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ABSTRACT: Materials that efficiently promote the thermodynamically
uphill water-splitting reaction under solar illumination are essential for

generating carbon-free (“green”) hydrogen. Mapping out the combinatorial Jon®
space of potential photocatalysts for this reaction can be expedited using .17 ' y
data-intensive materials exploration. The calculated band gaps and band & "~ \& "N &>

alignments can serve as key indicators and metrics to computationally ‘ !
screen photoactive materials. Ternary main-group metal sulfides containing ‘ Band alignment
p- and s-block elements represent a promising, albeit underexplored, class of
photocatalysts. Here, we computationally screen 86 candidate ternary main-
group metal sulfides containing p- and s-block elements. By validating
electronic structure predictions against experimental band gaps and band
edges for synthetically accessible materials, we propose eight potential
photocatalysts. Using computed Pourbaix diagrams, we further narrowed the candidate pool to four materials based on the predicted
aqueous stability. We then synthesized and characterized these four materials and experimentally screened them for
photoresponsiveness under photocatalytically relevant conditions. We also characterized their experimental band gaps and band
edge positions and compared them with computational predictions. Based on the experimental screening protocols, we identify
Mgln,S, and BaSn,Ss as photoresponsive materials with sufficient aqueous stability to be considered in greater depth as potential
photocatalysts for overall water-splitting.

Band gap

'®  Aqueous stability €

86 s-block and p-block 4 proposed
_—
sulfide candidates photocatalysts

B INTRODUCTION screening as their performance can be effectively estimated by
examining their band structures and the energies of their
valence and conduction band edges (i.e., band alignment),
which are foundational criteria for assessing the feasibility of
photocatalytic overall water splitting. While this approach does
not account for interfacial processes, which are much more
computationally demanding to model but are an integral part
of photocatalysis, bulk calculations of band structures can still
considerably reduce the combinatorial space of interest for
experimental exploration.

Previous computational screening efforts to search for
ternary metal oxides for overall water splitting revealed trends
that enabled the rational targeting of photocatalytic perform-
ance by focusing on compounds containing particular elements
and compositions.” ™ Interestingly, compounds containing
main-group elements comprised the majority of the active
photocatalysts in a computational and experimental screening

Materials discovery can be limited in both bandwidth and
scope by synthetic constraints. Making and experimentally
validating candidate materials that have complex compositions
and structures, which generally offer the greatest functional
tunability, must often be done serially, making rapid screening
impractical. Additionally, synthesis becomes more challenging
for such complex materials, as the number of possible
byproducts increases, as well as the occurrence of impurities
that may strongly affect performance. In response to this
challenge, the rational, application-focused design of materials
can be accelerated using data-intensive approaches, where
computational screening helps narrow the scope of candidate
materials to a synthetically tractable number of compositional
and structural options.

In the field of energy conversion and storage, circumventing
the synthetic bottleneck to speed up materials discovery is
especially important and challenging. As the detrimental effects
of climate change become increasingly frequent and severe, the Received: January 16, 2024 E !
identification of high-performing photocatalysts for overall Revised:  April 12, 2024 %
water splitting could provide a pathway to deep decarbon- Accepted:  April 30, 2024

. o, .
ization by enabling sunlight and water to generate “green” Published: May 23, 2024
hydrogen as a fuel that would, in turn, replace the burning of
fossil fuels.' Photocatalysts are amenable to high-throughput
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effort that considered more than 100 oxide materials.” These
results were rationalized in terms of the high electron
mobilities, and thus low carrier recombination rates, of these
materials. Further screening efforts identified even more
candidate photocatalysts that contained main-group elements.”
These materials, which consisted of a p-block element along
with an s-block (alkali or alkaline-earth) metal, exhibited band
edges that were more electrochemically reducing than those of
their binary p-block analogues and were thus more efficient in
promoting hydrogen evolution for overall water splitting.

