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The development of photocathodes exhibiting sufficient stability, strong visible light absorption, and the
capacity to generate high photovoltages is essential for the success of photoelectrochemical hydrogen
production. In this study, we report the synthesis and characterisation of CuFeO, photocathodes via a
one-step hydrothermal deposition process, guided by Design of Experiments (DoE) methodologies. The
synthesis parameters, including hydrothermal temperature, hydrothermal time, annealing temperature,
and annealing time, were systematically optimised through a Box-Behnken design. Phase pure CuFeO,
delafossite was obtained, following optimized hydrothermal synthesis at 110 °C for 1 h and annealing at
650 °C for 1 h. The optimized CuFeO, photoelectrodes delivered a photocurrent density of 1.7 mA cm™2
at 0.4 V vs. RHE under 1 sun illumination in N>-purged 1 M NaOH. Crucially, H, evolution was observed
and quantified (faradaic efficiency of 40%). Thus, the proposed approach, integrating a one-step
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hydrothermal synthesis with statistical optimisation, represents the first validation of PEC H, production
from CuFeO, photocathodes. Still persistent self-reduction under strongly cathodic bias was not
DOI: 10.1039/d6ma00088f inhibited. Overall, this study establishes a pragmatic, statistically guided pathway for enhancing the

efficiency of CuFeO,-based photocathodes, thereby addressing practical limitations typically associated
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Introduction

The global energy crisis and environmental pollution have
intensified the demand for technologies that can effectively
harness solar energy, a clean and abundant resource."” Photo-
electrochemical (PEC) water splitting is a promising approach
to convert solar energy into storable and transportable hydro-
gen fuel. For efficient water splitting, a PEC device must
generate a photovoltage of at least 1.7 V using one photoabsor-
ber or tandem absorber devices.®> Tandem PEC cells, which
combine an n-type semiconductor photoanode for water oxida-
tion (H,O0 — 0,) and a p-type semiconductor photocathode for
water reduction (H" — H,), are particularly attractive options.
These cells have been shown to enable bias-free water splitting
under sunlight,"” which is a prerequisite for economic com-
petitiveness with fossil fuel-based hydrogen production
methods.®® However, current lab-scale solar-to-hydrogen
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(STH) conversion efficiencies for such systems remain low,
typically around 1%.'%"*

While significant progress has been made in developing
n-type photoanodes (e.g., WO;, Fe,0;, BiVO,'?) identifying suita-
ble p-type photocathode materials remains a challenge."*™"”
Materials like p-Si and copper-based compounds (e.g.,
p-Cu,0,"**®' p-CuGaSe,,*° p-Cu,ZnSnS,*"*?) have shown pro-
mise due to their high photoactivity and abundance. However,
issues such as energy-intensive fabrication processes or the
need for (toxic) protective overlayers (e.g., CdS) due to an
inherently poor stability,"®'®**”>> complicate production and
increases costs, highlighting the need for intrinsically stable
p-type materials for water photoreduction. While surface-
modified polycrystalline Cu-based photocathodes can indeed
deliver high photocurrents, faradaic efficiencies and improved
stability when protected, many of those gains rely on addi-
tional, complex processing (vacuum or epitaxial growth, thin-
film deposition) or sacrificial/oxygenated testing conditions
that are not directly comparable to scavenger-free operation.
In this context, p-type delafossite materials have emerged
as promising candidates for photocathodes. Delafossites
(CuMO,, M = Cr, Al, Fe, Ga, Rh)**>" have been extensively
studied for applications in catalysis,**° sensors,*” magnetic
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semiconductors,*®**° light-emitting diodes,*' and transparent
p-type conducting oxides (p-TCOs).**** CuFe0,,* in particular,
exhibits favourable properties for water reduction, including a
suitable bandgap (~1.5 eV),*>** high absorption coefficient
(~10” em™1), a favourable onset potential (~1.0 V vs. RHE),*
and stability in aqueous environments. Its conduction band
position (~0.4 V vs. RHE) is well-suited for water reduction,*®
and its p-type conductivity arises from Cu vacancies and
interstitial oxygen in its crystalline structure.”” Despite these
advantages, for CuFeO, only modest photocurrents under inert
conditions have been demonstrated. For example ~ 25 pA cm™>
at +0.4 V vs. RHE in an Ar-purged 1 M NaOH" have been
reported as well as photocurrents of around ~100 pA cm™ 2 in
recent thin-film studies.*® Importantly hydrogen evolution has
not yet been convincingly revealed."’

Traditional synthesis methods for CuFeO,, such as solid-
state reactions or sol-gel processes, require high temperatures
(800-1200 °C) and inert atmospheres.”® > This generally limits
the potential for optimising the material and also makes
these methods unsuitable for large-scale production. Alterna-
tive methods, such as hydrothermal synthesis, have gained
attention due to their lower temperature requirements,
environmental friendliness, and ability to produce high-purity
materials with controllable morphologies.”™>**> A direct hydro-
thermal route for the fabrication of CuFeO, films even
allows for one-step growth of adherent films suitable for
photoelectrochemical applications and testing.’® This one
step hydrothermal synthesis route also offers a practical path-
way to mitigate common limitations of CuFe0,.””*® Still a
statistically rigorous synthesis optimization has not yet been
performed.

Thus, in this study, we used Design of Experiments (DoE)
guided hydrothermal synthesis approach to grow crystalline
phase-pure CuFeO, films directly on fluorine-doped tin oxide
(FTO) substrates. Using a Box-Behnken design (BBD) coupled
with the analysis of variance (ANOVA), we systematically opti-
mised the synthesis conditions for photoelectrochemical

Hydrothermal Reactor

Reaction Temperature (110-170 °C) and
duration (1-12 h)

Solution Preparation Autoclave vessel

10 ml DI water
0.1 M CuS0,
0.1 M FeS0O,
0.2 M Urea

- PTFE liner
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currents of the bare (unmodified) CuFeO, films. In comparison
with conventional trial-and-error methodologies, this DoE
approach provides a statistically robust framework to explore
the multi-variable interactions of the synthesis strategy with a
reduced number of experiments, ultimately enhancing the
activity of bare CuFeO, photocathodes. Our optimized
phase-pure CuFeO, films demonstrated photocurrents of
2.7 mA cm 2 at +0.4 V vs. RHE in oxygen-purged 1 M NaOH
and 1.7 mA cm 2 at +0.4 V vs. RHE in N,-purged 1 M NaOH. Gas
chromatography performed during controlled chronoampero-
metry verified photoelectrochemical H, evolution at a faradaic
efficiency of 40%. To our knowledge, this is the first confirmed
report of PEC H, production from CuFeO, photocathodes in N,-
purged alkaline electrolyte.

