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The growing demand for sustainable energy solutions has led to significant research in photocatalytic
water splitting, a promising approach for clean hydrogen production. Oxychalcogenide materials have
emerged as a compelling class of photocatalysts due to their tunable electronic structures, various
architectures, and favorable band edge positions for solar water splitting. This review provides a
comprehensive analysis of recent advances in oxychalcogenide photocatalysts, emphasizing their
structural diversity, composition—property relationships, and key design strategies. We highlight the
impact of anion selection, cation contributions, charge carrier dynamics, and material stability on photo-
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1. Introduction

4 can be

Solar energy, the most abundant energy source'~
converted into chemical energy, for instance in the case of
water-splitting photocatalysis,> other photocatalytic reactions®
or photoelectrochemistry,” and into electrical energy by means
of the photovoltaic effect. Photocatalysis has been developing
for a long time, with early work on oxides like ZnO that
introduced the concept of photo-reduction.® The observation
that TiO, could catalyse the decomposition of organic materials
(under UV light),” and then catalyse water splitting to give O,
and H,' has motivated research into new and efficient
photocatalysts."*™* A schematic illustration of the photocata-
Iytic reaction process indicating factors that may affect photo-
catalytic activity is presented in Fig. 1.

For photocatalysis, first the semiconductor has to be irra-
diated by incident photons of energy greater than or equal to
the bandgap energy of the material. The absorption of photons
will cause the excitation of electrons (e~) from the valence band
(VB) to the conduction band (CB) leaving a positive hole (h") in
the valence band. The e /h" pairs will separate and migrate to
the reaction sites on the surface of the material or recombine.
In an ideal photocatalytic reaction, after the adsorption of the
molecules (H,O for water-splitting) involved in the reaction to
be catalyzed, electrons and holes migrate to reaction sites and
take part in reduction and oxidation reactions, respectively.
In addition to the desired photocatalytic redox reactions, the
e /h" pairs could recombine a short time after their separation,
which is detrimental to the photocatalytic activity.'***> This
recombination can result from various phenomena and was
documented in various reports.'®'” Some intrinsic properties
of the photocatalysts such as built-in electrical field or high
mobility charge carriers for instance are reported to enhance
e /h* separation and rapid migration.’® On the other hand,
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Fig. 1 Schematic illustration of the entire photocatalytic reaction process
in a semiconductor photocatalyst.

approaches exploiting extrinsic factors, such as heterostruc-
tures and p-n junctions, can enhance this e /h" separation.

It is therefore, important to develop new and more sustain-
able strategies that can aid the future energy transition and
maintain technological progress. In this context, fuel cells are
one such example, as they use renewable sources (oxygen
and hydrogen) to give electrical energy.'® Since oxygen is
readily available, the challenge is to produce the required
hydrogen. To this purpose, solar photocatalytic water splitting
is very attractive due to its simplicity: if the photocatalyst in
appropriate conditions (solution, co-catalyst) is directly active
using only sunlight to efficiently produce renewable hydrogen.
Fig. 1 illustrates the process of the water splitting reaction
in a typical semiconductor material on the conduction and
the valence band level, with a suitable bandgap for the solar
spectrum.">?°

However, carrying out solar photocatalytic water splitting
imposes constraints on the semiconductor, such as the magni-
tude of the bandgap (between 1.23 and 3.10 eV, where 1.23 eV is
the theoretical minimum bandgap, and 3.10 eV corresponds to
the wavelength of the visible light ranging from 400 nm to
700 nm). Secondly, the conduction band potential must be
more negative than the reduction potential of H,O/H, (0 V) and
the valence band potential must be more positive potential
than the oxidation potential of 0,/H,0O (1.23 V),*! to satisfy
relations (1) and (2):

Oxidation: H,O + 2h*" — 2H" + %Oz (1)

Reduction: 2H" + 2~ — H, (2)

Oxychalcogenide photocatalytic materials gained consider-
able attention in recent years.”>** To understand their photo-
catalytic properties (and to design optimized oxychalcogenide
photocatalysts), it is essential to understand their rich chem-
istry and structural diversity. Our review focuses on oxychalco-
genide photocatalysts with bandgaps well-matched to the solar
spectrum and with band edges of appropriate energies for
photocatalytical water splitting. We explore compositions and
structural features that play key roles in determining the
photocatalytic activity of these oxychalcogenides. This under-
standing of structure-composition-property relationships
allow us to propose some strategies to predict and design
new oxychalcogenide photocatalysts.

Chem. Commun., 2025, 61, 11510-11528 | 11511
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2. Oxychalcogenides for
photocatalysis

A mixed-anion compound is a material containing more than
one anion in a single phase such as oxychalcogenides,
oxypnictides,> oxyhydrides®® and oxyhalides.?® The coexistence
of more than one anion type in the material is a promising
strategy to control various properties, giving them a range of
applications (photocatalytic activity> ° superconductivity,'?
magnetic,>*® non-linear optic (NLO),>” battery material,*®
thermoelectricity®® and photoluminescence®®).

There are several reviews which highlight the importance of
mixed-anion materials in general or for specific applications.
Kageyama et al®' reviewed the great achievements and
potential of mixed-anion materials, emphasizing some impor-
tant factors in designing new materials. The different charac-
ters of the anions, such as charge, ionic radii, electronegativity
and bonding character, can give rise to anion-order/disorder
giving access to new structural types.”® For example, oxynitrides
often exhibit correlated disorder instead of a long-range one;*>
oxyarsenides show a long-range order of 0>~ and As®~ anions
(e.g. iron-based superconductors with insulating oxide layers
and more delocalized (even superconducting) iron arsenide
layers).****

Among mixed-anion materials, layered oxychalcogenides are
a promising family that has gained more attention recently.
Oxychalcogenides contain an oxide as well as a chalcogenide
(sulfide/selenide/telluride) anion. These materials adopt a
diversity of structure types and show a range of properties
related to the ordering of the small oxide and the larger
chalcogenide, likely due to their different sizes and bonding
characters.*

Several excellent reviews have explored the structural
chemistry of oxychalcogenides and their broader applications.
Clarke et al®* examined the relationships between crystal
structures and physical properties, while Orr et al.*® focused
on the structural diversity of rare-earth oxychalcogenides.
Additional studies have highlighted their thermoelectric,
optoelectronic, and infrared nonlinear optical properties.*®™*
Reviews on photocatalysis have also discussed mixed-anion
materials, including oxychalcogenides, with key contri-
butions from the Domen group*>®® and others covering
water-splitting, CO, reduction,”" and heteroanionic photo-
catalysts.>*>?

