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Oxy-sulfides have emerged as a versatile class of mixed-anion semiconductors capable of bridging the
complementary strengths of oxides (structural stability) and sulfides (narrow band gap, enhanced
conductivity) for hydrogen production from pure water. This review summarises recent progress in their
application as both photocatalysts and electrocatalysts, with emphasis on mixed-anion electronic
structure, band-edge engineering, and charge-carrier Layered titanate oxy-sulfides,
exemplified by Y,Ti,OsS,, are highlighted as benchmarks for visible-light-driven overall water splitting;

dynamics.

key findings regarding cocatalyst loading effects, band-tail states, and interfacial selectivity are critically
assessed. Electrocatalytic systems—notably NiFe-based oxy-sulfides—are also reviewed, with attention to
the role of sulfur content, in situ reconstruction, and active-phase evolution. Degradation mechanisms
Received 11th March 2026 includi hot . . tructi d it U drift di d al id
Accepted 4th May 2026 including photocorrosion, surface reconstruction, and compositional drift are discussed alongside
mitigation strategies. Despite substantial progress, solar-to-hydrogen efficiencies in pure-water systems

DOI: 10.1039/d6ta02123a remain well below levels required for practical deployment. Future directions involving operando
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1. Introduction

Hydrogen is central to visions of a low-carbon energy system,
both as a clean fuel and as a key feedstock for major industrial
processes. Unlike energy carriers derived from fossil fuels,
hydrogen can be produced via pathways with no direct
greenhouse-gas emissions, making it an anchor for climate-
neutral energy strategies. Many projections suggest that
hydrogen could supply ~20-25% of global energy demand by
mid-century as production shifts toward renewable routes.!
Renewable hydrogen can be generated through several path-
ways; the three most common - thermochemical, photochem-
ical, and electrochemical - are summarized in Fig. 1.>*
Despite these promises, current hydrogen production
remains dominated by steam methane reforming and coal
gasification, which together account for more than 95% of
global supply and are responsible for substantial CO, emis-
sions.* This reliance on carbon-intensive processes motivates
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characterisation, first-principles-guided materials design, and scalable synthesis are outlined.

the development of scalable and sustainable alternatives. In
this context, water splitting driven either by renewable elec-
tricity (electrocatalysis) or directly by sunlight (photocatalysis) is
an especially attractive route to “green hydrogen”.>*

The performance and practicality of water splitting are gov-
erned by the availability of catalysts and semiconductors that
are simultaneously active, durable, and possibly composed of
earth-abundant elements. To date, the highest-performing
catalysts for the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) often rely on noble metals such
as Pt, Ir, and Ru. Their scarcity and high cost, however, severely
limit large-scale deployment.” This has driven intense research
into alternative material classes, including transition-metal
oxides, sulfides, phosphides, and carbides.®*® Each class,
however, has intrinsic limitations: oxides are generally robust
but frequently suffer from wide band gap energies (limited
visible-light absorption), whereas sulfides exhibit favorable
optical and electronic properties but are often unstable under
photo- or electrochemical operating conditions.

In photocatalysis in particular, it is important to distinguish
between overall water splitting in pure water and half-reaction
systems driven by sacrificial agents. A large fraction of the
literature reports hydrogen evolution in the presence of sacri-
ficial electron donors (e.g, alcohols, sulfide/sulfite mixtures, or
amines), and/or electron acceptors (e.g., Ag', I0;7) which
suppress recombination and photocorrosion but do not

This journal is © The Royal Society of Chemistry 2026
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1. Thermochemical water splitting

M0, > MO, ,+%0
HighTemperature/ﬁ_ﬂ\' Xy KOy-1+720,

Solar Energy /

MO,

> H20=>H2+1/202

w M,0,., +H,0 > M0, +H,

& Lower Temperature

2. Photocatalytic water splitting

Conduction Band (CB)

Sunlight (hv) e
h+

>  2H*+2e>H,

. H0+2h*>%0,+2H*

Valence Band (VB)

Hzo = H2 + 1/2 02

3. Electrocatalytic water spitting
Electron Flow

H, gas
Cathode

OH- Flow

H20 = Hz + 02

Fig. 1 Basic principles presenting the thermochemical, photochemical and electrochemical reactions for hydrogen production from water.

represent true water splitting. While such systems are valuable
for mechanistic insight, they are inherently misleading when
assessing practical viability: sacrificial agents increase cost,
complicate system design, generate' CO,, may precipitate™*®
and poison the catalytic sites, and often stabilize materials that
would otherwise degrade under overall water-splitting condi-
tions. Consequently, performance metrics reported under
sacrificial conditions cannot be translated to realistic solar
hydrogen production. This distinction between sacrificial-
agent-driven hydrogen evolution and true overall water split-
ting is essential, as only the latter reflects the thermodynamic,
kinetic, and stability constraints relevant to catalytic water
splitting materials.

From a techno-economic perspective, overall water splitting
in pure water remains the relevant benchmark. In this context,
the solar-to-hydrogen (STH) efficiency is a critical metric, and
values of at least ~10% are generally regarded as a lower bound
for economic feasibility.** Most photocatalytic systems reported
to date—including oxysulfide-based materials—still operate at
STH efficiencies well below 1% under pure-water conditions,
underscoring the substantial gap between laboratory demon-
strations and practical requirements.

Before discussing specific oxy-sulfide systems, it is instruc-
tive to contrast the key properties of oxide, sulfide, and oxy-
sulfide semiconductors. Oxide semiconductors (e.g., TiO,,
SrTiO;) typically exhibit wide band gaps (above 3.0 eV),

This journal is © The Royal Society of Chemistry 2026

restricting light absorption to the UV region (less than 5% of the
solar photon flux), but possess excellent structural and chem-
ical stability under aqueous conditions owing to the high lattice
energy of M-O bonds. Sulfide semiconductors (e.g., CdS, In,S;)
benefit from narrower band gaps (1.8-2.4 eV) compatible with
visible-light harvesting and higher electronic conductivity from
the more polarisable S*~ anion, but suffer from photocorrosion
and dissolution in pure water under prolonged illumination.
Oxy-sulfide semiconductors combine aspects of both: the
mixed-anion lattice narrows the band gap relative to the parent
oxide through upward VBM shifting driven by S 3p states, while
partial retention of M-O bonds preserves structural robustness
relative to the pure sulfide. The O/S ratio and local coordination
geometry provide independent design parameters for simulta-
neously tuning band gap, band edge positions, carrier mobility,
and long-term stability, a degree of compositional flexibility
unavailable in single-anion materials.*>™*”

Oxy-sulfides have re-emerged as a promising hybrid class in
this regard. By combining oxide-like structural stability with
sulfide-like electronic and optical properties, mixed-anion oxy-
sulfides offer a design space in which band edges, defect states,
and charge-carrier dynamics can be tuned through anion
composition, local ordering, and symmetry breaking."®'® Recent
progress including layered perovskite-type oxysulfide photo-
catalysts capable of visible-light-driven overall water splitting
and oxy-sulfide electrocatalysts derived from controlled
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sulfidation/oxidation pathways has created a timely opportunity
to critically assess both their potential and their limitations.

Several existing reviews focus broadly on metal sulfide pho-
tocatalysts or oxide-based systems, often emphasizing half-
reaction photocatalysis in the presence of sacrificial agents. By
contrast, this review deliberately focuses on oxy-sulfide mate-
rials evaluated under pure-water conditions, with particular
attention to: (i) mixed-anion electronic structure and band
energy engineering, (ii) structure-property relationships, (iii)
photocatalytic and electrocatalytic hydrogen production metrics
relevant to overall water splitting, and (iv) deactivation mecha-
nisms and scalability constraints. Through this, we aim to
clarify both the promise of oxy-sulfides and the challenges that
must be overcome to approach technologically meaningful STH
efficiencies.

2. Fundamental principles and the
electronic structure of oxy-sulfides

2.1. Introduction to water splitting

Hydrogen can be produced (non-thermally) from water splitting
through two primary mechanisms: electrocatalysis and photo-
catalysis. HER is an electrochemical process that occurs
through multiple steps, including adsorption, reduction, and
desorption on/from the electrode surface, culminating in the
formation of H,.” The reaction may proceed according to the
following steps:”

H,0 + e 2 H,y4 + OH™ (Volmer step) (1)
H.4 + H,O + e~ 2 H, + OH™ (Heyrovsky step) 2
2H,.q4s @ H; (Tafel step) (3)

The HER starts with the Volmer step, where a water molecule
is dissociated (to H" and OH") followed by proton adsorption
onto the electrode then upon electron transfer gives an adsor-
bed hydrogen atom. Further reactions occur, either through the
Heyrovsky step, where the adsorbed hydrogen atom reacts with
the electrolyte proton and another electron to give H,, or the
Tafel step, where two adsorbed hydrogen atoms combine to
release H,. Most studies have indicated that at high potentials
the Tafel step is less significant, and the Volmer-Heyrovsky
route dictates the HER mechanism.

