
Vol.:(0123456789)

Journal of Thermal Analysis and Calorimetry 
https://doi.org/10.1007/s10973-024-12931-0

Mechanochemical preparation of nanocrystalline stannite/chatkalite 
composite: kinetics of synthesis and thermoelectric properties

Peter Baláž1 · Michal Rajňák2 · Lenka Kubíčková3,4 · Mária Bali Hudáková1 · Nina Daneu5 · Petr Levinský3 · 
Karel Knížek3 · Jiří Hejtmánek3 · Jiří Navrátil3 · Tomáš Kmječ4 · Robert Džunda6 · Marcela Achimovičová1 · 
Oľga Šestinová1 · Matej Baláž1 

Received: 20 July 2023 / Accepted: 14 January 2024 
© The Author(s) 2024

Abstract
In this study we demonstrate the use of Cu, Fe, Sn and S elemental precursors to synthesize chatkalite/stannite nanocomposite 
by high-energy milling in both lab-scale and industrial-scale mills. The products were characterized by XRD, SEM, HRTEM, 
EDX, Mössbauer spectroscopy and magnetometry. For the determination of optimum milling conditions, the magnetization 
data of the synthesized samples were used as output values using a Taguchi experimental design. The formation of the prod-
uct proceeds via a multistep process comprising binary sulphides (SnS and CuS) formation at the beginning and chatkalite 
 Cu6FeSn2S8/stannite  Cu2FeSnS4 composite as the end products. The TEM images show tightly packed nanosized crystallites 
with the sizes in the range of tens of nanometers. Mössbauer study unveiled that iron is present in 3+ state instead of 2+ 
expected for stoichiometric phases. This discrepancy was explained by the presence of a small number of vacancies on Sn 
sites. Based on the thermoelectric measurements of the hot-pressed pellets, the calculated figure of merit reached a value of 
ZT = 0.27 at 600 K. The aim of this study is to prepare a representative of a promising class of environmentally acceptable 
thermoelectric materials in an environmentally sound solvent-free manner and characterize them while studying the kinetics 
of the reaction via magnetometry and the possibility to scale-up the solid-state synthesis process.

Keywords Chatkalite  Cu6FeSn2S8 · Stannite  Cu2FeSnS4 · Mechanochemical synthesis · Magnetization · Thermoelectric 
performance · Scale-up

Introduction

Energy and the environment are the most significant con-
cerns in the twenty-first century. They possess a driving 
force for an intensive research of corresponding energy 
materials and environmental science. In this connection, 
multinary sulphides as prospective energy materials rep-
resent great candidates, as they are composed from envi-
ronmentally acceptable elements like Cu, Fe, Sn, Sb and S 
which substitute the scarce and toxic elements such as In, 
Ga, Te, Se, Pb and Cd used until now [1–7]. The multinary 
sulphides have many applications in the energy sector as 
optical materials [8–10], absorbers for solar cells [11] and 
thermoelectric materials [2–4, 12–16].

To synthesize multinary sulphides, the non-equilibrium 
recipes hold promise. Among them, mechanochemistry real-
ized via high-energy milling plays the crucial role [17–27]. 
Besides perfect homogenization resulting in the uniform 
mixing of reacting elements, the chemical reactions taking 
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place in parallel are strongly facilitated [28, 29]. One peculi-
arity of mechanochemistry is its ability to produce nanopar-
ticles with a well-crystallized core, whereas the sub-surface 
regions are disordered. Another advantage is a scalability of 
the synthesis performed under environmentally friendly con-
ditions with no gas evolution, absence of harmful solvents, 
using laboratory temperatures, etc. [17].

Several multinary sulphides have been prepared under 
these conditions, e.g. tetrahedrite [14], mohite [12, 30], 
mawsonite [31], stannite and rhodostannite [32–36], kes-
terite [11, 36] and colusite [10].