While these reviews provide valuable insights, our work
offers a timely and dedicated focus on photocatalytic oxychal-
cogenides for solar water splitting. We consolidate recent
advances, highlight critical structure-property relationships,
and explore emerging strategies to enhance their photocatalytic
performance. To our knowledge, no prior review has specifi-
cally addressed this class of materials with such depth in the
context of solar-driven hydrogen production. In particular, we
emphasize their potential for direct H, generation under sun-
light, excluding more complex PEC systems and composite
catalysts that combine sulfides and oxides.
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2.1. Structures of oxychalcogenide materials

Oxychalcogenides, containing oxide anions as well as second
larger and softer chalcogenide anion (e.g. S>~, Se*~, Te*”), tend
to stabilize lower transition metal oxidation states and lower
coordination numbers, compared with oxides. As mentioned
before, this family of materials show structural diversity, but
they often adopt layered structures due to anion order that can
lead to segregation of the different anions into different
layers.>* This layered arrangement of anions can depend on
the relative electronegativities of the accompanying cations.*®
For instance, in the case of a significant difference in hardness/
softness of cations, stronger bonds can be formed with either
hard oxide or soft chalcogenide anions and so layered struc-
tures with a greater proportion of homoleptic (single anion)
coordinations are favoured;*' whilst in the case of similar
hardness/softness of the cations, heteroleptic coordination
(mixed anion) can be more favourable.>*

These oxychalcogenides present some common structural
features such as the building blocks that they contain (Fig. 2).
For example, OLn, units in fluorite-like sheets, ribbons or
chains (consisting of edge-linked units);*>>>>® MQ, tetrahedra
edge-linked into chains or antifluorite-like sheets®” or square-
based pyramid MQs or MOQ, units for Bi, Sb with their 6s> or
5s> inert pairs.>®

Having this layered aspect in most oxychalcogenides can
give rise to a wide range of promising properties, due to the
potential for chemical substitutions that can be done in both
layers; such as highly anisotropic electronic structure and proper-
ties and high mobility semiconduction favored by the covalent
aspect of the chalcogenide.” For example, layered LaOCuS®® and
BiCuOSe®! are known as important thermoelectrics, due to the
presence of the insulating oxide layers and the semiconducting
copper chalcogenide layers (see Fig. 2).*® As another example,
Ln,0,M,0Q,, with M cations coordinated by both O~ and Q*~
anions with long-range magnetic order, but electronically quite
separated by the insulating [Ln,0,]** layers.®* These materials may
have numerous properties such as magnetism,**™* thermoelec-
tricity*®®® IR-nonlinear optical materials,””*””° second harmonic
generation (SHG),”"”” semiconductors,”*””® photocatalysts® and
piezoelectricity.””

2.2. Photocatalytic properties and band gap feature of
oxychalcogenides

Several examples of oxychalcogenides for photocatalytic water
splitting have been reported but to date there has not been a
systematic exploration of their properties and features. A survey
of the literature helped identify oxychalcogenides and their
important characteristics (band gap, semiconduction type,
cation choice, coordination environment, anion ratio and
polarity); the band edge positions have also been estimated,
which allowed the identification of some potential candidates
for possible future characterizations (see ESIt). In the following
section, the top materials with proven capacity to evolve H,
and/or O, are discussed. These H,(g) and/or O,(g) evolution
experiments have been reported for relatively few oxyselenides.

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic summarizing some coordination environments in oxychalcogenides. (b) Example of the ZrCuSiAs structure packing motifs from

panel 1, adopted by BiCuOQ, BiAgOQ and LnFeAsO (as discussed in Section 2.2.8).

2.2.1. Ln,Ti,S,05 (Ln =Y, Nd, Sm, Gd, Tb, Dy, Ho and Er)
series. The series Ln,Ti,S,0s (Ln = Y, lanthanide) adopt a
tetragonal Ruddlesden-Popper crystal structure.”®”® It is built
from double-layers of corner-linked TiOs square-based pyra-
mids separated by [Ln,S,]>" rocksalt slabs (Fig. 3) where this
separation between the covalency of the sulfide layers and the
ionicity of oxide layers results in an intermediate situation of
strong interlayer connections. Optical band gaps of these
phases were found to match the solar spectrum,*® and under
visible-light (1 = 440-650 nm) irradiation they demonstrated
their capacity to evolve both O, and H, (Table 1).*" Studies on
Sm,Ti,S,0;5 highlight the importance of the pH and the surface
modification on the photocatalytic activity;** and the influence
of the synthetic route with lower temperatures and reduced
heating time to increase the photocatalytic activity, due to the
formation of smaller particle sizes and, consequently, an
increased surface area.*® In addition, the n-type Y,Ti,05S,%* was
the first to demonstrate a capacity to evolve both hydrogen and
oxygen in a stoichiometric ratio, under visible irradiation.®

This journal is © The Royal Society of Chemistry 2025

The fact of having suitable band gaps as well as a layered
structure definitely contributed to the good activity demon-
strated by this series. Another common factor is the presence of
Ti 3d orbitals in the CBM; whilst for the VBM the lanthanide
based phases have partially filled, highly localized, Ln 4f
orbitals which are less effective in photoconductivity or photo-
catalysis and are usually ignored.®” Finally some of these
phases exhibited lower activities than others which could be
related to the larger amounts of sulfur defects or the thermo-
dynamically less favorable VB position.® More recently, Sc-
doping of Y,Ti,0sS, followed by an etching process to ‘“‘clean”
the surface, considerably increased the photocatalytic activity
to 445 mmol h™", which is 3.4 times higher than that for the
pristine compound. The authors attribute this enhancement to
a decrease of the defect density with Sc doping.®® In another
article, Y,Ti,OsS, nanosheets are synthesized by a flux-assisted
solid-state reaction which exposed {101} and {001} facets that
provides an anisotropic charge migration, which were found to
be responsible for the reduction and oxidation of the water-

