
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 3
/2

/2
02

6 
10

:3
9:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Powder metallur
State Key Laboratory of New Ceramics and Fi

and Engineering, Tsinghua University, Beijin

mail.tsinghua.edu.cn; Fax: +86 10 6278484

Cite this: RSC Adv., 2017, 7, 18909

Received 2nd March 2017
Accepted 17th March 2017

DOI: 10.1039/c7ra02564e

rsc.li/rsc-advances

This journal is © The Royal Society of C
gically synthesized Cu12Sb4S13
tetrahedrites: phase transition and high
thermoelectricity

Fu-Hua Sun, Chao-Feng Wu, Zhiliang Li, Yu Pan, Asfandiyar, Jinfeng Dong
and Jing-Feng Li *

Cu12Sb4S13 tetrahedrite with intrinsically low lattice thermal conductivity has been identified as a promising

thermoelectric material with earth-abundant and environmental-friendly resource, but as a natural mineral

its synthesis process has not been established. This work studied a powder metallurgical process combining

mechanical alloying (MA) and spark plasma sintering (SPS) to synthesize Cu12Sb4S13�x (x¼ 0, 0.1, 0.2, 0.3 and

0.4) compounds. It is found that single-phased Cu12Sb4S13�x bulks could be synthesized by the MA-SPS

process, but tended to become powdered naturally in air at room temperature. Interestingly, this

weathering-like phenomenon could be effectively suppressed when the MA-SPS process was repeated.

Consequently, a high ZT value of up to 0.65 at 723 K was achieved at a nominal composition of

Cu12Sb4S12.7, which is close to the best value of 0.70 obtained in Cu12Sb4S13 tetrahedrites prepared by

the melting method, although the present process is more simple and cost-effective. In addition, in this

study temperature-dependent phase transitions were investigated to explore the reasons for the

weathering-like phenomenon observed in synthetic Cu12Sb4S13 tetrahedrites.
Introduction

Recently developed thermoelectric (TE) materials will offer new
opportunities to efficiently and economically recover waste heat
sources from industrial applications and vehicles using highly
reliable and relatively passive systems that produce no noise
and vibrations, have rapid response times, or allow for remote
operation.1–3 It is well known that thermoelectric efficiency is
dominated by the dimensionless gure of merit dened as ZT¼
(S2s/k)T, where S is the Seebeck coefficient, s is the electrical
conductivity, k is the thermal conductivity, and T is the working
temperature in Kelvin.4,5 There are two different strategies to
further promote thermoelectric applications: increasing the
energy conversion efficiency by raising ZT, and/or reducing the
cost of the devices. For the ZT enhancement, one effective
method is to improve the power factor (PF), S2s, which has been
achieved through regulating the convergence of the electronic
band structure, resonance levels, invisible dopants, etc., and the
other is to decrease the thermal conductivity by scattering the
long wavelength heat-carrying phonons and/or using energy
ltering effects of introduced nanoinclusions.6,7 Great progress
has been made in PbTe-based TE materials with a record ZT
reaching 2.2 at 923 K.8 However, tellurium resources are very
limited, so the search for Te-free and/or Pb-free materials has
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hemistry 2017
drawn increasing attention in the thermoelectric research
community worldwide9–11 and found a niche in high TE
performance, i.e., the highest ZT value of 2.6 at 923 K for SnSe
single crystals.12

