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Abstract

The photoelectrochemical properties of CuWO,4 (Mg x%) thin-films obtained by solution-
based methods are investigated as a function of the material composition. The thin-films are
prepared by spin-coating a single precursor solution onto FTO-coated glass substrates,
followed by an annealing process at 550°C. XRD, Raman, XPS, and electrochemical data
studies indicate the formation of single phase CuWOs (Mg x%), with Mg?* partially
substituting Cu?* sites. Photoelectrochemical studies under monochromatic illumination
show an 88.2% increase in photocurrent responses and a two-fold increase in charge
carriers bulk separation efficiency of 1.0 V vs RHE, upon replacing 2.5% of Cu by Mg. DFT
calculations reveal that Mg incorporation rearranges electron density, shifting the position of
magnesium towards an axial oxygen atom, increasing the covalent nature of the bond and
decreasing the Cu-O bond length. It is proposed that a change in the localization of the
electron density away from the sphere of influence of the oxygen atom, and towards the
shared space of the covalent bond, leads to better carrier mobility and the generation of

higher photocurrents.
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electrolysis



1. Introduction

In the last decades, continuous industrial development has led to a heavy dependence on
fossil fuels, which consumption causes serious consequences for the environment. Among
the substitutes to fossil fuels, hydrogen (H.) features as a viable alternative as it can be
used across the energy, heating and transport industries. In this scenario,
photoelectrochemical cells (PECs) for H2 production have emerged as a promising
technology since they can promote both light absorption and electrolysis reactions in one

device .

Numerous metal oxide semiconductors have been investigated as photoanodes for PECs
applications. Particularly, semiconductors composed of binary oxides such as ZnO;, Fe;O3
and WOs; have been widely explored because of their suitable electronic structures to
perform the oxygen evolution reaction (OER) . However, these materials have shown
major drawbacks for their practical implementation, such as remarkably low solar-to-
hydrogen (STH) efficiencies, sluggish kinetics towards the OER and poor charge carriers
transport properties. Hence, recent research work has focused on developing ternary and
multinary metal oxides with the aim of overcoming the limitations of binary oxides. In this
sense, ternary oxide semiconductors, such as n-type semiconductors BiVO,, GaFeOs and
CuWO, have attracted growing attention in recent years as photoanode materials due to
their suitable bandgap (2.1 — 2.5 eV) and band edge energy levels for water electrolysis
10, BiVOs has a theoretical maximum STH efficiency of 9.2%; however, its
photoelectrochemical performance is highly limited by low hole-transfer efficiency and poor
stability’. On the other hand, copper tungstate (CuWQ,) has a higher theoretical STH
efficiency compared to BiVO4 photoanodes (13%) and has demonstrated to be stable during
operation in neutral pH, which makes them a promising alternative for PECs practical

implementation 82,

CuWO4q crystalizes in a distorted wolframite triclinic structure, which can be described as
an arrangement of oxygen atoms in a hexagonal packing, with the cations occupying half
of the octahedral sites '. Although CuWO, photoelectrodes have demonstrated a high
selectivity towards the OER and stability during operation at neutral pH, their performance
is still limited by a substantially low charge carrier separation in the bulk of the
photoelectrode, as well as surface recombination at the electrode-electrolyte interphase 8.
The band structure of CuWO, is composed mainly of O 2p states forming the top of the

valence band and metal d states forming the minimum of the conduction band. Furthermore,



CuWOQ, presents Jahn-Teller effect from the presence of Cu?* 3d° states, which promote
distortions on the octahedral CuOs clusters 5. Consequently, the poor charge separation
efficiency in the bulk of CuWO4 photoanodes can be strongly influenced by the presence of

localized Cu 3d states due to the axial elongation in the CuOs octahedra 8.

In past years, several strategies have been addressed to tackle the low charge carrier
separation in the bulk of CuWOs, such as nanostructuring, heterostructuring or doping '%17-
22 Alternatively, cation substitution appears as an option that combines the best of these
approaches, since using isovalent substitutes and high substitution concentrations can
result in substantial changes in the structural, electronic and optical properties of materials
224 |n this work, it is described a new facile spin coating synthesis approach using 1:1
water to ethanol solutions to prepare partially magnesium-substituted CuWO. photoanodes
by replacing copper atoms with magnesium in the crystalline structure. It is demonstrated
that the obtained magnesium-modified photoanodes exhibit an enhanced bulk charge
carrier separation efficiency, and a full characterisation of their composition, electronic

structure and photoelectrochemical behaviour is presented.