Chem. Commun., 2025, 61, 11510-11528 | 11513
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(a) Structural representation of the Ruddlesden—Popper structure of the Ln,Ti,S,0s series of 14/mmm symmetry; (b) shows apparent quantum

yield (AQY) for overall water splitting and diffuse reflectance spectrum (DRS) measured for Cr,O3z/Rh/IrO,-modified Y,Ti,OsS,. Reproduced from ref. 85

with permission from Springer Nature.

splitting photocatalytic reaction, respectively. It is striking that
selective photo-deposition of cocatalysts (on a particular facet)
was possible and resulted in enhanced reactivity (H, produc-
tion, (536 umol h™1)).**

Several studies focused on this particular Y,Ti,O5S, photo-
catalyst, each of them bringing innovative approaches to design
the particles, the surface or the contact with the co-catalyst.
Another study focused on the solid-state reaction mechanism
and intermediate.?” They thus found that from the traditional
precursors Y,03, TiO, and Y,Ss, the three intermediate phases
Y,Ti,07, Y,0,S and TiS, appear during the formation of the
final oxysulfide. The formation of agglomerates involving
Y,Ti,O; and Y,0,S which react with the third intermediate
TiS, (carried by the sulfur vapor) was a critical step impacting
the morphology of the crystallites. With this knowledge, the
authors could reduce the particle size by increasing the heating
rate which resulted in improved photocatalytic performances.

These advances on those compositions show that the intrin-
sic properties of the crystalline phases are as important as the
morphology (particle size and surface design). In the case of
Ln = Gd, outstanding results were reported with recent
advances.®® Gd,Ti,05S, with atomically ordered surfaces could
be obtained using flux synthesis followed by acidic etching of
the surface. The outstanding enhancement of the photocataly-
tic activity (3 mmol h™" for H, production) is attributed to the
crystals shape (platelet) combined with the surface design and
optimized contact between the particles and a composite
cocatalyst (Cr,03/Pt/IrO,).%

2.2.2. SrZn,S,0. The Zn-based oxysulfide SrZn,S,0 adopts
a wurtzite-derived crystal structure consisting of double layers
of corner-shared ZnS;O tetrahedra separated by Sr** ions
(Fig. 4).°°°> SrzZn,S,0 is an n-type semiconductor with a
3.86 eV direct band gap; the CB is dominated by the Zn 4s

1514 | Chem. Commun., 2025, 61, 11510-11528

and 4p orbitals and the Sr 4d orbitals while the VB is mainly
composed of O 2p and S 3p orbitals. SrZn,S,0 was capable on
reducing and oxidizing water under UV-light irradiation, with a
certain photocorrosive resistance.®”

Compared to the Ln,Ti,S,0s5 series discussed above, the O,
evolution rate is similar but the H, evolution is slightly higher
for SrZn,S,0 (Table 1). This indicates the advantage of having
the Zn orbitals contributing to the CB compared to the Ti
orbitals. SrZn,S,0 exhibits a structure with the presence of
heteroleptic coordination environment (ZnS;0) connected
three dimensionally unlike the layered Ln,Ti,S,0s, which could
also have an impact on the transport properties of the charge
carriers.

2.2.3. LnOInS, (Ln = La, Ce, Pr). Yellow LaOInS, has a band
gap of 2.73 eV and is a p-type semiconductor that adopts an
orthorhombic structure.”® Its crystal structure is composed of
NaCl-type slabs made of InS, tetrahedra and InSs InSsO
octahedra, and [LaO]" fluorite-type ribbons alternating in dif-
ferent directions (Fig. 5a).”* Under Xe lamp irradiation, the
sample exhibited a reproducible photocatalytic activity, and
showed H, evolution. On the other hand, using a metathesis
reaction, the metastable layered polymorph of LaOInS,
(also predicted in ref. 97), was synthesized. It has a direct band
gap of ~2.64 eV, and it adopts a monoclinic structure consist-
ing of alternately stacked [InS,] layers (rock-salt type) composed
of InSe octahedra and oxide [LaO]" layers (PbO-type), with a
split in the In sites (Fig. 5b). This polymorph was reported with
higher rates of H, and O, evolution under visible light (420 <
2 < 800 nm).”?

Then again, CeOInS, and PrOInS, phases were found to be
isostructural to the monoclinic layered LaOInS,,” except that
the indium in these phases is on-center unlike in LaOInS,,
which is off-center. They revealed direct band gaps of 2.41 and

This journal is © The Royal Society of Chemistry 2025
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Table 1 Photocatalytic activity of the oxysulfides discussed in this review. Rates are taken from the references or estimated from the reported gas
evolution with time. Properties are given for photocatalysis (PC) except for LasTi,Cu; ,Ag,SsO; which was measured as a photocathode in a

photoelectrochemical (PEC) system (unassisted)

Cocatalysts Rate of gas evolution (umol h™")
Compounds H, promotor O, promotor H, 0,
Ln,Ti,S,05 Pr,Ti,S,05 Pt — 0 0
Nd,Ti,S,05 4 3
Gd,Ti,S,0s 24 21
Gd,Ti,05S, with atomically 3000
ordered surfaces®®
Tb,Ti,5,05 19 20
Dy, Ti,S,05 10 9
Ho,Ti,S,05 22 5
Er,Ti,S,05 21 1
Y, Ti,S,05" Cr,0;/Rh/IrO, ~50 ~25
Y,Ti,S,05 nanosheets®* Pt Iro, 536
Sc-doped Y,Ti,055,"*° Rh 445
Sm,Ti,S,05%%%3 Pt Iro, 22 22
SrZn,S,0°%* Pt IrO, 67.8 26.9
LaInOS, o-Laln0s,** Pt — 5.1 —
Layered-LaInOS,” Pt Iro, ~25 ~6
AInOS,”* CeIn0S, Pt — <2.5 —
PrInOS, Pt — <2.5 —
LasIn;Se0;'*° Pt Iro, ~50 ~12
La;GaS;0'* RuCl;-3H,0 IrO, 80.7 ~12
LazNbs,05'"* Pt (1 wt%) — 3-11 —
LasTi,MS;0,'°>1%¢ LasTi,CuSs05, Pt Iro, 110 24
LasTi,AgS;0-, Pt Iro, 220 12
LasTi,Cu;_,Ag,S50," Pt — ~32 —
Ga doped - LasTi,Cug 9Ago. 10,55 Rh (imp + ph) 464 pmol H, during
the first hour
La;sTi,Cu(S;_,Se,)s0,' Pt/NiS
BiOAgs'"” Ru — ~10 —
Zn0y.6So.4'"°
InMnO;_,S, ' 158 (sacrificial 649 (with specific AgNO;
$*7/S05%7) sacrificial agent)
Defect-(Bi,Ce),(0,S);_, nanorods"''® 526.5
Sn,Nb,0,_,S, (up to x = 0.6)"** 6
Zn(Zn,Ni,In),(0,S), " 1700