Chatkalite,  Cu6FeSn2S8 as a natural mineral was first dis-
covered in Chatkal-Kuramin Mountains in Uzbekistan in 
1981 [37, 38]. Later on, its occurrence was documented in 
Catamarca in Argentina [39]. It crystallizes in the tetrago-
nal crystal system and its properties are close to stannite 
 Cu2FeSnS4 and mawsonite  Cu6Fe2SnS8. Chatkalite belongs 
among the multinary semiconducting sulphides contain-
ing iron, which in its elemental form is strongly magnetic. 
However, its magnetization is reduced when Fe is being 
incorporated into semiconductor structure. Description of 
changes in magnetization data in systems where iron was 
used as solid state reactant in mechanochemical reactions 
was reported in previous studies [15, 27, 35, 40–43]. Several 
modes of application such as mechanochemical reduction 
and/or mechanochemical synthesis [21] using elemental iron 
were applied in the past.

It is the aim of this work to prepare and characterize a ter-
nary sulphide belonging to the promising class of environ-
mentally acceptable thermolelectric materials. The novelty 
which is governing this effort includes the application of 
magnetometry for the kinetic study of solid-state mechano-
chemical synthesis. The successful scale-up of this synthesis 
process represents a practical aspect of novelty, which is 
indispensable for future application.

Materials and methods

For mechanochemical synthesis of chatkalite  Cu6FeSn2S8 
the following precursors were mixed in a stoichiometric 
ratio: copper (Merck, 99% purity), iron (Merck, 99% purity), 
tin (Nihon Seiko, 99% purity) and sulphur (CG-Chemika-
lien, 99% purity). The mixing of precursors for synthesis was 
realized according to the hypothetical equation

Two types of mills and the following milling conditions 
were used for mechanochemical synthesis:

• Laboratory planetary ball mill Pulverisette 7 premium 
line (Fritsch, Germany), batch mass 5–10 g. Precise 

(1)6Cu + Fe + 2 Sn + 8 S → Cu
6
FeSn

2
S
8

amount of sample was dependent on the experimental 
design of milling experiments according to Taguchi 
method. The milling was carried out in an argon atmos-
phere at revolutions of 400–800  min−1 using a tung-
sten carbide chamber (80 mL) filled with 135 g of balls 
(10 mm in diameter) from the same material. Milling was 
performed in duration 5–120 min. Each 30 minutes of  
milling were followed by 30 minutes break for cooling.

• Industrial eccentric vibratory ball mill ESM 656–0.5 ks 
(Siebtechnik, Germany), batch mass 100 g. The milling 
was carried out in an argon atmosphere at revolutions 
960  min−1 using a satellite milling chamber from hard-
ened steel (5 L) attached to the main corpus of the mill. 
The chamber was filled with 30 kg of tungsten carbide 
balls (35 mm in diameter). The amplitude of mill vibra-
tions was 20 mm. Milling was performed for either 30 
or 120 min. The principle of the mill operation in the 
industrial mill was described in our previous papers 
[14, 16].

XRD patterns of the milled samples were collected using 
a D8 Advance diffractometer (Bruker, Germany) with the 
 (CuKα radiation, Bragg–Brentano configuration). The gen-
erator was set up at 40 kV and 40 mA. The divergence and 
receiving slits were 0.3° and 0.1 mm, respectively. The XRD 
patterns were recorded in the range of 2θ = 15 − 65° with a 
step size 0.03°. For the phase identification the DiffracPlus 
Eva software and the ICDD PDF2 database was applied. 
The XRD patterns of the samples after hot pressing were 
collected using Bruker D8 Advance diffractometer  (CuKα, 
Lynxeye XE-T position sensitive detector) over the range 
of 2θ = 15 − 60° with a step size 0.02°. X-ray diffraction 
patterns were analyzed with the Rietveld method using the 
FULLPROF program [44]. The structures of detected phases 
were collected with the help of Inorganic Crystal Structure 
Database ICSD [45].

The magnetic measurements of the synthesized pow-
ders were performed by a vibrating sample magnetometer 
installed on a cryogen-free system equipped with 18 T 
superconducting magnet (Cryogenic Ltd., Great Britain). A 
magnetic moment of the vibrating samples was measured at 
a constant temperature of 298 K and in magnetic field rang-
ing from 0 to 5 T. Subsequently, the magnetization values 
were calculated by dividing the magnetic moment values 
by the sample mass. For hot-pressed samples, the MPMS-
XL magnetometer (Quantum Design, Inc., USA) was used. 
Degree of conversion α was calculated using equation

where α is in %, Mmax is the maximum saturation magneti-
zation of the mixture of the non-reacting precursors and M 
is the saturation magnetization (both in A  m2  kg−1) of the 

(2)� =
(

1 −M∕M
max

)

× 100
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synthesized samples. Both values of M and Mmax were taken 
at magnetic field 5 T.