Photocatalytic water splitting (PCWS) utilizes light to trans-
fer electrons from the valence band (VB) to the conduction band
(CB) of a semiconductor, and the resulting electrons and holes
induce hydrogen evolution and water oxidation, respectively. To
achieve spontaneous overall splitting, the CB edge must be
more negative than the H'/H, potential and the VB edge more
positive than the H,0/O, potential. These are equivalent to
about —0.41 V and +0.82 V with respect to the normal hydrogen
electrode (NHE) at pH 7. While the theoretical requirement of
1.23 eV per electron is needed to split water to H, and O,, in
practice because of the many losses associated to each reaction
step (grouped together by the “so-called” overpotential) semi-
conductors with band gap above 1.8 eV are needed.

23580 | J Mater. Chem. A, 2026, 14, 23578-23597
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2.2. Introduction to oxysulfides

Oxy-sulfides are of particular interest because the presence of
sulfur (i) decreases the band gap energy, (ii) raises the CB and
(iii) keeps the VB oxidation potential low enough to allow for
hole transfer.

Before presenting and discussing some of them and their
associated activity, it is worth indicating a few points related to
the differences between oxides, sulfides and oxy-sulfides band
gap energies.

2.2.1 Electronegativity of the anion strongly influences the
energy of the valence band (VB) of a semiconductor. Highly
electronegative anions (e.g., 0°>7) hold their electrons tightly
and therefore their p orbitals lie at low (more negative) energy.
This results in a deep VB energy which in turn gives a large band
gap energy (E,).>*** Less electronegative anions (e.g., $>7) hold
electrons less tightly and therefore their p orbitals lie at higher
(less negative) energy. This results in a shallower VB energy
which in turn gives a small E,. The CB is mostly dominated by
metal cation d (or in some cases p) orbitals, so the primary E,
change comes from the upward shift of the VB.

2.2.2 Orbital energies, size and overlap. Because of (a)
oxygen 2p orbitals are lower in energy than sulfur 3p orbitals.
When these anion orbitals hybridize with metal cation orbitals
and since the CB (dominated by metal d orbitals) does not shift
much, E, shrinks when S replaces O.

2.2.3 Mixed-anion oxysulfides have therefore tunable band
gaps as presented in Table 1. Thus, lower electronegativity
associated to higher p-orbital energy gives higher VB which
results in smaller band gap energies.

The superior band structure flexibility of mixed-anion oxy-
sulfides relative to single-anion semiconductors arises from the
co-existence of 0>~ and S>~ in the same lattice. In single-anion
semiconductors (pure oxides or pure sulfides), the valence band
derives from a single anion p-orbital type whose energy is fixed
by the element’s electronegativity, leaving little scope for tuning
without entirely replacing the metal cation. In oxysulfides, by
contrast, both O 2p and S 3p states contribute to the valence
band through indirect hybridisation mediated by the bridging
metal cation (O 2p < M""d < S 3p). Because 0>~ and $>~ differ
markedly in electronegativity (3.44 vs. 2.58 on the Pauling scale),
polarizability (~3.0 vs. ~7.0 A%), and ionic radius (1.40 vs. 1.84
A), continuously varying the O/S ratio tunes the energy of the
hybrid valence band without significantly perturbing the
conduction band (dominated by metal d/p states). This provides
a two-dimensional handle on the band gap: the S fraction
controls VBM elevation while the cation identity controls CBM
position—a degree of flexibility unachievable in single-anion
materials. Furthermore, the ionic size mismatch between 0>~
and S~ introduces local lattice strain and polar distortions that
can shift band edges by 0.4-0.7 eV and generate built-in electric
fields, discussed further in Section 2.4.

2.2.4 O and S anions orbitals mix due to indirect hybrid-
ization through metal cations. In metal oxysulfides (e.g., O-M-
S-M’ systems) O>" is bonded to the metal (M*"), $>~ is also
bonded to M*" or M?", The M (M) cation has empty or partially
filled d orbitals (or p orbitals depending on the metal). Thus,

This journal is © The Royal Society of Chemistry 2026
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Tablel1 Comparison between oxide and sulfide semiconductors band
gap energies

Anion Electronegativity P-orbital energy VB position Band gap, E;

0> High
s>~ Lower

Low
Higher

Deep
Raised

Large Eg
Smaller E,

Table 2 Photocatalytic activity of Y,Ti,OsS, for overall water splitting.
Calcination temperatures and pH effects on reaction rates of H, and
O, production from water on Cr,O3/Rh/IrO,-modified Y,Ti>OsS; in
distilled water buffered by La,Os. For the pH effect the Y,Ti,OsS, was
calcined at 1073 K. Reactions were carried out under illumination from
axenon lamp (300 W, 2> 420 nm). Extracted numbers from ref. 22, are
within +£10%

View Article Online
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both O 2p and S 3p orbitals overlap with the metal d (or p)
orbitals, and therefore become part of the same extended band.
This leads to indirect hybridization pathway:

0’ 2p «—> M nd «— $* 3p (4)

Because both O”~ and S>~ interact with the metal's elec-
tronic states, the resulting band is a linear combination of all
three sets of orbitals. Also, because S 3p and metal d orbitals are
much closer in energy, S mixes strongly with the metal, pulling
the valence band upward. In short, because the band is delo-
calized across the whole crystal, the O 2p states also admix
without direct O-S bonding.

2.3. Examples of oxy-sulfides active as photocatalysts for
pure water splitting

Calcination temperature pH
One of the first successful examples for overall water system
973 K 1073 K 6.8 8 9 10 based on oxy-sulfides® is Y,Ti,O5S,. In order to make it a pho-
o tocatalyst, it was further modified by IrO, (for O, production)
H, (umol h™) 7.5 2 0.1 2.3 2.5 0.1 d Rh (for H ducti In additi Rh ticl
0, (umol h ) 4 1 o 12 1 7 an (for H, production). In addition, particles were
protected by Cr,0;, largely to prevent H,/O, re-combination
back to water. It has a band gap energy of 1.9 eV and splits
B Y,T1,05S,
s
§ *JL_.__‘J_JL_/'L'»L wu_.‘u A_L_‘L»U\..l__l_.kw
2 B & ,
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Fig. 2 Structure of Y,Ti,OsS,. (A) The crystal structure from Materials Project,?® (B) its analyzed XRD pattern (red spectra) and simulated data

(black spectra). (C) SAED pattern, (D) HRTEM image (f). From ref. 28.

This journal is © The Royal Society of Chemistry 2026
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water in a narrow pH window (8-9), Table 2. Annealing at 973 K
was found best and with an STH efficiency, eqn (5), of 0.007%
(the theoretical maximum STH efficiency at this band gap
energy is 20.9%) and was stable for a 20 h test duration.

(R(Hy) x AG;)

STH(%) = (P xS)

x 100 (5)
R(H,), AG,, P and S are for the rate of H, production, the Gibbs
free energy of the water-splitting reaction, light flux of the AM
1.5 G solar irradiation (100 mW c¢m™?) and the irradiated
sample area, respectively.

Fig. 2 presents the structure and corresponding XRD
patterns of this oxysulfide semiconductor. The Y,Ti,OsS, unit
cell comprises alternating rocksalt slabs [Y,S,]*" and ReOj;-type
blocks formed from —(TiO,)—-(0)-(TiO,)-layers stacked along the
c-direction. Fig. 3 and 4 show the dependency of the ratio O, to
H, ratio as well as production on the loading amounts of Cr, Ir
and Rh. It is important to mention that the default catalyst
contains 0.3, 2 and 1.5 wt% of Ir, Rh and Cr and it is understood
that two are fixed while changing the % of the third component
while testing their effect. As is often the case for photocatalytic
materials, the activity saturates very fast with the amount of
metal loaded and sometimes decreases after a narrow threshold
(typically between 0.5 and 2 wt%).>*>*

In the case of the IrO, series, the ratio starts very low (~0.18),
then gradually increases up to 0.5 at high loading. This means
that at low loading O, evolution is strongly suppressed relative
to H, and this is due to either slow OER kinetics or strong back
reaction. As the amount of IrO, increases OER kinetics improve
and O, catches up toward stoichiometric value and this is
consistent with IrO, acting primarily as an OER cocatalyst.

0.7

Effect of metal loading on the PCWS reaction

Rh/RhO, -

0,/H,

[H,0 > H,+%0, |

15 2
Metal wt. %

Fig. 3 Effect of amount of Ir, Rh and Cr in wt% on the O,/H, ratio
during the reaction of Y,Ti,OsS, for overall photo-catalytic water
splitting (PCWS). The reactions were carried out under 300 W Xe lamp
ilumination (1 > 420 nm) in distilled water buffered by La,O3 (pH 8.5).
Data computed from ref. 22.
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3.5

Effect of metal loading on the PCWS rate

H, production rate

Rh/RhO,

0'|||.=||||||-||||||||

0 0.5 1 1.5 2
Metal wt. %

2.5 3

Fig. 4 Effect of amount of Ir, Rh and Cr in wt% on the H, production
rate during the reaction of Y,Ti,OsS, for overall photo-catalytic water
splitting (PCWS). The reactions were carried out under 300 W Xe lamp
illumination (A > 420 nm) in distilled water buffered by La,Oz (pH 8.5).
Data computed from ref. 22.

