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Abstract 
This work reports the first functional implementation of SbSeI as a photocathode for photoelectrochemical 
hydrogen production via water splitting. SbSeI is a quasi-one-dimensional chalcohalide semiconductor that 
naturally forms nano/micro-ribbon structures, offering highly anisotropic charge transport and an increased 
interfacial surface area for photoelectrochemical reactions when properly oriented. Operating in neutral 
phosphate buffer, the SbSeI devices achieve a photocurrent density of 1.2 mA/cm², a half-cell solar-to-
hydrogen efficiency of 0.4%, and an onset potential of 0.6 VRHE. Stable hydrogen evolution is sustained under 
continuous operation, demonstrating the intrinsic robustness of the material system under working 
conditions. A comprehensive structural, morphological, and photoelectrochemical characterization is 
presented, elucidating how absorber morphology and interfacial engineering govern charge transfer, 
efficiency, and stability. Importantly, these performances are achieved using simple device architectures, 
neutral electrolytes, and without reliance on scarce or noble metal nanoparticle catalysts, highlighting SbSeI 
as a sustainable and promising photocathode material for solar-driven hydrogen production.

Page 1 of 18 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 9
:1

6:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TC00789A

https://www.google.com/search?q=%C3%BC+%28Umlaut%2FDieresi%29&rlz=1C1VDKB_esES1015ES1015&oq=u+con+puntinio&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQABiABDIHCAIQABiABDIHCAMQABiABDIHCAQQABiABDIHCAUQABiABDIHCAYQABiABDIHCAcQABiABDIICAgQABgWGB4yCAgJEAAYFhge0gEIMTc3MmowajeoAgCwAgA&sourceid=chrome&ie=UTF-8&ved=2ahUKEwjE48aRlfKRAxWdlP0HHY9-H40QgK4QegYIAQgAEAQ
mailto:lluis.soler.turu@upc.edu
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tc00789a


2

Introduction
The rapidly increasing global demand for renewable and sustainable energy has intensified efforts to develop 
clean technologies capable of addressing both environmental and energy-related challenges. Among these, 
photoelectrochemical (PEC) water splitting has emerged as a promising approach for solar-driven hydrogen 
(H2) production, enabling the direct conversion of sunlight into chemical fuel using semiconductors as light 
absorbers. 1–5

In PEC systems, photogenerated charge carriers extracted from a semiconductor drive the hydrogen 
evolution reaction (HER) and the oxygen evolution reaction (OER) at solid–liquid interfaces. For HER, the 
conduction band minimum (CBM) of the semiconductor must lie at a more cathodic potential than the H⁺/H₂ 
redox level (−4.44 eV vs. vacuum), while OER requires the valence band maximum (VBM) to be positioned at 
a more anodic potential than the H₂O/O₂ redox level (−5.67 eV vs. vacuum).6–8 In practice, however, kinetic 
limitations associated with interfacial charge transfer and multielectron reactions introduce additional 
overpotentials, thereby increasing the effective energetic requirements for an efficient PEC operation.9

In this context, quasi-one-dimensional (Q1D) van der Waals semiconductors have recently attracted growing 
interest as emerging candidates for energy conversion applications.10 These materials combine low toxicity, 
non-critical raw material composition, and defect tolerance with a highly anisotropic crystal structure.11 
Unlike conventional three-dimensional semiconductors, many Q1D materials exhibit strong covalent bonding 
along one crystallographic direction and weak van der Waals interactions along the other two directions.12 
This pronounced anisotropy gives rise to ribbon-like nano/micro-structures with directional charge transport, 
improved light trapping, and reduced optical reflection. Additionally, in the context of PEC, their high surface 
area can facilitate electrolyte adsorption.13

To date, experimental reports on Sb(Bi)Se(S)I(Br)  chalcohalides for HER and/or OER remain extremely 
limited. Only a few materials in this class, such as SbSI 14 and BiSI 15, have shown early signs of measurable 
PEC photoactivity. For the majority of chalcohalides no direct HER/OER performance metrics have yet been 
published. The existing literature comprises either photocatalytic degradation studies or theoretical 
predictions suggesting favourable band alignments for water splitting.16Among Q1D compounds, SbSeI 
represents a particularly compelling yet under-investigated material. Despite being among the most studied 
chalchohalides, effort in research has been mainly focussed towards a material synthesis/characterization 
perspective,17–20 while its implementation in functional PEC devices remains unexplored. From an energetic 
standpoint, SbSeI exhibits a favourable band alignment for HER : its conduction band position  (−4.01 eV vs. 
vacuum), (Fig.S1)  provides sufficient driving force for proton reduction, even when accounting for kinetic 
overpotentials (  ̴0.1 eV 9). Simultaneously, its valence band position (−5.71 eV vs. vacuum) (Fig.S1) limits the 
energetic driving force for water oxidation at the photocathode–electrolyte interface,  a possible cause of 
performance loss and instability in PEC photocathodes. 21 

Beyond intrinsic band energetics, morphology and surface chemistry can also play a decisive role in 
determining PEC performance. 22 Actually, in both photocatalysis (PC) and PEC, the overall reaction kinetics 
are often limited by interfacial charge-transfer and product desorption processes rather than by bulk charge 
generation/transfer. While photogenerated charges are formed on ultrafast timescales (femtoseconds) and 
charge transport/recombination typically occur in the picosecond to millisecond timescale, surface 
electrochemical reactions generally proceed more slowly, ranging from nanoseconds (oxidation or reduction 
involving trapped carriers) to milliseconds (product desorption).23 Consequently, the morphology of the 
semiconductor layer in direct contact with the electrolyte plays a critical role in determining the PEC 
performance.

