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1.—Institute of Geotechnics, Slovak Academy of Sciences, Watsonova 45, 04001 Košice, Slovakia.
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We demonstrate the use of elemental precursors Cu, Fe, Sn, and S to obtain a
mawsonite (Cu6Fe2SnS8)/stannite (Cu2FeSnS4) composite using a solid-state
process at ambient temperature in an industrial eccentric vibration mill for up
to 240 min in argon atmosphere. The samples were characterized using var-
ious analytical techniques such as x-ray diffractometry, scanning electron
microscopy, energy-dispersive x-ray spectroscopy, and nitrogen adsorption
and magnetic measurements. For thermoelectric measurements, the proper-
ties of samples densified via spark plasma sintering were measured using
standard methods needed to calculate the figure of merit. The transformation
of elemental precursors to a composite mixture proceeds relatively rapidly via
several intermediate steps. The kinetics of this transformation is also in good
agreement with the results for the unconsumed sulfur content in the reaction
mixtures and can also be correlated with the magnetization results. Based on
the thermoelectric measurements of the sample milled for 240 min, the cal-
culated figure of merit reached a value of zT = 0.51 at 623 K due to a very low
lattice thermal conductivity of 0.29 W/m-K and moderate power factor of
3.3 lW/cm-K2. The thermoelectric results obtained for the material are com-
parable to previously published values for pure mawsonite prepared from
elements by laboratory ball milling.

Key words: Mawsonite/stannite composite mixture, advanced material,
thermoelectric material, industrial milling, mechanochemistry

INTRODUCTION

Thermoelectric materials have become a focus of
considerable interest because of their ability to
convert thermal energy directly into electrical
energy. Their application will contribute to solving
the problem of ever-increasing global electrical

energy consumption. To date, this demand has been
satisfied using several different technologies involv-
ing burning of fuels. However, depletion of fossil
fuels as well as increased CO2 emissions make
burning fuels unsatisfactory. To address this,
researchers are investigating alternative methods
for clean, safe, and sustainable electrical energy
production. One such promising source is thermo-
electric generation.1–3

The origin of thermoelectricity dates back to 1821
when Seebeck discovered the thermoelectric effect,(Received July 24, 2018; accepted January 16, 2019;
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i.e., that a temperature difference across a joint of
two different types of wire results in a potential
difference between them. Its value is directly pro-
portional to the Seebeck coefficient a, which
together with the electrical conductivity r, total
thermal conductivity j, and absolute temperature T
can be used to define a dimensionless thermoelectric
figure of merit zT that is used as a measure of the
thermoelectric performance of a material zT = a2r/
jT.4,5 To obtain high values of zT, both the Seebeck
coefficient and electrical conductivity must be large,
while the thermal conductivity (including carrier
and lattice contributions) must be minimized. This
is why materials with low j are especially interest-
ing as potential candidate thermoelectrics.

Among low-j materials, the ternary sulfide tetra-
hedrite Cu12Sb4S13 represents an extraordinary
thermoelectric material that has been studied
recently in great detail.6–12 Tetrahedrite is a natu-
ral mineral which has been treated in metallurgy as
a potential source of copper.13,14 The application of
tetrahedrite as a suitable thermoelectric material is
based on its Earth-abundant composition, predispo-
sition to incorporate other metals into its crystal
structure as dopants, and in particular its low
thermal conductivity. Other Cu-based compounds
have also been frequently reported as good thermo-
electric materials for use in the intermediate tem-
perature range (300�C to 600�C).11,15–22 Cu-based
compounds show high thermoelectric performance,
as well as offering many other advantages such as
Earth abundance, environmental friendliness, and
low cost. To date, 13 Cu-S compounds have been
identified as potential thermoelectric materials.16,23

Among this group of materials, mawsonite
Cu6Fe2SnS8 and stannoidite Cu8Fe3Sn2S12 were
mechanochemically synthesized in a laboratory
planetary mill with subsequent spark plasma
processing.

