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Metal sulfides receive great interest as solar absorber materials for photocatalysis and solar cells. Among
them, copper antimony sulfide is a promising ternary metal sulfide. Copper antimony sulfide possesses
four accessible phases, which have great potential in solar energy conversion and photocatalysis due to
their energy levels and optical properties. However, the synthesis often requires high temperatures and
prolonged reaction times. While the different phases are already well characterized, insights into their
formation processes from specific precursors, which can enable targeted optimization of material
properties, still remain largely unexplored. In this study, we investigated thin films of the two phases
chalcostibite (CuSbS,) and tetrahedrite (Cu;,Sb4S13), prepared from metal xanthate precursors. We used
temperature-dependent grazing incidence X-ray scattering to analyze their thermal conversion process
and crystal growth in detail. Furthermore, we evaluated their photocatalytic performance, revealing a

Received 9th March 2025, good specific catalytic activity of 52 umol g=* h™! for chalcostibite in methylene blue degradation.

Accepted 28th April 2025 Additionally, tetrahedrite demonstrated high co-catalytic performance for hydrogen evolution in
DOI: 10.1039/d5ma00212e combination with mesoporous titania, achieving a specific activity exceeding 2.5 mmol g=* h™%. The

findings of this study provide valuable insights into the controlled synthesis of copper antimony sulfides
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Introduction

Photocatalysis is getting increased attention in the continuous
shift towards more environmentally friendly energy supply.
It provides the possibility to synthesize solar fuels such as
hydrogen, or decompose pollutants, e.g. in waste water."®
A photocatalyst with strong absorption in the visible spectrum
should efficiently drive redox reactions under sunlight.
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and highlight their potential in solar-driven catalytic applications.

However, its energy levels must be carefully aligned with the
requirements of the target reaction. In this context, metal
chalcogenides offer promising advantages, including highly
tunable light absorption, controllable band gaps and energy
levels.

Especially ternary metal chalcogenides like ZnIn,S,; "’
Cu;BiS;,'">'! CulnS,,"””™* CdznS,">'® and AgBiS,'”"'® are pro-
mising as they show high absorption coefficients and low
bandgaps. Another less explored but highly interesting ternary
metal sulfide is copper antimony sulfide. It exists in four
different phases: CuSbS, (chalcostibite - orthorhombic),
Cu;,Sb,S;; (tetrahedrite — cubic), Cu;SbS; (skinnerite - mono-
clinic) and Cu;SbS, (fematinite - tetragonal), all with bandgaps
between 1.1 eV to 1.8 eV'°>* and absorption coefficients over
10° cm ™. There are various reports on the suitability of copper
antimony sulfides as solar absorber materials, investigating them
in solar cells**** as well as in photocatalytic systems.>>

The direct synthesis of all four phases from their elemental
components (Cu, Sb, S) is very energy demanding, with high
vacuum and multistage heating to 600 and 1000 °C required for
a combined time of over 3 days.?® A faster approach reported by
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Rabhi et al. uses a solid solution of the elemental components
in thermal evaporation, requiring 875 °C for 50 h.?® Thermal
evaporation with significantly lower temperatures around
350 °C was achieved via a sequential stacked evaporation of
Cu and Sb by Colambara et al., where they used an electro-
deposited alloy precursor.”® The approach of Yang et al. is
significantly less energy demanding: two stock solutions con-
taining copper/sulfur and antimony/sulfur in hydrazine are
used.?® This method for thin film preparation requires only
350 °C. However, hydrazine is a highly toxic and generally
dangerous chemical.

Compared to these synthetic methods, metal sulfides can be
accessed via a low temperature, solution-based preparation
based on metal xanthates.'®'"'*'73173% The xanthates act as
single source precursors providing both the metal and sulfur
source, while also generating only volatile decomposition pro-
ducts beside the metal sulfide. In the case of copper antimony
sulfide, the thermal conversion of the precursor film is com-
pleted after 15 minutes at 300 °C. Furthermore, the formation
of either the chalcostibite or tetrahedrite can be easily con-
trolled via adjusting the copper xanthate to antimony xanthate
ratio in the precursor solution."’

In this work, we used the xanthate method to prepare
chalcostibite and tetrahedrite thin films in a fast and reprodu-
cible manner. We used temperature dependent X-ray scattering
measurements to get a deep understanding of the formation of
the sulfides as well as their crystallization behavior. We inves-
tigated the activity of the thin films towards photocatalytic
degradation of the synthetic pollutants Rhodamine B (RhB)

a) CuXaC; SbXaCs;
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and methylene blue (MB), further expanding towards light
driven hydrogen evolution. Moreover, we looked at the reactive
oxygen species (ROS) formation to gain a better understanding
of the underlying mechanisms.

