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Abstract. Co-thermal decompositions of equimolar concentrations of thiourea complexes ([Cu(tu)3]Cl and
[Sb(tu)2]Cl3) in ethylene glycol and ethanolamine were attempted. Based on the results from powder X-ray
diffraction, Raman spectroscopy, and energy dispersive spectral analysis of the products, Cu3SbS3 in cubic
symmetry emerged from ethylene glycol. In contrast, orthorhombic CuSbS2 resulted from the ethanolamine
medium. The generation of copper-rich and copper-poor sulﬁdes was found to be the major reason behind the
formation of these stoichiometries of the Cu-Sb-S system as veriﬁed by reacting the preformed Cu-S and Sb-S
species in ethanolamine and ethylene glycol. Attempts to include bismuth (up to 50 mol%) for antimony were
successful only in ethylene glycol medium. The inclusion of bismuth stabilized the orthorhombic form of
Cu3SbS3, possibly due to the non-bonded lone pairs present on Bi3? and Sb3?-ions. The inclusion of bismuth
conﬁrmed from the successful reﬁnement of powder X-ray diffraction pattern by the Rietveld method, Raman
spectroscopy, and energy dispersive spectroscopy analysis. CuSbS2, Cu3SbS3 (cubic) and Cu3Sb0.50Bi0.50S3
showed broad absorption extending up to visible region in their UV-visible spectra. The bandgap values of
1.31, 1.40 and 0.94 eV were estimated by Tauc plots for Cu3SbS3, CuSbS2, and Cu3Sb0.50Bi0.50S3,
respectively.
Keywords. Powders; Chemical preparation; X-ray methods; Optical properties.

1. Introduction
The recent trends in research are directed towards the
development of renewable energy sources. There are
speciﬁc efforts to recover industrial and automobile
waste heat and convert them into electricity. The
thermoelectric generators, capable of converting waste
heat to power, consist of p-type and n-type semiconducting elements/compounds. Copper-based chalcogenides are promising semiconductor materials
exhibiting applications in the energy sector as photovoltaic, thermoelectric, supercapacitor, dye-sensitized
solar cells, and as electrodes in batteries.1–5 For sustainable solar cell materials, copper antimony/bismuth
sulﬁdes have superseded copper indium sulﬁde or
copper gallium sulﬁde from many aspects, including
cost-effective nature, non-toxicity, and earth