Planetary mills are very popular in
mechanochemistry, since they enable synthesis of
new compounds without the need for bulk dissolu-
tion of reactants.24 Mechanochemistry is rapidly
advancing from a laboratory curiosity to a widely
industrially used technique.25–28 One of the main
hallmarks of mechanochemistry is its ability to
create nanoparticles with well-crystallized core,
whereas the near-surface shell regions are disor-
dered (nanostructuring). The process can also be
used for preparation of nanostructured materials in
scalable amounts.29

In addition, nanostructuring has been shown to
have a large effect on the thermoelectric perfor-
mance. A simultaneous increase in the power factor
and a decrease in the thermal conductivity in the
same nanocomposite was reported.4 The principal
factor behind this performance improvement
appears to be increased phonon scattering at inter-
faces between nanoparticles.30 Several papers
devoted to such nanophenomena have discussed
the extent of the different contributions of the power

factor and lattice thermal conductivity to the ther-
moelectric performance.12,31–34

Recently, various papers on the use of the
mechanochemical approach to synthesize thermo-
electrics have been published.1,9,16,18,23,34,35 How-
ever, all these reports only demonstrated the
effectiveness of laboratory-scale mills.

The aim of this work is to investigate the ability of
an industrial mill to synthesize quaternary sulfide
mawsonite Cu6Fe2SnS8 and compare the thermo-
electric performance with samples synthesized in a
laboratory planetary mill using elemental
precursors.

EXPERIMENTAL PROCEDURES

Materials

For the mechanochemical syntheses, copper (99%;
Merck, Germany), iron (99%; Winlab, Germany), tin
(99%; Nihon Seiko, Japan), and sulfur (99%; CG-
Chemikalien, Germany) were used as precursors.

Processing Techniques

Mechanochemical Synthesis

Mechanochemical solid-state syntheses were per-
formed in an industrial eccentric vibratory ball mill
(ESM 656-0.5 ks, Siebtechnik, Germany) under the
following conditions: 5-L steel satellite milling
chamber attached to the main corpus of the mill,
tungsten carbide balls with diameter of 35 mm and
total mass of 25 kg, 80% ball filling, amplitude of
the mill of 20 mm, rotational speed of the eccenter of
960 min�1, argon atmosphere, total feed of reaction
precursors of 100 g, and milling time of 5 min to
240 min. Precursors at stoichiometric ratio
(6Cu:2Fe:Sn:8S) were used in the batch milling
tests. Photographs of the mill together with the
attached steel satellite are shown in Fig. 1.

Spark Plasma Sintering

The powder samples obtained after milling for
30 min and 240 min were placed into a graphite die
(inner diameter 15 mm) then sintered at 450�C
under 50 MPa with heating rate of 50�C/min and
holding time of 5 min in a spark plasma sintering
furnace (FCT HPD 25, FCT System GmbH, Ger-
many) in vacuum.

Characterization Techniques

X-ray Diffractometry (XRD)

Qualitative identification of the phase composi-
tion was performed by XRD analysis using an
X’Pert PW 3040 MPD diffractometer (Phillips, Ger-
many) working in Bragg–Brentano geometry with
Cu Ka1,2 doublet radiation.

The XRD patterns of the SPS-treated samples
were measured on a Rigaku Ultima IV diffractome-
ter in Bragg–Brentano geometry with fixed slits
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with a Cu Ka1,2 doublet radiation source. The
experiment was performed with a mounted
HTK1200 N (Anton Paar) high-temperature oven-
chamber, which led to an amorphous-type back-
ground originating from the chamber windows at
low 2h angles. This background was estimated by
manual determination of background points and
linear interpolation between them.

Rietveld refinement of the XRD data was per-
formed using the FullProf program.36 The XRD line
broadening was analyzed by refinement of regular
Thompson–Cox–Hastings function parameters. To
obtain proper geometry setup and eliminate instru-
mental broadening, the instrumental resolution
function was determined by refinement of the
LaB6 standard specimen. The Joint Committee on
Powder Diffraction Standards (JCPDS) powder
diffraction file (PDF) database and Crystallography
Open Database implemented in Match! software
were utilized for phase identification.

Scanning Electron Microscopy (SEM)

SEM images of the samples were recorded using a
MIRA 3 field-emission (FE)-SEM microscope (TES-
CAN, Czech Republic) equipped with an EDX
detector (Oxford Instruments, UK).

