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1. INTRODUCTION

Thermoelectric (TE) materials have fascinat-
ed us for more than one century as they can di-
rectly convert wasted heat into useful electricity. 
The energy conversion ef�ciency of a TE mate-
rial can be estimated from a dimensionless �gure 
of merit ZT = (S2�/�)T, where �, S, � and T are 
electrical conductivity, Seebeck coef�cient, ther-
mal conductivity, and temperature, respectively 
[1,2]. Maximizing the power factor (S2�) and 
reducing thermal conductivity are the two ap-
proaches used to increase ZT values. However, 
as �, S and � are interconnected and it is an ardu-
ous challenge to improve one of the parameters 
without worsening another. Therefore, increase 
in TE power output has been accompanied by 
limited success [3-5].

Besides high ef�ciency, the development 
of TE materials consisting of non-toxic and 
earth-abundant elements is also crucial for large 
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scale practical applications. The current state 
of the art TE materials, such as BiTe, [6,7] and 
PbTe [8], contains Te, which is toxic and a rare 
element in the earth’s crust. Thus, new TE ma-
terials consisting of non-toxic and earth-abun-
dant elements are needed and are very active-
ly searched [9-11]. In this regard, some metal 
sul�des have emerged as promising TE com-
pounds after discovering high ZT value in tet-
rahedrite (Cu

12
Sb

4
S

13
) compounds [12-14]. In 

recent years, numerous attempts have been made 
to improve ZT values of tetrahedrite through 
doping with suitable elements [15-17]. Bornite 
(Cu

5
FeS

4
), another p-type sul�de-based TE ma-

terial, was also developed during recent years 
[18-20]. High ZT values of 0.5 [21], 0.6 [22] and 
0.8 [23] have been obtained for these materials 
through doping, co-doping and judicious control 
of composition, respectively. Along with these 
p-type sul�de compounds, paracostibite (CoSbS) 
has been proposed as a promising n-type sul�de-
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based TE material [24,25]. CoSbS crystallizes in 
an orthorhombic structure space group Pbca with 
unit cell parameters of a = 5.842, b = 5.951, c = 
11.666 Å [25]. High power factors of 1.6 mWm-

1K-2 at 723K [26] and 2.7 [24] mWm-1K-2 at 
543K have been achieved when CoSbS is doped 
by partially substituting Co with Ni and Sb with 
Te, respectively. However, the main routes to 
synthesize CoSbS, high-temperature solid-state 
reaction [27] or ball milling for 20 h [26], are 
time-consuming and not suitable for large scale 
production. Thus, the goal of this study is to 
investigate the TE properties of CoSbS synthe-
sized by a new route and survey the effect of Cu 
substitution for Co on its performance.

2. EXPERIMENTAL PROCEDURES

Polycrystalline Co
1-x

Cu
x
SbS

4
 (0 ≤ x ≤ 0.08) 

nanopowders were obtained by mechanical al-
loying of cobalt, antimony, copper and sulfur 
powders in a high energy SPEX 8000 ball mill 
under high purity argon atmosphere. All pow-
ders were purchased from Sigma-Aldrich with 
a purity higher than 99.5 %. A 70 mL jar and 
balls (with diameter between 6-10 mm) made 
from SPK tool steel were used for the milling. 
The ball to powder mass ratio was adjusted in 
10:1, and a rotational speed of 1000 rpm was 
used. The net milling time was 3 h and a total 
10 g of powder was synthesized in each exper-
iment. During milling, the device was ceased 
and allowed to cool down for 20 minutes af-
ter every 10 minutes of milling. Stearic acid, 
CH

3
(CH

2
)

16
CO

2
H (2 wt%) was employed as 

the process control agent. The powder weight-
ing and jar-�lling tasks were carried out inside 
a glove box under high purity argon atmos-
phere. The milled powders were then annealed 
at different temperatures ranging from 400 ºC 
to 650 ºC for 1 h under Ar atmosphere. The 
resulting powders were then loaded into graph-
ite dies and consolidated into pellets (Ø10 mm 
× ~1.5 mm) under Ar atmosphere using a cus-
tom-made hot press. The hot press was per-
formed at 450 ºC for 5 min, under a pressure of 
100 MPa. The densities of the pressed pellets 
were higher than 80% of the theoretical value 
in all samples.