abundance. CuSbS2 (Chalcostibite), Cu12Sb4S13 (Tetrahedrite), Cu3SbS3 (Skinnerite), and Cu3SbS4 (Fematinite) are the four accessible ternary phases which
are inherently p-type semiconductors (due to dominant
copper vacancy).6,7 Their bandgaps lie in the range
0.5–2.0 eV with absorption coefﬁcient values over
105 cm-1.8 CuSbS2 is relatively less explored and
structurally very different than CuInS2 due to low
valence state of antimony with stereochemically active
lone pair of electrons leading to lowering of its symmetry to orthorhombic (space group Pnma). In the
structure of CuSbS2, copper atoms form a regular
tetrahedral network with sulfur. In contrast, the antimony is forming 5-fold coordination with sulfur in a
distorted square-based pyramid arrangement (SbS5).9
Cu3SbS3 (skinnerite) shows temperature-dependent
polymorphism involving the mobility of Cu atoms
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among the available crystallographic positions.10,11
Below 263 K, Cu3SbS3 possesses a wittichenite-type
orthorhombic structure (S.G. P212121), where Sb is
threefold coordinated with three S atoms as SbS3
pyramidal unit. The Cu atoms coordinated with three S
atoms in a distorted trigonal plane. The existence of a
very narrow thermodynamic stability of the compositions of the Cu-Sb-S system makes their synthesis
quite challenging by the conventional method of
reacting the constituents in elemental form, pushing
researchers to explore alternate routes of making these
compositions in pure form.6,12–22 The arrival of
nanoscience and the subsequent technological consequences is a boon for chemical solution-based synthesis by which one can effectively control the
nucleation and the kinetics of growth of crystalline
materials.12–15 The downside of such procedures is the
use of excessive amounts of long-chain surfactants and
environment unfriendly solvents. The careful selection
of metal and sulﬁde precursors and experimental
conditions play a pivotal role in stabilizing a particular
stoichiometry in a desired morphology and
shape.8,16–23 Additionally, the reaction controls,
including the reaction temperature, precursor type, the
molar ratio of reactants, and the ligand composition,
determine the phase purity of compositions belonging
to the Cu-Sb-S system.8,16–23 Limited exploration of
wet-chemical methods exists for the bulk synthesis of
copper bismuth sulﬁdes as well.24–27 Among many
compositions reported in the Cu-Bi-S system, Cu3BiS3
possesses optical properties (bandgap of about 1.5 eV
and optical absorption co-efﬁcient of a [ 104 cm-1)
that are quite ideal to be used as an absorber layer in
photoelectric applications.24–27 The complications of
synthesizing compositions of the Cu-Bi-S system are
quite similar to that of the Cu-Sb-S system. It is
therefore highly desirable to devise a robust wetchemical method involving environment-friendly solvents to synthesize compositions of the Cu-Sb-S system. Also, such a technique should be rapid and highly
reproducible. With these objectives, the current study
is undertaken in which simple co-thermal decomposition of thiourea precursors of copper and antimony
([Cu(tu)3]Cl and [Sb(tu)2]Cl3) is carried out in a
deﬁned 1:1 molar ratio in solvents (ethylene glycol
and ethanolamine) whose boiling points are closer to
each other. Further, we attempted the substitution of
Bi3? for Sb3? in Cu3SbS3, which stabilized the
orthorhombic polymorphic modiﬁcation of Cu3SbS3.
The inclusion of bismuth for antimony also brought
changes in optical absorption characteristics. The
results of this study are discussed in the succeeding
sections.
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2. Experimental
2.1 Synthesis of metal-thiourea complexes
CuCl22H2O (Merck, 99.0%), Bi2O3 (Sigma Aldrich,
99.9%), Sb2O3 (Sigma Aldrich, 99.9 ? %), Na2SO3 (SRL,
98.0%) and thiourea (Merck, 99.0%) were used as the
starting materials to generate the metal-thiourea complexes.
[Cu(tu)3]Cl complex was prepared following an established
procedure.28 0.099 g (1 mmol) of freshly prepared CuCl
was dissolved in 5 mL aqueous solution of thiourea
(0.228 g, 3 mmol) stepwise under constant stirring for
30 min, followed by ﬁltration and recrystallization. Similarly, antimony trichloride solution generated in situ from
the reaction of 1.457 g of Sb2O3 in 20 mL of HCl (5 M)
was added to ten milliliters of aqueous thiourea (1.522 g).29
The mixture was stirred vigorously at room temperature for
nearly three hours and was transferred to a petri dish. A
free-ﬂowing complex was isolated after drying. It was dried
naturally. Similarly, [Bi3(tu)3]Cl3 was prepared by reacting
to a 20 mL solution of 5 M HCl containing 2.329 g of
Bi2O3 and a 10 mL aqueous solution containing 1.522 g of
thiourea.30

2.2 Synthesis of mixed metal sulﬁdes
0.327 g (1 mmol) of [Cu(tu)3]Cl and 0.380 g (1 mmol) of
[Sb(tu)2]Cl3 were reﬂuxed in 60 mL of ethanolamine
(Merck [ 99%) for 90 min. The product, after the reaction,
was separated by ﬁltration and washed with double distilled
water followed by ethanol and carbon disulﬁde. The cothermal decomposition of copper and antimony complexes
in a 1:1 molar ratio was also carried out in ethylene glycol
(Merck [ 99.5%) under reﬂuxing conditions for 90 min.
For 50 mol % substitution of bismuth in Cu-Sb-S system;
0.982 g (3.00 mmol) of [Cu(tu)3]Cl, 0.190 g (0.50 mmol)
of [Sb(tu)2]Cl3 and 0.131 g (0.167 mmol) of [Bi3(tu)3]Cl3
were mixed well in a pestle and mortar and added to 60 mL
of ethylene glycol. A black colored product emerged on
reﬂuxing for six hours was separated by centrifugation. The
products were washed repeatedly with double distilled
water, ethanol, and carbon disulﬁde.