For the Rh series, the ratio is already near ~0.5 even at low
loading. While this indicates that the system is more balanced,
the absolute rates are still lower at low loading. At high Rh
loading, there is a slight drop in the ratio which may suggest
a slight recombination enhancement. For the Cr series, prob-
ably the most interesting, at 0-0.5 wt% the ratio =0 (essentially
no measurable O,), then at 1.0 wt% there is a sudden jump to
~0.45, followed by a stabilization near 0.5. This is not gradual
there is a threshold-like behavior. This strongly suggests that at
low Cr,03, O, is being generated but consumed (back reaction).
Once Cr reaches ~1 wt%, a protective/selective layer forms on
Rh, back reaction is suppressed as well as, possibly, that of O,
reduction reaction (ORR) on Rh. These data suggest that the
dominant limitation at low cocatalyst loading is surface
recombination/back reaction, not bulk charge recombination.
Also, Cr,0; is acting as a reaction-selectivity modulator, not
a cocatalyst. Once surface selectivity is fixed, the system
approaches stoichiometric splitting, but absolute rates are still
modest. This may indicate that efficiency is, in addition to
bandgap engineering, mostly about surface reaction selectivity
and suppression of non-desired pathways. In other words,
performance is not limited by absorption or band alignment,
but by interfacial charge-selectivity and recombination
suppression (Fig. 2).

It is instructive to compare such data with those expected if
an electron scavenger such as Ag ions is used where in such
a case there is no H, evolution but O, is made. At low Cr loading,
0,/H, = 0, yet H, is produced. That means, either O, is being
reduced back (back reaction), or holes are not efficiently
transferred to OER sites, and/or surface recombination domi-
nates. Once Cr reaches ~1-1.5 wt% (knowing that Rh is fixed at
2 wt%) O,/H, tends to 0.5 and the system approaches true

This journal is © The Royal Society of Chemistry 2026
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overall splitting stoichiometry. In a typical AgNO; system,
electrons are scavenged immediately. O, reduction cannot
occur and back reaction is artificially suppressed. The system
appears stable and active. In other words, sacrificial systems
artificially enforce the equivalent of a “perfect Cr,O; layer.”
Those point out that the dominant loss channel is surface
recombination and back reaction, not bulk bandgap limitation.
This explains why many systems show good half-reaction
performance, but very low STH in pure water, if at all. This is
because the bottleneck is not photon absorption alone—it is
charge-selectivity at interfaces.

Fig. 4 shows the expected “optimum loading” behavior for
each series (IrO,, Rh, Cr,0;). The Rh and Cr series show strong
increases up to ~2 wt% (Rh) and ~1.5 wt% (Cr,03), then a drop/
plateau. This is consistent with what has been seen for decades
for half reaction (photo-reforming of alcohols, for example). The
IrO, series peaks sharply around 0.3 wt%, then drops at
0.4 wt%, which may indicate a more complex and certainly less
known interfacial effects.

Focusing on the profile of H, as a function of Cr,0; and Rh
loading, the curves look remarkably similar, both show a strong
rise, both peak near ~1.5-2 wt%, and both decline at higher
loading. At first glance that looks redundant but it actually
reveals something important. Even though one is nominally
fixed while the other varies, the system is interfacially coupled.
Rh and Cr,0O; are not acting separately. Rh is the HER metal, Cr
forms a thin Cr,0; overlayer on Rh. So, when the amounts of Rh
changes, the number of HER sites changes and when that of Cr
change the shell thickness/coverage changes. Both affect the
same functional unit: the HER microstructure and its
selectivity.

Because both loadings control the same balance, too little Rh
means not enough HER sites and too much Rh makes larger
metal clusters, leading to potentially more recombination and
more back reactions. Also, too little Cr,0; does not suppress
back reaction and too much Cr,O; blocks proton transport,
increases series resistance which in turn reduces electron
transfer efficiency. Thus, both have an optimum where Rh sites
are numerous enough, Cr,O; coverage is sufficient but not
excessive. That naturally leads to similar-shaped curves.

2.3.1 Is such a system electron-limited or hole-limited?
Considering the plots in Fig. 3 and 4, for the IrO, series H, goes
from ca. 0.85 to ca. 2.05 umol h™' (=2.4 x increase) while for
the Rh series H, goes from ca. 0.65 to ca. 2.6 umol h™! (=4 x
increase) and for the Cr,O; series H, goes from ca. 0.25 to ca. 2.6
umol h™" (=10 x increase). This means that the system is not
primarily “hole-limited”. If OER kinetics (holes) were the
dominant bottleneck, varying IrO, should dominate the gains
more than Rh or Cr,0;. But IrO, gives the smallest leverage.
Instead, Rh and especially Cr,0; give the strongest leverage.
That points toward either electron-side limitations and/or
parasitic electron consumption (back reaction/ORR).

Now considering the O,/H, ratio behavior, IrO, variation
leads to O,/H, rise toward ca. 0.5 as IrO, increases. Therefore,
adding IrO, improves hole extraction and OER kinetics, so O,
catches up. This means that while the hole-side is not perfect, it
is fixable and doesn't show threshold behavior. However, Rh

This journal is © The Royal Society of Chemistry 2026
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variation does not affect the O,/H,, it stays around 0.45-0.55
across the whole range. In other words, varying Rh mostly
changes how fast electrons make H,, but it doesn't dramatically
change stoichiometric balance. That suggests Rh is mainly
affecting HER kinetics/electron transfer, not selectivity. In the
case of Cr,0O; variation O,/H, is nearly 0 at low Cr, then
suddenly jumps to near 0.5 above 1 wt%. Below a certain Cr,03
coverage, O, is being lost (reduced away or recombined) and
above a coverage threshold, the back reaction is suppressed and
the system becomes stoichiometric. The primary limitation is
interfacial selectivity/back reaction suppression. That means at
low Cr,03, holes and electrons are generated, but the net O, is
destroyed at/near HER sites. This is not a bulk limitation it is
a surface kinetic/selectivity loss. There is a secondary limitation:
electron-side kinetics/HER site density. This is because
changing Rh causes large increases in H, rate and O,/H, stays
close to 0.5 (the system remains balanced while rates increase).
Still, hole-side kinetics (OER): IrO, still matters, it improves O,/
H, toward stoichiometric and increases rates but the smaller
leverage compared to Rh/Cr suggests OER kinetics are not the
main bottleneck once the interface is engineered.

Overall, there are two regimes. Regime A: back-reaction
limited (low Cr,03) O,/H, far below 0.5, because O, is lost and
regime B: kinetics/transport limited (high Cr,03, near-optimal
Rh/IrO,) where O,/H, is about 0.5 and the limiting factors are
carrier transport to surface, HER/OER surface kinetics, and
light absorption.

In summary of this section, the cocatalyst-loading suggests
that performance is primarily limited by interfacial selectivity.
In particular, varying Cr,0; produces a threshold-like transition
from negligible O, evolution (O,/H, = 0) to near-stoichiometric
overall splitting (O,/H, = 0.5), consistent with suppression of
back reactions (e.g., O, reduction and H,/O, recombination)
once a sufficiently continuous Cr,0; protection layer forms on
HER sites. After selectivity is established, the overall rate
becomes more sensitive to HER cocatalyst loading (Rh), while
OER cocatalyst loading (IrO,) provides smaller but measurable
improvements, indicating that electron extraction/HER kinetics
remain the dominant secondary limitation under optimized
conditions.

2.3.2 Band-tail states: shallow versus deep defect states
and their role in photocatalytic performance. It is important to
distinguish between shallow band-tail states and deep-level
defect states, as they exert markedly different effects on pho-
tocatalytic performance. Shallow band-tail states (Urbach tails,
typically within 100-150 meV of the band edges) arise from
structural and compositional disorder—in oxychalcogenides
specifically from mixed-anion (O*>/$>7) distribution, stacking
faults, and local strain around coordination polyhedra.
Carriers trapped in shallow tail states retain significant
thermal energy and can be re-excited into the band within
picoseconds to nanoseconds. This suppresses direct band-to-
band recombination, extends apparent carrier lifetimes, and
creates a potential-fluctuation landscape that spatially sepa-
rates electrons and holes. This is beneficial for photocatalysis
when interfacial selectivity is controlled. Deep-level defect
states (typically more than 200-300 meV from the band edges),
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by contrast, arise from stoichiometric defects such as sulfur
vacancies or grain boundary states. These act as efficient
Shockley-Read-Hall (SRH) recombination centers: carriers
trapped at deep levels lose energy non-radiatively before
reaching the surface, pin the quasi-Fermi levels, and can serve
as nucleation points for photocorrosion by concentrating holes
on sulfide sites. Notably, band-tail states are not unique to
oxysulfides but are a general feature of all mixed-anion semi-
conductors (e.g., oxynitrides, oxyfluorides, mixed-halide
perovskites). What distinguishes oxysulfides is the large
anion size mismatch (O*>: 1.40 A vs. S*7: 1.84 A), producing
comparatively strong potential fluctuations at nominal stoi-
chiometry. Intentional engineering of band-tail depth is
achievable through: (a) improving long-range anion ordering
via extended annealing or topotactic synthesis; (b) partial iso-
valent anion substitution (e.g., >~ — Se®") to reduce size
mismatch; and (c) epitaxial strain engineering to lock in
a specific polar distortion while minimising random disorder.
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Further studies revealed that Y,Ti,OsS, may possess band-tail
states that enhance carrier lifetimes and promote photocatalytic
activity.”® As indicated above band-tail states are shallow, expo-
nentially decaying electronic states that extend into the band gap
from the conduction or valence band edges. They arise due to any
phenomenon that causes small, local variations in the crystal
potential. These are due to structural disorder (in this case they
are in particular mixed-anion disorder (O /S>~ distribution) and
layered stacking imperfections) and compositional disorder
(even if the stoichiometry is nominally Y,Ti,0sS,, slight varia-
tions in local S/O ratio or the arrangement of anions create band-
edge fluctuations). Other factors include static strain such as
local distortions around TiOsS octahedra/pyramids and layered/
sheeted structural motifs.

