Chemical Engineering Journal 504 (2025) 158794

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

Check for

A novel Solid Oxide Photoelectrolysis cell for Solar-Driven | e
hydrogen production

Guangyu Deng, Chenyu Xu @, Jinhao Mei, Chen-Ge Chen, Yanwei Zhang

State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, PR China

ARTICLE INFO ABSTRACT

Keywords:

solar-driven SOEC

Solid Oxide Photoelectrolysis Cell
SOEC

Hydrogen energy

Solar hydrogen production

Solid Oxide Electrolysis Cells (SOECs) hold great potential for efficient hydrogen production through water
splitting. By introducing a photoresponsive electrode into an SOEC, we developed a novel Solid Oxide Photo-
electrolysis Cell (SOPC) device. This device demonstrated a substantial enhancement in SOEC performance under
light illumination. Various aluminum-doped lanthanum strontium titanate (ALST) photoresponsive electrode
materials were synthesized using melting methods and evaluated for their photocatalytic and electrochemical
performance. Notably, ALST exhibited an optimal percentage photocurrent of 21.39 % and photocurrent of
56.89 mA/cm?, leading to a hydrogen production rate of 10.62 mol/m?/h with an external quantum efficiency
(EQE) of 30.2 %. The material also showed significant visible-light absorption at elevated temperatures,
enhancing its suitability for SOPCs. This study elucidates the mechanisms by which photogenerated carriers drive
photocatalysis and photoelectrochemical reactions, which are crucial for optimizing SOPC performance. Ulti-
mately, SOPC technology provides a more efficient pathway for hydrogen production, contributing to the
advancement of next-generation sustainable energy solutions.

1. Introduction

Solid Oxide Electrolysis Cells (SOECs) have emerged as a promising
technology for efficient energy conversion, particularly in the context of
hydrogen production via water splitting [1,2]. As the global demand for
energy continues to rise and environmental concerns become more ur-
gent, the pursuit of sustainable and efficient hydrogen production
methods has gained significant attention [3,4]. Hydrogen, especially
when produced from renewable energy sources, is considered a pivotal
element in the transition towards a clean energy future [5]. It offers a
versatile and environmentally friendly alternative to fossil fuels, with
the potential to significantly reduce carbon emissions [6]. Among
various hydrogen production methods, water electrolysis stands out due
to its ability to integrate with renewable energy sources such as solar
and wind power, facilitating the generation of “green hydrogen” [7].
SOECs are particularly advantageous for this purpose because they
operate at high temperatures, which enhances the efficiency of con-
verting electrical energy into chemical energy stored in hydrogen [8,9].
The high operating temperature not only improves the overall efficiency
of the electrolysis process but also allows for the incorporation of ther-
mal energy from renewable sources, thereby reducing the electrical

energy requirement [10]. This makes SOECs an attractive option for
large-scale hydrogen production, especially when integrated with
renewable energy systems.

Integrating solar energy into SOECs presents a promising avenue for
significantly improving the efficiency of hydrogen production [11,12].
Solar-driven SOECs harness solar energy to directly drive the water-
splitting reaction, reducing the dependency on electrical energy and
enhancing the overall energy conversion efficiency [13-16]. By
coupling high-temperature electrolysis with concentrated solar power or
other forms of solar energy, the thermal energy provided by solar ra-
diation can be utilized to meet part of the energy demand of the elec-
trolysis process. This integration can lower operational costs and
improve the sustainability of hydrogen production. Recent advance-
ments in solar-driven SOECs have focused on optimizing system designs
[17], improving solar thermal materials [18], and exploring hybrid
configurations that combine SOECs with solar thermal collectors [19] or
photovoltaic systems [20]. These innovations have the potential to
further enhance the efficiency of hydrogen production while reducing
greenhouse gas emissions.

However, despite these advancements, a significant gap remains in
the effective utilization of photogenerated carriers within SOECs, a
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concept that is well-established in the fields of photocatalysis [21,22]
and photoelectrochemistry [23,24]. In these fields, photogenerated
electron-hole pairs play a critical role in driving redox reactions,
allowing for the direct conversion of solar energy into chemical energy
[25,26]. This principle has been successfully applied in various appli-
cations, such as pollutant degradation [27], water splitting [28], and
CO; reduction [29]. In contrast, solar-driven SOEC systems have pri-
marily relied on thermal energy from concentrated solar power to
enhance high-temperature electrolysis, overlooking the potential bene-
fits of integrating photogenerated carriers. The integration of photo-
generated carriers into SOECs could theoretically reduce the activation
energy required for electrolysis reactions, potentially lowering the
operating temperature and further decreasing the electrical energy
consumption. This could lead to a new generation of SOECs that are not
only more efficient but also more adaptable to varying solar conditions.
Nevertheless, the high operating temperatures of SOECs present chal-
lenges for the stability and efficiency of photoactive materials, which are
typically optimized for lower temperature operations [30,31]. Addi-
tionally, incorporating light-absorbing materials into the SOEC archi-
tecture without compromising its structural and functional integrity
poses significant engineering challenges.

SrTiOs-based materials, including lanthanum strontium titanate
(LST), have shown considerable potential in addressing some of these
challenges. In the field of photocatalysis, SrTiOs is recognized for its
strong ultraviolet (UV) light absorption and excellent stability, making it
a suitable candidate for photochemical reactions like water splitting
[32]. The wide bandgap and stable perovskite structure of SrTiO3 enable
it to generate strong oxidation potentials and high mobility of charge
carriers, which are critical for enhancing photocatalytic efficiency
[33,34]. Lanthanum strontium titanate (LST), a modified form of
SrTiOs, extends these beneficial properties into the domain of SOECs,
offering improved electronic conductivity and stability at the high
operating temperatures typical of SOECs [35,36]. These characteristics
make LST a promising material for use as an electrode in SOECs,
particularly for hydrogen production through high-temperature water
splitting. Aluminum doping in SrTiO3 enhances photocatalytic perfor-
mance by narrowing the bandgap, improving charge separation, and
increasing surface reactivity, and similar effects are expected in LST for
photoelectrochemical applications [33,34].