Moreover, to further decouple intrinsic material properties from degradation-related effects, surface and 
interface engineering strategies are also required. In this context, ultrathin protective layers represent an 
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effective approach to stabilize the semiconductor–electrolyte interface while preserving efficient charge 
transfer. When sufficiently thin, these layers can suppress direct contact between the absorber and the 
electrolyte, mitigate surface recombination, and enhance operational stability, while still allowing 
photogenerated carriers to tunnel to the electrolyte interface. 24 The thickness and electronic properties of 
such overlayers are critical, as excessive thickness or poor conductivity can introduce resistive losses and limit 
photocurrent extraction.

Here, we report the first functional SbSeI-based photocathodes for PEC HER. By systematically investigating 
the effects of absorber morphology, ultrathin TiO₂ passivation, and interfacial charge-transfer dynamics, we 
demonstrate how the unique Q1D structure of SbSeI can be leveraged to achieve stable and reproducible 
PEC performance even without the need for scarce and expensive noble nanoparticles. The high tunability of 
the columnar SbSeI structure is presented and exploited to investigate three distinct morphologies, aiming 
to balance photon absorption and reactant accessibility while avoiding excessive shadowing effects or 
product trapping phenomena that could hinder interfacial charge transfer. A detailed comparison between 
bare and protected SbSeI absorbers is presented, both in terms of photoelectrochemical behaviour and 
structural evolution. Photocurrent densities, half-cell solar to hydrogen (HC-STH) efficiencies, and onset 
potentials (Von) have been studied for the different device configurations. To prioritize sustainability and 
future scalability, the PEC architecture and testing conditions were deliberately chosen to exclude acidic 
electrolytes and expensive or scarce nanoparticle catalysts, with all measurements performed in neutral 
phosphate buffer. The stability of the devices in operation under continuous bias and illumination was also 
assessed. 

Experimental 
Device fabrication

Fluorine-doped tin oxide (FTO) coated SLG (Soda Lime Glass) (Sigma-Aldrich, TEC 15) has been used as a 
conductive substrate. FTO was selected as the back contact due to its widespread use in PEC systems and its 
superior chemical stability in aqueous electrolytes. 25,26 Before the absorber deposition, substrates were 
subjected to a multistep cleaning protocol. This procedure consisted of an initial manual cleaning using 
deionized water and laboratory detergent (Liquinox), followed by sequential ultrasonic baths (10 min each) 
in isopropanol and Milli-Q water. Finally, the substrates were treated in an ozone cleaner for 10 min to 
remove residual organic contaminants and enhance surface wettability. 

Sb2Se3 precursor layers were deposited using a co-evaporation system (Kenosistec 500 CK CLUSTER ) 
operated at a base pressure of 5 × 10⁻⁷ mbar. The deposition sequence began with the evaporation of a thin 
Sb seed layer for 60 s (Sigma-Aldrich, 100 mesh, 99.5%) onto substrates maintained at 270 °C. Subsequently, 
Sb and Se (Thermo Scientific, 200 mesh, 99.999% purity) were co-evaporated to form a Sb₂Se₃ film with a 
target thickness of  500 nm. Upon completion of the deposition, the substrates were allowed to cool down 
naturally to 180 °C. During this cooling stage, Se evaporation was maintained in order to mitigate Se loss 
through re-evaporation from the freshly deposited film.

The conversion of Sb₂Se₃ into SbSeI was achieved via a thermal treatment conducted in a high-pressure 
furnace (MTI corporation). For this process, FTO/Sb₂Se₃ samples were placed inside a covered Petri dish 
together with 100 mg of SbI₃ powder (Thermo Scientific, 99.999% purity). The furnace temperature was 
increased at a controlled rate of 10 °C/min to the target final temperature. All the annealing processes were 
performed under an initial Ar pressure of 4.5 bar. Three different processes have been performed in order 
to vary the obtained morphology of the resultant SbSeI. For SbSeI(1) and SbSeI(2), the final temperature 
(isothermal hold) was set to 450 °C, and kept for 30 min and 1 min, respectively. For SbSeI(3), the final 
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temperature was set to 250 oC and kept for 60 min. In all the cases, the system was allowed to cool down 
naturally to room temperature.

Surface passivation of the SbSeI absorber was realized by depositing a thin TiO₂ layer via atomic layer 
deposition (ALD) using a Savannah S200 system (Cambridge NanoTech). Tetrakis(dimethylamino)titanium(IV) 
(TDMAT) and deionized water (resistivity 16 MΩ cm) were employed as the metal and oxidant precursors, 
respectively, while high-purity nitrogen (99.999%) served as both carrier and purge gas. The deposition was 
carried out at a chamber temperature of 120 °C and a pressure of 0.1 mbar to prevent SbSeI degradation. 
The pulse times for TDMAT, DI-H₂O, and the N2 purge steps were 0.02 s, 0.8 s, and 0.02 s, respectively. The 
TiO₂ thickness was controlled by adjusting the number of ALD cycles, yielding final layer thicknesses of 3 nm 
or 10nm.

