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Interfacing CuO, CuBi,O4, and protective
metal oxide layers to boost solar-driven
photoelectrochemical hydrogen evolutiont

Cathal Burns,®® Owen Woodford,® Susanna L. Stephens,® Muhammed Rishan,?®
Linsey Fuller, @ © Shafeer Kalathil 2 *® and Elizabeth A. Gibson (2 *°

This article reports the development of CuO|CuBi,O,4 photocathodes stabilized by protective layers of
TiO,, MgO, or NiO, with Pt or MoS, nanoparticles serving as co-catalysts to facilitate H, evolution. Most
notably, this work demonstrates the first application of MgO as a protection/passivation layer for photo-
cathodes in a water-splitting cell. All configurations of photocathodes were studied structurally, morpho-
logically, and photoelectrochemically revealing that CuO|CuBi,O4|MgO|Pt photocathodes achieve the
highest stable photocurrent densities of —200 A cm™ for over 3 hours with a Faradaic efficiency of
~90%. Bias-free tandem water splitting was then performed by pairing this photocathode with a dye-sen-
sitized TiO, photoanode, producing H, from neutral water without an external bias. This paper demon-
strates key stability findings and proposes the use of spin-coated MgO, TiO,, and NiO as feasible earth-
abundant protective materials to aid in the formation of a cheap and scalable tandem water splitting
system. Charge transfer dynamics have also been probed by combining spectroelectrochemistry and
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Introduction

To enable the transition to a circular carbon economy and to
meet global climate goals, clean and sustainable energy
sources need to be adopted urgently. Of these potential
sources, green H, has emerged as an important fuel due to
the high energy within the H-H bond. A promising approach
for sustainable H, production is photoelectrochemical (PEC)
water splitting.>® PEC water splitting utilises solar energy to
drive O, and H, evolution reactions (OER/HER) from water
using photoelectrodes, assembled from photoactive materials
coupled to co-catalysts, in a wired system. When photons of
sufficient energy are absorbed, electrons within the semi-
conductors acquire enough energy to cross the band-gap,
generating excited electron-hole pairs. Different configur-
ations of PEC systems are possible, including single photo-
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in situ transient absorption spectroscopy.

electrode and tandem devices. PEC efficiency is affected by
numerous factors such as light absorption efficiency, charge
mobility in the semiconductors, charge transfer between
semiconductors, co-catalysts and electrolytes, as well as the
reaction kinetics.”

An extensive number of photoactive materials have been
reported for efficient and stable H, evolution. Electrons liber-
ated by photocathodes are used to reduce aqueous protons
forming H,. In p-type semiconductors, excitation with light
leads to the movement of the majority carriers (holes)
through the material, while the minority carriers (electrons)
travel to the surface where the HER occurs. A fairly narrow
band gap (E,) is necessary to absorb visible sunlight. The
most efficient semiconductors used in photocathodes for
HER include p-type Si, GaP, InP, CdTe, Culn,Ga;,Se,,
Cu,ZnSnS,;, CuGazSes and CuGaSe,.” The photovoltages of
these materials remain low (<0.75 V). The minimum potential
required to split water molecules under neutral pH con-
ditions is 1.23 V. Photocathodes which display high photovol-
tages will allow for efficient tandem devices for bias-free solar
water splitting.® Additional challenges with many good
photovoltaic semiconductors include the scarcity of In and
Ga, heavy elements such as Cd are toxic, synthesis of photo-
voltaic-quality Si (high crystallinity and purity) is energy
intensive, and Si and many metal sulfides are unstable under
photocatalytic water splitting conditions.” Therefore, there is

This journal is © The Royal Society of Chemistry 2025
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a requirement to study transition metal oxide materials com-
posed of earth abundant and non-toxic elements that can be
used as photoelectrodes for water splitting (Fig. 1A).*° Most
Cu-based transition metal oxides have a conduction band
edge that is more negative than the HER potential, which
ensures light-driven proton reduction is thermodynamically
favourable." The valence band (VB) of Cu-oxides is higher
than most other transition metal oxides, leading to narrower
band gaps and more effective solar light absorption. In CuO,
for example, the valence band is composed of Cu 3d orbitals
coupling to O 2p states.'® CuO possesses a desirable bandgap
(~1.2-1.5 eV) for PEC HER with valence and conduction band
edges straddling the proton reduction potential. However,
CuO is limited in terms of practicality due to poor stability in
aqueous and acidic media as the reduction potential of Cu"
lies within the band gap of the semiconductor and charge
mobility is poor.**

To overcome this and improve performance, hybrid struc-
tures and heterojunctions have been employed.">'® Ternary
Cu-based oxides such as CuBi,O, provide alternative opportu-
nities. CuBi,O, has a bandgap of 1.5-1.7 eV with an onset
potential of ca. 1.55 V vs. RHE which is an extremely promising
quality for applications as a photocathode in a tandem
device.'*® Despite these promising qualities, photo corrosion
is still a major issue. Within CuBi,0,, photo corrosion occurs
because of trapped photoelectrons within the conduction
band (CB), which is largely Cu 3d in character.'” As is the case
for the binary Cu oxides, protective methods are necessary to
utilise these materials for long term applications. For example,
Grétzel et al. have conducted extensive work on TiO, protected
Cu,0 photocathodes. These have been applied in PEC H, evol-
ution systems with reported photocurrent densities of 10 mA
em ™2 for up to 50 hours.*®
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A method of protecting the photocathodes from water is
needed to prevent this degradation.® TiO, has frequently been
employed as a protective material. Atomic layer deposition
(ALD) is often recommended to enable a high-level of control
to build a thin and homogeneous metal oxide coating.'®>°
However, the precursors of such materials for ALD are expen-
sive, often toxic, and the procedure requires specialist equip-
ment. Previous reports of CuBi,O, in the literature show that
inkjet printing of can be used to fabricate photocathodes
which produce ~0.12 mA cm > with a photocurrent onset
potential of up to 1 V vs. RHE.*' In 2022, an alternative
approach was trialled using inverse opal CuBi,0,.>> This high
surface area electrode produced 2.95 mA cm™? with H,0, as an
electron scavenger and a stability of 2 hours. The high surface
area inverse opal morphology to increase photocurrent density
would be complimentary with our liquid-phase synthesis. We
apply our photocathodes to carry out overall water splitting
without the H,0, scavenger, forming a cleaner system.
Intensity-modulated photocurrent spectroscopy (IMPS) studied
charge transfer dynamics within CuBi,04. CuBi,O, has pre-
viously been hybridized with CuO to produce photocurrents of
1.23 mA cm™? at 0 V vs. RHE and a reported 2 hours stability.*
In this example, the fabrication methods used involve a hydro-
thermal synthesis of CuO onto FTO in an autoclave, followed
by up to 15 layers of spin-coating from a precursor solution
and annealing to form CuBi,O,. This method produced
compact layers of each material. The advantages of our
approach are importantly the scaleability and adaptability of
spray pyrolysis and co-precipitation synthesis. Co-precipitation
can be used to synthesise alternative metal oxides which leads
to future avenues of exploration. We also delve deeper into pro-
tective strategies and fundamental spectroscopic and electro-
chemical analysis.

