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Abstract: Chalcostibite (CuSbS,) is composed of earth-abundant elements and has a proper band gap
(Eg=1.05 eV) as a thermoelectric (TE) material. Herein, we report the TE properties in the CuSbS,
based composites with a mole ratio of (1-x)CuSbS,—xCu;sS (x = 0, 0.1, 0.2, 0.3), which were
prepared by mechanical alloying (MA) combined with spark plasma sintering (SPS). X-ray diffraction
(XRD) and back-scattered electron image (BSE) results indicate that a single phase of CuSbS, is
synthesized at x = 0 and the samples consist of CuSbS,, Cu3SbS,, and Cuj,SbsS;3at 0.1 < x < 0.3.
The correlation between the phase structure, microstructure, and TE transport properties of the bulk
samples is established. The electrical conductivity increases from 0.14 to 50.66 S-cm™' at 723 K and
at 0 < x < 0.03, while the Seebeck coefficient holds an appropriate value of 190.51 uV-K ™. The
highest ZT value of 0.17 is obtained at 723 K and at x = 0.3 owing to the combination of a high PF

183 uW-m “K* and a low x 0.8 W-m K.
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1 Introduction

Thermoelectric (TE) materials have caused extensive
attention due to their potential applications in
converting waste heat into electrical power and solid
state refrigeration [1]. The conversion efficiency of TE
materials is generally evaluated by the dimensionless
figure of merit ZT = a’cT/k, where a is the Seebeck
coefficient, ¢ is the electrical conductivity, T is the
absolute temperature, and x is the total thermal
conductivity (the sum of the electronic thermal
conductivity (x.) and the lattice thermal conductivity
(xp)). kL can be considered as an independent TE
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parameter, while a, o, and . are interconnected closely
by the carrier concentration (n). The outstanding
performance of TE materials requires a large a, a high
o, as well as a low x. Today, Bi,Te;-based and
PbTe-based TE materials have been applied in cooling
devices and power generation. However, expensive (Te)
and toxic (Pb) elements limit their market applications.

Chalcostibite (CuSbS,) belongs to the compounds
with the formula of ABX,, where A is Cu, Ag, or Au, B
is As, Sb, or Bi, and X is S, Se, or Te. CuSbS, is more
earth-abundant, less toxic, and cheaper compared with
the compounds which include Ag, Au, Se, and Te
elements [2]. In the orthorhombic crystal structure of
CuSbS,, the Cu and Sb atoms occupy the cation sites
and they are coordinated by four and three S atoms,
respectively [3]. CuSbS,, Cu;SbS; (skinnerite), Cu;SbS,
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Fig. 6

Temperature dependence of electrical transport properties for the bulk samples with the mole ratio of

(1-x)CuSbS,—xCu,; ¢S (x =0, 0.1, 0.2, 0.3). (a) Electrical conductivity (o), (b) Seebeck coefficient (a), and (c) power factor (PF).

respectively. The increased Vg of the high-conductive
second phases and the decreased V) of low-conductive
CuSbS, in Table 1 would lead to the enhancement of
or according to Eq. (9). Chen et al. [6] reported that
the o of CusSbS,; was ca. 2.01 S-cm ! at 373 K, while
CupSbsS;3 which was synthesized by the solid-state
reaction at 723 K for 3 weeks and sintered at 723 K
under 10 MPa pressure showed a high o of 706.16
S-cm™' [7], along with a metal like P-type conductivity
calculated by DFT [8]. It is reasonable that the slightly
increased o at x = 0.1 is attributed to the formation of a
little of the second phases whose ¢ is higher than
CuSbS, (~0.01 S-cm ™). The remarkably enhanced o at
0.2 < x < 0.3 should be attributed to the additional
appearance of high-conductive Cuj;SbsS;53 (shown in
Figs. 2(d), 3(d), 3(f), and Eq. (2)). Table 2 shows the
electrical and thermal transport properties at 373 K for
all the bulk samples with the mole ratio of
(1-x) CuSbS,—xCu; S (x = 0, 0.1, 0.2, 0.3), the
Cu;SbS, and Cuy,Sb,S;3 second phases as well as the
raw Cu,¢S. The high ¢ of Cu;¢S up to 3353 S-cm!
still indicates a great potential to enhance the electrical
transport properties of CuSbS,, although the raw Cu, gS
phase is absent in the final bulk samples by applying

MA combined with SPS. How to composite Cu;gS
with CuSbS; is still a big challenge in the future.

The positive o value for all samples in Fig. 6(b)
confirms the P-type semi conductive behavior, whose
values all decrease with raising x from 0 to 0.3 in the
whole measured temperature range from 373 to 723 K,
which is contrary to the variation of ¢. The second
phases show a higher ¢ associated with a lower o in
Table 2. The gradually reduced o value is mainly
attributed to the low & of Cup>SbySi3 (~82.26 uV-K™)
and CusSbS, (~641.88 pV-K') second phases
compared with CuSbS, (~930.5 pV-K™"). Due to the
high ¢ and the appropriate a value, the power factor
(PF = o’0) in Fig. 6(c) peaks at 183 pW-m '-K > and at
723 K when x = 0.3.

