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ABSTRACT

We present a combined experimental and computational study on the recently reported oxysulfide
SrsCd2SheS1007, to demonstrate its photocatalytic activity under solar irradiation. Our
spectroscopy and photocurrent measurements, and tests for photocatalytic activity, indicate the
potential of SreCd2SheS1007 for photocatalytic applications. In particular, photoconduction
measurements show a reproducible photocurrent of 1.25 pA.cm and indicate efficient electron-
hole separation upon illumination. Density functional theory calculations, combined with crystal
orbital Hamiltonian population analysis, give insights into the electronic structure of
SreCd2ShsS1007 and the origin of its physical properties. Our comprehensive investigation into
SrsCd2SheS1007 reveals the roles of its polar structure, polar Sb3* coordination environments and
the 5s2 lone pair in making this compound a potential candidate for solar water splitting

photocatalysis.

INTRODUCTION

Photocatalysts, capable of splitting water for clean hydrogen production, are needed if we are
to realize the potential of fuel cells (which combine hydrogen and oxygen to give electrical energy)
to help meet the world’s energy demands. For sustainable and clean hydrogen production,
photocatalysts that are active under solar irradiation are needed, which limits the size of the band
gap (1.23 - 3.1 eV). Oxide photocatalysts (e.g. TiO2 (3.0 eV)!, ZnO (3.2 eV)?, SrTiOs (3.25 eV)?
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and ZnNb,Os (3.98 eV)*) typically have band gaps too large for excitation by visible light.> Making
substitutions on the oxide sublattice, including introducing softer sulfide anions to give mixed-
anion oxysulfide materials, is an effective strategy to tune the band gap to match the solar spectrum
and give effective photocatalysis under visible light.®” In addition to the size of the band gap, the
H>0O/H2 and O2/H20 redox potentials impose constraints on the valence band maximum (VBM)
and conduction band minimum (CBM) for compatibility with for water splitting (a conduction
band minimum more negative band than the reduction potential of H.O/H> (0 V) and a valence

band maximum more positive than the oxidation potential of O2/H.0 (1.23 V)).8

A small number of oxysulfides have been highlighted as promising photocatalysts for water
splitting under visible light including Sm.Ti>S;0s with a 0.7% oxygen evolution activity®,
LaOInS,* and a-LaOInS,. 1t While some sulfides exhibit appropriate band gaps and photocatalytic
activity, they suffer from sulfur self-oxidation (for instance CulnSy). On the other hand, the
introduction of O 2p orbitals in the oxysulfides can stabilize the system, as demonstrated for
Y,Ti,05S, with a band gap of 1.9 eV and an efficient stoichiometric production of Hz and O,.1?

Beyond these basic requirements, much research is focused on optimizing the performance of
photocatalytic materials but the key materials design features are not yet fully understood. One
promising design strategy is to introduce polar units, with a built-in electric field, into the
photocatalytic material to enhance electron-hole separation.'®415 This polarization field facilitates
the transfer of the photo-generated pairs to different active sites leading to an improved e/h*
separation.’® This enhanced charge carriers’ separation can give better photoactivity,!” (e.g. polar
oxide NasVO2Bs011).1® Theory work has recently demonstrated the potential of heteroleptic and
polar coordination environments in oxysulfides (in which the photoactive cation M is coordinated
by both oxide and sulfide anions) to enhance photocatalytic performance, but this has not yet been
explored experimentally.!® A second feature that may be found in photocatalytic and photovoltaic
materials is the presence of a (heavy) “lone pair” cation such as Bi®*, Sb®", Sn?*.. 202122 The
presence of a 5s or 6s? pone pair of electrons, and its energy relative to anion p orbitals, can
determine the energy (and degree of delocalisation) of states at the top of the valence band which

are key to explaining the optical response of these materials.?32*

The oxysulfide SrsCd.Shs S1007 reported by Wang et al contains 5s? Sb®" cations in both
homoleptic (Sb(1)Ss and Sh(3)03) and heteroleptic (Sb(2)OS4) coordination environments (figure



