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Antimony trisulfide (Sb,Ss3) is an emerging semiconductor with a high absorption coefficient and a bandgap
in the visible range. This makes it a promising material for various electronic and optoelectronic
applications. However, one of the main challenges is still the synthesis of the material, as it is usually
obtained either as a nanomaterial in its amorphous form with inferior optical properties or in crystalline
rod-like structures in the micrometer or sub-micrometer range, which leads to application-related
difficulties such as clogging in inkjet printing or spraying processes or highly porous layers in film
applications. In this study, a one-pot synthesis of highly crystalline, spherical Sb,Sz sub-micron particles
is presented. The particles are growing encapsulated in a removable, wax-like matrix that is formed
together with an intermediate from the precursors SbCls and L-cysteine. Both substances are insoluble in
the reaction mixture but well-dispersable in the solvent 1-octadecene (ODE). The intermediate forms
a complex crosslinked architecture whose basic building block consists of an Sb atom attached to three
cysteine molecules via Sb—S bonds. Embedded in the matrix consisting of excess cysteine, ODE, and

chlorine, the intermediate decomposes into amorphous Sb,Ss particles that crystallize as the reaction
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Accepted 3rd July 2024 proceeds at 240 °C. The final particles are highly crystalline, spherical, and in the sub-micron range (420
4+ 100 nm), making them ideal for further processing. The encapsulation method could not only provide

DOI: 10.1039/d4na00020] a way to extend the size range of colloidal particles, but in the case of Sb,Ss, this method circumvents

rsc.li/nanoscale-advances the risk of carbonization of ligands or insufficient crystallization during the annealing of amorphous material.
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Introduction

Semiconducting materials play an important role in modern
society. They are used as memory chips,' electronic compo-
nents,” sensors,® for photocatalysis,* in bioimaging,® and many
other applications. The demands on the properties of these
materials are high: the ideal semiconductor has, in addition to
its application-related properties, a high abundance, low
toxicity, and is environmentally friendly.® The interest in semi-
conducting Sb,S; is growing for several electronic and opto-
electronic applications, such as energy storage” and optical data
storage.® However, the application most researchers are
focusing on is the photovoltaic use of this material.>** This is
due to the high absorption coefficient (1.8 x 10> cm™" at 450
nm) and direct bandgap energy around 1.7 eV of the crystalline
phase.*
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Electronic and optoelectronic examinations on Sb,S; parti-
cles and Sb,S; composite nanomaterials have shown promising
results. For example, with voltammetry and impedance
measurements, researchers have shown a high rate perfor-
mance, cycle stability, and capacitance values for Sb,S;-carbon
nanocompound electrodes.”*'* Other authors report photo-
electric conversion efficiencies of up to 7.12% in performance
tests of Sb,S;-based solar cells.*>*¢

Sb,S; exists in two forms: an amorphous phase that appears
orange-red and a crystalline, grayish-black phase (stibnite)."”
However, the crystalline phase of semiconductors is usually
preferred in application as the electronic properties are superior
to the ones of the amorphous phase.*®* Due to disorder effects
and charge trapping, charge transport in amorphous materials
is less efficient than in crystalline ones.™

So far, there are several strategies for synthesizing colloidal
Sb,S; particles: solvothermal,® hydrothermal,® and sono-
chemical methods,”* chemical bath deposition,* and vapor
deposition.>*

Although similar chalcogenide nanoparticles, e.g., Bi,Ss,
could be obtained in various sizes between 10 and 500 nm with
a high crystallinity following comparable strategies,”®>” the
results for Sb,S; particles are different. While amorphous Sb,S;
nanoparticles are usually synthesized as spheres ranging from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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20-30 nm in diameter to micron size with size deviations of
about 15%,**° stibnite particles are usually received as elon-
gated structures, e.g., rods or urchin-like structures, with sizes
in the micron or sub-micron range.*®***'** This is the case
because the particle formation starts with the amorphous phase
and undergoes self-assembly and coalescence to larger particle
sizes (>200 nm) until the crystallization begins.*

However, spherical particles have an advantage over rod-
shaped ones regarding processing and applications. For
example, they show favorable performance in inkjet printing
due to an enhanced flowability®> and form more densely packed
films after spin coating increasing conductivity.*® Though the
preferred particle size is strongly dependent on the application,
sub-micron- and nano-sized particles are demanded for, e.g.,
inkjet printing or solar cells. Still, medium-sized crystals in the
sub-micron range may lead to enhanced performance.**

To control particle aggregation, size, or shape, researchers
developed several strategies. Most commonly, aggregation and
size are controlled by electrostatic or steric stabilization, which
can be achieved by adjusting the surface charge, adding ligands,
or using coordinating solvents.**** In addition, ligands can
affect the shape of the final particles.* There are also a few
reports in which researchers embedded precursors, which
decompose upon heating or irradiation, in a polymer matrix to
form a particle-polymer composite. The matrix also prevents
aggregation and segregation of the particles.***® However,
transferring these methods to the synthesis of crystalline Sb,S;
particles appears to be challenging.