Ternary metal sulfide materials have also been found to be
active photocatalysts for overall water splitting through similar
data-driven discovery efforts.” In a recent study of mixed-metal
oxides, oxysulfides, and sulfides, all of the computationally
predicted sulfide targets were experimentally validated as being
photocatalytically active for overall water splitting.” Often,
metal sulfides have a more negative conduction band edge
potential and a narrower band gap than their oxide
counterparts, and these electronic-structure features lead to
better absorption of visible wavelengths in the solar spectrum.
These advantages, however, can be offset by the large effective
mass of the photogenerated holes, as well as poor oxidative
ability. Similar to the trends that emerged from computational
screening of mixed-metal oxide materials, it is possible that the
co-incorporation of s- and p-block elements into sulfide
materials could help overcome these limitations. Indeed,
recent reports have predicted ks and p-block ternary metal
sulfides as active photocatalysts.”~ '’ However, as the chemical
space of such materials is wide, broader screening efforts,
coupled with experimental validation, will be important to
effectively and efficiently explore candidate materials for
photocatalytic water splitting.

To this end, we present a combined computational
screening and experimental validation effort focused on
mixed-metal sulfide compounds containing s- and p-block
elements to identify potential photocatalysts for overall water
splitting. We started by enumerating mixed-metal sulfide
compounds from the Materials Project database'' that
contained both s- and p-block elements. Density functional
theory calculations, improved for accuracy using Hubbard U
corrections to self-interaction errors, were then applied to
narrow the scope to eight candidate photocatalysts for overall
water splitting, based on their band gaps and band alignments.
From these eight materials, stability was assessed based on
computational Pourbaix diagrams. Based on these criteria, four
materials were then synthesized and evaluated for their
photoresponsiveness, which is a prerequisite to demonstrating
photocatalytic or photoelectrocatalytic activity. From this
screening protocol, two compounds, MgIn,S, and BaSn,S;,
were experimentally validated photoresponsive materials in
potential ranges relevant for overall water splitting.

B METHODS

Computational Methods. In this study, we investigated a
set of ternary sulfides containing alkali/alkaline earth metal
cations (Li*, Na*, K*, Rb*, Cs*, Mg**, Ca®*, Sr**, Ba®*) with d'°
closed-shell p-block metal cations (In**, Sn*', Sb>*, Bi**, Ge*,
Ga*") to direct our work toward photocatalytically active
materials. The list of materials was screened from the Materials
Project database'' to ensure the materials have been
synthesized and/or computationally predicted and have less
than 50 atoms per unit cell to account for the computational
resources required.
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Electronic Structure Calculations. To predict band gaps
and band edges, electronic structure calculations were
performed using Quantum ESPRESSO.'>"’ The generalized-
gradient approximation (GGA) to the exchange-correlation
energy functional was employed, with the PBEsol para-
metrization,'* and pseudopotentials from the SSSP library
(PBEsol Precision v1.1.2)."° Kinetic energy cutoffs of 60 Ry
were used for the wave function and 480 for the charge
density. The Brillouin zone was sampled using a Monkhorst—
Pack k-point mesh with a spacing of 0.04 A™".

Hubbard U Correction and Spin—Orbit Coupling. All
material structures were fully optimized at the GGA level prior
to computing the Hubbard correction parameter. DFT + U
calculations without spin—orbit coupling were conducted usmg
the simplified formulation developed by Dudarev et al.'® and
Lowdin-orthogonalized orbitals were selected as Hubbard
projectors. The Hubbard U parameters were applied to the 3p
orbitals of sulfur and calculated using density-functional
perturbation theory (DFPT)."” DFT + U calculations with
spin—orbit coupling were conducted using the formulation
developed by Liechtenstein et al,'® with the Hubbard U
parameters determined without spin—orbit coupling. The
PBEsol parametrization of GGA was used for spin—orbit
coupling calculations, with fully relativistic norm-conserving
pseudopotentials from the PseudoDojo library (ONCVPSP
v0.4, with standard accuracy).'””® With norm-conserving
pseudopotentials, a kinetic energy cutoff of 80 Ry was used
for wave functions, with a corresponding cutoft of 320 Ry for
the charge density.