2.3 Characterization
High-resolution X’Pert PANanalytical diffractometer,
equipped with a Xe proportional detector employing Cu Ka
radiation (k = 1.5418 Å), was employed to collect the
powder X-ray diffraction (PXRD) patterns. Reﬁnements of
lattice parameters and structure were performed by the Le
Bail and Rietveld method using the TOPAS 3 and
GSAS ? EXPGUI program.31–33 Fourier transformed
infrared (FTIR) spectra were gathered using a Perkin Elmer
2000 spectrometer using KBr disks. Raman spectra of
samples in pellet form were obtained using a Renishaw via
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Microscope system with a diode laser (k = 785 nm). The
thermal analysis of metal-thiourea precursors were analyzed
using a NETZSCH STA-449 F3 instrument in the temperature range of 30-700 °C at a heating rate of 10 °C/min.
Morphology examination and qualitative analysis of the
elements in the samples were carried out by scanning
electron microscopy (SEM) and by energy dispersive
spectral analysis (EDS) using JEOL 6610 LV microscope.
UV-visible spectra of the samples were recorded using a
Perkin-Elmer Lambda 35 scanning double-beam
spectrometer.

3. Results and Discussion
In metal-thiourea complexes, thiourea plays a dual
role of complexing with the metal ion as well as the
source of sulfur. Thiourea complexes, in general,
dissociate at moderate temperatures and get easily
solubilized in solvent media, which in turn increases
the rate of reaction. During the dissociation of metalthiourea precursors, generation of S2- ions occurs
according to the following equation:
NH2 CSNH2 þ H2 O ! H2 S þ CO2 þ NH3
As this reaction involves the liberation of gaseous
CO2, the products will be porous and crystalline.34,35
The white color complex resulted from the reaction of
CuCl, and thiourea was analyzed with the help of
FTIR, Raman spectra, and thermal analysis techniques
(Figure S1, Supplementary Information). The spectral
features match well with the data available for
[Cu(tu)3]Cl.28 The sample loses a signiﬁcant portion of
the ligand by 300 °C as revealed by its thermogram.
The FTIR, Raman spectra, and thermal analysis of the
light yellow color complex from the reaction of antimony chloride and thiourea resemble closely with the
features reported for [Sb(tu)2]Cl3 (Figure S2, Supplementary Information).29
Figure 1 shows the PXRD patterns of the products
from the reaction of thiourea complexes of copper and
antimony ([Cu(tu)3]Cl and [Sb(tu)2]Cl3) in a 1:1 molar
ratio in ethanolamine and ethylene glycol individually
under reﬂuxing conditions. While CuSbS2 is formed
from the reaction conducted in ethanolamine, Cu3SbS3
forms when the solvent medium changed to ethylene
glycol (Figure 1(a) and (b)). Both these compositions
have crystallites with near-spherical morphology in
their SEM images (Figure 1(a) and (b)). The existence
of copper, antimony, and sulfur in 1: 1: 2 and 3:1:3
ratios, is revealed by energy dispersive spectral analysis (Figure 1(a) and (b)).
Successful reﬁnement of the PXRD pattern of
CuSbS2 in the Pnma space group by the Le Bail method

Figure 1. Shows PXRD patterns of the products from the
reﬂuxing reaction of [Cu(tu)3]Cl and [Sb(tu)2]Cl3 complexes in 1:1 molar ratio in (a) ethanolamine and
(b) ethylene glycol for 90 min. Insets show SEM image,
energy dispersive spectral analysis.