2. Experimental

2.1.  Fabrication of CuWO, and CuWO. (Mg x%) photoelectrodes

CuWO4 photoelectrodes were synthesised by spin coating a precursor solution onto 2.5x2.5
cm? fluorine-doped tin oxide (FTO) coated glass substrates (surface resistivity 7 Q/sq, 2.2
mm thickness, Sigma-Aldrich). For the precursor solution preparation, 2 mmol of copper
chloride (CuCl>-2H.0, 99.9% purity, Sigma-Aldrich) were dissolved in 1 mL of ultrapure
water in a 7 mL glass vial and the solution was stirred in an ultrasonic bath for 15 minutes.
Afterwards, 2 mmol of tungsten was added to the solution as ammonium metatungstate
(AMT) ((NH4)sH2W12040-xH20, 92.0% purity, Sigma-Aldrich) and it was sonicated for 15
minutes. Lastly, 1 mL of ethanol (absolute, Merck) was added to the vial, and the solution

was sonicated for 2 hours.

For the synthesis of CuWO4 (Mg x%), nominal copper concentration in the precursor
solution was partially replaced by magnesium atoms using magnesium nitrate
(Mg(NO3)2:6H20, 99.0% purity, Sigma-Aldrich). CuWO4 (Mg x%) photoelectrodes with



nominal atomic concentrations (x values) of 0.01, 0.025 and 0.05 of magnesium were

synthesised.

Prior to spin coating, FTO glass substrates were cleaned in an ultrasonic bath following a
five-minutes sequence in a solution of 5%v/v Decon 90 surfactant (Decon®), acetone,

ultrapure water, and absolute ethanol, subsequently.

The spin coating process was carried out in an automatic pneumatic spin coater (Laurell
Technologies Corporation) by dynamic dispensing a 70 uL aliquot of the precursor solution.
The spin coating process was performed for 30 seconds using a rotation velocity of 1500
rom with an acceleration of 3000 rpm s™'. After the deposition of one layer of precursor
solution, substrates were placed on a heated plate at 120°C for 3 min, and then cooled
down to room temperature before the deposition of an additional layer. The process was
repeated until 3 layers were obtained. Finally, the coated substrates were thermally treated
in air in a furnace (Carbolite) for 1 hour at 550°C, using a heating/cooling temperature ramp
rate of 5°C min™'. A three-layer film was selected as a photoanode based on its average
thickness (further information can be found in Section 3.1). Due to the reduced hole diffusion
length of CuWOQ4 (~ 25 nm), the utilization of films with a thickness larger than 600 nm

significantly hampers the photoelectrochemical performance of CuWO, photoelectrodes 2.

2.2. Materials characterisation

The photoelectrodes morphology was characterised by scanning electron microscopy
(SEM) employing a Tescan Mira 3 microscope. Elemental analysis was performed through
energy-dispersive X-ray spectroscopy (EDS) employing a microscope ZEISS EVO MA10

equipped with a Penta FET Precision Oxford Instrument X-act detector.

Their crystalline structure was analysed by X-ray diffraction (XRD) analysis in a Bruker D8
Advance diffractometer equipped with a CuKq lamp (a = 0,15406 nm). The diffractograms
were collected in the 28 range between 10 and 50°, using an automatic slit and a scan rate
of 0.02° s™.

The photoelectrodes were also characterised by Raman spectroscopy in a Renishaw
RM2000 microscope equipped with a 488 nm Ar laser. The spectra were collected
employing a laser intensity of 1% with an exposition time of 60 seconds and were recorded
over a wavenumber range from 200 to 1000 cm™'. The surface chemical composition was

studied by high-resolution X-ray photoelectron spectroscopy (XPS) at the NanoESCA



facility at the University of Bristol using a non-monochromatic Al Ka X-rays excitation source
and an ARGUS spectrometer. Charge correction was performed employing the C 1s peak
located at 284.8 eV. The spectra were deconvoluted using a Gaussian-Lorentzian mixture
of peak functions and a Shirley background correction. The XPS data analysis was

performed using CasaXPS software 6.

The optical bandgap of the electrodes was estimated using Tauc plots constructed from UV-
Vis diffuse reflectance spectroscopy (DRS) data. DRS analyses were performed in a

PerkinElmer Lambda 650, with a wavelength range from 300 to 800 nm.