Spherical stibnite particles are rarely reported in the litera-
ture because stibnite belongs to the orthorhombic crystal
system and therefore prefers to grow in the direction of the c-
axis into elongated, rod-like shapes.*> One approach was made
by Zhu et al. using ZnS hollow spheres as a template for several
metal sulfide hollow particles in a hydrothermal synthesis.*®
The Sb,S; spheres were about 1-2 um in diameter. However,
they reported annealing some of the metal sulfides after the
synthesis. Thus, although the XRD revealed the stibnite struc-
ture for these particles, it remains unclear whether the initially
formed particles were obtained in the amorphous or crystalline
phase. Another approach was performed by Pan et al via
a hydrothermal synthesis using SbCl;, tartaric acid, and t-
cysteine with a ratio of 2 : 12 : 3. After the reaction at 180 °C for
12 h in an autoclave, they received amorphous alveolate spheres
of 2-3 pm in diameter which crystallized after annealing. Doing
the same synthesis with a different ratio of the reactants (3 :20:
6), at a shorter time scale (8 h) and without annealing, Cao et al.
claim to have obtained 2-3 pm sized crystalline Sb,S; spheres
with the same appearance as those obtained by Pan et al.” via an
Sb-thioacetamide complex in a polystyrene solution, Sahoo et al.
synthesized Sb,S;-carbon composite materials.” By either stir-
ring the solution for 2 h or using microwave irradiation for
10 min and post-annealing the intermediate products, they
received Sb,S; nanoparticles anchored on carbon sheets and
carbon encapsulated Sb,S; spheres, respectively. The spheres
have a diameter of 600 + 200 nm with a fully crystalline Sb,S;
core and a carbon shell. The nanoparticles on the carbon sheet
are much smaller, about 5-10 nm, and mainly crystalline.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, some amorphous parts and some Sb,S,0 are also
present. Both materials show a good performance as electrode
material.

In the following, a high-temperature synthesis that yields
spherical stibnite particles with sub-micron size will be
described. To achieve this result, r-cysteine and SbCl; were
dispersed in 1-octadecene (ODE). The cysteine acts not only as
sulfur source but also forms a wax-like substance during the
synthesis, which is insoluble in ODE due to the polar character
of cysteine. The initially formed amorphous Sb,S; particles are
immobilized in this substance and, thus, prevented from
growing into large, micron-sized rod-like structures upon crys-
tallization. After the synthesis, the matrix can be removed and
single stable particles are obtained. Furthermore, it will be
shown that a stable intermediate substance consisting of anti-
mony and cysteine is formed. This substance is crystalline,
likely a highly crosslinked compound, and decomposes into
Sb,S; particles upon heating. The matrix is formed around this
intermediate from excess cysteine, the solvent ODE, and the
chlorine from SbCl;.

Experimental section

Standard glassware was used for all experiments. Prior to the
syntheses, all reaction vessels were cleaned with perox-
ymonosulfuric acid (Piranha solution), which was prepared by
mixing sulfuric acid (95-97%, CHEMSOLUTE) with peroxide
(30%, VWR chemicals) at a ratio of 7:1 (Caution! Piranha
solution must be handled with extreme care as it is explosive and
reacts violently with organic matter). Subsequently, the glass
vessels were rinsed with deionized (DI) water. The heating rate
and reaction temperature were controlled using a temperature
controller (LTR 3500; Juchheim Solingen).

Materials

Antimony(m) chloride (SbCls, >99.95%) and isopropyl alcohol
(IPA, 99.5%) were obtained from Sigma-Aldrich and ODE (90%,
tech.) from Thermo Scientific. 1-Cysteine (98%) was purchased
from Carl Roth and N,N-dimethylformamide (DMF, for gas
chromatography) from Supelco-Merck. All chemicals were used
without further purification. The cysteine was thoroughly
ground with a mortar before use.

Synthesis

An argon atmosphere was maintained during all reaction steps.
First, 0.5 mmol SbCl;, 2.5 mmol r-cysteine, and 25 mL ODE
were introduced into a 50 mL three-neck round-bottomed flask.
To disperse the SbCl; and the r-cysteine, the mixture was
sonicated for approximately 15 min (Sonorex RK512H; 860 W;
35 kHz; Bandelin) until a homogenous, turbid dispersion was
obtained. The reaction mixture was then magnetically stirred
(800 rpm) at ambient temperature, and a vacuum (~0.01 mbar)
was applied for 30 min. The mixture was again set under argon
and, subsequently, heated to 240 °C with a heating ramp of 10
K min~". After holding the reaction temperature for 30 min, the
reaction was stopped by removing the heating mantle.