The completed devices were cleaved into   ̴1 cm² samples for electrochemical testing. The electrical contact 
was established by selectively scribing the upper layers to expose the underlying back contact. A copper wire 
was then attached using an indium solder, ensuring a low-resistance and a mechanically stable connection. 
To prevent an undesired electrolyte contact and parasitic illumination effects, the edges of each device were 
sealed using adhesive Teflon tape, leaving only the defined active area exposed to the electrolyte and the 
light source.

Characterization 

The thickness and elemental composition of the Sb₂Se₃ and SbSeI films were routinely monitored after each 
deposition by X-ray fluorescence (XRF) spectroscopy (Fisherscope X-ray XDAL 237 SSD, 50kV, Ni10 filter) to 
confirm the Sb:Se:I atomic ratio of 1:1:1. Additional confirmation of the 1:1:1 stoichiometry is provided by 
energy-dispersive X-ray spectroscopy (EDX) reported in our previous work.27

Raman measurements were performed in backscattering geometry with a Renishaw inVia Qontor 
spectrometer equipped with a 532 nm laser source. To minimize laser-induced heating effects, the incident 
power was limited to 0.5 mW. Spectral calibration was carried out using the first-order Raman peak of 
monocrystalline silicon.

Structural characterization was conducted by X-ray diffraction (XRD) using a Bruker D8 Advance 
diffractometer operating in Bragg–Brentano configuration with Cu Kα radiation (λ = 1.54187 Å). Diffraction 
patterns were collected over a 2θ range from 20° to 80° with a step size of 0.01°, and the data were analyzed 
using the “X’Pert HighScore” software.

XPS (X-ray Photoelectron Spectroscopy), LEIPS (Low Energy Inverse Photoemission Spectroscopy) and LEET 
(Low Energy Electron Transmission) characterizations were performed in CCiTUB using ESFOSCAN, an 
equipment based on the PHI VersaProbe 4 instrument from Physical Electronics (ULVAC-PHI). XPS 
measurements were carried out using a monochromatic focused Al K X-ray source (1486.6 eV). The 
analysed area was a circular spot of 100 m in diameter, and the energy resolution was set to 224 eV Pass 
Energy with 0.8 eV/step for survey spectra, and 27 eV Pass Energy with 0.1 eV/step for high resolution 
spectra.  Measurements were performed using a Helium source (21.22 eV) calibrated using an Ag reference 
sample with a work function of 4.27 eV. The analysed area was approximately 1.5 mm in diameter, and the 
energy resolution was set to 1.3 eV Pass Energy with 0.01 eV/step. Spectra were acquired both with and 
without applying a negative bias voltage of approximately −10 V to the sample. The LEIPS spectra were 
performed with a 10 eV electron source incident on the sample with lower values because the support is 
biased while measuring, and a 4.22 eV bandpass filter higher than the expected electron affinities. All 
measurements were performed in an ultra-high vacuum (UHV) chamber at pressures between 5x10-10 and 
5x10-9 Torr. Data analysis was performed using the MultiPak software (V. 9.9.2).
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The morphological analysis was performed by scanning electron microscopy (SEM) using a Zeiss Auriga field-
emission microscope. Images were acquired at an accelerating voltage of 5 kV, under a chamber pressure of 
approximately 4.17 × 10⁻⁶ mbar, and with working distances between 3 and 5 mm. Samples were mounted 
on standard SEM stubs using conductive carbon tape.

To quantitatively evaluate the morphological differences between the SbSeI samples synthesized under 
different conditions, a statistical analysis of the column widths was performed. For each morphology, the 
widths of 150 individual columns were digitally measured from representative SEM micrographs. The 
resulting datasets were analyzed and fitted using a lognormal distribution model. The goodness of fit was 
evaluated using the chi-square test implemented in Origin software, confirming that the data were well 
described by a lognormal distribution. The extracted distributions were then used to compare the shift in 
column width as a function of synthesis conditions.

PEC measurements were carried out at room temperature using a potentiostat/galvanostat (Autolab 
PGSTAT101 with impedance module, Metrohm) in a standard three-electrode configuration (Fig.S2) 
following the procedure previously reported in our earlier work 28. The SbSeI-based device functioned as the 
working electrode (WE), while a Pt foil (Metrohm, 1 cm² active area) and an Ag/AgCl electrode in 3 M KCl 
(Metrohm) served as the counter (CE) and reference (RE) electrodes, respectively. 

Measurements were conducted in 1 M phosphate buffer, prepared by mixing KH₂PO₄ and K₂HPO₄ in a 1:2 
molar ratio. A neutral phosphate buffer was chosen as the main electrolyte in this study, as it represents a 
more sustainable and application-relevant alternative to strongly acidic media such as sulfuric acid. From a 
system-integration perspective, neutral electrolytes are particularly attractive for the realization of full-cell 
PEC devices, where photocathodes for the HER and photoanodes for OER must operate simultaneously. 
While acidic environments can artificially enhance photocathodes' performance by increasing proton 
availability, they are generally incompatible with many photoanode materials, which often exhibit improved 
stability and activity under near-neutral or alkaline conditions.29 Therefore, evaluating SbSeI photocathodes 
in phosphate buffer provides a more realistic assessment of their potential for practical PEC water-splitting 
systems.30 The three electrodes and the electrolyte were located in a 400 cm3 quartz cuvette (Cuarzo y 
Vidrio). Before each experiment, freshly prepared electrolytes were purged with Ar for 20 min to remove 
dissolved gases and ensure a reliable correlation between the measured photocurrent densities (J) and H2 
evolution at the photocathode surface.