— 404
(b) g IrO,, modified (1.0 wt%)
= P )
c
@ 304 I}
g [}
o [ ]
o
2 20 ®
[<]
3 > ®
§ 107 w/o IrO, modification
5 o
<} [ ]
g ceo®® eoeo
0_1* T T T T T
corner-shared 0 1 2 3 4 5
ZnS;0 (C) Time/h
E Irradiation wavelength (A >) .|
2154 300 nm
S ® 400 nm
2 © 460 nm [ ]
©
2 10+ °
el
2+ 3+ 2 2- 2
Qs 0z 05 00 s .
e -
k] 5 ()
E
<] (]
g oo _eo o & O § g

15 20 25 30
Time/h

Fig. 4 (a) Structural representation of SrZn,S,0O oxysulfide of Pmn2; symmetry; (b) oxygen evolution for SrZn,S,O and (c) hydrogen evolution for Pt/
SrZn,S;0. Reproduced from ref. 92 with permission from the Royal Society of Chemistry.
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Fig. 5 Structural representation of LaOInS, material with (a) alpha model of Pbcm symmetry and (b) metastable layered model of P2;/m symmetry;
below, the water splitting properties of the metastable layered phase of LaOInS; are shown including (c) Hx(g) evolution for 0.75 wt% Pt/LaOInS, and (d)
O,(g) evolution for 0.5 wt% IrO,/LaOInS,. Reproduced from ref. 95 with permission from the Royal Society of Chemistry.

2.43 eV, respectively. Compared to LaOInS,, these phases showed
reduced H, evolution (it decreased by 10% under visible light).”®

The CBM in the La-based phases is mainly composed of
In 5s/5p orbitals, whilst O 2p and S 3p contribute most to the
VBM. The In states seem beneficial in that they contribute to
the higher dispersion of the CBM (that should be associated
with lower effective masses of the charge carriers and thus
higher mobilities) and thus increase the capacity to evolve H,.
However, the layered polymorph exhibited higher rates, prob-
ably related to the structure dimensionality (compared to the
a-LaOInS,): the layered character gives efficient separation of
the charge carriers and helps to avoid their recombination,
and thus benefits to the photocatalytic reaction. However,
measurements with the same conditions are needed to evaluate
accurately the difference in H, release rate for the two
polymorphs.

As for CeOInS, and PrOInS, phases, the presence of the on-
center indium decreased the hybridization of the In 5p-S 3p

1516 | Chem. Commun., 2025, 61, 11510-11528

orbitals, which resulted in an increase in the energy differ-
ence of these hybridized orbitals, slightly shifting the optical
absorption edge of these phases.”® Even though the 4f orbitals
of Ln are negligible when highly localized, it seems that their
presence might increase the electron-hole recombination
rates.””?®

2.2.4. LasIn;S,0;. The structure of LasInzSo0O; consists of
fluorite-type ribbons of lanthanide ions alternating with rock-
salt InS layers to form 2D LasIn;SsO; layers in a zigzag pattern
(Fig. 6).>> In*" cations are only coordinated by sulfur, while La**
ions are coordinated by both oxide and sulfide ions (similar to
other La-In based compounds®). The optical band gap of the
yellow powder was 2.60 eV, slightly smaller than that of
LalnS,0 (2.73 eV), probably due to the increased sulfur coordi-
nation in LasIn;S,0; decreasing the band gap.®® Even though a
pure polycrystalline phase was not obtained for the p-type
semiconductor LasIn;Sq0j3, it was able to reduce and oxidize
water under visible irradiation.'® A stable H, evolution occurred,

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Structural representation of LasInzSoO3 oxysulfide (Pbcm symmetry) with the 2D LasinzS¢Os layers consisting of two building blocks: rock-salt
layers formed by both indium and lanthanum and fluorite-type ribbons formed by lanthanum atoms; alternating regularly along b.

unlike the O, evolution where it decreased over time (due to the
deposition of metallic silver).

Similar to the LnOInS, (Ln = La, Ce, Pr) series, the presence
of the In 5s-5p orbitals contributes to the higher H, evolution
efficiency.®” This is similar to SrZn,S,0, with the presence
of the Zn 4s-4p orbitals contributing to the enhanced H,
evolution.

2.2.5. La-Ga based oxysulfides (LaGaS,0 and Laz;GaS;0).
LaGaS,0 adopts an orthorhombic KVO;-type structure consist-
ing of layers of corner-shared distorted GaO,S, tetrahedra
sharing oxygen with La®* cations (Fig. 7a)."®* La;GaS;0 adopts
an orthorhombic shear type structure consisting of corner-shared
GaS, tetrahedra layers and a second layer of (LayO), formed
by edge sharing LaS,, LaS,0 and LaSO,, both parallel to the b
direction (Fig. 7b)."”

LaGaS,0 demonstrated a n-type semiconduction with an
indirect band gap of 3 eV whilst La;GaSsO exhibited a n-type
semiconduction with a direct band gap of 2.3 eV. The CBM level
is similar in both phases, whereas the VBM in La;GaSsO is
higher than LaGaS,0, due to the higher sulfur content. Both
phases were found to be potential photocatalysts but only
Laz;GaSs0 was tested for water reduction and oxidation reac-
tions under visible light, whilst LaGaS,0 produced anodic
photocurrent under ultraviolet light."®® The comparison of
these phases highlights the importance of the chalcogen ratio
in narrowing the band gaps.