Recently, interest has been concentrated on Cu–Sb–S ternary
compounds based on Cu12Sb4S13 compositions, which not only
meet the requirements of constitution elements with cost-
effective merit, but also offer the potential of promising TE
materials due to their low lattice thermal conductivity (<0.5 W
m�1 K�1 in the entire testing temperature range). Cu12Sb4S13
presents a chemical formula of (Cu12d)12(Cu12e)12(Sb8c)8-
(S2a)2(S24g)24 in one crystal cell. As theoretically predicted,
Cu12e site atoms behave as rattlers based on the Sb(CuS3)Sb
triangular bipyramid host frameworks in Cu12Sb4S13 thermo-
electrics, which scatter the low-frequency large-amplitude
vibration phonons, so as to reduce the thermal conductivity.
Simultaneously, the electrical conductivity can be enhanced
because of the weakened Cu–Sb bonding energy.13 Given the
complex and special Cu–Sb–S crystal structure and low thermal
conductivity, a range of single- or co-substituted synthetic
tetrahedrite compounds have already been investigated for
their relatively high ZT values at middle temperatures, such as
0.7 for Cu10.5Ni1.5Sb4S13 at 665 K,14 1.13 for Cu11MnSb4S13 at 575
K,15 0.98 for Cu11.5Co0.5Sb4S13 at 673 K,16 0.8 for Cu12Sb3.2-
Te0.8S13 at 665 K,17, 0.8 for Cu11.18Co0.82Sb3.59Te0.41S13 at 673 K,18

etc. However, oen the tetrahedrite materials were synthesized
by a direct melting reaction combining subsequent heat-
treatments, which takes several weeks to obtain the nal
RSC Adv., 2017, 7, 18909–18916 | 18909
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samples. Lu and Barbier et al.19,20 tried a synthesis using spark
plasma sintering (SPS), but only a single phase was obtained in
Cu12Sb4S13 with a certain amount of substitution elements like
As, Hg and Ag, or using natural minerals as a “seed matrix”.

In this work, we found that high phase-purity Cu12Sb4S13
compounds could be synthesized by repeating mechanical
alloying (rMA) and SPS. The phase structure and thermal
stability of the synthesized Cu12Sb4S12.7 prepared by MA-SPS
and rMA-SPS were also investigated at working temperatures
from room temperature to 723 K. It is noted that the coexistence
of second phase structures in the parent Cu12Sb4S13, intro-
ducing boundaries, interfaces and lattice mismatch, can coor-
dinate the electrical and thermal conductivity, leading to the
enhanced thermoelectric property of tetrahedrite compounds.
This work validated that single-phase thermoelectric p-type
tetrahedrites can be synthesized by a facile rMA-SPS process.
Experimental section
Chemicals and samples preparation

Cu (99.9%) powder and Sb (99.99%) and S (99.99%) shots were
mixed according to the nominal compositions of Cu12Sb4S13�x

(x ¼ 0, 0.1, 0.2, 0.3 and 0.4) in a dry argon-lled glove box, and
charged to a stainless steel jar with balls made of the same
materials. Then the sealed jar was set on a planetary ball mill
and conducted at 450 rpm for 10 hours for the MA synthesis of
compound powders. The MA-derived powders were subse-
quently put into a graphite die and sintered by SPS at 723 K in
vacuum for 10 min under an axial pressure of 50 MPa, which
was then cooled down to room temperature at a rate of 10 K
min�1. The resultant samples were crushed to powders and
consolidated again by SPS at 573 K for 10 min under 100 MPa.
The relative densities of all samples were above 98% and 86%
aer the rst and repeated SPS processes, respectively.
Fig. 1 XRD patterns of (a) powders after MA at 450 rpm for 10 hours,
and (b) Cu12Sb4S13�x (x ¼ 0, 0.1, 0.2, 0.3 and 0.4) tetrahedrite bulk
samples after SPS at 723 K. The octothorpe mask (#) indicates the
impurity diffraction peaks of Cu3SbS4.
Structural and thermoelectric characterization

The phase structures of the tetrahedrite samples were analyzed
by X-ray diffraction (XRD) on a Bruker D8 Advance diffractom-
eter equipped with a Ge (111) monochromator using Cu Ka

radiation (l ¼ 1.5418 Å). The data were collected at a rate of 4
degree per minute over the angular range 15� # 2q # 65� with
a step increment of 0.02�. Themorphology was observed by eld
emission scanning electron microscopy (SEM, ZEISS Gemini 2,
Germany). The phase transition, thermal stability and specic
heat capacity were investigated by differential scanning calo-
rimetry (DSC) on a Netsch STA449 apparatus (Germany), and
characterized under an argon ow from room temperature to
723 K with a heating rate of 10 K min�1 in the closed-aluminum
crucibles.