Nanoscale Adv, 2024, 6, 4450-4461 | 4451
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Particle purification

The nanoparticles were thoroughly purified by subsequent
centrifugation and redispersing, and the matrix was removed
during this process. Details of the procedure can be found in
the ESL.t

Characterization

Elemental analysis (CHNS/O analysis). The samples were
analyzed using a FlashEA 1112 CHNS/O Automatic Elemental
Analyser from Thermo Scientific. For the CHNS analysis,
approximately 2 mg of the sample was burned in a pure oxygen
atmosphere over tungsten oxide at 1020 °C, and the evolving
NO, and SO; were reduced over copper to N, and SO,. The four
components obtained, H,O, N,, SO,, and CO,, were chromato-
graphically separated and detected via thermal conductivity
detection.

The oxygen content was determined by immediately pyro-
lyzing approximately 2 mg of the sample in a helium atmo-
sphere at 1060 °C. Organic oxygen is quantitatively converted to
CO over nickel-containing carbon, chromatographically sepa-
rated from other gases, and detected via thermal conductivity
detection.

Energy-dispersive X-ray analysis (EDX). To perform EDX
analysis, the SEM was equipped with an EDAX X-ray detector
(Octane Elect Plus). During the measurements, the SEM was
operated with an acceleration voltage of 15 kV and a spot
intensity of 50, while the working distance was set to 10 mm.
The resolution of the detector was 126.2 eV.

The samples were deposited on copper grids in a layer
several micrometers thick and measured on a STEM holder.
Areas of 2 x 2 mm? were measured at three different locations
of the sample with 200 s accumulation time.

Atomic absorption spectroscopy (AAS). An iCE 3000 spec-
trometer from Thermo Fisher Scientific was used for AAS. The
samples were prepared by dissolving 10-15 mg substance in
0.5 mL conc. H,SO,4 at 170 °C. A 0.1 mL aliquot was subse-
quently diluted with DI water to a total volume of 10 mL. The
sample was vaporized in an acetylene flame.

Infrared spectroscopy (IR). IR spectra were recorded with
a JASCO FT/IR-4100. The measurement range was 4000-
600 cm ™" with a step size of 4 cm™'. The samples were applied
as slurry with IPA and left until dried or as a powder on the
attenuated total reflectance (ATR) crystal.

Raman spectroscopy. Raman measurements were performed
on a transmission spectrometer from Kaiser Optical (HL5R)
equipped with a 514 nm argon laser and a CCD camera. Addi-
tionally, a Notch filter (514 nm) was used. The samples were
measured for 200-240 s with 2-3 accumulations. A laser power
of 1.1 mW was applied. The spectral resolution of the
measurements is 5 cm ™~ '. Due to grating changes, measurement
artifacts occur at the wavelengths 2265 and 2324 nm.

Reflectance measurements. Since the particle dispersions
were turbid, the UV/vis spectroscopy measurements were per-
formed in reflectance mode. The instrument used was a Cary
5000 UV-Vis-NIR spectrometer (Agilent Technologies) equipped
with an integrating sphere (internal DRA 2500). Dispersions
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consisting of IPA and 2-2.5 g particles per liter were measured
in special quartz cuvettes (type 26.715/Q/10/Z20; Starna) in the
range of 400 to 900 nm.

An artifact occurs at a wavelength of 800 nm due to a detector
change of the spectrometer. The accuracy of the Tauc method
was estimated on the basis of a study by Viezbicke et al., who
exemplarily evaluated 120 individual analyses of polycrystalline
ZnO and found a deviation of about 0.03 eV.**

Mass spectrometry (MS). To examine the samples, matrix-
assisted laser desorption/ionization (MALDI; Autoflex speed
TOF/TOF, Bruker Daltonik) and electron ionization (EI; Fin-
nigan MAT 95, Thermo Fisher Scientific) techniques were used.
For MALDI, the samples were ground with a-cyano-4-
hydroxycinnamic acid (HCCA) at a ratio of 1:100. The instru-
ment was equipped with a solid-state laser (2 kHz) and a time-
of-flight (TOF) MS. Measurements are limited to a molecule size
of ~100 kDa. For EI, the samples were vacuum evaporated,
ionized, and analyzed with a double-focusing sector field device
with inverted Nier-Johnson geometry.

Scanning electron microscopy (SEM). A Hitachi SU 5000
scanning electron microscope was used to record SEM images
in the secondary electron (SE) mode with an electron accelera-
tion voltage of 15 kV and a spot intensity of 30. The working
distance was 3 mm. The particle dispersion (¢ = 1.5-2 g L") in
water was dropped on a carbon-coated copper grid (carbon-
coating type A, 6-10 nm thickness, Cu 400 mesh, Plano
GmbH) and dried before the measurement. The software FIJI
was used to evaluate the particle size for 200-300 particles per
synthesis on multiple images.**

Transmission electron microscopy (TEM). TEM investiga-
tions were conducted on a conventional Tecnai G20 S-TWIN
(FEI/TFS Company, USA) with LaB6 emitter, operated at 200
kv. For image acquisition, a US1000 CCD camera and Digital-
Micrograph software (both: Gatan Inc., USA) were used. The
sample preparation was identical to the preparation for SEM.

