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Tetrahedrite Cu;5SbsS13 was synthesized via mechanical alloying (MA) and
consolidated using hot pressing (HP) as a solid-state route. Powders with a
single phase of Cu;2SbsS3 could be successfully synthesized without post-
annealing by controlling the process conditions of MA: 350 rpm for 24 h in an
Ar atmosphere. A sintered tetrahedrite with density close to the theoretical
density was obtained via HP at 723 K for 2 h under a pressure of 70 MPa.
Thermogravimetric and calorimetric analyses confirmed weight loss and
endothermic reactions at temperatures above 853 K, possibly due to the
decomposition/melting of the tetrahedrite and the volatilization/melting of the
constituent elements. The synthesized tetrahedrite is a nondegenerate semi-
conductor; its electrical conductivity increased with the increase in tempera-
ture. Its Seebeck coefficient also increased with the increase in temperature
without showing intrinsic conduction up to 773 K. As the HP temperature
increased, the power factor decreased because the decrease in the electrical
conductivity prevailed over the increase in the Seebeck coefficient. The ther-
mal conductivity had similar low values regardless of the HP temperature.
The maximum dimensionless figure-of-merit, ZT,., = 0.87, was obtained at
723 K for the Cu;2Sb,S13 hot-pressed at 723 K.
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INTRODUCTION

Tetrahedrites are attractive, cost-effective, and
earth-abundant p-type thermoelectric materials
which exhibit high dimensionless figure-of-merit
(ZT) values near 723 K. One of the most striking
features of tetrahedrites is their extremely low
thermal conductivity of 0.55 Wm ™ K~! at temper-
atures above 300 K. The tetrahedrite Cu;5SbsSi3
has a complex crystal structure with 58 atoms
arranged in a highly symmetric cubic unit cell
(space group: 143 m) composed of CuS, tetrahedra
CuS; triangles, and SbS; trigonal pyramids.® CuIi
atoms experience fluctuating bonding interactions
with the lone-pair electrons of Sb atoms and thus
anharmonically vibrate out of the CuS3 plane at low
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frequency and high amplitude, leading to low lattice
thermal conductivity.*® From a crystallographic
point of view, the cubic tetrahedral phase

CuiéCuﬁ*Sbi*Sﬁf has a cubic structure in which
the Cu' and Cu'' atoms are different from each
other. In general, one-third of Cu' is occupied by
monovalent copper cations and two-thirds by diva-
lent copper cations, whereas the Cu'' position is
filled with monovalent cations.” The low lattice
thermal conductivity is mainly related to the Cu!!
site, whereas the substitution of divalent cations at
the Cul site primarily affects the electrical resistiv-
ity, thereby reducing the char§e carrier contribu-
tion to thermal conductivity.5!

Generally, when tetrahedrite is synthesized using
a melting process, a sophisticated and slow reaction
(heating—maintaining—cooling) is required because
the boiling point of S is lower than the melting point
of Cu. In addition, a long-time heat treatment is
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required for phase transformation and homogeniza- &
tion. Mechanical alloying (MA) has several advan- N g,lg 2
tages—such as the prevention of phase separation 5'9N> T
during melting—over conventional melt-crushing 3 §w =
techniques, and it has been applied to the synthesis =Bl A
of nano-sized powders.!! Lu and Morelli'? reported =
a single-phase tetrahedrite solid solution prepared
by high-energy ball milling of the pure elements, .gé-\
Cu, Sb and S, with the natural mineral tetrahedrite, R g
where the natural mineral served as a seed matrix H %‘ s| =
and incorporated pure elements into a parent ® 08 ®
compound. Barbier et al.’® combined a high-energy © s 8
ball-milling procedure and elemental precursors S
with spark plasma sintering, and could considerably
reduce the total processing time. In this study, the -
optimum process conditions for MA and hot press- -E"_f"
ing (HP) were investigated to prepare the basic 3'> |3
ternary tetrahedrite Cu;2SbsSi3, and its phase O ~
transformation and thermoelectric properties were = g
examined. ~
~
EXPERIMENTAL g
=5 N
Cu2ShsSi3 powder was synthesized via MA. £ éa? i
Elemental powders of Cu (purity 99.9%, < 45 um; g g
Kojundo), Sb (purity 99.999%, < 150 um; Kojundo), oY
and S (purity 99.99%, < 75 um; Kojundo) were R
mixed and loaded into a hardened stainless-steel R
jar with stainless-steel balls of diameter 5 mm. The =1 E” =S
ball-to-powder weight ratio was 20. MA was per- =T 2 ;
formed at 300—400 rpm for 1248 h in an Ar E
atmosphere using a planetary mill (Fritsch Pul-
verisette5). The synthesized tetrahedrite powder 08
was charged into a graphite mold with an inner S8F S
diameter of 10 mm and subjected to HP at 673- § g8 88
773 K for 2 h under 70 MPa in vacuum. = 8 -