Experimental section

Reagents and materials

Copper(u) sulphate pentahydrate (CuSO,4-5H,0, 99.5%, Sigma-
Aldrich), iron(u) sulphate heptahydrate (FeSO,-7H,O, 99.0%,
Sigma-Aldrich), and urea (99.0%, Sigma-Aldrich) were used as
received. The aqueous solution for the hydrothermal reaction
was prepared using HPLC-grade water. Fluorine-doped tin
oxide (FTO) glass slides with a sheet resistance of ~7 Q sq "
(Sigma-Aldrich) were used as substrates.

Hydrothermal synthesis of CuFeO,

The hydrothermal synthesis of CuFeO, thin films was con-
ducted on fluorine-doped tin oxide (FTO) glass substrates,
using a modified version of a previously reported method (see
Fig. 1).° In short, CuFeO, films were grown on a thoroughly
cleaned FTO substrate (1 cm x 2 cm), which was placed FTO-
side down in the PTFE liner of the hydrothermal vessel, using
aqueous solutions of copper(u) sulphate (CuSO,), iron(u)
sulphate (FeSO,) and urea (step 1). After the hydrothermal
reaction, the FTO substrates were rinsed with deionized

Annealing

annealing temperature (600 -
650 °C) and time (1- 7 h)

Annealing furnace

silica crucible

CuFeO2 thin‘ﬁlm on FTO

FTO glass is placed FTO-side down

Fig. 1 Schematic representation of the hydrothermal synthesis process for CuFeO, on FTO glass substrates.
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water, dried, and annealed to obtain high-quality CuFeO, films
(step 2). To systematically investigate the influence of synthesis
parameters on the photoelectrochemical (PEC) performance of
CuFeO, photocathodes, a DoE approach was employed using
the Box-Behnken design (BBD). Four key synthesis parameters
were selected as independent variables: hydrothermal synthesis
temperature, hydrothermal synthesis time, annealing tempera-
ture, and annealing time. The design space was constructed to
explore the linear, interaction, and quadratic effects of these
variables on the photocurrent density. A total of 25 experiments
were generated and executed based on the BBD matrix. The
experimental data were analysed using the DoE (Pro) app in
OriginLab, which integrates statistical modelling and graphical
analysis tools. The app utilizes R-based packages (e.g., rsm,
FrF2, qpcR) to fit response surface models, perform ANOVA,
and visualize factor interactions through contour plots, surface
plots, and desirability maps. Response surface regression ana-
lysis was applied to fit a quadratic model correlating synthesis
parameters with photocurrent density. The model was vali-
dated using diagnostic plots and statistical metrics, including
R?, adjusted R?, and variance inflation factors (VIF), confirming
the absence of multicollinearity and the robustness of the
predictive model. Optimization was performed using the
built-in response optimizer in Origin, which identified the
synthesis conditions yielding the highest photocurrent density.
A validation experiment conducted under the optimized con-
ditions confirmed the predicted photocurrent density, demon-
strating the effectiveness of the BBD-guided optimization
strategy.

Sample characterization

The crystalline structure and phase purity of the hydrother-
mally synthesized CuFeO, powders were investigated using
X-ray diffraction (XRD). Measurements were performed on a
Bruker D8 ADVANCE diffractometer equipped with a Cu Ko
radiation source (4 = 0.1542 nm), operating in reflection
geometry. The diffraction patterns were recorded over a 20
range of 20° to 80° with a step size of 0.02°, using zero-
background sample holders to accommodate small powder
quantities.

Transmission electron microscopy (TEM) and scanning TEM
(STEM) imaging (bright-field BF and high-angle annular dark-
field HAADF) were performed using a JEOL JEM-2800 micro-
scope equipped with a Schottky field emission cathode, oper-
ated at an accelerating voltage of 200 kV. Elemental mapping
was conducted using dual silicon drift detectors (SDD) with a
combined solid angle of 0.95 srad and a spectral resolution of
133 eV. The point-to-point resolution of the microscope is
0.2 nm, with an information limit of 0.09 nm, enabling detailed
lattice imaging and phase identification. For TEM measure-
ment 10 mg of CuFeO, powder was dispersed in 300 pL of
ethanol and 5 puL of Nafion solution. After sonication and
centrifugation a small aliquot of the supernatant was drop-
cast onto a carbon-coated gold grid and dried under ambient
conditions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) were conducted using a Zeiss Merlin
Gemini II field-emission scanning electron microscope (FE-
SEM), equipped with a Schottky field emitter and operated at
an accelerating voltage of 5-15 kV. A thin carbon coating to
prevent charging effects and ensure accurate imaging and
quantification was applied with a Cressington 208 carbon
device before measurement.

The optical properties of the optimized CuFeO, thin-film
photocathode were investigated using UV-vis spectroscopy.
Absorbance measurements in the UV-vis range (200-900 nm)
were performed using a PKI 100 mm integrating sphere acces-
sory coupled to a PerkinElmer Lambda 650 spectrophotometer.
Due to instrumental limitations, measurements beyond
900 nm could not be acquired using the integrating sphere.
To extend the spectral analysis into the visible-near infrared
(Vis-NIR) region, standard transmission mode measurements
were performed. Spectra were recorded at room temperature,
and baseline corrections were applied using a FTO substrate.
The absorption data were processed using the Tauc plot
method to estimate the optical band gap.

X-ray photoelectron spectroscopy (XPS) were carried out
using a Kratos Axis Supra spectrometer equipped with a mono-
chromatic Al Ko X-ray source (hv = 1486.68 eV) under ultra-high
vacuum conditions (base pressure < 10 ° mbar). Survey scans
and high-resolution spectra were collected for Cu 2p, Fe 2p, and
O 1s regions, with binding energies calibrated against the
C 1s peak at 284.8 eV. Data evaluation was performed
using CasaXPS, applying Shirley background subtraction and
Gaussian-Lorentzian peak fitting.