Simulated solar illumination was provided by a calibrated AAA-class Ossila solar simulator equipped with an 
LED light source and operated under standard AM 1.5G, 1 Sun conditions. The distance between the light 
source and the WE was fixed at 8.5 cm for all measurements. The light intensity was verified using a Thorlabs 
optical power meter coupled to an integrating sphere. To ensure a reproducible homogeneous illumination, 
the exposed WE area was restricted to approximately 1 cm², and the exact active area was determined 
digitally for accurate J calculations. Taking into account the 10 nA current resolution of the potentiostat and 
the 0.01 mm precision in area determination, J values are reported with two decimal digits, neglecting minor 
instrumental uncertainties. 

Linear sweep voltammetry (LSV) measurements were conducted under cathodic scan conditions at a scan 
rate of 0.01 V/s. Chopped illumination experiments were performed using a custom-built external 
mechanical shutter operating with a 4 s cycle (2 s light / 2 s dark). The Von was determined by selecting the 
first bias voltage at which a negative photocurrent was detected. 

Cyclic voltammetry (CV) measurements were performed over a potential range from 1.0 to −0.4 VRHE 
(Reference Hydrogen Electrode) for five consecutive cycles. Measurements were carried out both under 
illumination and in dark conditions to independently assess the influence of applied potential and light 
excitation. 
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Chronoamperometric (CA) stability tests were performed under chopped illumination at a fixed applied 
potential corresponding to the maximum efficiency point, as determined from the HC-STH analysis of each 
device. 

Open-circuit photovoltage (Vocp) measurements were performed by recording the potential under 
continuous illumination for 1 min until stabilization, followed by dark conditions until a steady-state potential 
was reached. 

Photoelectrochemical impedance spectroscopy (PEIS) was carried out at 0 VRHE over a frequency range from 
10⁵ to 10⁻¹ Hz. The obtained impedance spectra were analyzed by fitting to an equivalent circuit model using 
ZView software. 

Elemental analysis of the post-measurement electrolyte solutions was performed using inductively coupled 
plasma optical emission spectroscopy (ICP-OES, Agilent 5100) to quantify potential material dissolution from 
the WE during the photoelectrochemical tests.

Direct H2 quantification was performed using a calibrated micro gas chromatograph (Micro-GC 990, Agilent) 
equipped with MS 5 Å, Plot U, and Stabilwax columns, and connected in-line to a H-type sealed PEC cell (DEK 
Research Instrumentation). A constant flow of N₂ (20 mL/min), regulated by a mass flow controller, was used 
as the carrier gas and continuously fed into the cell. The anodic and cathodic compartments were separated 
by a Nafion N-177 proton exchange membrane, ensuring selective proton transport while preventing 
crossover of the evolved gases in the different compartments.

To enable a consistent comparison among different devices and electrolyte environments, all measured 
potentials referenced to the Ag/AgCl electrode were converted to the RHE scale following the Nernst 
equation (Eq. 1): 28,31

                                                         VRHE = VAg/AgCl + E0
Ag/AgCl + R⋅T⋅ln(10)⋅pH

F
(1)

Where, 𝑉Ag/AgCl corresponds to the experimentally applied potential, 𝐸0
Ag/AgCl is the standard potential of 

the Ag/AgCl reference electrode (0.197 V), and pH denotes the acidity of the electrolyte. The universal gas 
constant 𝑅 (8.314 J mol⁻¹ K⁻¹), the working temperature 𝑇 (298 K), and Faraday’s constant 𝐹 (96485 C mol⁻¹) 
were used in their standard form.

The half-cell solar to hydrogen (HC-STH) efficiency was calculated according to Eq. 2: 28,32

                                                          HC-STH (%) =
J x (𝑉𝑅𝐻𝐸―𝑉𝐻+/𝐻2

)

𝑃𝑠𝑢𝑛
∗ 100% (2)

Where, 𝐽 represents the measured photocurrent density (mA/cm²), 𝑉H+/H2 is the hydrogen reduction 
potential, fixed at 0 VRHE, and 𝑃sun is the incident simulated solar power density under AM 1.5G illumination 
(100 mW/cm²). 

The applied bias photon-to-current efficiency (ABPE) was calculated according to Eq.3: 33 

ABPE (%) = 𝐽 𝑥 (1.23―𝑉𝑅𝐻𝐸)
𝑃𝑠𝑢𝑛

 * 100%                                             (3)

All the reported J, Von and HC-STH efficiencies with their corresponding confidence intervals were obtained 
by averaging the J over three independent measurements for each condition, ensuring statistical reliability 
and reproducibility of the reported values.