yields lattice dimensions of a = 6.0240 (8), b = 3.8005
(5), and c = 14.508 (2) Å (Figure 2(a)). In the Raman
spectrum, CuSbS2 shows only one band at 335 cm-1,
which corresponds to Sb-S stretching vibrations
(Figure 2(a)). The unit-cell dimension of 10.428 (7) Å
is deduced from the successful reﬁnement of the PXRD
pattern of Cu3SbS3 in the I-43 m space group by the Le
Bail method (Figure 2(b)). Cu3SbS3 shows two characteristic bands at 321 and 353 cm-1 in its Raman
spectrum at room temperature (Figure 2(b)).36
Generally, reaction parameters such as temperature,
duration of reaction, and nature of the sulfur precursor
have been used to control the size and morphology of
the nanocrystals of Cu-Sb-S compositions.8,16–23
Employing 1-octadecene (a high boiling solvent),
CuSbS2 nanocrystals have been made beginning either
from the equimolar ratio of copper and antimony or
3:1 molar ratio of copper and antimony.8,16–23 Our
trials on the co-thermal decomposition of thiourea
precursors of copper and antimony (in 1:1 molar ratio)
at 150 and 300 °C for 90 min yielded CuSbS2 in
orthorhombic symmetry (Figure S3, Supplementary
Information). There were additional reﬂections due to
Cu2S (tetragonal and hexagonal) in the PXRD
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Figure 2. Shows Le Bail reﬁnement of PXRD patterns of
(a) CuSbS2 and (b) Cu3SbS3 (Redline-experimental data;
green line-calculated proﬁle; pink line-difference proﬁle.
Vertical bars indicate Bragg positions). Inset shows their
room temperature Raman spectra.

patterns. The realization of CuSbS2 in ethanolamine
medium (a low boiling solvent) hints that its formation
can not be explained by the reﬂuxing conditions alone.
Sb2S3 can be the only stable phase from the thermal
decomposition of [Sb(tu)2]Cl3 complex. However, this
is not the case in the case of copper sulﬁdes.
Depending on the nature of the solvent, copper-rich
and copper-deﬁcient sulﬁdes can be formed from the
decomposition of [Cu(tu)3]Cl. When we dissociated
[Cu(tu)3]Cl in four different solvents viz., ethylene
glycol, ethanolamine, ethylenediamine, and 1,
2-ethanedithiol, in which a systematic variation of the
functional groups on both sides of the -CH2-CH2chain was present, we found an interesting variation of
the nature of the copper sulﬁde. The powder X-ray
diffraction patterns of the products from the dissociation of [Cu(tu)3]Cl in ethylene glycol, 1, 2-ethanedithiol, ethanolamine, and ethylenediamine under
reﬂuxing conditions for 90 min are presented in Figure S4 (Supplementary Information). The chosen solvents are bidentate chelate in which the metal-thiourea
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Figure 3. (i) Shows the PXRD pattern of the product from
the reﬂuxing reaction of (a) [Cu(tu)3]Cl in ethanolamine,
(b) [Sb(tu)2]Cl3 in ethanolamine and (c) the product
obtained by mixing hot colloidal suspensions containing
Cu-S species and Sb-S species in ethanolamine. In (ii), the
PXRD pattern of the product from the reﬂuxing reaction of
(a) [Cu(tu)3]Cl in ethylene glycol, (b) [Sb(tu)2]Cl3 in
ethylene glycol, and (c) the product obtained by mixing hot
colloidal suspensions containing Cu-S species and Sb-S
species in ethylene glycol are shown.

precursors will be less stable under reﬂuxing conditions yielding metal sulﬁdes. All the observed reﬂections in the powder X-ray diffraction of the product,
obtained using ethylene glycol, match very well with
the hexagonal Cu9S5 (Cu1.8S) (dignite) phase with the
JCPDS File No. 47-1748 (Figure S4(a), Supplementary Information). The same product results when 1,
2-ethanedithiol in which the OH-groups in ethylene
glycol are replaced with SH-groups (Figure S4(b),
Supplementary Information).
The dissociated products from both the ethanolamine and ethylenediamine show more reﬂections in
the powder X-ray diffraction patterns as compared to
the ones from ethylene glycol and 1, 2-ethanedithiol,
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Figure 4. (a) and (b) show PXRD pattern of the product from the reﬂuxing reaction of [Cu(tu)3]Cl, [Sb(tu)2]Cl3, and
[Bi3(tu)3]Cl3 complexes in ethylene glycol and its reﬁnement by the Rietveld method (redline-experimental data; green linecalculated proﬁle; pink line-difference proﬁle; vertical bars-Bragg positions). (c) Shows the energy dispersive spectrum of
the sample. Insets in (a), (b), and (c) show the Raman spectrum, SEM image, and elemental analysis of Cu3Sb0.50Bi0.50S3
sample.
Table 1. Crystallographic
Cu3Sb0.50Bi0.50S3.