Thermogravimetric analysis (TGA). The determination of
organic residues in the final particle samples was performed
using a Netzsch TG209 F1 libra with the external cooling system
Julabo F32-MA. After a 10 min equilibration period, 4-8 mg
dried sample was heated up to 300 °C at a rate of 10 K min "
and held at this temperature for 50 min. A nitrogen gas flow of
20 mL min " was used during the measurement.

X-ray diffraction spectrometry (XRD). The samples for XRD
measurements were prepared as follows: the sample disper-
sions were drop-casted onto a glass slide (76 x 26 mm, Elka) at
approx. 110 °C under constant argon flow until approx. 10 mg of
the sample had dried on the glass slide. The samples were
measured in Bragg-Brentano geometry with a fixed sample
stage and movable X-ray source and detector arm. The instru-
ment used was a Bruker D8 Eco equipped with a LYNXEYE XE-T
detector and a Cu Kal radiation source (25 kV, 40 mA) with
a radiation wavelength of 0.15405 nm. The angular range of the
measurements was 20-80° 26 with a step size of 0.025°.

X-ray photoelectron spectroscopy (XPS). The spectrometer
used for XPS measurements was from SPECS Surface Nano
Analysis GmbH equipped with an Al/Mg X-ray source and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a PHOIBOS 100 MCD energy analyzer. The powdered sample
was pressed in indium foil before the analysis.

Results and discussion

For this study, Sb,S; particles were synthesized using the heat-
up method. The precursors SbCl; and L cysteine were used for
this purpose. After SbCl; and r-cysteine were dispersed in ODE,
the heat-up process was started, and the reaction progress could
be followed visually. Color changes in the reaction mixture at
specific temperatures were associated with distinct reaction
stages. Photographs of these stages can be found in Fig. S1 in
the ESLT

The first critical point in the synthesis was reaching a reac-
tion temperature of 140 °C. The precursors, initially dispersed
in the solvent, no longer form a milky white mixture (phase PO,
Fig. S1(a)f) at this temperature. Instead, they aggregated,
forming 1-3 large white flocs, which were slowly changing their
color to pale yellow (PI, Fig. S1(b)t). As the reaction progressed,
the flocs turned orange and began to break into smaller pieces
at about 170 °C (PII, Fig. S1(c)t). They changed their color to
dark red and sedimented at 200 °C (PIII, Fig. S1(d)¥), where they
finally turned black at 240 °C (PIV, Fig. Si(e)t). No further
change was visible to the naked eye when the reaction
continued at this temperature for 30 min. After the reaction
mixture was cooled down at the end of the synthesis,
a brownish-black product adhered to the walls of the reaction
vessel.

The characterization of this brownish-black product is dis-
cussed first, and the individual reaction steps are examined in
more detail in the following sections.

Characterization of the reaction product

The brownish-black synthesis product was examined by SEM
after removing only the solvent ODE by washing once with
hexane (Fig. 1(a)) and after washing several times with water/IPA
and DMF (Fig. 1(b)). Both SEM images show spherical particles
with an average diameter of 420 + 100 nm. In the unpurified
sample, the particles are immobilized in large lumps of a waxy
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matrix (Fig. 1(a)). The matrix can be removed in the purification
process, yielding the bare particles, see Fig. 1(b). This finding is
confirmed by performing a TGA (Fig. S2, ESIf). While the
sample with the matrix around the particles showed a mass loss
of about 1/3 of the initial mass, no mass loss was detected for
the purified sample. However, an XPS measurement (Fig. S3 and
S4, ESIT) suggests that ligands are still present on the particle
surface. These data show that some ligands containing N and C.
S and O are found as well. However, S is also present in the
particles themselves, and O 1s overlaps with the Sb 3ds,, peak.
These findings suggest that the ligands are either cysteine or
one of its decomposition products, considering the origin of the
ligands. Based on several measurements, the overall accuracy of
the TGA can be estimated at around 0.5-1%. Hence, the
maximum content of organics in the sample is about 1 wt%
corresponding to about 15 cysteine molecules per nm®. The
particles are stable in aqueous dispersion, which was supported
by the agreement of the calculated and observed sedimentation
rates (2 cm d ™' for the lower size fraction).