A Bruker AXS D8 ADVANCE X-ray diffrac-
tometer using Cu–K� radiation (� = 0.154 06 Å) 
with a dwell time of 0.8 s per step and step size 
0.03° was employed for XRD studies. The crys-
tallite size (d) was calculated using the William-
son-Hall (W-H) method according to the follow-
ing equation:

cos 2 sin
k

d

λ
β θ ε θ= +                                              (1)

where � is the FWHM, corrected for the instru-
ment broadening, � the x-ray wavelength (1.5406 
Å), � a constant (0.9), � the lattice strain, d the 
crystallite size and �  the diffraction angle [20].  

The size and morphology of the samples were 
studied using Zeiss Libra 120 transmission elec-
tron microscopy (TEM), operated at 120 kV, 
and Zeiss Auriga scanning electron microscope 
(SEM), at 5.0 kV. The elemental analysis of the 
samples was performed with energy-dispersive 
X-ray spectroscopy (EDS).

The electrical resistivity and the Seebeck coef-
�cient were measured simultaneously using LSR-
3 LINSEIS apparatus over the temperature range 
of 300 to 723 K under helium atmosphere. The 
thermal conductivity was obtained as a product 
of thermal diffusivity (�), heat capacity (Cp), and 
mass density of the specimen (�), (� = �×�×Cp). 
XFA 600 Xenon Flash apparatus was employed to 
measure thermal diffusivities, the density values 
were obtained using the Archimedes’ method and 
the Dulong-Petit approximation of speci�c heat 
(Cp) was used.

3. RESULTS and DISCUSSION

3.1. Structural  Evolution

The x-ray diffraction patterns of the as-milled 
CoSbS powders at different times are shown in 
Fig. 1a. The XRD pattern of Sb (PDF#083-1323) 
is also shown in Fig.1a to follow the evolution of 
powders during ball milling. After 30 minutes of 
MA, the XRD pattern corresponded to a mixture 
of antimony, sulfur, and cobalt. The peaks of Sb 
were still present after 3 h of MA. Some traces 
of unreacted cobalt could be also detected even 
after 3 h of high energy MA. As the milling time 
increased, the intensities of all available planes 
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decreased, but no signi�cant reactions occurred. 
However, a trace amount of CoSbS (indicated 
with @ symbol) had nucleated after 3 h of MA. 
The �nal composition of powders after 3 h of 
milling was consistent with the presence of poor-
ly crystalline Sb, S, and Co along with a trace of 
CoSbS.

The phase transformation of the as milled 
powders during subsequent annealing can be 
assessed in Fig.1b. The diffraction patterns 
of CoSbS and Sb is also shown in Fig.1b. It 
can be clearly seen that annealing at 450 ºC 
and lower temperatures resulted in a mixture 
of Co

24
S

32
 (linnaeite), CoSbS (costibite) and 

CoSbS (paracostibite). The amount of linnaeite 
and costibite phases signi�cantly decreased in 
the sample annealed at 500 ºC, while the for-
mation of CoSbS (paracostibite) did not pro-
ceed completely at this temperature. The XRD 
pattern of the sample annealed at 550 ºC was 
consistent with the presence of nearly pure 
CoSbS with a trace amount of linnaeite. Final-
ly, the XRD pattern of the sample annealed at 
650 ºC implied that a pure CoSbS phase with 
no evidence of impurities such as linnaeite and 
costibite has been obtained. These results indi-
cated that high energy MA followed by an an-
nealing treatment at 650 °C is a suitable route 
to produce pure CoSbS.

Fig. 1. XRD patterns of as-milled (a) and annealed  

(b) Co-Sb-S powders. The diffraction patterns 

of Sb and CoSbS are also shown.  