Building on these insights, this study explores the integration of
SrTiOs-based materials, specifically aluminum-doped lanthanum
strontium titanate (ALST), into a novel solar-driven Solid Oxide Photo-
electrolysis Cell (SOPC) device. The research focuses on synthesizing
and characterizing ALST materials to enhance their performance under
the demanding conditions of SOPCs. By leveraging the photocatalytic
properties of SrTiO3 and the electrochemical performance of LST, this
study aims to develop a hybrid system that effectively utilizes photo-
generated carriers in a high-temperature SOEC environment. The study
involves a comprehensive analysis of ALST’s structural, optical, and
electrochemical properties, with a focus on optimizing the material’s
effectiveness as a photoresponsive electrode in SOPC configurations.
Experiments conducted under varying conditions, including tempera-
ture, voltage, and atmospheric composition, aim to identify the optimal
parameters for maximizing hydrogen production efficiency. Addition-
ally, the study investigates photogenerated carrier utilization mecha-
nisms, bridging the gap between photocatalysis and SOPCs. This work
not only demonstrates the feasibility of integrating photocatalysis into
SOECs but also contributes to the development of advanced materials
and systems for sustainable hydrogen production. By bridging the gap
between photocatalysis and solid oxide electrolysis, this research paves
the way for the next generation of solar-driven hydrogen production
technologies, offering a more efficient and adaptable approach to
meeting global energy needs.
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2. Experimental
2.1. Photoresponsive electrode synthesis

The preparation of photoresponsive electrode material powder LST
(Lag 3Srg.7TiO3) was carried out using the sol-gel method [37]. A clear
and transparent solution A was obtained by mixing and stirring titanium
tetraisopropanolate, ethylene glycol, and citric acid (SCR, Sinopharm
Chemical Reagent Co., Ltd., AR) in a molar ratio of 1:4:4. Citric acid
dissolves slowly in ethylene glycol, requiring several hours for complete
dissolution. A stoichiometric mixture of lanthanum nitrate hexahydrate
and strontium nitrate (SCR, AR) was dissolved in water to form solution
B. Solutions A and B were mixed and diluted with water to obtain a 0.5
M (final product) solution. The solution was heated and continuously
stirred at 80 °C until it transitioned sequentially from a colorless solution
to a yellow sol and then to a brown gel. The resulting gel was heat-
treated in an oven at 200 °C for 12 h, followed by ball milling for 2 h
to obtain the powder. The powder was then heat-treated at 550 °C for 5
h, followed by ball milling for 2 h, and further heat-treated at 800 °C for
5 h, followed by ball milling for 2 h. After each milling process, the
powder was sieved through a 400 mesh screen.

The preparation of photoresponsive electrode material powders
4ALST (0.04Al-Lag 3Srg7TiO3) and 8ALST (0.08Al-Lag 3Sr( 7TiO3) were
carried out using the melting method, with the aforementioned LST as
the precursor [38]. Stoichiometric amounts of nano-alumina (Macklin,
99.99 %) and LST powder were mixed and ball-milled for 2 h. Strontium
chloride (SCR, AR) was added to achieve a final product-to-strontium
chloride molar ratio of 1:10. The mixture was placed in a corundum
crucible and heated at a rate of 2 °C/min to 1150 °C in an air atmo-
sphere, where it was held for 10 h. The product was thoroughly mixed
with water and centrifuged (it is recommended to use a centrifuge speed
> 10,000 rpm for complete separation) several times (for reference, the
material was centrifuged 20 times) until the pH of the centrifuged liquid
was 7. The solid product was dried and ball-milled for 2 h to obtain the
powder.

2.2. Cell preparation

The construction of the 8ALST/YSZ((Y203)0.08(Zr02)0.92)/YSZ-LSM
(YSZ-(Lag 75510.25)0.05sMn0O3) full cell, involved the possibility of
substituting the 8ALST with any of the photoresponsive electrodes dis-
cussed in this paper, as shown in Fig. 523 [39]. The cell adopts an
electrolyte-supported structure, utilizing commercial YSZ (Suzhou
Huaging) in the form of a 35 mm square with a thickness of 0.2 mm. The
cathode powder materials, comprising commercial YSZ and LSM (Sofc-
man), were mechanically mixed in a mass ratio of 1:1 and ball-milled for
2 h to produce YSZ-LSM. The powder was then sieved through a 400
mesh screen. A mixture of 7.5 wt% ethyl cellulose in terpineol and the
powders was prepared in a 1:1 mass ratio to create the photoresponsive
electrode 8ALST ink and YSZ-LSM ink, respectively. The preparation of
the inks requires thorough mixing of the powders with the solvent to
prevent uneven printing or clogging. As a reference, a pestle was used in
a mortar to stir the mixture in one direction (e.g., clockwise) for 1 h. The
ink required for each printing was approximately 0.5 g. The YSZ-LSM
ink was screen-printed onto the center of one side of the YSZ, forming
a 5 cm? circular pattern. The photoresponsive electrode 8ALST ink was
screen-printed onto the center of the other side of the YSZ, forming a 1
cm? circular pattern. A 250 mesh polyester screen was used for the ink
screen printing. The cell underwent heat treatment at 1200 °C for 2 h,
with a temperature change rate of 0.5 °C/min above 800 °C and 1 °C/
min below 800 °C.

A grid-patterned silver current collector was employed to ensure
conductivity and direct light exposure to the photoresponsive electrode.
This grid consisted of equally spaced horizontal and vertical lines with
an interline spacing of approximately 2.8 mm, covering about one-third
of the surface area. The silver current collectors, matching the size of the
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electrodes, were screen-printed using silver paste (DAD-87) ink. A 100
mesh polyester screen was used for the silver current collector screen
printing. Silver wires (Ag 99.99 %) were attached to form a four-
electrode structure. A high-temperature adhesive (Aremco Ceram-
abond 552) was used to bond corundum weight rings to the backlight
side of the cell.

2.3. Solid oxide photoelectrolysis cell (SOPC) test

The SOPC experimental system (Fig. S1) used in this study has been
detailed in previous work and is employed to achieve light conduction
while maintaining stable cell temperature [40]. The cell’s photo-
responsive electrode faces the quartz light guide column, with high
borosilicate glass used for high-temperature sealing. The electric furnace
was heated to 850 °C and maintained for 5 h, then lowered to the
experimental temperature (typically 800 °C, with a range of
600-850 °C) at arate of 1 °C/min. The anode carrier gas was 100 sccm of
argon, while the cathode carrier gas was a mixture of water vapor,
hydrogen, and argon, maintaining a total flow rate of 100 sccm (typi-
cally 50 % HpO + 50 % Ar). The water vapor was quantitatively
controlled by a syringe pump, and the other gases were measured using
flow meters (Alicat). The light source was a 300 W xenon lamp (Per-
fectlight), providing a light intensity of 0.4 W/cm? on the photo-
responsive electrode. The power supply was an electrochemical
workstation (Ivium). Gas products were detected using a gas chro-
matograph (Agilent 7820A).