Results and discussion
Synthesis and thin film preparation

For the preparation of copper antimony sulfide films, the
precursors copper(i) O-2,2-dimethylpentan-3-yl dithiocarbonate
(CuXaC;) and antimony(m) O-propan-2-yl dithiocarbonate
(SbXaCs;;) were synthesized according to previous studies in the
literature.”®° To obtain thin films of chalcostibite and tetra-
hedrite, the precursors were dissolved in chlorobenzene resulting
in individual solutions with concentrations of 0.25 mmol mL .
These solutions were subsequently mixed in the respective volume
ratios (1:1 for chalcostibite (CuSbS,); 3:1 for tetrahedrite
(Cuy,Sb,S;3)), spin coated and thermally converted (300 °C) to
the brown-grey chalcostibite and tetrahedrite films (thickness:
approx. 80 nm) as depicted in Fig. 1a. As the decomposition
properties of the xanthates significantly influence their thermal
conversion to the sulfides, we recorded TGA curves of the indivi-
dual xanthate precursors and their mixtures (Fig. 1b). They show
that the antimony xanthate decomposes at much lower tempera-
ture than the copper xanthate, with a 5% mass loss at 152 °C
compared to 183 °C for the copper xanthate. The mixtures of the
xanthates show differences in the decomposition steps according
to the copper to antimony xanthate ratios, with an additional slight
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Fig. 1

(@) Scheme describing the preparation of the respective copper antimony sulfide films from the xanthate precursors, (b) TGA curves of the

individual xanthate precursors and 1:1 and 3:1 (mol: mol) copper:antimony xanthate mixtures, (c) X-ray diffractograms of chalcostibite (red) and
tetrahedrite (blue), prepared from 1:1 and 3:1 mixtures of copper and antimony xanthates, respectively, and annealed at 300 °C for 15 min with the
reference patterns ICSD 14619 (cubic — blue) and ICSD 85133 (orthorhombic — red), (d) crystal structures of both phases.
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Table 1 Theoretical and experimental mass losses at 330 °C of the individual xanthate precursors and the respective mixtures for the preparation of

chalcostibite and tetrahedrite and the temperatures after 5% mass loss

Theoretical mass loss/%

Experimental mass loss/% Temperature at 5% mass loss/°C

CuXaC; (—Cu,S) 67.8
SbXaCs; (— Sb,S;) 67.8
Cu:Sb = 1:1 (- CuSbs,) 68.1
Cu:Sb = 3:1 (- Cuy,SbsSs3) 67.8

shift to higher temperatures for the finished conversion in the 3:1
mixture, as summarized in Table 1. The X-ray diffraction patterns
given in Fig. 1c confirm the formation of the desired phases for the
two different precursor mixtures: the characteristic reflections
from the orthorhombic chalcostibite (Fig. 1d) are well visible in
the red curve at 24.5 (004), 28.4 (111) and 29.9° 20 (013). Similarly,
the blue curve (3:1 Cu:Sb) shows the characteristic reflections
of the cubic tetrahedrite at 24.4 (220), 29.9 (222), 32.4 (321) and
34.7° 20 (400). In addition, the two compounds develop from
the respective precursor mixtures without any secondary phases
detectable in the corresponding diffractograms.

Optical and electrical properties

For the optical characterization, we prepared thicker films of
both copper antimony sulfide phases via drop casting instead
of spin coating. The resulting films appeared darker and
opaque compared to the grey-brown semitransparent thin
films prepared via spin coating. We calculated the absorbance
from the transmission and diffuse reflectance spectra. The
absorbance and the diffuse reflectance spectra are shown in
Fig. 2a. As seen in the absorbance spectra, the absorption onset
of chalcostibite is significantly redshifted, compared to the
tetrahedrite films. In the diffuse reflectance spectra, we see a
continuous increase of the reflectance with a maximum slightly
above 800 nm. The subsequent decrease is caused by the
absorption of the material, as higher absorption typically
counteracts the diffuse reflection.* In the case of tetrahedrite,
the maximum is less pronounced and blue shifted.
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Fig. 2
tetrahedrite (blue) films with ferrocene (grey) as external standard.
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68.8 183
67.6 152
67.9 157
68.2 159

The optical bandgaps were determined from diffuse reflec-
tance spectra of the films via the Kubelka-Munk model and
Tauc-plots as described in the literature.”>*! The equations are
given in the ESIt (eqn (S1)—(S3)) and the plots derived from the
Kubelka-Munk method are depicted in Fig. S3 (ESIt). Similarly
to a previous study,'” we see an indirect band gap in the
chalcostibite at lower energies at 1.42 eV but a stronger direct
optical band gap at 1.53 eV. This duality in the bandgap has
been reported in the literature, with the lowest transition being
the indirect one and the direct one at slightly higher energy.
This leads the material to behave optically more similar to a
direct bandgap material.*?

For the tetrahedrite we obtained a direct optical band gap of
1.78 eV, matching previous reports as well (Fig. 2a and Fig. S3,
ESI{)."”*> Having a comparably low bandgap implies the
potential for efficient utilization of a large part of the visible
spectrum, making them promising candidates as solar absor-
bers. In very thin films, we observed a more gradual, less steep
onset of the absorption, which is depicted in Fig. S4, in the
ESL. ¥