Hybrid Functional Calculations. Hybrid functional calcu-
lations of band gaps were performed using the HSE06
functional.”’ Within the HSE06 framework, the exact exchange
energy is partitioned into a short-range and a long-range part.
75% of the short-range part of the electron—electron
interaction is estimated using the semilocal functional; the
remaining 25% is computed as the Hartree—Fock exact
exchange. The long-range part is calculated with the semilocal
functional. For the semilocal functional, we used the PBEsol
parametrization of the GGA, with scalar relativistic norm-
conserving pseudopotentials from the PseudoDojo library
(ONCVPSP v0.4, with standard accuracy).'”** Kohn—Sham
wave functions and the exact-exchange term were both
expanded on plane waves with a kinetic energy cutoff of 80
Ry. The Fock operator was sampled on a I'-centered g-point
mesh derived by coarsening the DFT k-point mesh by a factor
of two in each direction of the reciprocal lattice. Finally,
singularities of the Coulomb interaction in Fourier space were
treated with the Gygi—Baldereschi scheme.”

Screening Protocol. The screening protocol consists of
three steps. At the first step, band gaps E, of candidate
photocatalysts are calculated at the DFT level of theory, and
band edges are computed from band gaps as

Eyy = Egy + Ey/2e
Ecy = Egy — E,/2

where the flatband potential of the solid, Egg, is considered
equal to the geometric mean y of the solid chemical elements’
Mulliken electronegatwltles, divided by the elementary charge
e: Epg = y/e** To account for typical errors in band gap
predictions drawn from generalized-gradient DFT calculations,
the selection criteria for water splitting, i.e. 1.5 eV < E; < 2.5
eV, Eyg > 1.23 Vvs SHE, and E5 < 0 V vs SHE, are modified.

https://doi.org/10.1021/acs.jpcc.4c00341
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Specifically, the domain defined by the standard selection
criteria in the (Eyg, Ecg) plane (see Figure S1) is transformed
to include all points that satisfy: 1.5 eV < E,/ @ < 2.5 eV, (Ey
— (1 = @) Epg)/a > 1.23 Vvs SHE, and (Ecs — (1 — @) Egp)
/a < 0 V vs SHE, for any @ ranging from 0.5 to 0.8
(corresponding to the typical underestimation factor of the
band gap within GGA).” At the second step of the screening,
band gaps of selected materials are calculated at the DFT + U
level of theory. Then, standard selection criteria are applied, for
band edges only: Eyg > 1.23 V vs SHE, and Ec < 0 V vs SHE,
with valence and conduction band edges calculated using DFT
+ U band gap estimations. Finally, the third step screens the
pool of candidate photocatalysts for stability in water, by
selecting only the materials with solid decomposition products
at pH 7 and at a potential equal to the material flatband
potential.

Synthesis. MgIn,S, was grown by a chemical vapor
transport (CVT) method. Mg (32 mg, Sigma-Aldrich), In
(300 mg, Sigma-Aldrich), and S (168 mg, Sigma-Aldrich) were
placed at one end of a 16-in.-long quartz tube. The tube was
sealed under vacuum and placed in a two-zone furnace. The
hot end with the starting reagents was maintained at 950 °C,
while the cold end was at 530 °C. This gradient was
maintained for 2 weeks. This follows the preparation reported
by Lee et al.”

Na,Sn;Sg was synthesized from Na,S (111 mg, Sigma-
Aldrich), SnS (342 mg, Alfa Aesar), and S (68 mg, Sigma-
Aldrich). The powders were mixed in a glovebox and placed in
a quartz tube. The tube was removed from the glovebox and
quickly sealed under vacuum. The compound was heated in a
box furnace to 680 °C for 1 week.

RbSbS, was synthesized from Rb (85 mg, Sigma-Aldrich),
Sb (122 mg, Sigma-Aldrich), and S (32 mg, Sigma-Aldrich) in
a quartz tube under vacuum. The tube was heated in a box
furnace to 500 °C for S h and allowed to cool ambiently to
room temperature after this time.

BaSn,Ss was synthesized following the procedure of Lui et
al.*® BaS (158 mg, Alfa Aesar), Sn (222 mg, Sigma-Aldrich),
and S (120 mg, Sigma-Aldrich) were ground together with an
agate mortar and pestle. The sample was placed in an alumina
crucible and sealed in a quartz tube under vacuum. The tube
was then heated in a box furnace to 750 °C over 50 h and held
at this temperature for 30 h. The furnace was cooled to 500 °C
over 150 h, then to room temperature over 50 h.

