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Abstract: The nature of phase equilibria in the CuzSbSs-Cul binary system over the entire concentration range
were studied by means of the powder X-ray diffraction analysis (PXRD) for the first time at room temperature. It
was found that the sample containing 66.7 mol.% Cul composed of a single phase and has a powder diffraction
pattern completely different from the constituent phases of the system under study. The crystal lattice type and
parameters, that were determined on the basis of the X-ray diffraction pattern of this sample using the TOPAS
4.2 and EVA computer programs are fully consistent with the literature data of the CusSbS;l, four-component
compound. The copper (1) iodide rich samples of the system consist of a two-phase mixture of CusSbS;l, and Cul
phases. However, the system is unstable in the CusSbhSsl,-CusSbSs composition range. In this concentration

interval, the system is characterized by complex physico-chemical interaction of the initial components.
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Introduction

Chalcogenides, halides and chalcogen-halides
of copper are widely studied due their interesting
functional properties, in particular, their high
ionic conductivity compared to Cu® cations [1-3].
Recent studies show that many natural
chalcogenide minerals of copper such as
chalcostibite (CuSbS;), skinnerite (CusSbhS3),
famatinite (CuzShSy,), tetrahedrite (Cu12+xSba+yS13,
0<x<1.92and 0.02 <y <0.27) are a relatively
new class of materials that can be utilized in thin-
film solar cells, photoelectrochemical hydrogen
production, etc. [4-7]. Among these copper
antimony sulphide (CAS) materials, CusSbSs is a
semiconductor with a direct band gap value
ranging between 1.46 - 1.84eV and has high
absorption coefficients making it a strong
candidate as absorber and high performance
thermoelectric candidate [8-10].

One of the approaches to search for new
phases based on known compounds is the study of
phase equilibria in relevant systems [11-13].
Because, the information accumulated in phase
diagrams of the corresponding systems is always
helpful in materials science for the development
of advanced materials. In the context of the
foregoing, here we report a study of phase
equilibria of the Cu3SbS3-Cul system by PXRD
method.

The presented work is a continuation of our
research [14-18] in the field of metal
chalcogenides and chalco-halides and is dedicated
to the study of phase equilibria in the Cu3ShSs-
Cul system.

Initial compounds of the system are well
studied.
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There are 3 modifications of the copper (1)
iodide [19,20]. It was determined that the low-
temperature y-modification of Cul crystallizes in
a face-centered cubic lattice and its transition to
the B-phase occurs at 603K. The B-Cul phase
crystallizes in a trigonal lattice, exists in a small
temperature range (~10K) and transforms into the
a phase at 613K [19]. The a-Cul phase also
crystallizes in a cubic lattice [20].

The Cu3ShS; ternary compound, known as

skinnerite mineral, melts congruently at 885K and
exists in several modifications [21,22]. High-
temperature o modification is stable at
temperatures above 394K and has an
orthorhombic crystal lattice. The intermediate -
Cu3ShS; phase, which is stable in the temperature
range of 264-395 K, crystallizes in a monoclinic
structure. The low-temperature y-modification of
the CusSbS; compound exists below 264K and
has an orthorhombic crystal lattice.

Experimental part

Elemental copper (Cu-00029; 99.9999%),
antimony (Sb-00002; 99.999%) and sulphur (S-
00001; 99.999%) of high purity from Evochem
Advanced Materials and Cul (7681-65-4,
99.999%) binary compound from the Alfa Aesar
German brand were used for synthesis.

The CusSbS3; compound was synthesized by
fusion of stoichiometric amounts of the
corresponding simple substances in an evacuated
(~10 Pa) and sealed silica ampoule of the 15
x1,5 cm size in a two-zone inclined furnace. The
temperature of the hot zone of the furnace is
gradually raised ~50 °C above the melting
temperature of the compound over 3-4 hours. The
temperature of the upper ‘‘cold’” zone of the
furnace was 650 K, which is slightly below the
boiling point of sulfur (718 K [23]), and the lower
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““hot”” zone was 30°-50° higher than the melting
point of the synthesized compound. After
synthesis, the ampoule was kept at 750 K for 100
h. The phase purity of the synthesized compound
was controlled by the differential thermal analysis
(DTA) and the powder X-ray diffraction (PXRD)
technique. Figure 1 shows the DTA heating curve
and PXRD pattern of the synthesized RT-CuzShS;
compound. The melting point determined from
the DTA heating curve practically coincided with
the literature data. This diffraction pattern is
identical with the one given in the database of the
Bruker software. By indexing the diffraction
pattern, we obtained lattice constants of
crystallographic parameters of this compounds
which substantially coincide with the published
data [24,25].
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Fig. 1. The DTA heating curve (a) and the PXRD pattern (b) of the synthesized ternary compound
CU3SbS3

Samples of the CusShS;-Cul system with
different compositions were prepared by co-
melting of appropriate amounts of the previously
synthesized and identified ternary CuzSbhS;
compound with binary Cul in quartz ampoules.
Synthesized samples were powdered and
subjected to long-term thermal treatment at 30-
50° below the solidus.

Obtained equilibrium samples were studied
by the PXRD analysis using a D8 ADVANCE
diffractometer with CuK,, radiation. TOPAS 4.2

and EVA computer programs were used to
determine the crystal lattice parameters.

DTA was used for identification of the pre-
synthesized Cu3ShS; ternary compound in
evacuated quartz ampoule on a differential
scanning calorimeter 404 F1 Pegasus System
(NETZSCH). The measurement results were
processed using the NETZSCH Proteus Software.
Accuracy of the temperature measurements was
within + 2 K.