(PXRD)

parameters

of

Crystal system

Orthorhombic

Space group
Lattice constants:
a (Å)
b (Å)
c (Å)
Cell volume (Å3)
Formula weight
Z
Density (calc.)
Radiation
2h range
No. of data points
Agreement factors:
Rp
Rwp
v2

P212121
6.621 (5)
7.699 (7)
10.272 (6)
523.73 (5)
612.2
4
5.823 g cm-3
CuKa
10–100°
2249
0.0491
0.0386
4.361

indicating their lower symmetry (Figure S4(c) and (d),
Supplementary Information). While all the reﬂections
in the powder X-ray diffraction pattern of the product

from ethylenediamine correspond to a monoclinic
Cu2S (JCPDS-File No. 83-1462), the product, from the
reaction using ethanolamine, shows a very close match
with the monoclinic Cu31S16 (Cu1.93S) in its PXRD
pattern (JCPDS-File No. 34-0660). Despite their
boiling points being closer, the stabilized Cu-Sb-S
stoichiometry product from ethylene glycol and ethanolamine are different, suggesting additional factors,
other than the thermal effects, were responsible for
their formation.
We believe the formation mechanism of CuSbS2
and Cu3SbS3 may involve the insertion of antimony
into the copper-rich or copper poor sulﬁde as seed
crystal as per the following reaction:18,19
Cu2x S þ Sb2 S3 ! Cu-SbS
The Cu-S species generated after reﬂuxing the
[Cu(tu)3]Cl in ethanolamine for 45 min was added to
Sb-S species generated (from [Sb(tu)2]Cl3) under
similar conditions and reﬂuxed further for 90 min to
examine the nature of the product. The PXRD pattern
from this trial is presented in Figure 3(i) in which the
intensity and the position of diffracted peaks match
well with orthorhombic CuSbS2. A similar exercise
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Table 2. Presents positional, occupancies, and thermal parameters of Cu3Sb0.50Bi0.50S3.
Atoms
Sb1
Bi2
Cu3
Cu4
Cu5
S6
S7
S8

Wyck position

x/a

y/b

Z/c

S.O. F

U(iso)Å2

4a
4a
4a
4a
4a
4a
4a
4a

0.6290(5)
0.6290(5)
0.0401(21)
0.0663(16)
0.1406(17)
0.4084(34)
0.4356(28)
0.1029(30)

0.3011(5)
0.3011(5)
0.5532(14)
0.1955(13)
0.3514(14)
0.1720(25)
0.1912(23)
0.5474(20)

0.2444(7)
0.2444(7)
0.0305(9)
0.1031(10)
0.4006(9)
0.0603(18)
0.4250(17)
0.2587(25)

0.53(2)
0.47(2)
1
1
1
1
1
1

0.0203(16)
0.0203(16)
0.045(5)
0.045(5)
0.054(5)
0.010(6)
0.052(8)
0.044(6)

Table 3. Lists the summary of selected bond distances in
the crystal structure of Cu3Bi0.50Sb0.50S3.
Atoms
Sb1/Bi2–S7
Sb1/Bi2–S6
Sb1/Bi2–S8
Cu3–S6
Cu3–S7
Cu3–S8
Cu4–S8
Cu4–S6
Cu4–S6
Cu5–S8
Cu5–S7
Cu5–S7

Interatomic distances (Å)
2.4081(1)
2.5878 (1)
2.6391 (2)
2.1532(1)
2.2528(2)
2.3816(1)
2.1380(1)
2.2251(1)
2.3146(2)
2.1129(1)
2.2729(1)
2.3235(1)