It has been proposed that these tail states can be beneficial
for photocatalysis because of the following.

(a) Improved carrier lifetimes (tail states act as a “buffer
zone” between the conduction band and deep trap states).
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Fig.5 Low-temperature photoluminescence (PL) spectra and plots of Y,Ti,OsS, powder. (a) PL spectra of Y,Ti,OsS, measured at 420 nm laser
excitation (9 and 15 K). Peak assignments are shown in the inset. (b) Excitation (E,) power-dependent PL spectra of Y,Ti,OsS; at 9 K. (c—e) TRPL
decay curves of the FX,_», FX,_;, and DX peaks at 9 K. (f) TRPL decay curve of the FC peak at 15 K. The red lines in (c—f) are the fitted curves using
the thermalized stretching exponential decay, eqn (6). Reproduced from ref. 28 with permission from [The Royal Society of Chemistry] [2026].
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Therefore, electrons may fall into a tail state (shallow) then
thermally re-excite rather than immediately recombine. This
suppresses Shockley-Read-Hall (SRH) recombination.

(b) Enhanced visible-light absorption (reduce the effective
band gap for absorption, allowing absorption of lower-energy
photons.

(c) Because of (a) there is a better charge separation (tail
states can act as stepping stones for electrons or holes to
migrate without falling into deep traps).

Fig. 5 presents one of the key results obtained by time
resolved photoluminescence of Y,Ti,05S,. Fig. 5a shows the PL
spectra of Y,Ti,OsS, measured at 9 and 15 K. The main four
distinct peaks in the range of 1.97 to 2.01 eV are distinguished
by changing the excitation power (Fig. 5b). These four peaks are
attributed to free excitons (FX,_; and FX,_,), free carrier (FC)
and bound exciton (D°X). The relative intensities of the free
excitons peaks at 1.997 and 1.990 eV increase with increasing
excitation power, whereas that of the bond exciton at 1.980 eV
decreases with increasing excitation power. The decay curves
fitted using the thermalized stretching exponential function,
eqn (6), are shown in Fig. 5(c-f), from which the average lifetime,
<t>, is extracted.

— -\*
I = Liexp (r_> + Lexp (r_> (6)
1 2

The first term refers to a decay channel with a single char-
acteristic lifetime, often used for a radiative free-exciton
recombination or a fast channel that is close to first-order
kinetics (no strong distribution of environments). The second
term refers to when the decay is stretched, with ¢ < 1. This is
attributed to a broader distribution of recombination environ-
ments (different trap depths, local potentials, spatial separa-
tion, disorder, diffusion-limited capture, etc.). These may be
lumped together as bound excitons.

From the fit using eqn (6), <t> is computed using the Euler
gamma function expression.

o-3i)

The most important observation is the very long <t> of D°X.
The fact that its intensity decreases with light intensity and
without shifting in energy is taken as further indication that it
results indeed from a bound exciton. Further TRPL as a func-
tion of temperature indicated that DX disappears by 60 K with
FC becoming the dominant feature up to 300 K. However, it was
found that FC have a high activation energy, 92 meV (much
higher than room temperature, 25 meV). Based on this and
other computation results (DFT-HF (HSEO06)) the following
interpretation (Fig. 6) is given in which anti-sites of Os and So
are the cause. These while neutral since both anions have the
same charge, —2, still make fluctuation because (as indicated
above) of slight changes in bond distance and associated
different electronic structures. While in an ideal semiconductor
the conduction band and valence edges are flat and therefore
electrons see the same bandgap everywhere, in real materials

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Schematic diagrams of PL mechanisms in Y,Ti,OsS;. (a) Re-
combinative emission channels at low temperature: (1) free carrier (FC)
recombination, (2) free excitons (FX,_1, FX,—,) recombination, (3)
bound excitons recombination (exciton bound to donor, D°X). (b)
Band structure and emission mechanism of the band-tail transition at
300 K. Reproduced from ref. 28 with permission from [The Royal
Society of Chemistry] [2026].

small compositional or structural variations cause the local
band edges to shift slightly from place to place. That spatial
variation is what is called “potential fluctuations” and this
produces band-tail states: states extending into the gap from the
band edges. This in turn reduces electron-hole overlap and
creates potential barriers for recombination, so recombination
becomes slower.

However, these are a double-edge sword, because while
moderate band tails increase the lifetime which is good for
photocatalysis, too strong band tails would prevent carrier
transport and consequently decrease catalytic activity. This is
precisely what is found where the activation energy of 92 meV is
too high for room temperature reactions under photon excita-
tion. In other words, it was found that the potential fluctuation
amplitude is already somewhat large in this material.

One may re-view this upon analyzing the O, to H, ratios and
reaction rates as plotted in Fig. 3 and 4. Band-tail states help
charge separation but they also make “inappropriate surfaces”
more damaging. Band-tail states (Urbach tails/potential fluctu-
ations) do two main things: increase apparent carrier lifetime,
by spatially separating electrons and holes (reduced overlap)
and create a landscape of localized carriers. Carriers can be
trapped/shuttled through shallow states before reaching the
surface. That's good if surface reactions are selective and fast.
But longer-lived electrons at/near the surface dramatically
increase the probability of undesired reactions (especially O,
reduction) unless the surface is engineered to prevent them. So
tail states don't automatically improve overall splitting. They
can actually magnify the importance of surface selectivity. At
low Cr,0; (0,/H, ~ 0), if electrons survive longer (tail states,
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slower recombination), then in pure water they have time to do
undesired reactions such as reduce dissolved O, and drive back
reaction pathways. Above the Cr,0; threshold (O,/H, is ca. 0.5),
because it suppresses O, access to electron-rich HER sites, ORR-
type back reaction on Rh and H,/O, recombination, the longer
lifetime provided by tail states becomes beneficial rather than
harmful: electrons can actually make H, and holes can make O,.
In short, bulk lifetime improvement is only useful when inter-
facial selectivity is controlled.

2.3.3 A key conceptual framework: bulk-limited vs.
interface-limited regimes. An oxysulfide like Y,Ti,OsS, appears
operating in two regimes.

1. Interface-limited: bulk carriers may live long (tail states),
surface pathways are leaky (back reactions, ORR, recombination
on metals) and the net overall splitting is poor without adding
Cr,0; shells, or using a Z-scheme for spatial separation of HER/
OER sites.

2. Bulk-limited: absorption fraction, carriers diffusion
length, carries bulk recombination and carrier mobility (too
strong tailing can hinder transport). This may be fixed by
reducing potential fluctuation amplitude, improve crystallinity,
reduce deep traps. Too much band tailing” can reduce STH even
if lifetime is long because strong tailing leads to carriers
become localized slowing charge transport. This means that
long TRPL lifetimes can also be associated with low photo-
catalytic rates. This is because a long lifetime is only helpful if
carriers can reach the reactive sites in time and with the right
selectivity.

The use of sacrificial-agent systems distort this picture. In
sacrificial systems: electrons (or holes) are rapidly consumed,
back reaction is suppressed; long lifetime almost always looks
beneficial. So sacrificial tests can incorrectly suggest that: “tail
states are unconditionally good” but in pure water tail states can
increase the time window for undesired surface chemistry
unless selectivity barriers (Cr,03, Z-scheme) are engineered.

In summary of this section, band-tail states and potential
fluctuations can extend carrier lifetimes by reducing electron—
hole overlap, but their net effect on overall water splitting
depends critically on interfacial selectivity. In pure-water
systems, long-lived electrons increase the probability of side
reactions such as oxygen reduction and H,/O, back reactions
unless HER and OER sites are isolated (e.g., via Cr,0; shells,
spatially separated cocatalysts, or Z-scheme architectures).
Consequently, improvements in bulk lifetime (as inferred from
TRPL) do not necessarily translate into higher STH efficiencies
unless surface recombination and back reactions are simulta-
neously suppressed. This interplay helps explain why stoichio-
metric gas evolution (O,/H, = 0.5) often emerges only beyond
a threshold cocatalyst/protection loading, after which bulk
transport and absorption become the dominant constraints
(Table 3).

Subsequent studies involving sequential loading of cocata-
lysts and Z-scheme coupling with BiVO,, resulted in an
improved STH efficiency of Y,Ti,O5S,-based systems of about
0.19%.>® Other oxysulfides include LasTi,AgSs0, were also
found to be active in a powder-suspension Z-scheme systems
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with 0.12% apparent quantum yield (AQY) at a 420 nm light
excitation, and a low STH (0.003%).*

It is also important to place these efficiencies in context. For
particulate photocatalyst systems operating in pure water,
several intrinsic loss channels, including incomplete light
absorption, carrier recombination, back reactions, and mass-
transport limitations, reduce the achievable STH efficiency
well below the thermodynamic limit. In practice, achieving STH
values above 5-10% in suspended photocatalyst systems
remains elusive. The fact that most oxysulfide systems currently
operate at STH values below 1% indicates that substantial
improvements in carrier lifetime, surface reaction kinetics, and
light-harvesting efficiency are still required before practical
implementation becomes feasible.

