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Ternary metal sulfides have been widely investigated in recent years
as solar absorber materials in photocatalysis and photovoltaics,
where they have the potential to replace expensive or harmful
materials like noble metals or lead-based compounds. Potassium
bismuth sulfide has two polymorphs showing promise for solar
applications. However, the preparation of KBiS; is hardly investi-
gated beyond the originally proposed highly energy demanding
solid state or salt melt syntheses. In order to facilitate the applic-
ability of KBiS, films, we investigated the formation of cubic and
rhombohedral KBiS, from metal xanthate precursors. The use of
xanthates offers the advantages of low conversion temperatures
and good solubility of the precursors in non-halogenated and non-
aromatic solvents. We successfully prepared KBiS; films with rhom-
bohedral and cubic crystal structures, which we could confirm with
XRD and HR-STEM experiments, and found that the cubic phase
forms at a relatively low temperature of 200 °C. Our findings
provide a facile low temperature method to prepare KBiS, thin
films and demonstrate well-suited optoelectronic properties of this
material. In particular, the long charge recombination lifetime of
41.1 microseconds in TiO,/KBiS,/spiro-OMeTAD films highlights
the suitability of KBiS, for potential applications in solar energy
conversion devices.

“ Institute for Chemistry and Technology of Materials, NAWI Graz, Graz University
of Technology, Stremayrgasse 9, 8010 Graz, Austria.
E-mail: thomas.rath@tugraz.at

b Institute of Electron Microscopy and Nanoanalysis, Graz University of Technology,
Steyrergasse 17, 8010 Graz, Austria

“Graz Centre for Electron Microscopy, Steyrergasse 17, 8010 Graz, Austria

9 Institute of Physical and Theoretical Chemistry, Graz University of Technology,
Stremayrgasse 9, 8010 Graz, Austria

¢ Department of Chemistry, Molecular Sciences Research Hub, Imperial College
London, White City Campus, 82 Wood Lane, W12 0BZ London, UK.
E-mail: s.a.haque@imperial.ac.uk

L Institute of Materials Science, Joining and Forming, Graz University of Technology,
Kopernikusgasse 24, 8010 Graz, Austria

This journal is © The Royal Society of Chemistry 2025

9 Ison Hau,® Thomas Webb,® Fernando Warchomicka,

Gerald Kothleitner,® Gregor Trimmel,

Solution-based synthesis of nanocrystalline KBiS,
films at low temperatures and study of
photoinduced charge generation

2 Daniel Knez, (2° Harald Fitzek,®

f

© Alex M. Ganose, (2 ¢ Georg Gescheidt, (29

@ Saif A. Haque () *¢ and Thomas Rath (2 *@

Introduction

With rising energy demands and the need to replace fossil
fuels, solar energy is gaining increasing attention as a sustain-
able alternative. Materials with strong light absorption, suitable
bandgaps, and low cost are essential for future applications in
photovoltaics'™ and photocatalysis,”® including solar fuel
production and wastewater treatment. Recently, increasing
interest has fallen onto metal chalcogenides, as they commonly
show very suitable optical properties for solar energy conver-
sion. A large group of metal chalcogenides are ternary metal
sulfides, which combine two different metal cations and a
sulfur anion to yield a plethora of structures. Ternary metal
sulfides, such as CulnS,, Cu;BiS;, AgBiS,, ZnIn,S, and CuSbs,,
typically show a bandgap in the visible range, making them
promising candidates for utilization of sunlight.**™

Bismuth sulfide itself is known to have high absorption
coefficients and a low bandgap around 1.3 eV in the visible
range."* Furthermore, introducing an additional metal ion to
create ternary bismuth sulfides can lead to an improved charge
carrier concentration."> Aluminum- or nickel-doped bismuth sul-
fides and ternary phases such as CuBiS,, Cu;BiS; and AgBiS, have
been reported in photovoltaic or photocatalytic applications.'®>*

An emerging and versatile ternary bismuth-based sulfide is
potassium bismuth sulfide. Depending on the ratio of potassium
to bismuth, several crystal structures, like orthorhombic,
rhombohedral** and cubic*** crystal phases, are reported. The
cubic KBiS, crystallizes in a simple rock salt structure (Fm3m) and
is reported with an optical bandgap of 1.61 eV.**® While the
properties of this material are very interesting, its synthesis
typically involves high temperature processes. KBiS, is usually
synthesized via solid state or salt melt syntheses using powdered
Bi, K,CO; and elemental sulfur at high temperatures of around
800 °C for several hours.***” The K,S; salt flux based synthesis of
rhombohedral KBiS, reported by Qu et al. takes place at 600 °C for
a prolonged time.”® Even the K;BiS; intermediate phases reported
by McClain et al. still require 450 °C for 48 h.**
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Recently, Yang et al. reported a successful hot-injection
synthesis, using the long chained oleylamine and oleic acid.
With this approach, they obtained nanocrystalline KBiS, at
250 °C. However, the obtained crystallites are very small
(7.4 nm) and the remaining ligands at the surface can interfere
with the optoelectronic properties. Nonetheless, the photodetec-
tors manufactured with these nanoparticles proved to show an
excellent photoresponse.?® However, in order to utilize KBiS, as a
broadly applicable semiconductor for solar energy conversion, a
synthetic method yielding crystalline thin films at low tempera-
ture and short reaction times would be highly beneficial.

