization, and nanostructuring, have been employed to enhance
their catalytic properties.*

From the recent studies it is well-known that incorporating
electronegative chalcogens or pnictogens (X = N, P, S, Se) into
transition metals can induce localized negative charges within
the M-X surface structures.'* This enhances the initial adsorp-
tion of H under acidic conditions or H,O in alkaline environ-
ments. Additionally, it modulates the electronic structure near
the surface, leading to a weakened M-H bond and reduced
energy barriers for the hydrogen evolution reaction (HER). The
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oxygen evolution reaction (OER) in these materials typically
takes place at high-valence metal active sites that form during
anodic polarization in operando. Unfortunately, this anodic
process often results in oxidative corrosion and structural
changes in the M-X materials.">"* Likewise, the HER catalytic
performance of M-X materials gradually deteriorates due to the
compositional and structural changes caused by corrosion. This
problem becomes more severe when the electrolyzer is powered
by intermittent renewable sources like solar or wind energy,
where frequent power interruptions and shutdowns lead to
depolarization and reversed currents, accelerating electrode
degradation.>

Thus, developing low-cost, durable catalysts with intrinsic
active sites capable of efficiently catalyzing both HER and OER
processes is highly challenging but essential for achieving
sustained water-splitting under intermittent conditions.
Despite numerous modifications made to catalytic systems to
enhance the electrocatalytic performance for overall water
splitting, one particular domain remains relatively underex-
plored, where tuning of the electronic band gap at the hetero-
junctions between two distinct materials has been done.'*** In
photocatalytic processes, the modification and tuning of band
gaps have been extensively studied. However, in electro-
catalysis, this area remains largely underexplored, as many
photocatalytic metal oxides and sulfides—such as TiO,,"
WO3,"” Zn0O,™ Sn0,," Ce0,,* BiVO,,* CdS,** ZnS,** MoS, (ref.
24) etc.— exhibit poor electrocatalytic activity.

There are only a handful of reports that focus on tuning band
positions; for instance, Zeng et al.** enhanced NiFe-OH's OER
activity by modifying band positions and forming a MnCo-
CH@NiFe-OH p-n junction, which improved electron transfer
and OER energetics. This resulted in up to 10-fold and 500-fold
higher OER performance compared to NiFe-OH and MnCo-CH,
respectively, and outperformed Pt/C|RuO, in overall water
electrolysis. Guo et al.>® developed a nitrogen-vacancy-rich
Co,N/CoP@CC p-n junction, achieving excellent HER and OER
activities with overpotentials of 44 mV and 227 mV, respectively,
and a water-splitting potential of 1.5 V at 10 mA cm ™2 in alkaline
medium. DFT calculations suggest that the enhanced electro-
catalytic performance is due to the synergy of nitrogen vacan-
cies and the built-in electric field from the p-n interfaces,
promoting electron transfer and optimizing intermediate
adsorption. A very recent study by Adhikari et al.*® introduced
a promising approach to boost electrocatalytic performance by
constructing a p-n junction in a free-standing MnCo0,0,4 s@-
Ni;S, on Ni-foam, enhancing electron transfer for urea-assisted
electrocatalytic water splitting (UOR). The catalyst exhibited
superior OER performance with an overpotential of 240 mV,
dropping to 30 mV for the UOR, due to the optimized band
structure, improved electrical conductivity, and increased active
sites. Additionally, in situ formation of NiOOH from Ni;S,
further boosted electrocatalytic activity through surface
reconstruction.

In this study, we present a strategy for employing a photo-
active material as a cocatalyst in electrocatalytic overall water
splitting, achieved by precise tuning of its electronic band gap
and band position via doping. Herein, we first electrodeposited
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a dendritic CuO layer onto a Ni-foam substrate, followed by the
deposition of a selenium-doped WO; (Se@WO3) layer, forming
a p-n junction between the two layers. The idea behind creating
this p-n junction is to achieve rapid charge carrier transfer at
the interface, driven by the differences in work functions and
Fermi energy levels (Ef)."**” The built-in electric field causes
electrons to flow from the higher E; (n-type semiconductor) to
the lower E¢ (p-type semiconductor) until thermal equilibrium is
established.”® This interfacial charge redistribution enhances
the adsorption and desorption of hydrogen and oxygen inter-
mediates in an alkaline electrolyte, thereby significantly boost-
ing HER and OER activities. Apart from creating the p-n
junction, a significant modification in this study is the Se
doping of WO3, where approximately 6% of the oxygen atoms in
the crystal structure are replaced by selenium. This substitution
enhances the water-splitting performance by introducing
metallic character into WO;, leading to a band gap reduction of
about 0.54 eV. The narrower band gap shifts the conduction
band of WO; closer to the valence band of CuO, facilitating a Z-
scheme electron transfer mechanism. This mechanism
promotes efficient electron transfer from the n-type Se@WO; to
the p-type CuO, thereby reducing the likelihood of electron-
hole recombination. To address the relatively high charge
transfer resistance between the Se@WO; surface and the elec-
trolyte, an additional Cu(OH), layer was electrodeposited. This
layer exhibits a needle-like morphology emerging from the p-n
junction, as confirmed by FESEM imaging. This Cu(OH), layer
functions as a hole extractor from the p-n junction, effectively
reducing the charge transfer resistance at the electrode-elec-
trolyte interface. These improvements have been validated
through both theoretical and experimental analyses. The
rationale behind adding Cu(OH), as the charge extractor to
improve the kinetics of the electrolysis process lies in the
synchronization of the redox couple (Cu/Cu**) that is occurring
in between the CuO and Cu(OH), layers. It has already been
reported that if there is an identical metal atom present in two
layers (CuO and Cu(OH), in the present scenario), the layers
become redox active under the same potential which helps in
reducing the overpotential value.*