To investigate the thermoelectric properties, bar- and disk-
shaped specimens were cut from the SPSed pellets and pol-
ished with ne sandpaper. The Seebeck coefficient and elec-
trical resistivity were measured simultaneously by a Seebeck
coefficient/electrical resistance measuring system (ZEM-2,
Ulvac-Riko, Japan), under partial helium pressure at tempera-
tures from 323 K to 723 K. The thermal diffusivity (D) was
18910 | RSC Adv., 2017, 7, 18909–18916
measured in the same temperature range using the laser ash
model (TC-9000, Ulvac-Riko, Japan). Then, the thermal
conductivity (k) was calculated by k ¼ DrCp, where r is the
density, which was measured by the Archimedes method.
Results and discussion
Phase and macrostructure

The phase structure data of Cu12Sb4S13�x (x¼ 0, 0.1, 0.2, 0.3 and
0.4) bulks were recorded at room temperature by X-ray diffrac-
tion. As shown in Fig. 1a, although the expected tetrahedrite
crystalline phase (space group I�43m, PDF#42-0561) was ob-
tained by a one-step MA process, considerably strong peaks of
second phase Cu3SbS4 (PDF#35-0581) were detected, which
could not be suppressed even when adjusting the S content.
However, as shown in Fig. 1b, the samples have higher phase
purity aer SPS treatment due to the additional heat treatment.
As shown by the enlarged peaks around 2q ¼ 28.7�, the peaks of
the impurity phase Cu3SbS4 weakened with decreasing S
content, resulting in a nearly single phase at x ¼ 0.3. These
results suggest that single-phased tetrahedrite can be
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XRD patterns of (a) the Cu12Sb4S12.7 samples synthesized by the
rMA-SPS method at different temperatures ranging from 573 K to 673
K for the repeated SPS, and (b) Cu12Sb4S13�x (x ¼ 0, 0.1, 0.2, 0.3 and
0.4) samples prepared using a repeatedMA-SPS process at the optimal
temperature of 573 K under 100 MPa, while the XRD data were
collected using 1 second per step and 0.02 degrees per step. The
octothorpe mask (#) and plus sign (+) indicate the diffraction peaks of
the impurity-phase Cu3SbS4 and slightly deviated Cu12Sb4S13
compositions, respectively.
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synthesized by MA-SPS. It should be pointed out that second
phase Cu3SbS4 was probably formed during the cooling process,
which was well conrmed by the following DSC/TG experi-
ments. In fact, it was reported that synthetic tetrahedrites tend
to decompose as compared with the natural tetrahedrite
mineral, which has been signicantly demonstrated in
a previous publication.21

It is interesting that as-sintered Cu12Sb4S13�x samples pre-
sented poor mechanical properties and easily broke into small
pieces in air at room temperature, as seen in Fig. 2. The as-
sintered bulks (Fig. 2a) would naturally degrade from the
outmost surfaces, transforming into rougher appearances and
gradually cracking when placed in laboratory conditions for 0 h
to 36 h (Fig. 2b and c), and nally decomposing aer 120 h
(Fig. 2d). This phenomenon might be explained by a tempera-
ture-dependent phase transition as discussed later.

With a motivation to further synthesize robust bulks and
improve the phase purity of the Cu12Sb4S13�x samples, a simple
repeated MA-SPSmethod was applied to the synthesis aiming to
obtain high thermoelectric property. Fig. 3a shows the XRD
patterns of the Cu12Sb4S12.7 sample using the rMA-SPS process
at different temperatures ranging from 573 K to 673 K. It was
found that the impurity peaks of the Cu3SbS4 crystalline phase
weakened or even disappeared as the temperature increased.
However, if the temperature exceeds 623 K, the tetrahedrites
slightly deviate from the nominal Cu12Sb4S13 compositions
(marked with a plus sign + in Fig. 3), which implies volatiliza-
tion of sulphur at higher temperatures. Also, considering that
the synthesis of the x ¼ 0.7 compound has been completed in
the rst sintering process, we decreased the SPS temperature to
573 K at the repeated step, which can keep the phase purity of
rMA-SPS samples by avoiding the further volatilization of
sulphur. Additionally, the pressure was accordingly raised to
100 MPa to compensate for the sacriced sintering driving force
due to the lowered SPS temperature. As shown in Fig. 3b, high-
quality samples were obtained with phase purity and crystal-
linity, where no peaks could be detected in the x ¼ 0.3 and 0.4
Fig. 2 The morphology change of the pure-phase Cu12Sb4S12.7
specimen synthesized by the MA-SPS method with a time duration of
(a) 0 h, (b) 12 h, (c) 36 h and (d) 120 h, and by rMA-SPS process (e) 0 h
and (f) 120 h in air at RT.