The main experiment involved alternating light and dark conditions,
with cycles of 1 h of dark and 1 h of light under constant voltage (0.8-2
V). Linear sweep voltammetry (LSV) tests were conducted from —0.8 V
to —2 V, with a scan rate of 0.3333 mV/s. For LSV tests involving
alternating light and dark conditions, the duration of light or dark pe-
riods was 5 min at 0.1 V intervals. In cyclic voltammetry tests, the po-
tential range was —0.8 to —2.0 to —0.8 V, with a scan rate of 50 mV/s,
repeated for 100 cycles. Electrochemical impedance spectroscopy (EIS)
tests were performed under constant voltage (0.8-2 V) with a frequency
range of 100 kHz to 0.1 Hz, 10 points per decade, and an amplitude of
50 mV. Incident photon-to-current efficiency (IPCE) tests were con-
ducted in situ within the SOPC experimental system under constant
voltage conditions (typically 2.0 V), using the main xenon lamp light
source with bandpass filters (Perfectlight). The duration of light or dark
periods was 5 min.

2.4. Characterization

The Electron Paramagnetic Resonance (EPR) results were obtained
using a Bruker EMX PLUS instrument at 100 K with samples loaded in
quartz capillaries. The Photoluminescence (PL) measurements were
conducted using an Edinburgh FLS1000 instrument, with the steady-
state PL light source at 255 nm and the transient PL light source at
375 nm. Brunauer-Emmett-Teller (BET) results were acquired using a
Micromeritics ASAP 2460. High-Resolution Transmission Electron Mi-
croscopy (HR-TEM) and corresponding Energy Dispersive Spectroscopy
(EDS) mapping images were obtained using an FEI Talos F200X G2. X-
Ray Diffraction (XRD) results were recorded using a Panalytical X’Pert3
Powder instrument equipped with a Cu Ka irradiation source. X-ray
Photoelectron Spectroscopy (XPS) results were obtained using a Thermo
Scientific K-Alpha instrument equipped with an Al Ko irradiation source
and calibrated with adventitious carbon at a binding energy of 284.8 eV.
Inductively Coupled Plasma Optical Emission Spectrometry/Mass
Spectrometry (ICP-OES/MS) results were acquired using an Agilent
5110 (OES). Both conventional and in-situ (variable temperature)
Ultraviolet-Visible (UV-Vis) absorption spectra were recorded using a
Shimadzu UV-3600i Plus. The Mott-Schottky plots were characterized
using a three-electrode system at room temperature, with a glassy car-
bon working electrode, a platinum counter electrode, and a saturated
Ag/AgCl reference electrode in an electrolyte of 0.5 M NazSO4 + 0.1 M
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NaHCOs3 (pH = 8.0). The in-situ Fourier Transform Infrared (FTIR)
spectra were obtained using Bruker INVENIO-S, to prevent interference,
we blocked the xenon lamp during 30 s FTIR scans every 5 min.

3. Results and discussion
3.1. Crystal structure and morphology

The Inductively Coupled Plasma (ICP) analysis revealed actual
aluminum doping levels of 4.43 mol% and 8.32 mol% for 4ALST and
8ALST, respectively, which align with the initial raw material concen-
trations. This confirms the successful aluminum doping via the melting
method, with slightly higher values attributed to the aluminum content
of the corundum crucible used in the process. The X-Ray Diffraction
(XRD) results (Fig. S2) show that all three materials have a cubic
perovskite structure, with the (110) plane as the main peak [41]. The
main peaks of LST, 4ALST, and 8ALST shift sequentially to higher an-
gles. This shift is attributed to the substitutional doping of aluminum,
which has a smaller atomic radius, causing a reduction in lattice
parameters.

The Transmission Electron Microscopy (TEM) images (Fig. S3)
visually demonstrate the morphological changes of the materials. The
cluster diameters of all three materials are approximately 100 nm. LST
exhibits multiple irregular, nearly spherical clusters, resulting in a high
specific surface area. In contrast, 4ALST forms a single entity between a
cube and a sphere, while 8ALST consists of highly regular cubic shapes.
The evolution from LST to 4ALST to 8ALST is accompanied by a decrease
in specific surface area and an increase in morphological regularity. On
one hand, the reduction in specific surface area may hinder electro-
chemical reactions, potentially contributing to poorer electrical perfor-
mance. On the other hand, the regular morphology might enhance
carrier transport and reduce recombination, thereby improving photo
performance. Additionally, the lattice fringes in the TEM images indi-
cate lattice spacings of 0.277, 0.276, and 0.275 nm for LST, 4ALST, and
8ALST, respectively, all corresponding to the (110) plane of the
perovskite structure based on LST [41]. High-Angle Annular Dark Field
(HAADF) images (Fig. S4) reveal the uniform distribution of elements
within the 8ALST cubic structure. Scanning Electron Microscopy (SEM)
images (Fig. S5) display similar morphological features and evolution as
seen in TEM.

The Ultraviolet-Visible (UV-Vis) spectra of LST, 4ALST, and 8ALST
(Fig. S7a) show that they are typical ultraviolet-absorbing semi-
conductors at room temperature. The band gaps of LST, 4ALST, and
8ALST, obtained using the Tauc plot method (Fig. S7b), are 3.16 eV,
3.20 eV, and 3.21 eV, respectively, indicating that aluminum doping
slightly widens the band gap [42]. The flat band potentials (considered
as conduction band potentials) for LST, 4ALST, and 8ALST, derived from
the Mott-Schottky (MS) plot (Fig. S6), are —1.38 V, —1.87 V, and —1.49
V vs. Ag/AgCl, respectively [43]. Therefore, the band structures of the
materials, shown in Fig. S7c, suggest that all tested materials are capable
of photocatalytic overall water splitting.

The Scanning Electron Microscopy (SEM) cross-sectional images of
the cell (Fig. S8) clearly show the three-layer electrolyte-supported cell
structure.