2.2.6. LasTi,MS;0;, (M = Cu, Ag) systems. LasTi,MS;0,
(M = Cu, Ag) oxysulfides adopt an orthorhombic structure that
is not layered but rather presents condensed fragments of
layers that form a building unit repeating periodically along
the b direction (Fig. 8). It consists of: (i) rock-salt-type fragment
containing CusS, tetrahedra, (ii) perovskite building block made
of double chains of corner-sharing Ti-centered octahedra
(TiO,4S, or TiOsS). The orange-yellow powder revealed an optical
band gap of 2.02 and 2.17 eV for Cu and Ag phases,
respectively.'® Preliminary photoelectrochemical measurements

This journal is © The Royal Society of Chemistry 2025

revealed p-type semiconduction and a photocatalytic activity
under visible light;'* with higher rates occurring when loaded
with convenient amount of cocatalysts.'*

Various synthesis methods to produce the photocathode
LasTi,CuS;0, were investigated to further enhance its photo-
catalytic properties.’®”'% The electronic band structures of
these phases were found to be suitable for charge separation
and revealed a CBM consisting of Ti 3d orbitals whilst the VBM
was formed by hybridized Cu 3d and S 3p orbitals in LasTi,
CuS;0y, rather than just S 3p orbitals in LasTi,AgSs0-, respon-
sible for the longer absorption edge wavelength.'®® The study of
these materials highlights the importance of having disasso-
ciated paths for accelerating the charge separation while inhi-
biting the recombination process.'®

Substituted phases were also investigated for their photo-
catalytic properties in this system such as LasTi,Cu(S;_,Se,)s0-
photocatalysts and their hydrogen evolution activity. The
authors show that performances decrease with Se content due
to excessive crystals growth which can be limited by controlling
the calcination temperature.'*’

On the other hand, the experimental study of Ga doped-
LasTi,Cug 9Agy.10,Ss synthesized using thermal sulfidation
show that post annealing in sulfur vapor improved its proper-
ties (H, production of 464 pmol h™') by reducing the defect
concentration at the surface and achieving smaller particle sizes.
The best samples reached H, production of 400 umol after
4 hours in Na,S-Na,SO; solution and with Rh as cocatalyst.'**

2.2.7. LazNbS,0s. For the oxysulfide LazNbS,0s5 (Fig. 9), the
preparation was carried out by sulfurization (with H,S) of a
reactive oxide precursor Laz;NbO-; the longer the treatment, the
greater the particle size which decreased the BET surface area.
The H, production was measured (3-11 pmol h™" with Pt as
co-catalyst).'"?

2.2.8. Oxysulfide photocatalysts with ZrSiCuAs structural
type. BiOAgS, which crystallizes in the ZrSiCuAs structure type,
has been reported to be active for water-splitting. It exhibits

Chem. Commun., 2025, 61, 11510-11528 | 11517


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc01448d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 2025. Downloaded on 2/28/2026 4:53:31 AM.

(cc)

ChemComm
(@)
c
e 9o _ 90 0 9
NPUDEErY $ © @
o o o o o
6 © ©o © °cQ@c@cQ@oQo
9 (O P9 PP PP )
Corner sharedGaS4 } o 090
VW e S W
o [} 0 0 0
(La,0),

O La¥*(1) °La3+(2) °La3+(3) O Garos* 00>

(b)

View Article Online

Highlight

Corner-shared GaSZOZ A @ A ‘
. vvv@»

—_
()

K.M. (arbit.unit)

400 500 600
Wavelength / nm

300

Fig. 7 Structural representation of (a) LazGaSsO (Pnma symmetry) and (b) LaGaS,O (Pmca symmetry) and, highlighting the different layers between
the two compounds; (c) shows diffuse reflectance data for (a) LaGaOs, (b) LaGaS,O and (c) LazGaSsO. Reprinted (adapted) with permission from
[J. Phys. Chem. C, 2008, 112(31), 11978-11984]. Copyright 2008 American Chemical Society.

(BiO) fluorite layers stacked with deficient (Ag; ,S) antifluorite
layers, (see Fig. 2b). With its more ionic character than the well-
known BiOCuS, it has a larger dielectric constant and is
interesting for photoconversion (efficient screening of photo-
generated charges). It exhibits low effective masses, a band gap
of 1.5 eV, a p-type character and the authors showed its ability
to evolve H, with preliminary measurements using ruthenium
(as co-catalyst photo-deposited in a Na,S-Na,SO; solution),
which is not observed for BiOCuS."**

2.2.9. A pyrochlore oxysulfide. The Sn*"-based pyrochlore
oxysulfide Sn,Nb,O,_,S, (up to x = 0.6) (Fig. 10a) is derived
from the pyrochlore oxide Sr,Nb,O, and is synthesized using
solid state reaction in an evacuated sealed quartz tube. The
authors could incorporate different O: S ratios up to x = 0.6 and
observe a gradual decrease of the band gap with increasing
sulfur content (Fig. 10c). The resulting narrow band gap
materials are active for water-splitting photocatalysis under
visible light with highest amount of H, obtained for x = 0.4
(6 umol h™"), Fig. 10b."*

1518 | Chem. Commun., 2025, 61, 11510-11528

2.2.10. Other oxysulfide types. Simple compounds such as
mono-cationic oxides substituted with sulfur also offer great
potential to design functional oxysulfides. This is the case of
Zn0y ¢So.4 Which was reported with concomitant photocatalytic
H, production (147.5 pmol h™") and pollutant degradation in a
Na,S-Na,SO; solution, the two processes acting synergistically
to reinforce the reactivity. Indeed, electron-donating inter-
mediates (identified from FTIR) induced by the photodegrada-
tion reaction are suggested to boost the H, production at a
particular concentration of the dye. This later approach con-
stitutes another innovative experiment design to complement
the intrinsic features of the oxysulfide matrix, in order to
enhance reactivity."’® Ni-doped Zn(O,S) oxysulfides were also
reported based on simple low temperature methods.'*® In the
later study, the highest H, production (14800 pmol g * h™*)
was reached in a 50% ethanol solution.