(Photo) electrochemical measurements

Photoelectrochemical measurements were conducted to evalu-
ate the activity and stability of the optimized CuFeO, photo-
cathode. After hydrothermal deposition, the entire 1 x 2 cm
FTO substrate was uniformly coated with CuFeO,. To establish
electrical contact with the potentiostat, a 1 x 1 cm section of
the CuFeO, layer was carefully removed, exposing the under-
lying conductive FTO. PEC measurements were performed in a
three-electrode configuration using a Metrohm Autolab multi-
channel potentiostat a low-profile Ag/AgCl electrode (Pine
Research, 60 mm, sealed with 4 M KCl gel), and a homemade
platinum wire (2 x 2 cm) as the counter electrode. All measure-
ments were carried out in 1 M NaOH (pH = 13.8), which was
purged with high-purity N, for 30 minutes prior to testing to
eliminate dissolved oxygen and suppress parasitic reactions.
Linear sweep voltammetry (LSV) was recorded from 0 to
—0.65 V vs. Ag/AgCl (equivalent to +1.00 to +0.35 V vs. RHE)
under chopped illumination (50 mV light-on/50 mV light-off
intervals) using a MAX-303 Xenon lamp (300 W, Asahi Spectra
Co., Ltd), equipped with a collimator lens and a filter wheel
(Fig. S1). Prior to measurements, the lamp was calibrated to
deliver 1 sun illumination (100 mW cm™>) at the sample surface
using a certified reference photodiode (Thorlabs), ensuring
consistency and comparability with literature-reported PEC
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data. The active area of the photocathode was defined as
1 cm?, and all current densities were normalized accordingly.

Electrochemical impedance spectroscopy (EIS) was
employed to investigate the charge transfer dynamics and
interfacial properties of the optimized CuFeO, photocathode.
Impedance data were recorded over a frequency range of 10 Hz
to 100 kHz under both dark and illuminated conditions using
the set-up described above for PEC measurements. Mott-
Schottky analysis was performed using two fixed frequencies
(5 kHz and 10 kHz) under dark conditions to determine the flat-
band potential and carrier density. The Mott-Schottky relation-
ship applied:

1 2 KT
= E — E — 1
CSCZ 68,~80NAA52( FB + e ) ( )

where Csc is the space-charge capacitance, ¢ is the dielectric
constant (assumed 20 for CuFeO,), ¢ is the vacuum permittivity,
e is the elementary charge, N, is the acceptor density, E is the
applied potential, Erg is the flat-band potential, k is Boltz-
mann’s constant, 7 is the temperature, and A is the
electrode area.

The measurements were conducted in 1 M NaOH electrolyte
(pH = 13.8), purged with high-purity N, gas to eliminate
dissolved oxygen. The capacitance values were extracted from
the impedance data and plotted as 1/C* versus applied
potential, with the linear region fitted to extract semiconductor
parameters. The impedance data were fitted using a two-time-
constant equivalent circuit model of the form:

Z(w) = Ry + (Ry||CPE,) + (R,||CPE,)

where R, represents the uncompensated solution resistance,
and the two parallel R||CPE elements capture fast and slow
relaxation processes. This model was selected to account for
both interfacial and bulk transport phenomena. All impedance
spectra were acquired at 0.4 V vs. RHE in 1 M NaOH in the dark
and under illumination (1 sun).

To evaluate the spectral response and quantum efficiency of
the optimized CuFeO, photocathode, wavelength-dependent
photocurrent measurements were performed using a photo-
electrochemical measurement system (Instytut Fotonowy, ver.
5.3). The FTO/CuFeO, photocathode was used as working
electrode (exposed active area of (0.9/2)’n cm?). A platinum
wire, and a low-profile Ag/AgCl (4 M KCI gel) served as the
counter electrode and reference electrode, respectively. The
electrolyte was 1 M NaOH (pH = 13.8), purged with high-
purity N, gas prior to measurement to eliminate dissolved
oxygen and suppress side reactions. Wavelength-dependent
photocurrent measurements were conducted under monochro-
matic illumination across the spectral range of 400-900 nm.
The incident light was modulated using an internal shutter and
filter wheel, and the intensity was calibrated using a photo-
diode positioned at the rear of the PEC cell. Absorbed photon-
to-current efficiency (APCE) was determined by dividing the
IPCE by the absorptance (1), see eqn (2), which was measured
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using a calibrated integrating sphere.

.. IPCE(4)
APCE(Z) = A0 (2)

Scanning photoelectrochemical microscopy (SPECM) was
employed to spatially resolve the photoelectrochemical activity
of the optimized CuFeO, photocathode. The measurements
were performed using a commercial SECM system from Senso-
Iytics GmbH (Bochum, Germany), equipped with a Metrohm
Autolab multichannel potentiostat and a three-axis microma-
nipulator (Owis GmbH) for precise tip positioning. The system
was operated via a custom Visual Basic 6.0 interface for scan
control and data acquisition. A 25 um diameter gold micro-
electrode was used as the SECM tip, serving both as a localized
light source and as an electrochemical probe. The tip was
coupled to a 150 W Hg-Xe lamp (Hamamatsu LC8) via a
HITRONIC POF Simplex PE optical fiber, allowing the glass
sheath of the microelectrode to act as a light guide for focused
illumination of the sample surface. The tip was polished to
achieve an RG value of approximately 8, ensuring efficient light
transmission and spatial resolution. The CuFeO, photocathode
was mounted in a Teflon SECM cell sealed with an O-ring,
exposing an active area of (0.9/2)’m cm’. The electrolyte con-
sisted of 5 mM potassium ferricyanide and 100 mM KCl,
selected to probe charge transfer dynamics at the illuminated
surface. Prior to scanning, the tip was positioned at a fixed
distance from the sample using z-approach curves recorded in
air-saturated buffer. Area scans were then performed under
dark and illuminated conditions, with the sample biased at a
potential relevant to its photoelectrochemical operation. The
tip current and sample photocurrent were recorded simulta-
neously to generate spatial maps of local activity.

Controlled potential chronoamperometry (1 h, +0.5 V vs.
RHE) was used to verify light driven H, formation, and quanti-
fication of hydrogen was achieved using online gas analysis
performed with a GC-BID (GC-2023, Shimadzu) equipped with
Hayeseq Q and molecular sieve 13x columns. The N, flow
(99.999%, Air Liquide, 20 mL min ') into the reactor was
controlled by a mass flow controller (Bronkhorst) and delivered
through a frit to ensure efficient distribution; the reactor outlet
stream was sampled periodically. H, quantification was per-
formed by external calibration with certified gas standards, and
GC sampling was synchronized with the electrochemical mea-
surements to calculate faradaic efficiency from the integrated
H, evolution via:

o 2.F.11H2
0

where F is the Faraday constant, n is the number of moles of H,
detected, and Q is the total passed charge.