Results and discussion

The results of the powder X-ray diffraction
analysis of the equilibrium samples of Cu3SbSs-
Cul system are given in the figure 2. As can be
clearly seen, the sample containing 66.7 mol%
Cul has a diffraction pattern that is not
characteristic of the original compounds, and in
alloys rich in copper (I) iodide ( < 66.7 mol% Cul
), the diffraction lines of the Cul compound are
also added to the picture.

A comparative analysis of the X-ray
diffraction pattern of a sample containing 66.7
mol% Cul with literature data shows that it
corresponds to a compound of the CusSbS;l,

composition and crystallizes in an orthorhombic
system with space group Pnnm. The lattice
constants calculated by us for the sample
containing 66.7 mol% Cul are almost identical to
the literature data [26] of the four-component
CusSbSzl, compound (a = 10.4670 (20),
b=12.8370 (20), c = 7.6540 (20) A; Z=4).

The X-ray diffraction patterns of the samples
from the area rich in CusSbS3 (>66.7 mol% Cul)
of the Cu3ShS;3;-Cul system have more complex
diffraction patterns (fig.2). This shows that the
system in that area is unstable and characterized
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by complex physico-chemical interaction of initial phases.
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Fig. 2. The PXRD patterns of some alloys of the system Cu3ShS;3-Cul :
1 — Cul, 2-90 mol% Cul, 3 — 80 mol% Cul; 4 — 66.7 mol% Cul, 5 — 60 mol% Cul;
6 — 40 mol% Cul; 7 — 20 mol% Cul, 8 — CusSbS;

Thus, based on the experimental observations
in this work, we have studied the interaction of
components in the CuzShSs-Cul system at room
temperature by means of PXRD analysis. It was

identified, that, the system is characterized by the
formation of one quaternary compound CusSbSsl,
and a complex interaction between initial binary
and ternary compounds.

and copper—bismuth chalcogenides—
Research opportunities and review for solar
photovoltaics. MRS Energy & Sustainability.
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Cu3zSbS;-Cul SISTEMININ RENTGENOQRAFIK TODQIiQi
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Xiilasa: Cu3SbSs-Cul binar sisteminds faza tarazliginin tobisti tam qatiliq intervalinda ilk dofo olaraq
rentgen faza analizi vasitosilo 6yranilmisdir. Miiayyan edilmisdir ki, torkibinds 66,7 mol.% Cul olan
niimuna bir fazadan ibarat olub todgiq olunan sistemi toskil edon ilkin fazalardan tamamilo forglonon
yeni difraksiya manzarasino malikdir. TOPAS 4.2 vo EVA kompiiter proqramlarindan istifado etmoklo
bu niimunanin rentgen difraksiya niimunasi asasinda toyin edilmis kristal qafos névii vo parametrlori
CusSbS3l, dordkomponentli birlosmasi tiglin adabiyyat malumatlari ilo tam {st-iisto diistir. Sistemin
mis (I) yodidlo zongin niimunolori CusShSsl; vo Cul fazalarinin ikifazali qarigigindan ibarotdir.
Homginin, sistem CusSbSsl,-CusShS; qatiliq intervalinda qeyri-stabildir vo ilkin komponentlorin
miirokkob fiziki-kimyovi qarsiliglt tasiri ilo xarakterizo olunur.

Acar sozlar: CusSbS;-Cul sistemi, faza tarazliglari, gofas parametrlati, rentgen-faza analizi
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PEHTITEHOI'PA®UYECKOE UCCJIEJOBAHUE CUCTEMBbI Cu3ShS;-Cul
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Annomayun: Memooom penmeenogazosozo ananuza (PPA) enepsvie uzyuen xapaxmep Gazosvix
pasnosecuii 6 obunapnou cucmeme CuzSbSz-Cul 6o 6cem Oouanazone Konyenmpayuii npu KOMHAMHOLU
memnepamype. Ycmanogneno, umo obpasey, cooepaicawuii 66.7 mon. % Cul, cocmoum uz o0Hotl ¢ha3vl
U umeem NOPOWKOBYIO OUDPAKMOSPAMMY, COBEPUIEHHO OMAUYHYI0O OM COCMAGIAWUX a3
uccredyemotl cucmemsol. Tun u napamempsl KpUCMALIUYECKOU peulemKy, onpedeileHHble Ha OCHOBAHUU
PEHM2EHO2PAMMbBL 3M020 00pazya ¢ nomowpio xKomnvromepuvlx npoepamm TOPAS 4.2 u EVA,
NOJIHOCMbI0  COOMBEMCMBYION  TUMEPAMYPHLIM ~ OAHHLIM — 4emblPeXKOMNOHEHMHO20 COeOUHeHUs
CusSbSsly. Boeamuie uoouoom meou (I) obpasyvt cucmemvr cocmosim uz 08yxgasnou cmecu pas
CusSbSsly u Cul. Oonaxo 6 unmepsane cocmasos CusSbSsl,—CuzShS; cucmema neycmotiuusa. B smom
ummepeane  KOHYEeHmMpayuu  cucmema  Xapakmepusyemcs  CLONCHbIM — (DUBUKO-XUMUYECKUM
83aUMOO0elCmBUeM UCXOOHBIX KOMNOHEHMOS.

Knioueswie cnosa: cucmema CuzShSs-Cul, ghazosvie pasnosecus, napamempol pewemxu, POA.
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