Soxhlet Analysis (SA)

The content of unreacted elemental sulfur in the
samples was determined by a simple gravimetric
method using a Soxhlet extractor. The extraction
thimble was loaded with well-weighed 1 g of powder
sample and placed into the main chamber of the
extractor. Carbon disulfide (30 mL, 99.9%; Fischer
Chemical) was placed into a 500-mL distilling flask,
and the apparatus was set up. On heating of the
distilling flask in a hot water bath, three cycles were
run to quantitatively dissolve all sulfur present in
the sample. The resulting solution cooled to room
temperature was transferred into a 250-mL round-
bottomed flask of known mass, and the solvent was
distilled under vacuum. The flask was further dried
at 70�C to eliminate any traces of solvent and
reweighed.

The degree of conversion a for the mixture of
elements was calculated based on the amount of
unconsumed sulfur determined by Soxhlet analysis
using the formula

a ¼ 1 �mf1 �mf0

mS0
; ð1Þ

where a is the conversion degree of sulfur, mS0 is the
starting amount of sulfur in the reaction mixture
per gram, mf1 is the mass of the flask after
extraction, and mf0 is the mass of the flask before
extraction.

Specific Surface Area Measurements

The specific surface area SBET was determined by
the Brunauer–Emmett–Teller (BET) method using
low-temperature nitrogen adsorption in a Gemini
2360 sorption apparatus (Micromeritics, USA).

Magnetic Measurements

Magnetic measurements were performed using a
MPMS-XL-5 magnetic property measuring system
(Quantum Design, USA). Room-temperature mag-
netic hysteresis loops of mechanochemically synthe-
sized samples were collected up to a maximum
applied field of 50 kOe.

Thermoelectric Measurements

The temperature-dependent electrical resistivity
and Seebeck coefficient were measured using a
commercial instrument (LSR-3/110, Linseis) in He
atmosphere. The error on the resistivity and See-
beck coefficient measurements is less than 5%. The
temperature-dependent thermal diffusivity k was
measured by laser flash method (LFA-457, Netzsch)
under Ar. The repeatability of the measurement
was better than 2%, while the error on the thermal
diffusivity was less than 5%. The specific heat Cp

was calculated (0.49 J/g-K) using the Dulong–Petit
law to avoid the large uncertainty in the routine
differential scanning calorimetry method. The

Fig. 1. Eccentric vibratory mill with attached satellite (a), and open
satellite filled with milling balls (b).
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density d was calculated using the mass and volume
of the sintered pellets, yielding values of
4.55 g cm�3 (relative density> 95%) for the sample
milled for 30 min and 4.22 g cm�3 (relative density
91%) for the sample milled for 240 min. The thermal
conductivity was determined using the equation
j ¼ kCpd. The electrical contribution to the thermal
conductivity was estimated using the Wiedemann–
Franz law.

RESULTS AND DISCUSSION

Structural Analysis of Samples

Due to the thermodynamic aspects of the multi-
component system, several intermediate phases
form during the course of the reaction; These can
be tracked by x-ray diffractometry. Based on the
XRD patterns of the samples milled for different
times (Fig. 2), we propose the reaction scheme in
Eq. 2. After only 5 min of milling, no diffraction
peaks assigned to free elements were observed in
the diffraction pattern. Rapid conversion of free
elements (especially copper) to binary sulfides has
been observed by our group before.37 This is con-
nected to the very low Gibbs energies of formation of
binary sulfides. The reflections for CuS (covellite)
and SnS (herzenbergite) phases were identified, as
highlighted in Fig. 2. The presence of the thermo-
dynamically very stable phase Cu2SnS3 is evident at
the early stage of the reaction with the peak
detected at 28.44�. Formation of Cu2SnS3 has often
been observed in the Cu-Sn-S system, besides
formation of binary phases.38 Small amounts of
other tertiary/quaternary Cu-Sn-S phases with even
lower enthalpies of formation may hypothetically be

present as well.39 Thus, the following reaction
scheme is proposed:

