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Abstract In the search for new intermetallic materials

with high thermoelectric performances, the Co–Sb–S ter-

nary system has been explored and polycrystalline CoSbS

samples have been prepared by a vapour phase technique

starting from the pure elements. The crystal cell of CoSbS

belongs to the Pbca space group and shows an ortho-

rhombic structural arrangement with the following lattice

parameters: a = 5.8341(2) Å; b = 5.9477(2) Å, and c =

11.6540(4) Å. The structure belongs to the pyrite–marca-

site family, as Co forms tilted corner- and edge-sharing

octahedra with three Sb and three S atoms. Scanning

electronic microscopy (SEM), electron-probe microanaly-

sis (EPMA) and X-ray powder diffraction were used to

investigate the microstructure and to carry out the struc-

tural analysis; the crystal structure was refined by the

Rietveld method using the DBWS-9807 program. The

thermal stability of CoSbS was investigated referring to the

ternary Co–S–Sb phase diagram and by differential thermal

analysis (DTA) measurements. Thermoelectric power

measurements at room temperature were also performed by

a home-made instrument.

Keywords Thermoelectrics � Intermetallics � Seebeck
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Introduction

Skutterudites have been identified as promising materials

for thermoelectric applications, being characterised by a

high Seebeck coefficient and high electrical conductivity

[1]. To this class belong compounds with formula MX3,

where M = Co, Rh or I and X = P, As, or Sb; they crys-

tallize in a cubic cell with space group Im-3. Among them,

CoSb3 has been extensively studied [2–4]; due to its high

thermal conductivity, the figure of merit ZT = S2rT/

k (where S is the Seebeck coefficient, r is the electrical

conductivity and k is the thermal conductivity) is too low to

allow an extensive use of this material. In order to improve

this parameter, two paths are currently followed: (i) a

heavy atom, generally a rare earth such as Y [5], Sm [6], La

[7], is introduced in the two vacancies at 0, 0, 0 and 1/2,

1/2, 1/2, so that the guest atom acts as a filler and lowers

the lattice thermal conductivity; (ii) partial substitutions of

Sb by Te [8], Te and Pd [9], Sn [10], Se [11], or of Co by

Fe [12] or Ni [13] are performed to increase the carrier

concentration and as a consequence the electrical conduc-

tivity. GaTe, for example, recently resulted to be a prom-

ising thermoelectric material [14].

Ternary skutterudites with mixed anion occupancy,

characterised by the formula MY1.5Q1.5 (where M = Co,

Rh or I, Y belongs to the 14th group and Q to the 16th

group), exist too and crystallize in a modified structure

where the symmetry is lowered from cubic (space group

Im-3) to rhombohedral (space group R-3). To this class

belong compounds like CoGe1.5S1.5 [15] and IrSn1.5Te1.5

[16]. A higher amount of Co leads on the contrary to the
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obtainment of compounds with general formula MYQ, that

in many cases show a higher stability than the corre-

sponding skutterudite MY1.5Q1.5 [17, 18].

We studied the Co–Sb system and the possibility of

doping at the Sb site by chalcogenide elements, in partic-

ular by S, in order to increase the carrier concentration. As

in the latter case described, the introduction of S at the Sb

site resulted in the formation of the compound CoSbS, that

shows to be the most stable in the Co–Sb–S ternary system

[19, 20]. With respect to the skutteruditic structure, the

crystal cell of CoSbS exhibits a lowering of the symmetry

from cubic to orthorhombic (space group: Pbca). Co forms

corner- and edge-sharing tilted octahedral with three Sb

and three S atoms, analogously to the aforementioned

CoGeTe compound. In this work a structural and micro-

structural analysis is reported, together with some pre-

liminary results on the thermoelectric properties of the

compound.

Experimental

Cobalt rod (purity: 99.999%), antimony rod (purity:

99.99%) and sulphur powder (purity: 99.99%) were used as

starting materials. Cobalt and antimony were ground in an

agate mortar and mixed in the stoichiometric amounts; the

powders were then twice pressed (P = 15 MPa) to obtain a

pellet. The binary CoSb alloy was prepared melting in

induction furnace the pellet in an Al2O3 crucible, sealed in

a silica tube under partial pressure of Ar. The sample was

then ground again and the obtained powder was mixed with

a slight excess of S. After pressing twice (P = 15 MPa),

the powder was again put in an Al2O3 crucible; the latter

was then sealed in a silica tube under partial pressure of Ar

and subsequently put in an iron tube; the sample was then

treated in a horizontal furnace at 550 �C for 24 h, then at

780 �C for 48 h and finally at 500 �C for 48 h; afterwards

it was slowly cooled. The microstructure of the alloy was

first investigated by light optical microscopy (LOM).