1a).2°> With a band gap of 1.89 eV and polar crystal structure, it has potential for photocatalytic
behaviour. SreCd>She S1007 crystallizes in the polar space group Cm with a structure built up from
zigzag 2.[CdSb20Ss]* layers. These zigzag layers are separated by pseudo-chains of 1..[Sb(3)O25]*
composed of [seesaw-shaped /Czy] [Sb(3)04]° units linked via their half-occupied (disorded) O(4)
sites (figure 1a). The zigzag %.[CdSh.0Ss]* layers are built from 1.[CdSs]* chains which are
corner-linked to edge-shared chains of 1..[Sb(1)OSs]* and 1.[Sb(2)OS.]*. Electronic structure
calculations indicate that Sr, O and Cd contribute little to the band edges, whilst the Sh(1) and
Sb(2) sites (and particularly the 5s? pair from the Sb(2)OS4 units) are responsible for the NLO
activity.”> Our combined experimental and computational study reported here allows us to
investigate the relative importance of the anion in tuning the band gap and giving polar coordination
environments, and the relationship with the Sbh®" 5s? lone pair and its activity. Our studies
demonstrate that SrsCd>SheS1007 has good photocatalytic performance, including under solar
irradiation with efficient electron-hole separation. Insights from computational work confirms the
key role of the Sh(3)Os entities with the greater lone pair stereoactivity whilst Sb(1)Ss entities
contribute most to the DOS just below the Fermi level (at the VBM) and thus to the band gap and
the photocatalytic properties. During final preparation of this manuscript we became aware of a
study of the oxyselenides analogue SrsCd.ShsO7Sei0and its photoelectric properties.?® The findings
of this recent study, including the roles of polar units of Sb** 5s2 lone pair, are consistent with our
work, and complement our study by further showing how the anions Q in SbQs units can tune the

band-edge structure in these photoactive materials.

METHODS SECTION

A single-phase sample of SreCd2She S1007 (1 g) was synthesized by solid-state reaction from a
stoichiometric mixture of the reagents SrS/CdS/Sbh20s/Sb/S (Alfa Aesar 99.5%). Because of the air
sensitivity of some reagents, they were stored, weighed and ground together in an argon-filled
glovebox. Reagent mixtures were then pressed into pellets and heated in an evacuated, sealed,
carbon-coated quartz tube. The heat treatment consisted of heating to 700°C at a rate of 1.15°C/min
dwelling for 48 h before cooling to room temperature in three hours. After this procedure a red
powder was obtained.

X-ray powder diffraction (XRPD) pattern was collected on a Bruker D8 A25 diffractometer
equipped with a Lynxeye XET linear detector (Cu Ka) in Bragg—Brentano geometry at room



temperature with a 1 s counting time and 0.02 ° step angle. Rietveld refinements using XRPD data
were carried out using TopasAcademic software.?”?® The background (shifted Chebyshev), sample
height, lattice parameters, peak profiles (pseudo-Voight), atomic positions and atomic
displacement parameters (a parameter for each atom type) were refined, as well as a correction for

absorption due to surface roughness.?®

Density functional theory (DFT) calculations were carried out using the projector-augmented-
wave method® encoded in the Vienna ab initio simulation package (VASP)®! and the generalized
gradient approximation (GGA) of Perdew, Burke and Ernzerhof®? for the exchange-correlation
functionals. To deal with the structural disorder at the O(4) site, a (1x2x1) supercell is adopted
which led to a disorder-free structure.®*?® Full geometry optimizations were carried out using a
plane-wave energy cutoff of 550 eV with 4£-points meshes (3x7x6) in the irreducible Brillouin
zone. The relaxed structure was used for calculations of the electronic structure. The COHP
(Crystal Orbital Hamilton Population) analysis was carried out in the framework of the LOBSTER

software,343536

The reflectance of the sample was measured from 200 to 900 nm using a PerkinElmer Lambda
650 spectrophotometer.

The photocurrents were collected using an electrochemical device (Autolab PGSTAT204,
Metrohm) coupled to a LED module (LED driver kit, Metrohm). LEDs (450, 470, 505, 530, 590
and 627 nm) with low spectral dispersion are used. These LEDs are calibrated using a photodiode
to determine the density of the luminous flux received by the sample. The photoelectrochemical
measurements were performed in standard three-electrode cell (Magnetic Mount Photo-
electrochemical Cell (Redox.me®), including Ag/AgCl and Pt wire acted as reference electrode
and counter electrode, respectively. The cell used allows standardized illumination over 1 cm? by
the rear face of the working electrode. The working electrode is made using the drop casting
technique.®” For this, the photocatalyst is dispersed in PVDF (PolyVinyliDene Fluoride) binder
(with the 2:1 ratio), then deposited evenly on a ITO/glass substrate (Delta Technologies, Ltd). The
electrolyte employed is an aqueous 0.1 M Na>SOg solution.