3.2. Light contribution in current of SOPC

Photoresponsive electrode/YSZ/YSZ-LSM cells with three different
photoresponsive electrodes (8ALST, 4ALST, and LST) were subjected to
constant voltage alternating light-dark experiments on the cathode side
under an atmosphere of 20 % H0 (and 80 % Ar, unspecified percentage
atmosphere is Ar in this work), as shown in Fig. 1a. In this study, the
percentage photocurrent (AC/Cdark) is used as the primary quantitative
metric, as shown in Fig. S9(c, f, i). On one hand, the relative photo-
current allows us to focus on optical properties without the influence of
electrical performance, which has been extensively studied in
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Fig. 1. Percentage photocurrents from the alternating light-dark experiments conducted at constant voltage for the photoresponsive electrode/YSZ/YSZ-LSM cell,
unspecified percentage atmosphere is Ar in this work. (a) LST, 4ALST, and 8ALST photoresponsive electrodes at 800 °C and 20 % H,0; (b) Voltage variation from 0.4
to 2.4 V for 8ALST at 800 °C and 20 % H,0; (c) Temperature variation from 700 to 850 °C for 8ALST at 20 % H,0; (d) Atmosphere variation from 0 to 50 % H, and 20

to 50 % Hy0 for 8ALST at 850 °C.

traditional Solid Oxide Electrolysis Cells (SOECs) and is not the focus of
this work. On the other hand, SOPC aims to replace part of the electrical
energy with solar energy to achieve photo-thermo-electrochemical
hydrogen production at low voltages, making the percentage photo-
current metric more relevant to this goal.

For LST and 4ALST, the maximum percentage photocurrent is ach-
ieved at 0.8 V and decreases with increasing voltage, indicating poor
performance at high voltages. This could be attributed to insufficient
photoactive sites on LST and 4ALST under the high hydrogen production
rates associated with higher voltages [44]. In contrast, for 8ALST, the
percentage photocurrent remains above 15 % in the 0.8-1.6 V range,
demonstrating stability across various conditions. The highest percent-
age photocurrent 19.21 % is observed for 8ALST at 0.8 V. Furthermore,
8ALST shows significantly better percentage photocurrent than LST and
4ALST in the mid-voltage range of 1.2-1.6 V. Overall, the 8ALST pho-
toresponsive electrode exhibits superior optical performance under all
conditions, making it the primary material for further experiments and
discussions.

Specifically, Fig. S9(a, d, g) illustrates the changes in the absolute
value of the current. Significant differences in current between light
(yellow) and dark (gray) conditions were observed for all three photo-
responsive electrodes, indicating substantial photocurrent. This is likely
due to the excellent photo properties of the B-site Ti in the perovskite

structure (referencing SrTiOs3) [45]. In the voltage sequence of 0.8, 1.2,
1.6, and 2.0 V, the photocurrent positively correlated with increasing
voltage, and the absolute value of the photocurrent was significant only
at the high voltage of 2.0 V while negligible at 0.8 V, indicating that the
system is primarily driven by electrolysis with light acting as an auxil-
iary factor. Additionally, the rate of change of current over time (dC/dt)
may also differ between light and dark conditions, significantly affecting
the cell’s degradation behavior. This is known as the light healing effect,
which has been discussed in detail in previous work; this study focuses
mainly on the change in current (AC). At 2.0 V, the dark current values
for 8ALST, 4ALST, and LST were 134.8, 140.5, and 220.6 mA/cm?,
respectively, indicating that the Al doping of photoresponsive electrodes
via the melting method reduced the cell’s electrical performance.
Experiments were conducted over a broader voltage range (0.4-2.4
V) beyond the typical operating voltages of SOEC (0.8-2.0 V). Fig. 1b
shows the percentage photocurrent at low voltages (0.4, 0.6, 0.8 V),
where the percentage photocurrent decreases sequentially with
decreasing voltage. At higher voltages (0.8-2.4 V), the percentage
photocurrent increases with decreasing voltage, but this trend reverses
at low voltages, with the percentage photocurrent peaking at 0.8 V. This
suggests that the SOPC experimental system’s optical performance is
optimal at the lower voltage limit of the water-splitting reaction.
Additionally, there is a hypothesis that light can independently provide
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energy, exhibiting excellent hydrogen evolution activity at ultra-low
voltages, similar to photocatalysis, resulting in abnormally high per-
centage photocurrents. However, the lower percentage photocurrents at
low voltages essentially refute this hypothesis, further confirming the
auxiliary role of light. Under the current system, it is insufficient to
achieve excess production below the water-splitting voltage through
independent light energy input.

Fig. 1c shows the results of the temperature variation experiments
(700, 750, 800, 850 °C). For the percentage photocurrent, the trend
caused by temperature changes is consistent across all tested voltages,
with the lowest percentage photocurrent observed at 850 °C, followed
by 750 °C, and the highest at 800 °C. The percentage photocurrent re-
mains relatively stable when varying the voltage at all tested tempera-
tures, with the relative difference (APPC/PPC) at high and low voltages
being less than or equal to 36.2 %. The percentage photocurrent grad-
ually decreases with increasing voltage. The differences in percentage
photocurrent between different temperatures are substantial, especially
between 850 °C and 800 °C, where the relative difference (APPC/PPC)
reaches up to 186.6 % (5.709 % to 16.36 % of percentage photocurrent).
Since the percentage photocurrent is relatively stable and less influenced
by electrical performance, the significant difference between 850 °C and
800 °C indicates a major discrepancy in the material’s optical properties
at different temperatures, further explaining the peak absolute photo-
current at 800 °C. Over the temperature range of 750 °C to 850 °C, the
material’s optical performance initially improves and then degrades due
to the interplay of temperature-dependent factors. From 750 °C to
800 °C, the moderate enhancement in optical performance is attributed
to improved photocatalytic and photoreaction kinetics at elevated
temperatures [46], which enhance charge carrier mobility and separa-
tion. Although oxygen vacancy content increases slightly, it remains
below a threshold where recombination losses are significant. However,
from 800 °C to 850 °C, a substantial increase in oxygen vacancy content
occurs [47,48], creating numerous recombination traps that lead to se-
vere recombination of photogenerated carriers [49]. Additionally, the
intrinsic shortening of carrier mean free path due to increased phonon
interactions at higher temperatures [50] exacerbates recombination
losses. These detrimental effects overshadow the benefits of elevated
temperature, resulting in a net degradation of optical performance.
Therefore, the system achieves optimal comprehensive performance at
800 °C. The results at 700 °C align with the behavior observed in
750-850 °C, giving further support.