Energy vs RHE

Energy vs Vv
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Cu,0 CuO
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Fig. 1 (A) Energy diagram showing the valence bands (VB), the conduction bands (CB), and the bandgaps of various earth abundant metal oxide

materials which have been commonly employed as photocathodes or photoanodes in PEC water splitting cells. The water oxidation and proton
reduction potentials are also shown as dashed lines. (B) Estimated band structure of a CuO|CuBi,O4|TiO,|Pt/MoS, photocathode. All energies are

given vs. RHE reference electrode at pH 7.2.
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In our study, we introduce a scalable liquid-phase prepa-
ration of CuO|CuBi,O, heterojunction photocathodes and
investigated three potential materials for protecting the elec-
trodes (TiO,, MgO, and NiO). This work represents the first
reported application of MgO as a passivating layer for a photo-
cathode PEC water-splitting system. This discovery can allow
researchers to expand upon the current state-of-the-art viable
materials that allow long term PEC stability. CuBi,O, has was
chosen to promote charge separation at the interface with
Cu0.*?*** The decreased rate of recombination facilitated
more efficient HER at the electrode—-electrolyte interface. In a
typical metal-oxide based PEC system, the HER kinetics are
relatively slow in comparison to the rate of recombination.
Therefore, an electron transfer cascade encourages electrons to
go to the catalyst surface rather than recombining with holes
in the semiconductors. The fabrication techniques such as
automated co-precipitation of CuBi,O, powder, blade-coating
of CuBi,0, paste, spray pyrolysis of CuO films, spin-coating
the passivating materials, and drop-casting the co-catalysts,
are all suitable for large-scale production.

To carry out efficient HER at the photocathode-electrolyte
interface, colloidal platinum (Pt) particles were deposited to
act as a benchmark HER co-catalyst.>® The role of the co-cata-
lyst is to assist in the reduction of aqueous protons when
added to the surface of the CuO|CuBi,O, photocathodes,
improving the stability and efficiency. The scarcity and cost of
Pt makes it preferable to find earth-abundant alternatives.
MoS, has emerged as one of the most promising candidates
for efficient HER at a fraction of the cost of Pt.>” In this paper,
we explore MoS, as a feasible alternative co-catalyst. The stabil-
ised photocathodes were paired with dye-sensitized TiO,
photoanodes®® to demonstrate tandem bias-free PEC water
splitting and H, evolution was quantified using gas chromato-
graphy (GC).

The photocathode architectures were studied using a com-
bination of electrochemistry and optical spectroscopy to
understand the effects of these coatings on the CuO|CuBi,0,
photocathodes, specifically we employed spectroelectrochemis-
try and transient absorption spectroscopy (TAS). These tech-
niques allowed the charge dynamics and redox processes
within the material to be studied on ultrafast timescales
(fs—ps), providing valuable insight into how the addition of
each layer impacted electron transfer/charge separation
mechanisms and electrode stability.

Results and discussion
Characterization of CuO|CuBi,0, photocathodes

The synthesis of CuBi,O, was carried out in an automated co-
precipitation reactor (Experimental section). X-ray diffraction
(XRD) was carried out to characterize films of CuBi,O4 on FTO
substrates and CuBi,0, powder (Fig. S1t) and the diffraction
patterns were compared with previously reported data in the
literature. The match with the reference diffraction pattern
(kusachiite, PDF no. 00-042-0334) confirmed that the synthesis
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method was successful. To enhance the photocurrent from
CuBi,0, through more efficient light absorption and charge
separation, it can be coupled with CuO to form a heterojunc-
tion.”* This is due to the band alignment portrayed in Fig. 1B
which promotes electron transfer towards the HER catalyst at
the interface, reducing recombination. CuO deposition was
achieved by spray pyrolysis®® from a Cu(NO;), solution onto
FTO substrates at 450 °C. A layer of CuBi,O, was then blade
coated and annealed onto the CuO surface to form the hetero-
junction. X-ray photoelectron spectroscopy (XPS) survey scans
were carried out on CuO and CuBi,O, (Fig. 2A, B and S2, 371).
XPS also confirmed that the VB for CuO was 4.88 eV vs.
vacuum (Fig. S4, S5 and Table S1f), with deeper electronic
states of Cu 2pz,, Cu 2p;z, at 952-953 eV (along with satellite
peaks at 940-945 eV) and O 1s orbitals present at 529-531 eV
in the survey scan. Additional peaks at ~570 eV were also
present. These are consistent with Cu (LLM) Auger peaks, indi-
cating the presence of Cu®*. These peaks were also found in
CuBi,0, (Fig. S27). The VB of CuBi,0, was found to be ~5.9 eV
vs. vacuum (Fig. S471), with deeper electronic states of Cu 2pj),,
2Py, O 1s, Bi 4f,,, Bi 4fs, (at 158-159 and 163-164 eV,
respectively) orbitals all present in the survey scan (Fig. S37).
These results are consistent with reported XPS values in the lit-
erature for CuO*® and CuBi,04."” The XRD pattern for the thin
films confirmed the successful formation of the CuO|CuBi,0,
electrode, with peaks present from CuBi,04, CuO, and FTO
(Fig. 2C). UV-visible spectroscopy was used to determine the
band-gap of each material (Fig. S61). The Tauc plots show that
CuBi,0,4 and CuO have very similar band-gaps (both ~1.5 eV).
The VB positions of both materials, together with the
measured band-gap indicate a favourable band alignment for
photoinduced charge separation (Fig. 1B)."” The absorbance
spectrum showed that films of CuBi,O, absorb up to 600 nm,
consistent with a bandgap of 1.5 eV. Fig. S6A{ shows the reflec-
tance spectra of CuO and CuO|CuBi,0, films. The addition of
CuBi,0, increased the percentage of visible light absorbed by
the electrode. The morphology of CuO|CuBi,O, electrodes was
also characterized using scanning electron microscopy (SEM)
(Fig. 2D and S77). SEM showed the presence of nanoparticles
of various sizes with an average diameter of around 100 nm.
SEM-EDS (Fig. S8t) was also carried out confirming the pres-
ence of C, O, Bi, Cu, Sn, and F atoms, which is consistent with
CuBi,0, on the FTO substrate.

Chopped-light linear sweep voltammetry and chronoam-
perometry experiments were tested on each material.
Chopped-light linear sweep voltammetry of CuO, CuBi,Oy,
and CuO|CuBi,O, (Fig. 3A) revealed that CuBi,O, produced
the smallest photocurrents but showed the highest stability,
as expected. When chopping the light on and off, spikes are
observed in the CuBi,O, voltammogram, particularly present
at 0.7 V vs. RHE. These indicate charging and discharging at
the surface, along with trap states existing at the electrode-
electrolyte interface. CuO films alone displayed high instabil-
ity under the experimental conditions with a large dark
current occurring below 0.6 V vs. RHE, a clear sign of degra-
dation. This degradation also clearly impacts the photo-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Physiochemical characterization. (A and B) XPS survey scans of CuO showing Cu 2p, O 1s and CuBi,O,4 (top) showing the Cu 2p, O 1s and Bi
4f peaks. (C) XRD of FTO|CuO|CuBi,O,4. (D) SEM image of the CuO|CuBi,O, electrodes. The parameters of the SEM images are given in Fig. S5.

current observed from the CuO across the scan. Chopped
light chronoamperometry was also carried out at a fixed
potential of 0.4 V vs. RHE to compare the photocurrent den-
sities of CuO and CuO|CuBiO,. CuO displays a large
dark current of —0.5 mA cm™> with an initial photocurrent of
ca. =1 mA cm~? which diminishes to —0.25 mA cm™? after
2 minutes. The dark current for the CuO|CuBi,O, electrode
was relatively smaller, which was accompanied by an initial
photocurrent density of —1.5 mA cm™>. Stability over a
2-minute period was shown to increase with ca. —1.2 mA
cm~? remaining after 2 minutes. These results demonstrate
the effectiveness of pairing CuO with CuBi,O,4. Varying the
thickness of the CuBi,O, was not found to increase the
observed photocurrent. The best performance was achieved
using a single layer (ca. 500 nm) of CuBi,O, in both instances
(Fig. S97). This is likely due to enhanced recombination
due to the increasing diffusion length occurring with thicker
CuBi,0, layers. Chronoamperometry was also performed
on CuO, CuBi,0,, and CuO|CuBiO, with Pt co-catalysts
added to the surface. Again, the results (Fig. 3B) show the

This journal is © The Royal Society of Chemistry 2025

enhancement of photocurrent generation when CuO and
CuBi,O, are interfaced.