The photocatalytic activity was determined by monitoring the degradation of Rhodamine B. The
used photo-reactor consist of a 200 ml flask which is irradiated from above with a 40 W UV lamp

(254 nm). An aluminum foil covers this unit to prevent exposure to UV radiations. Before any

4



measurements, the solution (containing 100 mL of Rhodamine B (2 x10® mol dm=) and 100 mg
of the photocatalyst powder (SreCd2SheS1007) was stirred for 30 min in the dark to ensure an
appropriate adsorption/desorption equilibrium. After this step, samples were taken, at regular
intervals to monitor the evolution of the concentration of the photodegraded Rhodamine B by
spectrophotometry. Absorbance measurements were carried out using a Shimadzu UV-2600 UV-

visible spectrophotometer.

RESULTS
Rietveld analysis using high quality XRPD data collected for SreCd2SbhsS1007 (figure 1b) was

in good agreement with the model of Cm symmetry reported by Wang et al.?®
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Figure 1: (a) (i) View of SrgCd,SheS100y. (ii) Zigzag layer formed of [CdS3]* tetrahedra and the mixed anion
tetragonal pyramids of antimony [SbOS]%/[ShSs]?, pseudo-chains composed of [Sh(3)Os] * motifs joined by half-
occupied O(4) vertices (iii) coordination environments of Cd and Sb ions. (b) Powder XRD Rietveld refinement
profiles: the experimental (red) and the calculated (bleu) patterns are superimposed; the difference curve and Bragg
positions are shown in gray and blue, respectively.

The magnitude and nature of the band gap of SreCd>SbsS1007 was measured by diffuse
reflectance UV-visible spectroscopy. Figure 2a shows reflectance vs. wavelength for
SrsCd2ShsS1007. The reflectance data were analysed using the Kubelka-Munk function.®® A Tauc
plot (figure 2a) [F(R)hv]*" vs. [hv] (where ho is the photon energy),*® gives insight into the nature
of the band gap: SrsCd2SbsS1007 is reported to be an indirect bandgap semiconductor (hence n =



2) and a tangent to the inflection point on the Tauc plot gives an optical band gap Eg = 2.01(2) eV.
This is in fairly close agreement with that reported by Wang et al. (1.89 eV).%°
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Figure 2 : (a) Diffuse-reflectance spectra with a Tauc plot inset to determine the experimental band gap. (b)
Calculated band structure for SrsCd2SbeS1007.

First principles Calculations. DFT calculations were carried out to investigate the electronic
structure of SreCd2ShsS1007. The charge carriers’ effective masses were computed from the band
structure to gain insights into the mobility of the electron and holes and to probe the role of the
Sb3* lone pair. As a first step the structure was optimized using a supercell taking into account the
disorder in the half-occupied O(4) site leading to the space group Pc for the resulting optimized
structure. Calculations indicated an indirect band gap of 1.39 eV, slightly smaller than the
experimental value, due to the well-known tendency of the GGA approximation (with PBE
functional used here) to underestimate band gaps.3? Figure 2b shows the calculated electronic band
structure for SreCd2>SheS1007 with valence band maximum and conduction band minimum at I" (0;

0; 0) and B (0; 0; 0.5) points, respectively.

In order to have a quantitative investigation of charge carriers, the effective masses of electrons
(m*¢) and of holes (m*1) were calculated*® using the following equation near the CBM and the
VBM:

(1) _ 1 0%En(k) 1
m*/j T R2 Okikj )



where En(k) corresponds to the n'" electronic band in k-space. Prior to the effective masses’
extraction, the self-consistent electronic calculation was followed by a non-self-consistent
calculation along the high symmetry lines with a fine spacing of 0.02 A of k-points in reciprocal
space. The band structure shows different dispersions of the bands at the CBM and VBM
suggesting different mobility of electrons and holes. Since the VBM is located at I and the CBM
at B, we investigated the directions I' — B and B — D very near to the I" or B points, both related
to directions within the layers. In the meantime, we have investigated directions across the layers

with Y2 — T for m¢".