A promising approach to prepare KBiS, with lower energy
demand is via the use of metal alkyl xanthates. Metal xanthates
(also known as metal dithiocarbonates) are the metal salts of
xanthogenic acid. They can act as single source precursors for
the corresponding metal sulfides, meaning they are both metal
and sulfur sources.">*°* Metal xanthates can be easily pre-
pared for most metals either using commercially available
potassium xanthates as precursors or by preparing them directly
from metal hydroxides or alkoxides. Additionally, metal alkyl
xanthates are soluble in various solvents, depending on the used
alkyl moiety. This enables a versatile method to prepare defined
metal sulfide thin films from these precursors.'®**~*

In this study, we present a method to prepare rhombohedral
and cubic potassium bismuth sulfide (KBiS,) thin films from
potassium and bismuth xanthates at significantly lower tem-
peratures compared to the common solid-state approach (see
Fig. S1). Using the ethyl xanthates of these metals offers good
availability, as potassium ethyl xanthate is inexpensive and
commercially available. The bismuth analogue can be synthe-
sized via simple ligand exchange from potassium xanthate.?”
We investigated the crystal formation at different temperatures

a) c)
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by X-ray diffraction and took a closer look at samples with
different precursor ratios with HR-STEM. We performed first
principles calculations to understand the fundamental optoe-
lectronic behavior and band alignments. Moreover, we studied
the optical and photochemical properties with reflectance-,
electron paramagnetic resonance and transient absorption
spectroscopy to obtain a deeper understanding of charge
carrier generation and lifetime in KBiS, and heterojunctions
with TiO, as well as p-type organic semiconductor contacts.

Results and discussion
Phase formation and structural characterization

For the preparation of KBiS, thin films, potassium ethyl
xanthate (KXaEt) was recrystallized with acetone and methanol.
In addition, bismuth ethyl xanthate (Bi(XaEt);) was synthesized
from KXaEt and bismuth nitrate as previously reported,®” and
the synthesis is described in more detail in the Experimental
section. To begin with, we investigated the thermal conversion
of the potassium and bismuth xanthates as well as mixtures of
both metal xanthate powders in K: Bi-molar ratiosof 1:1,1.5:1
and 2: 1. The results of the thermogravimetric analyses (Fig. 1a)
provide valuable insights; the decomposition temperature and
rate can distinctly influence the properties of the formed metal
sulfide. While Bi(XaEt); shows a single sharp mass loss step at a
relatively low temperature (5% mass loss) at 120 °C, KXaEt, in
contrast, requires a notably higher temperature, exhibiting a
sharp main mass loss with a decomposition onset at 210 °C,
followed by a continuous mass loss. The main mass loss
correlates with the decomposition of the organic side chains
and the evaporation of the decomposition products. The

100 -+ 5% mass loss ! I III .' I II' L T Ilr T T " I
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Fig. 1 (a) TGA curves with heating rates of 10° min~! of the individual KXaEt

and Bi(XaEt)s precursors, as well as K : Bi mixtures with molar ratios of 1:1,

1.5:1and 2:1; (b) crystal structures of cubic and rhombohedral KBiS, visualized with VESTA;** and (c) X-ray diffractograms of different mixtures of KXaEt
and Bi(XaEt)s annealed at 300 °C for 30 min; the diffractograms are vertically shifted for better visibility with ICSD 28699 as the reference for cubic KBiS,
in red bars,?® ICSD 30775 as the reference for orthorhombic Bi,Ss in black bars*? and ICSD 143475 as the reference for rhombohedral KBiS,** in blue bars.
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Table 1 Theoretical and experimental mass losses at 300 °C of the
individual xanthate precursors, with different potassium sulfide composi-
tions considered, and the respective mixtures with different K: Bi ratios, as
well as the decomposition onset (temperature at 5% mass loss)

Theoretical Experimental =~ Decomposition onset
mass loss/%  mass loss/% temperature/°C
KXaEt — 45.6-65.6" 45.7 (250 °C)
K.S)* 49.6 (300 °C)  210.3
50.8 (350 °C)
Bi(XaEt); 55.1 53.7 120.3
— Bi,S;
K:Bi=1:1 57.4 55.4 120.4
K:Bi= 55.8° 54.6 120.6
1.5:1°
K:Bi = 54.8” 53.7 121.7
2.0:1

“ Expected mass loss between 45.6% (K,S;) and 65.6% (K,S). ” The
excess of KXaEt was considered with 49.6% mass loss from the
experimental KXaEt measurements (300 °C).

subsequent smaller ongoing loss of mass can be explained by
the formation of different potassium sulfide phases with
decreasing sulfur content at higher temperatures, as potassium
xanthate forms a mixture of several phases (the diffractogram
of a KXaEt film annealed at 300 °C for 30 min is shown in the
SI, Fig. S2). In contrast to potassium xanthate, the mixtures of
KXaEt and Bi(XaEt); show no further mass loss after the
characteristic 2-step decomposition.

The theoretical and experimental mass losses are summar-
ized in Table 1. The experimental mass losses of the mixtures
are only slightly lower than the theoretical ones. This is most
likely caused by small amounts of carbon-based residues of the
alkyl chains, which remain in the solid during the thermogravi-
metric analysis.

To fabricate the thin films (see scheme Fig. S1), we first
prepared the individual precursor solutions with concentra-
tions of 0.136 mmol mL " in the non-halogenated solvents
methanol and tetrahydrofuran (MeOH:THF 1:3, v:v). We
subsequently mixed the precursor solutions in the volume
ratios of the desired potassium to bismuth ratios.