Incident Photon-to-Current Efficiency (IPCE) spectra were obtained using monochromatic illumination, 
sequentially selecting discrete wavelengths. The irradiance of each LED was calibrated using an S120VC 
calibrated photodiode and a PM100D console (Thorlabs) before every measurement to ensure accurate 

Page 6 of 18Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 9
:1

6:
56

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TC00789A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tc00789a


7

photon flux determination at the electrode surface. J was recorded for both bare and TiO₂-protected SbSeI 
photoelectrodes. IPCE values were calculated according to Eq.4: 33

                                                                  IPCE (%) = 1240 𝐽
𝜆 𝑃

(4)

Where P is the calibrated LED irradiance (mW/cm2), and λ is the illumination wavelength (nm). 
Measurements were performed at 0 VRHE and at the applied bias corresponding to the maximum HC-STH 
efficiency extracted from LSV.

Results and Discussion 
Firstly, the PEC performance of SbSeI absorbers with different morphologies was investigated following the 
setup depicted in Fig. S2. The synthesized SbSeI samples exhibited a nano/micro-columnar growth regime, 
which can be advantageous for PEC operation. A nanostructured morphology can increase the effective 
surface area, thereby enhancing the density of available catalytic sites and promoting reactant adsorption at 
the semiconductor–electrolyte interface. In addition, such architectures may improve light harvesting 
through enhanced optical path lengths. 34 However, excessively complex or densely packed nanocolumnar 
networks can be detrimental, as they may induce shadowing effects and hinder the efficient release of 
gaseous reaction products (H₂ and O₂) from the surface. Gas accumulation within the porous structure can 
partially block active sites and locally isolate the electrode from the electrolyte, ultimately leading to a 
significant reduction in device performance. To balance the competing effects between surface area and 
charge transport, three distinct SbSeI morphologies were investigated as an initial screening (Fig. 1a): 
SbSeI(1), SbSeI(2), and SbSeI(3). This approach enabled a systematic transition from smaller, compact, and 
densely packed columnar structures to larger, more spatially distributed column networks, while preserving 
the phase purity of the SbSeI absorber.

The statistical distribution of column widths is presented in Fig. 1d. A clear shift in the distribution is observed 
as a function of synthesis conditions, moving from predominantly wider columns (1100nm) in SbSeI(1) to 
significantly thinner columns (250 nm)  in SbSeI(3), with SbSeI(2) exhibiting intermediate dimensions 
(500nm). This progressive narrowing of the column width reflects the controlled modulation of the growth 
kinetics during synthesis.

The three devices were characterized through LSV under chopped illumination to assess their photo-
response, to identify possible parasitic photoelectrochemical processes beyond the HER, and to extract key 
performance parameters, including J, Von, and HC-STH efficiency. 
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Fig. 1. Top-view scanning electron microscopy images of different morphologies of SbSeI (a). Linear sweep 
voltammetry under chopped illumination (b) and the corresponding half-cell solar-to-hydrogen efficiency (c) 
of FTO/SbSeI photocathodes. Column width distribution of the different SbSeI morphologies (d). Linear 
sweep voltammetry under chopped illumination (e) and the corresponding half-cell solar-to-hydrogen 
efficiency (f) of FTO/SbSeI/TiO₂ photocathodes.

As presented in Fig.1b, for all the devices, a similar Von around 0.6 VRHE was observed. This behaviour is 
expected, as Von is primarily governed by the energetic alignment of the semiconductor with respect to the 
H2 redox level.35 Since all samples share the same material composition, stack configuration (FTO/SbSeI), and 
electrolyte environment (neutral phosphate buffer), the variations in morphology alone are not expected to 
significantly alter the band energetics or the built-in electric field responsible for initiating photogenerated 
charge transfer. Consequently, both the Von and the overall shape of the LSV curves remain largely unchanged 
across the three morphologies. Nevertheless, pronounced differences are observed in J, which is strongly 
influenced by the interfacial properties of the absorber. As shown in Fig 1.b, SbSeI(2) reached a J of 1.1 
mA/cm² at 0 VRHE under illumination, nearly twice that obtained for SbSeI(1) and SbSeI(3), which both exhibit 
values around 0.6 mA/cm² at the same potential. A similar trend is reflected in the HC-STH efficiency (Fig.1c), 
which reaches approximately 0.2% for SbSeI(2) , compared to 0.1% for SbSeI(1) and SbSeI(3). The enhanced 
J observed for SbSeI(2) can be attributed to a more favourable balance between accessible surface area and 
effective electrolyte contact. While all morphologies provide nanostructured interfaces, SbSeI(2) likely 
maximizes the density of electrochemically active sites without introducing excessive shadowing effects or 
gas trapping within the columnar network. This optimized architecture facilitates more efficient charge 
transfer at the semiconductor–electrolyte interface and improves the extraction of photogenerated e- for 
HER, thereby increasing the steady-state J without decreasing overpotential. Consistent with this 
interpretation, the maximum HC-STH occurs at similar potentials for all three devices. This indicates that the 
operating voltage at which optimal power conversion is achieved is mainly determined by the intrinsic 
photoelectrocatalytic performance of the SbSeI-based photocathode rather than by morphological 
variations, which instead modulate the magnitude of the J. 

In all cases, a shoulder feature is observed in the LSV curves around 0.3 VRHE. This feature is likely associated 
with competing surface processes or parasitic electrochemical reactions occurring on the uncovered SbSeI 
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surface, which can locally consume photogenerated carriers and reduce the effective J available for HER. The 
persistence of this feature across all morphologies suggests that its origin is intrinsic to the particular SbSeI–
electrolyte interface under these conditions rather than morphology-specific.