A key observation across many studies is that improvements
in crystallinity, cocatalyst dispersion, and heterojunction
design often lead to incremental gains in activity but do not yet
translate into order-of-magnitude increases in efficiency. This
suggests that intrinsic limitations—such as carrier diffusion
length, bulk recombination, and imperfect band-edge align-
ment—are likely to play a dominant role. Consequently, future
progress requires simultaneous optimization of bulk electronic
structure and interfacial charge transfer rather than further
incremental modifications alone.

2.4. The synergic strategy of oxygen and sulfur in oxy-
sulfides

The improved performance of oxy-sulfides is linked to anion
driven electronic modulation because of higher polarizability of

(a) Type I: oxide + sulfide sublattices
S
u#r M S g 4

[LaO]* layer

[InS,]°>- motif [InS,]~ layer

*

(b) Type II: oxysulfide sublattice

This work

[INO,S5]"- motif

[In,0,S;5]¢- chain

View Article Online
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sulfur (« = 7 A® for $*~ compared to = 3.0 A* for 0*"). This
increased polarizability leads to a stronger covalency with
transition metal cations, like Ti**. As indicated above, this
increased covalency, in turn, leads to the valence band
maximum being pushed higher with S 3p and O 2p hybridiza-
tion. Consequently, the hybridization reduces the bandgap. For
example, from ~3.2 eV to ~1.9 eV when comparing Y,Ti,O, to
Y,Ti,05S,. The conduction band is still sufficiently negative for
H" reduction.

In attempt to further understand such a system a computa-
tional study pointed out that due to the lower electronegativity of
sulfur, sulfides normally have band gaps that are too small for
water splitting but polar distortions could shift their band gap to
a suitable range. These polar distortions, made by either epitaxial
strain or substitution of sulfur by oxygen, increase the band gap
to a suitable range. As an example, the compressively strained
BaZr, YTiYO,S compounds were proposed as photocatalytic
water splitting.'**”** The valence band maximum is governed by
anion stoichiometry. An excess of S destabilizes the lattice.
Calculations suggest that about a 50% S fraction yields a near
ideal band gap of about 2.0 €V and with thermodynamic stability.
Local strains introduced upon replacing O*~ by S*>~ induces
tensile strain in MOg or MS, octahedra. This destabilizes the VBM
and increases absorption of visible light (upward shift by 0.4 to
0.7 eV). Polar distortions arise when mixed O and S environments
break inversion symmetry (as indicated above). When the cations
on the Bssite (e.g., Ti*" in TiO5S; units), shift from the center of the
polyhedron and are correlated across the lattice, as in layered
perovskite-type oxysulfides, a macroscopic spontaneous polari-
zation of approximately 10-15 uC cm ™ is generated.' This built-

In-S
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& “ is“ ;3 ‘ # / antibonding
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~ S&O states )
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Fig. 7 Two types of oxysulfides. (a) Type |: oxysulfides constructed from oxide and sulfide sublattices. In the scheme LaOInS, has a layered
structure composed of alternating [LaO]* and [InS,] ™~ layers. This results in “largely” a spatial separation of O and S states. (b) Type II: oxysulfides
containing hetero-anionic sublattices. SrsIn,04Ss (SIOS) has a one-dimensional structure containing [INO,S3]”~ square pyramids. This results in
hybridized S-O state near the Fermi level. Reproduced from ref. 36 with permission from [John Wiley and Sons, License Number
6211401230882] [2026].
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in electric charge surface density acts as an internal charge-
separation driving force: photogenerated electrons and holes
are swept in opposite directions, reducing their spatial overlap
and suppressing SRH recombination. Experimental evidence
comes from TRPL measurements of Y,Ti,OsS, (Fig. 5), where the
stretched-exponential decay and high activation energy (92 meV)
for free-carrier recombination are consistent with spatially

—_—
juh)
S

h*) I

Energy(eV)

2F

0.449 0.858

Density of States n
Fig. 8 The electronic structure of Srzln;O4Ss and bonding of the In-
centered hetero-anionic motif. (a) Total and partial Density of States
(DOS) of elements of SrzlnsO4Ss. (b) Valence electron density map
projected on the (001) plane located at z = 0.25. Reproduced from ref.
36 with permission from [John Wiley and Sons, License Number
6211401230882] [2026].
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separated carriers navigating the potential-fluctuation landscape
induced by mixed-anion disorder.

2.5. Oxysulfide semiconductors with hetero-anionic units
[0O-In-S]*~, Sr3In,0,S5

Indium-based oxysulfides materials such as LaInOS,,** LasIn,-
S903,* and La;0IngS;,0 (ref. 34,35)), have been reported. These
do not contain hetero-anionic coordination around the In
cation and are therefore made of separated oxide and sulfide
sub-lattices. This results in spatially O and S states and there-
fore show weak orbital hybridization (Fig. 7a). Recently,
a quaternary indium oxysulfide, Sr;In,0,Ss (SIOS), constructed
from hetero-anionic [InO,S;]”~ units has been recently synthe-
sized and tested for the water splitting reaction.*® This hetero-
anionic sub-structure allows for closer spatial atomic mixing
of S and O (hybridization) (Fig. 7b). Therefore, it added other
dimensions to the oxysulfides function making them tunable
platforms ion which anion distribution, strain, and symmetry
breaking may act as independent design parameters.

Fig. 8a presents the density of states as computed using
density functional theory (DFT) within the generalized gradient
approximation (GGA), where the VB maximum is composed of S
3p and O 2p orbitals while the CB minimum derives from the
empty In 5s orbitals. The valence electron density map (Fig. 8b)
indicates high electron density around S and O atoms. The
extracted band gap energy is found to be 3.2 eV. HRTEM images
and selected area electron diffraction pattern reveal that one of

b
(b) SIOS — HSIOS
CB (-1.27) CB (-1.13)
3.20 2.47
VB (1.93) VB (1.34)

(a)Schematic of the structural transformation from pristine SIOS (SrzIn4O4Ss) to “acid-treated Srzln;O4Ss (HSIOS) after topological acid

exfoliation. Inset: the image of SIOS and HSIOS samples. (a) Tauc Plots, F2(R) as a function of energy of SIOS (black) and HSIOS (red). (b) Band
energy diagrams of SIOS and HSIOS. Energy levels are with respect to the normal hydrogen electrode (NHE). Reproduced from ref. 36 with
permission from [John Wiley and Sons, License Number 6211401230882] [2026].
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the exposed crystal faces is the (3,—1,1) face, displaying 1D
chains extending along the dominant crystal growth direction.
(EDS) analysis confirms the uniform distribution of Sr, In, O,
and S; further structural details can be found in (ref. 36).

In order to decrease the bandgap energy, the authors have
transformed part of the compound to amorphous (Fig. 9) by
acid treatment. The resulting material “acid-treated Sr3;In,0,Ss
(HSIOS), has resulted in a band gap energy of ca. 2.5 eV and with
a raised valence band level without much change in the CB
position. This made HSIOS more suitable for sun light har-
vesting. Photocatalytic test results showed however that while
SIOS had weak activity for water splitting, the ratio of H, to O, of
2 was an indication of stability (for some time at the experi-
mental conditions). The ratio H,/O, obtained using the acid
treated SIOS (HSIOS) deviated considerably from 2, due to
corrosion and is therefore found to be not stable. This, again, is
linked to the fact that the creation of “defect, amorphous” states
destabilize the material by accelerating undesired reactions in
particular corrosion (non-stoichiometric H,/O, ratios).

3 Oxy-sulfides in electrocatalytic
hydrogen evolution (HER)

3.1 NiFe oxy-sulfides: a promising earth-abundant
electrocatalyst

Oxy-sulfides have also attracted much interest recently as HER
electrocatalysts owing to the integration of oxide stability and
sulfide conductivity. Of the widely investigated examples are
NiFe oxy-sulfides, which are typically synthesized by sulfidation
of NiFe,O, using H,S. Selective incorporation of sulfur tunes the
sulfur-to-metal ratio and phase composition to yield high HER
activity. Optimized structures like NFS;y,—N, and NFS;y0—H,
(the subscript represents the temperature of sulfidation, °C,
whereas the suffix differentiates the sulfidizing atmosphere, in
this case, N, = 5% H,S in N,, whereas H, = 10% H,S in H,,*)
exhibit overpotentials as low as ~266 mV at —10 mA cm ™ > and
demonstrate stable performance for >10 h. This is an example
of key contribution of sulfidation to a marked increase in both
electrochemically active surface area and charge transfer effi-
ciency compared to the parent oxide, making NiFe oxy-sulfides,
so far, amongst the most active earth-abundant HER catalysts.?”