2.3. Photoelectrochemical characterisation

The electrochemical and photoelectrochemical characterisations of the photoelectrodes
fabricated were performed using a Compactstat potentiostat (IVIUM Technologies). Linear
sweep voltammetry (LSV), chronoamperometry (CA) and electrochemical impedance
spectroscopy (EIS) in the dark and under illumination conditions were performed. All the
experiments were carried out at room temperature (23 £ 1°C), in a glass three electrodes
cell equipped with a quartz circular window, using a Pt wire counter electrode and an
Ag/AgCl (1 M KCI) reference electrode (Metrohm). The fabricated electrodes were tested
as working electrodes and current/photocurrent densities were calculated using the
effective geometric area measured using the ImagedJ software. The potential against the
Ag/AgCI (1 M KCI) reference electrode was converted to the reversible hydrogen electrode

(RHE) reference, according to the following expression:

ERHE = EAg/AgCI +0059 . pH ‘|‘0197 (1)

For photoelectrochemical measurements, a LED monochromatic light (405 nm, Thorlabs)
connected to a function generator (SRS DS335, Standford Research Systems) was used
as a light source. Light intensity was calibrated using a Si photodiode and an optical power
meter (Newport). For the experiments performed under chopped illumination, a square
wave with a frequency of 0.05 Hz and a 6 V,, amplitude was used (1.6 mW cm light

intensity). All experiments were performed in a black metal cage.

Two electrolytes were employed for the photoelectrochemical characterisation of the
fabricated electrodes: an aqueous solution composed of 0.1 M Na SO4ina 0.1 M potassium
phosphate (KPi) buffer at pH 7, and an aqueous solution composed of 0.1 M Na;SOs in a

0.1 M KPi buffer at pH 7. Prior to the experiments, electrolytes were purged for 15 min with



Ar. The selected electrolyte composition aligns with previous investigations on CuWOu-
based electrodes to ensure comparability, as this specific composition has been employed

in prior studies 2-%°.

LSV experiments in Na>SO. were recorded over a potential range between 0.6 to 1.5 V vs
RHE, with a scan rate of 5 mV s and a step size of 1 mV. LSVs measured in Na,SO3; were

performed over a potential window from 0.6 to 1.1 V vs RHE.

Photocurrent transients were studied by chronoamperometry experiments under chopped
illumination. Transient experiments employing Na>-SO4 as an electrolyte were performed at
different applied potentials (0.9, 1.1 and 1.3 V vs RHE) with a sample period of 0.01 s™.

Transient experiments in Na;SO3; were recorded at a constant potential of 0.9 V vs RHE.

Mott-Schottky plots were produced from EIS data obtained in the dark over a potential range
from 1.2 to 0.4 V vs RHE at 100 Hz, with an AC amplitude of 10 mV.

2.4.  Density-functional theory (DFT) computational modelling

In accordance with a study previously reported for a similar photoelectrochemical system
21 DFT computational calculations were performed using the CASTEP package °-%2. The
variable cell geometry optimizations of both the pure and magnesium-substituted CuWO4
structure were calculated using the Perdew-Burke-Ernzerhof functional (PBE) with a
Hubbard U correction of 4 eV*? for the d electrons of the copper atom at a cut-off energy of
1100 eV, while the size of the MP k-point grid was 7x6x7 for the pure CuWO4 and 4 x4 x4
for the magnesium-substituted supercell. The supercell was constructed by extending two
of the cell parameters to obtain a 1x2x2 supercell. pDOS plots were calculated at the same
level of theory and analysed through the OptaDOS postprocessing tool. Charge density and
electron localization functions were calculated on the optimized structures using CASTEP

and extracted using the c2x postprocessing utility.

3. Results and Discussion

3.1. Materials characterisation

Pristine CuWO4 and CuWO4 (Mg x%) films were synthesised by spin coating a precursor

solution onto FTO glass substrates, with nominal x values equal to 0.01, 0.025 and 0.05.



The films show as a yellow and translucid porous layer, as expected for triclinic CuWO4
films (see Figure S1) 82°. SEM images of the synthesised films are shown in Figure 1. Pure
CuWO4 films display a morphology composed of interconnected ovoid crystallites, similar
to that reported for CuWQ, films produced by spray pyrolysis . The incorporation of
magnesium promotes an alteration in morphology, as a heterogeneous distribution of
crystallite sizes is obtained for the CuWO4 (Mg 1.0%), CuWO4 (Mg 2.5%) and CuWO4 (Mg
5.0%) films (Figure 1b—d). The films presented an average thickness ranging from 550 to
650 nm, regardless of the magnesium concentration (Figure S2). Furthermore, Figure S3
presents the EDS elemental analysis of the CuWO4 and CuWOQO4 (Mg 5.0%) films, revealing
a Cu to W ratio of 1.03:1.00 for the CuWO4 film (Figure S3a), aligning well with the expected
composition of CuWOs. In Figure S3b, the presence of magnesium in the sample is
evidenced; however, quantifying such a small fraction of magnesium through this technique
proved challenging due to the overlap of magnesium X-ray peaks with those of copper and

tungsten 4.