The lowest value of me"=0.218 mo was found for the electrons in the conduction band for intra-
layer directions, while for interlayers we find much higher value of me'= 5.44 mo. It shows the
anisotropy of the charge carriers’ mobility with easier transport within the layers as expected from
the structure. Values below 0.5 mo (as found for electrons here) are usually considered as very low
and indicative of a high mobility. As the mobility is inversely proportional to the effective mass
this indicates a high electron mobility compared with other oxysulfides such as BiCuOS (0.59 mo)
and BiAgOS (0.68 mg).** The hole mass was obtained by fitting bands at the valence band
maximum and in contrast they are found to be heavier with a mass of 6.50 mo indicating a lower
hole mobility compared to electrons, as expected. The difference in holes and electrons effective
masses has the advantage of ensuring better separation of charge carriers and therefore a low rate
of the electron-holes pairs recombination. These features make this compound attractive for

efficient photoconduction.

The electron localization function (ELF) was also computed which gives insight into the nodal
structure of the molecular orbitals. The ELF reflects localized electron pairs and allows us to
investigate different bonds and lone pair electrons.*? Looking at the local coordination geometry
around the Sh*" cations in figure 3, the distorted lone pair of antimony is clearly observed. As the
environment of the antimony changes the Sb3* 5s? pair size changes, which indicates that the lone

pair is sensitive to the O:S ratio, as expected based on the revised lone pair model.*344
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Figure 3 : DFT-computed ELF for the three different Sh coordination, Sh(1)Ss, Sb(2)OS4 and Sh(3)0Os.

Based on the calculated electronic density and ELF, the Critic2 program*® using the Yu and
Trinkle (YT) method*” was used to determine the critical points of the ELF and to obtain the
electronic charge and volume within the basins (wells). Table 1 gathers the calculated positions,
distances to the corresponding antimony atom, volumes and charges of the electronic lone pairs.
The DFT calculated volume of the lone pairs has the trend SbOz > ShS4O > SbSs indicating that

the most ionic interactions lead to a greater stereoactivity as reported in previous studies.*®

The calculated Sh-(LP) distances range from 0.823 A for Sb1-LP1 (full sulfide coordination) to
1.142 A for Sb3-LP3 (full oxide coordination) and with an intermediate distance of 0.875 A for
Sb2-LP2 (mixed anion coordination). The calculated electronic charges are 3.55¢", 3.77 e and 2.88
e for Sbl, Sb2 and Sb3 lone pairs, respectively. Despite its greater volume, the lower charge is
found for Sb(3) in Sh(3)Os. Charges reported with the same method are for instance reported by
Poupon et al.: for oxotellurate (1V) compounds*®®° for instance with a typical lone pair charge of
2.71 e". These findings reflect increasing delocalization of Sh®* lone pair with increasing oxide
coordination, consistent with DOS calculations reported for SreCd2SbO7Se10.2°

We thus find that in this compound the Sb(3)Os contributes the most to the anisotropy and
polarization field while Sb(1)Ss contributes the most to the band edges which are both crucial for
the photoconduction properties. It is also important to mention that we focus on a comparative

analysis of the lone pairs within the title phase. One should also keep on mind that different



approaches to represent the Kohn-Sham orbitals may lead to different results if we consider the

literature, therefore the comparison is not straightforward if not based on similar approaches.

Table 1. Description of the Lone Pairs: positions, Sb-E distances, charges and volumes.

Electronic lone Position Distance to Sb ~  Volume
- A Charge (¢) A3
pair N y 2 (A) (A)
E1 (Sb(1)S5) 0.847(5) 0.25(3) 0.987(9) 0.823(2) 3.55(6) 20.44(4)
E2 (Sh(2)0S4) 0.340(4) 0.5(1) 0.562(6) 0.875(8) 3.37(4) 21.13(1)
E3 (Sh(3)03) 0.420(2) 0.953(5) 0.475(8) 1.142(4) 2.88(9) 23.54(5)
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Figure 4 : COHP analysis for the bonds formed by Sh(1)Ss, Sb(2)OS4 and Sh(3)O4 (from left to right) with their
ligands with the color codes indicated on the plots. The numbering of the atoms in the legend is that of the supercell
in P1 used for the calculations (see SI).