In this study, we achieved significant reductions in over-
potential for both the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER) using a CuO/Se@WOs;/
Cu(OH), catalyst on Ni foam. The overpotential values reached
as low as 202 mV for the OER and 55 mV for the HER at a current
density of 10 mA cm > Kinetic analysis via Tafel slope
measurements demonstrated values of 35 mV dec™ " for the OER
and 45 mV dec™' for the HER, indicating favorable reaction
kinetics. Compared to benchmark catalysts, the synthesized
catalyst outperformed RuO for the OER and showed nearly
equivalent performance to Pt/C for the HER, highlighting its
superior electrocatalytic efficiency. The catalyst's mechanism
and performance parameters were further supported by density
functional theory (DFT) calculations. The electronic band
structure and partial density of state (PDOS) plots of WO;3 and
Se@WO; highlight the lowering of the band gap after Se-
doping, thereby enhancing its electronic conductivity. The
valence band state of Se@WO; approaches the Ef, mostly due to

This journal is © The Royal Society of Chemistry 2025
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the Wy (d-orbitals of W) favoring electron transfer. Moreover,
the electron density of the W atom increases upon Se doping.
The increase in charge density at W4 and the reduction in band
gap promote the energetically favorable d-d electron transfer
from the Wy orbitals of WO; to the Cuq orbitals of CuO,
enhancing the Z-scheme electron transfer efficiency. Further-
more, the AGy+ of CuO/Se@WO;/Cu(OH), is —0.17 eV (JAGy+| <
0.20 eV), indicating better HER catalytic activity as compared to
CuO/WO;/Cu(OH), with AGy« of 0.21 eV, consistent with the
experimental results.?* Additionally, the overpotential for the
OER is also reduced due to the multifunctional active sites
formed at the interface, particularly attributed to the hole-
extracting properties of Cu(OH), from the p-n junction. Thus,
through the combination of different physical and electro-
chemical characterization methods, this study demonstrates
the remarkable physical and electrochemical performance and
stability of CuO/Se@WO;/Cu(OH), for both HER and OER
processes.

2. Experimental section
2.1 Materials

For the synthesis of the heterogeneous catalyst, the Ni-foam
substrate was purchased from Hi-TECH Scientific Equipment
India. For the synthesis of CuO, copper(un) sulphate was
purchased from Sigma-Aldrich. Hydrochloric acid (36%) and
sulfuric acid (98%) were bought from Finar, India. For the
synthesis of WO3, H,WO, (99%), oxalic acid (H,C,0,) and urea
(H,NCONH,) were purchased from Sigma-Aldrich, whereas
acetonitrile solvent was bought from Finar, India. For the
synthesis of Cu(OH),, Cu-foil was procured from Sigma-Aldrich.
Potassium hydroxide (KOH) used in the electroanalysis was
purchased from Merck.

2.2 Material synthesis

Dendritic copper hydroxide oxide was grown on the nickel foam
substrate through an electrodeposition method. The stock
solution was prepared by dissolving 0.05 M CuSO,-5H,0, 1 M
H,S0,, and 2 M HCI in 50 mL of deionized water, followed by
vigorous stirring at ambient temperature for 15 minutes to
ensure complete mixing. The electrodeposition was carried out
in a two-electrode setup, where cleaned Ni foam (1 cm?) was
used as the anode and a platinum (Pt) electrode served as the
cathode. A direct current (DC) power supply was employed to
apply a current density of 1 A cm™? for 10 seconds. Post-depo-
sition, the film was thoroughly rinsed with deionized water and
ethanol to remove any residual contaminants, and subse-
quently dried under vacuum at room temperature.

In the subsequent step for synthesizing selenium-doped
WO;, a layer of tungsten hydroxide was deposited onto the pre-
fabricated dendritic copper hydroxide using a hydrothermal
process. A precursor solution was prepared by mixing 3 mL of
H,WO, (0.05 M) and 0.02 g of urea in 12.5 mL of acetonitrile,
followed by stirring for 30 minutes to ensure complete disso-
lution. Subsequently, 0.5 mL of concentrated HCI (6 M) was
added to the mixture, and the solution was stirred for an

This journal is © The Royal Society of Chemistry 2025
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additional 15 minutes. The resulting solution was then trans-
ferred into a 25 mL stainless steel autoclave, where the dendritic
copper hydroxide deposited on Ni-foam was immersed. The
hydrothermal treatment was carried out at 180 °C for 2 hours.
After the reaction, the obtained films were thoroughly rinsed
with deionized water and ethanol to remove any residual
impurities.

Prior to converting the hydroxide to the oxide form via
calcination, selenium doping was performed using an electro-
chemical approach. A solution was prepared by dissolving 1 mM
SeO, and 100 mM Nacl as the supporting electrolyte in 100 mL
of deionized water, followed by stirring at 60 °C for 30 minutes
to ensure complete dissolution. This solution served as the
electrolyte for the electrochemical doping. The working elec-
trode consists of the above prepared material, with platinum
and Ag/AgCl functioning as the counter and reference elec-
trodes, respectively. Selenium deposition was carried out using
cyclic voltammetry for 10 cycles from 0 to —0.8 V at a sweep rate
of 10 mV s~. The degree of doping achieved varied based on the
number of cycles performed (see ESI Fig. S71). The next step
involved calcining the synthesized electrode at 400 °C with
a ramp rate of 2 °C min " for two hours, converting the metal
hydroxides to their respective oxides, thereby forming the CuO/
Se@WO; composite on the Ni foam substrate. In the final step,
a needle-like Cu(OH), hole-extracting layer was deposited onto
the CuO/Se@WO; structure using an anodization method. A
three-electrode system was employed, consisting of as-synthe-
sized CuO/Se@WO; as the working electrode, Cu-foil as the
counter electrode, and an Hg/HgO reference electrode, all
immersed in a 1 M KOH solution. Electrodeposition was carried
out by applying a constant potential of —0.1 V for 100 seconds,
achieving the desired morphology, as confirmed by FESEM
imaging. The resulting CuO/Se@WO;/Cu(OH), electrode was
thoroughly rinsed with deionized water and ethanol, then
stored under vacuum for subsequent electroanalysis.