Figure 1. SEM images (5000x) of: a) CuWOs4, b) CuWO4 (Mg 1.0%), c) CuWO4 (Mg 2.5%)
and d) CuWO4 (Mg 5.0%) films.

The films crystalline phase composition was studied by XRD and Raman spectroscopy.
Figure 2 shows the XRD patterns obtained for the films, which are in accordance with the
patterns reported for triclinic CuWQOs. From the relative intensity of the Bragg reflection
planes, it can be noted that the diffractograms obtained for the films display a preferred
orientation associated with the (1 0 0) plane, which is comparable to the pattern obtained



for CuWO;, films synthesised by electrodeposition and hydrothermal routes °27. The
recorded XRD patterns matched the #2101692 CuWO, card from the Crystallography Open
Database (COD) 3. Peaks from the FTO glass substrate were also identified which are
analogous to those reported for SnO- cassiterite (COD #1526637). The diffractograms do

not show any sign of WOs3, usually depicted as a shoulder at 26 = 24.1° 3.

As can be seen in Figure 2, no additional peaks were recorded when incorporating
magnesium into the crystalline structure, and no significant change in peak positions was
found, which indicates that no significant changes in the interplanar spacing are produced.
This could be ascribed to the similarity in ionic radius of Mg?* (0.72 A) and Cu?* (0.73 A)
cations *’, and the absence of charge compensation 8, which could lead to only small
perturbations in the crystalline structure when partially substituting copper atoms with

magnesium.
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Figure 2. a) XRD patterns of CuWO,, CuWO4 (Mg 2.5%) and CuWO4 (Mg 5.0%) films, b)

magnification of diffractograms in the 15-30° range.

To further examine the effect of incorporating magnesium into the structure of CuWOQOs., a
variable cell optimization was performed with finite basis correction. The effect of adding
Mg was simulated using a supercell approach where a unitary cell was expanded along two
of the axes (a y b) to produce the structure CuWO, (Mg 12.5%). The resultant crystal cells
are presented in Figure S4. As expected, the lattice constants (a, b and ¢) do not change
significantly when replacing a copper site with a magnesium site (< 0.3%), which is in line
with the absence of peak displacements discussed before for the XRD analyses. The
photoelectrodes average crystallite size was determined by applying the Scherrer equation

to the peaks related to the CuWO4 unit cell, and a shape factor of 0.89 (consistent with prior



usage for CuWQO, films *°) was employed in the calculation. The average crystallite size was
55.8, 41.8 and 51.7 nm for the CuWO,4, CuWO4 (Mg 2.5%) and CuWO4 (Mg 5.0%) films,
respectively. These values are similar to those previously reported for CuWO.
photoelectrodes (40.0 and 55.3 nm) 3940,

In the CuWO4 XRD spectrum, the (0 1 0) and (1 0 0) reflection planes are particularly related
to the WOs octahedra, while the (1 1 0), (0 1 1) and (1 1 -1) planes are predominately
associated with the CuOg octahedra #'. A graphic representation of the interception of such
planes in the CuWO, and CuWO4 (Mg 12.5%) crystal structure can be found in Figure S5.
A close inspection of Figure 2b suggests that incorporating magnesium mostly alters the
CuOe octahedra, since no significant changes were observed in the (0 1 0) and (1 0 0)
reflection peaks. On the contrary, the peak intensities of the (1 1 0), (0 1 1) and (1 1 -1)
planes show a slight reduction when increasing the magnesium content in the film. This
change in peak intensity is in good agreement with magnesium substituting copper sites as
magnesium has a different electronic structure and X-rays are scattered in proportion to the

number of electrons of the atoms composing the crystalline plane .

Figure 3 shows the Raman spectra obtained for each photoelectrode, which are in good
agreement with patterns reported for the triclinic CuWQ4 crystalline structure %27, Similarly
to the XRD patterns, no evident shifts in peak position were detected. It can be observed in
Figure 3b that the peaks related to O-W-O deformation modes (such as 358 and 398 cm™)
and the A; W-O band (907 cm™) do not exhibit significant changes in intensity when
incorporating magnesium; however, the A; mode associated with the CuOs octahedra at
292 cm™ displays a noticeable reduction in peak intensity when increasing magnesium
content in the film “2. These results reinforce the initial assumption that magnesium would
occupy copper sites in the CuWO4 crystal structure, and they are also in accordance with

the XRD patterns and cell optimization results.
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Figure 3. Raman spectra of a) CuWO4, CuWO4 (Mg 2.5%) and CuWO4 (Mg 5.0%) films

and b) magpnification of the spectra in the 200-400 cm™' range.