Crystal Orbital Hamiltonian Population (COHP) has been also computed and pictures the
bonding nature and strength, see figure 4. It is particularly interesting to focus on the top of the

VBM where the states related to the lone pair formation are found as described for the PDOS. From
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Er down to about -2 eV/-3 eV, filled antibonding interactions between Sb 5s and S 3p and/or O 2p
states are found. These interactions are responsible for the stereoactive lone pair which is consistent
with the revised lone pair model.**** Considering the different antimony sites, the 5s2 antibonding
states for Sb(1)Ss units remain relatively high in energy, immediately below the Er (figure 4). In
contrast, for Sb(2)0Ss and Sh(3)Os sites with more O% anions in the Sh** coordination sphere,
stronger Sb®* 5s2 — O 2p hybridisation occurs. This gives increased stabilisation of Sb** 5s?
electrons (see the lower energy antibonding states between -2.0 and -3.5 eV) for the Sh(2) and

Sb(3) sites, alongside increased localization (as discussed above from ELF analysis).

Photocatalytic activity. To quantify the photocatalytic efficiency of SreCd.SbsS1007, we
carried out a study of the photodegradation of Rhodamine B by following the Kkinetics by UV-
visible spectroscopy based on the maximum absorption of the dye (A=565 nm). To describe the
photocatalytic kinetics at the solid—liquid interface, the Langmuir—Hinshelwood (LH) model was
used.® Taking an order 1 for the photodegradation reaction and plotting Ln(Co/C) vs. time to
determine the apparent rate constant (kapp). Figure 5a shows the Langmuir-Hinshelwood kinetic
plot for the first run of the SreCd>SbeS1007 photocatalyst. Despite a latency time of 20 min at the
start of the reaction, a linear evolution with an apparent rate constant of 9.0 .10 min is observed,
comparable with other photocatalysts (typically 102 min),>? indicating good kinetic performance
of SreCd>SheS1007. However, for an ideal photocatalyst, the degradation of Rhodamine (measured
by the discoloration of the solution) should increase with time until it saturates at 100% when all
the dye has been degraded. Photocatalysis by SrsCd2SbeS1007 only gave 75 % degradation which
may reflect instability of SreCd2SbsS1007 in these wet conditions (figure 5b), changes in surface
structure or pollution of adsorption sites by reaction intermediates reducing efficiency; this has yet
to be fully explored. Other lone pair-based materials, such as Bi;WOs (Kapp = 6.3x10° min?) and
BizM00g (Kapp = 1.7x107 min“!) showed a 90% and 51% Rhodamine B degradation, respectively.>
Despite the greater lone pair activity of Bi** based materials, their capacity to photodegrade the
Rhodamine B is comparable to SreCd>ShsS1007 with lower lone pair activity. This suggests that
whilst a higher stereochemical activity might reduce the electronic band gap,>*® its influence on
the rate of the photodegradation is difficult to compare directly as several other structural

parameters may play a role (including polarity). Meanwhile, microstructure and the morphology
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of the semiconductor, and its stability in the electrolyte, are also likely to influence the rate of

degradation.
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Figure 5 : (a) Langmuir-Hinshelwood kinetic plot for the degradation of Rhodamine B on SrsCd2ShsS1007. (b)
Percentage of discoloration of Rhodamine B on SrsCd2ShsS1007 photocatalyst.

Photocurrent Measurements. The chronoamperometry measurements (current density
variation Aj between illumination and dark cycles) achieved on SreCd>SbsS1007 film for a 0.4 V
bias voltage and under an excitation of 450 nm is presented in the figure 6a. A significant change
in transient photocurrent is observed when the underside of the working electrode is illuminated:
the photocurrent generated increases from 0.65 to 0.95 pA.cm™ for a power density of 22 to 111
mW.cm, respectively. The photocurrent generated increases with the intensity of the luminous
flux according to a classical power law®® (figure 6b). The power law fitting gives a curve going
through the origin with an equation of Aj=3.52x107¢%2%, The value of the exponent provides the
information of traps present in the sample. Indeed, for an ideal trap-free system, the exponent is
equal to 1 and the photocurrent scales linearly with the illumination power. But for trap states, the
exponent becomes smaller than 1 (as for high powers most of the traps are already filled in and
further illumination power cannot effectively increase the photogain).%’ Thus, in the present case,
the low value of the exponent indicates the presence of many traps in the compound. The
photocurrent response (figure 6a) shows also a characteristic decay from a "spike™ to a steady state

during illumination. The presence of this spike is explained by the rapid separation of the
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electron/hole pairs under illumination, then the establishment of an equilibrium state between the
recombination and the transfer of the carriers. Parkinson et al .%® proposed a model making it
possible to determine the transfer and recombination constants from the modeling of the
exponential decrease of this current peak. Based on this model and for ¢o=111 mW.cm, we can
deduce that the transfer and recombination constants are 0.25 and 0.08 min, respectively (i.e. a

transfer efficiency of 78 % figure 4 SI).