This journal is © The Royal Society of Chemistry 2017
samples even when enlarging the range around 2q ¼ 28.7�, as
done in Fig. 1b. An estimation of the phase purity for the
Cu12Sb4S12.7 bulk was conducted using the Maud soware and
the Rietveld method. As shown in Fig. 4, a nearly single-phased
sample was obtained with only 1.6 volume percent of Cu3SbS4
as a secondary phase, which illustrates well that the rMA-SPS
method is a rapid and facile process to fabricate Cu12Sb4S13
tetrahedrites by suppressing the formation of the impurity
phase.
Thermal stability and microstructure

As mentioned above, all the MA-SPS samples easily broke into
small pieces at room temperature in air. Therefore, it is neces-
sary to further study the thermal stability through DSC/TG
measurement. The DSC curves of the Cu12Sb4S12.7 compound
were characterized by four types of exothermic peaks at
temperatures from room temperature to 723 K, as shown in the
bottom panel of Fig. 5, with the crystal structures corresponding
RSC Adv., 2017, 7, 18909–18916 | 18911
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Fig. 4 Rietveld refinement of the X-ray diffraction pattern recorded at
room temperature for the Cu12Sb4S12.7 bulk synthesized by the rMA-
SPS method. The XRD data were collected over the range of 15� # 2q
# 65� for 1.5 s at each increment of 0.01�. The zero-point shift and
asymmetry parameters of the diffraction peaks were systematically
refined, and the background contribution was estimated using the four
polynomial functions. The lattice parameters, atomic coordinates,
isotropic displacement parameters, site occupancies and phase
volume fraction were finally varied to refine the crystal structure.

Fig. 5 The DSC/TG curves for the Cu12Sb4S12.7 sample as prepared by
one-step MA-SPS and repeated MA-SPS in the bottom panel. The
relationship between the phase transition and testing temperature was
divided into four steps, marked with Roman numerals (I)–(IV), and
characterized by the crystal structures in the top panel.

Fig. 6 The SEM images for the Cu12Sb4S12.7 sample using different
process of (a) MA-SPS and (b) rMA-SPS at temperature of 723 K and
573 K, respectively.
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to the phase transitions displayed in the top panel of Fig. 5.
Thus, the evolution of the crystal structures here can be divided
into four steps.22 (I) At low temperature, the two sharp peaks at
320 K and 335 K for the MA-SPS and rMA-SPS samples can be
attributed to the phase decomposition of Cu12Sb4S13 into
Cu3SbS4 and CuSbS2. (II) The weak exothermic peak around 390
18912 | RSC Adv., 2017, 7, 18909–18916
K was characterized as the interchange of Cu3SbS4 and
Cu1.5Sb0.5S2. (III) The broad peak revealed the phase transition
from Cu3SbS4 or Cu1.5Sb0.5S2 to Cu12Sb4S13 at a medium
temperature of 585 K, which is also consistent with the large
weight loss in the TG curves. (IV) At high temperatures, a small
broad peak at 697 K was observed for the MA-SPS sample,
resulting from the phase decomposition of Cu12Sb4S13 to
CuSbS2, and the sulphur probably volatilized when the
temperature exceeded 670 K. It is noted that no exothermic
peaks were detected for the rMA-SPS sample above 350 K, which
indicates the absence of a phase transition at moderate
temperatures, suggesting that the thermal stability is enhanced
through repeated MA-SPS processing. There are big differences
among Cu3SbS4 (tetragonal, a ¼ b ¼ 5.385 Å and c ¼ 10.748 Å),
Cu12Sb4S13 (cubic) and CuSbS2 (orthogonal, PDF#00-44-1417,
a ¼ 14.501 Å, b ¼ 6.019 Å and c ¼ 3.797 Å),23 so the internal
stress accumulated in the sintering process is gradually
released as the temperature declines, then leading to the frag-
mentation of the as-sintered samples, as seen above in Fig. 2.