Characterization. Powder X-ray Diffraction. Powder
XRD data were collected on a Malvern Panalytical Empyrean
diffractometer. The instrument was equipped with a copper
source and operated at a voltage of 45 keV and a power of 40
kW. Powder XRD patterns were obtained using reflection
mode and a PIXcel 3D detector.

Device Fabrication for Band Edge Determination. Each
material was ground in a mortar and pestle to ensure fineness.
Then, inks were made in concentrations of 0.004 mM material
in ethanol, and these inks were sonicated for 1 h. 120 uL of
each ink was deposited on a 5 X 8 mm fluorine-doped tin oxide
(FTO) slide, in 20 uL increments, and these inks were
annealed at 400 °C in a Thermolyne muffle furnace under an
ambient atmosphere for 2 h. This temperature was chosen as it
is below the synthesis temperature of all materials, which
should maintain their stability.

Mott—Schottky Measurements. Mott—Schottky measure-
ments were run on a Biologic SP-150 potentiostat using the
Staircase Potentiometric EIS function, with data taken at 7
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frequencies between 30 and 5 kHz. An initial scan was run
from 1.5 to —1.5 V (E vs Ag/AgCl in saturated KCl), with
subsequent scans for each material taken over a narrower range
as determined by the location of the slope of the line. The
electrolyte used was a pH 8 sodium phosphate buffer
(Hydrion, 1g/100 mL), the reference electrode was Ag/AgCl
in saturated KCI, and the counter electrode was a graphite rod.
The working electrode was a device made from each material
deposited on FTO, as previously described above for the band
edge determination.

Chopped Illlumination. Measurements were carried out on
a Biologic SP-150 potentiostat using linear sweep voltammetry
(LSV) at S mv/s, from 12 to —1.0 V (E vs Ag/AgCl in
saturated KCl), and in pH 8 aqueous sodium phosphate buffer
(approximately 1 g/100 mL). The reference electrode was Ag/
AgCl in saturated KCl, and the counter electrode was a
graphite rod, and the working electrode was the material on
FTO. The samples were illuminated through a Starna cells
quartz cuvette with a Newport Xenon 300 W lamp under the
illumination of one sun. The chopping frequency was 0.2—0.3
Hz.

Flatband Potential. Two methods, Mott—Schottky and
chopped illumination measurements, were used to determine
the position of the flatband potential of the four synthesized
materials. Mott—Schottky, while the most often used, is an
indirect measurement of the flatband potential, whereas
chopped illumination is a direct measurement. With these
materials, only BaSn,S; showed a physically possible flatband
potential by the Mott—Schottky method. As Mott—Schottky is
a surface measurement, this could indicate that the other
materials had surface defects that did not allow for adequate
measurement of the flatband potential using this method. For
BaSn,S;, Mott—Schottky was the method used to determine
the flatband potential, and for the other three materials, which
displayed clear transitions from anodic to cathodic photo-
current, chopped illumination was the best method of flatband
potential determination.

Cyclic Voltammetry. Cyclic voltammetry measurements
were performed on a Gamry Interface 1010E. The two stable
materials, MgIn,S, and BaSn,S, were sonicated with 20 uL of
Nafion perfluorinated resin (Sigma-Aldrich) in 400 yL of water
and 100 pL isopropyl alcohol for 30 min. (Nafion was used to
help with adhesion during multiple CV cycles). The catalyst
inks were drop cast on fluorine-doped tin oxide (FTO) and
cyclic voltammetry was performed under light and dark
conditions. A graphite rod was used as the counter electrode
and a Ag/AgCl (saturated KCI) reference electrode was
utilized, as this electrode is stable under buffer conditions. The
experiments were done in a phosphate buffer, at a pH of 8.

Diffuse Reflectance Spectroscopy. Diffuse reflectance UV—
visible spectroscopy data were collected on a Shimadzu UV—
visible spectrometer equipped with a Harrick Praying Mantis
accessory. Tauc plots were calculated in order to determine the
band gap of the material, with the ordinate plotted assuming a
direct band gap (y = 1/2).”