Elemental precursors ! CuS;SnS;Cu2SnS3;Cu2

FeSnS4 fast;presumably explosiveð Þ ! mixture of

Cu6Fe2SnS8 and Cu2FeSnS4 slow transformationð Þ
ð2Þ

On further milling of the reaction mixture, a
gradual decrease in the integral intensity of the CuS
and SnS reflections was observed, and the peak
formerly at 28.44� shifted slightly to higher 2h
values. This shift may provide evidence of formation
of mawsonite Cu6Fe2SnS8 phase, with the (201)
reflection appearing at 28.80�. Because of the exten-
sive amorphization of the material, no other inter-
mediate phases could be identified from the
patterns after 240 min of milling. Despite this,
other ternary (chalcopyrite, bornite) and quaternary
phases (stannite, rhodostannite, stannoidite) may
be present in the system.

The Rietveld refinement was performed to deter-
mine the phase composition of the sintered samples.
Based on the qualitative analysis, chalcopyrite
CuFeS2 and bornite Cu5FeS4 were included as
major impurities in the refinement along with the
mawsonite phase. The starting model proposed by
Szymanski et al. was used to refine the mawsonite
crystal structure (space group P-4m2; a � 7.61 Å,
c � 5.36 Å).40 Poor results were obtained for both
samples with conventional Rietveld factor Rwp over
22%. This suggests the possible presence of other
phase(s) with structure close to that of mawsonite.
Introduction of stannite (Cu2FeSnS4) phase into the
refinement led to a significant improvement of the
fit with Rwp factor of 12% to 13%. The refinement
results are shown in Fig. 3. The cell parameters
calculated for mawsonite (see Supplementary Elec-
tronic Material) are in agreement with those
reported by Szymanski. This observation leads to
the conclusion that pure mawsonite phase can be
obtained by ball milling only up to some extent and
that detailed structural characterization must be
performed for materials prepared from the Cu-Fe-
Sn-S system. Even though the stannite phase is also
present in a considerable amount, both samples
contained over 50% of mawsonite, as further indi-
cated by the good thermoelectric properties
described below.

Sulfur Conversion and Specific Surface
Analysis

The results of the unconsumed sulfur analysis
were in good agreement with the XRD results for
the as-milled samples. Rapid conversion of sulfur to
binary and tertiary sulfides at the very beginning of
the reaction was observed. After only 15 min of
milling, almost no sulfur was present in the sample,
and it is thought to be completely consumed.Fig. 2. XRD patterns of reaction mixture milled for various times.
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Figure 4b also shows the BET surface area values.
In comparison with the initial value for the non-
milled stoichiometric reaction mixture (SBET = 0.24
m2 g�1), all the other values are four to eight times
higher. The increase in the surface area is strongest
at the beginning of the synthesis. As a consequence,
formation of fresh surface led to formation of
reactive surface sites, which together with the
increase in bulk disorder contributes to the high
reactivity.

Morphological Analysis of Powders

SEM analysis is a useful tool to follow the
evolution of the size and shape of particles under
the effect of high-energy milling. The effects of
comminution on agglomeration of binary and tern-
ary sulfides has been studied many times.29 The
morphology of particles milled for 30 min and
240 min is shown in Fig. 5. The population of
smaller and larger micrograins can be seen, with a
tendency to form agglomerates. In spite of the large
difference in treatment time, the overall pictures
are not very different. This fact is a consequence of
agglomeration supported by small differences in
values of the specific surface area: SBET = 1.5 m2g�1

and 1.6 m2g�1 for the samples milled for 30 min and
240 min, respectively (Fig. 5a and b). EDX analysis
(Fig. 5d) was used to investigate the presence and
atomic percentage of elements in the sample. The
formula Cu5.22Fe1.83Sn1.00S7.83 calculated from spec-
trum 5 corresponds approximately to the stoichio-
metric ratio used in the input composition of the
reaction mixture but gives no clear evidence of
formation of pure mawsonite phase.

Morphological Analysis of SPS-Densified
Samples

Both powders were densified using spark plasma
sintering (SPS) to prepare suitable input for ther-
moelectric measurements (see Part 3.4) and for
structural analysis (see Part 3.1). SEM images of
the sintered samples are shown in Fig. 6. In the
case of the sample milled for shorter time (Fig. 6a),
more brittle edges can be documented, in contrast to
the sample milled for longer time (Fig. 6b), where a
more rounded surface can be seen. Thus, the milling
time can significantly affect the properties of the
final product processed in the same way. In com-
parison with Fig. 5a and b, the population of very
fine particles is significantly reduced.