The size and morphology of the powders were investi-
gated with a scanning electron microscope (SEM) Tescan 
Vega 3 LMU (Tescan, Czechia) using accelerating voltage 
20 kV. To secure electron conductivity the powders were 
covered by a layer of Au on fine coat ion sputter JFC 1100. 
To obtain elemental composition of powders, the energy 
dispersive X-ray (EDX) spectrometer Tescan: Bruker XFlash 
Detector 410 M (Bruker, Germany) was used.

TEM/EDX analyses were performed on a conventional 
microscope JEM 2100 (Jeol, Japan) operated at 200 kV 
and equipped with EDX spectrometer. Prior to TEM analy-
ses, the specimens were coated by 3-nm layer of carbon to 
improve surface electron conductivity performed. PECS 68s 
equipment (Gatan inc., Pleasanton, CA, USA) was used for 
this purpose. For technical reasons, the TEM analysis was 
performed only for the final sample prepared by laboratory 
milling  (LMmax).

The Mössbauer spectra of both powdered and hot-pressed 
samples were collected at room temperature (RT) and at 
4.2 K in standard transmission geometry with a constant 
acceleration mode of the γ-ray source kept at RT. The 57Fe 
Mössbauer spectra were acquired with the 57Co/Rh source, 
the calibration of velocities and isomer shifts of 57Fe was 
performed with respect to a calibration α-Fe foil at room 
temperature. The  Ca119mSnO3 source, sharing the same 
Mössbauer drive as the 57Co/Rh source, was used to collect 
119Sn Mössbauer spectra. Thus the calibration of velocities 
(only with opposite sign) could be related to the 57Fe spec-
trum of the α-Fe foil, which offers higher precision over the 
velocity scale than  SnO2 due to the α-Fe six-line spectrum. 
The isomer shifts of 119Sn spectra are related to  SnO2 at RT. 
The low-temperature spectra were measured in zero mag-
netic fields and at 6 T, in a liquid-helium bath cryostat by 
Janis Research (Lake Shore Cryotronics, Inc., USA) with the 
orientation of the applied field perpendicular to the direction 
of γ-rays. The spectra were evaluated by using the Confit 
software [46].

Bulk samples for thermoelectric characterization were 
obtained by hot pressing of powders in a graphite die at 
723 K and 60 MPa for 1 h. Diamond wire saw was used 
to cut the pellets, both above 90% of theoretical density, 
into smaller pieces for subsequent analysis. One bar (about 
1.5 × 1.5 × 7  mm3) was used to determine the electrical resis-
tivity ρ, Seebeck coefficient S and thermal conductivity κ 
between 300 and 2 K employing the TTO module of the 
PPMS instrument (Quantum Design, Inc., USA). A similar 
bar was used to determine ρ and S between 300 and 600 K 
using a custom four-probe measurement system in  N2 atmos-
phere. Finally, a flat sample (about 6 × 6 × 1.5  mm3) was used 
to determine the thermal conductivity in a similar tempera-
ture range from the formula κ = ρ·a·cp, where ρ is the density 

determined experimentally, and a and cp are diffusivity and 
specific heat, respectively, measured using the LFA 467 
(Netzsch, Germany) instrument for light flash analysis.

Results and discussion

Optimization of mechanochemical synthesis 
via Taguchi design and response modelling

To obtain product through mechanochemical experiments, 
high-energy mill as a mechanochemical reactor is needed 
[17]. Multiparameter approach to propose the milling 
experiments encompasses usually several variables like 
milling time (tm), revolutions of the mill (n), and ball-to-
powder ratio (b/p). When constant amount of balls (b) is 
applied, the amount of powder (m) can be used as variable. 
These experiments can be performed by a classical design 
of experiments where the variables are fixed and the only 
one selected is being changed. However, this approach is 
subjective because the selected variable is based on per-
sonal decision of experimentator. More sophisticated is the 
so-called statistical design of experiments (DOE). Among 
DOE methods, the Taguchi method has an inevitable place 
[47] due to the possibility to reduce the number of experi-
ments in comparison with the full factorial design [47, 48]. 
This enables finding the optimum conditions in a relatively 
quick manner. The experimental conditions of high-energy 
ball milling has been also optimized by Taguchi design more 
times (e.g. in [49–51]).