In addition, the transient photocurrent response for Vyias=0.4 V vs. wavelength is shown in
figure 6¢. The highest photocurrent is observed for an irradiation at 450 nm and lower
photocurrents are observed for longer wavelength (lower energy) irradiation. This is consistent

with the decrease in absorbance observed on the Tauc plot (figure 2).

The previous tests were also performed under the same excitation of 450 nm but this time for a
0 V bias voltage on the SreCd>SbheS1007 film, and a clear reproducible photocurrent was observed
(figure 5a SlI). Between different illumination and dark cycles, the generated photocurrent increased
with the intensity of the luminous flux from 0.045 to 0.95 pA.cm, according to a classical power
law. Although the characteristic ‘spike’ shape of the peaks (observed at 0.4 V bias voltage, figure
6) was lost, the exponent we obtained in this case is higher (0.471), indication of a decrease in the
trap states (figure 5b SI). A higher photocurrent response is also observed at 450 nm (0.065 pA.cm”
2) and lower values occurred at longer wavelengths (figure 5c Sl), similar to the transient

photocurrent response for the 0.4 V voltage with the variation of the wavelengths.
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Figure 6 : (a) Transient photocurrent response (Vpias=0.4 V under a 450 nm excitation) of SrsCd>ShsS1007 (b)
Evolution of the photocurrent density the power density of light (c) Transient photocurrent response vs. wavelengths
(constant light intensity ¢o=42 mW cm-2) of SreCd,SheS1007 (d) ) Transient photocurrent response under solar
illumination (100 mW.cm) for Vpias=0.4 V and Vpias=0V.

The transient photocurrent response under solar illumination (150 W Xenon lamp with AM
1.5G filter — 100 mW.cm2) was also measured by carrying out on/off cycles (figure 6d). For a bias
voltage of 0.4 V, we can see a slight decrease in the value of the generated photocurrent. This
remains more stable when no potential is applied (red curve). This decrease indicates a
photocorrosion phenomenon which may be due to a material or chemical instability within the
electrolyte used. The kinetics of the transient photocurrent evolves between 0 V and 0.4 V (figure
6 SI), without applied potential the kinetics is slow and does not show a spike. This behavior can
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be explained by the carrier trapping effect induce by surface defects.>® While at higher potentials

de-trapping is facilitated by the induced electric field.
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Figure 7 : (a) Electrolyte influence (Na2SOa, Na;SO3/Na;S) on the transient photocurrent response of
SrsCd2SheS1007 (b) Transient photocurrent response of SreCd2SheS1007 in Na;SOs/Na,S electrolyte on Day0 and
Day4.

To further understand the degradation described above in Na>SOs electrolyte, we considered
other electrolyte solutions, including a mixture of 0.1 M Na2SOz and 0.01 M NazS in order to
stabilize the oxysulfide phase by the presence of S% ions. In addition, sulfite anions are hole
scavengers that can prevent photocorrosion.®® Although the photocurrent was lower for this
Na>SO3/NazS electrolyte (figure 7a) the film was stable even over four days (figure 7b), indicating
a significant reduction in photocorrosion compared with in the Na;SOs electrolyte. To complete,
the stability of the phase with respect to pH was studied but this led to degradation of
SreCd2ShsS1007 (detected by XRPD analysis see figure 7 Sl) for acid or basic solution, thus
confirming a degradation of the oxysulfide in aqueous medium as observed in the photocatalysis
experiments.