Gas Chromatography. Ten milligrams of sample was
loaded into 20 mL of ultrapure (18 MQ) water in a sealed
glass vessel. Samples were kept at ambient temperature in a
water bath. Off-line gas chromatograms were collected by
headspace injections onto an Agilent microGC, equipped with
a molecular sieve column and thermal conductivity detector.
Argon was used as the carrier gas. Illumination was provided
by a 300 W Newport xenon lamp.

https://doi.org/10.1021/acs.jpcc.4c00341
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Figure 2. Representation of the data-driven screening process used to identify candidate photocatalysts. We began with 86 candidates, and
screening based on band gap, band alignment, and aqueous stability resulted in four proposed photocatalysts, which were experimentally screened
for photoresponsiveness. Each screening criterion decreased the number of candidate materials under consideration. Future efforts can further
iterate between computation and experiment, expanding fundamental understanding and generating a revised list of candidates (as indicated with

gray text and arrows).

B RESULTS AND DISCUSSION

Computational Predictions and Screening. Based on
the design rationale detailed above, the computational
screening of potential mixed-metal sulfide photocatalysts
began with a pool of ternary-sulfide candidates containing an
alkali or alkaline-earth metal (from the s-block) and a post-
transition (semi)metal (from the p-block). Specifically, we
focused on ternary metal sulfides containing the s-block metal
cations Li*, Na*, K*, Rb*, Cs*, Mg**, Ca’*, Sr**, and Ba** and
the p-block metal cations In**, Sn*, Sb>*, Bi**, Ge*", and Ga*'.
The resulting 86 candidate materials, listed in Table S1 of the
Supporting Information, served as our initial parameter space.
Further restrictions to limit the search space were imposed. We
required that the materials have less than 50 atoms per unit cell
so as to limit computational cost and that the materials have
been demonstrated to be synthetically accessible in prior
reports. For all 86 candidate photocatalysts, we calculated the
band gaps and band edge energies using Hubbard-corrected
density-functional theory (DFT + U). We applied Hubbard U
parameters to the 3p orbitals of sulfur and calculated their
value self-consistently using density functional perturbation
theory (Tables S1 and S2 and Figures 1 and S1). Based on
these calculations, the candidate pool of 86 materials was
narrowed to 21 that were computationally predicted to have
appropriate band gaps and band edges (Figure 1 for visible
light absorption. Out of these 21 materials, eight were
anticipated to have band edge energies that would be
appropriate for both the hydrogen evolution reaction (HER)
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and oxygen evolution reaction (OER), as required for
unassisted water splitting (Figure S2).

Next, we considered stability in aqueous environments by
calculating Pourbaix diagrams (Figure S3, Table S3) for the
eight candidate photocatalysts predicted to have appropriate
band gaps and band alignments. For a candidate to be
potentially stable under photocatalytic conditions, it should
decompose into solids (as opposed to soluble ions), which may
protect the photocatalyst against further corrosion, or have a
low decomposition energy, corresponding to a small energy
difference with respect to stable products. Previous accounts of
instability under aqueous conditions, as in the case of
Na;SbS,,”® and synthetic accessibility were also taken into
consideration. Using these criteria (reached by the process
shown in Figure 2), we selected four materials for synthesis
and evaluation of photoresponsiveness under photocatalytically
relevant conditions: Mgln,S,, BaSn,S;, RbSbS,, and Na,Sn;S,.
These four materials were synthesized and tested as potential
photo(electro)catalysts for overall water splitting.

Synthesis and Testing. The above materials were
synthesized as bulk powders or single crystals, depending on
available synthetic methods, using high-temperature solid-state
reactions, as detailed in the Methods section. Briefly, MgIn,S,
was synthesized by chemical vapor transport,” with a sealed
evacuated quartz tube containing stoichiometric amounts of
Mg, In, and S powders placed for 2 weeks in a two-zone
furnace having one end at 950 °C and the other at 530 °C.
Na,Sn;Sg was synthesized by heating Na,S, SnS, and S at 680
°C for 1 week in a sealed evacuated quartz tube. RbSbS, was