2.3 Material characterization

The X-ray diffraction (XRD) analysis was performed using
a Rigaku SmartLab diffractometer equipped with a copper K,
radiation source (A = 1.54 A) using a 9 kW rotating anode. XRD
patterns were collected over a 26 range of 5-80° with a fixed scan
rate of 5° s'. Morphological characterization of the samples
was conducted via field emission scanning electron microscopy
(FESEM) using a Zeiss Gemini or Sigma model, operated at 5 kV.
Additionally, field emission transmission electron microscopy
(FETEM) analysis was carried out with a JEOL JEM-2100F
transmission electron microscope at 200 kV. To determine the
faradaic yield and quantify the evolved gases, gas chromatog-
raphy (GC) was employed using an Agilent 7820A instrument.

2.4 Electrochemical measurements

All the electrochemical measurements were performed using an
Interface 1010E potentiostat in a three-electrode setup with 1 M
KOH (pH 13.1) as the electrolyte, fabricated electrode as the
working electrode, graphite as the counter electrode, and Hg/
HgO as the reference. LSV was conducted from 0.2 to 1.2 V

J. Mater. Chem. A, 2025, 13, 10723-10735 | 10725
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versus Hg/HgO at 5 mV s ', while EIS measurements spanned
0.1 to 10° Hz at fixed potentials. CV for the determination of
electrochemical active surface area was carried out between 1.15
and 1.22 V vs. RHE with scan rates of 1-6 mV s~ '. All potentials
were converted to the RHE scale.

Erug = Engnigo + 0.059 x pH + Efigieo

Here, Eryr represents the RHE potential, while E(}’Ig/Hgo is 0.098
V at 25 °C. Eygngo denotes the potential measured relative to
the Hg/HgO reference electrode, and pH refers to the pH of the
electrolyte used.*

2.5 Computational methodology

Density functional theory (DFT) calculations were carried out
using generalized gradient approximation with Perdew-Burke-
Ernzerhof (PBE) functional via Vienna ab initio simulation
package (VASP).>*?* The projector-augmented wave describes
the interaction behavior of the ion and electron.*® A plane wave
basis was obtained for all calculations through a kinetic energy
cutoff of 600 eV and a Monkhorst-Pack grid of 2 x 2 x 1.** To
reduce the lattice mismatch 2 x 2,2 x 2 and 3 x 1 supercells of
CuO, WOg3, and Cu(OH), are used with the cell dimension of a =
10.61 A and b = 10.41 A. The detailed description (cell dimen-
sion and the interlayer distances) of the construction of the
heterostructure is presented in Section 1 of the ESL} A 40 A
vacuum was added along the c-axis to prevent image interac-
tions generated by periodic boundary conditions. Grimme's
proposed empirical vdW correction approach (DFT-D3) was
applied to explain the interlayer long-range interactions.?” The
final structures of CuO/WO3/Cu(OH), and CuO/Se@WO;/
Cu(OH), are shown in Fig. S4 (ESI).T Gibbs free energy (AG) was
calculated to understand the HER and OER activity of the
systems according to eqn (1).*®

AG = AE + AZPE — TAS (1)

Here, AE, AZPE, and TAS represent the adsorption energy of all
the reaction intermediates, zero-point energy, and entropy
change of the intermediates at 298.15 K, respectively, resulting
from DFT calculations. Negrskov et al. developed the computa-
tional hydrogen electrode (CHE) model to measure the free
energy (AG) of the formation of all intermediates in electro-
catalytic processes.*
For the HER,*

*+ H,O+e =H*+OH"

For the OER,**?
AG, =*+ OH =HO* +e”
AG, =HO*+ OH =0*+ H,O +¢~

AG; =0*+ OH™ = HOO* + ¢~
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AG,=HOO* + OH = *+ O, + H,O + e The overpotential (n)
of the OER can be evaluated using the following formula:
max{AG1 5 AGz, AG3, AG4}