FE

(3)

Results and discussion

During the hydrothermal process, the formation of particles or
thin films of CuFeO, occurred via redox reactions and in situ
hydroxy generation from urea. Particularly Fe** ions derived

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from FeSO, facilitated a redox reaction with Cu®" ions (Cu®" +
Fe** — Cu’ + Fe®"), generating unstable Cu" ions without the
need for additional reducing agents. Urea ((NH,),CO), included
as an ammonia-release agent, decomposed upon heating to
produce ammonia (NH3) and isocyanic acid (HNCO), which
reacted with water to form ammonium (NH,") and hydroxide
(OH") ions. These leads to the formation of hydroxide inter-
mediate [(Cu,Fe)(OH),], which subsequently decomposed into
CuFeO, and water. The use of a mildly acidic urea solution (pH
3.9) was found to be critical, as it promoted nucleation and
deposition of the thin films compared to highly alkaline con-
ditions, which caused fine particle suspensions that hindered
nucleation on the substrate surface. The presence of Fe*
ensured that the pH remained within the optimal range for
the synthesis process, thereby preventing any potential instabil-
ity caused by excess acidity.

Validation of hydrothermal synthesis conditions

To establish a reliable baseline for the synthesis of phase-pure
delafossite CuFeO,, the influence of hydrothermal temperature
on the material’s structural, morphological, and compositional
properties was systematically investigated. Therefore, CuFeO,
powders were synthesized in the absence of FTO glass at
hydrothermal temperatures of 110 °C, 140 °C, and 170 °C
(1 hour) and characterized using X-ray diffraction (XRD),
high-resolution transmission electron microscopy (HRTEM),
scanning electron microscopy (SEM), and energy-dispersive
X-ray spectroscopy (EDX). XRD analysis (Fig. 2a) confirmed
formation of the delafossite phase, with diffraction patterns
primarily indexed to the rhombohedral 3R-CuFeO, polytype
(ICDD 01-075-2146). Both the 110 °C and 140 °C samples are
essentially phase-pure 3R-CuFeO,. The powder synthesized at
170 °C shows a more pronounced contribution from a second

a

110

012)

+ CuFeO,
* Fe,0,

Intensity (arb. u.)

20 30 40 50 60 70 80
2Theta (Deg)

Fig. 2 (a) XRD patterns of CuFeO, powders synthesized hydrothermally at
110 °C, 140 °C, and 170 °C for 1 hour. Reference patterns for phase-pure
3R-CuFeO, (ICDD 01-075-2146) and a-Fe,Oz (ICDD 00-033-0664) are
provided. The samples synthesized at 110 and 140 °C show high phase
purity with no secondary phases. SEM top-view images of CuFeO, films
grown at (b) 110 °C, (c) 140 °C, and (d) 170° after annealing at 650 °C for
1 hour. Annealing induces cracking and texturing, with films from the
140 °C and 170 °C powders exhibiting a more uniform and finely textured
morphology.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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phase assigned to hematite o-Fe,O3; (ICDD 00-033-0664), indi-
cating partial oxidation or decomposition at the highest synth-
esis temperature. The powders obtained at 110 °C and 140 °C
exhibit the highest phase purity, characterized by sharp,
intense reflections with no detectable secondary phases. A
temperature dependent evolution in preferred orientation is
observed: the (012) diffraction signal dominates at 110 °C,
shifting to a dominant (110) reflection at 140 °C, consistent
with a change in crystal growth dynamics (see SI for additional
information, Fig. S2).

The impact of synthesis temperature on particle morphology
and elemental homogeneity was additionally examined by SEM
and EDX. SEM imaging (Fig. S3a—c) revealed a clear morpholo-
gical evolution: at 110 °C, the powder consists of smooth
spherical nanoparticles; at 140 °C, the particles transform into
textured spheres with surface roughening, signifying enhanced
crystallization; and at 170 °C, irregular, faceted aggregates
form. Elemental mapping of the 110 and 140 °C samples
(Fig. S3d) demonstrates a uniform spatial distribution of Cu,
Fe, and O, confirming compositional homogeneity. Quantita-
tive EDX analysis (Fig. S4) further verified that the elemental
composition (O ~50%, Cu ~25%, Fe ~25%) for all samples
closely matched the expected stoichiometry of CuFeO,. Both
110 °C and 140 °C syntheses produce phase pure, stoichio-
metric 3R-CuFeO, with well-defined morphologies, represent-
ing the optimal balance of structural and compositional
quality.

The morphological features observed in powders are repro-
duced in films grown directly by in situ hydrothermal deposi-
tion on FTO. Films synthesized at 110 °C form a loose,
discontinuous layer with visible gaps (Fig. S5), whereas films
grown at 140 °C and 170 °C develop denser, more continuous
coatings with improved interparticle connectivity, indicating
that higher hydrothermal temperatures promote tighter pack-
ing. Subsequent annealing at 650 °C for 1 h modifies surface
texture: 110 °C films become cracked and poorly textured, while
140 °C and 170 °C films show more uniform, finely textured
surfaces with regular cracking patterns (Fig. 2b-d). In situ
hydrothermal growth therefore provides a reliable route to
phase-pure delafossite CuFeO, thin films with a robust elec-
trical contact to the FTO substrate, enabling reproducible PEC
testing. In order to systematically explore the influence of
synthesis parameters, a statistical optimization approach was
applied. Specifically Design of Experiments using the Box-
Behnken design, as detailed in the following section, was used
for PEC performance optimization of the delafossite CuFeO,
photocathodes.

Design of Experiments (DoE) optimization via Box-Behnken
design of in situ grown CuFeO,

Building upon the initial characterisation of CuFeO, powders,
hydrothermal synthesis was verified to enable synthesis of
phase-pure CuFeO,. Thus, to optimise the full suite of synthesis
parameters of in situ grown photocathodes on FTO glass
substrates and to maximise their PEC performance, a DoE
approach was employed. The complex parameter space,
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including the individual and interactive effects on the func-
tional response, was explored using a Box-Behnken design,
which allowed for the efficient modelling of potential nonlinear
relationships with a minimised number of experimental runs.
Four critical parameters were investigated (see also Table S1):
hydrothermal synthesis temperature (parameter 4, °C), hydro-
thermal synthesis time (parameter B, h), annealing temperature
(parameter C, °C), and annealing time (parameter D, h). The
photocurrent density (response parameter E, in mA cm™ %) at
0.4 Vvs. RHE, measured under 1 sun illumination in N,-purged
1 M NaOH electrolyte, was chosen as the response variable to
quantify PEC performance. The experimental matrix and
corresponding photocurrent densities for all 25 samples
are provided in Table S1. A response surface regression analysis
was performed on the data. Although a full quadratic model
was fitted, statistical analysis of variance (ANOVA) revealed
that the PEC response was overwhelmingly governed by
linear effects. Additionally it was determined that all quadratic
and two-factor interaction terms are statistically insignificant
(p = 1.000), with coefficients being effectively zero (see
Table S2). Consequently, a simplified linear model was
adopted, described by the following regression equation
(eqn (4), in uncoded units):