The spinel compound Zn(Zn,Ni,In),(O,S), . is one of the
few oxysulfides reported for this structure-type which have a
complex non-stoichiometric composition. The later feature and

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Structural representation of the Ruddlesden—Popper-related phase
LazNbS,0O5 oxysulfide ([4mmm symmetry), neglecting disorder in O(2) site
positions.

its associated defect states are believed to enhance the photo-
catalytic H, production under visible light, which has been
reported as 1700 pmol g~ * h™".""7

Finally, we can cite another complex material which was
designed with simple binary parent compounds as models. It is
the defect-(Bi,Ce),(0,S);_, nanorods in which the control of
oxygen vacancies led to rapid electron transport resulting in
excellent photocatalytic properties (526.5 pumol h™* for H,)."*®

This journal is © The Royal Society of Chemistry 2025

2.3. Summary of composition and structural features
observed in photocatalytic oxychalcogenides

A range of factors can affect the outcome of the overall water
splitting photocatalytic reaction: (i) morphology and micro-
structure such as defects and crystallinity (intrinsic features)
and (ii) pH, temperature, concentration of the catalyst, type and
amount of cocatalyst loading, incident light intensity (extrinsic
features). The focus of this survey is to compare the structural
(connectivity, polarity) and electronic (band gap magnitude and
nature, density of states, charge carriers’ behaviour) properties,
which allowed us to identify some key features/characteristics
(including structural and relating to connectivity, and composi-
tional) that contribute to the good activity of these materials:

e Higher sulfur content can increase the VBM position
(as illustrated by comparison of LaGaS,0 with La;GaS;O,
Section 2.2.5), more suitable for the oxygen evolution but this
can create larger amounts of defects within the structure which
can be a disadvantage for photocatalytic activity.

e The charge carriers’ behaviour is a very important factor
and having a structure that enables disassociated paths for the
photoexcited electrons and holes enhances their separation
and decreases the rate of their recombination, as discussed
for LasTi,MS50, (Section 2.2.6).

e Cations with highly localized 4f orbitals, such as Sm, are
less effective in photocatalysis and their contribution is usually
ignored. On the other hand, cations with less localized 4f orbitals,
such as Ce or Pr, can potentially increase the recombination rate
of the photoexcited charges therefore decrease the photocatalytic
activity, as suggested for the LnOInS, series (Section 2.2.3).

¢ Highly dispersed conduction and valence bands are definitely
an asset for better H, and O, evolution, respectively. Examples
include the presence of ns-np orbitals (in In or Zn containing

Chem. Commun., 2025, 61, 11510-11528 | 11519
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Fig. 10 (a) Structural representation of the Sn®*-based pyrochlore oxysulfide SnNb,O7_,S, (x = 0.23) (SN 55Nb1.9506.2650.23); Where some anion-order
occurs and the sulfide anion is shown preferentially occupying the larger 8b site in the cubic pyrochlore structure. Panel (b) shows Hx(g) and Ox(g)
evolution over Sn,Nb,O5_,S, from water with an electron donor and acceptor, respectively, and (c) shows band edge positions for Sn,Nb,O_,S;.
Reprinted from J. Photochem. Photobiol., A, 444, 114895, Copyright (2023) with permission from Elsevier.

materials) highly hybridizing in the CBM, or the addition presence
of 3d orbitals (in Y or Cu containing materials) strongly hybridizing
with the S 3p and O 2p orbitals gives a better VBM position.

e A greater energy difference between cation and anion
orbitals can reduce their hybridization, which in turn may
lower photocatalytic activity. This effect can be influenced by
structural factors, such as cation displacement, either on or off-
center, particularly in the case of ns® cations. The second-order
Jahn-Teller effect plays a key role here, as the stereochemical
activity of the lone pair can distort the local coordination
environment, altering orbital overlap and hybridization
strength.'™ This strategy has not yet been fully explored and
is discussed below (Section 3.1.2).

3. Proposed design strategy for active
oxychalcogenide photocatalysts

3.1.
oxychalcogenides for photocatalysis from experimental and
theoretical work

Key structural and electronic structure features of

3.1.1. Choice of anion. Mixed-anion materials allow some
tuning of the bandgap by choice of anion, particularly relevant

1520 | Chem. Commun., 2025, 61, 11510-11528

for solar photocatalysis. For example, introducing softer anions
(chalcogenides) in an oxide sublattice to give mixed-anion
oxychalcogenides can introduce higher energy states at the
top of the valence band, reducing the bandgap. This strategy
is effective to tune the bandgap and meet the requirements of
water splitting under visible light and give effective photo-
catalysis.’*>*** For example, antimony oxides such as 0-Sb,0;
present large bandgaps (3.38 eV),"*> whilst antimony chalco-
genides such as Sb,S; and Sb,Se; present narrower bandgaps
(2.16 and 1.66 eV for S and Se, respectively).'*® Therefore, a mix
of both oxide and sulfide can give a moderate bandgap,
e.g. Sn**-based pyrochlore oxysulfide Sn,Nb,O,_,S,*** suitable for
the solar spectrum such as SrgCd,SbsO,S;o and SrsCd,SbsO,Se;,
(1.89 and 1.55 eV for S and Se, respectively).”"”?

3.1.2. Choice of cation. Cation choice for photocatalysts
can be a key feature. Lone pair cations for example (Bi*", Sb*",
Sn**) can induce oriented dipoles™*” which favour lower-symmetry
coordination environments.'*® The relative energy of the ns> lone
pair electrons to the anion p orbitals can determine the energy
of states at the top of the valence band which are key to
explaining the optical response of these materials."**'° This
key feature was found to be effective in designing photocatalytic
and photovoltaic materials."*"** Metal cations in higher

This journal is © The Royal Society of Chemistry 2025
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oxidation states are not always compatible with the oxychalco-
genide redox chemistry (there’s increased risk of the metal
cation oxidizing the chalcogenide).'** Then again, cations with
slightly localized nf orbitals can increase the recombination
rates®® and cations with the presence of nd orbitals or highly
hybridizing ns-np orbitals can increase the dispersion of
the valence and conduction bands, respectively, giving more
efficient charge carrier transport.' %'

3.1.3. Connectivity. The impact of the connectivity of the
photoactive units on the photocatalytic outcome is still under
investigated but it is certain that having a layered structure is
advantageous, especially for the transport properties of the
photoexcited charges.'*® The connectivity of the different build-
ing blocks within the structure can give different pathways
for the electrons and the holes which can diminish their
recombination during the photocatalytic reaction. The presence
of this feature in most oxychalcogenides can promote the fast
mobility which favours the charge migration to the surface of the
photocatalyst to participate in the reaction, whilst slow mobility is
more prone to result in charge recombination. Consequently,
having distinct pathways for the mobility of charge carriers could
be useful for the separation of e~ and h*, reduction of the e~ and
h" recombination rate, and improvement of the photocatalytic
activity."****° Besides this general tendency, high H, photocatalytic
production was also demonstrated in a few non-layered oxy-
sulfides, as discussed above, such as the spinel compound
Zn(Zn,Ni,In),(0,S), . This might also offer structural types less
encountered for oxysulfides to design photocatalysts, and their
better comprehension would be also of great interest.