A Gaussian—Lorentzian asymmetric fit was used to analyse the XPS spectra and determine
the elemental states of Cu, W, O and Mg in the CuWOQO4 and CuWO4 (Mg 5.0%) films. The
XPS spectrum obtained for pristine CuWO, can be found in Figure S6. Figure 4 shows the
XPS spectra obtained for CuWO4 (Mg 5.0%) (additional data on the XPS spectra of CuWO,
(Mg 5.0%) can be found in Figure S7, supporting the presence of magnesium in the
sample). The presence of Cu 2p states can be observed in Figure 4a, which are in
accordance with Cu(ll) species and it exhibits two distinctive Cu(ll) satellite collections 4344,
The doublets associated with Cu 2ps2 and Cu 2p+,. states exhibit binding energies of 939.2
and 954.5 eV, respectively. The W 4f core-level spectrum (Figure 4b) displays a well-
resolved W 4f7, (35.16 eV) and W 4fs, (37.31 eV) doublet, which is consistent with the W®*
oxidation state “°. The fitting of the O 1s peak (Figure 4c) was performed by deconvoluting
two peaks located at 530.3 and 531.5 eV, which are typical binding energies for oxygen-
metal bonds and adsorbed oxygen, respectively “6. These results are consistent with

previously reported data for CuWQ, films "7-"°.

Regarding the incorporation of magnesium, it can be verified from Figure 4d the presence
of a peak associated with Mg 1s with a binding energy of 1304 eV, which demonstrates the

presence of Mg (Il) in the film 4748,
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The optical bandgap of the films was determined by Tauc plots employing DRS data (Figure
5). Tauc plots were constructed assuming an indirect optical transition and the Kubelka-

Munk function using the following equation &4°:
(F(R)-hv)* =B(hv - E,) ()

where h is the Planck constant, v is the photon frequency, B is a constant of proportionality,

E, is the optical indirect band gap energy, and F(R) is given by °:

1-R)

FR)="%R

3)

where R is taken to be equal to the ratio R I Rgaso, - From the plots, an optical bandgap

sample
energy of 2.50 eV was obtained for the pure CuWO, film. Similarly, a bandgap of 2.57 and
2.56 eV was obtained for CuWO4 (Mg 2.5%) and CuWO4 (Mg 5.0%) films, respectively.
These values are slightly higher than the bandgap reported by other authors (2.30 eV) &1°.
These higher band gap energies can be attributed to the difference in crystal structure and
phase composition obtained in this study since CuWO films with similar phase composition
and preferred orientation have displayed band gap values of 2.45 and 2.48 eV 275!, As the

optical band gap energy obtained for the electrodes was practically unaffected by the



incorporation of magnesium, it is possible to assume that magnesium does not significantly
affect the band structure of CuWOQOs..

cuwo,
CuWO, (Mg 2.5%)
| CuWO, (Mg 5.0%)

(FIR)hv)"?1ev '?

2.0 25 3.0 3.5

Energy / eV

Figure 5. Tauc plots obtained for CuWO,, CuWO4 (Mg 2.5%) and CuWQO4 (Mg 5.0%)

films.

To further examine this assumption, the electronic structures of both CuWO4 and CuWO4
(Mg 12.5%) optimized cells were simulated using DFT calculations and the partial density
of states (pDOS) obtained are shown in Figure 6. A careful analysis of the pDOS data
reveals that the valence band of both materials is largely composed of O 2p orbitals and a
contribution of Cu 2p states is seen only when getting more deeply into the band. The DOS
shows a characteristic first conduction band accessible only to spin down electrons
dominated by copper and oxygen orbitals, while a second, broader, conduction band is
present for both spin states at a further energy where the tungsten orbitals have a greater
contribution. These results are in good agreement with previously reported calculations for
CuWO;, '8 at the chosen level of theory (PBE+U) and is a typical band composition for metal
oxides, displaying an average bandgap energy of 2.30 eV for the CuWO, structure °2.
Furthermore, the valence band was also examined by XPS analyses at the beginning of
the screening window, which spectra are shown in Figure S8. The obtained spectra are
consistent with the pDOS composition, as no significant difference can be observed
between the valence band energies of CuWO4 and CuWO4 (Mg 12.5%).
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Figure 6. Projected partial density of states (pDOS) of: a) CuWwO. and b) CuWO, (Mg
12.5%). The DOS was sampled at intervals of 0.1 eV. Full lines represent the spin-up
channel and dashed lines represent the spin-down channel. The Fermi level is set to zero
for ease of reading.