An XRD analysis was performed to determine the crystal-
linity of the sample. The results shown in Fig. 2 reveal a highly
crystalline material corresponding to the orthorhombic stibnite
structure (COD 9003460). All diffraction peaks can be assigned

Intensity (arb. unit)

: |l.l| LLLAL‘»«JL——»\—MMM

20 30 40 50 60 70 80
26 ()

Fig. 2 XRD of the purified particles. The pattern for stibnite (COD
9003460) is displayed in red.

Fig. 1 SEM images of the spherical Sb,S3 particles: (a) as received without cleaning and (b) after washing off the matrix.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to this pattern, indicating no impurities from, e.g., antimony
oxides.

Additionally, the crystallite size was estimated via the Debye—
Scherrer equation (eqn (1)).** The crystallite size Dy, is calcu-
lated by dividing the product of the crystallite shape factor K
and the wavelength 2 by the width (full width at half maximum)
of the diffraction peak B, and the cosine of the corresponding
Bragg angle 6.

Kx
ch = 5 . 1
ikt B;,k/ cos 0 ( )

For different Laue indices, crystallite sizes between 40 and
55 nm were calculated. Thus, there is a clear discrepancy
between the diameter estimated with the SEM, which provides
no information about the crystalline composition of the parti-
cles, and the crystallite size estimated with the Debye-Scherrer
equation, which only gives an average value.

In order to unambiguously characterize the crystalline
structure of the particles, measurements with different TEM
techniques were performed, which are shown in Fig. 3 and S5 in
the ESIL{ The SAED analysis of a single particle (Fig. 3(a) and (b))
clearly shows a lattice structure, as would be expected from
a single crystalline structure. However, some circular smearing
effects can be seen in the diffraction images, which can only
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occur in samples containing crystalline areas with slightly
different orientations or defects. Additionally, the SAED image
of a different particle (Fig. S6(a) and (b), ESIt) was analyzed and
the interplanar spacing was calculated. The values were
compared with reference data (JCPDS card 42-1393) and the
corresponding hkl indices were given (Table S2, ESI{). The
calculated values match the reference data well.

In the dark-field images (Fig. 3(c) and (d)), different crystal
planes appear bright depending on the observation plane/
angle. The micrographs show that for certain diffraction
spots, most areas of various particles appear in the same
contrast, ie., have the same crystalline orientation. However,
some smaller parts (approx. 50 nm), especially in the peripheral
areas of the particles, show different crystal orientations. Based
on these results, it can be concluded that the particles are
mainly single crystalline but often contain some smaller,
differently oriented crystallites in peripherical areas. Additional
SAED and dark-field images of the same series can be found in
Fig. S5 in the ESL} As indicated by HRTEM micrographs in
Fig. 3(e) and (f), the smaller crystallites are not aggregated to the
large particles but rather intergrown with them. The images
show two different crystallites in the same particle. The
different crystal orientations are confirmed by Fast Fourier
Transform (FFT) analysis (insets in Fig. 3(f)). Since the small
crystallites are mainly found on the edges of the particles, it is

Fig.3 TEM analysis of the crystalline structure of the Sb,Ss particles: (a) TEM image of a particle with (b) the corresponding SAED pattern, (c) and
(d) dark-field images of several particles showing different crystal planes in two different observation planes, and (e) and (f) HRTEM images of two
crystallites in a particle. Image (f) is an enlarged view of the area in the red square in image (e). The insets in (f) show the FFT analyses of the three

marked spots.
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likely that the crystal could not grow into its orthorhombic
structure due to the surrounding matrix and, thus, crystal
defects were formed or that other particles coalesced with
already existing larger crystalline ones.

The optical properties of the particles were also investigated.
The reflectance of the samples was measured, and subse-
quently, the Tauc plot was applied to determine the bandgap
value. Before applying the plot, the reflectance data needs to be
transformed into absorption data using the Kubelka-Munk
equation (eqn (2)).** The Kubelka-Munk function F(R.) corre-
sponds to the ratio of the absorption coefficient k and the
scattering coefficient s. These coefficients, in turn, are corre-
lated to the reflection of an infinitely thick specimen R..

k  (1-R,)’

PR = 5= TR @)

F(R.) replaces the absorption coefficient « in the Tauc
equation, which is displayed in eqn (3).°*” « is expressed by the
Planck constant 4, the photon frequency », the transition factor
v, the bandgap energy E,, and a constant B described by Davis
and Mott as magnitude of the optical absorption constant.

ahv'” =B(hw — E,) (3)

v describes the type of the bandgap transition. It equals 1/2 for
a direct allowed transition and 2 for an indirect allowed
transition.

There are different opinions in the literature on whether the
bandgap of crystalline Sb,S; is direct®®**® or indirect.*~** Still,
the bandgap is mainly located between 1.6 and 1.8 eV, with the
indirect bandgap about 0.1 eV lower than the direct one.
Theoretical calculations have shown that the indirect transition
is energetically more favorable.®** Since the difference to the
direct transition is small, the authors conclude that the direct
transition is most likely dominant.