The results of the atmosphere variation experiments are shown in
Fig. 1d. The atmospheric conditions include four scenarios: 20 %-50 %
water content, both with and without hydrogen. The percentage
photocurrent under different atmospheric conditions shows distinct and
interesting results. The percentage photocurrent is divided into two
groups based on the water content: 20 % water and 50 % water. The
percentage photocurrent for the 50 % water group is significantly higher
than for the 20 % water group, while the presence or absence of
hydrogen has little effect. This trend is opposite to that of the absolute
photocurrent (Fig. S14b). In multiphase photocatalysis, the water vapor
content is known to significantly affect the hydrogen production of the
material [51], which might explain the impact of water content on op-
tical performance and, consequently, on the percentage photocurrent
observed in this study. Between the 50 % H30 + 0 % Hy atmosphere and
the 50 % H20 + 50 % Hj atmosphere, the former shows a higher average
percentage photocurrent, with the percentage photocurrent still
exceeding 15 % at 2.0 V. Therefore, the 50 % H30 + 0 % Hy atmosphere
is considered the typical condition for further discussion.

Additionally, the absolute photocurrent results for temperature and
atmosphere variations (Fig. S14) were also discussed. For the absolute
photocurrent in response to temperature variation (Fig. S14a), the trend
was consistent across all tested voltages, with the lowest photocurrent
observed at 700 °C, followed by 750 °C, 850 °C, and the highest at
800 °C. The photocurrent’s sensitivity to temperature changes is
notable; a 50 °C increase results in a 105.5 % difference in photocurrent
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(from 8.182 mA/cm2 at 750 °C to 16.81 mA/cm2 at 800 °C). The
photocurrent peaks at 800 °C, displaying a parabolic relationship with
temperature, contrasting with the simple positive correlation between
current and temperature typically observed in conventional SOECs. The
lower photocurrent at 850 °C may indicate significant degradation of the
material’s optical performance at elevated temperatures.

The absolute photocurrent of the atmosphere variation experiments
are shown in Fig. S14b. The absolute photocurrent results reveal two
distinct groups: one with hydrogen and one without. The presence or
absence of hydrogen causes a significant difference in photocurrent,
while variations in water content have little impact on photocurrent.
This suggests that the results are a byproduct of changes in electro-
chemical performance. In traditional SOECs, a hydrogen atmosphere
significantly increases the oxygen vacancy and Ti°t content in the
cathode material, greatly enhancing electrical performance [35,52,53].
Furthermore, a 20 % water content may be sufficient for electrolysis,
rendering the system insensitive to higher water content. An exception
to the trend is observed at 2.0 V and 50 % H5O + 50 % Hs, where the
maximum photocurrent of 56.89 mA/cm? is achieved, corresponding to
a hydrogen production rate of 10.62 mol/m2/h. Under a xenon lamp
light intensity of 0.4 W/cm?, the external quantum efficiency (EQE) is
30.2 %. Since the percentage photocurrent at this point remains within
the typical range of 10-20 %, the enhancement can be attributed to
improved electrical performance. Additionally, the conditions of high
temperature, high voltage, and high atmosphere coincide with the peak
points of both current and photocurrent, indicating that the maximum
current and maximum photocurrent occur under the same conditions.

3.3. Light effects in SOPC experiments

Further SOPC experiments of the 8ALST photoresponsive electrode
at 800 °C and 50 % H20 + 0 % Hy atmosphere were conducted. The
absolute photocurrent (Fig. S15a) reaches a maximum value of 25.43
mA/cm? at 2.0 V. Beyond the photocurrent itself, the significant dif-
ference in slope between the dark and light conditions suggests the
presence of a sustained photo-response (i.e., Light Healing Effect, LHE),
which influences cell degradation over a longer time scale. The per-
centage photocurrent (Fig. S15b) peaks at 21.39 % at 0.8 V. The central
temperature of the illuminated surface of the cell (i.e., the photo-
responsive electrode) is shown in Fig. S15c. Unlike the significant
changes in photocurrent, the cell temperature remains stable throughout
the in-situ experiment. The average temperature during dark conditions
is 799.6 °C, and 800.8 °C during light conditions, with a light-dark
temperature difference of only 1.2 °C. Such a small temperature differ-
ence is insufficient to cause significant current variations, indicating that
the photocurrent observed in this study is not due to a photo-thermal
pathway. The photo-thermal effect is negligible in this study due to
the low light intensity (0.4 W/cm?) and the small temperature differ-
ence. According to existing optical theory, it is highly likely that the
photocurrent is due to photocatalytic or photoelectrochemical mecha-
nisms [54,55]. Besides, the results of full-covered cell without direct
illumination of the photoresponsive electrode (Fig. S15d), showed a
1.48 % current increase, indicating the primary effect is not photo-
thermal. The lower unit area performance of SOPC compared to full-
covered cell, is due to current collectors covering only one-third of the
electrode, which can be optimized with patterned design.

Gas product testing was conducted, with the results shown in
Fig. S16. In the Faraday efficiency test, there was good consistency be-
tween the current and hydrogen production rate over the entire time
period. The average current was 188.8 mA/cm?, and the average
hydrogen production rate was 34.66 mol/m?/h, resulting in a Faraday
efficiency of 98.35 %. Qualitatively, the current and hydrogen produc-
tion are considered to have a one-to-one correspondence, indicating that
electronic current and side reactions are negligible. Comparing the
hydrogen and oxygen production rates, the hydrogen to oxygen ratio
was 2.049, indicating complete water splitting.
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Fig. 2a shows the results of the constant current test, conducted at
100 mA/cm? with 5-minute light—dark intervals. The average voltage in
the dark was 1.858 V, while the average voltage under illumination was
1.814 V. Illumination caused a voltage drop of 0.045 V, indicating that
2.46 % of the electrical energy was replaced by solar energy. Notably,
this energy replacement is attributed to the photocatalytic/photo-
electrochemical pathway, with potential for additional photo-thermal
energy contribution (from over 1.5 V in conventional SOECs to less
than 1.0 V in solar-driven SOECs, suggesting at least a 33.3 % energy
contribution). Furthermore, this study employed low light intensity,
leaving room for a higher proportion of electrical energy replacement.