As previous studies used an excess of potassium for the
synthesis of KBiS,,>*”” we combined different K:Bi ratios
ranging from K:Bi = 3.5:1 (potassium-rich) to 1:1.75
(bismuth-rich). We dropcast the solutions onto glass substrates
and annealed them at 300 °C for 30 min under an N, atmo-
sphere. The X-ray diffractograms of the samples with different
ratios are depicted in Fig. 1c. In this experimental series, we
found that a 1.5 times excess of the potassium precursor at an
annealing temperature of 300 °C is optimal for the formation of
cubic KBiS,, which can be seen clearly in the diffractogram of
the 1.5:1 sample in Fig. 1c. The diffraction pattern shows
reflections matching with the ICSD 28699 reference, with the
main ones at 25.5 (111), 29.6 (200) and 42.3° 20 (220). No
additional signals from impurities or secondary phases are
observable.

The conditions used in the synthesis of KBiS, herein are
remarkably less energy consuming than for the salt melt
preparation found in the literature.>**” Moreover, our route

This journal is © The Royal Society of Chemistry 2025
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results in materials with primary crystallite sizes (estimated via
the Scherrer equation based on the XRD peak broadening, see
Table S1) of approx. 15 nm. This is comparable with a reported
hot-injection route, which is performed at a similar tempera-
ture, and leads to nanoparticles with diameters of approx.
13 nm.”® At temperatures of 300 or 350 °C, the primary crystal-
lite size of KBiS,, prepared with the herein described approach
based on metal xanthates, leads to primary crystallite sizes of
approx. 22 and 29 nm, respectively.

For a stoichiometric K: Bi ratio or an excess of Bi(XaEt);, we
exclusively observe the formation of orthorhombic Bi,S; as a
crystalline material (see Fig. 1c). For reference purposes, we
prepared Bi,S; films from only Bi(XaEt); (SI, Fig. S3 and S4). As
we do not observe a distinct crystalline potassium sulfide phase
in the KBS_1 sample (K:Bi = 1:1), we expect the potassium
precursor to form an amorphous potassium sulfide species,
which may reside at grain boundaries or surfaces, explaining
their absence in the diffraction data. This hypothesis is further
examined by transmission electron microscopy (vide infra). It is
also interesting to note that upon increasing the KXaEt amount
to an excess of 1.25, we can see the formation of the rhombo-
hedral KBiS, phase, which is corroborated by the peaks at 26.2
and 29.8° 20 in the diffractogram, corresponding to the 012 and
104 reflections of rhombohedral KBiS,, respectively. In the
samples with an increasing amount of potassium xanthate
from KBS_1.25 (K:Bi = 1.25:1) to KBS_1.5 (K:Bi = 1.5:1), we
see a gradual change of the crystal structure, with only the cubic
phase present in the KBS_1.5 sample (Fig. 1c).

A further increase of the potassium content (ratios from 2: 1
to 3.5:1) in the precursor solution still led to the formation of
cubic KBiS, as the main phase. In addition, as we do not
observe any other potassium bismuth sulfide phases like
K3BiS;, we expect increasing amounts of potassium-based
phases to be formed in the increasingly potassium-rich sam-
ples. This is indicated, e.g., by the emerging peaks at 17.1, 19.2,
25.2,27.1 and 27.8° 20 in the samples with a potassium excess
of 2-fold and greater.

In addition to the investigation of different K:Bi ratios
(Fig. 1c), we varied the annealing temperature for three differ-
ent K: Bi ratios to get a better insight into the phase formation.
In Fig. 2a (K:Bi = 1:1; KBS_1), we can see mostly the orthor-
hombic Bi,S; phase, which becomes more crystalline with
increasing temperature. Small amounts of the KBiS, phase
are present up to 300 °C.

Although KBS_1.25 forms rhombohedral KBiS, at 300 °C, at
lower temperatures (200 and 250 °C) the cubic phase seems to
be preferred (Fig. 2b). The preferential formation of the cubic
phase at lower temperatures indicates that this modification is
kinetically favored under our synthesis conditions. While the
underlying mechanism is not yet fully understood, it may be
related to differences in nucleation and growth kinetics
between the cubic and rhombohedral phases. While in the
TGA (performed with a heating rate of 10° min~"), the decom-
position of potassium xanthate has barely started at 200 °C
(¢f Fig. 1a), half an hour holding at 200 °C is sufficient to
compensate for the lower temperature and obtain full

J. Mater. Chem. C
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Fig. 2 X-ray diffractograms of samples prepared from the following K: Bi mixtures at different temperatures between 200 and 350 °C: (a) 1:1 (KBS_1),
(b) 1.25:1 (KBS_1.25) and (c) 1.5:1 (KBS_1.5). The diffractograms are vertically shifted for better visibility with ICSD 28699 as the reference for cubic KBiS,
in red bars,?® ICSD 30775 as the reference for orthorhombic Bi> Sz in black bars*? and ICSD 143475 as the reference for rhombohedral KBi5224 in blue bars.

conversion of the xanthates to the metal sulfides as depicted in
Fig. S5. At 350 °C, the orthorhombic Bi,S; is again the most
prominent phase also in the KBS_1.25 sample series. In com-
parison, the 1.5-fold potassium excess in KBS_1.5 results in
cubic KBiS, at all four temperatures (Fig. 2c). With increasing
temperature, the crystallinity increases as well and primary
crystallite sizes from 10 + 2 (200 °C) up to 29 £ 7 nm
(350 °C) are estimated using the Scherrer equation (see also
Table S1). At 200 and 250 °C, we observe a small additional
sharp peak at 28.1° 20, which hints at a Bi,S; secondary phase.
Upon increasing the temperature to 300 °C, we only see signals
corresponding to cubic KBiS,. However, above 300 °C, a sec-
ondary unidentified phase emerges with minor peaks at 27.4°,
38.3° and 44.5° 26. These peaks match well with the phase,
which we also observe in samples with a higher potassium
excess (e.g,, K:Bi = 2:1; Fig. 1c), where starting at a 2-fold
potassium excess, additional small peaks emerge (vide supra).