Compositional and microstructural analyses were per-

formed by scanning electron microscopy (SEM) and elec-

tron-probe microanalysis (EPMA) based on energy

dispersive X-ray spectroscopy (EPMA-EDS). The surface

of the specimens was polished and the microstructure

investigated; the compositional contrast between the dif-

ferent phases was observed by means of a back-scattered

electrons (BSE) or secondary electrons (SE) detector. For

quantitative EPMA, the samples were analysed at 20 kV

acceleration voltage using cobalt as a calibration standard

of the beam current, gain and resolution of the spectrometer.

The structural properties were investigated by X-ray pow-

der diffraction (XRD) collecting diffractograms by means

of a Philips PW1830 diffractometer (Cu Ka radiation)

in the range 10� B 2h B 90� and refining data by Rietveld

method using the DBWS-9807 program [21]. The thermo-

electric power was measured by means of a home-made

instrument shown in Fig. 1. A heater applied on a face of a

cylindrical sample produces a thermal flow through the

sample. Heat is then discharged on a thermal mass held at

constant temperature by a thermostat at a temperature

ranging between 15 and 115 �C. Two thermocouples are

welded onto the surface of the rod, measuring the temper-

ature difference, as well as the Seebeck voltage of the

material. The thermoelectric power is then calculated.

The thermal stability of CoSbS was measured by means

of differential thermal analysis (DTA) by a 404S Netzsch

Pegasus (Selb, Germany) instrument on a powdered sample

enclosed in sealed tantalum crucible. The thermal schedule

consisted of a heating step from room temperature up to

900 �C at 10 �C/min in flowing argon.

Results and discussion

The structural analysis performed on the powders shows

that the compound is almost monophasic, with ortho-

rhombic CoSbS as the majority phase; traces of Sb2S3,

detected also by EPMA, appear too. For the Rietveld

analysis 12 structural parameters and four profile parame-

ters were refined; the Rietveld plot is reported in Fig. 2.
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Fig. 1 Simplified apparatus for thermoelectric power measurements:

a photo and b schematic diagram
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The peaks have been indexed and refined in the Pbca space

group; the lattice parameters are a = 5.8341(2) Å,

b = 5.9477(2) Å and c = 11.6540(4) Å. The structure,

shown in Fig. 3, is similar to the one described for CoGeTe

[17, 18] and is part of the pyrite–marcasite family. Co is in

fact octahedrally coordinated to three Sb and three S atoms;

each octahedron shares one S–S edge with a neighbouring

octahedron (similarly to pyrite, where each octahedron

shares two edges) and the remaining corners with 10

neighbouring octahedra (similarly to marcasite, where each

octahedron shares its corners with 12 neighbours).

[CoSb3S3] octahedra show a significant deviation from the

ideal arrangement, as Co–Sb distances range between

2.497 and 2.563 Å and Co–S between 2.252 and 2.324 Å,

meaning that the deviation is stronger than in CoGeTe and

CoAsSe [17]. The atomic positions obtained from refine-

ment are reported in Table 1.

The compositions of the binary phase CoSb and the

compound CoSbS, together with the structural and com-

positional data obtained by EPMA, are reported in Table 2.

The SEM analysis performed on the ternary alloy (Fig. 4a,

b) shows the presence of CoSbS, which appears in large

grey crystals; traces of Sb2S3 can be noticed too. The phase

CoSb3 was not detected; the binary phase Sb2S3 does not

show any Co solubility.

Room temperature (298 K) thermoelectric power

(S) resulted to be around 200 lV K-1. Resistivity was also

measured and a value of 5 9 10-4 X cm was found; the

power factor, defined as S2r (where r is the electric con-

ductivity), was then calculated and resulted to be

0.8 9 10-2 W K-2m-1. Thermal conductivity was not

measured, but assuming that the Wiedemann–Franz law is

valid for the studied compound, the calculated value of the

thermal conductivity k would be 1.5 W K-1 m-1. Using

these data, the figure of merit ZT = S2rT/k would result to

be 1.6, i.e. close to the values typical of skutterudites [22].
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Fig. 2 Rietveld refinement plot

for CoSbS from X-ray

diffraction data
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Fig. 3 Crystal structure of CoSbS; the octahedral dimers are visible

Table 1 Refined atomic positions for CoSbS

x y z

Co 0.0192 (1) 0.169 (1) 0.1169 (6)

Sb 0.1172 (5) 0.0468 (4) 0.3199 (2)

S 0.359 (2) 0.316 (1) 0.0657 (9)
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Thermal analysis revealed a decomposition temperature

slightly lower than the one reported by Allazov et al. [20];

for this reason a thorough investigation of the Co–Sb–S

ternary system is currently scheduled.

Summary

In the search for new thermoelectrics materials the Co–Sb–

S system was investigated and the compound CoSbS was

synthesised by a vapour phase technique. The crystal

structure was investigated and found to belong to the Pbca

space group and to the pyrite–marcasite family. The See-

beck number and the electrical resistivity were measured

and found around 200 lV K-1 and 0.5 9 10-4 X cm,

respectively. The figure of merit ZT, calculated using the

Wiedemann–Franz law to obtain the thermal conductivity,

showed a promising value, compared to the ones reported

for thermoelectric skutterudites.
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