Fig. 2b presents the results of the 40-hour steady-state light-dark test
at a constant voltage of 1.6 V. The cell experienced performance
degradation under both light and dark conditions over 40 h, with the
changes appearing linear (dC/dt = constant). In the dark, the current
decreased from 52.78 mA/cm® to 40.35 mA/cm? with a rate of
approximately —6.67 %o/h. Under illumination, the current decreased
from 55.49 mA/cm? to 51.51 mA/cmz, with a rate of about —1.86 %o/h.
[lumination significantly mitigated the cell’s degradation rate, reducing
it to 27.9 % of the rate in the dark and extending the cell’s lifespan to
3.59 times that under dark conditions. This deceleration of cell degra-
dation under illumination is likely due to light-induced alleviation or
even reversal of oxygen vacancy formation [40], which mitigates
interface oxygen accumulation and secondary phase formation (the
primary degradation mechanisms in SOECs) [56,57]. This phenomenon
is referred to as the Light Healing Effect (LHE).

Fig. S17 shows the Linear Sweep Voltammetry (LSV) results under
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steady-state light, steady-state dark, and alternating light-dark condi-
tions. The standard deviation across multiple tests (shaded area) is less
than 5 % for both steady-state light and dark conditions, demonstrating
good consistency and reproducibility. The current range during alter-
nating light-dark conditions falls mostly between the steady-state light
and dark values, with a high degree of overlap between alternating and
steady-state conditions, indicating system stability under alternating
illumination. With a 5-minute light-dark interval, the results of the
alternating experiments cover most of the range between the steady-
state light and dark conditions, suggesting that the majority of the
photocatalytic/photoelectrochemical response time is less than 5 min,
though some light responses may last longer than 5 min. Additionally, at
low voltages, the alternating condition closely resembles the dark
steady-state, while at high voltages, it approaches the light steady-state.
Given that LSV is a forward scan, it can be inferred that the cell initially
resembles the dark steady-state and, through changes induced by the
photo-response during alternating illumination, gradually approaches
the light steady-state.

Further Incident Photon-to-Current Efficiency (IPCE) tests using
bandpass filters in the 350-800 nm range demonstrated the mono-
chromatic light response characteristics. As shown in Fig. S18a, at
800 °C, 2.0 V, and 50 % H»0 + 0 % Hy, the IPCE curve displayed a nearly
linear decrease with increasing wavelength from 350-800 nm, with the
IPCE reaching 19.3 % at 350 nm and still at 5.4 % at 800 nm. Comparing
the relative IPCE values at different temperatures (Fig. 2c), it is evident
that visible-light absorption decreases sequentially at 800 °C, 700 °C,
and 600 °C, exhibiting nearly exponential decay rather than linear at
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Fig. 2. Advanced SOPC tests of the 8ALST photoresponsive electrode at 800 °C and 50 % H0. (a) Constant current test at 100 mA/cm? with 5-minute light-dark
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lower temperatures, indicating less pronounced visible-light absorption.
However, as shown in Fig. S18, the relative spectral response within
350-800 nm remains largely unchanged (maintaining a near-linear
characteristic) in the IPCE trend under varying atmospheres (50 %
H20 + 50 % Hj) and voltages (0.8 V). In summary, while 8ALST is a
semiconductor that primarily absorbs ultraviolet light at room temper-
ature, it demonstrates significant visible-light absorption at 800 °C. The
relative spectral response characteristics are greatly influenced by
temperature but are relatively unaffected by voltage and atmosphere.
The variable wavelength experiment (Fig. 2d, Fig. S19) confirmed this
hypothesis, showing that in SOPC experiments, 8ALST exhibited sig-
nificant photocurrent under > 400 nm light, even in the absence of ul-
traviolet light.

3.4. Optical properties

The steady-state Photoluminescence (PL) results (Fig. 3a) show a
main peak at 396.2 nm and a secondary peak at 544.4 nm, with the latter
corresponding to impurity levels caused by oxygen vacancies [58]. The
main peak intensity significantly decreases from LST to 4ALST, indi-
cating that aluminum doping reduces radiative recombination, thereby
enhancing the material’s photo performance. However, the difference in
the main peak intensity between 4ALST and 8ALST is negligible, sug-
gesting that aluminum content beyond 4 % does not further reduce the
recombination rate of photogenerated carriers. For the secondary im-
purity level peak, the intensity increases with aluminum doping, indi-
cating more oxygen vacancies and stronger impurity recombination. The
increase in oxygen vacancies due to aluminum doping might be a
double-edged sword: while it acts as a recombination trap, it also
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enhances carrier transport [34]. The Time-Resolved Photoluminescence
(TRPL) results (Fig. 4c) are also consistent with these findings, showing
fluorescence lifetimes of 0.272 ns for LST, 0.301 ns for 4ALST, and
0.293 ns for 8ALST. The increased carrier lifetime from LST to 4ALST is
due to a lower recombination rate, while the decreased lifetime from
4ALST to 8ALST is due to intensified impurity recombination and
enhanced carrier transport.

The Brunauer-Emmett-Teller (BET) results (Fig. S20a) display the
water adsorption characteristics of each material, with the water
adsorption volumes for LST, 4ALST, and 8ALST being 15.81, 8.468, and
7.610 cm®/g STP, respectively. LST has a significantly higher water
adsorption volume than 4ALST, while 4ALST and 8ALST have similar
values, with 8ALST being slightly lower. This difference is likely due to
the reduced specific surface area caused by the melting method.

The Electron Paramagnetic Resonance (EPR) results (Fig. S20b)
show that the g = 2.003 signal corresponds to oxygen vacancies, and the
peak area represents the relative bulk oxygen vacancy content [59]. The
peak area ratios for LST, 4ALST, and 8ALST are 1:2.66:3.87, indicating
that aluminum doping significantly increases the bulk oxygen vacancies
in LST, with the oxygen vacancy content positively correlated with the
aluminum doping level.

The X-ray Photoelectron Spectroscopy (XPS) results (Fig. S20c) show
the deconvolution of the O1s orbital peaks at 529.5, 530.9, and 531.7
eV, corresponding to lattice oxygen (OL), oxygen vacancies (OV), and
chemisorbed oxygen (OC), respectively, quantified by peak area [60].
From LST to 4ALST, the main change is the increase in the OC ratio from
12.4 % to 17.8 %. A higher OC ratio indicates improved water adsorp-
tion capacity, suggesting that aluminum doping via the melting method
enhances water adsorption properties, which may contribute to the
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improved photo performance. From 4ALST to 8ALST, the OV ratio de-
creases from 10.4 % to 5.8 %. Given that XPS typically probes a depth of
1-10 nm, reflecting surface properties, the lower OV ratio might result
from easier oxygen incorporation from the air and water adsorption
[61]. Higher adsorption and reaction activity could facilitate carrier
transport, partially explaining the PL results. The differences between
EPR and XPS results regarding oxygen vacancies arise from their
differing characterization depths.