Fig. 4(a) shows the measured reflectance data, while Fig. 4(b)
and (c) show the data transformed according to the Tauc
equation for an indirect and a direct bandgap transition,
respectively. The reflectance curve shows one steep slope, as is

: J(a) 2 [(b) 2 [(c)

2 4 a >
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Fig. 4 UV/vis data of the final particles showing (a) the measured
reflectance data, (b) the Tauc plot for estimating the indirect bandgap,
and (c) the Tauc plot for estimating the direct bandgap.
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usual for a phase-pure semiconductor, around 720 nm. To
estimate the bandgap of the material, a tangent is drawn to the
slopes of the Tauc plots, and the x-value is taken where the
tangent intersects the extended baseline of the plot. The results
correspond to 1.65 eV for the indirect bandgap and 1.75 eV for
the direct bandgap.

Formation and growth of the Sb,S; particles

The results shown in the last section strongly suggest that the
matrix is the critical component in the formation of colloidal
spherical stibnite particles. Hence, the reaction process was
thoroughly studied, and samples were taken at different reac-
tion stages. These samples, taken at the temperatures 140 °C
(PI), 170 °C (PII), 200 °C (PIII), and 240 °C (PIV), were further
characterized by SEM, XRD, EDX and CHNS/O analysis, UV-vis,
and IR spectroscopy.

The samples were purified by the same procedure as the final
product prior to characterization (see Experimental part for
details). Fig. 5 shows SEM images of the different samples. The
samples PI (Fig. 5(a)) and PII (Fig. 5(b)) contain rod-shaped
particles with a length of a few micrometers. However, in
sample PII, small spherical particles with a diameter of 220 +
60 nm are also found. In sample PIII, these particles are still
present but have grown larger (diameter of 280 + 110 nm), while
the rod-shaped particles are no longer found (Fig. 5(c)). In
sample PIV (Fig. 5(d)), the spherical particles have become even
larger with a diameter of 430 = 110 nm and do not differ
significantly in size or appearance from the final product.
Statistical size distributions of these samples can be found in
the ESI in Fig. S7.}

In addition, the growth process of the particles was charac-
terized crystallographically and optically. The results of the XRD
analysis and the UV/Vis spectroscopy are shown in Fig. 6. XRD
(Fig. 6(a)) revealed a highly crystalline structure for the samples
PI and PII, which was neither be found in the COD database nor
corresponded to r-cysteine or SbCl; (reference diffractograms in
Fig. S8, ESIT). This suggests that a new substance was formed at
140 °C. Since no other phases are detected in sample PII, the
small spherical particles likely correspond to the amorphous
phase of Sb,S;. The reflectance measurement (Fig. 6(b)) shows
that no semiconducting substance was formed in PI, and the
Tauc plot (Fig. 6(c)) gives further indication that the particles in
PII consist of amorphous Sb,S;, which has a bandgap value
between 2.0 and 2.2 eV.*® For the particles of sample PII, a band
gap value of 2.02 eV was determined. To obtain further infor-
mation about the materials formed during the reaction process,
the purified solids were characterized by CHNS/O analysis and
EDX. Table 1 provides additional information on the elemental
(atomic) composition of the samples and the sizes of the
spherical particles.

The white crystals in PI are composed of antimony and
elements normally found in organic molecules, almost corre-
sponding to the stoichiometry of cysteine (C3H,NgO,). Chlorine,
however, was not found. The results for this substance are
discussed in more detail in the following section. Since the
particles in PII are Sb,S;, their composition results from
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Fig. 5 SEM images of the different reaction stages of the synthesis: (a) after 140 °C (PI), (b) after 170 °C (PIl), (c) after 200 °C (PIIl), and (d) after
240 °C (PIV). The samples were purified with the same procedure as the final particles.

a mixture of the substance from PI and Sb,S; in an atomic ratio
of 3: 2 for the element antimony. Along with the white rod-like
particles, the crystalline XRD pattern disappeared in sample
PIII. Also, only the elements antimony and sulfur remainina2:
3 ratio. These results, along with a band gap value of 1.99 eV for

this substance, indicate that the white substance is likely an
intermediate in the formation of Sb,S; particles, which are in an
amorphous state up to this point. Compared to PII, the particles
slightly increased in diameter.