To decouple morphological effects from side reaction-related phenomena, all three SbSeI photocathodes 
were coated with an ultrathin TiO₂ protective layer (3 nm). The introduction of this passivation layer served 
two main purposes: (i) to suppress direct contact between the absorber and the electrolyte, thereby 
mitigating surface side reactions, and (ii) to ensure that the observed differences in the photoelectrochemical 
performance can be attributed primarily to the SbSeI different morphology rather than to unequal side-
reaction rates among the samples. After the TiO₂ deposition, SbSeI(2) exhibited again the highest PEC 
performance, confirming that its superior behaviour was intrinsic and not linked to undesired side redox 
reactions over the unprotected SbSeI surface. The Von and J values remain essentially unchanged (Fig.1e) 
compared to the corresponding un-passivated devices (Fig.1b). However, the HC-STH efficiency increased 
from approximately 0.2% (Fig.1c) to nearly 0.4% (Fig.1f), representing an almost twofold improvement. In 
addition, the LSV curves of the TiO₂-protected devices displayed a noticeably cleaner profile, with the 
disappearance of the previously observed shoulder around 0.3 VRHE for the unprotected SbSeI samples, which 
was associated with parasitic surface reactions. The ABPE was calculated for all devices according to Eq.3 and 
is reported in Fig.S3. The FTO/SbSeI/TiO₂ photocathode achieves a maximum ABPE of 1.4% at low applied 
bias, consistent with the superior PEC performance of SbSeI(2) identified from the HC-STH analysis. The 
relative ranking of the three morphologies is preserved across both metrics, further confirming that SbSeI(2) 
represents the optimal morphology among the tested configurations. Consequently, from this point onward, 
all the further studies in this work were performed on SbSeI(2) based devices (shortened to “SbSeI” in the 
text for simplicity) since it was the morphology that achieved the best PEC performance among the tested 
samples.

To further investigate the role of TiO₂ thickness, additional photocathodes were fabricated with a thicker 
TiO₂ overlayer (10 nm) deposited under the same low-temperature ALD conditions. Fig.S4 compares the LSV 
curves and HC-STH efficiencies of the bare FTO/SbSeI, FTO/SbSeI/TiO₂ (3nm) and FTO/SbSeI/TiO₂ (10nm) 
photocathodes. While the Von remains essentially unchanged across all three configurations, a pronounced 
decrease in J and HC-STH efficiency is observed for the 10 nm TiO₂-coated device. This behaviour suggests a 
transition in the functional role of the TiO₂ layer as its thickness increases. At a thickness of 3 nm, TiO₂ 
primarily acts as a conformal protective and passivating overlayer, effectively suppressing surface changes 
while remaining sufficiently thin to allow an efficient charge tunneling across the SbSeI/TiO₂ interface. In 
contrast, a 10 nm TiO₂ layer behaves as a selective contact layer, imposing a possible additional transport 
barrier for photogenerated e-.36  Since the TiO₂ films were deposited at low temperature to prevent SbSeI 
decomposition, the resulting oxide is expected to be relatively resistive and to exhibit limited conductivity.18 
As a consequence, increasing the TiO₂ thickness leads to an increased resistance and reduced charge-transfer 
efficiency, ultimately limiting J and overall HC-STH. These results highlight the critical importance of TiO₂ 
thickness optimization in photocathodes. While ultrathin TiO₂ layers effectively improve performance and 
stability by passivating the absorber surface, thicker films deposited under low-temperature conditions may 
hinder charge transport and are therefore unsuitable without additional doping, post-deposition treatments, 
or alternative contact engineering strategies. Hence, 3 nm TiO2 were selected for further analysis in this work.

To gain deeper insight into the role of TiO₂ passivation on interfacial charge-transfer processes, PEIS 
measurements were performed under illumination for the two representative systems: FTO/SbSeI and 
FTO/SbSeI/TiO₂. Fig.2a presents the corresponding Nyquist plots. The TiO₂-coated photocathode exhibits a 
reduced semicircle diameter compared to the bare absorber, indicating a decrease in the interfacial charge-
transfer resistance and, consequently, faster charge-transfer kinetics at the semiconductor–electrolyte 
interface. 37 Quantitative analysis was carried out by fitting the impedance spectra using an equivalent circuit 
model implemented in ZView software. The extracted charge-transfer resistance values are approximately 7 
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kΩ for the bare FTO/SbSeI device and 6 kΩ for the TiO₂-coated photocathode. This behavior, combined with 
the metrics extracted from LSV, suggests that TiO₂ effectively suppresses non-radiative recombination 
pathways and parasitic surface reactions of the SbSeI, thereby improving charge utilization for HER rather 
than merely reducing resistance. These results support the use of ultrathin TiO₂ layers as an effective and 
environmentally benign strategy to enhance both efficiency and operational robustness without relying on 
aggressive or less sustainable electrolytes.