3.2. Photoelectrochemical behaviour

Figure 7 shows the linear sweep voltammograms obtained for the fabricated
photoelectrodes in an electrolyte composed of 0.1 M Na;SO4 in 0.1 M Kpi pH 7 under frontal
monochromatic chopped illumination (405 nm, 1.6 mW cm). In the voltammograms, the n-
type behaviour of the photoelectrodes can be verified as an increase in photocurrent density
upon illumination. At an applied potential of 1.3 V vs RHE, the CuWO4 photoanodes produce
a current density of 18.83 pA cm?, while the CuWO, (Mg 1.0%), CuWO. (Mg 2.5%) and
CuWO. (Mg 5.0%) photoelectrodes exhibited current densities of 25.46 yA cm?, 35.43 yA
cm2 and 27.81 yA cm?, respectively. It is worth noticing that the increase of magnesium

content in the photoelectrode did not generate a monotonic increase in the photocurrent



measured; on the contrary, photocurrent decays when the magnesium atomic content in
the photoanode goes from x = 0.025 to x = 0.05. Figure S9 shows the photocurrent onset
potential for each photoelectrode under study. It can be noticed that the onset potential
scarcely decreases upon increasing the magnesium content in the photoelectrode, with the
pristine CuWQ4 photoanode exhibiting a photocurrent onset potential of 0.86 V vs RHE and
the CuWO4 (Mg 2.5%) photoanode an onset potential of 0.82 V vs RHE. Even though the
magnitude of the onset potential change is not significant, the sequence of the change
follows the same tendency as the photocurrent density, with the CuWO, (Mg 2.5%)

photoanode exhibiting the lowest onset potential and the higher photocurrent density.

.

Cuwo,

CuWO, (Mg 1.0%)
CuWO, (Mg 2.5%)
CuWO, (Mg 5.0%)

/

SN N

AN

AN
IANERNNEAN
<

Current density / pA cm”

-
K

=
o
|

T T T T T T T
0.6 08 1.0 1.2 1.4

Potential / V vs RHE
Figure 7. Linear sweep voltammograms obtained in 0.1 M Na>SO4 under chopped frontal

illumination (405 nm) for the fabricated photoelectrodes (recorded at 5 mV s™).

The density of donor states and the flat band potentials of the fabricated photoelectrodes
were calculated from Mott-Schottky plots (Figure 8), constructed from EIS data obtained in
dark conditions at 100 Hz. Table 1 shows the fitted parameters obtained for each electrode

using the Mott-Schottky relation:

1 2 KT
C2 = A2 (E - EFB - _j (4)
sc &Ny e

were Csc is the capacitance of the space charge region, E is the applied potential, Ers is the

flat band potential, k is the Boltzmann constant, T is the temperature, e is the electron
charge, A is the electrode area, &, is the permittivity in vacuum, ¢ is the permittivity of

CuWO: (& =83) '8 and Np is the density of donor states.
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Figure 8. Mott-Schottky plots obtained in 0.1 M Na»SO, for the fabricated

photoelectrodes.

Table 1. Flat band potential and donor density fitted from Mott-Schottky plots.

Electrode Ers / V vs RHE No / cm
CuWOq4 0.503 1.04-10%°
CuWO, (Mg 1.0%) 0.500 1.12:102
CuWO, (Mg 2.5%) 0.391 1.65:102
CuWO4 (Mg 5.0%) 0.418 2.25.10%

The flat band potential obtained for the CuWO, photoelectrodes is similar to those reported
in the literature under similar experimental conditions 2453, From Table 1, it can be observed
that upon the addition of magnesium, the density of donor states increases, obtaining a 58.7
and 116.4% increase for the CuWO, (Mg 2.5%) and CuWO4 (Mg 5.0%) photoelectrodes,
respectively. Additionally, a maximum -112 mV displacement of the flat band potential was
obtained for the CuWO.4 (Mg 2.5%) photoanode. The displacement of the flat band potential
to lower values is a typical phenomenon that occurs in n-type semiconductors when the

donor states density is increased **.

With the aim of determining the influence of magnesium on the enhanced photocurrent
obtained for the CuWO4 (Mg 2.5%) photoanode, further photoelectrochemical experiments
were carried out for the CuWO4 and CuWO4 (Mg 2.5%) photoelectrodes. Figure 9 shows
the current density transients at three different applied potentials (0.9 V vs RHE, 1.1 V vs



RHE and 1.3 V vs RHE) obtained in 0.1 M NaxSO4 in 0,1 M KPi pH 7 under frontal
monochromatic chopped illumination (405 nm). From the transients, it can be observed an
increase in the stationary state current density when comparing the CuWO, photoanode to
the CuWO4 (Mg 2.5%) photoelectrode, which is 20.2%, 24.4% and 49.7%, at 0.9, 1.1 and
1.3 V vs RHE, respectively. Additionally, it can be observed a change in the shape of the
“light off” spike, being this spike steeper for the CuWO4 (Mg 2.5%) photoanodes. The decay
of photocurrent when interrupting illumination is related to the transport of electrons to
surface states which contains trapped holes °°. In this sense, changes in the spike profile
as those shown by the CuWO4 (Mg 2.5%) photoanodes can be attributed to changes in the

charge carriers transport in the semiconductor.
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Figure 9. Transient photocurrent responses obtained in 0.1 M Na>SO; at different applied
potentials for: a) CuWO4 and b) CuWO4 (Mg 2.5%).