E = —-1.68263 + 0.010997A + 0.044106B — 0.002192 (4)

This equation was used to predict the PEC response and
optimise the synthesis further. As shown in Fig. 3, there is good
agreement between the experimental and predicted values for
the response parameter E, suggesting that the model accurately
captures the response behaviour. The model fits the experi-
mental data exceptionally well, with coefficients of determina-
tion (R*) and adjusted R* (R*(adj)) of 98% in both cases. While
these values indicate that the model accounts for all observed
variance in the response, they are a known characteristic of
saturated designs with a specific structure of centre points and
can reflect a highly controlled experimental system rather than
overfitting in this context. The standard deviation (S) of the
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Fig. 3 Correlation between model-predicted and experimentally mea-
sured photocurrent density values at 0.4 V vs. RHE for the 25 CuFeO,
photocathodes synthesized according to the Box-Behnken design. The
perfect alignment demonstrates the exceptional predictive capability of
the linear regression model.
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model error is low (4.47 x 107°), and the variance inflation
factors (VIFs) for all predictors ranged from 1.00 to 2.21,
confirming the absence of multicollinearity and the robustness
of the parameter estimates Table 1. Diagnostic plots including
a normal probability plot of residuals, a plot of residuals versus
fitted values, and a Pareto chart were used to validate the
model’s assumptions (Fig. S6a-e). The residuals were normally
distributed and randomly scattered, confirming the homosce-
dasticity and independence of the error terms. The Pareto chart
of standardized effects (Fig. S6e) unequivocally identified
hydrothermal synthesis temperature (4) as the most significant
factor influencing the PEC response, followed by the duration
of the hydrothermal synthesis (B) and annealing time (D).
Annealing temperature (C) had a smaller, yet statistically sig-
nificant influence on the response parameter. The main effects
of each synthesis parameter on the PEC response are illustrated
in Fig. S7.

Of particular significance is the observation that the photo-
current density becomes more negative, indicating enhanced
performance for a photocathode with a decrease in hydrother-
mal synthesis temperature (4). This finding is consistent with
the structural characterization results (Fig. 2a), which demon-
strated that reduced temperatures hinder the formation of
hematite impurities and promote the formation of phase-pure
CuFeO2. Furthermore, a discernible hydrothermal effect on
morphology is evident (see Fig. 2b-d): films synthesized at
lower temperatures exhibit visible surface cracks that likely
enhance electrolyte penetration and charge transfer, whereas
those prepared at higher temperatures appear smoother and
crack-free, correlating with reduced PEC response. The phase
purity of the in situ grown films was also validated by Raman
spectroscopy (see Fig. S8). The PEC response further improved
with shorter hydrothermal synthesis time (B) and shorter
annealing time (D), suggesting that prolonged processing may
lead to grain coarsening or partial phase transformation. In
contrast, a higher annealing temperature (C) had a positive
effect on performance, likely due to enhanced crystallinity and
improved interfacial contact between CuFeO, and the FTO
substrate. Temperatures above 650 °C could potentially yield
even higher crystallinity, however, this limit was imposed by
the melting point of the FTO substrate, which constrains
further thermal optimization. Thus, the performed DoE
(25 runs) shows that while hydrothermal and annealing condi-
tions strongly control photocurrent through changes in crystal-
linity and morphology, degradation by cathodic self-reduction
is observed across the tested parameter space and cannot be

Table1 Analysis of Variance (ANOVA) summary for the fitted linear model

Statistic Value  Interpretation

R’ 98% The model explains all variance in the response.
R® (adj) 98% The model maintains perfect predictive power after
adjusting for the number of predictors.
S 4.476 x  The standard error of the model is extremely low.
10~
VIF 1.00- Predictors are independent, with no significant
range 2.21 multicollinearity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fully avoided under the present operating conditions, we attri-
bute this behaviour to two linked effects: temperature-driven
changes in crystallinity, grain boundaries and surface defect
chemistry alter how the film responds to cathodic bias, with
more defective or poorly connected microstructures being more
susceptible to local reduction, and the working potential used
here (+0.5 V vs. RHE) lies close to the thermodynamic and
kinetic thresholds for Cu and Fe reduction, making partial
reduction thermodynamically accessible even at relatively low
applied bias. Together these factors explain why synthesis
optimization improves initial photocurrent but does not elim-
inate progressive self-reduction during operation. The Box-
Behnken model successfully identified the linear relationships
between the four synthesis parameters and PEC performance,
confirming that hydrothermal synthesis at 110 °C for 1 h
followed by annealing at 650 °C for 1 h maximizes photocurrent
density, and demonstrating that the statistical model provides
a powerful, predictive framework for guiding the synthesis of
higher-performance CuFeO, photoelectrodes.

Characterization of optimized CuFeO, photocathodes

The optical properties of the optimized CuFeO, photocathode
was first characterized by UV-vis spectroscopy. Standard trans-
mission measurements (Fig. S9a) exhibited a distinct absorp-
tion edge at ~650 nm. The corresponding Tauc plot for
indirect transitions (Fig. 4a) yielded an indirect bandgap of
1.58 eV. Measurements of the absorption spectrum using an
integrating sphere (Fig. S9b) revealed an additional absorption
edge at ~400 nm and the associated Tauc plot (Fig. 4b)
associated with a direct bandgap of 3.01 eV. This dual bandgap
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Fig. 4 Comprehensive optoelectronic characterization of the optimized
CuFeO, photocathode. (a) Tauc plot showing an indirect bandgap of
158 eV. (b) Tauc plot from transmission data indicating a direct bandgap of
3.01 eV. (c) Nyquist plots of optimized CuFeO, photocathodes measured at
0.4 V vs. RHE in 1 M NaOH under dark and illuminated (1 sun) conditions.
Scatter points represent fits to the two-time-constant equivalent circuit model,
while solid lines show the experimental data. Fitted parameters are summarized
in Table 2. (d) Mott—Schottky plot measured in the dark, confirming p-type
conductivity and yielding a flat-band potential of 1.01 V vs. RHE.
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nature (1.58 eV indirect and 3.01 eV direct) is consistent with
the material’s unique electronic structure,*®®® where the
valence band comprises hybridized Fe 3d, Cu 3d, and O 2p
orbitals, and the conduction band consists of Fe 3d antibond-
ing states.®® The high absorption coefficient (>10> cm ™" across
the visible spectrum) confirms the material’s strong capacity
for visible light harvesting.