As analyzed above, for the rMA-SPS samples the phase
transition from Cu12Sb4S13 to Cu3SbS4/CuSbS2 can also be
detected at low temperatures aer repeating the MA and SPS
process, and it maintained the robust bulks for a quite long
time in air at room temperature, even when placed under
laboratory conditions (Fig. 2e and f). It is presumed that the
micropores among the grains (which have a large amount of
crystal defects, as shown in Fig. 6b) might absorb the expansion
to some extent, so that the weathering-like phenomenon did not
occur in the samples aer repeated MA-SPS. In fact, as
mentioned above, the relative density became lower aer
repeating MA-SPS.
Electrical transport property

Fig. 7a shows the temperature-dependent electrical conductivity
(s) of the Cu12Sb4S13�x samples synthesized by the rMA-SPS
method. Their s values present the same trend, in which they
rstly increase until the mid-temperature region and then turns
to a decrease for all of the compounds, indicating that the
properties change with increasing temperature from those of
nondegenerate semiconductors to metal-like materials, as re-
ported by Barbier, Chetty and Lu et al.16,22,24 Moreover, the
electrical conductivity increases with the decreasing sulphur
element concentration at all testing temperatures and reaches
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) The electrical conductivity and (b) Seebeck coefficient of the
Cu12Sb4S13�x (x ¼ 0, 0.3 and 0.4) samples prepared by rMA-SPS, as
compared with those of the reported literature16,22,24 (open-symbol
dashed lines).
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a maximum value (5.91 � 104 S m�1) for the Cu12Sb4S12.6
sample at 573 K.

As for tetrahedrite compounds, all the carriers would be
activated by the thermal energy with increasing temperature
(<500 K), but will be suppressed by the carrier-phonon coupling
scattering at high temperatures, which is associated with the
impurity scattering-induced Anderson localization25 and the
hole-trapping effects for metal-like heavily doped p-type semi-
conductors. To further investigate the origin and evolution of
the electric conductivity, the bonding state of the S atom should
be taken into account. The triangular bipyramidal Sb(CuS3)Sb
structure was treated as the fundamental unit in the Cu12Sb4S13
cell, and an “extra” S2� 3p4 on the octahedral 2a site provides
two unlled holes per formula unit, which produces a sharp
peak at the top of the hybridized valence band (VB).13 From this
fact, the lack of sulphur element in stoichiometric Cu12Sb4S13
(from 13.0 to 12.6 atoms) should lead to a decrease in the
electrical conductivity (the hole carriers are decreasing), but
opposite results were obtained in this work (as shown in
Fig. 7a). It might be interpreted that the impurity phase of
Cu3SbS4 and large crystal defects largely weakened the carrier-
This journal is © The Royal Society of Chemistry 2017
phonon coupling effects. It is also conrmed in the CuFeS2
compound that the electrical conductivity is inversely propor-
tional to sulphur concentration, as reported in our previous
research.26

In order to obtain a large Seebeck coefficient, the position of
EF should be close to the top of the VB, where hybridization of
the Cu 3d and S 3p orbitals can be performed. However, the
Fermi level lies in the VB due to the impurity- and defects-
induced scattering effect, which could lead to the slightly lower
S values than those reported,16,22,24 as shown in Fig. 7b. It was
also conrmed that the S values decreased with copper de-
ciency in the CuFeS2 thermoelectric material, as reported by D.
Berthebaud et al.,27 thus the measured Seebeck coefficients
range from 80 mV K�1 at 323 K to 165 mV K�1 at 723 K. The
limited difference for all samples can be explained by using
a model for degenerate semiconductors:28