Additionally, the XPS results (Fig. S20d) show the deconvolution of
the Ti2p orbital peaks, with peaks at 457.4 and 463.1 eV corresponding
to Ti%*, and peaks at 458.4 and 464.2 eV corresponding to Ti*", quan-
tified by peak area; the lower binding energy peaks correspond to the
Ti2p 3/2 orbital, and the higher binding energy peaks correspond to the
Ti2p 1/2 orbital [60]. The Ti* ratios for LST, 4ALST, and 8ALST are
18.9 %, 9.7 %, and 8.2 %, respectively. A significant decrease in T3t
content is observed from LST to 4ALST, with only a slight decrease from
4ALST to 8ALST. In the context of SOECs, Ti>" is highly correlated with
oxygen transport and electrocatalytic performance; thus, the decrease in
Ti%* content could explain the sequential reduction in current observed
in the main experiments for LST, 4ALST, and 8ALST [35]. In photo-
catalysis, Ti®* is considered a recombination center for SrTiOs-based
materials; therefore, the reduction in Ti®' leads to decreased carrier
recombination and enhanced optical performance [34]. This explana-
tion aligns with the main experimental results and PL data. In summary,
the adjustment of Ti3* content represents a trade-off between photo
performance and electrical performance, indicating that it is a key factor
in the modification of Ti-based SOPC materials.

The variable temperature UV-Vis spectra of 8ALST are shown in
Fig. 3c. Between 50-200 °C, the material continues to behave as an

ultraviolet-absorbing semiconductor. However, between 250-400 °C, a
significant broad absorption band in the visible light range appears,
which visually redshifts with increasing temperature [42]. This high-
temperature visible-light absorption is likely due to the increase in ox-
ygen vacancies in the material. The Tauc plots (Fig. 3d) quantitatively
characterize the changes in band gap with temperature. The band gaps
of 8ALST at 50, 100, 150, and 200 °C are 3.16 eV, 3.14 eV, 3.12 eV, and
3.10 eV, respectively, showing a linear and slight reduction in the band
gap with increasing temperature, consistent with the temperature-
dependent optical characteristics of stable semiconductors. Between
250-400 °C, the presence of non-negligible intraband gap absorption
affects the band gap, making accurate quantitative results from the Tauc
plot method unattainable, although qualitative analysis is still possible.
Anomalously strong interactions between intraband gap states and the
band gap are observed at 300 °C, though the cause remains unclear.
Overall, from 250-400 °C, the band gap narrows slightly with increasing
temperature, while the intraband gap shrinks significantly. This narrow
intraband gap and visible-light absorption at high temperatures may
contribute to the visible light response of 8ALST in SOPC applications.

3.5. Interface reactions

The Electrochemical Impedance Spectroscopy (EIS) results under
dark and light conditions (Fig. 4a) show a reduction in the overall cell
impedance when illuminated, with the spectrum divided into high-
frequency and low-frequency processes at 100 Hz. The cell impedance
was modeled using a dual-process equivalent circuit with inductive
correction, decomposed into ohmic impedance (Ropm), high-frequency
impedance (Ry), and low-frequency impedance (Ry) [62,63]. Under
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dark conditions, Rgpm, Ry, and Ry, are 1.986, 2.968, and 0.961 Q*cm?,
respectively. Under light conditions, these values decrease to 1.748,
2.451, and 0.904 Q*cm?, respectively. Illumination causes a significant
reduction in Ry and a slight decrease in both Rony and Ry, with the
reduction in Ry accounting for 63.7 % of the total impedance decrease.
Rohm corresponds to the electrolyte’s ohmic resistance and is highly
related to bulk oxygen vacancies [64]. Ry, occurring in the frequency
range of 102-10° Hz, corresponds to charge transfer resistance and is
closely associated with carriers [65]. Ry, in the frequency range of 107
102 Hz, corresponds to the impedance related to water diffusion and
adsorption, and is influenced by electrode oxygen vacancies and struc-
tural factors [65]. It can be inferred that the reduction in Ry is due to the
photogenerated carriers enhancing the charge transfer process of the
hydrogen evolution reaction (HER), indicating that the photocatalytic
mechanism primarily drives the reduction in Ry and the generation of
photocurrent. Additionally, the slight decreases in Ronm and Ry, are
attributed to the photoreaction, which increases oxygen vacancies on
the photoresponsive electrode surface and throughout the cell,
contributing partially to the photocurrent. The EIS results within the
0.8-2.0 V range (Fig. S21) are more complex. Qualitatively, the high-
frequency impedance accounts for a larger proportion of the total
impedance at lower voltages than at higher voltages, suggesting that
lower voltages favor the reduction of high-frequency impedance domi-
nated by photocatalysis. This provides a strong explanation for the
preference for lower voltages in achieving higher percentage
photocurrents.

Furthermore, the time-frequency analysis of the light response
(Fig. 4b) more clearly illustrates the cell’s photo-response behavior
across different time scales. Based on the slope differences (d(PC)/d(log
(1)), the photo-response behavior can be qualitatively divided into three
stages: less than 10 s, between 10-600 s, and greater than 600 s. The
rapid photo-response within less than 10 s is attributed to photo-
generated carriers facilitating easier overcoming of the reaction energy
barrier for the hydrogen evolution reaction (HER), which follows the
photocatalytic pathway. The medium-speed photo-response between
10-600 s is due to photogenerated carriers causing reactions in the
photoelectrode material, leading to an increase in oxygen vacancies at
the cathode and, subsequently, in the entire cell, following the photo-
electrochemical pathway. This further explains and confirms the
reduction in ohmic and low-frequency impedance observed in the
Electrochemical Impedance Spectroscopy (EIS) results under illumina-
tion. The slow photo-response greater than 600 s is attributed to the
Light Healing Effect (LHE), which manifests significant differences only
in long-term steady-state tests (as shown in Fig. 2b).