Fig. 2. Crystallite size as a function of milling time (a) and annealing temperature (b).
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The crystallite size of nanopowders was ob-
tained from the y-axis intersection of the W-H line 
(�cos� vs. sin�). The results are shown in Fig. 2. 
The crystallite size decreased to 12 nm after 3 h 
of MA and then increased to 78 nm during anneal-
ing at 650 ºC. Severe plastic deformation during 
MA lead to the creation of thermodynamically 
unfavorable amount of defects such as vacancies 
and dislocations, hence a high level of enthalpy is 
stored in the nanopowder. During annealing, re-
covery proceeds through dislocations removal or 
re-arrangement to generate sub-grains, followed 
by formation of new grains in the recrystallization 
stage and �nally grain growth in the third stage of 
annealing.  Here, it can be clearly seen that the an-
nealing step drove the sample up to the last stage, 
grain growth, and crystallite size increased from 
12 nm for the as milled sample to 78 nm for the 
annealed sample.

A representative TEM image of the as-milled 
CoSbS nanoparticles is shown in Fig. 3a. Faceted 
structures and some rod-like particles with sizes 
ranging from 40-80 nm can be observed after 3 
h of ball milling. A slight inhomogeneity could 
be also detected in nanoparticles. This shows that 
the diffusion process required for the formation 
of the CoSbS phase was not completed even af-
ter 3 h of ball milling. So, a posterior annealing 
process was required to stimulate the long-range 
diffusion and subsequently formation of CoSbS 
phase, as seen in the XRD results. An SEM image 
obtained from the fracture surface of hot-pressed 
CoSbS sample is also shown in Fig. 3b. The main 
morphological characteristic of the hot-pressed 
sample is the presence of coalesced nanoparticles 

(smaller than 100 nm) with explicit boundaries, 
while some larger particles can also be detected 
in Fig. 3b. As microstructural features with a size 
less than 1 µm are effective in reducing thermal 
conductivity through hampering the propagation 
of small wavelength phonons [21], a relatively 
low thermal conductivity can be expected for all 
samples. EDS analysis of samples also showed 
good agreement with the nominal composition of 
the initial powder mixtures (Table 1).

Fig. 3. (a) TEM image of as milled CoSbS 

nanoparticles and (b) SEM image of the fracture 

surface of hot-pressed CoSbS.

Table 1. Chemical composition of Co
1-x

Cu
x
SbS

4
 samples

Co
1-x

Cu
x
SbS

4
 

sample

Nominal  

composition

EDS Chemical Composition (wt.%)
EDS Formula

Co Cu Sb S

x = 0 CoSbS

P1 27.658 0 56.923 16.039

CoSb
0.97

S
1.03P2 28.438 0 55.623 15.469

P3 28.018 0 56.127 15.708

x = 0.04
Co

0.

96
Cu

0.04
SbS

P1 27.458 0.962 56.733 16.048

Co
0.97

Cu
0.03

Sb
0.98

S
1.02

P2 27.038 0.865 55.802 15.069

P3 26.686 0.879 57.027 15.408

x = 0.06
Co

0.

94
Cu

0.06
SbS

P1 27.658 2.091 56.922 16.039

Co
0.91

Cu
0.07

Sb
0.98

S
1.04

P2 28.438 1.941 55.623 15.469

P3 28.018 2.300 56.127 15.708
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3.2. Thermoelectric Properties

The temperature dependence of the electrical 
resistivity, Seebeck coef�cient and the resultant 
power factor for Co