In our experiments, we tried to optimize conditions of 
laboratory planetary milling by Taguchi methodology. The 
variables tm, n and m were used as inputs and the measured 
saturation magnetization M and the corresponding conver-
sion degree α calculated by Eq. (2) as outputs. The detailed 
description of this part of work is provided in the ESI (Sec-
tion S1.a). The optimization results showed that the specific 
focus should be given to milling time. As a consequence, 
the second round of experiments with the milling time tm 
prolonged up to 120 min was performed and the progress 
of the reaction was investigated via X-ray diffraction and 
saturation magnetization measurements.

Phase and elemental analysis 
after mechanochemical synthesis

Phase analysis versus milling time

The quaternary Cu–Fe–Sn–S system  represents a  great 
variety of possible sulphide structures. Even in ternary 
Cu–Sn–S system around 20 phases are possible [6]. In ter-
nary Cu–Sb–S system 4 phases were identified [14]. Some 
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of them were already synthesized by high-energy milling as 
mentioned in Introduction.

The XRD patterns of powders after co-milling of Cu, Fe, 
Sn and S mixture of precursors in both types of mills are 
illustrated by Figs. 1 and 2. All precursors were weighed sto-
ichiometrically to obtain chatkalite  Cu6FeSn2S8 as expect-
able main product of the mechanochemical synthesis.

The progress of synthesis by laboratory milling is 
illustrated in Fig. 1a. Milling times for 5–120 min have 
been applied. Already in the very early stages of reaction 
(5–20 min) the expected chatkalite  Cu6FeSn2S8 is present. 
However, also stannite  Cu2FeSnS4 as the further quaternary 
sulphide is detected. It seems that at the beginning of syn-
thesis stannite is prevailing over chatkalite, however, the 
stannite → chatkalite transformation occurs with increasing 
amount of milling energy, as can be traced down by the shift 
of the diffraction peaks to higher 2θ values (see the zoomed 
region shown in Fig. 1b). According to our previous paper 
aimed at stannite mechanochemical synthesis, this phase is 
formed very fast with the first step being a mechanically 
induced self-propagating reaction (MSR) between copper 
and sulphur [32]. Covellite CuS is also present in Fig. 1 at 
shorter milling times. It was observed that CuS itself can 
be formed within a second range in a laboratory mill and in 
some cases, its synthesis can be done via a MSR pathway 
[52, 53]. However, the overall picture of milling at shorter 
milling times is even more complicated by the presence of 
non-consumed tin Sn and herzenbergite SnS. The prior for-
mation of binary sulphides as intermediates of mechano-
chemical synthesis of the ternary and quaternary sulphides 
is in accord with findings in recent works [14, 35].

In the later stages of reaction (45–120 min) only qua-
ternary sulphides chatkalite  Cu6FeSn2S8 and stannite 

 Cu2FeSnS4 together with non-consumed iron are detected. 
CuS is no more present as it represents a reactive precur-
sor for progress of consecutive syntheses of the mentioned 
sulphides. The diffractions of tin are also absent, because 
it reacts with sulphur forming SnS which belongs among 
volatile sulphides [54]. However, the intensity of SnS dif-
fraction peaks is most probably too low to be detected by 
XRD. Moreover, we suppose that part of SnS together with 
the non-consumed sulphur volatilize during milling at higher 
energy input (higher milling times).

Based on products identified by XRD measurements 
a sequence of reactions in the system under study can be 
outlined:
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Fig. 1  a XRD patterns of powders after milling in a laboratory mill (milling times are in the patterns), b zoomed region between 2θ = 45–51 deg
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Kinetics of the mechanochemical synthesis is described 
later.