n= 123V
e

3. Results and discussion

In this work the electrochemical activity and performance were
enhanced by increasing the electrochemically active surface
area through morphological tuning and creating a hetero-
junction that supports Z-scheme charge separation for efficient
HER and OER. FESEM analysis presents the morphological
characteristics of the synthesized materials. Fig. 1(a)—(c) illus-
trate the structural features of CuO, WO; and Cu(OH),,
respectively. The FESEM images reveal that the dendritic
structure of CuO, serving as the base layer, provides an extensive
electrocatalytic active surface area of 0.52 cm> mg™ ' that has
been derived from ECSA calculation (ESIf eqn (2)). Fig. 1(d) and
(e) show WO; and Se-doped WO; deposited on CuO, where
a nano-block morphology is observed on the CuO surface,
indicating that Se doping does not significantly alter the
morphology. Fig. 1(f) presents the final heterostructure,
showing the needle-like morphology of Cu(OH),, grown via
anodization, extending from the p-n heterojunction. The
morphological characteristics were further verified using
FETEM, as shown in Fig. 1(g). Fig. 1(h) and (i) represent the high
resolution TEM images obtained from the dendritic CuO and
WO,/Cu(OH), structures, with d-spacing values determined
through inverse fast Fourier transform (IFFT) corresponding to
specific crystal planes. Elemental mapping of the CuO/
Se@WO;/Cu(OH), composite was performed using FESEM-EDX
(Fig. 1(k)-(n)), confirming the uniform distribution of all
constituent elements. Additionally, scanning transmission
electron microscopy energy-dispersive spectrometry (STEM-
EDS) (ESI, Fig. S8f) analysis of Se-doped WO; (Se@WO;) was
conducted to determine the Se doping level relative to the total
oxygen content in the WO; lattice. The highest performance for
the HER and OER was observed when approximately 6% of the
total oxygen in the lattice was substituted with selenium, cor-
responding to a total substitution of about 4.7% relative to the
complete WO; lattice. This doping percentage was used in
subsequent theoretical calculations to gain a deeper under-
standing of the composite material's properties. To obtain more
accurate measurements, we have performed ICP-MS (Induc-
tively Coupled Plasma Mass Spectrometry) analysis for Se-doped
WO, to quantify the atomic concentration of Se doping. The
ICP-MS measurements were conducted on Se doped WO;, and
the W and Se concentration was found to be 756.5 ppb and 58
ppb respectively. Thus, the final composition of Se-doped WO,
is determined to be WO, g,Se, 1. From the calculation of defect
formation energy, a value as low as 1.69 eV per atom was ob-
tained (see ESI Section 1.3%1), indicating a thermodynamically
favorable doping process.

The synthesized compounds’ phase formation was
confirmed using powder X-ray diffraction (Fig. 1(j)). The XRD
analysis verified the pure formation of CuO on the Ni foam

This journal is © The Royal Society of Chemistry 2025
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Fig. 1
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(a—c) FESEM image of dendritic CuO, WOz nano blocks and Cu(OH), needle individually deposited over Ni-foam; (d and e) FESEM image

of CuO/WOs3 with and without Se doping onto WOs; (f) FESEM image of the CuO/Se@WO3/Cu(OH), composite; (g) FETEM image of CuO/
Se@WO3/Cu(OH),; (h) HRTEM image of CuO representing the (111) crystal plane; (i) HRTEM image of WOs/Cu(OH), showcasing the (103) crystal
plane from WOs and (111) from Cu(OH), with the inset displaying the corresponding IFFT pattern; (j) XRD plot representing CuO (green), CuO/
WO3 (cyan), Se@WOs (pink) and CuO/Se@WO3/Cu(OH); (violet). (k—n) FESEM-EDX mapping showing the homogeneous distribution of O, Cu, W

and Se.

substrate, as indicated by its characteristic peaks at 26 values
35.5°, 38.7°, 48.8°, 58.2°, 61.8°, 66.1°, 67.9°, and 75.2° corre-
sponding to the (002), (111), (—202), (202), (—113), (022), (113),
and (—222) planes of CuO (ICSD No. 00-002-1040).

Following the deposition of the next layer, XRD measure-
ments were conducted for both CuO/WO; and CuO/Se@WO;
composites. The XRD pattern for CuO/WO; exhibited peaks at
26 values 37.2°, 43.3°, and 62.8°, corresponding to the (103),
(032), and (150) planes of the monoclinic phase of WO; (ICSD
No. 00-043-1035) and another peak was observed at 75.2°, cor-
responding to the (—222) plane from CuO. For a comprehensive
comparative study, we have also analyzed and compared the
XRD data of pure WO; with Se-doped WO; (see ESI S57). For the
Se@WOs;, peaks were observed at 26 values 29.7°, 37.2°, 43.3°,
and 62.8°, which corresponded to the (211), (103), (032), and
(150) planes of WO3, in agreement with ICSD No. 01-072-0677.
The cell volume associated with WO; according to the ICSD card

This journal is © The Royal Society of Chemistry 2025

no. 00-043-1035 is 422.88 A®, while the cell volume reported in
the ICSD card 01-072-0677 is slightly larger at 423.68 A®. This
increase is attributed to the substitution of approximately 6% of
oxygen atoms with selenium, which has a larger atomic radius
than oxygen. To further investigate this cell volume expansion,
Rietveld refinement of the XRD data was performed (see ESI
Section 771), excluding peaks originating from the Ni foam
substrate. The refined cell volumes closely matched the re-
ported values, with 422.79 A* for WO; and 423.82 A® for
Se@WO;, supporting the observed increase due to selenium
incorporation.

Electrochemical measurements reveal that the formation of
a p—n heterojunction between p-type CuO and n-type Se@WO3,
along with a Cu(OH), hole-extracting layer, significantly
improves overall water splitting performance. The semi-
conductor nature was confirmed through Mott-Schottky anal-
ysis (Fig. S10t), the negative slope of CuO identified it as p-type