A comparison of NiFe oxysulfides with their parent NiFe
oxides and NiFe sulfides reveals three specific performance
advantages. (i) Electrochemically active surface area (ECSA):
partial sulfidation of NiFe,O, produces a porous, defect-rich
morphology that substantially increases ECSA relative to the
parent oxide surface, while avoiding the agglomeration that
occurs in fully sulfided phases. (ii) Charge-transfer kinetics: NiFe
sulfides exhibit high electronic conductivity but tend toward
surface passivation under alkaline conditions via formation of
insulating sulfate layers, whereas NiFe oxides display slow charge
transfer due to their wider band gaps. NiFe oxysulfides maintain
partial sulfide character for high conductivity while the residual
M-O framework prevents further/deeper reactions, yielding Tafel
slopes (~120 mV dec ') consistent with a more facile Volmer
step. (iii) Mixed-valence active sites: the mixed O/S coordination

This journal is © The Royal Society of Chemistry 2026
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environment stabilises simultaneously Ni**/Ni*" and Fe*"/Fe**
oxidation states, providing adjacent Lewis-acidic sites for water
adsorption and proximal S sites that act as proton relays,
a mixed-valence configuration structurally difficult to achieve in
single-anion materials.

The role of sulfur content is further nuanced by in situ
structural evolution under operating conditions.
temperature sulfidation favors a thin oxysulfide shell around

Low-

the oxide core, preserving structural integrity, whereas high-
temperature sulfidation converts more bulk oxide to sulfide,
increasing conductivity at the cost of stability. Under cathodic
HER conditions in alkaline media, surface oxysulfide phases
can partially reconstruct into NiFe oxyhydroxide (NiFeOOH)
layer that can be beneficial. This dynamic evolution makes the
as-synthesised phase an imperfect descriptor of catalytic
performance and highlights the critical need for operando XAS
and Raman characterisation to identify the true active surface
phase, as discussed in Section 5.1.

3.2. Other oxysulfides electrocatalysts

Other than NiFe systems researchers have also incorporated
sulfur into oxyhydroxide structures such as CoFeOOH. Sulfur-
modified CoFe oxyhydroxide supported on nickel foam
exhibits high activity with merely 48 mV required for HER and
186 mV for the OER at 10 mA cm ™. A full electrolyzer from the
catalyst exhibited 10 mA cm™? at 1.54 V, outperforming a refer-
ence Pt/IrO, system.*®

Other examples include nanostructured tungsten oxy-
sulfides as HER electrocatalysts with enhanced charge trans-
port and catalytic activity. Though performance varies from
report to report, studies indicate that incorporation of W
enhances the production of hydrogen.* Control over anions has
also been an effective design strategy, exemplified by NiFe (oxy)
sulfides with adjustable oxygen-to-sulfide ratios. One composi-
tion, NiFeS-2 (nanoparticles with an average diameter of ca.
20 nm together with graphene), had a very low OER over-
potential of 286 mV at 10 mA cm ™~ with a Tafel slope of 56 mV
dec™ (Fig. 10).*?

Finally, mixing oxy-sulfides with conducting phases offers
yet another avenue for performance enhancement. NiFe,O,, for
example, in mixture with transition-metal sulfides such as MoS,
or CoNi-S, forms heterostructures that are more conductive and
with more efficient charge transfer across the interface. These
have achieved notable improvements in HER and OER activity
in alkaline conditions.** The electrocatalytic performance data
from typical reports are summarized in Table 4, including
current densities, Tafel slopes, and overpotentials. The
comparison illustrates how compositions of oxy-sulfides and
hybrid methods influence HER activity.

A comparison of reported performance values reveals several
important trends. First, the overpotentials of oxy-sulfide cata-
lysts generally fall in the range of 200-300 mV at —10 mA cm 2,
placing them among competitive earth-abundant catalysts but
still above the best transition-metal phosphides, nitrides, and
some sulfide systems. Second, improvements in activity are
frequently correlated with increased electrical conductivity,
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Fig. 10 Electrochemical evaluation of an optimized NiFeS-2 electrocatalyst (has a morphology of NiFeS nanoparticles with an average diameter
of ca. 20 nm together with graphene) under anionic regulation. (a) OER LSV profiles and inserted Tafel plots of NiFeS-2 and IrO, electrocatalysts
in O,-saturated 0.10 m KOH. (b) LSV profiles and inserted picture of NiFeS-2/NF and Pt/C—IrO,/NF electrocatalyst for overall water splitting in
N,-saturated 1.0 m KOH; NF: nickel foam. Reproduced from ref. 42 with permission from [John Wiley & Sons, License Number 6215221463062]

[2026].

Table 4 Electrocatalytic performance of some oxy-sulfide catalysts for the HER, with focus on exchange current density, Tafel slope, and
overpotential at —10 mA cm™2. To put in context, typical performance of HER catalysts is as follow @10 mA cm™2: Pt: ~30-50 mV, NiMo or NiFe

alloys: ~50-100 mV, many sulfides: 150-250 mV

Exchange current

Tafel slope Overpotential (mV)

Catalyst density (mA cm™?) (mV dec™) at 10 mA cm™> References
NiFe oxy-sulfide (NFS100-N,, NFS300-Hs,) ~0.15 =120 =266 [37]
S-incorporated CoFe oxyhydroxide on Ni foam ~0.30 =52 =48 [38]
Nanostructured tungsten oxysulfide N/A N/A =200-300 [39]
NiFe (oxy)Sulfide (NiFeS-2, anion-regulated) ~0.12 =56 =286 (OER focus) [42]
NiFe,O,-based heterostructure N/A =110 ~300-350 [41]

(with MoS, or CoNi-S)

higher electrochemically active surface area, and the formation
of mixed-valence metal sites during operation. Third, hetero-
structure formation and anion regulation appear to be more
effective strategies than simple compositional modification, as
they directly influence charge transfer pathways and catalytic
site availability.

These observations suggest that the principal role of oxy-
sulfides in electrocatalysis may not be to achieve record-low
overpotentials, but rather to provide catalysts that balance
activity, stability, and compositional tunability, properties that
are particularly important for long-term alkaline electrolysis.

Despite these the stability of many oxy-sulfide catalysts is
still limited by surface reconstruction and gradual sulfur loss,
particularly under extended operation or high current densities.
In many systems, the catalytically active phase evolves during
operation into mixed oxyhydroxide or sulfide-derived layers,
making it difficult to identify the true active species. Further-
more, improvements in intrinsic activity have often been
accompanied by increases in catalyst complexity, including
multistep synthesis routes or reliance on conductive supports,
which may complicate large-scale implementation. These
considerations suggest that future progress will require greater

23590 | J Mater. Chem. A, 2026, 14, 23578-23597

emphasis on understanding operando structural evolution and
designing materials whose active states are both stable and well-
defined.

Overall, oxy-sulfides occupy an intermediate position
between oxides and sulfides in electrocatalysis: they rarely
outperform the most active sulfide-based catalysts in terms of
intrinsic activity, but they often provide improved structural
robustness and greater compositional flexibility. This balance
of properties may ultimately prove more important for practical
electrolyzer operation than achieving the lowest possible over-
potential under laboratory conditions.

4. Challenges, limitations, and
deactivation mechanisms

Catalysts deactivation is an unavoidable process and is one of
the main limiting factors for the long-term use of water-splitting
technologies. Oxy-sulfides are more complicated because they
pair two anions with distinct chemistries: oxygen is likely to
stabilize shapes and withstand oxidative attack, while sulfur
increases light absorption and electronic conductivity but is
more easily lost under reactive conditions. These mutually

This journal is © The Royal Society of Chemistry 2026
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conflicting tendencies produce a broad spectrum of potential
failure modes (surface reconstruction, ion leaching, phase
conversion, photocorrosion, and binder failure, among others)
all can evolve in parallel under working conditions, making
stability a systems-level property rather than a single-material
characteristic.*>**

While these degradation pathways are well documented, it is
important to distinguish between failure mechanisms that are
intrinsic to mixed-anion materials and those that are common
to most transition-metal chalcogenides. In oxy-sulfides, the
simultaneous presence of oxygen and sulfur introduces addi-
tional thermodynamic and kinetic complexity, including anion
redistribution, selective sulfur oxidation, and strain-driven
phase segregation. As a result, stability is governed not only
by surface chemistry but also by bulk anion ordering and lattice
energetics, making degradation processes inherently
multiscale.