Industrial milling was performed for two milling times 
30 and 120 min and the corresponding XRD patterns are 
provided in Fig. 2. The choice of the mentioned durations 
of high-energy treatment in an industrial mill was selected 
with the intention to study mechanochemical synthesis in 
a short- (30 min) and long-term (120 min) process, which 
could yield different effects (such as increasing specific sur-
face area in the former case and agglomeration in the lat-
ter one). In principle, the same patterns as in Fig. 1a were 
obtained. However, the progress of reaction is not so great 
as in the case of laboratory milling. Besides chatkalite and 
stannite, also precursors of synthesis and binary products 
characteristic for shorter milling times in laboratory milling 
(Fig. 1a) are present in both industrially milled samples.

Chemical composition versus milling time

To understand the distribution of the individual elements 
in powders after the mechanochemical treatment, EDX 
mapping and SEM analysis was performed for the milled 
samples. The data were obtained by averaging of 2–4 meas-
urements. The results are summarized in Table 1. In lower 
part of the Table theoretical composition of chatkalite 
 Cu6FeSn2S8 and stannite  Cu2FeSnS4 is given.

Based on the EDX measurements in a SEM mode, the 
final elemental composition for all samples is closer to chat-
kalite than stannite. This statement is mostly valid for all 
four elements. However, this is more appropriate valid for 
samples milled for longer times where mainly chatkalite 
and stannite are formed next to the non-consumed iron, see 
Figs. 1 and 2. Moreover, it has to be taken into account that 

(3)
Cu + Fe + Sn + S → CuS + SnS + Fe → Cu

2
FeSnS

4
→ Cu

6
FeSn

2
S
8

the initial elemental composition used for the synthesis was 
designed to exactly match that of chatkalite.

Combination of SEM, EDX and elemental mapping for 
selected samples is given in the ESI (Fig. S1.1 and 1.2). 
Appropriate harmony between experimental and theoreti-
cal values for both selected samples is documented. SEM 
photographs show more uniform distribution of particles for 
laboratory milling (Fig S1.1A) in comparison with the sam-
ple synthesized by industrial milling (Fig. S1.2A). In the first 
case the most particles are agglomerates of nanoparticles 
approximately 10–20 µm in size. However, also larger par-
ticles with smooth surface and irregular habitus next to the 
small ones can be identified in the second case (Fig. S1.2A). 
Elemental mapping confirms homogeneous distribution of 
Cu, Sn and S. However, for Fe mapping except of regular 
picture also “shining” particles can be seen illustrating the 
appearance of non-consumed iron. This picture is more pro-
nounced for sample prepared by industrial milling.

Kinetics of mechanochemical solid state synthesis

Magnetization versus milling time

A set of samples milled for 5–120 min in a laboratory 
mill was measured by a magnetometer from which the 
values of magnetization M in dependence on applied mag-
netic field were obtained (Fig. 3). Furthermore, the figure 
shows values of M of two hot pressed samples. Monoto-
nous decrease in magnetization for all powder samples 
with setting values of the saturation magnetization Ms at 
5 T was detected. However, a relatively large difference in 
Ms values between the non-milled sample and the milled 
ones was documented. In the first case where Fe was pre-
sent in elemental non-reacting form Ms = 13.79 A  m2  kg−1 
while these values for milled samples were in between 

Table 1  SEM/EDX analysis of the milled samples and comparison to 
theoretical values of chatkalite and stannite

Milling mode Milling 
time/min

Atomic %

Cu Fe Sn S

Laboratory milling 5 52.73 2.84 7.36 37.08
20 38.01 2.91 11.48 47.06
45 36.05 4.60 11.69 47.67
60 42.46 4.39 10.24 42.92
90 42.60 4.51 10.50 42.40
120 42.62 4.27 9.23 43.90

Industrial milling 30 44.90 4.36 10.19 40.55
120 37.37 5.91 10.45 46.28

Chatkalite  Cu6FeSn2S8 – 35 6 12 47
Stannite  Cu2FeSnS4 – 25 12.5 12.5 50
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8.27 and 4.27 A  m2  kg−1, respectively. This trend docu-
ments the rapid consumption of strongly magnetic Fe dur-
ing mechanochemical reaction (5–120 min) by its incor-
poration into less-magnetic products. Hot pressing (HP) 
led to almost complete conversion of elemental Fe. This 
consolidation method thus represents not only mechanical 
homogenization but also chemical tool to finish the solid 
state reaction.