The Mott-Schottky (MS) plot of 1/C? vs. applied potential (figure 8a) indicates the conduction
type, the concentration of the charge carriers (N) and the flat band potential (Es).>? The n-type
semiconducting behavior is confirmed by the positive slope with a flat band potential Es estimated
to be -0.46(1) V vs. Ag/AgCI (reference electrode) or 0.13(2) V vs. RHE (reversible hydrogen
electrode). This estimated position of the flat band potential gives insight into the position of the

CB or VB band edge depending on the conduction behavior.5! The flat band potential reflects the
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position of the Fermi level which lies close to the conduction band minimum (CBM) ~ 0.1 in a n-
type semiconductor.? This calculated value is close to the calculated CB band edge position (figure
8b) using the empirical method based on Mulliken electronegativities proposed by Butler and

Ginley®®and further described by Xu and Schoonen,® using the following equation:

1/
Evgcp = Eo+ [They 1" + Egap/2 @)

where Evg,cg corresponds to the positions of the valence and conduction band edges; Eo to the
difference between (NHE) and the vacuum (Eo = -4.5 eV); ym is the electronegativity of the atom
M in the Mulliken scale with n the number of atoms and j the stochiometric ratio. Such calculations
for the band edge positions were reported in a study by Castelli et al.®® which compares a number
of photocatalysts. We’ve used this method here to confirm that the band edge positions of
SreCd2ShsS1007 encompass the redox potential of water, an essential requirement for photocatalytic

water splitting.
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Figure 8 : (a) Mott-Schottky plot for SrsCd2ShsS1007 deposited on ITO/Glass performed at 1000 Hz. (b) Calculated
band edges positions for SrsCd,SbsS1007; The levels of H; and O, evolution are indicated by dashed lines.

DISCUSSION
Many of the features of SreCd2SbsS1007 highlighted by Wang et al., including the mixed-anion

coordination environments of Sb3 cations, its polar structure, and the presence of

stereochemically-active lone pairs of electrons,® suggested the potential for SreCd2SbsS1007 to
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show photocatalytic activity. Wang et al. found that the VBM and CBM in SrsCd>SheS1007 are
composed primarily of S 3p and Sb 5s, 5p states, or Sb 5p states, respectively, giving an optical
band gap of 1.89 eV.? This is much lower than the band gap in antimony oxides such as a-Sh20s3
(3.38 eV), £-Sb20s3 (2.25 eV), y-Sb20s3 (2.55 eV), a-Sh204 (1.89 eV) and S-Sh204 (2.10 eV),%
highlighting the potential to tune band gaps by including anions from different rows of the periodic
table in mixed-anion systems, as in oxysulfides. This explains the functionality of SreCd2SbeS1007
under solar irradiation, including its photocatalytic activity (figures 5 and 6). However, the
presence of oxide and sulfide anions alone isn’t sufficient for a photocurrent response under
sunlight irradiation, and both [(BaisCls)(GasSi12042Sg)] and LaGaS,0, with heteroleptic Ga**
coordination environments, require irradiation by higher-energy UV light before a photocurrent

response is observed.®” %8

A key feature in the photocatalytic activity of SreCd2SbsS1007 is the 5s2 lone pair on Sb®* sites.
Corey et al.,*® and more recently Wang et al.?* have shown that the stereochemical activity of the
Sb®* 5s? lone pair increases with increasing electronegativity of the chalcogenide in the binary
chalcogenides Sh2Qs (Q = O, S, Se, Te).%°2* This is consistent with ELF and COHP analysis (figure
3 and 4) (and with the R factors reflecting stereochemical activity’® determined in this work, see
supporting information) for the Sb(1)Ss, Sb(2)OSs and Sh(3)Os sites in SreCd2SheS1007. The
stereochemical activity is comparable to that reported for arsenic sulfides (typically 0.59 — 0.73)"
but lower than that reported for bismuth oxides’® with smaller energy difference between cation
ns? and anion valence np orbitals. The Sb®" 5s2 lone pair contributes to the density of states at the
top of the valence band, thus playing a key role in reducing the band gap towards the energy of
solar irradiation, and the extent of its stereochemical activity is reflected in the energy range of

these states.?*

SreCd2SheS1007 contains antimony cations in both homoleptic environments (Sb(1)Ss and
Sb(3)0s sites) and heteroleptic environments (Sb(2)OS4). The driving forces for significant anion-
segregation in oxysulfides (giving predominantly homoleptic cation coordination and often layered
structures) vs more mixing of anions and heteroleptic coordination environments are not fully
explored, but may relate to the relative softness/hardness of the specific combination of cations and
anions.”? It’s striking that a strong electron-hole separation is indicated by the shape of the