Nyquist plots (Fig. 4c), obtained from EIS performed at
0.4 V vs. RHE in 1 M NaOH in the dark and under 1 sun
illumination, exhibit two distinct semicircles, consistent with a
dual-process relaxation behavior. The fitted curves using the
two-time-constant equivalent circuit show excellent agreement
with the experimental data (R> > 0.99), and the extracted
parameters are summarized in Table 2. Under illumination,
both R, and R, decrease significantly (from 44.62 Q to 8.04 Q
and from 180.81 Q to 144.66 Q, respectively), indicating
enhanced charge transfer and reduced recombination losses.
The increase in CPE values under light (e.g., CPE, from 2.10 x
107* F to 8.04 x 10~ * F), suggesting a narrowing of the
depletion layer width and an increase in the density of photo-
generated holes, consistent with improved photoactivity.®!

Mott-Schottky plots were constructed using the impedance
in the high-frequency region. These measurements were per-
formed in the dark over a potential window of +0.4 to +1.0 V vs.
RHE. The Mott-Schottky plot (Fig. 1d) shows a clear linear
region with a negative slope, confirming the p-type conductivity
of CuFeO,. By linear extrapolation, a flat-band potential Erg of
1.01 V vs. RHE was obtained in excellent agreement with
literature reports.***>*® This value suggests that the conduc-
tion band minimum of CuFeO, is situated above to the thermo-
dynamic potential of the hydrogen evolution reaction (HER)
and thus hydrogen production is thermodynamically feasible.
Assuming a dielectric constant of 20,** the acceptor density Na
was calculated to be ~10'® ecm™?, indicating a relatively high
concentration of majority carriers, i.e. holes in this case.

Based on the combined optical and electrochemical results
an energy band diagram was constructed for the optimized
CuFeO, photocathode (Fig. S10). The flat-band potential (Egg),
determined to be 1.01 V vs. RHE from Mott-Schottky analysis,
is characteristic of the valence band edge in p-type semicon-
ductors, where holes are the majority carriers. Given the
experimentally measured indirect bandgap of 1.58 eV, the
conduction band minimum (CBM) is estimated to be at
approximately —0.5 V vs. RHE. This places the CBM well above
the hydrogen evolution potential, enabling thermodynamically
favourable electron transfer for solar-driven hydrogen produc-
tion. The band positions are consistent with reported work
function values (~5.2 €V).°®> The favourable band alignment,
high acceptor density (~10'® em™>), and enhanced charge
transfer kinetics observed under illumination underscore the
suitability of CuFeO, as a photocathode for PEC water splitting.

A collection of semiconductor and EIS parameters for
bare CuFeO, films prepared by different scalable routes is
summarized in Table S3. All three studies consistently place
the indirect optical transition in the near-infrared to visible
region (~1.1-1.6 eV) in addition to a direct optical
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Impedance fitting parameters for optimized CuFeO, photocathodes measured in 1 M NaOH at 0.4 V vs. RHE under dark and illuminated (1 sun)

conditions. Parameters were extracted using a two-time-constant equivalent circuit model (R + (Ry || CPEy) + (R> || CPE,)), with values reflecting solution

resistance, fast interfacial relaxation, and slower bulk/interfacial processes

Sample Ry (Q) R, (Q) R, (Q) oy a0 CPE, (F) CPE, (F) R (fit quality)
Dark 15.46 44.62 180.81 0.9067 0.5756 1.07 x 10~* 2.10 x 10~* 0.9986
1 sun illumination 15.36 8.04 144.66 1.00 0.686 1.37 x 107* 3.68 x 107* 0.9971

transmission at 3.1-3.3 eV. The flat band potential is anodic in
all reports (~+1.0 — +1.1 V vs. RHE), indicating favourable
band alignment for driving reduction reactions when sufficient
photovoltage is generated. In our optimized hydrothermal films
we additionally extract standardized EIS metrics: a light-
induced decrease in charge transfer resistance from 104 Q
cm? (dark) to 89.2 Q cm? (light), and a space-charge capacitance
that increases from 7.7 uF cm > (dark) to 15 pF cm™ > (light).
These light dependent changes are consistent with increased
photogenerated carrier density and improved interfacial
charge transfer under illumination. The combined comparison

Potential vs. RHE (V)

highlights strong agreement in band edge positions across
different fabrication methods.

Photoelectrochemical performance

The PEC performance of the optimised CuFeO, photocathode
was also systematically evaluated. The model predicted a max-
imum photocurrent density of —1.7 mA cm 2, which was
experimentally confirmed by linear sweep voltammetry (LSV)
performed under chopped 1 sun illumination (100 mW c¢cm™?)
in Nj-saturated 1 M NaOH, as shown in Fig. 5a. This close
agreement validates the predictive power of the statistical
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Fig. 5 Photoelectrochemical performance of the optimized CuFeO, photocathode. (a) Averaged linear sweep voltammetry (LSV) measured in N,-saturated 1 M
NaOH under chopped 1 sun illumination (100 mW cm™2), confirming the predicted photocurrent density of —1.7 mA cm™2 at 0.4 V vs. RHE. The gray shaded
envelope shows the minimum and maximum response from independent scans. (b) 3D plot of incident photon-to-current efficiency (IPCE) as a function of
wavelength and applied potential, showing a maximum of 16% at 400 nm. (c) IPCE and absorbed photon-to-current efficiency (APCE) spectra measured at a fixed
applied potential of 0.4 V vs. RHE. (d) Scanning photoelectrochemical microscopy (SPECM) photocurrent difference map (light—dark) showing uniform catalytic
activity for Fe** reduction across the electrode surface. The sample was synthesized at 110 °C for 1 h (hydrothermal) and annealed at 650 °C for 1 h.
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optimization. Moreover, the photoelectrochemical perfor-
mance of the photocathode was evaluated using oxygen-
saturated electrolyte (1 M NaOH). In agreement with the
favourable driving force for ORR a significantly higher photo-
current density of —2.7 mA cm™~? was obtained at +0.4 V vs. RHE
indicative of the material’s catalytic activity for multi-electron
transfer processes (Fig. S11).

To deconvolute the spectral response of the optimized films,
wavelength-dependent photocurrent measurements were per-
formed (Fig. S12). A pronounced cathodic photocurrent was
observed, with distinct peaks at 400 nm (—10 pA), 650 nm
(—6.2 pA), and 800 nm (—2.8 pA). This multi-wavelength
response aligns with the material’s dual bandgap, confirming
that charge carrier generation is effective across the visible
spectrum, with the most efficient absorption occurring at
shorter wavelengths.