Figure 7(a) shows the temperature dependence of x
for the bulk samples with the mole ratio of
(1—=x)CuSbS,—xCu,; ¢S (x = 0, 0.1, 0.2, 0.3). The x of
CuSbS; is 1.27 W-m K" at 373 K which is little
higher than 1.06 W-m K reported by Du et al. [5].
The increased « as x ranging from 0 to 0.2 is attributed
to the increased density and the high x of Cu;SbS,
(~1.80 W-m ""K™") shown in Tables 1 and 2 [6].
However, the « still increases above 473 K when the

Table 2 TE transport properties of bulk samples and second phases at 373 K

Sample Phase Crystal structure o (S-em™) a (WK™ K (W-m K" zZT
x=0 CuSbS, Orthorhombic 0.01 930.50 1.27 0.0001
x=0.1 CuSbS,+Cu3SbS;+Cui2SbsS13 — 0.08 470.57 0.90 0.0007
x=0.2 CuSbS,+Cu3SbS;+Cu2SbaS13 — 6.78 122.00 1.31 0.0028
x=03 CuSbS,+Cu3SbS4+Cu 2SbsS13 — 76.41 88.36 1.27 0.0175
— CusSbS, [6] Tetragonal 2.01 641.88 1.80 0.0171
— Cu2SbsSi3 [7] Cubic 706.16 82.26 1.09 0.1635
— Cu; S [16] Rhombohedral 3353.05 22.64 226 0.0284
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density decreases to 4.21 g/em’ at x = 0.3, which may
be due to the formation of a large amount of
CupSbsSy3 with a high x above 473 K. The lowest x
0.47 W-m "K' for CuSbS, is achieved at 723 K. The
x. could be estimated by the Wiedemann—Franz
relation: x,= LoT, where L is the Lorenz number, T is the
absolute temperature. For nondegenerate semiconductor,
L was calculated to be 1.485 x 10 W-Q-K based on
the assumption of r = —1/2 for acoustic phonon
scattering according to Eq. (10) where kg is the
Boltzmann constant, e is the electron charge, and r is
the scattering factor [23,24].

(a2

Figures 7(b) and 7(c) show the temperature
dependence of x. and x;. The # plays a dominant role
in the thermal transport performance owning to the low
o resulting in an almost negligible .. The increased x.
as x ranging from 0 to 0.2 is attributed to the high x of
Cu;SbS, which plays a dominated role compared to the
contribution of increased alloy scattering and
CuIZSb4813. When x = 03, the amount of Cu128b4813 is
further increased as shown in Table 1 and the x; shows
a slight reduction in Fig. 7(c). The decreased x of x =

(10)
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0.3 may be owning to the lower i of Cu;,Sb,S;; rather
than the further increased alloy scattering. Moreover,
the refined grain shown in Figs. 5(d) and 5(e) could also
enhance the grain boundary scattering and lower the ;.

Figure 7(d) shows temperature dependence of ZT
for the bulk samples with the mole ratio of
(1-x) CuSbS,—xCu;sS (x 0, 0.1, 0.2, 0.3).
Significantly enhanced PF and slightly deteriorated x
for 0.2 < x < 0.3 result in a higher ZT compared
with CuSbS,. The highest ZT value of 0.17 at 723 K
was obtained when x = 0.3.

4 Conclusions

P-type CuSbS, based TE composites with a mole ratio
of (1-x)CuSbS,—xCu;gS (x = 0, 0.1, 0.2, 0.3) were
fabricated by MA combined with SPS. The correlation
between the phase structure, microstructure, and TE
transport properties of the bulk samples is systematically
investigated. A single phase of CuSbS; is synthesized
at x = 0 and the samples consist of CuSbS,, Cu;SbS,,
and CuppSbysSi; at 0.1 < x <X 0.3. The o significantly
increases from 0.14 to 50.66 S-cm ' at 723 K when 0 <

x < 0.03, while the a holds an appropriate value of
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Fig. 7 Temperature dependence of thermal transport properties and ZT value for the bulk samples with the mole ratio of
(1-x)CuSbS,—xCu;sS (x = 0, 0.1, 0.2, 0.3): (a) thermal conductivity (x), (b) electronic thermal conductivity (x.), (c) lattice

thermal conductivity (x; ), and (d) ZT value.
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190.51 wV-K™'. The highest ZT' value of 0.17 is
obtained at 723 K for x = 0.3 bulk sample owing to the
combination of a high PF 183 pW-m K and a low «
0.8 Wm K.
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