Figure 7a–c shows the EDS analysis of the sam-
ple milled for 30 min (after SPS treatment). Two
different fragments were analyzed. Spectrum 7
clearly reveals a region with stoichiometry that
does not correspond to mawsonite phase. Thus, the
fragment shown must include crystallites of bornite
and chalcopyrite, in agreement with the Rietveld
refinement results for the SPSed samples. The other
fragment (spectrum 10) shows formation of maw-
sonite with stoichiometry very close to that expected
(Cu6Fe2SnS8). This observation points to local inho-
mogeneity of the material, where regions with high
and low phase purity may be found. EDS analysis of
the sample milled for 240 min followed by SPS
treatment is shown in Fig. 7d–f. Three distinct
areas were analyzed, and the corresponding EDS
spectra together with the atomic percentages of Cu,
Fe, Sn, and S are given. Based on these values, the
composition in various areas (spectra 1 to 3) was
calculated and is presented in Table I (calculation
relative to Sn). The composition calculated from

Fig. 3. Rietveld results for samples milled for 30 min (a) and
240 min (b) after SPS treatment.

Fig. 4. Sulfur conversion degree a and specific surface area SBET of
samples as a function of milling time tM.
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spectrum 3 deviates slightly from the ideal stoi-
chiometry. However, the material seemed to be
more homogeneous compared with the sample

milled for 30 min. No regions with strong deviations
from the expected stoichiometry were detected. For
comparison, the composition of the sample milled

Fig. 5. SEM images and EDS results of samples milled for 30 min (a) and 240 min (b–d), respectively.

Fig. 6. SEM images of crushed materials after SPS treatment for milling time of (a) 30 min and (b) 240 min.
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for 240 min before SPS treatment is also presented
in this table (spectrum 5). The EDS results partially
showed areas where nanocrystalline mawsonite was
formed, but the bulk material seemed to be rather
inhomogeneous with low phase purity. Regions
where only stannite phase was present were not
identified.

Magnetic Properties

Figure 8 shows the magnetization versus applied
field dependence measured at 300 K for the initial
mixture of (a) unmilled ‘‘free elements’’ and (b) for

Fig. 7. EDS analysis of samples after SPS treatment for milling time of 30 min (a–c) and 240 min (d–f).

Fig. 8. Magnetic hysteresis loop curves for samples prepared using
different milling times: (a) initial mixture of unmilled elements, and (b)
samples milled for 5 min, 10 min, 15 min, 30 min, 60 min, 120 min,
180 min, and 240 min (see inset).

Table I. Stoichiometry of mawsonite samples
calculated from EDS spectra

Cu Fe Sn S

Mawsonite 6.00 2.00 1.00 8.00
30 min SPS
Spectrum 7 13.22 3.78 1.00 6.39
Spectrum 10 5.75 1.98 1.00 7.65
240 min SPS
Spectrum 1 6.07 2.19 1.00 7.69
Spectrum 2 6.04 2.18 1.00 8.32
Spectrum 3 7.14 2.45 1.00 7.27
240 min
Spectrum 5 5.22 1.83 1.00 7.83
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the set of samples subjected to milling for different
times. The M(H) curves are well saturated after
application of magnetic fields with magnitude
higher than 10 kOe. In principle, these magnetic
data can be used for evaluation of the reaction
course, because the products are mostly paramag-
netic (weakly magnetic).41 The only strongly mag-
netic substance is the ferromagnetic iron in the
initial mixture of unmilled elements. Therefore,
differences in the saturation magnetization of the
samples milled for different times are mainly caused
by the different amounts of unconsumed iron in
these materials at 300 K. The saturation magneti-
zation rapidly decreased to negligible values after
milling for only 5 min then remained nearly con-
stant up to milling for 240 min, indicating that most
of the elemental Fe was consumed by the
mechanochemical reaction in the early stages of
the milling process. This observation is in very good
agreement with the sulfur consumption results
shown in Fig. 4. Moreover, such fast consumption
of elemental iron supports the formation of binary
Fe-S and tertiary Cu-Fe-S sulfides as also observed
in the XRD patterns.