Based on magnetization data obtained for the lab-scale 
synthesis the conversion degree α of synthesis was calcu-
lated using Eq. (2). The dependence of the corresponding 
data on the milling time is given in Fig. 4. In general, 
two regimes appeared: first a sharp increase of α at the 
beginning of milling up to tM ≤ 20 min and then a gradual 
increase up till tM = 120 min. Totally, the maximum value 
of α = 69% was calculated for sample milled for 120 min 
in a laboratory mill.

Detailed study of the optimum samples

The appearance of non-consumed iron and two quaternary 
sulphides in products of mechanochemical synthesis induced 
the necessity to broaden portfolio of identification methods. 
Mössbauer spectroscopy (to identify iron oxidation states), 
EDX and TEM analysis (to bring more light on the pres-
ence of chatkalite and stannite phases as well as the size of 
nanoparticles) were applied. The samples milled for 120 min 
in laboratory  (LMmax) and industrial  (IMmax) mode were 
selected for the detailed characterization.

TEM and EDX analysis of  LMmax sample

Low-magnification TEM image of the  LMmax sample is 
shown in Fig. 5a. It reveals that the sample is composed 

of few hundred nanometer large agglomerates of smaller 
particles. Selected area electron diffraction (SAED) pattern 
(Fig. 5b) contains three clear diffraction rings confirming 
that the sample is crystalline. The fine size of diffraction dots 
comprising the rings suggests that the size of the crystallites 
is in the nanometer range. The analysis of the d values con-
firms that the sample is chatkalite. Crystallinity and size of 
the crystallites was confirmed also by high-resolution TEM 
(Fig. 5c). The images show tightly packed nanosized crys-
tallites with sizes in up to few tens of nanometres. Local 
chemical composition of the sample was analysed by EDX. 
The analyses were performed by acquisition of single analy-
ses in thin parts of the sample, the positions of seven EDS 
measurements are shown on the image in Supplementary 
Information. Quantification of Cu, Fe, Sn and S and the 
Cu/S ratio for the EDX analyses are given in Table 2. The 
results suggest that the chemical analysis of the sample is 
fairly homogenous. The comparison with theoretical com-
positions of chatkalite  Cu6FeSn2S8 and stannite  Cu2FeSnS4 
shows that the composition of the sample is in better agree-
ment with chatkalite. Namely, the amount of sulphur and 
copper almost exactly matches the theoretical amount, but 
the stoichiometry is deficient in iron (for ~ 33%) and rich in 
tin (for ~ 19%). This suggests easier incorporation of tin into 
the crystal structure. On the other hand, the opposite content 
of  Fe2+ and  Sn4+ is likely to occur in order to preserve the 
charge balance of the compound. Due to the proper amounts 
of S and Cu, also the experimental Cu/S ratio (0.8) is close 
to the expected value for chatkalite (0.75) and is significantly 
different from the one of stannite (0.5).

Mössbauer spectroscopy and Rietveld refinement

To resolve the oxidation states of Fe and Sn, which would 
facilitate the phase analysis, and to monitor the phase 
transformation upon hot pressing in the  LMmax and  IMmax 
samples from two complementary local viewpoints, we 
employed 57Fe and 119Sn Mössbauer spectroscopy, which 
uses the resonating nuclei as local probes and does not 
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rings belong to chatkalite, Miller indices of the lattice planes are 
marked on the diffraction pattern. c HRTEM image
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require a long-range ordering. The room temperature (RT) 
spectra of both the  LMmax powder and pellet are shown 
in Fig. 6. The spectra acquired at 4.2 K, spectra of  IMmax, 
hyperfine parameters of the individual components of the 
fits, and more detailed comments on the phase analysis are 
provided in the section S2 in the Supporting Information 
(SI). The residual α-Fe (23–26% of Fe atoms) in the pow-
ders completely reacted during the hot pressing and was not 
present in the pellets. The RT spectra show a minor doublet 
 (D1 and  D4) with the intensity of several percent that can be 
ascribed to the high-spin divalent iron, which is expected 
for stoichiometric chatkalite and stannite phases [55]. How-
ever,  Fe3+ largely dominates in the samples  (D2,3 and  D5,6). 
At the liquid-helium temperature, the present iron-contain-
ing phases are magnetically ordered, and, importantly, the 
samples likely do not contain polymorphs of iron oxides 
or oxy-hydroxides, although some trace amounts cannot 
be excluded due to the lower quality of the spectra. The 
119Sn Mössbauer spectra evidenced the exclusive presence 
of  Sn4+ in the samples, whereas for the  IMmax powder, where 
in addition to tetravelent tin, also up to 17% of Sn occurred 
in the divalent form (Fig. S2.2 in the SI). The majority of Sn 
was incorporated into sulfide phases (doublets  DSn1–DSn4), 
nevertheless, both samples contained cassiterite  (SnO2,  DSnO 
doublet), the content of which increased significantly by hot 
pressing.