Protecting the photocathodes

To inhibit photo corrosion, three different transparent metal
oxides that are stable under illumination in aqueous con-
ditions were used to pacify the surface of CuO|CuBi,O,. A thin
layer of TiO,, MgO, and NiO were trialled separately. Each
material was deposited using a simple spin-coating method
followed by annealing at 450 °C. TiO, and NiO offer semi-con-
ductive (n-type and p-type, respectively), semi-transparent
transparent, and stable surface protection from the aqueous
protons. MgO also offers transparency and stability but is an
insulator.*" Chopped-light linear sweep voltammetry using the
CuO|CuBi,0,|TiO,/NiO/MgO electrodes suggested that that all
three inhibited the photo corrosion, with a large decrease in
dark current observed in each case (Fig. 4A). However, much
lower photocurrent density was also observed compared to
CuO|CuBi,0,, which can be attributed to a combination of
reduced corrosion, the TiO,/NiO/MgO coating blocking some

Dalton Trans., 2025, 54, 920-933 | 923
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Fig. 3 Photoelectrochemistry of unprotected photocathodes. (A) Chopped light linear sweep voltammetry of CuO, CuBi,O4, CuO|CuBi,O, at
10 mV s™* scanning from positive to negative. (B) Chronoamperometry under constant illumination at 0.4 V vs. RHE. Photo experiments were carried

out using a Xe arc lamp calibrated to 1 sun (AM1.5G, 100 mW cm™2).

of the pores of the CuBi,O4, and, if the layer becomes
too thick, inhibited charge flow to the -catalytic sites.
Chronoamperometry under constant illumination at 0.4 V vs.
RHE showed a stable current density of —0.1 mA cm ™ for over
3 hours for the TiO, coated electrode. For MgO, photocurrent
density was surprisingly enhanced in comparison to TiO,, with
a steady current density of —0.2 mA cm™> at 0.4 V vs. RHE.
These results suggest that MgO pacifies the surface more effec-
tively than TiO,, while permitting charge transfer. For NiO
samples, an optimum photocurrent density as large as
—0.3 mA cm™? at 0.3 V vs. RHE was attained.

The SEM images (Fig. S10 and S11t) of the CuO|CuBi,Oy]
NiO sample showed a uniform coverage of the CuO|CuBi,O,
nanoparticles. The surface of the electrode appears to be
much thicker than TiO, or MgO samples (Fig. S12-S15%), with
cracks apparent on the surface. These cracks are consistent
with NiO blocking layers deposited on a metal oxide surface
(FTO), which were previously reported for applications in
p-type dye-sensitized solar cells.>” SEM-EDS confirmed that the
NiO layer was much thicker than MgO or TiO, with a 17.53%
weight for Ni (Fig. S10t). Despite the increased atomic mass of
Ni in comparison to Mg or Ti, this difference in abundance is
consistent with a thicker layer. SEM images of CuO|CuBi,O,|
TiO, photocathodes, shown in Fig. S12,f show a uniform
coating of nanoparticles. The nanoparticle size ranged
between hundreds of nm down to <100 nm. SEM-EDS con-
firmed the presence of Ti atoms on the surface. The mor-
phology and particle sizes for the CuO|CuBi,O,4|MgO sample
were similar to the TiO, coated sample (Fig. S15%), which is
consistent with a thin coating of the respective transparent
metal oxide on surface of the larger CuBi,O, particles on the
electrolyte-facing surface of the electrode. SEM-EDS confirmed

924 | Dalton Trans., 2025, 54, 920-933

the presence of Mg on the surface of the electrode, with a cal-
culated weight percentage of Mg = 0.11% (Fig. S14bf). Cross
sectional SEM was performed on each configuration
(Fig. S167). The images show an average thickness of CuO to
be ca. 1.5 pm and CuBi,0O, to have an average thickness of ca.
500 nm. The passivating materials were unable to be directly
visualized as individual layers. However, a change in thickness
of the top mesoporous CuBi,O, layer was observed for each
material. For MgO, the top layer was passivated by an
additional 0.5-1 pm which could be attributed to both MgO
and Pt infiltrating through the porous structure. For TiO,, a
similar effect is observed within the top layer. This time very
little changes were observed. This suggests that the TiO, and
Pt formed a much thinner layer when infiltrated (likely a few
hundred nm). Lastly, with NiO the thickness of the top layer
was found to be ca. 1.2 pm meaning that as expected and
observed in the top-view SEM, the NiO|Pt produces the thick-
est passivating layer.

The photocurrent density was recorded during chopped-
light linear sweep voltammetry for the photocathodes with the
Pt co-catalyst added. For the CuO|CuBi,O4|TiO,|Pt photo-
cathodes, the addition of a Pt HER catalyst made very little
difference compared to the Pt-free equivalent (Fig. 4B). A
reason might be that the electrons could not effectively travel
through the TiO, from the CB of CuBi,O, to the Pt catalyst on
the surface. It is possible that the TiO, layer was too thick to
permit electron transfer to the Pt catalyst. The chronoampero-
metry experiments (Fig. 4D) showed that the optimum poten-
tial for a stable photocurrent was 0.4 V vs. RHE for TiO,
samples and 0.3 V for NiO samples, with a photocurrent
density of ca. —0.3 mA em™> for >3 hours. The photocurrent
density was enhanced for the CuO|CuBi,O,|NiO|Pt photo-

This journal is © The Royal Society of Chemistry 2025
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light linear sweep voltammetry comparing the effect of each protecting

layer on photocurrent production. (B) Chopped light linear sweep voltammetry showing the addition of Pt. Illumination was achieved using a Xe arc
lamp calibrated to 1 sun (AM1.5G, 100 mW cm_;). (C) Chronoamperometry of each protected photocathode and the unprotected photocathode
with Pt co-catalyst. The bare electrode, TiO, protected and MgO protected were carried out at 0.4 V and the NiO protected photocathode was
carried out at 0.3 V vs. RHE. All experiments were under constant illumination. (D) Experimental and theoretical H, accumulation after each hour of

chronoamperometry (1-3 hours) at 0.4 V vs. RHE under constant illumina

tion with a Xe arc lamp calibrated to 1 sun (AM1.5G, 100 mW cm™3) with

CuO|CuBi,04|MgO|Pt as the working electrode, 3.5 M KCl Ag/AgCl as the reference and Pt wire as the counter electrode. Faradaic efficiencies for
each hour are also displayed in blue. Error bars were calculated from the standard deviation (n = 3).

cathode compared to the Pt-free sample (Fig. 4B). This
suggests that electron transport through the NiO layer was per-
mitted. For all NiO samples, the photocurrent density
increased over time. A reason may be that the surface changes
and a more active Ni-based catalyst is formed.