J. Mater. Chem. A, 2025, 13, 10723-10735 | 10727
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and the positive slope of WO; and Se@WOj; indicates that it is
an n-type semiconductor. Linear sweep voltammetry (LSV) data
(Fig. 2(a and d)) indicate that the CuO/Se@WO;/Cu(OH),
composite exhibits an overpotential of 202 mV for the oxygen
evolution reaction (OER) and 55 mV for the hydrogen evolution
reaction (HER). The OER performance surpasses that of the
benchmark catalyst RuO,, while the HER activity approaches
the benchmark value achieved by Pt/C. The bar diagram in
Fig. 2(b and e) illustrates the overpotential values for the oxygen
evolution reaction (OER) and hydrogen evolution reaction
(HER). After doping selenium (Se) into n-type WO3, a reduction
in overpotential was observed, with a reduction of 28 mV for the
OER and 55 mV for the HER with respect to the undoped
counterpart, i.e., CuO/WO;3/Cu(OH),. This improvement can be
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attributed to two main factors: first Se doping imparts a metallic
character to WO; by increasing the density of states at the Ey, as
revealed by theoretical projected density of states (PDOS) anal-
ysis. Experimental results also confirm a significant band gap
reduction, aligning with theoretical predictions. Second, the
reduced band gap facilitates a Z-scheme mechanism, enabling
effective separation of electron-hole pairs, thereby enhancing
the efficiency of the HER and OER within their respective
potential ranges. When comparing the electrochemical perfor-
mance of the composite without the Cu(OH), hole-extracting
layer, higher overpotential values were observed for both the
OER (Fig. 2(b)) and HER (Fig. 2(e)). This can be attributed to the
intrinsic properties of the Cu(OH), layer, where it continuously
extracts holes generated at the p-n junction and transfers them
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Fig. 2 (a and d) LSV polarisation curves for the OER and HER representing bare Ni-foam, CuO, CuO/WO3z, CuO/WO3/Cu(OH), and CuO/

Se@WO3/Cu(OH), compared with the benchmark catalyst RuO for the OER and Pt/C for the HER; (b and e) bar diagram for the OER and HER
representing overpotentials @10 mA cm~2 derived from figure (a) and (d); (c and f) corresponding Tafel slope of CuO, Cu/WQ3z, CuOQ/WOs/
Cu(OH), and CuO/Se@WO3/Cu(OH), derived from the LSV curve taken at a sweep rate of 5mV s~ in 1 M KOH; (g) Cq plot of CuO, Cu/WOs,
CuO/WO3/Cu(OH), and CuO/Se@WO3/Cu(OH),; (h) faradaic yield plot for CuO/Se@WOz/Cu(OH), for O, and H, at 1 M KOH, (i) stability curve
showing the stability of CuO/Se@WO3/Cu(OH), at 1 M KOH at an applied potential of 1.43 V vs. RHE for the OER and —0.60 V vs. RHE for the HER

for 60 hours.
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into the electrolyte, facilitating a faster water oxidation process.
Consequently, the counter electrons generated are directed
through the external circuit to the cathode, where they
contribute to the water reduction process. The significance of
a third metal hydroxide layer in the OER is evident from the
overpotential values in Fig. 2(b). Although CuO/WOj; has a p-n
heterojunction that could enhance charge separation and
accumulation, CuO alone shows a slightly lower overpotential
(300 mV) compared to CuO/WO; (310 mV). This suggests that an
electroactive layer above the p-n junction is necessary to effec-
tively extract charges generated at the heterojunction.

The water oxidation kinetics of the electrocatalyst were
assessed through Tafel slope analysis, which provides insights
into the charge transfer efficiency (see ESI Section 9t). As shown
in Fig. 2(c and f), the addition of a Cu(OH), layer significantly
decreases the Tafel slope for the OER from 102 mV dec " (Cu0O/
WO;) to 40 mV dec™ " (CuO/WO5/Cu(OH),), indicating enhanced
charge transfer kinetics due to the metal hydroxide layer acting
as a hole extractor. A similar improvement was observed in the
HER, with the Tafel slope dropping from 140 mV dec™ " to 72 mV
dec™, confirming an increased charge transfer rate with the
Cu(OH), addition. The Tafel slope decreases further from 40 mvV
dec™' to 35 mV dec™ " for the OER and from 72 mV dec ™ to 45
mV dec™' for the HER between CuO/WO;/Cu(OH), and CuO/
Se@WO;/Cu(OH),, highlighting the role of Se doping in
enhancing water electrolysis performance by improving the
charge separation process.

The improvement in electrochemical performance is often
due to increase in electroactive sites within the compounds. To
quantify the electrochemically active surface area (ECSA) of
each electrocatalyst, double-layer capacitance (Cq;) values were
measured through cyclic voltammograms (CVs) in the non-
faradaic region at varying scan rates (see ESI Fig. S67). Per-
forming CVs at low scan rates allows for optimal adsorption of
charged species on the electrode surface, providing deeper
insight into double-layer formation. As shown in Fig. 2(g), Cq
increases significantly from 19 pF em ™2 for CuO/WO; to 27 uF
cm 2 for CuO/WO;/Cu(OH),, attributed to the additional elec-
troactive and morphologically beneficial Cu(OH), layer and
trending with the values associated with the overpotentials.
Following Se doping, CuO/Se@WO;/Cu(OH), exhibits an even
higher Cq; of 31 uF cm™ > implying the increase in electroactive
sites on WO; due to the doping process, which imparts addi-
tional metallic character to WOs;.

Enhancement in electrochemical performance is often
linked to efficient charge transfer kinetics at the electrolyte—
electrode interface. Electrochemical impedance spectroscopy
(EIS) was used to assess charge mobility at the electrode-elec-
trolyte interface by measuring charge transfer resistance (R.).
As shown in Fig. S12 (ESI),T EIS conducted at 1.43 V vs. RHE
provides Nyquist plots for the individual catalysts, and the
resulting R values align with the Tafel slope trends, illustrating
improvements in reaction kinetics. According to eqn (S5) (ESI), T
the Tafel slope is inversely proportional to the material's charge
transfer coefficient (i.e., Tafel slope o« 1/a). The Nyquist plot
reveals that the CuO/Se@WO;/Cu(OH), composite exhibits the
lowest R.; value, at 4.2 Q, this superior charge transfer in p-n
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heterojunction electrocatalysts is driven by the built-in electric
field enhancing charge separation and transport, while the
metal hydroxide top layer ensures a high charge transfer coef-
ficient. CuO/WO;/Cu(OH), shows a slightly higher R., value of
5.3 Q, due to less effective charge separation via the Z-scheme
mechanism. In comparison, CuO/WO; without the Cu(OH),
hole extracting layer has a higher R value of 7.1 Q, indicating
reduced charge transfer efficiency at the electrolyte interface.