The phases of the MA powders and HP specimens
were analyzed using x-ray diffraction (XRD; Bruker
D8-Advance) with Cu Ka radiation (1 = 0.15405 nm).
The diffraction patterns were measured in the 6-20

Relative
density (%)
99.2

j J HP723K2H
) )

MA400R24H
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Cu12.345b4 1851248
Cu12.485b4.13512.39

Table I. Chemical compositions, physical properties, and charge transport parameters of Cu;,Sb,S;3 at room temperature
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Fig. 1. XRD patterns of synthetic powders and sintered specimens g F &
prepared using mechanical alloying and hot pressing. (% § %
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mode (20 = 10°-90°) with a step size 0f 0.02° and scan
speed of 0.4 s/step. A scanning electron microscope
(SEM; FEI Quanta400) and energy-dispersive x-ray
spectrometer (EDS; Bruker Quantax200) were used
to observe the raw materials used in MA and the
Cu15Sb,S;3 powders synthesized using MA, and to
analyze the polished and fractured surfaces of the HP
specimens. The weight changes and phase transi-
tions of the MA powders and HP specimens were
analyzed using thermogravimetry and differential
scanning calorimetry (TG-DSC; Mettler Toledo TG/
DSC1), in which the temperature was increased to
950 K at a heating rate of 5 K/min in an Ar
atmosphere.

The Hall coefficient, carrier concentration, and
mobility of the HP specimens were measured using
the van der Pauw method (Keithley 7065) under a
magnetic field of 1 T and electric current of 50 mA
at room temperature. The thermoelectric properties
were examined in the temperature (7)) range 323-
723 K. The Seebeck coefficient (¢) and electrical
conductivity (o) were measured using the tempera-
ture differential method and the DC four-probe
method (Ulvac-Riko ZEM-3). The thermal conduc-
tivity (k) was obtained from the thermal diffusivity,
specific heat, and density, which were measured
using the laser flash method (Ulvac-Riko TC-

9000H). The power factor (PF) and dimensionless
figure of merit (ZT) were evaluated using the
relationships PF = «%¢ and ZT = o®ox T,
respectively.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the synthetic
tetrahedrites according to the MA-HP conditions.
MA at 300 rpm for up to 48 h (MA300R48H) did not
yield a single phase of tetrahedrite (Cu;2SbsSi3),
and a secondary phase of famatinite (Cu3SbS,)
coexisted. However, a single tetrahedrite phase
was successfully synthesized at 350 rpm for 24 h
(MA350R24H). In order to shorten the time
required for MA, its speed was increased to
400 rpm for 12 h (MA400R12H), but the famatinite
phase was still present. Thus, the optimal MA
conditions in this study were determined to be
350 rpm for 24 h. The tetrahedrite phase synthe-
sized using MA (MA350R24H) remained after
HP—i.e., the XRD peaks of only the tetrahedrite
phase were identified for the sintered specimen hot-
pressed at 723 K for 2 h (HP723K2H). The XRD
peaks of the MA powders were broad owing to the
fine particle size and stress induced during the MA
process. However, the diffraction peaks of the HP
specimens became sharper which could be

Fig. 2. SEM images of raw materials (Cu, Sb, and S) and synthetic tetrahedrite powder.
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Fig. 3. SEM images and EDS line scans of (a) the polished surface
and (b) the fractured surface of the specimen hot-pressed at 723 K
for 2 h.

interpreted to be as a result of grain growth and
stress release during the HP process. As presented
in Table I, the full width at half maximum (FWHM)
of the diffraction peak for the (222) plane was
significantly reduced, from 0.505° for MA350R24H
to 0.127° for HP723K2H.

Figure 2 shows the SEM images of the raw
material powders (Cu, Sb, and S) and the tetra-
hedrite powder synthesized using MA. The particle
sizes of the raw powders were less than 150 ym as
supplied by the manufacturers, and the average
particle size of the synthetic powder obtained after
MA was reduced to several ym. Figure 3 shows the
microstructures observed in the back-scattered
electron mode and EDS line scans of the polished
and fractured surfaces of the HP specimen
(HP723K2H). A sound specimen was obtained with
a high relative density of 99.2% compared with the
theoretical density (4.99 g cm 3)'* of tetrahedrite.
In addition, no secondary phase was observed, and
the constituent elements were homogeneously
distributed.
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Fig. 4. Analyses of (a) TG and (b) DSC of the Cu42Sb,S43 powder
mechanically alloyed at 350 rpm for 24 h and the sintered specimen
hot-pressed at 723 K for 2 h.