The chopped-light linear sweep voltammetry with CuO|
CuBi,0,|MgO|Pt showed a promosing enhancement of the
photocurrent below 0.4 V vs. RHE (Fig. 4B). The results suggest
that the transport of electrons to the catalyst in the presence of
MgO is effective. This represents the first report of the success-
ful use of MgO as a protection layer for Cu-based photo-
cathodes. The results demonstrate that MgO protection layers,
applied via spin-coating, stabilised the CuO|CuBi,O, photo-
active materials, whilst also allowing the transport of electrons
through the MgO to reach the Pt catalytic sites where HER can
occur. The MgO layer produced the most effective and promis-

This journal is © The Royal Society of Chemistry 2025

ing results at 0.4 V vs. RHE. This result came as a surprise due
to the insulating nature of MgO, however, we have demon-
strated that MgO can act as a protective layer if an adequately
thin layer is used. This result agrees with the recent report by
Hu et al, who proposed that MgO nanoparticles integrated
within CuBi,0O, can passivate the surface-trap states which can
result in enhanced performance.*?

Cyclic voltammetry (CV) was performed (without light) to
compare the electrochemical characteristics of the unprotected
CuO, CuBi,0,, and CuO|CuBi,O, photocathodes (Fig. S177).
The CV of the CuO electrode contained two reduction peaks at
0.05 and —0.05 V vs. RHE, which correspond to the reduction
of Cu™ to Cu' followed by Cu’. The anodic sweep contained
two oxidation peaks at 0.5 V and 1.0 V vs. RHE. For the
CuBi,0, electrode, a large reduction peak at —1.35 V vs. RHE
and a small shoulder at 0 V vs. RHE were present. For this elec-
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trode, only one large oxidation peak was observed at 0.7 V vs.
RHE. For the CuO|CuBi,0, electrode, the CV contained a com-
bination of the peaks observed with the individual semi-
conductors. Interestingly, protecting the photocathodes and
adding the cocatalyst (CuO|CuBiO4|MgO|Pt) significantly
lowered the magnitude of the reduction peaks observed com-
pared to the unprotected electrodes. This supports the positive
impact of passivating and protecting the electrode from the
electrolyte.

Following the success with the CuO|CuBi,0,|MgO|Pt elec-
trodes, we compared the Pt catalyst with an earth-abundant
MoS, colloidal HER co-catalysts. Fig. S181 shows the enhance-
ment in photocurrent observed with both co-catalyst decorated
photocathodes compared to CuO|CuBi,0,|MgO sample. The
results show that both Pt and MoS, can use the photogene-
rated electrons to drive H' reduction at the electrode-electro-
lyte interface. The addition of MoS, produces a similar photo-
current density to adding Pt in the chopped LSV, suggesting
that MoS, could function as a viable alternative to Pt. For long
term chronoamperometric experiments Pt was used exclusively
as a benchmark co-catalyst. Here, our main focus was on the
application of the protective materials and their capacity to
facilitate charge transport to the co-catalyst.

To quantify the effectiveness of the photocathode design,
H, evolution was quantified using gas chromatography (GC).
The MgO passivated sample with the Pt co-catalyst was chosen
as it produced the highest, stable photocurrent. Fig. 4D shows
the quantity of H, evolved at 0.4 V vs. RHE under constant illu-
mination for a 3 hours period. After 1 hour, ~0.59 + 0.05 pmol
cm ™2 of H, had been evolved at a Faradaic efficiency of 94.5%.
The 2™ hour yielded ~1.14 + 0.15 pmol cm™ of H,, corres-
ponding to an 87.5% Faradaic efficiency. The 3™ hour showed
that the high Faradaic efficiency was maintained at 92.1% with
~1.81 + 0.24 pmol cm™> (Tables S2 and 37). Typically, after the
3-hour reaction period the photocurrent decreased as photode-
gradation began to take effect. It was observed throughout
most samples that once degradation begins the photocurrent
response would dissipate quickly (<5 minutes). An explanation
for this is that once the electrolyte has been able to penetrate a
defect in the passivation layer, the photoreduction of the Cu"-
based materials can occur easily. The stabilising effect of the
protective materials was confirmed by performing XRD pre-
and post-PEC. In each case the diffractograms show no signifi-
cant changes (Fig. S19-211). This demonstrates that the crystal
structure of CuO and CuBi,O, remain stable under the con-
ditions of the PEC reaction. This stability suggests an added
resilience in the presence of the protective coatings.

To avoid the need to apply an external voltage, a tandem
bias-free water-splitting system composed of a photoanode
(TiO,|LEG4|Pt) and a photocathode (CuO|CuBi,0,|MgO|Pt)
was employed to achieve efficient solar-to-H, conversion. The
tandem cell was configured to illuminate through the photo-
anode first, before reaching the photocathode. The photo-
anode was composed of dye-sensitized TiO, (with a commer-
cial dye, LEG4, as the photosensitizer), co-functionalised with
Pt for OER. Upon illumination, the photoanode carries out
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water oxidation, whilst the photocathode carries out H, evol-
ution. The structure of LEG4 is shown in Fig. S22A.1 The
absorbance spectrum of the dyed TiO, film (Fig. S22Bt) shows
that the films absorb mostly in the blue region of the visible
spectrum, which allows the longer wavelengths to pass
through to the photocathode. In this way, the tandem cell
enables unassisted water splitting without additional applied
bias.

Firstly, the FTO|TiO,|LEG4|Pt photoanodes were tested
using chopped light LSV (Fig. 5B). The results showed the
photoanodes could reach photocurrent densities up to
0.15 mA cm™ from 0.4 V to 1.2 V vs. RHE. Beyond 1.3 V vs.
RHE, the dark current began to increase. This increase could
be caused by a combination of dye oxidation and TiO,/Pt start-
ing to catalyse oxygen evolution. Next, to demonstrate bias-
free, pH neutral, water splitting, chronoamperometry was per-
formed for 60 minutes using TiO,|LEG4||Pt||CuO|CuBi,O,|
MgO|Pt, the complete tandem cell, which was illuminated
through the anode. Fig. 5C shows the observed photocurrent
of the tandem was 75 pA cm™2, with 93% of the photocurrent
remaining after 60 minutes. H, evolution was quantified over
this period using GC. After 1 hour, 378 + 25 nmol cm™? of H,
had been evolved. The Faradaic efficiency of the bias-free
tandem was calculated to be 58.3 + 3.7% for 1 hour. The rela-
tively low Faradaic efficiencies can be explained by various
reasons: (1) some photocurrent produced from the tandem
results from dye detachment from the TiO, surface, which was
visibly observed on the films post reaction; (2) some current
may arise from slight degradation of the photocathodes; (3)
quantifying H, evolution via headspace analysis of the PEC
cell does not account for any dissolved H, in the electrolyte
within the cell or any small leakages.