A good electrocatalyst should have high stability to be used
under harsh conditions. To test the durability of the synthesized
electrocatalyst, chronoamperometry measurements were per-
formed at a fixed potential of 1.43 V vs. the RHE for the OER and
—0.60 Vvs. RHE for the HER. Fig. 2(i) shows the stability of CuO/
Se@WO;/Cu(OH), with negligible decrease in the current
density even after 60 h of continuous operation. The inset shows
the constancy in the LSV curve of the composite material toward
the OER and HER measured before and after the stability test.
To further test the durability of the catalyst, the composite
material was tested for 1000 cycles of cyclic voltammetry
measurement in the faradaic regions (see ESI Fig. S131). After
the analysis it can be confirmed that the electrocatalyst is highly
stable as there is negligible change in the current density values.

To understand the time constants associated with different
relaxation processes across the interfaces, we have analyzed the
distribution of relaxation time (DRT) constants using the DRT
tool in MATLAB based on the data of AC impedance spectra
(Fig. S121).**** This analysis enables the identification of
distinct kinetic processes, each exhibiting characteristic relax-
ation behaviors that are observable across multiple timescales.
Analyzing timescale information in water splitting offers
insights into key kinetic challenges, including ionic conduc-
tion, charge transfer, diffusion control, interfacial evolution,
and other previously unexplored kinetic processes. The Distri-
bution of Relaxation Times (DRT) method enables direct iden-
tification of the time constants associated with major
electrochemical processes, simplifying impedance analysis and
greatly enhancing the accuracy of kinetics interpretation within
these timescales. The detailed methodology involved in DRT
analysis has been provided in Section 14 of the ESI.f The rela-
tionship between the distribution function and impedance is
defined by eqn (2).

Z0) = Re + Roa | LB 1090 ©)
In this context, Z(w) represents the total impedance, R is the
series resistance, Ry, denotes the total polarization resistance
of the processes, I' is the distribution function of relaxation
times, 7 is the relaxation time, and w is the frequency of the
applied input.

Following the application of DRT analysis to the EIS data, the
resulting DRT plot (Fig. 3(e)) reveals three distinct peaks, each
corresponding to the resistance contribution of an individual
electrochemical process to the electrode's total polarization
resistance. The time constant (7) is unique to each polarization
process, with the area under each peak indicating the extent of
polarization resistance (Rp) contribution of a specific electro-

chemical process to the overall cell polarization. Thus, changes

J. Mater. Chem. A, 2025, 13, 10723-10735 | 10729


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta00627a

Open Access Article. Published on 06 March 2025. Downloaded on 4/4/2026 12:18:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online

2 py, Cu2p  CuO/Se@WO,/Cu(OH), CuO/Se@WO,/Cu(OH),
Cu0 2 Pir (a) o~
—_ S
= Cu(OH), 3
S &
-
> >
= P CuOWO,/Cu(OH);| £ |CuOWO,/Cu(OH),
"7, 32,
c
< cuo
2 " 2py, 3
£ =

Paper
W 4f Cuo
(b)| | cuorwo, (e)
CuO/WO,/Cu(OH), Py

Cu0/Se@WO,/Cu(OH),

5

y(r)/Q

932 936 940 944 948 952 956  33.0 345

36

7.5 39.0

.0 3
Binding Energy (eV) Binding Energy (eV) T (s)
O1s Se 3d se? CuO/Se@WO,/Cu(OH), (f) H, H,0
agagon
3 3 o
) )
> > Mg 0 5 @ Suser
F & Gd®om.  cBOSIey) S —
v (72} ‘ '
c c i 79 eV)
2 o CuO [\  Contraction
= o 0 = oI o ~— o
/\7 vB2aiey) & @
/) x S0 Se@WO0, \_VB(237eV)
<O A WO,
529 530 531 532 533 534 52 54 56 58 60 Cu(OH);
Binding Energy (eV) Binding Energy (eV) 7 N\
H,0 0,

Fig. 3 High-resolution XPS spectra of (a) Cu 2p, (b) W 4f and (c) O 1s for CuO/WOz/Cu(OH), (bottom) and CuO/Se@WO+/Cu(OH), (top); (d) XPS
core level spectra for Se 3d for CuO/Se@WO3/Cu(OH),; (e) DRT analysis performed from EIS data; (f) schematic representing the electron

transfer process across the heterojunction for overall water splitting.

in the DRT profile can directly reflect alterations in the nature
and magnitude of the electrode reactions. Three peaks repre-
sented as P1, P2, and P3 are observed in the DRT plot, each
corresponding to characteristic time constants. where P
represents the high-frequency semicircle, attributed to series
resistance across the electrolyte and electrode interface, P,
corresponds to the mid-frequency semicircle, associated with
charge transfer reactions at the interface and Pj;, in the low-
frequency region, is linked to diffusion processes. Our
comparative study reveals that the peaks P; and P,, associated
with the diffusion and charge transfer processes both have
shifted to higher frequencies with reduced peak intensities in
the final modified catalyst, i.e., CuO/Se@WO3/Cu(OH),. These
findings indicate that ion diffusion and charge transfer kinetics
are highest when the CuO/Se@WO;/Cu(OH), electrode is used
as the electrocatalyst. This improvement is further reflected in
the calculated effective resistance values as shown in Table 1. It
is observed that resistance values are significantly reduced for
the diffusion resistance P; (4.2 Q) and charge transfer resistance