https://doi.org/10.1021/acs.jpcc.4c00341
J. Phys. Chem. C 2024, 128, 8874—8882
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synthesized by heating Rb, Sb, and S at 500 °C for S h in a
sealed evacuated quartz tube. BaSn,S; was synthesized by
heating a sealed evacuated quartz tube containing Ba$, Sn, and
S to 750 °C over 50 h and holding for 30 h, followed by
cooling to 500 °C over 150 h, then to room temperature over
50 h.*° Figure 3 shows powder X-ray diffraction (PXRD)
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Figure 3. PXRD data for the four candidate photocatalysts.
Experimental patterns are shown in various colors and the simulated
patterns, based on crystallographic data from the Materials Project,"'
are shown in black directly below each experimental pattern.

patterns for all four materials. Comparison of the experimental
diffraction patterns with simulated patterns generated from
crystallographic data available on the Materials Project'’
indicated that all reactions produced the targeted phases in
high purity. The BaSn,S; sample contained a minor SnS
impurity. For MglIn,S,, the material grew with a plate-like
morphology oriented along the (422) plane. The simulated
pattern, shown for comparison in Figure 2, includes 50%
preferred orientation in this plane; additional comparisons are
provided in Figure S4.

Tauc plots, derived from experimental UV—visible absorp-
tion spectra, are shown in Figure S5, and a comparison of the
experimental band gaps and the computationally determined
band gaps are presented in Figure 3. The experimentally
determined band gap for MglIn,S, was 1.81 eV, which matches

favorably with a previous experimental report of 1.98 eV.”’
BaSn,Ss has a literature band gap of 2.35 eV, which is
consistent with our experimentally measured band gap (2.1
eV).”® To our knowledge, the band gaps for Na,Sn;Sg and
RbSbS, have not previously been reported. We measured band
gaps of 1.61 and 1.55 eV for Na,Sn;Sg and RbSbS,,
respectively. These materials each possessed only one major
transition in the visible region, giving reasonable confidence
that these transitions correspond to optical band gaps of the
materials. Unexpectedly, we found that DFT calculations
without self-interaction correction were in better agreement
with the experimental results than self-interaction-corrected
DFT + U predictions for all materials except BaSn,S; (Figure 3
and Table 1). To critically validate the accuracy of DFT + U
predictions, we calculated band gaps with spin—orbit coupling
but found a maximum spin—orbit deviation of only —0.04 eV,
for RbSbS, (Table S2). Although our calculations also
neglected thermal vibrations and excitonic contributions,
these effects are not expected to affect band gaps by more
than ~0.4 eV,” and hence cannot explain the difference
between DFT + U and experimental results. Finally, to test the
Hubbard U correction of self-interaction errors, we carried out
calculations using the HSEO06 range-separated hybrid func-
tional (Figure 4 and Table 1). Hybrid functionals, while more

RbSbS;
MgInZS4 Na4Sn3SS
BaSnZS5
=
w
I
n - -- ---- HEROV
0
>
o
e}
C
[
)
o
o
_____ - ---- OER1.23V
I DFT [ DFT+U HSEO6 [ Experimental

Figure 4. Experimental band gaps determined from Tauc plots and
band edges determined from chopped illumination (CI) flatband
regions, compared to band gaps and band edges calculated by DFT,
DFT + U, and HSE06 methods.

computationally expensive, are potentially more accurate than
DFT + U band gap calculations and have been successfully
applied to sulfide materials previously.”' ~** In line with DFT +
U, HSEOG estimates are systematically larger than experimental
measurements. The residual discrepancies between theory and
experiment might come from high concentrations of sulfur
vacancies. Sulfur vacancies are common in sulfide materials,

Table 1. Band Gaps (E,) and Band Edge Potentials (Ecg for Conduction Bands and Eyy, for Valence Bands) Computed from
DFT, DFT + U, and HSE06, Compared with Experimental Measurements