Spectroelectrochemistry and transient absorption spectroscopy

Spectroelectrochemistry™ and transient absorption
spectroscopy (TAS)*® were used to gain a deeper understanding
of charge dynamics within the semiconductors.
Spectroelectrochemistry was employed using a combination of
CV and UV-visible absorbance spectroscopy to study the redox
chemistry at the semiconductor-electrolyte interface.
Throughout the CV an absorption spectrum was recorded at
various voltages for both CuO and CuBi,0,. Fig. 6A and B
shows the difference in absorption spectra obtained at
different applied voltages for CuBi,O,. Fig. 6B shows that upon
the initial oxidative sweep (from 0.6 V to 1.6 V vs. RHE), the
absorbance between 400-650 nm starts to increase steadily
until 1.4 V. A larger increase in absorbance was displayed at
1.6 V. During the return sweep, all changes in absorbance were
found to be reversible. Little change in absorbance was
observed at 0.4 V. However, at 0.2 V an increase in absorbance
was observed at 600 nm. This feature resembles the absor-
bance spectrum of metallic Cu. As the potential was decreased
further to 0 V and —0.2 V, more significant increases in the
absorbance were observed. The colour of the films also
changed from brown to black. These changes in absorbance
also correlate with the reduction peaks observed during CV

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Photoelectrochemistry of the bias-free tandem. (A) An illustration of the mechanism within the tandem upon illumination. (B) Chopped light
linear sweep voltammetry of TiO, (black) and TiO, sensitized with LEG4 and Pt (red). (C) Chronoamperometry under no bias and constant illumina-

tion with 1 sun (Xe lamp, AM1.5G, 100 mW cm™2) for 1 hour.

experiments (Fig. S171) and can be attributed to an increasing
concentration of Cu'* and Cu’® sites at 0.2 V and -0.1 V
respectively. The reduction of Bi** sites forming metallic Bi is
also thought to occur at —0.2 V, which also correlates with pub-
lished values for these redox processes.*® These reduction
peaks were also found to be reversible, according to both the
CV and the absorption spectra.

A similar trend was observed for the CuO sample during
the oxidative sweep, with the absorbance increasing upon the
application of a positive potential (1.6 V). When the potential
was then swept back to the to 0.4 V, a gradual decrease in the
absorbance was observed. The intensity of this band appeared
to decrease over time, independently of the applied voltage,
and no redox peaks were observed in the relevant region on
the CV. A reason could be that the spray pyrolyzed films of
CuO displayed poor adhesion to the FTO substrates and the
addition of the CuBi,0, to the surface strengthened the assem-
bly. After the experiment, a visible colour change could be
observed on the CuO film, confirming that slight CuO detach-
ment occurred during the positive sweep of the CV. For the
unprotected electrodes, a plot of AA at 600 nm vs. applied

This journal is © The Royal Society of Chemistry 2025

potential showed that at potentials <0.2 V vs. RHE, a large
increase in absorbance occurs. This is consistent with the
degradation discussed above. However, upon addition of a pro-
tective material, this change in absorbance was significantly
smaller. This supports the explanation that TiO,, MgO, and
NiO effectively protect the electrode-electrolyte interface, poss-
ibly reducing the concentration of intra-band gap states. This
effect was most prominent in the TiO, sample, where no
change in absorbance was observed, even at —0.2 V vs. RHE
(Fig. 6D). The inset in Fig. 6D shows the photographs illustrat-
ing a visible colour change to the CuBi,O, when the electrode
was held at —0.2 V vs. RHE for 5 minutes.

The charge-transfer dynamics of the excited
conductors were investigated using TAS (Fig. 7). Broad transi-
ent absorption bands appeared following excitation of the CuO
and CuBi,0, films and the mixed samples, CuO|CuBi,O,
(Fig. 7A). The peaks observed at 560 nm and 660 nm for
CuBi,0, can be attributed to ligand-to-metal charge transfer
transitions between Bi-O and Cu-O, respectively.’” The CuO
films produced a distinctive TA spectrum, containing a bleach
at 450 nm and a transient absorption band at 675 nm, consist-

semi-
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reference electrode and a Pt wire as a counter electrode.

ent with a charge transfer transition. The spectra for the CuO|
CuBi,0, samples were similar to CuO, but there was a slight
difference in shape of the charge transfer band. A transient
absorption band at 600 nm decayed rapidly (mostly within 5
ns). The lifetime of the transient was shorter than those
recorded for CuO or CuBi,O, alone (Fig. 7). Fitting these
bands to exponential decay functions gave lifetimes of 3.72 +
0.5 ns and 1.49 + 0.17 ns, respectively (Table S277%). For the
CuO|CuBi,0, film, the lifetime of the transient was 0.94 +
0.038 ns, which was significantly shorter compared to CuO
and CuBi,0, alone. This finding is consistent with a charge
transfer process across the heterojunction between the two
metal oxides.

The impact of adding protective layers on the CuO|CuBi,0,
surface was also tested, both with dry films and with films
coated with electrolyte solution. Fig. 7B shows the effect of the
protective coatings on the TA spectra of CuO|CuBi,O,. Upon

928 | Dalton Trans., 2025, 54, 920-933

the addition of TiO,, a slight red shift was observed at ca.
650 nm. This is consistent with a difference in the electronic
environment at the surface, possibly due to a lower concen-
tration of high-valence states which are responsible for some
charge-transfer transitions associated with the optical absorp-
tion bands. In contrast, adding NiO or MgO resulted in blue
shifts of the transient absorption bands. For the MgO-coated
sample, the feature at 550 nm was slightly enhanced relative to
the 650 nm peak whereas the TiO,-coated sample had a
similar spectral shape to the unprotected sample in that
region. These observations could be a combination of various
effects including a difference in the electric field, dielectric
environment or passivation mechanism at the surface. The
differences may be due to Ti** having a larger ionic radius
than Cu®", Ni** and Mg>" (which have similar radii).

The decay of the transient absorption for each sample is
shown in Fig. 7D. The initial decay within the first 100 ps was

This journal is © The Royal Society of Chemistry 2025
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the probe pulse was 400 nm for each measurement.

faster for the three samples containing protective layers.
However, after 1000 ps, the decay was slightly slower for the
protected samples compared to the unprotected sample. The
initial decay may be associated with enhanced charge separ-
ation and extraction which competes with charge-trapping by
surface states. We propose that the protective layers facilitated
rapid initial decay by quickly removing charge carriers from
the recombination sites. The slower decay after 1000 ps could
be due to the prevention of surface recombination processes
via intra-band gap states, prolonging the lifetime of remaining
charge carriers. Any new or modified charge-trapping states
resulting from the additional layers may also slow down the
decay. The spatial charge separation that occurs from the
cascade design could also be responsible for the slower decay.
This corresponds with the observed PEC performance and the
enhancement in photocurrent that was observed in the CuO|
CuBi,0, photocathodes (Fig. 3B).

The lifetimes are presented in Table S4.7 For the TiO,-
coated samples, the lifetime increased for both the wet and
dry films, which may be caused by TiO, passivating intra-band
gap states at the surface and thus slowing the rate of decay via
these to the ground state. A similar trend was observed with
the NiO-coated electrode when dry. However, in the presence
of electrolyte, the lifetime was similar to the unprotected
sample (ca. 1.18 + 0.15 ns). This suggests that the affect is sup-

This journal is © The Royal Society of Chemistry 2025

pressed when the NiO is exposed to electrolyte. Finally, a
similar extension of the lifetime of the transient absorption
for the MgO-protected samples to the TiO, samples was
observed for the electrodes immersed in electrolyte and a very
slight increase in lifetime when dry. These results suggest that
there is a passivating effect in both the MgO and TiO,-coated
electrodes. It is possible that the slightly shorter lifetime when
exposed to the electrolyte is related to the photocatalytic
reaction.

Conclusions

In this work, critical insights into the charge dynamics and
stability of Cu-based photocathodes have been studied in
depth. Our approach has highlighted the potential of Cu-
based semiconductors as affordable, and potentially very
efficient components in solar-driven PEC water-splitting appli-
cations. MgO, NiO, and TiO, were utilized as a coatings which
enhanced photocathode stability whilst facilitating efficient
charge transfer. The results show that MgO was the most
efficient of the three materials trialled. This presents new
avenues for designing protective layers if a thin enough layer
of material is used. This insight has advanced the fundamen-
tal understanding of charge recombination and protection
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strategies in Cu-based photocathodes and ‘sandwich’ type
multi-layered structures. Our findings can lead to applying
similar protective approaches across a wider range of PEC
systems.