1. One of the most frequently encountered changes for
transition-metal sulfides in HER (and related cathodic/
photocatalytic reactions) are surface triggered conversion:

Crystalline sulfide —
amorphous hydroxy/oxy-sulfide intermediate — oxide

Operando analysis indicated that this occurs on timescales
varied from minutes to hours and is accelerated by coupled
proton/electron transfer, pH shift in localized areas, and
contact with dissolved oxygen molecules or hydroxides.*’ Other
studies showed that surface triggered conversion occurs when
transition metal sulfides are in contact with water/or and di-
ssolved oxygen. Local pH shifts and coupled proton and elec-
tron transfer have driven the formation of oxy-sulfide or
hydroxy-sulfide layers.*® These layers were formed in practical
timescales during steady operation. The converted oxy-sulfide
or mixed oxide sulfide surfaces becomes the working surface
because it is more stable than the pristine sulfides under real
conditions. It also provides active sites that support charge
transfer and bond breaking during catalytic reactions. This
means the transformation can improve function when it is
guided and controlled.***”*® The goal is to create stable and
active oxy-sulfide surfaces through routes such as preformation
of oxy-sulfide films, controlled oxidation, doping, or surface
modification.*”*

2. Electrochemical dissolution leading to compositional
exchange is another critical degradation pathway. Under
applied potential, transition metals can dissolve from the
catalyst lattice, and the rate of this dissolution is fundamentally
governed by two material properties: (i) the cohesive energy of
the metal and (ii) its oxide affinity - tendency to be oxidized.>
Metals with low cohesive energy (e.g., Co, Ni) are more easily
leached, while those with high oxide affinity (e.g., Ti, Zr) tend to
form stable surface oxides that may passivate or block active
sites. This leads to compositional drift—either through loss of
active species (leaching) or uptake of electrolyte cations (e.g., K,
Nat) until a new quasi-equilibrium surface/subsurface layer
forms.*® Quantitative online techniques such as inductively

This journal is © The Royal Society of Chemistry 2026
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coupled plasma mass spectrometry (ICP-MS) and operando X-
ray absorption/emission spectroscopy (XAS/XES) have quanti-
fied this loss channel even under cathodic conditions, revealing
that dissolution is a thermodynamically driven process under
potential control.*® Stabilization strategies include Ilattice
doping (to strengthen metal-anion bonds), sacrificial protective
layers (e.g., ultrathin Al,Oz layer) and the addition of low-
solubility cations (e.g., La**, Y**) that suppress leaching by
occupying surface sites or forming insoluble secondary
phases.**

3. Photocorrosion and photoinduced degradation also occur
in sulfide photocatalysts. Here, photogenerated holes or reac-
tive oxygen species oxidize S>~ to surface sulfates or soluble
sulfur species with resultant elemental loss and electronic
disturbance. There are large bodies of literature on CdS, Cus,
and other chalcogenides that document these mechanisms and
find protection in the form of heterojunctions, cocatalyst
shuttles, thin layer oxide overlayers, and Z-scheme architectures
that redirect photogenerated holes away from vulnerable sulfide
Sites'40,51,52

4. Surface reconstruction and active-site evolution are also
central to transition-metal chalcogenide activity. Some of these
catalysts are reconstructed under working conditions, giving
rise to mixed oxide/sulfide domains or vacancies-rich materials.
Such reconstructed motifs may result in active catalytic states
but may also evolve into unstable structures. Operando
microscopy and spectroscopy experiments reveal that sulfur
migration, vacancy formation, and associated changes in
oxidation states have critical effects on both activity and
stability. Engineering the kinematics of such processes by way
of methods such as carbon encapsulation or controlling
vacancy has shown improved catalytic materials.**>

Mechanistically, transition metal sulfides form oxysulfide
interlayers in aqueous environments through three inter-
connected processes. First, surface S>~ is thermodynamically
unstable in the presence of water and dissolved oxygen: it is
oxidised to SO,>~ or S° and lost from the lattice, with the
resulting vacancies immediately filled by OH™ or O®>~ from the
electrolyte, forming a mixed O/S surface layer. This process is
spontaneous because the M-O bond (higher lattice energy) is
thermodynamically preferred over M-S under oxidizing or
neutral aqueous conditions. Second, during HER or photo-
catalytic water reduction, coupled proton and electron transfer
shifts the local metal oxidation state, making adjacent $>~ sites
more susceptible to substitution by OH; operando studies
confirm this occurs on timescales of minutes to hours under
steady-state cathodic conditions.***” Third, in layered or
nanostructured sulfides the weakly ionic interlayer spacings
allow facile anion diffusion: 0>~ and OH ", being smaller and
more strongly hydrated than S>~, penetrate these spacings with
low activation energy, creating an oxysulfide interlayer that is
more stable, hydrophilic, and often more catalytically active
than the pristine sulfide surface. Further reconstruction into
oxyhydroxide phases is driven by:

(i) Continued selective S>~ oxidation;

(ii) Topotactic OH ™~ insertion displacing S~ to form M-OOH;
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Table 5 Causes of degradation mechanisms, their timescale and possible mitigation solutions

Degradation mechanism Typical cause Timescale Mitigation
Photocorrosion Hole oxidation of >~ hours Cocatalysts, coatings
Surface reconstruction Potential, pH Minutes-hours Controlled pre-oxidation
Cation dissolution Electrochemical potential Hours-days Doping, stabilization
Binder degradation Electrolyte exposure Hours-days Binder-free electrodes

(iii) Thermodynamic preference for oxyhydroxide phases at
high local pH and under cathodic potential; and

(iv) Kinetic facilitation by structural disorder in the mixed-
anion material. Crucially, the reconstructed oxyhydroxide
surface may itself be catalytically active: in NiFe and CoFe
systems the evolved NiOOH or FeOOH layer is often the true
active phase, making operando identification of the working
surface phase essential.

From points 1 to 4, three degradation mechanisms appear to
dominate the long-term behavior of oxy-sulfide catalysts:

(i) Sulfur loss through oxidation or dissolution, a deeper
mechanistic analysis of these three pathways is warranted. For
sulfur loss, we distinguish: (i) oxidative S>~ dissolution, domi-
nant under photocatalytic and anodic conditions as photogene-
rated holes or dissolved O, oxidise surface sulfide to soluble
sulfate; (ii) reductive de-sulfurisation under strongly cathodic
alkaline conditions; and (iii) bulk diffusion-driven S redistribu-
tion at elevated temperatures. For surface reconstruction, the
thermodynamic driving force is the greater drive for of M-O
bonds relative to M-S in aqueous environments, compounded by
local pH gradients at the catalyst surface. The critical practical
distinction is between beneficial reconstruction (yielding
a stable, catalytically active oxyhydroxide layer) and detrimental
reconstruction (yielding an insulating oxide passivation layer
blocking active sites). For compositional drift, ICP-MS
measurements have quantified Ni and Fe dissolution rates of
1-10 ng cm 2 s~ even under cathodic potentials, cumulatively
altering surface stoichiometry on hour timescales. The thermo-
dynamics and kinetics of photocorrosion in sulfide-based pho-
tocatalysts and available protective strategies have been reviewed
comprehensively in the context of chalcogenide systems.>*

5. Finally, electrode structure and binder stability play a non-
trivial role. Polymer binders used for electrode preparation may
block pores, limit active site availability, and chemically
degrade upon contact with alkaline, acidic, or irradiated envi-
ronments, leading to loss of connectivity and structural
stability. Binder-free architectures, including direct catalyst
growth on conductive supports, three-dimensional scaffolds,
and freestanding films, are a few methods addressing this
failure and wusing them has shown better long-term
performance.>*>°

These observations taken together highlight that oxy-sulfides
deactivation can be avoided or at least largely retarded using
integrative measures. Controlled pre-formation of inert oxy-
sulfide surfaces,*** encapsulating ultrathin layers,*>*” hetero-
structure engineering and cocatalyst incorporation,*** doping
and lattice modification,*”*®* and binder-free electrode archi-
tectures®™* each targets a unique degradation pathway.

23592 | J Mater. Chem. A, 2026, 14, 23578-23597

Combined, these approaches provide a pathway to survive
deactivation as well as to leverage controlled reconstruction to
maintain or even enhance catalytic performance under pro-
longed operation. A fundamental challenge in oxy-sulfide
systems is that many of the properties that enhance catalytic
activity, such as high covalency, mixed-valence metal sites, and
extent of defects, also tend to reduce thermodynamic stability.
Consequently, improving activity and durability are often
competing objectives. Designing materials that balance these
opposing requirements remains one of the central difficulties in
the field and explains why many high-activity catalysts still
exhibit limited long-term stability.

Looking forward, several research directions appear particu-
larly important. First, operando and time-resolved characteriza-
tion techniques are essential to identify the true active phases
and quantify degradation kinetics under realistic operating
conditions. Second, greater attention should be paid to bulk
anion ordering and defect thermodynamics, as these factors
strongly influence both band structure and long-term stability
but remain relatively underexplored. Third, strategies that
intentionally design catalysts to operate in their reconstructed
state, rather than attempting to suppress reconstruction entirely,
may provide a more realistic pathway toward durable materials.
Finally, achieving stability over thousands of hours under prac-
tical current densities or solar fluxes remains a critical bench-
mark that few oxy-sulfide systems have yet reached.

Many reports evaluate catalyst stability over timescales of
only a few hours to tens of hours; however, practical deployment
in electrolysers or photocatalytic reactors requires stability over
thousands of hours, highlighting a significant gap between
laboratory testing and real-world requirements. Table 5, high-
lights some of the above mentioned causes.

5. Future directions: the way to
scalability and real-world applications

Although significant progress has been achieved in under-
standing and improving oxy-sulfide -catalysts, translating
laboratory-scale demonstrations into practical hydrogen-
production technologies remains a substantial challenge. In
particular, three issues will largely determine the future impact
of oxy-sulfide systems: (i) improving solar-to-hydrogen effi-
ciency under pure-water conditions, (ii) achieving long-term
structural and chemical stability, and (iii) developing scalable
synthesis and reactor architectures. Addressing these chal-
lenges simultaneously, rather than in isolation, will be essential
for real-world deployment.