DET DFT + U HSE06 experimental
E Eyg (Vvs  Ecg (Vs E Eys (Vvs  Ecg (Vs E Eyg (Vvs  Ecg (Vvs Eyg (Vvs  Ecg (Vvs
(eV)  SHE) SHE)  (eV)  SHE) SHE)  (eV)  SHE) SHE)  E(eV)  SHE) SHE)
Mgln,S, 1.74 1.16 —-0.58 2.30 1.44 —0.86 2.61 1.59 —1.02 1.81 0.98 —0.83
Na,Sn;Sg 1.74 1.10 —0.64 2.49 1.48 —1.01 2.73 1.60 —-1.13 1.61 1.28 -0.33
RbSbS, 1.90 1.08 —-0.82 2.34 1.30 —1.04 2.65 1.45 —-1.20 1.5§ 135 -0.2
BaSn,S; 1.49 1.39 —0.10 2.01 1.65 -0.36 2.40 1.84 —0.56 2.1 1.59 —0.51
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Figure S. Band edge determination and photocurrent response from chopped illumination experiments.

given the volatility of sulfur and the high temperatures at which
the sulfide powders are prepared. These sulfur vacancies are
not accounted for in computational predictions and could
narrow the band gaps of sulfide compounds due to the
formation of trap states.”* Current computational methods are
not yet able to systematically capture the effects of such trap
states at a reasonable computational cost. Furthermore, there
may be additional material modifications, such as the
formation of secondary phases (along with interfaces) under
catalytic conditions that could further modify properties. Such
modeling of active phases represents an exciting frontier for
future research efforts. Based on these results and consid-
erations, a theoretical and experimental understanding of
vacancies and their effect on the band gaps will be essential for
future photocatalysis discovery efforts in such systems.

All four experimentally tested materials absorb light in the
range of 1—-3 eV, which includes the visible region.
Furthermore, chopped illumination results offer evidence that
all four materials exhibit a photoinduced current (Figure S).
Mgln,S, and BaSn,Ss exhibited the largest change in current
under illumination. This result is important, as it indicates that
illumination excites mobile carriers, which are able to travel to
the surface and facilitate catalysis. Despite some deviations
between the calculated and experimental band edge positions,
three of the predicted materials still had an energy that
overlapped with the relevant potentials for overall water
splitting, with MglIn,S, being the only material that did not
overlap with the OER potential. Under an applied potential, as
described later, MglIn,S, still exhibited a photoenhanced
current at OER potentials, but this lack of overlap still is
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kinetically unfavorable to the OER and may inhibit photo-
catalysis without an applied electrochemical bias.

Potential photocatalytic performance for overall water
splitting can be evaluated from band alignment and redox
stability. In an initial test of stability in water under
illumination, Na,Sn;S; and RbSbS, were not stable when
illuminated for 24 h under photocatalytically relevant
conditions (with no applied voltage and at pH 7 to be
compatible with a phosphate buffer) and thus were not further
explored for activity. This instability is evident in Figure S6,
where PXRD data for each of the materials as-synthesized and
after catalysis are shown. Reference patterns for decomposition
products, as simulated from structures reported in the
literature, are shown in blue.*>™*’ Excluding BaSn,Ss, whose
decomposition energy is found to be highly sensitive to the
estimated flatband potential, the two unstable materials had
the largest decomposition energy (calculated at the exper-
imental flatband potential), and so would be expected to be
most susceptible to degradation (Table S4). Na,Sn,Sg
decomposed to sulfur and SnO,. While SnO, was a predicted
decomposition product, sulfur, rather than the predicted
aqueous sulfate ion, formed. RbSbS, decomposed into Sb,0;
rather than HSbO,, or the predicted Rb,Sb,O,; solid. This
comparison of theoretical and experimental (in)stability
indicates that key aspects of decomposition behavior were
captured, but some different products other than those
expected, formed. MgIn,S, and BaSn,S; exhibited moderate
stability, without observable formation of crystalline decom-
position products. There were minor impurity peaks that arose
in MglIn,S,. While these peaks could not be indexed to a
known phase, due to the small number of peaks, it can be
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hypothesized that binary sulfides or oxides may have formed.
These phases may form a passivating layer on the surface that
inhibits further decomposition, considering that gross degra-
dation was not observed. However, long-term stability studies,
which are beyond the scope of this study, would be required to
determine if such degradation would proceed over time.
BaSn,S; decreased in crystallinity, with PXRD data demon-
strating peak broadening and loss of peak intensity. However,
the ternary BaSn,S; phase remained, with no binary crystalline
oxides or sulfides observable by PXRD.