The in-depth chemico-physical, spectroscopic and electro-
chemical analysis of the CuO|CuBi,O, photocathodes with TAS
and spectroelectrochemistry provided a details of charge trans-
fer, recombination dynamics, and stabilizing effects.
Spectroelectrochemistry revealed that potentials <0.1 V vs. RHE
result in an increase in optical density, which accompanied
degradation of the semiconductors. This degradation was
reduced upon the application of TiO,, MgO, or NiO. TAS
showed effective charge transfer between CuO and CuBi,O,
with a quenched lifetime displayed for the CuO|CuBi,O, het-
erojunction. Overall, slower kinetics were observed in the pres-
ence of protective layers, which was attributed to reduced
surface-recombination.

By addressing the topical and longstanding challenge of
photocorrosion of Cu-based photocathodes, this study under-
scores the potential of abundant and inexpensive materials,
with a specific highlight on the novel usage of MgO.

On an applied level, this paper focusses on Pt and MoS, as
co-catalysts for HER with the highest performance produced
from CuO|CuBi,04|MgO|Pt (ca. —0.2 mA em™> at 0.4 V vs.
RHE). Brief analysis of MoS, as a viable alternative to Pt
suggested that it was capable of enhancing the photocurrent
of CuO|CuBi,04|]MgO on a similar scale to Pt. Future work
could focus on the effect of MoS, in long term experiments.
All photoelectrodes were tested for PEC H, evolution from
neutral (pH 7.2) water at 0.4 V vs. RHE. Results for the CuO|
CuBi,04|MgO|Pt configuration showed that after 3 hours of
reaction a high Faradaic efficiency was observed at 92.1% with
ca. 1.81 + 0.24 mmol cm™2 of H, evolved. However, the for-
mation of pinholes in the protective layer remains an issue for
stability. This study successfully demonstrated unassisted
tandem water splitting using the CuO|CuBi,0,|MgO|Pt photo-
cathode which was paired with a dye-sensitized TiO, photo-
anode. Bias-free chronoamperometry was performed for
60 minutes of a TiO,|LEG4||Pt||CuO|CuBi,0,|MgO|Pt tandem
producing a photocurrent of 75 pA cm™> with 93% of the
photocurrent remaining after 60 minutes. After 1 hour, 378 =+
25 nmol ecm™> of H, had been evolved at aFaradaic efficiency
of 58.3 £ 3.7%. The achievement of overall water splitting
without external bias using metal oxide and molecular light-
absorbers highlights the potential for efficient and durable
solar H,. Continued fundamental study and application of
these technologies will bring renewable H, production closer
to practical implementation.

Future work should focus on the development of key strat-
egies to deposit, thin, uniform, and pinhole-free protective
coatings to maintain electrode performance. This will allow
the production photoelectrodes with longer lifetimes for
excited charge, to accelerate the implementation of PEC
systems on an industrial scale and aiding in the global pro-
duction of green H,. Other applications should also be investi-
gated, including utilizing these photocathodes for CO, utiliz-
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ation in microbial photoelectrosynthesis cells to produce
liquid chemicals from sunlight.®

In summary, the findings presented in this paper offer a
robust basis for future exploration, highlighting that the
materials explored could revolutionize solar-driven PEC H,
production. The study has enhanced both practical and funda-
mental understanding with advances made in protective layer
design, stability challenges, and unravelling charge transfer
dynamics. The findings in this study should serve as a step-
ping stone for future investigations into Cu-based metal oxide
photoelectrodes, promoting an economical method for solar
fuel production.

Methods

Materials

All chemicals were purchased from Sigma-Aldrich and were
used without further purification unless stated otherwise.

PEC characterization

For single photoelectrode systems, photoelectrochemical
measurements were carried out in a 3-electrode photoelectro-
chemical cell consisting of a working electrode (photoanode/
photocathode), an Ag/AgCl reference electrode, and a Pt wire
as a counter electrode. The working area was 0.79 cm” which
was masked using an O-ring within a custom-built PEC glass
cell. The electrolyte used in each experiment (unless stated
otherwise) was 0.2 M KCl, 0.01 M H,KPO,, and 0.01 M HK,PO,
(pH 7.2). A 300 W Xe lamp calibrated using to 1 sun (filtered
with an AM1.5G filter) was used for photoelectrochemical
experiments. The lamp was calibrated using a standardized
silicon photodiode.

Product analysis via gas chromatography

The headspace volume was maintained at 7 mL for all experi-
ments. H, evolution was quantified via direct injection into a
Simadzu gas chromatograph using a 2.5 mL Hamilton gas
syringe with a constant from rate of Ar carrier gas of 1 ml
min~"' and a thermal conductivity detector (TCD) was used,
operated at 250 °C. 1 mL of gas was measured from the head-
space of the PEC reactor. Charge passed was calculated by inte-
grating the each chronoamperometry and this was used to cal-
culate the Faradaic efficiency. The process was repeated three
times to interpret error values. The Faradaic efficiency was cal-
culated based on the following equation:

Faradaic efficiency (%) = measured quantity of H,/
theoretical quantity of H, x 100%.

Structural and morphological characterization

Film morphology was studied using a Tescan Mira3 scanning
electron microscope (SEM). Energy-dispersive X-ray analysis
(EDS) was carried out using the SEM and was analysed using
an Oxford instruments EDS analyser. Film structure was deter-
mined by X-ray diffraction (XRD) of the thin films on FTO

This journal is © The Royal Society of Chemistry 2025
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glass using a Rigaku SmartLab X-ray diffractometer. The
absorption spectra of films was recorded using an ocean
optics fibre optic setup connected to LS-1 light source and
USB2000 detector. XPS analysis was performed using a
Thermo Scientific K-alpha X-ray Photoelectron Spectrometer™
(Thermo Scientific, East Grinstead, UK). Survey spectra, captur-
ing broad energy ranges and multiple elements, were utilized
to obtain elemental data from scans ranging from —5.0 eV to
1350.0 eV. All scans were calibrated to the carbon 1s peak at a
binding energy of 284.8 eV. Spectra acquisition was achieved
using a monochromatic Al Ka X-ray source with an output
energy of 1486.6 eV. Spectral analysis was executed with
CasaXPS software (CasaXPS Ltd).

Absorption characterization

UV-visible absorption and spectroelectrochemical measure-
ments were conducted using an Ocean Optics USB 2000+.

Electrochemical characterization

Electrochemical characterization measurements were con-
ducted using a PalmSens EmStat3 Blue potentiostat to apply
bias and record the current throughout the experiments with
Ag/AgCl reference electrodes used for all experiments.

CuBi,0, synthesis

Synthesis of CuBi,O, was carried out in an automated co-pre-
cipitation reactor. HPLC pumps were used to pump the Cu®*
and Bi*" precursor solutions at controlled flow rates through a
T-piece junction to control the stoichiometry of the metal
hydroxide nanoparticles. The Cu** and Bi*" salts were then
slowly pumped into the reactor in a ratio of 1:2, respectively.
The OH™ results in hydrolysis and dehydration of the Cu and
Bi salts, precipitating a green solid, CuBi,(OH),. The precipi-
tated product was washed with deionised water, re-centrifuged
multiple times, dried and sintered in air at 650 °C to complete
oxidation from CuBi,(OH), to CuBi,O,. CuBi,0, powder was
then ground in a Retsch PM100 plantary ball mill for 12 hours
to decrease particle size and increase uniformity of particle
size. The resulting suspension (in ethanol) was filtered
through a wire gauze sieve with 20 pm pores to remove any
larger agglomerates and washed with further ethanol. The
paste recipe consisted of a mixture of terpineol (5 g), and ethyl
cellulose (6 g) along with 2 g of the CuBi,O,4. Excess ethanol
was then evaporated off under reduced pressure until the
desired paste thickness was achieved.