Next, we performed Raman spectroscopy measurements on
the samples with different K:Bi ratios (Fig. S6, SI). The spec-
trum of KBS_1 matches spectra found in the literature for
Bi,S;,**** with a broad amorphous background, which we
assign to the remaining potassium sulfide. The reported bands
below 100 cm ™' could not be resolved in this measurement,
due to the cut-off filter at 70 cm™'. Due to the strong amor-
phous background, the bands between 200 and 300 cm ™" could
not be resolved individually. With increasing potassium con-
tent, these bands decrease in intensity and are not present in
the KBS_1.5 sample. At the same time, the broad peak around
190 cm ™! and the shoulder between 200 and 350 cm ™" shift to
higher wavenumbers, indicating an exchange of the heavy
bismuth with lighter potassium atoms, matching well with
the formation of the potassium bismuth mixed phase.

This change from the individual binary phases, present in
the KBS_1 sample, to the ternary KBiS, phases, present in the
KBS_1.25 and KBS_1.5 samples, is additionally confirmed by
the STEM-HAADF images, where we clearly observe the for-
mation of large crystalline bismuth sulfide needles and amor-
phous potassium sulfide regions for KBS_1 (Fig. 3). HR-STEM
images combined with multislice simulations confirm the
orthorhombic Bi,S; crystal phase of the needles that grow up
to hundreds of nm in length (Fig. 4a and Fig. S7). With a higher

J. Mater. Chem. C

50 nm

50 nm ™

Fig. 3 STEM-HAADF micrographs (left) and corresponding EDX elemental
maps (right) of (a) KBS_1, (b) KBS_1.25 and (c) KBS_1.5, with K in green, Bi in
blue and S in red.

potassium content, potassium and bismuth mixed regions with
still amorphous potassium sulfide regions in between are
revealed in KBS_1.25 (Fig. 3b). In the KBS_1.5 sample, we see
that K and Bi are intermixed well in the elemental mapping
(Fig. 3c). Moreover, we can still observe needle-like structures in

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 HR-STEM-HAADF images of (a) KBS_1 and (b) KBS_1.5; (c) Bi,Sz oriented in the 110 plane direction with a multislice simulation and a ball-stick
visualization of the reference structure in VESTA;* (d) cubic KBiS,?® oriented in the [111] direction and (e) in the [121] direction with corresponding

multislice simulations*® and ball-stick visualizations.

KBS_1.25 and KBS_1.5; however, with the increased potassium
content, the growth of the needles is inhibited as seen in the
STEM images and elemental maps (Fig. 3 and Fig. S8).

High-resolution STEM-HAADF images (Fig. 4b) further reveal
the nanocrystalline morphology of the cubic KBiS, phase in the
KBS_1.5 sample. Several KBiS, crystallites with a size of <10 nm
are visible in the presented image, two of which are found to be
oriented in the [111] (green box) and [121] (orange box) crystal-
lographic orientation. A comparison with multislice simulations
confirms a match to the cubic KBiS, phase. The HR-STEM
images in Fig. 4d and e additionally show the random alterna-
tion of the potassium and bismuth atoms at the metal sites in
the cubic crystal lattice, appearing in different brightness due to
the large difference in atomic number of the two elements. These
contrast variations are closely mirrored in the corresponding
multislice simulations of cubic KBiS,, assuming random occu-
pation of K and Bi in the underlying model structure.

Optical properties and first principles simulations

We investigated the optical properties of the KBiS, films using
diffuse reflectance and transmission measurements. We note

This journal is © The Royal Society of Chemistry 2025

that due to the macro-porosity of all films as revealed by the
SEM investigations (Fig. S9), the determined absorption coeffi-
cients of these samples (>2.10* cm ™" below approx. 600 nm;
Fig. S10a) are lower than they would be for a dense film. To
characterize the optical bandgaps of the materials, we used the
Kubelka-Munk*® method and corresponding Tauc plots*” with
the support of density functional theory simulations. The
absorption spectra, Kubelka-Munk and Tauc plots are depicted
in Fig. S10b and c and the corresponding reflectance spectra
are shown in Fig. S11.

In all three samples, we found indirect and direct transi-
tions, which have been reported in the literature for metal
sulfides before.*® The direct contributions are much more
pronounced and at slightly higher energies than the indirect
ones. Interestingly, in the KBS_1 sample, the indirect contribu-
tion is much stronger than the one in the pure Bi,S; film and of
marginally lower energy with 1.04 eV in the mixture compared
to 1.10 eV in the pure Bi,S; film (Fig. S12). This might be
associated with the incorporation of K* on Bi** sites, which can
induce lattice expansion and local strain and could thereby
influence the band structure, leading to a red shift in optical
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Fig. 5 Optoelectronic properties of KBiS, calculated using the HSEO6 + SOC functional. Electronic band structure of KBiS, in the (a) rhombohedral and
(b) cubic structures. (c) Calculated optical absorption and (d) band alignment against electron and hole contact materials. The ionization potential and
electron affinity for TiO, and spiro-OMeTAD were taken from the study of Jena et al.>?

absorption. A similar band gap energy reduction was reported
by Silva et al., who investigated the substantial influence of iron
doping on the indirect bandgap of Bi,S;.*° The optical band-
gaps of KBiS, correspond well to previously reported values. For
example, the direct transition of 1.80 eV for the cubic thin film
is only slightly higher than the value reported in the literature
(1.61 eV) and the indirect bandgap of 1.29 eV of the rhombohe-
dral KBiS, thin film is well comparable to the value of 1.21 eV
from the literature. The experimental optical bandgaps are
summarized in Table S2 with corresponding values from the
literature. Due to the nanocrystalline nature of the metal
sulfides resulting from xanthate precursors, the bandgaps are
slightly higher.'*>° The slightly increased bandgap observed for
KBiS, may arise not only from quantum confinement effects
due to the nanocrystalline domain size, but also from the
presence of point defects. In particular, sulfur vacancies or
antisite defects can locally modify the electronic structure and
shift the absorption onset. The formation of such defects is
plausible under the mild decomposition conditions of the
metal xanthate precursors, where a marginally sulfur-deficient
environment may occur. Consequently, both nanocrystallinity
and defect-related electronic states are likely to contribute to
the optical properties of the material.