The energy levels of the valence and conduction bands (VB,
CB) in these materials were investigated by cyclic voltammetry.
We used ferrocene as external standard and from the oxidation
onset, we obtained the VB energy to be —6.0 and —5.9 eV for
chalcostibite and tetrahedrite, respectively (Fig. 2b and
Table 2). As the films partly dissolved during the CV experi-
ments, we could not determine the CB energy via cyclic voltam-
metry. To determine the CB energies, we used the VB energies
and the respective optical bandgaps of the films, resulting in
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(a) Absorbance and diffuse reflectance spectra of chalcostibite and tetrahedrite films on glass; (b) cyclic voltammograms of chalcostibite (red) and
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Table 2 Optical bandgaps obtained from the Kubelka—Munk model from diffuse reflectance data and the valence band energy obtained from CV
measurements vs. vacuum (*) as well as vs. NHE, with the redox potential of Fc/Fc* vs. NHE as 0.64 V.** The VB energies were calculated from VB¢ and

the optical band gap

Eopd/eV VB */eV CBelsop*/€V VB./V (vs. NHE) CBelsopt/V (vs. NHE)
Chalcostibite 1.55 —6.0 —4.6 1.29 —0.26
Tetrahedrite 1.78 -5.9 —4.2 -1.20 —0.58
Fc/Fc* — —5.39 — 0.64 —

—4.6 and —4.2 eV, respectively. These data together with the
corresponding values with respect to NHE are summarized in
Table 2.

Temperature dependent X-ray scattering investigations

For a thorough understanding of the formation of the metal
sulfides, we characterized the thermal conversion of the metal
xanthate precursor films to the metal sulfide films with tem-
perature dependent grazing incidence X-ray scattering experi-
ments using synchrotron radiation. Simultaneous small-angle
(SAXS) and wide-angle X-ray scattering (WAXS) in a grazing
incidence (GI) condition reveals valuable information about the
decomposition of the individual precursors, their interaction

and the formation of the respective copper antimony sulfide
phases.

GISAXS measurements are very sensitive to structural
changes within a film. Thus, we can observe the formation of
particles during the heating process as well as preferred orien-
tations within the films over the investigated temperature range
from room temperature to 330 °C. Corresponding to the decom-
position of the antimony xanthate at approx. 150 °C (observed
in thermogravimetric analysis, Fig. 1b), an increased scattering
intensity and the formation of an ordered mesophase is
observed in the in-plane cuts (see Fig. 3a and b). Such an
ordered mesophase in the GISAXS pattern has been already
found in other metal xanthate derived thin films such as ZnS or
ZnIn,S,.**** The ordered mesophase is indicated by a peak at
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In-plane GISAXS scattering curves at selected temperatures during the heating runs of (a) chalcostibite and (b) tetrahedrite thin films; (c) in-plane

correlation length derived from the GISAXS data ina g range of g = 0.08tog = 3.27 nm~?, and (d) 2D GISAXS images (left chalcostibite, right tetrahedrite)

at 169 °C (top) and at 330 °C (bottom).
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approximately g = 1 and 2 nm ™" at 169 °C for the chalcostibite
and tetrahedrite, respectively. It consists of decomposition
products of the antimony xanthate, arranged in an ordered
manner and is very likely responsible for the formation of
meso- and microporosity in the metal sulfide films. These
ordered decomposition products typically remain in the sample
until a solid metal sulfide film has formed, after which they
evaporate at a specific temperature, leaving behind well-
defined pores.'>** As the copper xanthate has a much higher
decomposition onset, the mesophase in these samples is
only formed by the antimony xanthate. In the 1:1 ratio, this
signal is stronger and at a lower g value of 0.94 nm™" (Fig. 3a).
In contrast, corresponding to the lower antimony content in
the 3:1 ratio, the mesophase signal is weaker and at higher g
values of 1.56 nm ™', although it appears at the same tempera-
ture (Fig. 3b). The 2D GISAXS images (Fig. 3d) show the strong
difference in intensity and scattering vector corresponding to
this mesophase for both mixtures.

When looking at the GIWAXS data (Fig. 4a and b), which
were recorded simultaneously to the GISAXS patters, we observe
the formation of amorphous antimony sulfide seeds at 150 °C
(broad peak around 30-32° 20, see below). Additionally, we
assume that the copper xanthate with its large ligands can act
as a matrix hindering the growth of the antimony sulfide seeds.
The capping limits the cluster sizes that can form in this time
during the heating run, shifting the signal to higher g values
(see Fig. 3b) compared to the chalcostibite sample. Further-
more, in the chalcostibite sample, we see a steep decrease of
the GISAXS signal in the lower g region, while the tetrahedrite
sample shows a plateau like Guinier regime*® corresponding to
a size of around 30 nm. From these differences in the shapes of
the GISAXS curves particularly at higher temperatures, it is
evident that in the chalcostibite film much larger structures
than in the tetrahedrite films are formed.

To gain a deeper qualitative understanding of the structural
evolution within the films and the particle formation, we
analyzed the in-plane correlation length extracted from the
GISAXS data (g = 0.08-3.27 nm™ "), as shown in Fig. 3c. Up to
169 °C, an increase in the correlation length is observed in both
cases, which can be attributed to the decomposition of the
antimony xanthate and the formation of an amorphous anti-
mony sulfide phase. This is consistent with the thermal decom-
position of antimony xanthate at lower temperatures compared
to the copper xanthate, as indicated by the TGA analysis
(Fig. 1b). Moreover, the sharp increase in correlation length
between 169 °C and 181 °C is very likely due to the evaporation
of the remaining chlorobenzene solvent and decomposition
products of the antimony xanthate. This is further supported by
the enhanced scattering intensity observed in the GISAXS
curves and the concurrent decrease of the mesophase signal
(Fig. 3a and b), indicating significant structural reorganization
during this temperature range.