The photon conversion efficiency was further quantified by
incident photon-to-current efficiency (IPCE) and absorbed
photon-to-current efficiency (APCE) measurements. The 3D
IPCE plot (Fig. 5b) demonstrates a strong dependence on both
wavelength and applied potential, with a maximum efficiency
of 16% achieved at 400 nm. Despite the decent IPCE efficiency,
APCE (Fig. 5c) indicate that recombination losses are still
significant. To further validate the optical and electrochemical
characterization, the solar photocurrent density was estimated
by numerically integrating the IPCE spectrum with the AM1.5G
solar photon flux. This calculation yielded a theoretical value of
—2.24 mA cm >, which exceeds the experimentally measured
photocurrent of —1.7 mA cm™> This difference is primarily
attributable to the use of two different illumination sources
used for the individual measurements. The IPCE was recorded
with using monochromatic light provided by the photoelectro-
chemical measurement system, while sample optimization and
the corresponding LSVs were recorded with the broadband
MAX-303 xenon lamp.

To probe the spatial homogeneity of the photoelectrochem-
ical activity at the microscale, Scanning Photo electrochemical
Microscopy (SPECM) was used (Fig. S13). The measurements
employed a @ 25 pm Au microelectrode tip that served both as a
localized irradiation guide and as the electrochemical probe.
During the measurements the Au tip was polarized at +1.5 V vs.
RHE to drive oxidation of Fe** to Fe*'. The CuFeO, photo-
cathode was biased at +0.4 V vs. RHE to enable Fe** reduction
and to match the PEC operating condition used for bulk
measurements. Tip positioning used z-approach curves
(Fig. S14) recorded at multiple x-y coordinates to correct for
sample tilt and maintain a constant tip sample distance
throughout the scan. Dark and illuminated tip currents were
recorded at each grid point and the dark signal was subtracted
to yield the local photocurrent difference (light-dark), which
isolates photocatalytic activity related to Fe*" reduction at the
illuminated surface. Fig. 5d illustrates the SECM surface scan
of the CuFeO, photocathode. The photocurrent increase
observed under illumination was consistent with the reduction
of Fe*" to Fe*". Notably, the high resolution of the tip facilitates
detection of microscopic regions with varying catalytic activity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Chronoamperometry (CA) recorded at +0.5 V vs. RHE on the

optimized CuFeO, photocathode (active area 1.0 cm?) under chopped 1

sun illumination (100 MW cm™2).

However, in the case of the optimized CuFeO, photocathode,
the photocurrent remained uniform across the entire scanned
area, indicating excellent homogeneity of the material’s surface
in terms of its activity.

Finally, chronoamperometry (CA) Fig. 6 was performed in
N,-purged 1 M NaOH at an applied potential of +0.5 V vs. RHE
to confirm hydrogen formation. The reactor outlet was sampled
periodically and analysed online using a GC with BID detector.
Sampling was synchronized with the CA experiment. Illumina-
tion was toggled during the CA run to correlate light-driven
current with gas production. Upon illumination, H, evolution
was confirmed at a reproducible, steady rate of 1.036 pmol h™*
(Fig. S16) in the outlet stream. Notably, immediately after
switching the light off the H, rate returned to baseline, demon-
strating light-dependent H, generation. Integration of n(H,) as
obtained from the GC analysis together with the total charge
passed (Q) during the CA were used to calculate the faradaic
efficiency. We obtain an average FE of 40%, confirming that a
substantial fraction of the photocurrent corresponds to true,
GC-verified hydrogen evolution. At the same time, post-
operation XPS, SEM, visible colour change and increased
macroscopic conductivity consistently indicate progressive
Cu/Fe reduction after extended operation (Fig. S17-S22), thus
the initial light-driven photocurrent contains a genuine
hydrogen-evolution component, and partial Cu/Fe self-
reduction occurs during prolonged operation and contributes
to the observed decay in activity. Tables S3 and S4 compile
reported performance metrics for CuFeO, photocathodes.
Direct comparison is limited by differences in experimental
conditions: in this work PEC tests were performed in N,-purged
0.1 M NaOH, while several literature reports used O,-saturated
electrolytes. Gas environment and electrolyte chemistry affect
measured photocurrents, side reactions and apparent faradaic
efficiencies, for this reason directly comparable literature
values for GC-verified FE under the same conditions are not
available.*®"® To quantify the energetic cost of hydrogen pro-
duction we computed the electrical energy consumed per mole
of H, and an estimated solar-to-hydrogen (STH) efficiency using
the 1 h chronoamperometry at +0.5 V vs. RHE (active area
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1.0 cm®), the online GC H, rate and the measured faradaic
efficiency (~40%). From the integrated charge and the GC-
measured H, production (1.036 pmol h™" during illumination)
we obtain an electrical energy consumption of ~241 kJ mol !
H, (~33.2 kWh kg™' H,) and an estimated STH ~0.068%
under 1 sun illumination. These values are reported as
operating-electrode metrics (they do not include additional cell
or balance-of-system losses), full calculation details are pro-
vided in the SI (energy-metric calculations, Fig. S14 and S15).

Overall the optimized one-step hydrothermal films achieve
the unmodified ORR photocurrent under one-sun illumination
(2.7 mA cm™? at +0.4 V vs. RHE) exceeding earlier reports and
more importantly a significant HER photocurrent (1.7 mA cm >
at +0.4 V vs. RHE) was obtained. Prévot et al*® report a
photocurrent of up to ~1.5 mA cm™ > under 1 sun illumination
using sacrificial O, and IPCE >10% near 400 nm (measured at
+0.4 V vs. RHE), but bare films produced only marginal photo-
currents in the absence of oxygen unless protective coatings
and catalytic overlayers (AZO/TiO,/Pt) were applied. For CuFeO,
thin films prepared by PLV Prig et al.*® reported an IPCE of
~12.5% at 400 nm (+0.4 V vs. RHE) but photocurrents
remained in the pA range unless electron scavengers were used.
Clearly the one-step hydrothermal synthesis combined with
systematic Box-Behnken DoE optimization results in PEC prop-
erties exceeding previous reports evidencing the effectiveness
of the synthesis and optimization strategy in maximizing
intrinsic PEC activity.