Table 1 Effective resistance values calculated for various electro-
chemical processes across different catalytic systems

System P; (Q) P, (Q) P; (Q)
CuO@NF 1.5 x 107° 0.076 5.47
CuO/WO;@NF 1.4 x 10°* 0.014 10.55
CuO/WO,/Cu(OH),@NF 1.2 x107° 0.023 5.33
CuO/Se@WO;/Cu(OH),@NF 1.1 x10°° 0.01 4.2

10730 | J Mater. Chem. A, 2025, 13, 10723-10735

P, (0.01 Q) along with faster relaxation times for charge transfer
processes (P,, P3) observed in the CuO/Se@WO;/Cu(OH),
composite, compared to other electrode modifications high-
lighting its enhanced electrochemical kinetics.

X-ray photoelectron spectroscopy (XPS) was conducted to
analyse the changes in the electronic structure of CuO/WO;/
Cu(OH), before and after Se doping. As shown in Fig. 3(a) and
(b), both the Cu 2p and W 4f core-level spectra exhibit shift
towards the lower binding energies after Se doping. In partic-
ular, in the Cu 2p spectrum (Fig. 3(a)), a significant shift of
approximately 1.2 eV is observed for both the 2p;, and 2py.,
peaks in the Cu(OH), layer. For W 4f, a similar shift is evident,
where both the peaks 4fs;, and 4f;, have moved around 0.3 eV
towards lower binding energy. The observed shift to lower
binding energies supports the successful incorporation of Se
into the WOj; layer. Due to its lower electronegativity and greater
metallic character compared to oxygen, Se can donate local
electron density to neighbouring metal atoms, increasing the
electron density around these atoms. This increased electron
density reduces the energy required to remove electrons from
the core levels, resulting in the observed shifts toward lower
binding energies. Fig. 3(c) shows the O 1s core-level spectra,
which display three distinct peaks from lower to higher binding
energies. These peaks correspond to lattice oxygen (Oy), oxygen
vacancies (O,), and the metal hydroxides or adsorbed water
molecules, respectively. Following Se doping, a prominent shift
towards the lower binding energy is observed in the lattice
oxygen peak. This shift is likely to occur due to oxygen atoms
bonding to the metal that are replaced by less electronegative Se

This journal is © The Royal Society of Chemistry 2025
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atoms, which partially donate electron density to the adjacent
metal and oxygen atoms, resulting in a lower binding energy for
the lattice oxygen. Fig. 3(d) shows the Se 3d core-level spectra,
where peaks corresponding to both Se’ and Se 2 states are
observed. The intensity ratio of Se® to Se™” indicates a higher
proportion of Se in the —2-oxidation state. This predominance
of Se™? suggests successful incorporation of Se into the crystal
lattice by the substitution of O™, while the Se° represents
undoped elemental Se.

To gain a deeper understanding of the electrocatalytic
mechanism, we have conducted both experimental and theo-
retical analyses of the materials. Experimentally, Mott-Schottky
analysis was performed on both CuO and WO; to identify the p-
n junction. Additionally, to examine how Se doping affects the
flat band potential of WO;, we have performed Mott-Schottky
analysis for Se@WO; as well. Further we have analyzed the
Mott-Schottky plot for Se@WO; before and after the hetero-
junction formation and calculated the carrier density (Np)
(detailed calculations explained in ESI Section 87). The calcu-
lated carrier density provides further insights into our proposed
mechanism for charge separation and transfer processes. As
shown in Fig. S10(a),T CuO exhibits a negative slope, confirming
its p-type semiconductor nature, while WO; shows a positive
slope (Fig. S10(b)), characteristic of an n-type semiconductor.
The Mott-Schottky analysis of Se@WO; also reveals a shift in
flat band potential towards a higher value compared to undo-
ped WOj3, indicating that Se doping alters the band positions for
WO;. The exact band positions and band gaps of the individual
materials were determined using a combination of XPS valence
band spectra (see ESI S141) and Tauc plots (see ESI S157)
derived from ultraviolet-visible diffuse reflectance spectroscopy
(UV-Vis DRS) data. For our study all the UV-Vis DRS measure-
ments were performed over the 200-800 nm range. The band
gap values were obtained by extrapolating the linear portion of
each Tauc plot to the x-axis, where the intercept on the Av axis
gives E,. Results indicate a band gap of 1.66 eV for p-type CuO,
2.04 eV for n-type WO;, and a reduced band gap of 1.50 eV for
Se-doped WOj;. This reduction in WO;'s band gap after Se
doping has been previously discussed. After determining the
band gap, our next objective was to identify the precise band
positions of the materials to better understand the underlying
mechanism. Although Mott-Schottky measurements can esti-
mate band positions, they often lack accuracy due to assump-
tions about carrier density and ideal semiconductor behavior,
which may not apply to real materials. Surface states and
experimental conditions can also affect the flat-band potential,
leading to inconsistencies. Therefore, XPS valence band spectra
offer a more reliable method for determining valence band
positions. From the XPS valence band spectra, the valence band
maximum (VBM) of CuO and WO; were found to be 0.793 eV
and 2.369 eV, respectively, determined by extrapolating the
leading edge of the valence band spectrum to the baseline,
representing the highest occupied energy state below the Fermi
level. After Se doping, the VBM of WOj; shifted to 2.114 eV (Fig.
S14(c)f), indicating a band gap change due to the doping
process. Combining the VBM data with band gap information
from the above experimental approaches provides a clearer

This journal is © The Royal Society of Chemistry 2025
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understanding of the band positions of each material in the
heterojunction and their roles in the charge transfer mecha-
nism during water splitting. For better understanding and
visualization, we have added a table (see ESI Table S27) repre-
senting the summary of the band positions of the materials
determined from the Tauc plot and XPS valence band spectra.