This journal is © The Royal Society of Chemistry 2026
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5.1. Employing advanced research techniques

A key challenge in designing oxy-sulfide catalysts is under-
standing their dynamic behavior under working conditions.
Recent works point to the importance of in situ and operando
techniques e.g., X-ray absorption spectroscopy (XAS),* Raman
spectroscopy,® and transmission electron microscopy to track
structure transformation, oxidation state evolution, and active
site alteration under working conditions.

At the computational level, merging DFT-based methods
with machine learning-based screening makes discovery of
stable and efficient compositions more possible. This is done
through merging the strengths of each paradigm in explaining
intricate catalytic mechanisms and lowering the experimental
search space.>**°

The application of computational methods, particularly
density functional theory (DFT) and its hybrid variants, has
been instrumental in rationalizing the electronic structure of
oxy-sulfide semiconductors. Standard GGA functionals system-
atically underestimate band gaps in mixed-anion systems;
hybrid functionals (e.g., HSE06) or DFT + U approaches provide
more accurate band edge positions. For Y,Ti,0sS,, HSE06
calculations correctly reproduced the experimental band gap of
~1.9 eV and identified O4/S, antisite disorder as the structural
origin of band-tail states (Section 2.3b). First-principles molec-
ular dynamics (FPMD) models structural evolution of oxysulfide
surfaces under aqueous conditions, providing atomistic insight
into anion-exchange and reconstruction mechanisms. Machine
learning potentials trained on DFT data extend accessible
timescales to the microsecond regime. High-throughput DFT
screening combining band gap, band edge alignment with
redox potentials, thermodynamic stability (convex hull anal-
ysis), and defect formation energies offers a powerful route to
identify new candidate materials. Key descriptors that machine
learning models should target include: band gap and band edge
alignment vs. H'/H, and H,0/0, redox potentials; anion

(a) Conventional Solid-State Reaction
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formation and S/O substitution energies; effective carrier
masses and mobility; surface S~ oxidation potential (photo-
corrosion proxy); Urbach energy as a disorder/band-tail-depth
predictor; and M-S bond covalency with d-band centre posi-
tion as HER activity descriptors. Among operando techniques,
urgency ranking for oxy-sulfide systems is: (1) XAS/X-ray
absorption near-edge structure (XANES), and extended X-ray
absorption fine structure (EXAFS)for tracking S*~ loss and
coordination changes; (2) operando Raman for M—S/M-O modes
and phase reconstruction; (3) ambient pressure X-ray photo-
electron spectroscopy (AP-XPS) for quantitative surface anion
composition under near-realistic conditions; (4) time-resolved
transient absorption spectroscopy (TAS) for carrier lifetime vs.
band-tail state occupancy correlation.

Beyond identifying degradation pathways, operando tech-
niques will be increasingly important for determining the true
active phases, which often differ from the as-synthesized
materials. Coupling time-resolved spectroscopy with electro-
chemical or photocatalytic measurements may enable direct
correlation between structural evolution and catalytic perfor-
mance, providing insights that cannot be obtained from ex situ
characterization alone. Such understanding will be critical for
designing catalysts that remain active in their reconstructed
state rather than degrading into inactive phases.

5.2. Engineering for industrial-scale production

Upscaling oxy-sulfide synthesis necessitates processes that keep
material quality within affordable expenses. Mechanochemical
pathways through ball milling was used for making CdS-based
composites with improved H, production.®* Solid state reaction
was successfully used to make oxysulfide perovskites such as
Y,Ti,05S, (ref. 22), it may well be substituted by mechano-
chemical ball milling, Fig. 11, to scale up the synthesis.

At the reactor scale, Z-scheme heterojunctions, such as
Mo(S,0)/Co(0,S) systems showed improved light absorption
and charge separation and hence better hydrogen production in

(b) Mechanochemical Ball Milling

steel grinding balls

powders

Final Oxysulfide Powder

Fig. 11 Schematic illustration for the preparation of oxysulfide perovskites. (a) Conventional solid-state synthesis, and (b) ball milling synthesis.

This journal is © The Royal Society of Chemistry 2026
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photocatalysis applications.®> Up-scaling these concepts into
functional photoreactors will be key for field deployment.

Economically, dependency on noble-metal cocatalysts
remains a drawback. Novel strategies are aimed at earth-
abundant alternatives, e.g., cross-linked MoS,/WS, -catalysts
that achieve high Hj-evolution rates with low precious-metal
loading. While ReS, has shown promise as a cocatalyst,
rhenium is a scarce and expensive element; thus, its use
contradicts the goal of scalable, cost-effective hydrogen produc-
tion. Future efforts may prioritize truly abundant materials such
as Fe-, Co-, Ni-, or Mo-based sulfides and their hybrids.**** In
order to realize the full potential of oxy-sulfides, several design
handles such as heterojunction construction, defect engineering,
cation/anion doping, and cocatalyst loading may be. targeted.
Ternary-metal-sulfide/TiO, heterojunction overviews highlight
how the multi-pronged strategy maximizes carrier separation
and light utilization; key lessons for oxy-sulfide development.®®

From a practical perspective, achieving STH efficiencies
above approximately 10% under pure-water conditions remains
a widely cited threshold for economic viability. Most known
systems currently operate at efficiencies well below this level,
indicating that significant improvements in light absorption,
charge separation, and catalytic kinetics are still required.
Future progress will likely depend on integrated approaches
combining optimized band structures, heterojunction archi-
tectures, and efficient cocatalysts rather than incremental
improvements in any single parameter.

Among the various strategies explored to date, several appear
particularly promising. Mixed-anion engineering that enables
internal electric fields or polar distortions may enhance carrier
separation at the bulk level, while heterostructure design
remains one of the most effective methods for suppressing
recombination. In addition, defect engineering that introduces
shallow states without creating deep recombination centers
offers a pathway to improve carrier lifetimes. Finally, designing
catalysts that are intrinsically stable in aqueous environments—
rather than relying solely on protective coatings—may prove
essential for long-term operation.

Scaling oxy-sulfide materials from gram-scale synthesis to
kilogram-scale production introduces additional challenges,
including maintaining phase purity, controlling anion distri-
bution, and ensuring reproducibility of catalytic performance.
Many synthesis methods reported in the literature rely on
carefully controlled atmospheres, multi-step processing, or
high-temperature treatments that may be difficult to implement
at industrial scale. Developing synthesis routes that are both
scalable and environmentally benign will therefore be a critical
area of future research.

Overall, oxy-sulfides represent a promising yet still emerging
class of materials for sustainable hydrogen production. Their
unique combination of tunable electronic structure, visible-
light activity, and improved stability relative to pure sulfides
offers significant opportunities, but substantial challenges
remain in efficiency, durability, and scalability. Continued
progress will depend on integrating advances in materials
synthesis, operando characterization, computational modeling,
and reactor engineering. When some of these challenges are
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addressed, oxy-sulfides may play an important role in future
solar-fuel and electrolytic hydrogen technologies.

6. Conclusions

Oxy-sulfides constitute a distinctive class of materials that
combine key advantages of oxides and sulfides. By integrating
the structural and chemical stability typically associated with
oxides with the narrower band gaps and enhanced electronic
conductivity characteristic of sulfides, they have emerged as
promising candidates for both electrocatalytic and photo-
catalytic water splitting. Examples ranging from NiFe-based oxy-
sulfides for the hydrogen evolution reaction to layered titanate
oxy-sulfides for visible-light-driven overall water splitting
demonstrate that, like in traditional thermally driven catalysts,
control of composition, microstructure, and heterostructure
interfaces can significantly influence catalytic activity, carrier
dynamics, and durability.

At the same time, this review highlights that important
challenges remain. In photocatalysis, STH efficiencies in pure-
water systems remain well below the levels generally consid-
ered necessary for economic viability, indicating that charge
recombination, limited light absorption, and surface reaction
kinetics continue to impose fundamental constraints. In both
electro- and photocatalytic environments, photocorrosion, sulfur
loss, surface reconstruction, and gradual compositional drift
remain key degradation mechanisms, while reliance on noble-
metal cocatalysts and the complexity of some synthesis routes
present additional barriers to large-scale implementation.

Several directions appear particularly promising for over-
coming these limitations. Advances in situ and operando char-
acterization, combined with computational modeling and data-
driven materials discovery, are poised to provide a clearer
understanding of active phases and degradation pathways. A
defining strength of oxy-sulfides is their exceptional tunability.
Through mixed-anion chemistry, including layered M-O and
M-S frameworks as well as hetero-anionic coordination envi-
ronments, it is possible to tailor band structures, internal
electric fields, and catalytic active sites in ways that are difficult
to achieve in single-anion materials. This flexibility provides
a powerful platform for optimizing the balance between activity
and stability, which remains one of the central challenges in
catalytic water splitting.

Ultimately, translating laboratory-scale demonstrations into
practical hydrogen-production technologies will require prog-
ress in materials design, scalable synthesis, long-term stability
under realistic operating conditions, and integrated reactor
engineering. Continued advances in these areas may enable
oxy-sulfide materials to play an important role in future solar-
fuel and electrolytic hydrogen systems and to contribute
meaningfully to the broader transition toward sustainable
energy.
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