Stability and degradation mechanisms

Despite the promising photoelectrochemical (PEC) perfor-
mance, the operational stability of the optimized CuFeO,
photocathode emerged as a remaining critical factor. A signifi-
cant decay in photocurrent was observed under continuous
operation. To elucidate the underlying degradation mechan-
isms, characterization was conducted using XPS, electrical
conductivity measurements, and SEM on photocathodes before
and after PEC testing. The chemical state of the pristine
photocathode was first determined by XPS. The survey spec-
trum confirmed the presence of Cu, Fe, and O with no detect-
able impurities (Fig. S17). High-resolution scans of the Cu 2p
region (Fig. 7a) exhibit a dominant Cu" 2p;/, peak with a very
weak satellite at ~945 eV, characteristic of monovalent copper.
The assignment of Cu' is further supported by the Cu LMM
Auger spectra (Fig. 7b) which display a primary peak with a
shoulder, consistent with Cu®. The Fe 2p region (Fig. 7¢) reveals
spin-orbit split doublets at ~710.9 eV (Fe 2p;/,) and ~724.4 eV
(Fe 2p4s), with multiple splitting characteristic of high-spin
Fe®" in an octahedral coordination. The O 1s spectrum (Fig. 7d)
showed a single, broad asymmetric peak at 532.1 eV, attributed
to lattice oxygen in the delafossite structure.

Following PEC operation under cathodic bias, the electrode
exhibits a distinct colour change from dark green to brown
(Fig. S18), alongside an increase in electrical conductivity.
Changes induced during operation were subsequently analysed
by XPS. Survey spectra (Fig. S19) indicate the absence of
contamination, yet substantial chemical transformations in
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Fig. 7 High-resolution XPS analysis of CuFeO, before and after PEC
operation. (a—d) Region scan spectra of the pristine photocathode: (a)
Cu 2p, (b) Cu LMM Auger, (c) Fe 2p, and (d) O 1s regions, confirming the
presence of Cu*, Fe**, and lattice oxygen. (e—h) Corresponding spectra
after PEC testing: (e) Cu 2p and (f) Cu LMM Auger spectra revealing
complete reduction to metallic Cu®; (g) Fe 2p spectrum indicates partial
reduction of Fe3* to Fe2*; (h) O 1s spectrum shows the appearance of a
new component associated with surface hydroxides/defects. The sample
was synthesized hydrothermally at 110 °C for 1 h and annealed at 650 °C
for 1 h.

the copper and iron states are discernible through region scans.
The Cu 2p spectrum (Fig. 7e) displays two narrow peaks at
932.6 eV (Cu 2ps/,) and 952.5 eV (Cu 2p,/,), without satellite
features. These results conclusively indicate the formation of
metallic copper (Cu®). This finding is further supported by the
Cu LMM Auger spectrum (Fig. 7f), which shows a dominant
peak at a kinetic energy of ~918.6 eV. In the Fe 2p;/, region
scan (Fig. 7g) the emergence of satellite peaks at ~715 and
~731 eV is noted, indicating partial reduction of Fe** to Fe>".
This suggests that not only Cu" but also Fe** undergoes redox
transformation under cathodic bias. Finally, the O 1s spectrum
(Fig. 7h) displays a high-energy shoulder (~533.5 eV), possibly
due to the formation of surface hydroxides. These XPS findings
are consistent with the observed increase in conductivity, which
are primarily attributed to the formation of metallic copper.
Furthermore, SEM imaging (Fig. S20) revealed significant mor-
phological degradation of the film after PEC operation, includ-
ing agglomeration, which aligns with the extensive chemical
reduction and loss of structural integrity. The degradation of
CuFeO, under operating conditions is driven by the cathodic
reduction of its constituent metal cations. The irreversible

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reduction of Cu* to Cu® and the partial reduction of Fe** to Fe**
fundamentally alter the electronic structure of the material.
The cross-sectional SEM images of the optimized CuFeO, film
before and after HER testing (see Fig. S21) show a continuous,
homogeneous film of approximately 1.6 pm thickness with no
obvious delamination. The as-deposited and post-operation
cross sections therefore appear largely similar, indicating that
the macroscopic film architecture remains intact after the 1 h
chronoamperometry test and thus the film remains mechani-
cally continuous. Post-catalysis XRD analysis (Fig. S22) further
corroborates the XPS and SEM findings. The powder diffraction
pattern of the tested CuFeO, photocathode material reveals the
emergence of several new reflections, the majority of which are
assigned to Fe;0,. Due to the presence of overlapping peaks in
the XRD patterns of CuFeO, and Fe;0,, it is challenging to
differentiate the CuFeO, phase solely based on XRD analysis.
The presence of Fe;O, is consistent with the XPS-detected
reduction of Fe*" to Fe®". Additionally, weaker reflections
corresponding to Cu, Cu,O, and FeO indicate additional sur-
face redox transformations. Thus, the photocathode undergoes
partial phase evolution under operation, dominated by Fe;O,
formation. Overall, the post-catalysis characterization suggests
that cathodic reduction is likely not concentrated within the
surface layer, but rather can propagate into the near-surface
region in a manner that degrades electronic pathways without
producing substantial through-film delamination. Based on
these observations it is proposed that further developments
should focus on the suppression of cathodic degradation which
should allow for operation with reduced parasitic losses and in
turn is expected to increase the H, production rate and faradaic
efficiency. In this regard, strategies such as co-catalyst modifi-
cation of the CuFeO, surface or the formation of heterojunc-
tions are considered suitable. Furthermore, an adapted DoE-
guided synthesis approach could be used on the controlled
doping of CuFeO,, an aspect that has been excluded from this
study, serving as a reliable strategy to further enhance PEC
performance.

Conclusion

This study reports the systematic optimization of a one-step
hydrothermal synthesis process for CuFeO, photocathodes
fabrication using a Box-Behnken design allowing us to identify
hydrothermal temperature and annealing temperature as sig-
nificant parameters to enhance PEC activity. The optimized
photocathodes deliver a photocurrent of —1.7 mA cm > at
+0.4 V vs. RHE (N,-saturated 1 M NaOH), show dual bandgaps
(1.58 eV indirect, 3.01 eV direct), exhibiting favourable band
alignment and improvements in light-induced interfacial
charge transfer. Crucially, we have verified light-driven hydro-
gen evolution from unmodified CuFeO, with a steady H,
production rate of 1.036 umol h™' using online GC measure-
ments and an average faradaic efficiency of 40%. Post-operation
characterization clearly identifies the severe degradation
caused by cathodic self-reduction which must be addressed to

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

enable full utilization of CuFeO, photocathodes. Nevertheless,
the optoelectronic and interfacial properties of the as-received
bare CuFeO, appear to be superior and further optimization of
CuFeO, delafossite materials should focus on chemical and
interfacial modifications that enhance stability.
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