Looking further at the correlation length, the chalcostibite
mixture shows a maximum at 275 °C with an apparent decrease
afterwards. This decrease is most likely due to a shift to larger
structures beyond the accessible resolution. In addition, this is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 GIWAXS data recorded during heating runs (vertically shifted for
better visibility) of (a) chalcostibite thin films with an orthorhombic pattern
(reference ICSD 85133) and (b) tetrahedrite thin films with a cubic pattern
(reference ICSD 14619) - significant temperatures marked in black; (c)
integrated intensities of the GIWAXS data from 27.5 to 31.3° 20 (dotted
lines, representing the amorphous antimony sulfide phase in the range
below approx. 220 °C) as well as the integrated intensities of the 213
reflection of chalcostibite (integrated from 41.8 to 44.0°) and the 400
reflection of tetrahedrite (33.6 to 35.7° 20).

supported by the appearance of the curves in Fig. 3a, as the
scattering intensity seemingly decreases at higher temperatures
in the chalcostibite, but not in the tetrahedrite (Fig. 3b). The
curves of the chalcostibite sample suggest that one phase (the
amorphous antimony sulfide phase) is consumed by the larger

Mater. Adv,, 2025, 6, 3985-3997 | 3989


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00212e

Open Access Article. Published on 14 May 2025. Downloaded on 3/2/2026 10:40:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

ternary phase. We can see this in the transformation of the
curves between 256 and 330 °C in Fig. 3a, where at 300 °C we
still see a small shoulder at g = 0.2 nm ™" as a last remainder of
the smaller binary phase.

This difference can be explained by the relatively higher
copper xanthate content in the tetrahedrite sample, which
might inhibit the cluster growth more strongly. The 2D images
corresponding to these temperatures are depicted in the ESL
Fig. S5. Additionally, at higher temperatures, in case of the
tetrahedrite, we can observe a tendency towards a near-range
order in the out of plane direction (Fig. 3d), which was also
found in similar materials like ZnIn,S, and CulnS,.'*** This
near-range order may be caused by pores growing perpendi-
cular to the substrate.

To study the formation of both antimony sulfide phases and
the nanocrystal growth, we combined the GISAXS data with
simultaneously measured GIWAXS patterns. Here, during the
heating, we can see the initial formation of two broad peaks at
29.9° and 49.7° 20 (Fig. 4a and b) at temperatures below 200 °C,
which we assign to an amorphous antimony sulfide phase due
to its precursors’ earlier decomposition (Fig. 1b). Fig. 4c depicts
the integrated intensity over the heating run between 27.5 to
31.3° 20 (dotted lines) and the integrated intensity of reflections
exclusively present in one of the phases (and no overlapping
with the antimony sulfide phase). For the chalcostibite sample,
we chose the 213 reflection (integration range: 41.8 to 44.0° 26)
and for tetrahedrite the 400 reflection (integration range: 33.6
to 35.7° 20), respectively. The correlation length from the
GISAXS data and the integrated intensity from the GIWAXS
data correlate very well, with the initial increase originating
from removal of the solvent and the formation of the antimony
sulfide phase.

Comparing the different integrated ranges, it can be clearly
seen that the ternary sulfide phases form only after the copper
xanthate is fully decomposed. The formation of crystalline
chalcostibite starts only around 256 °C and a steep increase
in scattering intensity suggests a fast crystal growth. In con-
trast, the tetrahedrite formation starts at much lower tempera-
tures (around 219 °C), with a much slower growth rate. This is
most likely associated with the significantly smaller seeds in
the tetrahedrite sample and a lower crystallization energy of the
cubic phase. It has to be noted that the overall integral in the
region of the amorphous antimony sulfide (27.5 to 31.3° 20)
increases in both cases as both phases exhibit their most
intense reflections in this 20 range.

Moreover, to obtain information about the stability of the
chalcostibite and tetrahedrite thin films over time, which is
essential for the usage of the films in specific applications, we
investigated the stability of the copper antimony sulfide films
in different shelf-life conditions. In particular, we monitored
changes in the primary crystallite sizes, estimated with the
Scherrer equation, over time in air, in N, atmosphere at room
temperature, and in N, atmosphere at 65 °C. In both materials,
the primary crystallite size increases within the first 11 days.
While only a minor increase is observed in the chalcostibite
sample, the tetrahedrite films reveal a crystal growth from
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33 nm to over 55 nm in the first 11 days. After this initial
growth, the crystallite size in both materials remained relatively
constant as depicted in Fig. S7 (ESIt), with the minor variations
most likely being due to the individual measurements and peak
fitting. Apart from the initial narrowing of the peaks within
the first 11 days, which can be attributed to crystal growth,
no further changes in the XRD patterns of either phase were
observed under any of the three testing conditions.

Microstructure and porosity

Based on our previous studies on metal sulfide films prepared
from metal xanthate precursors, we expected to find the materials
highly porous.**** The formation of a mesophase observed in the
time resolved GISAXS data supports this expectation. Therefore, we
investigated the materials further with scanning transmission
electron microscopy (STEM), instead of N, adsorption measure-
ments as this method is not well suited to investigate thin films.