To minimise surface recombination, photocurrent transients were obtained for the CuWO,4
and CuWO4 (Mg 2.5%) photoelectrodes in an electrolyte composed of 0.1 M NaxSOs.
Na>SO0s is reported to be an efficient hole scavenger for CuWO4 photoelectrodes, which
reduces almost entirely surface recombination at the electrode-electrolyte interphase %57,
Figure 10 displays a photocurrent transient obtained at an applied potential of 0.9 V vs RHE.
In the presence of Na,SOs, the recombination spikes previously shown in Figure 9
disappear as the surface recombination is reduced to a minimum. In this regard, the
enhanced photocurrent obtained for the CuWOs (Mg 2.5%) photoelectrode can be
attributed to changes in the bulk charge carriers transport instead of surface phenomena.
This behaviour was also verified in linear sweep voltammograms performed under chopped
illumination (Figure S10).
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Figure 10. Transient photocurrent responses obtained in 0.1 M Na,SOs at an applied
potential of 0.9 V vs RHE for the CuWO4 and CuWO4 (Mg 2.5%) photoelectrodes.

To further study the changes produced by magnesium on the charge carrier transport, the
charge density distribution and electron localization function (ELF) of pure CuWO. and
CuWO4 (Mg 12.5%) were calculated from DFT calculations and are shown in Figure S11
and Figure 11, respectively. Figure 11 shows the ELF calculated for both CuWO,4 and
CuWO4 (Mg 12.5%) structures, through a plane intercepting the axial oxygens of the
octahedral and the central atom (copper or magnesium in either case). In the map, warmer
colours imply a higher localization of electrons. From Figure 11, it can be observed that for
CuWO4., electrons are mostly localized around the oxygen atoms, which implies a higher
ionicity of the Cu-O bond. On the other hand, ELF mapping for the CuWO4 (Mg 12.5%)
structure shows a higher localization of electrons in the interatomic space. In metal oxide
semiconductors, bond character is highly polar due to the high electronegativity of oxygen
52 which implies that electrons are either partially or completely transferred from the metal
ion to the more electronegative oxygen, with the electronic transitions occurring
predominantly between O 2p and metal d states. This electronic structure can also be
verified for CuWQ, and it is illustrated in the pDOS (Figure 6) as the valence band is mainly
composed of O 2p states, whereas the conduction band is composed of Cu 3d states. A
Mulliken population analysis reveals that one of the axial Mg-O bonds on the magnesium-
substituted structure has a shorter length (0.211 nm) and higher population (0.22) than the
corresponding Cu-O bond of both the pure CuWO, structure (0.265 nm and 0.11
respectively) and the adjacent Cu sites (0.256 nm and 0.11 respectively) in the supercell.

While most of the Cu-O bonds have a higher ionicity characteristic that remains unchanged



in the substituted structure, the strain introduced by the magnesium doping rearranges the
electron density enough to move the position of magnesium towards an oxygen atom,
increasing the covalent nature of the bond and decreasing the bond length of the axial
oxygen to a length like one of the planar oxygens in the octahedra. In this regard, it is
proposed that a change in the localization of the electron density away from the sphere of
influence of the oxygen atom and towards the shared space of the covalent bond leads to

better carrier mobility and the generation of higher photocurrent "°.

Figure 11. Map of the electron localization function (ELF) calculated for: a) CuWO. and b)
corresponding sites in the supercell for CuUWO4 (Mg 12.5%). Blue atoms represent copper,
orange atoms represent magnesium, grey atoms represent tungsten, red atoms represent

square planar oxygen and purple atoms represent axial oxygen.

Earlier studies report that Cu atoms within CuWO4 display Jahn—Teller distortion in the Cu
3d states, which leads to a strong localization of electrons causing poor carrier transport
kinetics and, thus, recombination &'%. The difference in the electronic structures of CuWQ,
and CuWO. (Mg x%) arises from the 3d® electrons in Cu singly occupy dx.-v2 orbital, while
for magnesium 3s? orbital would not display such a distortion on orbital splitting. Charge
density was mapped through three different planes, which maps can be found in Figure
S11. The planes were chosen due to the changes in intensity associated with the planes
from XRD patterns. Charge density along the (0 1 1) plane shows a decrease in density
around the magnesium atom when compared with both the adjacent copper atoms and the
corresponding copper atom in the pure structure. The plane (1 1 0) shows a higher charge
density around the planar oxygens of the adjacent copper atom. In this sense, highly
localized electronic states can act as traps and diminish the electronic conductivity of

CuWO; %8, These calculations are in accordance with the higher donor density obtained



from Mott-Schottky plots, and a higher electronic conductivity can also explain the higher
photocurrent obtained for the CuWO4 (Mg 2.5%) photoanode.