photocurrent response in both SrsCd2ShsS1007 (figure 6) and LaGaS,0.% It has been proposed that
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polar aspects to the structure enhance electron-hole separation in oxysulfides'® and comparison of
these two systems can be instructive. Both have polar coordination environments for the
photoactive cations. In SreCd2SheS1007 this is due to the stereochemical activity of the 5s? lone
pair favouring lower-symmetry sites, with the polarity decreasing with increasing sulfide
coordination.?® By contrast, the polar symmetry (m, or Cs) of the Ga®* sites (with [Ar] electron
configuration) in LaGaS,0 arises as a result of its heteroleptic [Ga0O2S,]™ coordination.%® However,
these two photocatalytic oxysulfides differ in that SreCd2SheS1007 adopts a polar crystal structure
(of Cm symmetry)? whilst LaGaS.0 crystallises with a non-polar structure (of Pbcm symmetry).%8
This comparison suggests that a polar coordination environment around the photo-active cation
may play a greater role in enhancing electron-hole separation than the presence of a polar axis in
the crystal structure.

Comparison of the results presented above for SrsCd>ShsS1007 and the recently reported
oxyselenide analogue SrsCd.ShsO7Se10?° reveal that both compounds have indirect band gaps, with
a slightly smaller gap (1.55 eV) for the ‘softer’ oxyselenide (compared with 1.89 eV for the
oxysulfide). A much higher photocurrent response (50 pA.cm2 under 700 nm excitation and Bias
=5 V) was measured for SreCd2ShsO7Se1o than for SreCd2ShsS1007 (0.95 pA.cm2 under a 450 nm
excitation, figure 6 and figure 5a Sl). This difference can be attributed to the higher bias voltage (5
V) used for measurements on the oxyselenide (compared with bias voltage of 0.4 and 0 V used for
measurements on SreCd2SheS1007 reported above), as higher responses are typically observed with
increasing voltage. The good photoelectric performances due to the efficient charge carriers’
separation in both analogues can be explained by the presence of a strong polarization within the
sublattices because of the large dipole moments of the polar Sb units. Slightly higher dipole
moments were calculated in the case of the oxysulfide ([SbOS4]”- 15.5 D > [SbhSs]’- 12.7 D),?®
lower ones were found in the oxyselenide, [SbOSes]” 15 D > [SbSes]” 11.9 D, which can explain
the difference in the photocurrent peak shape, and therefore in the kinetics of the charge carriers’
separation for SrsCd2SheS1007 and SreCd2ShsO7Seso, although both compounds demonstrated a

slow recombination rate.

CONCLUSION
In this paper, we highlight the potential of the oxysulfide SrsCd2SbsS1007 for water-splitting

photocatalysis, including under solar irradiation, Many features that contribute to its non-linear
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optical properties such as the presence of stereochemically-active lone pairs and the combination
of anions to tune orbital energies® are also relevant for designing photocatalytic materials. Our
combined experimental and computation investigation demonstrates that the mixed-anion nature
of the oxysulfides is effective in tuning the band gap of these systems, but is also important for
tuning the stereochemical activity of lone pairs electrons and hence the photocatalytic properties.
A key challenge in designing useable photocatalysts is to limit the charge carriers’ recombination
which competes with the desired water-splitting redox reactions. It is striking to observe the
photocurrent response in SreCd2ShsS1007 that is typical of a material with very efficient electron-
hole separation and migration. This is supported by DFT calculations which indicate different
mobility for electrons and holes, and very mobile electrons (with an effective mass below 0.5 mp).
Our theoretical study shows that antibonding interactions involving Sh®* 5s and anion np states are
responsible for the DOS just below the Fermi level and for the stereochemical activity of the 5s?
lone pair — with its stereochemical activity sensitive to the O/S ratio in the Sb coordination
environment. We thus identify the Sh(3)Os entity as the most polar Sb site, contributing the most
to the polar nature and enhancing electron-hole separation, whilst Sb(1)Ss entities contribute most
to the DOS at the VBM. The study demonstrates the importance of lone pairs in designing
photocatalytic (and likely photovoltaic) materials, and the balance between the cation site polarity
and energies of cation valence states that can be tuned by anion substitution. Further work to
optimise film deposition and operating conditions are underway.
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