The in-situ Fourier Transform Infrared (FTIR) spectra reveal the
changes in surface groups during the reaction process. The peaks at
1590, 2310, 2865, and 3400-4000 em ! correspond to the vibrations of
H,0-M, H-O-H, O-H, and M—OH (where M denotes metal Ti, Sr, La, or
Al) groups, respectively [66,67]. During the temperature increase from
50-500 °C (Fig. S22), the Hy0-M peak first strengthens and then
weakens. The initial strengthening is likely due to the kinetic advantage
of water adsorption at high temperatures, while the subsequent weak-
ening may result from the thermodynamic difficulty of water adsorption
at even higher temperatures (i.e., higher energy barriers for water
adsorption at elevated temperatures). The H-O-H group gradually
strengthens, indicating enhanced vibration of water molecules at higher
temperatures. Hydroxyl-related groups only show increased intensity
below 300 °C and remain relatively unchanged at higher temperatures.
Since hydroxyl groups correspond to intermediate species in the water
splitting reaction, this suggests that the temperature-promoted effect on
water splitting may saturate at relatively low temperatures. In the in-situ
FTIR spectra for dark (Fig. 4c) and light (Fig. 4d) reactions, no signifi-
cant changes were observed within the 5-30 min timescale, likely due to
the fast reaction rate at 500 °C reaching equilibrium within 5 min.
However, there are notable differences between the light and dark
conditions. For water molecule-related groups, no significant differences

Chemical Engineering Journal 504 (2025) 158794

were observed, while hydroxyl-related groups showed distinct differ-
ences. The M—OH group is more prominent under light conditions
compared to dark conditions, whereas the O-H group is more pro-
nounced in the dark than under light. This could be attributed to
different reaction pathways: dark reactions rely on thermochemical
water splitting involving surface oxygen vacancies, while light reactions
primarily involve photocatalytic water adsorption directly on metal
atoms without oxygen vacancies.

3.6. Proposed mechanism of SOPC

Solid Oxide Photoelectrolysis Cells (SOPCs) utilize the photo-
thermal-electric synergistic effects to split water for hydrogen produc-
tion. This study focuses on the generation of photocurrent and its un-
derlying mechanisms (Fig. 5). At high temperatures (~800 °C), the
8ALST photoresponsive electrode becomes rich in oxygen vacancies
(Oy) and exhibits significant intra-bandgap states caused by defects,
leading to notable visible-light absorption up to 800 nm. An electrical
bias of 0.8-2.0 V accelerates carrier transport, mitigating the recom-
bination of photogenerated carriers caused by bulk defects and high
temperatures, resulting in a remarkable external quantum efficiency
(EQE) of 30.2 %. Illumination alters surface reaction characteristics by
introducing new water-splitting reaction sites that are independent of
surface oxygen vacancies, significantly enhancing hydrogen evolution
reaction (HER) activity. The optical mechanism can be divided into
three temporal phases: less than 10 s, 10-600 s, and more than 600 s.
Within the first 10 s, the photoresponse is dominated by photocatalysis,
where photogenerated carriers in 8ALST reduce the charge transfer
resistance during HER, producing the majority (>50 %) of the photo-
current. Between 10 and 600 s, the photoresponse is governed by
photoelectrochemical reactions. Photoreactions on the 8ALST surface
create additional oxygen vacancies, which, in turn, increase bulk oxygen
vacancies, enhancing overall cell performance and generating the
remaining photocurrent. Beyond 600 s, the photoresponse is dominated
by the Light Healing Effect (LHE), where photo-induced oxygen va-
cancies slow down the accumulation of oxygen ions over time, sup-
pressing interfacial oxygen accumulation and secondary phase
formation, thereby mitigating cell degradation. Moreover, this effect
continues to enhance cell performance over long timescales, lasting at
least 40 h.

4. Conclusion

This study reports the first observation of significant photocurrent
generation in a Solid Oxide Photoelectrolysis Cell (SOPC) device
employing various aluminum-doped SrTiO3 (ALST) photoresponsive
electrodes based on ALST/YSZ/YSZ-LSM cells. Experimental results
demonstrated that 8ALST, prepared using the melting method, exhibited
superior optical and photocatalytic performance. An optimal photo-
current of 56.89 mA/cm? (equivalent to 10.62 mol/m2/h of hydrogen
production with an EQE of 30.2 %) was observed at 850 °C, 2.0 V, and
50 % H20 + 50 % Ha. An optimal percentage photocurrent of 21.39 %
(compared to dark current) was observed at 800 °C, 0.8 V, and 50 % H,0
+ 0 % Hy. Based on the percentage photocurrent, the 8ALST photo-
responsive electrode showed significant effectiveness at potentials
above the water-splitting threshold (> 0.8 V). It was highly responsive
to temperature changes, with a 50 °C variation leading to a 105.5 %
difference in photocurrent. The presence of hydrogen in the atmosphere
enhanced electrochemical performance, while higher water content
improved optical performance.

In further SOPC experiments, the relatively stable cell temperature
indicated that photocatalysis and photoelectrochemical reactions,
rather than photothermal effects, primarily drove the photocurrent.
During light/dark Electrochemical Impedance Spectroscopy (EIS),
changes in high-frequency impedance accounted for 63.7 % of the total
impedance change. In time-frequency analysis, most of the
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photocurrent was generated within 10 s of illumination, indicating that
changes in charge transfer impedance due to photogenerated carriers
(photocatalysis) played the primary role, while photoelectrochemical
reactions were secondary. Additionally, the Light Healing Effect (LHE),
driven by photo-induced oxygen vacancies, significantly mitigated cell
degradation, extending the cell’s lifespan by up to 3.59 times. At the
material level, aluminum doping via the melting method resulted in a
more regular cubic morphology, increased bulk oxygen vacancies, and
reduced Ti®* recombination centers, collectively suppressing photo-
generated carrier recombination and enhancing optical performance. In
contrast, aluminum doping via the sol-gel method and the strategy of
optical-electrical functional separation did not achieve the same
enhancement in optical performance compared to LST. As a semi-
conductor primarily absorbing ultraviolet light at room temperature,
8ALST exhibited significant visible-light absorption above 250 °C and
generated notable visible-light photocurrent (> 400 nm) in SOPC ap-
plications. At 800 °C, the Incident Photon-to-Current Efficiency (IPCE)
ranged from 19.3 % to 5.4 % in the 350-800 nm wavelength range, with
a significant decline in visible-light absorption upon cooling. This
expanded absorption range and temperature-dependent optical
behavior highlight 8ALST’s potential to optimize solar energy utilization
in SOPCs, making it a versatile material for solar-driven hydrogen pro-
duction under varying operational conditions.
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