Thermoelectric Properties

Figure 9 shows the thermoelectric properties of
the sample milled for 240 min after SPS treatment.
The electrical conductivity (Fig. 9a) shows

semiconducting behavior. Hole carriers may be
created by Sn deficiency, which is supported by
the EDS results in Table I and a previous study on
stannoidite Cu8Fe3Sn2S12.18 As Sn4+ has 4d10 con-
figuration and does not contribute to hole transport,
hole carriers are transported in the Cu-S tetrahe-
dral network. Sn vacancies create a shallow accep-
tor level slightly above the valence-band
maximum,42 and with increasing temperature,
more holes in the Sn defect level are excited into
the valence band, improving the electrical conduc-
tivity and resulting in the semiconductor behavior.
Greater Sn deficiency could thus lead to an increase
in the electrical conductivity (Fig. 9a) compared
with mawsonite prepared in the previous study of
Zhang et al.16 Also, since our samples are multi-
phase, it is worth comparing the experimental data
with data already published on pure samples. x-Ray
powder diffraction (XRPD) experiments detected
that the highest chemical fraction (55 wt.% to
59 wt.%) in our samples belongs to mawsonite and
the second highest chemical fraction (32 wt.% to
36 wt.%) belongs to stannite. Previously published
data report the electrical conductivity of stannite to
be on the order of 0.01 S/cm at temperatures above
room temperature.43 Thus, the electrical conductiv-
ity of our samples cannot be significantly affected by
the stannite phase. On the other hand, the maw-
sonite sample prepared by Zhang et al. exhibited
conductivity comparable to ours (see

Fig. 9. Thermoelectric properties of the sample milled for 240 min after SPS treatment in the range of 325 K to 625 K: (a) electrical conductivity,
(b) Seebeck coefficient, (c) power factor, (d) thermal conductivity, (e) lattice thermal conductivity, and (f) zT.
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Supplementary Fig. S1). Since both our group and
Zhang et al. performed experiments on pressed and
sintered powders, the absolute values are strongly
affected by the intergrain conductivity, which can
serve as an another explanation for the 10% dis-
crepancy in the obtained data. The remaining two
impurities are chalcopyrite and bornite, with only a
minor fraction of 4.5 wt.% to 6.8 wt.% and 2 wt.% to
4.7 wt.%, respectively. These compounds exhibit
electrical conductivity one order of magnitude
lower22,44 than we measured. For these reasons,
we estimate that neither of these two phases
contributed significantly to the total electrical con-
ductivity of the samples. In conclusion, the electrical
conductivity is mostly driven by the electrical
conductivity of mawsonite phase.

The density of the SPS-treated sample reported in
a previous study16 was nearly the same as for the
sample milled for 30 min in this work, and they both
showed local inhomogeneity with bornite and chal-
copyrite. As the sample milled for 240 min was more
homogeneous according to the EDS results in Fig. 6,
the carrier mobility should be larger in this sample,
hence the electrical conductivity was slightly
improved.

It is interesting to compare the thermoelectric
properties of mawsonite Cu6Fe2SnS8 with those of
the other two compounds, i.e., stannoidite
Cu8Fe3Sn2S12 and stannite Cu2FeSnS4, as all three
compounds consist of the same elements. They all
have Cu-S tetrahedral network as hole conducting
channel (see Supplementary Fig. S2 for the crystal
structures of mawsonite and stannite), so their band
structure and power factor can be analyzed and
compared using a recently proposed descriptor45 for
chalcopyrite compounds: g = c/2a, where c and a are
lattice parameters and g approaching unity means
higher power factor. By some crystal lattice trans-
formation, the descriptors were calculated as 0.95
for mawsonite, 0.99 for stannoidite, and 0.98 for
stannite. Based on these results, it seems that high
power factor can be obtained for stannoidite, which
is supported by literature showing that the highest
reported power factor in these three compounds is
6 lW/cm-K2 for stannoidite Cu8.3Fe2.7Sn2S12.18