Additionally, we performed density functional theory simu-
lations using the hybrid HSE06 functional with the addition of
spin-orbit coupling. The full computational methodology is
provided in the Experimental section. The band structures of
the rhombohedral and cubic structures are displayed in Fig. 5a
and b, respectively. We find that the rhombohedral structure
exhibits an indirect band gap of 1.58 eV. While our calculated
band gap is ~0.3 eV larger than the indirect gap measured in
experiments, this could be due to the lack of thermal effects in

our calculations or the presence of defect states and disorder in
thin film samples. The direct gap is ~0.5 eV larger than the
indirect gap at an energy of 2.04 eV. This relatively strong
indirect character is expected to result in reduced light absorp-
tion and weaker photovoltaic performance.

In contrast, the cubic structure displays a fundamental
direct gap of 1.84 eV, in excellent agreement with the experi-
mental value of 1.80 eV. For the cubic structure, we explicitly
model a supercell with configurational disorder on the K and Bi
sites and have therefore performed band unfolding to map the
band structure back onto the primitive cell symmetry. We note
that spin-orbit coupling plays a large role in governing the
electronic properties and results in band gap renormalization
of 0.23 and 0.56 eV for the cubic and rhombohedral structures,
respectively.

The calculated effective masses are provided in Table 2. In
the rhombohedral structure, electron and hole transport are
expected to be highly anisotropic, with the effective masses in
the a/b directions over 4 times smaller than that in the ¢
direction (across the K/Bi layers). Electrons have significantly
smaller effective masses of 0.21 m,, which is comparable to
those of other emerging chalcogenide absorbers such as Sb,Se;
(0.35 my>"). The composition disorder in cubic-structured KBiS,
provides fully isotropic transport but comes at the cost of
secondary flat bands at the conduction and valence band edges.
This results in both light and heavy electrons and holes con-
tributing to transport. Similarly to the rhombohedral structure,
the electron mobility is expected to be greater than the hole
mobility due to the much smaller light effective masses (0.22 vs.
0.91 my). The calculated optical absorption displayed in Fig. 5¢
highlights the strong onset of absorption for both compounds;
however, we note that these absorption spectrum simulations

Table 2 Calculated band gaps, electron (mZ) and hole (m;) effective masses, ionization potentials (IP), and electron affinities (EA) of cubic- and
rhombohedral-structured KBS obtained using hybrid density functional theory

Band gap/eV mg [mo my, /mg

Direct Indirect alb c alb c IP/eV EA/eV
Rhombohedral 2.04 1.58 0.21 2.51 0.88 4.12 5.51 3.92
Cubic 1.84 — 0.22, 3.15 — 0.91, 5.12 — 5.59 3.74
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do not account for indirect optical transitions (due to the
absence of temperature, 0 K) and therefore only reflect the
direct band gap transitions in the rhombohedral structure.
Finally, we obtained the predicted bulk band alignment through
ab initio slab-vacuum models. The ionization potentials (IP) of
both compounds were found to be 5.5-5.6 eV, while the electron
affinities (EA) are 3.7-3.9 eV (Fig. 5d). Given how close these are
to the band alignments of MAPbI; (IP = 5.5, EA = 3.9), it is
expected that KBiS, devices can make use of the same electron
and hole contact materials used in perovskite photovoltaics.

Photoinduced oxygen radical formation and charge
photogeneration in KBiS, films

For a qualitative assessment of the oxygen radical formation
upon illumination, which is an important measure for photo-
catalytic activity, we performed EPR measurements using
DMPO as a spin trap. The samples differ only in signal-to-
noise ratio, but all show EPR spectra corresponding to a
DMPO-OH®* adduct (Fig. S13, ay = 14.3 G, ay = 14.3 G).>* The
slight asymmetry observed in the EPR signals and minor
alteration of the line intensities suggest the presence of a
second radical species, most likely DMPO-OOH®.>**> This
indicates that KBS_1, KBS_1.25 and KBS_1.5 generate oxygen
centered free radicals upon light irradiation. Based on the
literature, it is plausible that the initially formed DMPO-OOH*
adduct undergoes conversion to DMPO-OH* within the time
frame of our experimental setup (Scheme $1).°°° The absence
of any signal without the presence of oxygen further suggests
oxygen as a critical component for the formation of radicals.
We next considered light-induced charge generation, separa-
tion and recombination reactions. Fig. 6a presents the charge
transfer processes occurring in TiO,/KBS/spiro-OMeTAD films
(KBS = KBiS,) in which the KBS film (cubic phase, KBS_1.5)
forms a heterojunction with the n-type TiO, and with the p-type
spiro-OMeTAD. SEM images of such films are shown in Fig. S14
and the absorbance spectra are shown in Fig. S15. Light
absorption by KBS is followed by electron transfer from KBS
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to TiO, and hole transfer from KBS to the spiro-OMeTAD hole
transporting layer. High-yield and long-lived charge separation
across the TiO,/KBS/spiro-OMeTAD double heterojunction is a
prerequisite for the successful exploitation of such layers in
solar energy conversion devices (e.g., photovoltaics or photo-
catalysis). Herein, we used transient absorption spectroscopy®®
to directly probe the hole transfer from KBS to spiro-OMeTAD
(process 3, Fig. 6a) and the charge recombination kinetics
(process 6, Fig. 6a). Full details of the used transient absorption
spectrometer are provided in the Experimental section. We note
that for the transient optical studies, we used sample KBS_1.5
owing to the higher crystallinity and less sensitive preparation
of the cubic KBiS,.

