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Nanocrystalline Sb2Ss particles have been synthesized from Sb and S powders by high-energy milling in a plan-
etary mill using argon protective atmosphere. X-ray diffraction, particle size analysis, scanning electron microscopy,
energy dispersive X-ray spectroscopy, transmission electron microscopy, electron diffraction, high resolution trans-
mission electron microscopy, UV-VIS, and differential scanning calorimetry methods for characterization of the
prepared particles were applied. The powder X-ray diffraction pattern shows that Sb2S3 nanocrystals belong to
the orthorhombic phase with calculated crystallite size of about 36 nm. The nanocrystalline Sb2Ss particles are
constituted by randomly distributed crystalline nanodomains (20 nm) and then these particles are forming ag-
gregates. The monomodal distribution of SbySs particles with the average hydrodynamic parameter 210 nm was
obtained. The quantification of energy dispersive X-ray spectroscopy analysis peaks give an atomic ratio of 2:3
for Sb:S. The optical band gap determined from the absorption spectrum is 4.9 eV, indicating a considerable blue
shift relative to the bulk Sb2Ss. Differential scanning calorimetry curves exhibit a broad exothermic peak between
200 and 300 °C, suggesting recovery processes. This interpretation is supported by X-ray diffraction measurements
that indicate a 23-fold increase of the crystallite size to about 827 nm as a consequence of application of high
temperature process. The controlled mechanochemical synthesis of Sb2Ss nanoparticles at ambient temperature

and atmospheric pressure remains a great challenge.
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1. Introduction

Antimony sulphide SbsSs is a kind of semiconductor
material which has high photosensitivity and high ther-
moelectric power. ShyS3 fulfils the optical requirements
to obtain an electronic bandgap in the visible or the
near-infrared (NIR) region, depending on its amorphous
or crystalline nature [1]. The electronic gap of SbaSs
lies around 2.2 €V (564 nm) for amorphous and 1.78 eV
(697 nm) for crystalline SboS3 thin films [2]. SbyS3 nano-
materials have been synthesized by different methods,
such as solvothermal reaction, hydrothermal treatment,
refluxing polyol process, sonochemical method, chemical
vapor transport reaction, etc. [3-7].

The approach starting from solid state applies high-
energy milling and is governed by mechanochemical
methodology [8]. In this case, the solid reactions occur at
the interfaces of the nanometer size grains that are con-
tinuously regenerated during milling. The high-energy
milling has been used to synthesize various nanocrys-
talline chalcogenides [9-14]. We have already pub-
lished a paper dealing with the synthesis and kinetics of
mechanochemical synthesis of SbyS3 and BisS3 nanopar-
ticles obtained by high-energy milling [15]. In the present
paper we concentrate our effort on the detailed structural
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and microstructural characterization of optimal SbhsoSs
nanocrystalline sample synthesized by mechanochemical
way from the point of view of the possible application of
such material.

2. Experimental

2.1. Materials

Antimony powder (99.8%, Merck, Germany) and sul-
phur powder (99%, Ites, Slovakia) were supplied as reac-
tion precursors.

Mechanochemical synthesis of SboS3; was carried out
in a laboratory mill Pulverisette 6 (Fritsch, Germany)
by high-energy milling. The following milling conditions
were used — loading of the mill: 50 balls of 10 mm di-
ameter; ball charge in the mill: 360 g; material of milling
chamber and balls: tungsten carbide; weight of charge
of the milled mixture of Sb and S precursors: 5 g, rota-
tion speed of the planet carrier: 500 rpm; using a high
purity argon atmosphere as a protective medium in the
mill; milling time 60 min.

SboSs particles have been synthesized in the mill ac-
cording to the following reaction:

The reaction is thermodynamically possible, as the en-

thalpy change for reaction (1) is negative, AHSy, =
—169.4 kJ mol~! [16].
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2.2. Characterization methods

X-ray diffraction measurements were carried out us-
ing a D8 Advance diffractometer (Bruker, Germany)
equipped with a 6/6 goniometer, Cu K, radiation, sec-
ondary graphite monochromator and scintillation de-
tector. Diffraction patterns were analysed with the
DiffracP!"s Eva analysis program for phase analysis and
the DiffracP!™s Topas program for the Rietveld analysis.

The particle size analysis was measured on Nanophox
particle sizer (Sympatec, Germany) by the photon cross
correlation spectroscopy method.

The microcharacterization of the samples was carried
out using scanning and transmission electron microscopy
(SEM and TEM). The following equipments have been
applied: LEO 1550 field emission scanning electron mi-
croscope (Zeiss, Germany) and TECNAI G2 F30 STEM
FEG, field emission scanning-transmission electron mi-
croscope, operating at 300 kV, coupled with an EDS
INCA detector spectrometer.

Optical studies of the synthesized particles were car-
ried out using UV-VIS spectrophotometer Helios Gamma
(Thermo Electron Corporation, Great Britain).

The differential scanning calorimetric (DSC) diagram
was monitored by a SETARAM scanning calorimeter
DSC-11 with a sensitivity of 1 mV/s. All experiments
were performed between 0 and 500 °C.

3. Results and discussion

The mechanochemical synthesis of SboSs is illustrated
by XRD patterns of the mixture of Sb+S precursors (a)
and sample taken after 60 min of milling (b) (Fig. 1).
In the starting material (pattern (a)) only peaks belong-
ing to Sb metal (JCPDS 35-0732) and S (JCPDS 78-
1888) are seen. The SbySs (stibnite) crystallizes in the
orthorhombic crystal structure (space group 62, an,ﬁ.
The refined lattice parameters are: a = 11.3108 A,
b = 3.841 A, ¢ = 11.229 A. The diffraction peaks are
broad due to grain refinement and lattice distortion of
the material; only the peaks for SbeS3 (JCPDS-70-9254)
(pattern (b)) are shown, as no impurity phases are seen
within this range. The kinetics of the mechanochemical
synthesis was studied in paper [15]. Detailed analysis of
XRD patterns has been performed. The estimated aver-
age crystallite size is D = 36 nm.