S ¼ p2kB
2

3e

�
rþ 3

2

�
EF

T (1)

where S is the Seebeck coefficient, kB is the Boltzmann constant,
e is the electron charge, r is the scattering factor, EF is the Fermi
energy and T is the absolute temperature. From the above
equation, the EF value would increase when moving into the VB,
while the r value increases due to the existence of a second
phase and/or crystal defects, consequently the S values are
almost equal for all the Cu12Sb4S13�x compositions.
Thermal transport property and ZT

As reported previously,14,29 the heat capacity could be described
using one Debye lattice and three Einstein oscillators:

CpðTÞ ¼ 9aD

�
T

qD

�3 ðqD
T

0

exx4dx

ðex � 1Þ þ 3
X3

i¼1

aEi

e
qEi
T
�qEi
T

�2
�
e
qEi
T � 1

�2
(2)

where qD is the Debye temperature, qEi is the Einstein temper-
ature, and aD and aEi are the proportional constants, respec-
tively. As Lara-Curzio et al.29 reported, the goodness of the t
was obtained using the Debye and Einstein temperatures, 505
K, 11.9 K, 32.5 K and 97 K, while the proportional constants
were aD ¼ 0.65, aE1 ¼ 0.005, aE2 ¼ 0.063, and aE3 ¼ 0.303. From
the above-mentioned parameters, the theoretical Cp values
could be calculated as shown in Fig. 8a.

However, the measured Cp values are larger than the calcu-
lated results, and also larger than those reported in ref. 15 at
temperatures from 323 K to 723 K. This model approximation
likely matches the experimental values for the low temperature
range from 2 K to 400 K, but underestimates the heat capacity at
elevated temperatures due to the perpendicular vibration of the
triangular Cu12e site atoms overlapping the Debye parabolic
contribution at low energies and/or oversimplifying the three
Einstein oscillators model. Additionally, the two short sharp
peaks show the phase transition from Cu12Sb4S13 to Cu3SbS4
and CuSbS2 at a low temperature of ca. 330 K, which is
consistent with the DSC/TG measurement in Fig. 5. Thus, in
this work the Cp value of 0.50 J g�1 K�1 was used as the mean
RSC Adv., 2017, 7, 18909–18916 | 18913
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Fig. 8 (a) Temperature dependence of measured and calculated heat
capacity (Cp) together with that reported by Heo et al.15 and (b) the
relationship between the Lorenz number and temperature for rMA-
SPS Cu12Sb4S13�x (x ¼ 0, 0.3 and 0.4) samples including that by Chetty
et al.16

Fig. 9 (a) The total (ktotal) and (b) lattice (klattice) thermal conductivity as
a function of temperature for rMA-SPS Cu12Sb4S13�x (x ¼ 0, 0.3 and
0.4) samples, compared with the reported data16,22,24 (open-symbol
dashed line).
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heat capacity for calculating the thermal conductivity, and the
results are shown in Fig. 9a.

The total thermal conductivity (ktotal) is quite low, below
1.2 W m�1 K�1, for Cu12Sb4S13�x samples at all temperatures
(from 323 K to 723 K) in Fig. 9a, and increases slightly with
increasing temperature, then begins to fall above a certain
temperature as observed by Lu et al.24 The present samples show
lower thermal conductivity than that reported by Lu and
Chetty,16,24 and are close to the values reported by Barbier.22 The
reduced thermal conductivity resulted from the structural and
chemical characteristics of the Cu12Sb4S13�x compounds. The S-
deciency induced carrier defects, the impurities and grain
boundary-induced Anderson localization (coupling to other
atoms), the Cu3SbS4 phase in Fig. 3b, and the numerous grain
boundaries in Fig. 6b can reduce the carrier transport property
in the rMA-SPS-processed tetrahedrite compounds, which leads
to the low carrier thermal conductivity. This was well illustrated
by the results of the lattice thermal conductivity (klattice). As for
the klattice, it was evaluated by subtracting the carrier contribu-
tion (kcarrier) from the ktotal values. The kcarrier values can be
estimated by the Wiedemann–Franz relation, kcarrier ¼ LsT
18914 | RSC Adv., 2017, 7, 18909–18916
(where s and T are the electrical conductivity and absolute
temperature, respectively), in which the value of the Lorenz
number (L) can be obtained through an assumption of trans-
port dominated by acoustic scattering, and a single parabolic
band using the following formula:16