Vocp analysis was conducted under light and dark conditions (Fig.2b) for both protected and unprotected 
devices. Upon illumination, both electrodes show a clear positive shift in potential, indicating effective 
photoinduced charge separation even without an external bias. However, the TiO2-covered device achieves 
a higher photovoltage (0.60 VRHE) compared to bare SbSeI (0.55 VRHE), demonstrating enhanced interfacial 
quality and more efficient charge separation. Notably, the TiO2 modified sample also maintains a higher 
potential in the dark, suggesting improved surface passivation and suppression of non-radiative charge loss 
pathways. Further insight into interfacial dynamics can be drawn from the transient response. In the 
unprotected electrode, a sharp dip in Vocp is followed by slow recovery, linked to fast recombination and 
delayed charge redistribution. In contrast, the passivated sample exhibits a much smoother decay profile, 
consistent with reduced defect activity.

IPCE measurements were performed on both bare and TiO₂-protected SbSeI photocathodes at two applied 
potentials, 0 VRHE and 0.4 VRHE (Fig.2c). The latter was selected because both devices exhibit their maximum 
HC-STH efficiency at this bias, enabling a fair comparison under optimal operating conditions. At both 
potentials, the TiO₂-protected photocathode consistently shows higher IPCE values across the entire 
investigated spectral range, indicating more efficient photon-to-electron conversion upon surface 
passivation. For both devices, the IPCE recorded at 0 VRHE was systematically higher than that measured at 
0.4 VRHE, in agreement with the larger J observed at zero bias. This behavior reflects bias-dependent charge 
extraction and interfacial charge-transfer kinetics rather than changes in optical absorption.38 The IPCE 
spectra exhibit a pronounced response in the visible region, with a gradual decrease toward longer 
wavelengths. The J contribution drops beyond ~750 nm, consistent with the optical band gap of SbSeI (1.7 
eV) (Fig S1) , confirming that the photoresponse is governed by intrinsic band-to-band absorption. At 
wavelengths longer than the band-gap cutoff (850–950 nm), the IPCE approaches zero for both devices, as 
expected for sub-band-gap excitation.39 The residual non-zero signal observed in this region is attributed to 
diffuse and stray light within the measurement chamber rather than genuine photoconversion processes. 
Importantly, the similar spectral shape of bare and protected devices suggests that the TiO₂ overlayer does 
not alter the light-harvesting properties of SbSeI, while the enhanced IPCE values indicate improved charge 
separation efficiency and reduced surface recombination losses.40

To further confirm that TiO₂ passivation improves not only efficiency but also electrochemical stability under 
operating conditions, CV on both devices (Fig.2d and Fig.2e) were first carried out under dark conditions, 
followed by illumination, in order to separately assess the influence of applied bias voltage and 
photoexcitation. For the unprotected SbSeI photocathode, a pronounced, non-reversible peak is observed at 
approximately 0.3 VRHE, both in the dark and under illumination. This feature is consistent with the shoulder 
detected in the LSV curves at the same potentials (Fig 1b) and is attributed to surface oxidation processes 
occurring on the bare absorber (Fig 3a). Conversely, the TiO₂-protected device does not exhibit this peak 
under either dark or illuminated conditions (Fig. 3e), indicating that the passivation layer effectively inhibits 
surface oxidation and suppresses the associated parasitic electrochemical reactions. This observation 
provides direct electrochemical evidence of the protective role of the TiO₂ overlayer. 

CA measurements were performed (Fig.2f) on both unprotected and protected SbSeI photocathodes at a 
fixed applied potential corresponding to the maximum efficiency point, as determined from the HC-STH 
analysis. This test was used to directly assess the operational stability of the devices under continuous 
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photoelectrochemical operation. The unprotected SbSeI photocathode exhibits an initially stable and 
measurable J, however, the current decays after the first 10 min of operation and subsequently drops to 
nearly zero. This abrupt loss of activity is indicative of short-term stability followed by surface degradation, 
consistent with the oxide formation and parasitic reactions that will be further analyzed in Fig.3. In contrast, 
the TiO₂-passivated photocathode demonstrates markedly improved stability. J remains constant during one 
hour of continuous operation, retaining almost 100% of its initial value. Beyond this period, a gradual decline 
in J is observed. This substantial improvement highlights the effectiveness of the ultrathin TiO₂ layer in 
protecting the SbSeI absorber from rapid degradation while maintaining efficient charge transfer for HER.

Fig. 2. Photoelectrochemical impedance spectroscopy (a), open-circuit photovoltage (b), incident photon-to-
current efficiency (c) of FTO/SbSeI and FTO/SbSeI/TiO₂ photocathodes. Cyclic voltammetry of FTO/SbSeI (d) 
and FTO/SbSeI/TiO₂ (e) measured under both dark and illuminated conditions. Chronoamperometry (f) of 
FTO/SbSeI and FTO/SbSeI/TiO₂ photocathodes.

To directly measure H2 evolution, GC measurements were conducted using a fully sealed H-type cell, in which 
the working and counter electrodes were physically separated into two compartments. Under PEC operation, 
a clear and well-defined H₂ signal was directly detected (Fig. S5), confirming H2 production at the 
photocathode. This observation, together with the post-PEC structural and compositional characterization 
discussed below, demonstrates that the measured J is associated with HER rather than parasitic side 
reactions or capacitive processes.