We determined the kinetics of charge recombination
between the photogenerated electrons in TiO, and holes in
spiro-OMeTAD (process 6, Fig. 6a) by monitoring the decay of
the [spiro-OMeTAD]" polarons at 1600 nm following pulsed
excitation at 510 nm. Typical decay dynamics of different
heterojunctions are presented in Fig. 6b. We note that no
transient absorption signal is observed in the pristine KBS
sample, indicating that electron-hole recombination dynamics
in KBS occurs on timescales faster than the instrument
response of our transient spectrometer (IRF = 100 ns).

With respect to the Beer-Lambert law, the change in optical
density (AOD) is related to the concentration of photogenerated
[spiro-OMeTAD]" and is therefore a measure of the yield of hole
transfer. Fig. 6¢ presents mAOD . (defined as AOD at 1 ps)
values for the samples investigated herein. Taken together,
these data indicate the importance of the TiO, electron accep-
tor in achieving a high yield of hole transfer. We fitted the
transient absorption kinetics in Fig. 6b with a stretched expo-
nential function: AOD o exp[—(t/#9)*] (details are provided in
the Experimental section and Table S3). Given the multiexpo-
nential nature of the kinetic traces, we define a charge recom-
bination lifetime, 7¢g, as the time taken for AOD to reach 50%
of its initial value. In this way, we estimate tcg = 41.1 ps in TiO,/
KBS/spiro-OMeTAD films reported herein. It is pertinent to

a) b) c) os
—— Ti02,/KBS/Spiro-OMeTAD
TiO. | KBS/Spiro-OMeTAD |
2 04 ——TiO,/KBS 04
——KBS x
8 DE 0.34
go2 Q
- 0.2
€
0.1
Spiro-OMeTAD -
KBS 00 ; : ‘ : : 0.0 -
10 10° 10™% 10° 102 107" KBS 1o TIOJKBS 1ol
Time/s Spiro-OMeTAD Spiro-OMeTAD

Fig. 6

(a) Diagram depicting the charge separation (green arrows) and recombination (red and blue arrows) processes in the TiO,/KBS/spiro-OMeTAD

double heterojunction, where KBS = KBiS,. Light absorption by KBS leads to photoexcitation of an electron (process 1). Charge separation occurs via
transfer of the photoexcited electron in KBS to the conduction band of TiO, (process 2) and extraction of the corresponding hole in KBS to spiro-
OMeTAD (process 3). Competing with the charge separation process is the relaxation of the photoexcited electron in KBS (process 4) as well as interfacial
charge recombination of electrons in TiO, with either holes in the KBS layer (process 5) or the spiro-OMeTAD HTM (process 6). An additional reaction
involves recombination of electrons in KBS and holes in spiro-OMeTAD (process 7). (b) Time-resolved transient absorption measured at 1600 nm for mp-
TiO,/KBS/spiro-OMeTAD (red), KBS/spiro-OMeTAD (green), mp-TiO,/KBS (black) and pristine KBS (blue) films. (c) Bar chart showing relative yield of
long-lived charge separation in the different films studied in b. MAOD,. is taken as the magnitude of the transient absorption signal 1 us after pulsed
laser excitation.
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note that the mAOD,,,x and tcr values observed in our TiO,/
KBS/spiro-OMeTAD films are similar in magnitude to those
reported in high-performing materials such as lead halide
perovskite-based films.®*"®® This highlights the potential of
KBS as a light harvesting material for future applications in
solar energy conversion.

Conclusion

In this study, we prepared potassium bismuth sulfide films with
rhombohedral and cubic crystal phases and investigated their
structural, optical and charge-generation properties. We could
access both phases by adjusting the ratio of the xanthate pre-
cursors in a non-halogenated solvent mixture. Moreover, we
investigated the formation of the phases and the influence of
the precursor ratio, where an X-ray diffraction study revealed that
cubic KBiS, already forms at 200 °C from a metal xanthate
precursor film containing a 1.5-fold potassium excess. In cubic
KBiS,, K and Bi ions randomly occupy the metal sites of the cubic
rocksalt structure, which we could directly observe in high resolu-
tion STEM images. We additionally discovered that with a smaller
excess of potassium (K:Bi = 1.25:1) at an annealing temperature
of 300 °C, the rhombohedral KBiS, phase can be obtained.

First principle simulations revealed a fundamental direct
transition of 1.84 eV for cubic KBiS,, matching well with the
experimentally determined value. Furthermore, we investigated
the charge generation and lifetime properties under illumina-
tion. EPR spectroscopy confirmed oxygen centered radicals in
all investigated films and with additional transient absorption
spectroscopy measurements, we could disclose an excellent
charge carrier lifetime of 41.1 ps for cubic KBiS,, when com-
bined with suitable electron and hole transport layers, like TiO,
and spiro-OMeTAD. Such a charge carrier lifetime is compar-
able to that of the high performing lead halide perovskites and
shows the great potential of this material for solar applications.