The particle size distribution of the nanocrystalline
SboS3 particles is shown in Fig. 2. The nanosized disper-
sion has a monomodal distribution profile with average
particle size of 210 nm.

The surface morphology of the mechanochemically pre-
pared SbySs particles characterized by SEM is depicted
in Fig. 3. It shows that the product consists of small
agglomerated particles with irregular morphology. Dur-
ing mechanochemical synthesis the particles are fractured
and diminished.

The Sb,S3; sample obtained after 60 min of milling
was analysed as well by ED, TEM, high resolution TEM
(HRTEM) and energy dispersive X-ray spectroscopy
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Fig. 1. XRD patterns documenting the mechanosyn-
thesis of SbeSs particles. (a) Mixture of Sb and S
precursors before milling, (b) synthesized sample after
60 min of milling.
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Fig. 2. Particle size distribution of SboSs particles;
milling time 60 min.

(EDS) techniques and the obtained results are depicted
in Fig. 4. The powder sample is formed by agglomerated
particles as can be seen in the TEM image (Fig. 4a). The
corresponding ED (inset) is a ring pattern, indicating the
small diffraction domain of the crystals; all the rings were
indexed (the (hkl) planes are marked in the figure) in
the orthorhombic system of the SbyS3 sample with P4
space group. The EDS spectrum (Fig. 4b) shows that
the synthesized material is pure antimony sulphide with
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Fig. 3.
60 min.

SEM image of Sb2Ss particles; milling time

no detectable impurities; Cu and C peaks are coming
from the grid. The elemental semiquantitative analysis
indicates the Sb/S atomic ratio of 2/3 which is in good
agreement with the formula. The HRTEM technique re-
veals that the particles are formed by small nanocrystals
of different sizes. Only a few nanocrystals with really
small size (about 5 nm) were found, one is presented in
Fig. 4c. The presented nanocrystal is oriented along the
[0-12] zone axis and the corresponding interplanar spac-
ing is marked.

The majority of the nanocrystals were larger (about
20 nm) and two images are presented here. Figure 4d
shows a crystalline nanodomain oriented along [001], the
fast Fourier transform (FFT) in the inset reveals very
good periodicity of the nanocrystals. Figure 4e presents a
nanocrystal nearly oriented along [-130]. The interplanar
spacing and (hkl) planes are also marked. The average
crystalline nanodomain size found for SboS3 (= 20 nm) is
in good agreement with the XRD result and it is higher
than for BiySs (5-10 nm) [17] and particle size calculated
with the photon cross correlation spectroscopy present
similar tendency; about 210 nm for SbsS3; and 198 nm
for BigSg.

UV-VIS absorption spectrum of SbySs nanoparticles
(Fig. 5) shows absorption peak at about 270 nm. A
bandgap of 4.9 eV was estimated by extrapolating the
linear part of the Taue plot as shown in Fig. 5 (inset).
An obvious blue shift was observed comparing with the
bulk SbsS3 at 721 nm (1.7 €V) due to quantum confine-
ment. This is in a good accordance with literature [18].

Fig. 4. Microstructure of the Sb2S3 sample obtained
after 60 min of milling: (a) TEM micrograph and the
corresponding ED-ring (inset), (b) EDS spectrum, (c—e)
HRTEM micrographs.
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Fig. 5. UV-VIS spectrum of the mechanochemically
synthesized SboSs. Inset: the dependence of (ahv)?
versus hv.

Figure 6 shows the DSC curve obtained for the SbyS3
mechanochemically synthesized for 60 min. The first run
shows an endothermic peak at about 100°C due to the
loss of adsorbed water and a broad exothermic peak be-
tween 200-300 °C that can be related to the processes of
recovery and re-crystallization of the defects generated
during milling. The second and third run shows also a
weak exothermic peak.
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Fig. 6. DSC diagram of the mechanochemically syn-
thesized Sb2S3 for 60 min. 1 — runl, 2 — run2, and 3
— rund.

Figure 7 shows the XRD patterns of the same sample
before (Fig. 7A) and after (Fig. 7B) heating to 500°C
during the DSC measurement. When this sample is
heated in the calorimeter, the corresponding X-ray di-
agram shows the same peaks but quite narrow and well
resolved. This is an evidence of good crystallinity, result-
ing from the processes indicated by the peak at 290°C
in the DSC diagram. The estimated crystallite size after
the three DSC cycles increased 23-fold to about 827 nm.
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Fig. 7. XRD patterns of mechanochemically synthe-

sized SbaS3 for 60 min before DSC measurements (a)
and after DSC measurements (b).

4. Conclusion

In summary, we have reported the preparation of the
nanocrystalline SboS3 particles with average crystallite
size 36 nm, using high-energy ball milling of elemental
Sb-S powder mixtures in an argon atmosphere during
60 min. Heating to 500 °C resulted in a 23-fold increase

of the crystallite size and in good thermal stability. Mi-
croscopic studies show that the particles are formed by
agglomerated small nanocrystals with different sizes (5—
20 nm). A blue shift was observed in the optical ab-
sorption edge of the synthetized nanomaterial. Although
mechanochemical synthesis is a promising option for the
preparation of ShoS3 nanocrystalline particles, further in-
vestigations are needed to achieve control of the particle
size and agglomeration.
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