To assess the structural and phase stability of the SbSeI absorber, Raman spectroscopy was performed on 
both protected (Fig.3a) and unprotected (Fig.3d) devices before and after PEC operation. Raman spectra 
collected from the fresh samples display only the characteristic vibrational modes of SbSeI, 41 with no 
detectable secondary phases, confirming the phase purity of the as-prepared absorbers. After PEC testing, 
only the Raman spectrum of the unprotected SbSeI device reveals the emergence of an additional peak at 
255 cm⁻¹, which is attributed to the formation of oxide species (Sb2O3) at the surface.41 This result 
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corroborates the electrochemical signatures observed in the CV and LSV measurements and confirms that 
surface oxidation occurs during PEC operation in the absence of passivation.

Notably, no corresponding changes are observed in the XRD patterns of either sample before and after PEC 
testing (Fig.3b and Fig.3e). In all cases, the diffraction profiles exhibit sharp, well-defined reflections 
consistent with crystalline SbSeI,13,18 crystallizing in an orthorhombic cell, Pnma space group. The absence of 
detectable changes in XRD can be attributed to the inherently surface-sensitive nature of Raman 
spectroscopy compared to XRD. While Raman probes the near-surface region where oxidation occurs, XRD 
predominantly reflects the bulk crystallographic structure of the absorber. As a result, thin or amorphous 
oxide layers forming at the surface during PEC operation remain below the detection limit of XRD and do not 
significantly affect the bulk diffraction signal.

XPS measurements were performed on both bare (Fig. 3c) and TiO₂-protected (Fig. 3f) photocathodes before 
and after PEC operation to assess their chemical stability under working conditions. The survey spectra 
confirm that the overall elemental composition of SbSeI is preserved upon TiO₂ deposition, with 
characteristic Sb, Se, and I signals clearly maintained. In the protected samples, the high-resolution Ti 3s, Se 
3d, I 4d, Ti 3p, and Sb 4d spectra exhibit nearly identical peak positions and line shapes before and after PEC 
operation, indicating that no significant chemical shifts or new chemical states are formed during operation. 
The Sb 4d, Se 3d, and I 4d signals remain detectable in the TiO₂-coated samples due to the finite XPS probing 
depth (~5–10 nm), which exceeds the TiO₂ overlayer thickness (3 nm). The reduced intensity of these peaks 
relative to the unprotected device is consistent with signal attenuation through the TiO₂ layer and does not 
indicate incomplete surface coverage.42 These results demonstrate the chemical stability of the TiO₂-
protected photocathode. In contrast, the unprotected SbSeI samples show noticeable changes in peak 
intensity and spectral features after PEC testing, suggesting surface modification and partial degradation 
under operational conditions.

Additionally, the electrolyte solutions collected after photoelectrochemical operation were analyzed by ICP-
OES to evaluate possible leaching of device components during testing. For the TiO₂-protected 
photocathodes, no detectable elements leaks were found in the electrolyte, indicating that the ultrathin TiO₂ 
layer remains chemically stable under the applied operating conditions and does not undergo measurable 
dissolution. In contrast, electrolyte samples collected after operation of the unprotected SbSeI 
photocathodes exhibit detectable Sb leaching, with a measured Sb concentration of 95.68 ppb. This 
observation provides direct chemical evidence of absorber degradation in the absence of surface passivation 
and is fully consistent with the electrochemical instability and oxide formation previously identified by LSV, 
CV, CA and Raman spectroscopy

Together, these results demonstrate how SbSeI-based devices can be effectively utilized for stable and 
possibly scalable H2 generation through water splitting. 
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Fig. 3. Raman spectra (a), X-ray diffraction patterns (b), and X-ray photoelectron spectroscopy analysis (c) of 
FTO/SbSeI photocathodes before and after photoelectrochemical operation. Raman spectra (d), X-ray 
diffraction patterns (e), and X-ray photoelectron spectroscopy analysis (f) of FTO/SbSeI/TiO₂ photocathodes 
before and after photoelectrochemical operation.

Conclusions
In this work, SbSeI is demonstrated for the first time as a functional photocathode material for 
photoelectrochemical hydrogen evolution. By systematically investigating the effects of absorber 
morphology and surface passivation, it is shown how the quasi-one-dimensional structure of SbSeI can be 
effectively leveraged to achieve reproducible PEC activity and enhanced stability in neutral electrolyte 
conditions. 

Morphology control is identified as a key parameter governing photocurrent density and efficiency, while the 
introduction of an ultrathin TiO₂ overlayer enables the decoupling of intrinsic photoelectrochemical 
behaviour from side reactions-related phenomena. The TiO₂ passivation layer significantly improves 
operational stability and suppresses parasitic surface reactions without altering the onset potential or charge 
collection efficiency when kept sufficiently thin, whereas thicker overlayers introduce resistive losses that 
limit photocurrent extraction. Through this optimized architecture, SbSeI-based photocathodes deliver a 
photocurrent density of 1.2 mA/cm², a half-cell solar-to-hydrogen efficiency approaching 0.4%, and sustained 
hydrogen evolution in neutral phosphate buffer. Importantly, these results are achieved using simple device 
architectures, earth-abundant materials, and environmentally benign operating conditions, without relying 
on scarce or noble metal nanoparticle catalysts. 

This study establishes SbSeI as a promising photocathode and highlights quasi-one-dimensional chalcohalide 
semiconductors as a viable direction for the development of sustainable and possibly scalable 
photoelectrochemical hydrogen production technologies.
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