Cleaning FTO substrates

TEC 15 fluorine doped tin oxide (FTO) glass (Pilkington NSG)
was cut into 2 cm x 2 cm substrates. FTO substrates were then
cleaned via a three-step ultrasonication process; in 10%
Hellmanex solution (15 minutes), deionised water
(15 minutes), and in ethanol (15 minutes). The substrates were
then dried using compressed air and cleaned under a UV
ozone cleaner for 15 minutes to remove any remaining organ-
ics from the surface.
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Photocathode fabrication

For spray pyrolyzed samples, a solution of 0.04 M CuNO;-xH,0
was sprayed onto the substrates at a height of 18 cm at 450 °C,
a speed of 10 cm s™', and a total of 20 spray cycles leaving
1 minute between each spray cycle. CuBi,O, paste was doctor
bladed onto clean FTO substrates and CuO coated FTO sub-
strates using Scotch tape (Scotch Magic Tape™ 19 mm x 33 m
invisible - typically ~50 mm thick) as a spacer. The paste was
annealed to the FTO substrates at 450 °C for 30 minutes with a
30-minute ramp time. Protecting layers were deposited from a
solution of titanium isopropoxide (TTIP) in isopropanol in a
ratio of 1:50 for TiO, deposition, 0.5 M nickel acetate tetrahy-
drate (Ni(CH3;COO™),-4H,0) was made up in 2 methoxyethanol
for NiO deposition, and a 1:50 (w/v) magnesium acetate (Mg
(CH3CO0™),-4H,0) : 50% ethanol solution for MgO deposition.
Each solution was sonicated for 15 minutes before use. The
solutions were drop-cast onto the electrode surface and
allowed to rest for >30 seconds before spin coating at 3000
rpm for 30 seconds. The electrodes were heated to 450 °C for
30 minutes with a 30-minute ramp time to ensure adhesion
between the Cu-layer and each protective layer.

Deposition of Pt/MoS, HER catalysts

3 mL cm™?

of a 4.8 mM platinum(u) bis(acetylacetonate) (Pt
(acac),) solution in acetone was drop cast onto the surface of
the photoelectrodes after being sonicated for 30 minutes. The
volume of solution was varied to optimise the HER conditions.
The electrodes were then annealed at 450 °C for 15 minutes
with a 15-minute ramp time to form colloidal Pt particles on
the surface of the electrodes. A similar procedure was followed
using a 4.8 mM suspension of MoS, nanoparticles in IPA with
an average particle size of 90 nm, purchased from Sigma
Aldrich (1317-33-5). The suspension was sonicated for
15 minutes before deposition of 7.2 nmol cm™ being de-
posited onto the electrode surface. Particles were then
annealed to the photocathode surface using gentle heating to
200 °C for 30 minutes.

Photoanode fabrication

Mesoporous TiO, (CAS: 791547) was deposited onto clean FTO
substrates via blade coating using Scotch Magic Tape™ to
mask the edges. The films were then annealed at 500 °C for
30 minutes. The samples were allowed to cool gradually to
room temperature. For samples with Pt co-catalyst present,
7.2 nmol cm™> was deposited onto the TiO, films and the elec-
trodes were then annealed at 450 °C for 15 minutes with a
15-minute ramp time to form colloidal Pt particles on the
surface. Dye-sensitization was then carried out by submerging
the films in a LEG4 dye bath (approx. 3 mM dye in dry aceto-
nitrile) for 12-15 hours and washed with acetonitrile and dried
in air before any photoelectrochemical reaction.

Tandem cell configuration

For dual photoelectrode systems, photoelectrochemical
measurements were carried out in a 2-electrode photoelectro-
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chemical cell consisting of a working electrode of CuO|
CuBi,0,4|MgO|Pt photocathode and a TiO,|LEG4|Pt as a
counter electrode. The working area was 0.79 cm” which was
masked using an O-ring within a custom-built PEC glass cell.
Ilumination was carried out through illuminating the photo-
anode at the front with the photocathode being placed directly
behind. The electrolyte used in each experiment (unless stated
otherwise) was 0.2 M KCl, 0.01 M H,KPO,, and 0.01 M HK,PO,
(pH 7.2). A 300 W Xe lamp calibrated using to 1 sun (filtered
with an AM1.5G filter) was used for photoelectrochemical
experiments. The lamp was calibrated using a standardized
silicon photodiode.

Spectroelectrochemistry

Spectroelectrochemical experiments were performed on films
of the various semiconductor configurations on FTO sus-
pended in an neural buffered solution (0.2 M KCl, 0.01 M
H,KPO,, and 0.01 M HK,PO, (pH 7.2)). UV-Vis spectroscopy
was carried out using an ocean optics fibre optic setup con-
nected to LS-1 light source and USB2000 detector. Cyclic vol-
tammetry (CV) was performed on the samples at a scan rate of
1 mV s and absorbance measurements were acquired every
100 mV. CV was performed using a PalmSens EmStat3 Blue
potentiostat.

TAS

Experiments were conducted using a Helios spectrometer from
Ultrafast Systems, with a Solstice Ace laser (Spectra Physics)
generating pump and probe beams. The laser produced pulses
of 800 nm light with a duration of 100 fs at 1 kHz which was
passed through a sapphire crystal to form a white light conti-
nuum. The pump light was tuned to the desired wavelength
using an optical parametric amplifier (OPA) model Apollo-T
from Ultrafast Systems. Spectra were recorded using a fiber-
coupled CCD array. Excitation wavelength of the pump pulse
was 400 nm for each measurement. The films containing CuO
were synthesized following the spray pyrolysis technique with
only 10 spray cycles to decrease the optical density and allow
absorbance to be measured. CuBi,O, paste was diluted by 50%
in ethanol for the same reason. Samples with protective layers
were carried out following the same spin-coating method as
above. Measurements were conducted on films on FTO glass
substrates. CuO|CuBi,O,4 and all protected samples were tested
dry and with electrolyte (0.2 M KCl, 0.01 M H,KPO,, and 0.01
M HK,PO, (pH 7.2)) dropped onto the surface of the electrodes
and topped with a microscope slide. Global analysis was per-
formed using Surface Xplorer. Kinetic fitting was modelled in
Origin.

Author contributions

C. Burns, E. A. Gibson, and S. Kalathil conceptualized the
project. C. Burns carried out the experiments and wrote the
manuscript. S. L. Stephens built and coded the co-precipi-
tation reactor in which CuBi,O, nanoparticles were syn-

932 | Dalton Trans., 2025, 54, 920-933

View Article Online

Dalton Transactions

thesized and aided in the initial synthesis. M. Rishan carried
out the XRD analysis of the photocathodes. O. Woodford and
C. Burns conducted TAS measurements. E. A. Gibson,
L. Fuller, and S. Kalathil supervised the project, edited the
manuscript, and acquired the funding for the project. All
authors have given approval to the final version of the
manuscript.

Data availability

The data supporting this article can be found within the
manuscript and the ESI.f Original data are available at data.
ncl.ac.uk.