The STEM measurements revealed a highly porous material.
The overview images (Fig. 5a and d) reveal that the crystals in
the chalcostibite sample are much larger and interconnected,
while the tetrahedrite sample mainly consists of spherical
nanocrystals with sizes of 17 = 8 nm. This is slightly smaller,
however, still comparable with the distances between two
scattering centers (30 nm), estimated from the GISAXS curves,
considering this distance includes gaps between crystals, and
also with the primary crystallite size of around 33 nm estimated
via the Scherrer equation. The chalcostibite sample shows
mesopores of 19 + 6 nm, while the pores of the tetrahedrite
sample are with a size of 4 + 2 nm distinctly smaller (Fig. 5).
Compared to other studied metal sulfides prepared with the
xanthate method, the pores of chalcostibite are significantly
larger and less frequent.**** The elemental maps based on
energy-dispersive X-ray spectroscopy (EDX) measurements
show the homogeneous distribution of copper, antimony and
sulfur over the material (Fig. 5c¢ and f), with occasionally
occurring copper rich phases in the tetrahedrite.

For more information on the porosity, we fitted the GISAXS
data of the in-plane line-cuts using a fitting function with a
Schultz sphere distribution for the form factor and sticky hard
sphere for the structure factor. Details on the fitting function,
parameters and fitted curves are given in the ESI,} Fig. S6 and
Table S1. The fitted pores of tetrahedrite with 7.3 + 3.0 nm
match the ones obtained from the STEM investigations very
well, considering the different measurement methods and large
size distribution. Furthermore, we could obtain the volume
fraction of the pores via this fit as 0.16. For the chalcostibite
sample, this fit however, was not possible as the resolution was
insufficient and we could only fit the Porod region at high ¢
values (ESL,t Table S1).

Based on these insights from the GISAXS and GIWAXS data
and with the additional information revealed from TEM inves-
tigations, we propose the formation process illustrated in
Fig. 6. At approx. 150 °C, we observe the formation of an
amorphous antimony sulfide phase as a common first step in
both chalcostibite and tetrahedrite phases (indicated as red
dots in the scheme in Fig. 6). The decomposition products of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 STEM high-angle annular dark-field (HAADF) micrographs of (a) and (b) chalcostibite and (d) and (e) tetrahedrite at two magnifications and the

corresponding elemental maps from EDX measurements (c: chalcostibite;

distributions).

f: tetrahedrite; yellow: Cu, red: Sb, blue: S, mixed color: overlay of element
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Fig. 6 Schematic illustration of the formation of the chalcostibite and tetrahedrite films based on the time resolved X-ray scattering and TEM

characterizations.

SbXaCj;, already present in the film at this temperature, are
shown in black and the still intact CuXaC, in yellow. At 169 °C,
an ordered mesophase composed of the SbXaCj; decomposi-
tion products is clearly visible in both cases, although it is more
pronounced in the chalcostibite sample. Additionally, in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

tetrahedrite sample, the amount of CuXaC, compared to the
amorphous antimony sulfide seeds is three times higher and
we assume that the CuXaC, matrix can hinder the growth of
the amorphous Sb,S; clusters. Therefore, a higher number of
relatively smaller sized antimony sulfide seeds are present in
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the film at the temperature corresponding to the complete
thermal decomposition of CuXaC,. For example, at 219 °C we
do not observe a crystalline copper antimony sulfide phase in
the chalcostibite sample, while the tetrahedrite mixture shows
a slow but constant growth of small tetrahedrite crystals, which
is very likely associated with the smaller antimony sulfide
seeds. In the chalcostibite sample, a fast crystal growth of the
ternary chalcostibite phase is observed starting at 256 °C, while
in the tetrahedrite sample, the slower crystal growth is con-
tinued. From 300 °C onwards, only minor changes are observed
in the GIWAXS patterns indicating that the formation of the
chalcostibite and tetrahedrite phases are completed. In addi-
tion, the TEM investigations reveal that the films are porous
and the chalcostibite film consists of significantly larger crystal-
lites, which are well connected, while the tetrahedrite sample is
comprised of spherical particles with sizes around 17 nm.
Furthermore, we observe much larger pores in the chalcostibite
film and a relatively higher number of smaller pores in the
tetrahedrite film.