Overall, this issue should be possible to address more
accurately using specific theoretical calculations. For instance,
in a recent study, the electron and hole transport properties
could be investigated based on real-time time-dependent den-
sity functional theory (TDDFT) and nonadiabatic molecular
dynamics (NAMD)."*® Based on the excited-state dynamics,
Y, Ti,05S, was found to exhibit a carrier lifetime much longer
than that reported for lead-halide Perovskites. The authors
identify a key factor underlying the high photocatalytic activity
of this oxysulfide: the presence of distinct vibrational modes
within different structural sublayers that contribute to non-
adiabatic coupling (NAC). NAC describes how electronic transi-
tions are influenced by atomic vibrations, and in this case, it
facilitates efficient and spatially separated transport paths for
electrons and holes, thereby enhancing charge separation and
suppressing recombination (Fig. 11).

3.1.4. Stability with respect to oxidation. Another key fea-
ture is the materials’ stability in water/aqueous solution, which
needs to be adequate for successful photocatalytic applications.
As mentioned earlier, oxides have demonstrated good stability
as photocatalysts but on the other hand, chalcogenides haven't,
and can suffer from sulfide and/or cation oxidation.'** Oxy-
chalcogenides offer a moderate stability (better than the sul-
fide/selenides), where the introduction of the O 2p orbitals
gives more stability to the system.'*" Future work should focus
on optimizing the morphology of oxychalcogenides to enhance
their stability in aqueous environments. Strategies such as

This journal is © The Royal Society of Chemistry 2025
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nanostructuring, surface modification, and heterostructure
formation could help mitigate degradation while maintaining
photocatalytic efficiency. Additionally, tailoring electrolyte com-
positions, such as adjusting pH levels or incorporating stabili-
zing agents may further improve the long-term durability of
these materials. These strategies will be key to overcoming
degradation challenges and ensuring long-term photocatalytic
performance.***

3.1.5. Polarity. Lastly, polarity in heterogeneous photoca-
talysts has been shown to enhance charge-carrier separation,
resulting in superior efficiency for example for photocatalytic
water splitting.'*® Having polar distortions can also increase
the bandgaps, although this increase is minimal in the case of
oxides (SrTiO; for example*?), it is much larger in the case
oxysulfides, and because of the lower electronegativity of the
sulfide.’*® This hypothesis was further investigated by Vonriiti
and Aschauer™*® using DFT to study the suitability of polar
AB(0,S1_y)3 perovskites for photocatalytic water splitting. It was
found that the presence of polar distortions, induced by
epitaxial strain (for oxynitrides'*”) or substitution of sulfur by
oxygen (for oxysulfides) can be a promising route to suppress
the recombination phenomena of the charge carriers. This is
due to the out-of-plane spontaneous polarization arising from
epitaxial strain on the anion order within the structure, which
creates an electric field gradient across the active cation or even
the entire material. This field is thought to enhance electron-
hole separation, reducing recombination and thereby improv-
ing photocatalytic efficiency. It is important to distinguish
between the polarity of the overall crystal structure and the
local polarity of the cation coordination environments. While
global polar distortions can give rise to a macroscopic electric
field that enhances charge separation, local polarity in hetero-
leptic coordination environments (where a cation is coordi-
nated by two types of anions) may also play a crucial role. Such
local distortions can modify the electronic structure at the
active site, further improving charge separation and transport.
In particular, materials with heteroleptic units, which are often
intrinsically polar, may exhibit enhanced electron-hole separa-
tion, which is crucial for improved photocatalytic activity."*®

3.2. Design strategy for oxychalcogenide photocatalysts

Based on the key features in oxychalcogenide photocatalysts
discussed in the previous section, we will therefore propose a
potential design strategy that could be serve as a useful tool for
designing new efficient oxychalcogenide materials for photo-
catalysis specifically, solar water splitting photocatalysis.
A schematic diagram of a potential design strategy for efficient
oxychalcogenide materials is presented in Fig. 12.

First, the nature of the bandgap (direct or indirect), the
semiconduction type (n or p-type) are not of great influence on
the properties of the photocatalysts as both types were exhib-
ited by the materials discussed in Section 2.2. However, ensur-
ing that the oxychalcogenide has a band gap well-matched in
magnitude to the solar spectrum is essential. This can be
achieved by selecting a softer chalcogenide anion Q*~ and by
tuning the O:Q ratio. Additionally, incorporating chalcogenides

Chem. Commun., 2025, 61, 11510-11528 | 11521
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can increase bandgaps due to enhanced covalency, resulting from
their lower electronegativity compared to oxygen.'*>

The structure and its connectivity are important for the
transport properties of the photoexcited charges. Different
pathways for the electrons and the holes help reduce the
probability of recombination and this is often observed for
layered or segmented structures. The band structure gives
insight to the electronic properties of the material, in particular
the effective masses of the charge carriers which describes their
mobilities: higher dispersion of the bands close to the Fermi
level indicate lower effective masses and hence higher carrier
mobility and therefore enhanced transfer process. Recently,
Li et al.**® reported that the recombination of photogenerated
electrons and holes can be much faster than the transport
from bulk to the surface reactive site and the catalytic reaction.
Thus, fast mobility favours the charge migration to the surface
of the photocatalyst to participate in the reaction, whilst slow
mobility is more prone to result in charge recombination.
Therefore, having a large mobility difference could be useful
for the separation of e~ and h', reduction of the e~ and h*
recombination rate, and improvement of the photocatalytic
activity.