Therefore, we will exploit this low temperature KBiS, thin
film preparation method in future detailed investigations of the
material as a solar absorber in photovoltaic devices and photo-
catalysis. In particular, we are convinced that in addition to the
well-suited optical properties, the highly porous nature and the
specific nanostructure of the films, as revealed by electron
microscopic investigations, will be highly beneficial for the
photocatalytic performance, allowing for a large available sur-
face area and a facile diffusion of larger organic molecules
towards and away from active sites.

Experimental

Chemicals. The chemicals and solvents were purchased
from commercial suppliers and used without further purifica-
tion, except for potassium ethyl xanthate (potassium O-
ethylcarbonodithioate, Sigma Aldrich), which was recrystal-
lized from acetone/diethyl ether. The used chemicals and sup-
pliers are given below: hydrochloric acid (37%, Fisher Scientific),
absolute ethanol (Sigma Aldrich, >99.8%), acetone (p.a.,
Merck), diethyl ether (Sigma Aldrich, 99.5%), Bi(NO;);-5H,0
(Sigma Aldrich, 98%), chloroform (Fisher Scientific, 99.8%),
tetrahydrofuran (VWR, 99%), methanol (Normapur), anhydrous
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chlorobenzene (Sigma Aldrich), LiTFSI (Sigma Aldrich, 99.9%),
FK209 (Sigma Aldrich), anhydrous acetonitrile (Acros, >99.9%),
4-tert-butylpyridine (Sigma Aldrich, 98%), and spiro-OMeTAD
(Osilla, >99%).

Synthesis of bismuth ethyl xanthate. Potassium ethyl
xanthate (KXaEt) was purchased from Sigma Aldrich and
recrystallized from acetone and diethyl ether. Starting with
the recrystallized potassium ethyl xanthate, the bismuth ethyl
xanthate (Bi(XaEt);) was synthesized via ligand exchange
according to the literature.’” One equivalent of Bi(NO;);-5H,0
was suspended in water and HCl.,,.. was added until it formed
a clear solution (about 2.5 mL mmol " of Bi(NO;);-5H,0). An
aqueous solution of potassium ethyl xanthate (3 equiv.) was
added and the mixture was stirred for 30 min at room tem-
perature. The yellow precipitate was collected by filtration and
recrystallized from a hot chloroform solution. Yield: 45.8%.

'H NMR (300 MHz, CDCl,): § = 4.73 (q, 2H, OCH,), 1.52
(t, 3H, CH3) ppm.

Preparation of KBiS, films. The glass substrates were
cleaned with deionized H,O and a dust-free tissue. Afterwards,
they were treated in a 2-propanol bath in an ultrasonic bath for
a few minutes and finally etched with an O, plasma (FEMTO,
Diener Electronic) for 3 min. Stock solutions of KXaEt and
Bi(XaEt); with concentrations of 0.14 mmol in a MeOH : THF
solvent mixture (1:3 v:v) were prepared and mixed in the
desired precursor ratios. For the thin films, about 50 uL cm >
was pipetted on the substrate and spin coated (1500 rpm, 1500
rpm/s, 30 s) in air, resulting in films of approx. 80 nm thick-
ness. For the thicker films (for X-ray diffraction), the same
solutions were drop-coated, yielding film thicknesses of 6-10
pum. All samples were thermally annealed in the glovebox under
an N, atmosphere.

Preparation of the mp-TiO, films. Titania paste was mixed
with terpineol (1:1.5 weight ratio) and stirred overnight. The
glass substrates were cleaned first with water and then with 2-
propanol in an ultrasonic bath. The cleaned substrates were
treated with oxygen plasma (Femto plasma etcher from Diener
Electronic) for 3 min. The substrates were covered with the
titania/terpineol mixture and spin coated (WS-650MZ-23NPPB)
at 3000 rpm (ramp: 1000 rpm/s) for 50 s. The layers were dried
at 80 °C for 15 min and annealed at 500 °C for 1 h to obtain
mesoporous mp-TiO, films with a thickness of 1 pm. For the
preparation of KBiS, films on mp-TiO,, the above-described
method was used.

Characterization methods

Thermogravimetry. Thermogravimetric investigations were
carried out with a PerkinElmer TGA8000.

X-ray diffraction. Thin film X-ray diffractograms were
recorded with a Rigaku Miniflex 600 with a D/Tex Ultra detector
using CuKo radiation and the evaluation of the diffraction
patterns was performed with the SmartLabStudioll software.

Crystal structures. The crystal structures of KBiS, were
visualized with the visualization program VESTA (v. 3.5.8.).*"

Film thickness. The film thicknesses were measured with a
DektakXT Profilometer from Bruker.

This journal is © The Royal Society of Chemistry 2025
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SEM. Scanning electron microscopy was performed with a
TESCAN MIRA3 field emission scanning electron microscope
(FESEM) using an in-beam secondary electron detector. The
device was operated at 5 kV. The samples were coated with a
10 nm chromium layer by thermal evaporation. EDX spectra
were recorded with an Octane Super detector from AMETEK
EDAX at an energy of 15 kV.

STEM. High-resolution HAADF STEM investigations were
carried out on a probe-corrected FEI Titan3 (Thermo Fisher
Scientific, Eindhoven) operated at 300 kV with a field emission
source (X-FEG) at a convergence angle of 19.6 mrad. The
microscope is equipped with an electron energy-loss filter
(GIF Quantum, Gatan) and a Super-X EDS detector (Thermo
Fisher, Eindhoven). For the sample preparation, 10 pL of the
precursor solutions used for the thin film preparation, with half
the concentration, was put onto a Ni TEM grid (Ted Pella, Inc.,
Prod. No. 01824N), coated with a <3 nm amorphous carbon
film and spin coated at 1500 rpm (ramp: 1500 rpm/s) for 30 s.