The plausible mechanism proposed is further supported by
theoretical studies, where Fig. 4(a-c) show the electronic band
structure and projected partial density of states (PDOS) plots of
WO; and Se@WOs;. The electronic band structure analysis
revealed that WO; exhibits semiconductor properties having
a band gap of 1.99 eV.* Additionally, it has been shown that
incorporating Se atoms significantly decreases the band gap of
the system to 1.42 eV. As shown in the PDOS of bulk WO; in
Fig. 4(c), the valence and conduction bands mainly consist of O
2p and W 4d states. However, the PDOS plot of Se@WOj3; shows
that the p-orbital of the Se-atom overlaps with the W, and Wq4
orbitals at the valence band region closer to the E;. Additionally,
the valence band state of Se@WO; approaches the Ef mainly
because the doping increases the electron density at the W-
atom, promoting electron transport.

The hydrogen adsorption energy (*H) serves as a significant
descriptor for evaluating the efficiency of various catalysts in the
HER process.***” The active site of the catalyst was investigated
through a charge density difference (CDD) plot, where the O-site
of Cu(OH), acts as an active site with the charge accumulation
region (Fig. S171). From the CDD, it was also observed that the
electron density at the O-atom of the Se-doped system is lower
than that of the pristine one. The hydrogen atom is bonded with
the O-atom with calculated free energy —0.21 and —0.17 eV for
CuO/WO3/Cu(OH), and CuO/Se@WO;/Cu(OH),, respectively, as
shown in Fig. 4(d). Our results indicate that CuO/Se@WOs/
Cu(OH), showed improved HER efficiency as |Gy| < 0.20 eV.** The
calculated H adsorption-free energy of Pt(111) was reported to be
—0.09 eV, —0.15 eV,*” or —0.17 eV,* which subsequently fol-
lowed the Volmer-Tafel mechanism.” Since the calculated free
energy for CuO/Se@WO;/Cu(OH), in our system is —0.17 €V, it is
predicted to follow the Volmer-Tafel mechanism.

To evaluate the electrocatalytic activities of the oxygen
evolution reaction (OER), we have calculated the free energy
changes of the intermediates such as AG«oy (AG1), AG+o (AG,),
and AGxoou(AG;). Ideal OER electrocatalysts are defined by
energy barriers of 1.23 eV for two adjacent elementary steps and
an 1-OER value of zero.*” For instance, AG;, AG,, and AG; of
CuO/WO3/Cu(OH), in the OER are 3.27, 1.32, and 2.0 respec-
tively, while it is 3.25, 1.29, and 2.11 eV for CuO/Se@WO;/
Cu(OH), as displayed in Fig. 4(e and f). Thus, the first step
(H,O-OH*) is the most energy-consuming, and it is the poten-
tial determining step (PDS) with the overpotential (n) 2.04 and
2.02 eV for CuO/WO;/Cu(OH), and CuO/Se@WO;/Cu(OH),,
respectively. The results clearly showed that Se-doping had
minimal effect on the OER activity of the catalyst; however, the
overpotential (n) of the systems in this work is found to be lower
than many previously reported electrocatalysts.>*> Fig. S18 and
S191 show all the stable adsorption configurations with stable
adsorption distances obtained from potential energy curves
(PECs). For better understanding, we have provided a detailed
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in-depth discussion in Section 15 of the ESI,7 comparing the
calculated HER/OER performance (from DFT) with the experi-
mentally measured performance.

4. Conclusions

In summary, the CuO/Se@WO,/Cu(OH), catalyst system on Ni
foam demonstrates a significant advancement in electrocatalytic
water splitting through strategic structural and electronic modifi-
cations. The dendritic CuO base layer, combined with Se-doped
WO;, forms a stable p-n junction that enhances electron mobility
and reduces recombination, facilitated by a Z-scheme-like charge
transfer mechanism. Selenium doping in WO; narrows the band
gap by 0.54 eV, effectively increasing electron density at W4 orbitals
and aligning the conduction band with CuO's valence band for
efficient HER and OER. The addition of a Cu(OH), layer further
reduces charge transfer resistance by acting as a hole extractor, as
evidenced by Tafel slopes of 35 mV dec * (OER) and 45 mV dec ™"
(HER) and achieving overpotentials of 202 mV and 55 mV for the
OER and HER, respectively, at 10 mA cm >. DFT calculations
reinforce the experimental observations, showing that Se doping
electronic conductivity and the HER

improves reduces

10732 | J Mater. Chem. A, 2025, 13, 10723-10735

overpotential with AGy+ = —0.17 eV, enhancing the catalyst's
performance compared to conventional RuO, for the OER and
nearly matching Pt/C for the HER. The catalyst's robust perfor-
mance under intermittent renewable energy conditions, attributed
to its structural and electronic stability, highlights its promise as
a scalable, cost-effective solution for sustainable hydrogen
production in water electrolysis systems. This study underscores
the value of band gap tuning and interfacial engineering in elec-
trocatalysis, paving the way for next-generation bifunctional
catalysts.
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