Photocatalytic investigations

With the consideration of the optoelectronic properties, we
employed the materials in dye degradation tests with the
organic dyes methylene blue (MB) and Rhodamine B (RhB).
These dyes are often applied as model compounds for photo-
catalytic wastewater treatment, enabling a good comparability
of our experiments with literature data. Chalcostibite degrades
about 52 umol g~' h™'of MB, while the tetrahedrite samples
show a lower activity of about 31 pmol g~* h™" (Fig. 7). The
activity towards MB degradation of these porous thin films is
very well comparable with similar dispersed materials reported
in the literature,>*®*” with the advantage of the thin films
being beneficial for recycling and simple separating the liquid
from the catalyst. On the other hand, the activity of the pristine
films towards the degradation of RhB was too low for quanti-
fication, so we used the xanthate precursors also to sensitize
mesoporous titania films (1 pm). With only a 5 weight%
loading, we observed a 12% increase in specific catalytic activity
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Fig. 7 Photocatalytic activity towards the degradation of methylene blue
(MB) and Rhodamine B (RhB) of the porous copper antimony sulfide
films as well as from the metal sulfide sensitized mesoporous titania films
(mp-TiO,).
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with chalcostibite compared to pristine mesoporous titania,
while the tetrahedrite showed no significant difference to TiO,
(Fig. 7a and Table S2, ESIt). We can see a similar influence in
the case of methylene blue, where the chalcostibite sensitized
titania performed 60% better, while the tetrahedrite even
slightly decreased the efficiency of the catalysis compared to
pristine TiO,. In addition, to evaluate the photocatalytic per-
formance over time, we exemplarily investigated the activity of
chalcostibite films on glass over several cycles of methylene
blue degradation and we observed a decrease in specific activity
to 35% of its original activity in the 4th cycle (Fig. S9, ESIt).

Previous studies have established superoxide (O, ) as one of
the key species responsible for photocatalytic dye degradation
when using semiconductor films. As such, the yield of O, was
determined for both pristine copper antimony sulfide (CAS)
films and copper antimony sulfide sensitized TiO, films. For
the superoxide tests, we used dihydroethidium (DHE) as a
molecular probe in methanol. DHE is known to react with
superoxide to form the fluorescent products 2-hydroxyethidium
(2-OH-E") and ethidium (E*) which can be quantified
with photoluminescence (PL) spectroscopy (see experimental
for details).*®*°

As shown in Fig. 8, both pristine CAS and CAS sensitized
mp-TiO, films show a significant ROS (O,~) formation when
exposed to light and air. However, the trend in superoxide yield
presented in Fig. 8 is different to that seen in the dye degrada-
tion studies depicted in Fig. 7. This suggests that the dye
degradation may be initiated by direct electron transfer from
the semiconductors CB to the dye, rather than being mediated
via the ROS pathway. Additionally, differences in electron-hole
recombination lifetime in the semiconductor, interfacial ener-
getics and dye adsorption are also likely to influence the
efficiency of the dye degradation. A full description of the
parameters affecting the dye degradation is beyond the scope
of this current study but will be considered in future work.

For additional confirmation of the activity of the two mate-
rials, we investigated the films with EPR spectroscopy. We used
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Fig. 8 ROS formation over time using chalcostibite and tetrahedrite films
as relative superoxide yield.
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(a) Diagram describing the energy levels of the copper antimony sulfide/mp-TiO, samples used for hydrogen evolution with the CB of TiO, taken
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account for kinetic overpotentials relevant in cyclic voltammetry used for the determination of the metal sulfide VB values and for a better comparability
with the energy levels of TiO,, we added transparent grey boxes to the graph, which are upshifted by 0.1 V with the shifted values given in brackets;
(b) hydrogen evolution of chalcostibite and tetrahedrite films on mp-TiO, over time.

DMPO (5,5'-dimethyl-1-pyrroline N-oxide) as a spin trap, show-
ing EPR signals corresponding to a DMPO-OH* adduct® in
both cases after irradiation with 405 nm in air (Fig. S11, ESIY).
However, the slight asymmetry observed in the EPR signals
suggests the presence of a second radical species, most likely
DMPO-OOH"*.”"**> Notably, no EPR signal was detected when
the samples were saturated with nitrogen prior to irradiation,
indicating that oxygen is essential for radical formation. 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.’®>® More details to the
EPR measurements are given in Fig. S11 in the ESL{

Based on the good photocatalytic performance of the CAS/
mp-TiO, composites for the degradation of organic dyes, we
further investigated the activity of chalcostibite and tetrahe-
drite towards the hydrogen evolution reaction using methanol
as a sacrificial agent (hole scavenger). From the CV measure-
ments of the metal sulfide films (Fig. 2b) and the commonly
found flatband potential of TiO, reported in literature,”” we
constructed a band diagram of the metal sulfides and the TiO,,
depicted in Fig. 9a. This places the CB of chalcostibite roughly
at the same level as that of TiO, and the CB of tetrahedrite is
positioned at a more negative potential on the NHE scale.

When using the pristine copper antimony sulfides both
showed no activity. However, when sensitizing mesoporous
titania films with the copper antimony sulfides (5 weight%),
we see a very strong activity of 2.5 mmol g~* h™* for the
tetrahedrite sample, while the chalcostibite shows a lower,
but still significant hydrogen formation of 0.75 mmol g * h™%,
as outlined in Fig. 9b. This difference is most likely due to the
energetically more favorable electron transfer from tetrahedrite to
TiO,, compared to the chalcostibite/TiO, heterojunction, where
the conduction band energies of both materials are very close to
each other. Comparing the hydrogen evolution performance to
reports in the literature, the chalcostibite sensitized titania still
compares well with rod like CuSbS, and nanocrystalline CuSbS,.””
The tetrahedrite sensitized sample on the other hand competes

© 2025 The Author(s). Published by the Royal Society of Chemistry

very well with other highly active ternary sulfide materials and
composites listed in Table S2 (ESIf).>>>%7°

Conclusions

We prepared the two copper antimony sulfide phases chalcos-
tibite and tetrahedrite with a facile solution-based method
using xanthate precursors. Their optoelectronic properties were
characterized with UV-vis spectroscopy and cyclic voltammetry,
resulting in optical bandgaps of 1.55 and 1.78 eV for chalcos-
tibite and tetrahedrite, respectively.