Figure 4 shows the results of TG-DSC analyses of
the MA powder and HP specimen. Weight loss
occurred at temperatures above 823 K, possibly
owing to the decomposition of tetrahedrite (phase
transformation) and the volatilization of constituent
elements via melting. Endothermic reactions were
observed at 880 K for the MA powder and at 886 K
for the HP specimen, and these temperatures
corresponded to the melting point of tetrahedrite.
The HP specimen underwent an endothermic reac-
tion at 853 K, which is considered the decomposi-
tion temperature of the tetrahedrite.'® The thermal
stability of the tetrahedrite determined using the
TG-DSC analysis has rarely been reported.'®~'° The
undoped Cu;5Sb,S;35 was reported to melt incongru-
ently, decomposing at temperatures above 816 K
into digenite (Cu,S), famatinite (CuszSbS,), and
skinnerite (CusSbSs).*°

Table I lists the chemical composition, physical
properties, and charge transport parameters of
Cu2SbsS;3 prepared using the MA-HP process.
The actual compositions of the synthetic powder and
sintered specimen were similar to the nominal
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Fig. 5. Temperature dependence of the Seebeck coefficient of the
hot-pressed tetrahedrites.
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Fig. 6. Temperature dependence of the electrical conductivity of the
hot-pressed tetrahedrites.

composition, but the composition of S was found to
be slightly deficient. The lattice constant was cal-
culated to be 1.0327 nm. The Hall coefficient of
undoped Cu;5SbyS13 showed a positive sign, which
indicated a p-type semiconductor with holes acting
as charge carriers. The carrier concentration of the
HP723K2H specimen was 3.12 x 10%° em ™3 at
room temperature.

The temperature dependences of the thermoelec-
tric properties were examined for the specimens
HP673K2H, HP723K2H, and HP773K2H sintered
at various HP temperatures from 673 K to 773 K.
Figure 5 shows the Seebeck coefficient («) of the
mechanically alloyed and hot-pressed Cui5SbsSqs.
The Seebeck coefficient of a p-type semiconductor is
expressed as o = (8/3)n2kim Te h2(n/3n)"?,
where kg is the Boltzmann constant, m” the effec-
tive carrier mass, e the electronic charge, A Planck’s
constant, and n the carrier concentration.?’ As the
temperature rises, the Seebeck coefficient increases;
however, a significant increase in the carrier con-
centration owing to the intrinsic transition at a
certain temperature leads to a decrease in the
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Fig. 7. Temperature dependence of the power factor of the hot-
pressed tetrahedrites.

Seebeck coefficient; therefore, the Seebeck coeffi-
cient has a peak value at a specific temperature. As
shown in Fig. 5, the Seebeck coefficient increased
with the increase in temperature up to 723 K, and,
thus, the intrinsic transition temperature of
Cu;5SbsS;3 was estimated to be higher than the
measuring temperature range employed in this
study. As the HP temperature increases, the See-
beck coefficient also slightly increases. The
HP773K2H specimen showed high values of the
Seebeck coefficient, ranging from 143.3 uV K™ ! to
189.2 1 VK ! in the temperature range 323-723 K.

Figure 6 shows the electrical conductivity (o) of
Cu;2SbsS13. A positive temperature dependence of
the electrical conductivity in the measuring tem-
perature range indicates nondegenerate semicon-
ductor behavior. The electrical conductivity of
Cu1oSbsS;3 decreased with the increase in HP
temperature. The higher the processing (e.g.,
annealing or sintering) temperature, the more is
the change in the carrier concentration owing to the
volatilization of elements, especially S.?! For the
HP673K2H specimen, the highest electrical conduc-
tivity of 2.6 x 10%*-3.8 x 10* S m~! was obtained at
temperatures ranging from 323 K to 723 K.

Figure 7 shows the power factor (PF) of
Cu;5SbsS;3. The PF value increases in proportion
to the Seebeck coefficient and electrical conductivity
as PF = o26.22 However, both the Seebeck coefficient
and electrical conductivity depend on the carrier
concentration; these two parameters have a trade-
off relationship. Therefore, optimizing the carrier
concentration is necessary to obtain the maximum
PF value, which can be achieved by doping suit-
able atoms at the Cu, Sb, and/or S sites. In this
study, the PF value increased with the increase in
temperature owing to the increases in both the
Seebeck coefficient and electrical conductivity. The
intrinsic transition did not occur in the measuring
temperature range, and, thus, the PF value
increased with the increase in temperature. The
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Fig. 8. Temperature dependence of the thermal conductivities of the
hot-pressed tetrahedrites: (a) total thermal conductivity and (b)
electronic and lattice thermal conductivities.