(a) 1 l Sb,S, Stibnite (b)
Pl 1wy oo, copsoose 2
] g
= 240 °C, no dwell time| &
C N
e 3
—é -\ g
& 200°C| ©
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Fig. 6 Phase and optical characterization of reaction intermediates at different reaction stages of the synthesis. XRD analysis (a) and reflectance
measurements (b) were performed using samples taken at 140 °C, 170 °C, 200 °C, and 240 °C (without 30 min additional reaction time). The Tauc
plot (c) was applied to all reflection data except that of the sample taken at 140 °C, since no band gap transition can be seen.
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Table 1 Elemental (atomic) composition of the purified solids of the
different reaction stages, the diameter of the Sb,S3 particles, and their
bandgap values

Sample PI  PII PIII PIV Final

Temp. (°C) 140 170 200 240 240 (30 min)
Sb 1.0 1.6 2.0 2.0 2.0

S 29 3.9 3.0 3.0 3.0

C 9.0 9.0 — — —

H 19.5 19.5 — — —

N 2.8 2.9 — — —

(6] 6.6 6.6 — — —

Diameter (nm) — 220 £60 280+ 110 430 =110 420 & 100
Bandgap (eV) — = 2.02 1.99 2.01/1.75 1.75

For sample PIV, the X-ray diffractogram and optical data are
changed compared to those of the samples of earlier reaction
stages. A crystalline pattern corresponding to the stibnite
structure (COD 9003460) can be seen in the diffractogram, and
the absorption edge is shifted to higher wavelengths in the UV/
vis spectrum. However, a second absorption edge similar to that
of the amorphous material is present. After applying the Tauc
plot, this sample fraction becomes more visible. Thus, two band
gap values of 2.01 and 1.75 eV could be determined corre-
sponding to the bandgaps of amorphous and crystalline Sb,S;,
respectively. Apparently, the particles are not yet fully crystal-
lized at 240 °C, so the temperature must be held at this level for
several minutes to allow a complete conversion. The crystallite
sizes, derived from the Debye-Scherrer equation for different
Laue indices, were about 35-50 nm, which is about 5 nm
smaller than those of the final particles after 30 min reaction
time at 240 °C. The particle diameter obtained from SEM,
however, is identical to that at the end of the reaction, but with
a diameter of more than 400 nm, they are significantly larger
than the amorphous particles.

Characterization of the reaction intermediate

The results discussed in the last section suggest that there is an
intermediate in the formation of the colloidal Sb,S; particles.
This intermediate is a white, crystalline substance with an
atomic ratio of elements that almost corresponds to a compo-
sition of antimony and cysteine in a ratio of 1:3. The main
difference to the atomic ratio of the elements in cysteine is that
the value for hydrogen is decreased (~0.5 atoms per theoretical
cysteine molecule) and the value for oxygen is increased (~0.2
atoms per theoretical cysteine molecule). Assuming that the
sample contains some water, e.g., from the purification process
or from handling in an ambient atmosphere, the basic building
block of the intermediate could be Sb(C;HgNSO,);-0.75H,0.
To investigate the chemical structure of this substance
further, Raman and IR spectroscopy, as well as an MS analysis,
were performed. The results are shown in the ESI Fig. S9 and
$10.7 Comparing the IR and Raman spectra of sample PI
(Fig. S9, ESIt) with the reference spectra of r-cysteine and -
cystine, the similarity is low for the spectra of cysteine but high
for the spectra of cystine. In particular, the absence of the -SH
vibration in the measured Raman spectrum should be noted.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, there is also a clear difference in the Raman spectrum
between the measured spectrum and that of cystine. The strong
signal at ~500 cm ' assigned to the vibrational mode of the
disulfide bond in cystine,*® is not present. Instead, an intense
mode at ~355 cm ™! is found. According to several reports, Sb-S
stretching vibrations are found around these wavenumbers.®”%®

For the MS analysis, MALDI and EI were used to ionize the
sample as the substance is not soluble in common solvents
such as water or isopropanol. With MALDI, two molecular
patterns are visible in the spectrum, around 496.9 u and 707.9 u.
However, these patterns suggest molecules consisting of one
antimony atom, at most one sulfur atom, and mainly cysteine
residues with no sulfur but an increased amount of oxygen.
Since this is inconsistent with the elemental analysis, the
molecule is assumed to be a highly crosslinked polymer with
a molecular weight greater than 100 kDa, which is above the
mass limit of MALDI for polymeric species.® The molecular
patterns found could be due to a slight degradation by oxygen.

With EI, in addition to several Sb, and Sb,O,, fragments, the
fragmentation pattern shown in Fig. S10(a)f was obtained. The
pattern has similarities to both the cysteine and cystine patterns
(Fig. S10(b) and (c),T respectively), indicating that the structure
is probably intermediate between the two.

In summary, the intermediate substance is assumed to have
the following properties:

1. General composition of Sb(C;HgNSO,)s.

2. Structure of the organic part in between cysteine and
cystine.

3. -C-S and -Sb-S bonds but no -S-H or -S-S bonds.