Cation choice is another important feature due to the
contributions of their corresponding orbitals to the band edges;
this can therefore tune the band gap as well as the charge
carriers’ transport properties. Lastly, the polarity, is not widely
studied as a design feature in photocatalysis, but it could
enhance a catalyst’s performance by improving charge carrier

1522 | Chem. Commun., 2025, 61, 11510-11528

separation, as seen in ferroelectrics such as AB(0,S;_,);"*® and
LaTiO,N." In this study they demonstrated, via density func-
tional theory calculations, the potential of suppressing the
recombination phenomena of the charge carriers due to the
out-of-plane spontaneous polarization that has risen from the
epitaxial strain on the anion order within the structure. Experi-
mental studies on SreCd,Sbs0,S;,'** and Sr,Sb,0,Q; (Q = S,
Se)'*® provide a direct comparison of polar vs. non-polar
structures and different coordination environments for the same
cation, supporting this theoretical proposal. SrsCd,SbsO;S;4, With
its polar structure and zigzag [CdSb,0S;] layers, exhibits built-
in polarization fields that enhance charge separation and
suppress recombination, as confirmed by its strong photo-
current response. In contrast, Sr,Sb,0,Q3, despite its layered
but non-centrosymmetric structure, lacks significant internal
polarization and relies solely on heteroleptic SbOQ, coordina-
tion, leading to high charge mobility but weaker polarization-
driven separation. Thus, the presence of polar distortions, can
indeed be a promising route to adopt for increasing the band
gap and design new materials with efficient photocatalytic
properties.

In this review, we have focused on structural and electronic
features which may determine the water-splitting photocataly-
tic properties of active oxychalcogenides. However, for some of
the oxysulfides discussed there are several further studies with
drastic enhancement of the H, production based on different
strategies to those mentioned above including optimization of
surface morphology (some of which is covered in specific

This journal is © The Royal Society of Chemistry 2025
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reviews dealing with the photocatalytic measurement design
and optimization of the photocatalysts/co-catalysts). The exam-
ple of Gd,Ti,S,0;5 or Y,Ti,S,0s for instance, where the particle
size and shape and the surface engineering allow drastic
enhancement of H, release, are very informative.®>*® The role
of defects can also vary by being either counter-productive or
helpful such as defect-(Bi,Ce),(0,S);_, nanorods'*® where the
multi-valence states and the surface defects facilitate the
kinetic reactions, here the defects are controlled and induced
during the synthetic process by reduction using hydrazine to
incorporate oxygen vacancies. Therefore, beyond intrinsic prop-
erties, there is the synthesis design, the cocatalysts type and
their interaction with the photocatalyst which play also a
crucial role and should be fully considered when designing a

This journal is © The Royal Society of Chemistry 2025

photocatalyst. Depending on how the later aspects are handled,
the activity might be hampered or improved.

While our review is centered on photocatalytic water splitting, a
highly demanding reaction that requires precise band alignment,
efficient charge separation, and strong stability under illumination
and in aqueous conditions, other types of photocatalytic applica-
tions such as CO, photoreduction demonstrate the versatility of
these materials.”® However, these alternative photocatalytic pro-
cesses remain relatively underexplored for oxychalcogenides and
we hope our additions will also encourage further investigation
beyond water splitting.

It is also interesting to consider the potential of hybrid
compounds explicitly combining (oxy)chalcogenides with
organic components which are extremely limited. There are a

Chem. Commun., 2025, 61, 11510-11528 | 11523
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few instructive examples involving chalcogen elements in
hybrid systems. For instance, metal-organic chalcogenide semi-
conductor nanocrystals have demonstrated the feasibility of incor-
porating soft chalcogen ligands into hybrid materials."®* The later
study describes metal-chalcogenide layers stacked with organic
ligand layers; both layers can be altered to tune the properties.
Another example includes a cystamine-based hybrid perovskite,
where noncovalent chalcogen bonding involving the cystamine
disulfide bridges influences the structure and properties.'>* These
studies show that combining soft chalcogen chemistry with
organic-inorganic frameworks is chemically viable and could
inspire future exploration in oxychalcogenide-based hybrids that
may be useful in the photocatalytic field.

A broader overview of these approaches is presented in a
review about the current status and future of organic-inorganic
hybrid perovskites for photoelectrocatalysis devices,'*
which discusses both hybrid molecular systems and composite
architectures used in water-splitting. It highlights how the
integration of organic macromolecules (such as oligomers,
polymers, or MOFs) with inorganic frameworks can provide
synergistic benefits, including improved photocatalytic activity,
enhanced stability, and interfacial tunability. On another hand,
it is interesting to consider the design of hybrid (composite)
photocatalysts that integrate oxychalcogenides with additional
materials to form heterostructures or tandem systems. These
systems can enhance light absorption, extend charge carrier
lifetimes, or spatially separate redox reactions. For example,
recent studies report hybrid nanostructures of PBA (Prussian
blue analogues) nanocubes wrapped with transition-metal
oxysulfides and all together grafted on CC (carbon cloth)
substrate (PBA@Co-W-O-S/CC heterostructure), as efficient
OER electrocatalysts."> Besides, the dye modified Bi,0,S/
In,0; showed promise for the catalysis of water splitting thanks
to the formation of a heterojunction between the oxide-
chalcogenide and In,0;.'*> Although such strategies are
promising, our review deliberately focuses on single-phase
oxychalcogenide materials, aiming to clarify intrinsic struc-
ture-composition-property relationships without convolution
from multicomponent effects. Nonetheless, we now briefly
acknowledge these composite designs as a complementary
future strategy for improving photocatalytic performance.
Lastly, it is interesting to mention theoretical prediction of
fully inorganic, single-phase oxychalcogenides as a good alter-
native to hybrids and oxides in photovoltaics with an enhanced
shift current. The authors put forward this strategy to reinforce
the idea that simplifying material systems, rather than increas-
ing complexity, can also be a viable and appealing route when
structural and electronic requirements are met.">®

4. Conclusion

In this review, we discussed the concept of photocatalytic water
splitting alongside the necessary requirements for a successful
reaction in the solar light with a specific focus on layered
oxychalcogenides (oxysulfides and oxyselenides). We discussed

1524 | Chem. Commun., 2025, 61, 11510-11528
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several oxysulfide materials that are known for their capacity to
split water, comparing their different structures and connectiv-
ities, band gaps (direct or indirect), semiconduction types (n or
p-type), polarity as well as their photocatalytic activity (O, and/
or H, evolution, solar or UV irradiation). This allowed us to
extract some key features that can be beneficial for designing
new photocatalysts and to propose a potential design strategy
for photocatalytic oxychalcogenides consisting on several key
points which are exploring the polarity, anion ratio, cation
choice (transition metals, lone pairs cations) and connectivity
regarding what was reported in the literature; and further work
is needed for polarity as well as morphology.
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