3
3
3
3
3
3
3
3
3
3
3
3

1
1
1
1
1
1
1
1
1
1
1
1

was undertaken by changing the solvent medium from
ethanolamine to ethylene glycol in which the formation of cubic Cu3SbS3 was noticed (Figure 3(ii)).
These results validated our hypothesis that copper-rich
and copper-poor sulﬁdes were responsible for the
formation of CuSbS2 and Cu3SbS3 in ethanolamine
and ethylene glycol solvent mediums, respectively.
We explored this synthesis approach to generate
bismuth-containing quaternary sulﬁdes (Cu-Sb-Bi-S)
as such substitutions have been reported to enhance
the thermoelectric property of Cu3SbS3 system.37
While the attempts to prepare a quaternary sulﬁde with
bismuth are not successful in ethanolamine, the reaction in ethylene glycol produces a black colored product whose PXRD pattern is indexable in
orthorhombic symmetry with space group P212121
having lattice parameters of a = 6.6213 (5),
b = 7.6990 (7) and c = 10.2728 (6) Å (Figure 4(a) and
(b)).38,39
The reﬁnement of PXRD patterns of Cu3Sb0.50Bi0.50S3 (considering orthorhombic Cu3SbS3 (S.G.
P212121) as the structural model) by the Rietveld
method is successful (Figure 4(b)).38–40 The inclusion
of bismuth in place of antimony expands the unit cell
parameters due to the larger ionic radius of Bi3? as

Figure 5. Shows UV-visible spectra of (a) CuSbS2,
(b) Cu3SbS3 and (c) Cu3Sb0.50Bi0.50S3, respectively. Insets
show the corresponding Tauc plots for bandgap calculation.

compared with Sb3?. From the reﬁned occupancies,
nearly equal concentrations of bismuth and antimony
are evident (Tables 1 and 2). It is noteworthy that the
inclusion of bismuth for antimony stabilized the
orthorhombic polymorph of Cu3SbS3, quite similar to
the stabilization of cubic Cu3SbS4 by iron substitution.40 The critical bond distances of this structure
from the ﬁnal cycle of the reﬁnement of the PXRD
pattern by the Rietveld method are collected in
Table 3. The Raman spectrum of the Cu-Sb-Bi-S
sample shows a similarity with the features reported
for Cu3SbS3 in orthorhombic symmetry (inset of
Figure 4(a)).41,42 The band centered at * 446 cm-1 is
quite typical of Cu3SbS3 in orthorhombic symmetry.41,42 The combined vibrations involving Cu-S and
Sb-S units of the crystal structure manifest at
285 cm-1 (Figure 4(a)).38,39 The EDS analysis carried
out on the SEM image of the sample conﬁrms the
stoichiometry of Cu, Sb, Bi, and S to be 3: 0.50: 0.50:
3 (Figure 4(c)).
CuSbS2, Cu3SbS3 (cubic) and Cu3Sb0.50Bi0.50S3
(orthorhombic) show absorption extending up to
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visible region in their UV-visible spectra (Figure 5).
From the Tauc plot ((aht)2 versus photon energy
(eV)), optical bandgap values of 1.40, 1.31 and
0.94 eV are estimated for CuSbS2, Cu3SbS3 and Cu3Sb0.50Bi0.50S3, respectively (Figure 5). They are close
to the optical bandgap values reported in the literature.8 The inclusion of bismuth brought down the
bandgap considerably.
4. Conclusions
The use of air-stable precursors, simplicity of operation, scalable possibility, one pot, and shorter reaction
duration to generate monophasic products are the
striking advantages of the current work. The formation
of CuSbS2 and Cu3SbS3 in ethanolamine and ethylene
glycol respectively is reasoned out to relate with the
nature of copper sulﬁde (copper-rich and copper-poor)
from [Cu(tu)3]Cl as seed crystals. The formation of
quaternary sulﬁde, Cu3Sb0.50Bi0.50S3, was feasible in
ethylene glycol as a solvent medium, promoted by the
additional factor of its high viscosity facilitating
higher miscibility. Interestingly, such a substitution
stabilized Cu3SbS3 in orthorhombic symmetry, similar
to the stabilization of cubic Cu3SbS4 by iron
substitution.40
Supplementary Information (SI)
Figures S1-S4 are available at www.ias.ac.in/chemsci.
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