In addition, we investigated the formation of the sulfides
during the conversion with temperature dependent X-ray scat-
tering experiments. In short, our observations reveal that both
chalcostibite and tetrahedrite undergo an initial formation of
an amorphous Sb,S; phase at approx. 150 °C, followed by the
development of an ordered mesophase at 169 °C. The presence
of more CuXaC- in the tetrahedrite sample appears to hinder
the growth of amorphous Sb,S; clusters, leading to smaller
seeds and a slow gradual crystal growth, while the chalcostibite
sample exhibits rapid crystal growth starting at 256 °C. Beyond
300 °C, no significant structural changes are observed. TEM
analysis confirms a porous morphology, with chalcostibite
forming larger, well-connected crystallites with larger pores
and tetrahedrite consisting of approx. 17 nm spherical particles
with a higher density of smaller pores.

As the optical characterizations suggest suitable properties
for solar energy conversion applications and the high porosity
is beneficial for heterogeneous catalysis, we successfully
employed both materials in photocatalytic experiments. Chal-
costibite performed very well in the oxidative photocatalytic dye
degradation test using methylene blue showing a specific
activity of 52 umol g~ ' h™'. Tetrahedrite shows a lower activity
towards the dye degradation, although it shows a stronger
formation of reactive oxygen species (O, ), which suggests that
the dye degradation here is initiated by a direct electron
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transfer, rather than an O,  mediated pathway. On the other
hand, tetrahedrite acts as a very efficient co-catalyst for titania
in the reductive hydrogen evolution with a respectable HER
rate level of over 2.5 mmol g ' h™'. In particular, the very
competitive performance of the tetrahedrite/mp-TiO, sample,
encourages us to refine the surface microstructure of the
copper antimony sulfides and the heterojunction design to
further increase the photocatalytic activity of these materials
in future research.

Experimental section

The chemicals and solvents were purchased from commercial
suppliers and used without further purification, unless explicitly
specified otherwise: dichloromethane (99.8%, Fisher Scientific),
hydrochloric acid (37%, Fisher Scientific), absolute ethanol
(Sigma Aldrich, >99.8%), diethyl ether (Sigma Aldrich), Rhod-
amine B (Fluka). Copper(l) O-2,2-dimethylpentan-3-yl dithio-
carbonate and antimony(m) O-propan-2-yl dithiocarbonate were
synthesized according to previously published reports.'® We
provide more details to the metal xanthate syntheses in the ESL ¥

Preparation of the mp-TiO, films

Titania paste (30 NR-D, Greatcell Solar Materials) was mixed
with terpineol (1:1.5 weight ratio) and stirred overnight. The
glass substrates were cleaned first with water, 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)
with 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 um.

Preparation of the CAS films

Glass substrates were cleaned with isopropanol and treated
with an oxygen plasma for 3 min. For the preparation of the
metal sulfide films, stock solutions of each xanthate precursor
were prepared in chlorobenzene (0.25 mmol mL™"). To form
chalcostibite, the copper and antimony precursor solutions
were combined in a Cu:Sb ratio of 1:1 and for tetrahedrite
in a Cu:Sb ratio of 3:1. The mixed precursor solution was then
dropped onto the prepared glass substrates (50 uL cm™?) and
spin coated with 1500 rpm (ramp: 1500 rpm s~ ') for 30 s to
obtain thin films with thicknesses around 80 nm. The same
procedure was performed with mp-TiO, coated glass sub-
strates. The films were annealed at 300 °C for 15 minutes.

Characterization methods

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

Film thickness. The film thicknesses were measured with a
DektakXT profilometer from Bruker.
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X-ray scattering experiments. The temperature dependent
GISAXS and GIWAXS experiments were performed at the Aus-
trian SAXS Beamline 5.2 L of the electron storage ring Elettra
(Italy).** The in-plane g-range was set up to 0.1 to 3.32 nm™* for
the GISAXS measurements. This g-range (¢min = 0.1 and gpax =
3.32 nm~ ") was also used for the integration in the horizontal
line-cuts at a vertical height of g, = 0.5 nm™~'. The GIWAXS
setup was adjusted for an angular range of 20 of 23.8 to 54.7°
(scattering vector g = 4m/Asin(26/2)). The data have been
corrected for fluctuation of the primary intensity and have
been converted to in-plane cuts with SAXSDOG.®> The data
have been analyzed with integrated quantities like integrated
intensity and correlation length.®®

TEM. STEM investigations were carried out on a probe
corrected Titan® G2 60-300 (Thermo Fisher Scientific (TFS),
Eindhoven) operated at 300 kv with a field emission source
(X-FEG) at a convergence angle of 19.6 mrad. A probe current of
approximately 100 pA has been chosen. The microscope is
equipped with a Super-X four-quadrant EDX detector (TFS).
EDX data were acquired and analyzed using the Velox software
package (TFS, version 3.5). Imaging data were acquired using
the Gatan Microscopy Software Suite (GMS, version 3.6). For the
sample preparation, one drop of the precursor solutions used
for the thin film preparation was put onto a Ni TEM grid (Ted
Pella, Inc., Prod. No. 01824N), coated with <3 nm of an
amorphous carbon film and spin coated at 1000 rpm (ramp:
1000 rpm s~ ') for 30 s.