1-x
Cu

x
SbS

4
 (x =0, 0.04 0.06) 

samples are plotted in Fig. 4.  It can be seen that 
the electrical resistivity decreased with increasing 
temperature (Fig. 4a), which is a typical non-de-
generate semiconductor transport behavior. The 
electrical resistivity of CoSbS was 3.7888 and 
0.1046 mΩ�m at room temperature and 723 K, 
respectively. It should be noted that these resis-

tivity values are close to the values reported by 
Chmielowski et al. [24] and Yao et al [27]. The 
electrical resistivity decreased upon substitution of 
copper for cobalt. Surprisingly, positive Seebeck 
coef�cient values were measured in the low-tem-
perature range, from room temperature and up to 
about 500 K, pointing toward p-type conduction 
(Fig. 4b). At temperatures above 500 K, CoSbS 
showed n-type conduction. It has been reported 
previously that CoSbS is an n-type material hav-
ing a Seebeck coef�cient in the range of -300 
µV/K to -500 µV/K at room temperature [24-27]. 
However, a distinct behavior from that reported 
by Chmielowski et al. [24], Yao et al. [27] and Liu 
et al. [26], who all reported n-type conduction for 
CoSbS in the entire temperature range, was ob-
served here for CoSbS and Cu-doped CoSbS sam-
ples. The highest Seebeck coef�cient of -185.74 
µV/K at 732 K was obtained for the CoSbS sam-
ple. Furthermore, the Seebeck coef�cient at �rst 
increased and then decreased with increasing tem-
perature. The same trend was observed for all Cu 
substituted samples. We attribute these different 
�ndings to our new synthesized route and, likely, 
due to the existence of minor impurities such as 
linnaeite and costibite which cannot be detected 
in XRD analysis. The maximum power factor of 
0.3299 mW/mK2 was also obtained for un-doped 
CoSbS. Therefore, a highly reliable procedure 
was developed here to synthesis CoSbS samples 
showing a reversible switching between p- and 
n-type conduction at 500 K.

The temperature dependence of the total thermal 
conductivity � of Co

1-x
Cu

x
SbS

4
 (x =0, 0.04 0.06) 

samples is presented in Fig. 5a. A relatively high 
thermal conductivity was observed for all samples 
over the entire temperature range measured. The 
un-substituted CoSbS posed a thermal conductiv-
ity of 3.96 W/mK at room temperature, and this 
value decreased to 3.44 W/mK for Cu-substitut-
ed Co

1-x
Cu

x
SbS

4
 at x = 0.06. As shown in Fig. 5a, 

thermal conductivity decreased with temperature 
and reached a value around 2 W/mK for all sam-
ples at 723 K, which is lower than the previous-
ly reported values for CoSbS at this temperature 
[24-27]. The lower thermal conductivity can be 
mainly attributed to the lower density and higher 
level of porosity in our samples. Fig. 5b shows the 
temperature-dependent TE �gure of merit ZT for 

Fig. 4. Transport properties of Co
1-x

Cu
x
SbS

4
 as a function 

of temperature; (a) electrical resistivity, (b) Seebeck 

coefficients and (c) power factors.
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Co
1-x

Cu
x
SbS

4
 samples. A ZT value of 0.11 was ob-

tained for un-doped CoSbS sample at 723 K.  Cu 
substitution had a very minor effect on ZT values. 
A slightly higher ZT value of 0.12 was obtained 
for Co

0.06
Cu

0.04
SbS

4 
solid solution at 723 K.

4. CONCLUSIONS

This study investigated the TE properties of 
Co

1-x
Cu

x
SbS (x = 0, 0.04, 0.06) synthesized by 

a new route. Pure CoSbS was obtained after 2 
h mechanical alloying of precursor powders fol-
lowed by optimized annealing at 650 ºC for 1 h. 
All samples exhibited p-type conduction at room 
temperature and a reversible p- to n-type transi-
tion at 500 K.  A regular decrease in the electrical 
resistivity and Seebeck coef�cient was observed 
upon Cu substitution for Co. A maximum pow-
er factor of 0.3299 mW/mK2 was obtained for 

un-doped CoSbS at 723 K. Thanks to the nano-
crystalline nature and lower density of our sam-
ples, a thermal conductivity lower than those 
previously published were obtained for CoSbS. 
The maximum ZT value of 0.12 was obtained for 
Co

0.06
Cu

0.04
SbS

4 
solid solution at 723 K.
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