L ¼
�kB
e

�2 3F0ðhÞF2ðhÞ � 4F1
2ðhÞ

F0
2ðhÞ (3)

where kB is the Boltzmann’s constant, e is the electron charge, h
(h ¼ EF/kBT, where EF is the Fermi energy) is the reduced Fermi
energy and Fn(h) is the n-th order Fermi integral. Both h and
Fn(h) can be calculated from the experimental Seebeck coeffi-
cients using the equations of (4) and (5).

S ¼ � kB

e

�
2F1ðhÞ
F0ðhÞ � h

�
(4)

FnðhÞ ¼
ðN
0

cndc

1þ ec�h
(5)

The calculated L values range from 1.70 to 2.05 � 10�8 W U

K�2 for the rMA-SPS-ed Cu12Sb4S13�x (x ¼ 0, 0.3 and 0.4)
This journal is © The Royal Society of Chemistry 2017
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samples, as shown in Fig. 8b, which is well consistent with that
reported by Chetty et al.16 and less than the metallic limit of 2.45
� 10�8 W U K�2. Using the calculated L values, a relatively lower
klattice was obtained in Fig. 9b, which is similar to that reported
by Barbier.22 The lowest klattice reaches 0.45 W mK�1 for the
Cu12Sb4S12.7 sample at 623 K.

The ZT values of the Cu12Sb4S13�x samples increase with
increasing temperature, as shown in Fig. 10a, and reach the
maximum of 0.65 at 723 K for the x¼ 0.3 sample, which is larger
than that of the stoichiometric composition (Cu12Sb4S13) and is
almost equal to the best data (0.7, in Fig. 10b) reported for the
pure tetrahedrites synthesized by the melting process.16

Compared with the conventional melting method, the repeated
MA-SPS process is a facile and cost-effective way for directly
synthesizing high purity-phase tetrahedrites. Additionally, the
thermal conductivity is reduced by the defect-induced (grain
boundary and S deciency) scattering effect, which has more
contribution to the high ZT values obtained in the powder-
processed tetrahedrite materials.
Fig. 10 (a) Thermoelectric figure of merit as a function of the
temperature for Cu12Sb4S13�x (x ¼ 0, 0.3 and 0.4) samples. (b) The
maximum ZT values of the pure-phase tetrahedrites synthesized by
the rMA-SPS method in this work and previous reports (using melting
and SPS processes)14–16,22,24,30 at their optimal temperatures.

This journal is © The Royal Society of Chemistry 2017
Conclusions

Natural mineral tetrahedrite thermoelectric materials can be
synthesized by combining mechanical alloying (MA) and spark
plasma sintering (SPS), but it was found that the synthetic
Cu12Sb4S13�x bulks tended to become small particles naturally
in air at room temperature. Nevertheless, it is possible to
suppress the weathering-like phenomenon by simply repeating
the MA and SPS processes. Such a process modication effec-
tively facilitates the crystallinity of the parent phase as well as
suppresses the impurity phase (like as Cu3SbS4). The DSC/TG
measurements revealed that the weathering-like phenomenon
was due to a series of phase transitions from Cu12Sb4S13 to
Cu3SbS4/CuSbS2/Cu1.5Sb0.5S2. The robust Cu12Sb4S12.7
compound showed a large ZT value, 0.65 at 723 K, because of
the largely reduced thermal conductivity. Considering the low-
cost and earth-abundant properties of copper and sulphur
elements, this study should afford great attention to the
synthesis of p-type tetrahedrite TE materials by simple
processes.
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