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 diffuse reflectance and the transmission.

Cyclic voltammetry. CV measurements were performed with
a SP-50 single channel potentiostat from BioLogic and its
corresponding EC-Lab (v11.31) software. The measurement
set-up consisted of three electrodes: a Pt wire counter electrode
(2 0.5 mm) a non-aqueous Ag/AgNO; reference electrode
(0.5 mm Ag wire in 0.1 M AgNO; solution in MeCN).
As electrolyte, we used a 0.1 M tetrabutylammonium hexafluoro-
phosphate (TBAPFs) solution in MeCN. The cyclic voltammograms
were recorded in a range between 1.5 V and —1.5 V vs. Ag/Ag" with
a speed of 50 mV s . Ferrocene (Fc/Fc*) was used as external
standard, and the valence band energies were calculated using

EVB = — (EOX Fc + 539) eV [1)
onset VS Fer

as described previously in the literature.*

Photocatalytic dye degradation. For the photocatalysis
experiments, the coated substrates were submerged in a
4 mg L' solution of Rhodamine B or 4 mg mL ' MB in
deionized water for at least 30 min for an adsorption equili-
brium to establish. The relative concentration over time during
the adsorption is given in Fig. S8 (ESIt). Afterwards, the
substrates were submerged in 80 mL of fresh dye solution in
a 150 mL beaker. The substrates were elevated on a scaffold
assembled from glass slides to submerge the substrates near
the surface (a detailed sketch is depicted in the ESIL,1 Fig. S8).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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All beakers were put under a simulated sun spectrum
(100 mW cm™?, Steuernagel KHS SC1200). A Rhodamine B
solution without any photocatalyst was additionally measured
as reference to subtract any non-catalyst related degradation.
The absorptions of the solutions were measured with a
Shimadzu UV-1800 spectrometer in the range of 400-650 nm
(RhB) or 450-850 nm (MB) to quantify the amount of degraded dye.

The specific photocatalytic activity was calculated by divid-
ing the difference of dye molecules (umol) before and after the
photocatalytic experiment (the self-degradation of the dyes was
measured simultaneously and subtracted from this difference)
by the mass of the thin films (g) and time (h). We used the total
mass of the deposited semiconductors for the calculation of
the specific activity of the photocatalysts. In case of the CAS/
mp-TiO, films, the mass of both CAS and mp-TiO, was used.

Hydrogen evolution. The photocatalyst layers (chalcostibite/
mp-TiO, and tetrahedrite/mp-TiO,) were prepared on 1.5 X
2.5 cm glass slides following the procedures described above.
The catalysts were submerged in an aqueous methanol solution
(5 mL MeOH + 7.5 mL H,0) and irradiated with a LED source
centered at 365 nm for two hours. The H, evolution was
monitored with gas chromatography by sampling the reactor’s
headspace. A more detailed description is given in the ESL

ROS measurements. Dihydroethidium (0.6 mg) was dis-
solved in dry methanol (60 mL) to prepare a 0.1 mg mL ™" stock
solution. In a typical experiment, 20 mL of solution was
transferred to a cuvette and a semiconductor film placed in
the bottom of the cuvette. The cuvette was then sealed with a
septum stopper. The solution was bubbled with air (1 liter per
minute flow rate) in the dark for 2 minutes before an initial 1
mL aliquot was extracted. The cuvette was then irradiated using
an LED light source with 1 mL aliquots taken every 10 minutes
for 1 hour. Relative superoxide concentration was monitored
using photoluminescence spectroscopy of the aliquots (excitation
480 nm, emission 610-630 nm, recorded over 500-700 nm).
Photoluminescence measurements were conducted using a
Cary Eclipse Fluorescence Spectrometer (Agilent Technologies).
The relative superoxide yield was calculated using the following
equation:

Teo — Iy

Superoxide yield = (2)
IBaseline.()O - IBasclinc;O

where Is, and I, are the emission intensities of the probe
(measured at 620 nm) at 60 min and 0 min respectively in the
presence of the copper antimony sulfide films and light/air.
Note: Ipaseline,60 aNd Ipaseline,o (control data) are the emission
intensities of the probe (measured at 620 nm) at 60 min and
0 min respectively with no semiconductor films.

Spin-trap EPR spectroscopy. DMPO (5,5-dimethyl-1-pyrroline
N-oxide) was used as the spin trap. Glass samples were placed in
standard 5 mm NMR tubes and filled with a 200 mM toluene
solution of the spin trap, prepared to be free of background
EPR signals. The samples were irradiated for 120 s using a
high-intensity LED photoreactor operating at 405 nm. EPR
spectra were recorded at room temperature using a MiniScope
MS300 X-band EPR spectrometer (Magnetech). The time

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between irradiation and completion of the EPR spectrum
acquisition was approximately 5-6 minutes.
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