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgements

This work was conducted as part of the BBSRC BiSCoP CTP in
collaboration with researchers at Newcastle University,
Newcastle, UK, Northumbria University, Newcastle, UK and
Procter & Gamble Newcastle Innovation Centre, Newcastle, UK.
Transient absorption spectroscopy was recorded at the North
East Transient Absorption Spectroscopy and Microscopy
Facility at Newcastle University EPSRC grant EP/W006340/1.
EAG and SLS thank the ERC for starting grant pTYPE 715354.

Thanks to Dr Jake Sheriff at Newcastle University Surface
Analysis Laboratory for carrying out XPS analysis of the
semiconductors.

References

1 C. Li, J. He, Y. Xiao, Y. Li and ]J.-J. Delaunay, Energy Environ.
Sci., 2020, 13, 3269-3306.

2 C. Jiang, S. J. A. Moniz, A. Wang, T. Zhang and ]. Tang,
Chem. Soc. Rev., 2017, 46, 4645-4660.

3 A. Fujishima and K. Honda, Nature, 1972, 238, 37-38.

4 C. Ding, J. Shi, Z. Wang and C. Li, ACS Catal., 2016, 7, 675-
688.

5 Q. Huang, Z. Ye and X. Xiao, J. Mater. Chem. A, 2015, 3,
15824-15837.

6 H. S. Park, C. Y. Lee and E. Reisner, Phys. Chem. Chem.
Phys., 2014, 16, 22462-22465.

7 M. A. Green, Nat. Energy, 2016, 1, 15015.

8 Y. Chen, X. Feng, Y. Liu, X. Guan, C. Burda and L. Guo, ACS
Energy Lett., 2020, 5, 844-866.

9 Y.].Jang and ]J. S. Lee, ChemSusChem, 2019, 12, 1835-1845.

10 C. E. Ekuma, V. L. Anisimov, J. Moreno and M. Jarrell, Eur.

Phys. J. B, 2014, 87, 23.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt02738h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 gruodZio 2024. Downloaded on 2025-10-17 15:53:52.

(cc)

Dalton Transactions

11 Z. Wang, L. Zhang, T. U. Schulli, Y. Bai, S. A. Monny, A. Du
and L. Wang, Angew. Chem., Int. Ed., 2019, 58, 17604-
17609.

12 S. Wei, N. Xu, F. Li, X. Long, Y. Hu, L. Gao, C. Wang, S. Li,
J- Ma and ]. Jin, ChemElectroChem, 2019, 6, 3367-3374.

13 J. Cheng, L. Wu and J. Luo, Nat. Commun., 2023, 14, 7228.

14 B. Meena, M. Kumar, R. K. Hocking, S. Juodkazis, V. Biju,
P. Subramanyam and C. Subrahmanyam, Energy Fuels,
2023, 37, 14280-14289.

15 Q. Zhang, B. Zhai, Z. Lin, X. Zhao and P. Diao, J. Phys.
Chem. C, 2021, 125, 1890-1901.

16 S. P. Berglund, F. F. Abdi, P. Bogdanoff, A. Chemseddine,
D. Friedrich and R. van de Krol, Chem. Mater., 2016, 28,
4231-4242.

17 F. E. Oropeza, N. Y. Dzade, A. Pons-Marti, Z. Yang,
K. H. L. Zhang, N. H. de Leeuw, E. J. M. Hensen and
J. P. Hofmann, J. Phys. Chem. C, 2020, 124, 22416-22425.

18 J. Luo, L. Steier, M. K. Son, M. Schreier, M. T. Mayer and
M. Gritzel, Nano Lett., 2016, 16, 1848-1857.

19 A. Cots, P. Bonete and R. Gomez, ACS Appl. Mater.
Interfaces, 2018, 10, 26348-26356.

20 L. Pan, J. H. Kim, M. T. Mayer, M.-K. Son, A. Ummadisingu,
J. S. Lee, A. Hagfeldt, J. Luo and M. Gritzel, Nat. Catal.,
2018, 1, 412-420.

21 1. Rodriguez-Gutierrez, R. Garcia-Rodriguez, M. Rodriguez-
Perez, A. Vega-Poot, G. Rodriguez Gattorno, B. A. Parkinson
and G. Oskam, J. Phys. Chem. C, 2018, 122, 27169-27179.

22 D. A. Reddy, Y. Kim, P. Varma, M. Gopannagari,
K. A. J. Reddy, D. H. Hong, I. Song, D. P. Kumar and
T. K. Kim, ACS Appl. Energy Mater., 2022, 5, 6050-6058.

23 N. H. Lam, N. T. N. Truong, N. Le, K.-S. Ahn, Y. Jo,
C.-D. Kim and J. H. Jung, Sci. Rep., 2023, 13, 5776.

24 S. Pulipaka, N. Boni, G. Ummethala and P. Meduri,
J. Catal., 2020, 387, 17-27.

This journal is © The Royal Society of Chemistry 2025

25

26

27

28

29

30

31

32

33

34

35

36

37

38

View Article Online

Paper

Q. Zhang, B. Zhai, Z. Lin, X. Zhao and P. Diao,
Int. J. Hydrogen Energy, 2021, 46, 11607-11620.

J. N. Hansen, H. Prats, K. K. Toudahl, N. M. Secher,
K. Chan, ]J. Kibsgaard and I. Chorkendorff, ACS Energy
Lett., 2021, 6, 1175-1180.

Y. Cao, ACS Nano, 2021, 15,11014-11039.

M. Pastore and F. De Angelis, /. Am. Chem. Soc., 2015, 137,
5798-5809.

R. S. Moakhar, S. M. Hosseini-Hosseinabad, S. Masudy-
Panah, A. Seza, M. Jalali, H. Fallah-Arani, F. Dabir,
S. Gholipour, Y. Abdi, M. Bagheri-Hariri, N. Riahi-Noori,
Y. F. Lim, A. Hagfeldt and M. Saliba, Adv. Mater., 2021, 33,
€2007285.

S. Poulston, P. M. Parlett, P. Stone and M. Bowker, Surf.
Interface Anal., 1996, 24, 811-820.

C. Bondoux, P. Prené, P. Belleville, F. Guillet, S. Lambert,
B. Minot and R. Jérisian, Mater. Sci. Semicond. Process.,
2004, 7, 249-252.

P. Ho, L. Q. Bao, R. Cheruku and J. H. Kim, Electron. Mater.
Lett., 2016, 12, 638-644.

Y. Hu, J. Wang, H. Huang, J. Feng, W. Liu, H. Guan, L. Hao,
Z. Li and Z. Zou, J. Mater. Chem. A, 2023, 11, 149-157.

W. Kaim and J. Fiedler, Chem. Soc. Rev., 2009, 38, 3373—
3382.

R. Berera, R. van Grondelle and J. T. Kennis, Photosynth.
Res., 2009, 101, 105-118.

A. A. Ensafi, N. Ahmadi and B. Rezaei, J. Alloys Compd.,
2015, 652, 39-47.

M. Garcia-Tecedor, M. Barawi, A. Garcia-Eguizabal,
M. Gomez-Mendoza, F. E. Oropeza, G. Gorni, A. Cibotaru,
M. Liras and V. A. de la Peiia O’Shea, Sol. RRL., 2024, 8,
2301069.

Q. Wang, S. Kalathil, C. Pornrungroj, C. D. Sahm and
E. Reisner, Nat. Catal., 2022, 5, 633-641.

Dalton Trans., 2025, 54, 920-933 | 933


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt02738h

	Button 1: 