4. Large, crosslinked molecule with M,, > 100 kDa.

5. No absorption in the visible spectrum.

There are also several reports of Sb(ii) covalently bound to
organic molecules and, additionally, complexed by other
molecules, resulting in a 4- or 5-fold coordinated structure.””>
Thus, a molecule would be conceivable in which Sb(m) is
covalently bound to the S atom of three cysteine molecules and
coordinated to the carboxyl group and/or to the amino group of
one or two other cysteine molecules. The coordinative bonds
would also lead to crosslinking. However, further analysis is
needed to determine the exact structure of this molecule.

Matrix analysis

The matrix appears to prevent the amorphous particles from
growing into large (micron-sized) rods during crystallization, so

Table 2 Elemental (atomic) composition of three samples at different
reaction stages, including the matrix

Sample MI MII Mfinal
Temp. (°C) 140 170 240, 30 min
Sb 1.0 1.0 1.0

S 7.4 6.6 2.0

C 33.7 35.0 8.1

H 73.8 77.5 15.4

N 7.4 7.5 3.3

o 14.2 13.4 1.1

Cl 2.3 2.8 2.9
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they tend to crystallize into a spherical shape. For this reason,
the composition of the matrix was studied in more detail. Table
2 shows the results of the CHNS/O analysis, AAS, and EDX of
non-purified samples at 140 °C (MI), 170 °C (MII), and at the
end of the synthesis (Mfinal). Non-purified means that the
samples were only washed with hexane to remove the ODE but
not the matrix.

It can easily be seen that the Sb content of MI with respect to
the organic moieties is less than half of that of PI. In addition,
chlorine is present in the sample, and the stoichiometry of the
organic moiety does not resemble cysteine. However, the ratio
of S:N: O in the matrix is almost the same as that of cysteine.
This result indicates that the increased C and H content origi-
nates from the ODE. This finding can also be correlated with the
ratio of the excess amount of these two elements, which is 1:2;
the same ratio as for ODE. It is assumed that the ODE molecules
are embedded in the forming matrix, but a further reaction of
them cannot be excluded.

It can also be seen that, in contrast to the sample PI, no
excess oxygen can be found with respect to sulfur/nitrogen to
match the ratio in cysteine. Furthermore, the Sb: S ratio (7.4 : 1)
is lower than the ratio at the beginning of the synthesis (1:5).
This is another indication that the excess H and O atoms of PI
originate from washing with water. It can be further concluded
that some antimony is lost during the purification process.

As the reaction progresses, the amounts of S and O decrease,
while the amounts of C, H, and Cl increase slightly relative to
Sb. The decrease in S and O indicates the beginning of cysteine
decomposition. However, the amino group seems to belong to
a solid rather than a gaseous decomposition product because
the amount of N increases relatively to C, H, S, and O. Variations
in C and H could be explained by slight differences in the
embedding of the ODE into the matrix or an ongoing reaction
with it.

The ratio of Sb and Cl is close to their ratio in SbCl;. It is
assumed that not all SbCl; has reacted at 140 °C. Since SbClj; is
thermally unstable, it is likely that unreacted material decom-
posed under electron beam exposure in the SEM, resulting in Sb
residues as the chlorine components evaporated.

At the end of the reaction, the amounts of C, H, N, S, and O
decreased due to the decomposition of cysteine starting around
200 °C.” The main compartments of the residues are N, C, and
H. The amount of CI did not change. It seems to form a stable
compound part of the matrix.

Thus, the matrix appears to be a compound derived from
cysteine, ODE, and chlorine that decomposes to a different
composition upon heating.

Conclusions

In summary, a one-pot synthesis for the preparation of spher-
ical crystalline sub-micron Sb,S; particles has been established.
In ODE, the insoluble precursors, SbCl; and cysteine, form an
intermediate upon heating. In addition, excess cysteine, ODE,
and chloride from SbCl; form a matrix that encapsulates this
intermediate and prevents the initially resulting amorphous
particles from aggregating and restructuring into large rod-like
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shapes upon crystallization. The matrix is removable and the
purified particles are stable in dispersion.

It was shown that the intermediate of the particles is likely to
consist of a complex architecture with a high degree of cross-
linking. The basic building block of the intermediate is
assumed to be an Sb atom bound to three cysteine molecules via
a covalent Sb-S bond. These units are connected by coordina-
tive bonds between Sb and the other functional groups of the
cysteine molecules.

The matrix is formed from cysteine, the solvent ODE, and
chlorine from the SbCl;. Due to partial decomposition, the
composition of the matrix changes during the heat-up process.
It may be worthwhile to try mixing in another amino acid, such
as glycine, and examine the effect on the particle size and shape.

The concept of encapsulation for size and/or shape control of
colloid particles could be transferrable to other materials.
Depending on the particle system, it may allow an extension of
the size range to smaller particles and force nearly isotropic
growth for anisotropic materials. In such approaches, the use of
cysteine or cysteine-amino acid mixtures may be applicable to
various other sulfide materials.”™
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