To corroborate this effect, the total photocurrent was analysed in terms of the theoretical
photocurrent, the charge transport efficiency in the bulk of the semiconductor, and the

surface injection efficiency, as follows '

Jphoto = Jtheoretical ’ nbulk ’ 77surface (5)

where jphoto IS the experimental photocurrent density obtained in a standard electrolyte such
as NaxSO., jmeoretical IS the theoretical photocurrent density resulting from a complete

absorption of the incident photon flux, n,, is the bulk charge carriers transport efficiency,

and 7_,...is the surface hole injection efficiency.

In an electrolyte composed of a hole scavenger, such as Na;SOs, surface efficiency can be
estimated as unity, since Na;SO3 has proven to produce quantitative hole collection at the
CuWO: surface*®. This behaviour is confirmed in Figure 10, as the surface recombination
spike is not present in the transients. On the other hand, under monochromatic illumination,
the theoretical photocurrent obtained when all photons are absorbed and converted into

electron-hole pairs can be estimated as '*:

=, e (6)

Jtheoretical

where |y is the experimental photon flux (3.25-102° photons cm3) and e is the electron charge
(1.60-10°'° C). From the photocurrent density obtained in Na;SO3 and the stationary current
density obtained in Na>SOs4, bulk and surface efficiencies were calculated for the CuWO,
and CuWO4 (Mg 2.5%) photoelectrodes at several applied potentials, which are shown in
Table 2. The calculated efficiencies for pure CuWO, are similar to those previously reported
for CuwQ, 21%°,



Table 2. Bulk and separation efficiencies obtained for the CuWO, and CuWO,4 (Mg 2.5%)

photoanodes.

Potential
/Vvs SO mER et e
RHE
0.7 1% 3% 2% 1%
0.8 3% 3% 5% 2%
0.9 4% 7% 7% 7%
1.0 5% 16% 10% 18%

The surface efficiency of the photoelectrodes slightly increases at high potentials when
incorporating magnesium, which may imply that incorporating magnesium modifies CuWO4
surface states or may reduce charge carrier recombination within the space charge region
5 However, the CuWO,; (Mg 2.5%) photoelectrode exhibits a substantial increase in the
bulk efficiency when compared to the CuWO4 photoelectrode, which is in accordance with
a better charge carriers transport in the bulk derived from a higher donor density. In the same
way, these results are in good agreement with the more delocalized electron distribution
obtained in the vicinity of magnesium atoms in the CuWO4 (Mg 12.5%) structure, which
increases the electron mobility in the photoelectrode and, hence, reduces bulk

recombination of electron-hole pairs.

4. Conclusions

CuWO4 (Mg x%) photoanodes were prepared using a facile spin coating method. Chemical
and structural composition analyses indicated the synthesis of triclinic crystalline films with
magnesium atoms partially substituting copper sites in the structure. The CuWO4 (Mg 2.5%)
photoanodes produced higher photocurrents compared to pristine CuWO4 photoelectrodes

upon illumination, exhibiting an 88.2% higher photocurrent density.

DFT calculations were used to study the electronic structure of the synthesised
photoelectrodes. The resultant structures showed that for CuWQ, electrons are mostly
localized around the oxygen atoms, implying higher ionicity of the Cu-O bond. On the
contrary, for the magnesium-modified structure electrons showed a higher localization in

the interatomic space.



As previously reported, CuWOQ, presents Jahn-Teller distortion of Cu?*, which causes Cu
3d states to be strongly localized. Thus, it is proposed that the electron delocalization
induced by the incorporation of magnesium reduces the Jahn-Teller effect and, hence, the
electronic conductivity of CuWO, (Mg x%) photoanodes is increased as a result of better
carrier transport kinetic. In this sense, the bulk charge carriers separation efficiency showed
a decrease in bulk recombination which is in good agreement with a higher donor density
and a higher electronic conductivity induced by magnesium incorporation. This work
demonstrates that the partial substitution of Cu?* sites with Mg?* is a good strategy to
enhance the charge carriers separation efficiency of CuWO,4 based photoelectrodes and

improved the overall photocurrent generation during photoelectrochemical water splitting.
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