Figure 7 shows the X-ray diffraction pattern of powdered 
material of the hot-pressed pellets of the  LMmax and  IMmax 
samples, which were used for the measurement of thermo-
electric properties (as will be shown later). The presence 
of two major phases was confirmed for both samples. The 
dominant phase is stannite (cca 60 vol%), and the second 
major phase is chatkalite (cca 30 volume%). Additional 
minor phases were identified as  SnO2 and  Cu1.6S (each 
approximately in 5 vol%). The structural features of stannite 

 (Cu2FeSnS4) and chatkalite  (Cu6FeSn2S8) phases are illus-
trated in Fig. S3.1 in SI, together with another similar phase 
mawsonite  (Cu6Fe2SnS8). For the sake of comparison, the 
structures are displayed in a common supercell (approxi-
mately 10.8 × 10.8 × 5.4 Å). It can be seen that these phases 
are crystallographically very similar, and their diffraction 
patterns share the main peaks and only differ by less inten-
sive peaks. This extensive peak overlap makes the structural 
refinement of the multi-phase samples difficult. Therefore, 
we have only determined the stoichiometry and structural 
details for stannite, whereas we kept the ideal stoichiom-
etry for the second major phase chatkalite in the refinement. 
The stoichiometry of the stannite phase was refined as 
 Cu2Fe1.2Sn0.6–0.2S4. The difference from the ideal stoichi-
ometry is the excess of Fe at the expense of Sn and a small 
number of vacancies on cation sites. Supposing typical 
valencies of  Cu1+,  Sn4+ and  S2−, the refined stoichiometry 
gives the valency  Fe3+, instead of  Fe2+ corresponding to 
the ideal stoichiometry. The determined valency  Fe3+ for 
stannite is in accordance with the Mössbauer spectroscopy 
results. The stoichiometry of chatkalite was not refined, but 
the  Fe3+ valency could be also possibly explained by vacan-
cies on Sn sites, such as  Cu6FeSn1.75–0.25S8. The presence of 
vacancies on Sn sites is in accordance with the observation 
of  SnO2 phase as an impurity.

In general, hot pressing served not only as a physical 
densification tool but also as chemical reaction tool, as the 
present compounds have changed in comparison with the as-
received powders after milling. Namely, the transformation 
of chatkalite into stannite phase was observed.

Table 2  TEM/EDX analyses of the laboratory milled  LMmax sample

No. of analysis Cu Fe Sn S Cu/S
Atomic %

1 31.7 3.9 16.8 47.6 0.67
2 42.9 3.6 10.3 43.2 0.99
3 33.9 4.4 15.0 46.6 0.73
4 33.4 4.5 15.0 47.0 0.71
5 37.6 3.7 12.9 45.9 0.82
6 40.4 3.3 14.1 42.2 0.96
7 34.0 5.2 14.3 46.5 0.73
8 37.7 3.4 13.7 45.2 0.83
9 36.5 3.3 14.3 45.9 0.80
Average 36.5 3.9 14.0 45.6 0.80
Chatkalite  Cu6FeSn2S8 35.3 5.9 11.8 47.1 0.75
Stannite  Cu2FeSnS4 50.0 12.5 25.0 12.5 0.50
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Thermoelectric performance

Thermoelectric properties of  LMmax and  IMmax samples 
can be seen in Fig. 8. Both samples display semiconducting 
behavior as evidenced by the temperature dependence of 
electrical resistivity and moderate values of Seebeck coef-
ficient. Seebeck coefficient is positive in the whole temper-
ature range, suggesting that holes act as the main charge 
carriers. Its diffusive character is evidenced by the nearly 
linear temperature dependence which tends to zero at 0 K. 
In line with the electronic structure calculations detailed in 
Supplementary Information (Fig. S2.1), the measurements 
suggest that the Fermi level is close to the top of the valence 
band and electrical properties are governed by Cu–S states.