The STEM-HAADF images were simulated with the Dr Probe
Multislice simulation package (developed by Juri Barthel at
Forschungszentrum Jiilich/Germany).”® The full-width at half
maximum of the probe was set to 0.08 nm. Crystallographic
visualizations were rendered in VESTA (v. 3.5.8.).*' EDX maps
were acquired and analyzed in Velox by Thermo Fisher Scientific.

Due to the strongly Z dependent scattering cross-section
(~ 22, with Z being the atomic number), the HAADF contrast is
dominated by the Bi atoms in the crystal, while the other
constituents (K and S) remain almost invisible. For the simula-
tions presented in Fig. 5, a 6 nm-thick crystal was generated. For
KBiS,, the Bi and K sites were randomly occupied.> The result-
ing contrast variations between individual atomic columns
closely resemble those observed in the experimental data.

Raman spectroscopy. The samples, which were sealed under a
nitrogen atmosphere, were opened and immediately transferred
into an argon-filled glovebox (MBraun), where they were prepared
on a SEM stub (fixed with C-tape) for subsequent analysis in the
correlative SEM-Raman microscope (Zeiss Sigma 300 with WITec
RISE system). To ensure oxygen-free transport from the glovebox,
the samples were transferred to the high-resolution SEM in the
Leica EM VCT500 transfer system. The Raman microscope
(WITec RISE) is fully integrated in the vacuum chamber of the
SEM and all measurements were performed in vacuum, using a
laser wavelength of 532 nm and a Zeiss LD EC Epiplan-Noefluar
100%/0.75(NA) objective. To minimize sample damage by the
laser, all samples were cooled to 208.15 K (—65 °C), using a Leica
cryo stage and a laser power of only 0.3 mW was used. This low
laser power made a long integration time of 120 seconds per
spectrum necessary. To further improve the SNR, spectra from at
least three positions on the surface were averaged and all spectra
were background corrected using the WiTec 5.2 software.

Optical characterization. The absorption and reflectance
spectra were recorded with a Shimadzu UV-2600i with an ISR-
2600Plus integrating sphere. The absorbance of the films was
calculated from the recorded diffuse reflectance and transmis-
sion spectra and converted to the absorption coefficient via the
film thickness.

This journal is © The Royal Society of Chemistry 2025
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EPR spectroscopy. DMPO (5,5-dimethyl-1-pyrroline N-oxide)
was used as the spin trap. The spin-trap solution (200 mM,
100 pl) was put on the surface of the spin-coated glass and
distributed evenly. The samples were irradiated for 600 seconds
using a high-intensity LED photoreactor operating at 405 nm.
After the irradiation, the solution was collected from the glass
surface. EPR spectra were recorded at room temperature using
a MiniScope MS300 X-band EPR spectrometer (Magnetech).
The time between irradiation and completion of EPR spectrum
acquisition was approximately 10 minutes.

First principles calculations. Density functional theory cal-
culations were performed using the Vienna Ab initio Simulation
Package (VASP) utilising a plane wave basis set and the projec-
tor augmented wave (PAW)®* method to describe the interactions
between core and valence electrons. The hybrid Heyd-Scuseria—-
Ernzerhof (HSE06)°>®® exchange-correlation functional was used
for all structural relaxations. The geometric positions were
relaxed until all forces totalled less than 0.01 eV A~". Electro-
nic band structures, optical properties, and band alignments
were performed with the addition of spin-orbit coupling
(SOC), which is known to be essential for systems containing
heavy elements such as Bi. The icet package®” was used to
generate a special quasirandom structure®® to model the
disordered cubic structure. The resulting supercell was a
non-diagonal expansion (matrix = [[-1, 0, —1], [-2, 0, 2],
[—1, 4, —1]]) of the face-centred-cubic primitive cell structure
and contained 32 atoms. A plane wave energy cutoff of 500 eV
was found to converge the total energy to less than 5 meV atom ™.
2 x 2 x 2and 4 x 4 x 4 I'centred k-point meshes were found to
converge the total energy to 1 meV atom ™ * for the cubic supercell
and rhombohedral primitive cell, respectively. Band structures
were plotted using the sumo® and easyunfold’® packages. Band
alignments were obtained using the slab-vacuum approach,
with a 30 A slab and 30 A vacuum generated using the surfaxe
package’’ and the plots generated using the bapt package
(https://github.com/utf/bapt/tree/master).

TAS. TiO,/KBiS,/spiro-OMeTAD samples were prepared by
spin coating a spiro-OMeTAD layer on TiO,/KBS substrates
using a spin speed of 4000 rpm for 20 s. The spiro-OMeTAD
solution was prepared using 90 mg of spiro-OMeTAD dissolved
in 1 ml of anhydrous chlorobenzene and doped with 24 pL
LiTFSI solution (520 mg mL ") and 10 uL FK209 (300 mg mL )
solution both dissolved in anhydrous acetonitrile and 40 puL
4-tert-butylpyridine. Samples for microsecond transient absorp-
tion spectroscopy (TAS) measurements were stored in a
nitrogen-filled glovebox and taken in a sealed quartz cuvette
for measurement. The TiO,/KBiS,/spiro-OMeTAD films were
excited by a Nd:YAG laser (Opolette UX tunable OPO laser,
nanosecond pulse width). A 100 W quartz halogen lamp (Ben-
tham IL1) was used as the probe source. The probe wavelength
was adjusted using a monochromator and set to 1600 nm. This
probing beam was detected using an InGaAs photodiode
(Hamamatsu Photonics) before being filtered and amplified
(Costronics Electronics) and finally interpreted by a digital
oscilloscope (Tektronics DPO3012). All TAS measurements were
conducted employing 510 nm laser pulses (150 puJ cm ™ 2).
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