Despite exhibiting moderate phase stability under photo-
catalytic conditions, BaSn,Ss and MgIn,S, did not generate
hydrogen under 24 h of illumination, as assessed by gas
chromatography. For Mgln,S,, activity for overall water
splitting could be hampered by the lack of overlap of the
valence band edge with the OER potential. This would lead to
an energetic inhibition of the oxidization of water, where holes
are at too high of energy and thus unable to generate O,.
However, BaSn,S;, which has overlapping potentials for overall
water splitting, was also inactive. This behavior may be
attributable to surface inhibition of the binding and release of
intermediates, which future studies can interrogate in greater
detail. A different oxidation reaction could also be chosen. To
this end, we screened ethanol, methanol, and isopropyl alcohol
as possible sacrificial reductants, yet did not observe hydrogen
by gas chromatography. While outside the scope of overall
water-splitting catalysis, there are other possibilities for
alternative oxidation reactions, such as the use of hydro-
quinone.38

To further investigate the photoresponsiveness of these
materials, cyclic voltammetry was applied. By comparing the
current in the dark and under illumination, the presence of
photoenhanced current and photoelectrocatalytic activity
could be assessed. The electrodes were prepared by drop-
casting a catalyst ink on FTO glass. Experiments were first run
in the dark, cycling five times between potentials relevant to
the HER and the OER. This procedure was observed to be
sufficient to lead to steady performance cycle to cycle. Five
cycles were then run under illumination. This process was
repeated three times to ensure reproducibility and not
activation or deactivation over time. For both MgIn,S, and
BaSn,S;, a photoenhancement of current was observed at the
HER and the OER potentials (Figure 6). This observation
indicates that MgIn,S, and BaSn,S; could perform as
photoabsorbers for bifunctional electrodes. While the current
for the photoelectrochemical overall water splitting reaction is
insufficient to allow these materials to efficiently catalyze water
splitting, the increase in photocurrent is significant for
demonstrating their photoelectrochemical activity, which is
an important step in the data-intensive identification of new
water splitting photocatalysts. Current could be lost due to
defects, creating trap states.” If this is the case, synthesis
techniques that minimize defects could improve the perform-
ance of these materials as photoelectrodes. These discovered
materials could also be active for water splitting with a
cocatalyst, as in a Z-scheme photocatalyst construct.

B CONCLUSIONS

In conclusion, we report a combined computational and
experimental investigation focused on screening main-group
metal sulfides for photoelectrochemical responsiveness, as a
first step toward more comprehensively evaluating photo-
catalytic activity. The computational screening workflow
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Figure 6. Cyclic voltammetry data for the catalyst materials under
illumination (orange) and in the dark (black). The potentials are
calculated based on the reversible hydrogen electrode (RHE),
adjusting for the solution pH.

narrowed a pool of 86 candidates to four, which were
experimentally interrogated. Two were found to be photo-
electrochemically active, which was the goal of the screening
effort. The two photoelectro-active materials identified in this
work offer evidence that further study of this promising class of
materials is warranted. Specifically, with this data-driven
approach, we have revealed electronic trends that allow band
gap tuning toward photoelectrocatalytic overall water splitting.
We then experimentally investigated these materials, allowing
rigorous evaluation of theoretical methods for fundamental
material property predictions, such as electronic structure, and
predictions relevant to operando performance, such as band
edge alignment and stability. This comparative evaluation
underscores the need to account for midgap states related to
defects such as sulfur vacancies, which may reduce the band
gaps of sulfide materials. In the future, the validity of band gap
calculations can be supported through advanced high-
throughput synthesis techniques, such as thin film growth,
where such vacancies can be controlled or largely eliminated.”’
However, it is likely such vacancies would still arise operando,
motivating computational modeling of the active catalyst.
Overall, this work demonstrates that sulfides consisting of a p-
block element along with an s-block metal, are a promising
phase space for identifying photoelectrodes and catalysts for
overall water splitting. Furthermore, the discovery of such
materials can be greatly accelerated by computational, data-
driven approaches.
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