PF values decreased with the increase in HP
temperature. This was because the reduction in
the electric conductivity dominated the increase in
the Seebeck coefficient. HP673K2H showed a PF of
0.4 mWm 'K ? at 323 K, but the maximum PF
was 1.0 mW m ! K2 at 723 K.

Figure 8 shows the thermal conductivity (k) of
Cu5Sb4S;3. The thermal conductivity is the sum of
the electronic thermal conductivity (kg) and lattice
thermal conductivity (k). The electronic thermal
conductivity was calculated using the Wiedemann—
Franz law (kg = L ¢T, L: Lorenz number),?® and
thus, the lattice thermal conductivity could be
separated. The Lorenz number was estimated using
the equation L = 1.5 + exp 1?/116_ where the units of
L and « are 10 ® V2 K2 and uV K !, respectively.?*
For instance, L was calculated to be 1.71 x 108
VZK™2 to 1.81 x 10°® V2K 2 at temperatures
ranging from 323 K to 723 K, as presented in
Table I. The HP773K2H specimen showed the low-
est thermal conductivity of 0.69—0.81 W m 'K ! in
the measuring temperature range, because the
carrier concentration was low and kz was the
lowest. The k7 values of all the specimens were
very low, with similar values regardless of the HP
temperature: «z = 0.59-0.60 Wm K! at 323 K,

S.-Y. Kim, Kwak, Pi, Lee, and I.-H. Kim
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Fig. 9. Dimensionless figure-of-merit of the synthetic tetrahedrites.

and k7 = 0.43-0.49 Wm K ! at 723 K. This low
thermal conductivity of the tetrahedrite Cu;5SbS13
results from the complex crystal structure in which
Cu is located at two different sites; Cu! is coordi-
nated to the tetrahedral by the S atom and Cu' is
coordinated to the triangular by the S atom. The low
thermal conductivity was reported to be due to the
effect of the lone-pair electrons of Sb, and similar
phenomena occur in similar compounds such as
CuSbSe, and CusSbSe;.2°

Figure 9 shows the dimensionless ZT of
Cu;9SbyS13. The ZT value increased with the
increase in temperature because the PF value
increased and the thermal conductivity remained
low without intrinsic transition. HP723K2H exhib-
ited the maximum ZT, ZT,.x = 0.87 at 723 K,
although the power factor and thermal conductivity
varied slightly depending on the HP temperature.
The ZT values of undoped tetrahedrites were com-
pared to the literature. Barbier et al.'® achieved
ZTmax = 0.60 at 723 K for CuoSbsS;3 synthesized
via encapsulated melting and spark plasma sinter-
ing. James et al.?® reported ZT . = 0.65 at 723 K
for Cu15Sb4S13 prepared via solvothermal synthesis
and hot pressing. Chetty et al.?’ achieved ZT,.x =
0.75 at 623 K for Cu;55b,S;3 fabricated via encap-
sulated melting and hot pressing, but this value
decreased at temperatures above 623 K, resulting in
ZT = 0.63 at 723 K. In our study, Cu;2SbsS;3 pre-
pared via MA and HP as a solid-state route exhib-
ited excellent thermoelectric performance of
ZT = 0.56-0.68 at 623 K and ZT = 0.76-0.87 at
723 K.

CONCLUSIONS

The ternary tetrahedrite Cu;2Sb4S:3 was success-
fully and easily synthesized via MA. A single
tetrahedrite phase could be obtained via MA at
350 rpm for 24 h. Homogeneous and dense consol-
idation could be performed using HP at 673-773 K
for 2 h under 70 MPa. No phase transition was
observed after HP and no post-annealing was
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required. All the specimens showed positive Hall and
Seebeck coefficients and exhibited p-type character-
istics. The tetrahedrite could be applied at tempera-
tures above 723 K because phase decomposition and
intrinsic transition did not occur at 723 K. The
thermoelectric performance varied slightly with the
change in HP temperature. In the case of the
specimen hot-pressed at 723 K, a superior dimen-
sionless ZT = 0.87 at 723 K was obtained. MA and
HP were confirmed to be useful and practical meth-
ods for the solid-state synthesis and sintering of
tetrahedrite via a relatively fast process.
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