Meanwhile, the hyperstoichiometric compound
mawsonite shows the highest power factor of
3.3 lW/cm-K2 (Fig. 9c) because of its much higher
electrical conductivity compared with the other two
compounds. Specifically, the electrical conductivity
values from room temperature up to 670 K are 13 S/
cm to 25 S/cm for stannoidite18 and 10 S/cm to 30 S/
cm for stannite.46 According to our results, the
conductivity of mawsonite phase must be signifi-
cantly higher (Fig. 9a). This also contributed to the
improvement of the power factor reported herein. It
seems that, in mawsonite, Sn vacancies are more
effective for providing carriers, resulting in higher
carrier concentration and hence higher electrical
conductivity, which is worth further investigation.

The lattice thermal conductivity is very low,
below 1 W/m-K, over the whole temperature range,
and reaches 0.29 W/m-K at 623 K (Fig. 9e). There
are two reasons for this low thermal conductivity.
Firstly, the weak bonding of copper atoms can lead
to an unexpected vibrational mode at low frequen-
cies,47 which is likely to be a major contributor.
Secondly, mechanochemical synthesis using ball
milling plus spark plasma sintering produces
ceramics with fine grain size,48,49 in which phonon
scattering centers such as grain boundaries will
further reduce the lattice thermal conductivity.
Compared with the very low lattice thermal con-
ductivity of some similar Cu-S-based compounds,
e.g., colusite Cu26Ge2M6S32

50 (� 0.3 W/m-K at
663 K) and tetrahedrite Cu11.5Zn0.5Sb4S13

8

(� 0.2 W/m-K at 673 K), the low thermal conduc-
tivity of mawsonite is not surprising. The zT value
reached 0.51 at 623 K (Fig. 9f) due to the very low
lattice thermal conductivity (0.29 W/m-K) and mod-
erate power factor (3.3 lW/cm-K2).

CONCLUSIONS

Nanobulk mawsonite (Cu6Fe2SnS8)/stannite
(Cu2FeSnS4) composite containing minor amounts
of chalcopyrite (CuFeS2) and bornite (Cu5FeS4)
was synthesized using an industrial eccentric
vibration mill. Milling was performed up to
240 min in argon atmosphere using Cu, Fe, Sn,
and S as elemental precursors. XRD, EDS, SEM,
and Soxhlet extraction, nitrogen adsorption, mag-
netic, and thermoelectric measurements were used
to characterize the bulk, surface, magnetic, and
thermoelectric properties of the synthesized prod-
ucts. The transformation of the elemental precur-
sors to a composite mixture proceeded relatively
rapidly via several intermediate steps. XRD anal-
ysis detected binary phases from the Cu-S and Fe-
S systems. It is presumed that Cu2SnS3 phase
forms at the very beginning of the reaction as
well, due to its low Gibbs energy of formation.
Rietveld analysis of the SPS-treated samples
revealed formation of a composite mixture con-
taining over 50% mawsonite phase and nearly
40% stannite. Thermoelectric measurements on
the sample milled for 240 min revealed a figure of
merit zT of 0.51 at 623 K. This high zT value
originates from the low lattice thermal conductiv-
ity of 0.29 W/m-K and moderate power factor of
3.3 lW/cm-K2. The zT value obtained for this
sample, synthesized in an industrial mill, is
comparable to values obtained for samples
referred to as pure mawsonite prepared using
a laboratory ball mill. Some parameters are, how-
ever, slightly improved.

The synthesized composite mixture of two qua-
ternary sulfides represents a perspective thermo-
electric material for future applications. The
material itself comprises only nontoxic and Earth-
abundant components. As shown by these results,
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this mechanochemical approach utilizing an indus-
trial mill can serve as a scalable route for prepa-
ration of thermoelectric materials. As well as
demonstrating the scalability of this mawsonite
synthesis approach, detailed inspection of the
prepared materials by the Rietveld analysis
revealed formation of a composite mixture, result-
ing in small discrepancies from results published
previously by Zhang et al. The importance of
advanced structural characterization for com-
pounds from the quaternary Cu-Fe-Sn-S system
is thus highlighted.
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