The Seebeck coefficient (Fig. 8b) of the two samples is 
strikingly similar, in contrast with their electrical resistivities 
which differ by an order of magnitude (Fig. 8a). A reason-
able explanation is a difference in the amount of interfaces 
and boundaries in the two samples induced by high-energy 
milling. This impedes electrical transport and increases 
electrical resistivity in the  IMmax sample. To a lesser extent, 
thermal transport is also influenced, leading to lower thermal 
conductivity in this case (see Fig. 8c). Seebeck coefficient is 
generally much less sensitive to such disruptions, explain-
ing its similar values. Measured thermal conductivity κ is 
dominated by lattice thermal conductivity; the electronic 
part, estimated using the Widemann-Franz law, does not 
exceed 0.2 W  m−1   K−1. Thermal conductivity is around 
1 W  m−1  K−1 in most of the temperature range, which is a 
low value favorable for thermoelectric applications.

The maximum value of the calculated thermoelectric fig-
ure of merit ZT = 0.27 was obtained at 600 K for the  LMmax 
sample (Fig. 8d). In the case of  IMmax sample, the maximum 
ZT equals to about half of that, mainly because of the higher 
electrical resistivity.

In summary, comparison of the transport parameters 
for laboratory milled  LMmax and industrially milled  IMmax 
samples is illustrated by Fig. 8a–c from data of which the 
corresponding figure of merit ZT was calculated (Fig. 8d).

As stated in previous paragraph, the main difference is 
in the electrical resistivity where corresponding values for 
industrially milled sample are one order magnitude higher 
in comparison with the laboratory milled counterpart. The 
explanation can be hidden in different supply of mechanical 
energy and corresponding wear of balls during mechano-
chemical synthesis. As stated in Supplementary Informa-
tion (Section S1a), high-energy milling is a multifactorial 
event where different processing parameters play a deci-
sive role, as defined by regression Eq. (4). In our case three 
parameters were studied, i.e. milling time tm, revolutions of 
the mill n and mass of milled sample mS. Milling time was 
constant for both milling modes (tm = 120 min). According 
to Eq. (4), the most influential parameter on course of syn-
thesis (by constant mass of milling balls mB) was the mass 
of sample mS. However, in our case values of mB and mS 
were different. When comparing the applied conditions for 
laboratory milling their ratio was mB/mS = 135 g/10 g = 13.5 
in contrary to industrial milling where this value was mB/
mS = 35,000 g/100 g = 350, respectively. It follows that dur-
ing industrial milling, the impact of balls on milled sam-
ple is 350:13.5 = 25.9-times more intensive. This factor is 

Fig. 7  X-ray diffraction patterns 
of hot-pressed pellets. Indexes 
of major phases stannite (ST) 
and chatkalite (CH) and peaks 
of minor phases are indicated. 
Agreement factors of Rietveld 
refinement for  IMmax − HP: 
Rp = 2.13%, Rwp = 2.85%, 
χ2 = 2.63%, for  LMmax − HP: 
Rp = 1.97%, Rwp = 2.58%, 
χ2 = 1.98%
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supported by revolutions of the mill which also character-
izes intensity of supplied milling energy and is higher for 
industrial milling (n = 960  min−1) in comparison with labo-
ratory milling (500  min−1). The accompanying sign for each 
mechanochemical event is wear of milling balls [17, 56]. In 
our case the applied balls were from tungsten carbide WC. 
According to chemical analysis (dissolution in  HNO3) the 
estimated content of W in milled samples was 0.0114% and 
0.0192% for  LMmax and  IMmax, respectively. WC is charac-
terized by high electrical resistivity 2 ×  107 Ω m which is 
significantly higher than the values presented in Fig. 8a. It 
follows from the presented data, that the higher wear can 
be responsible for higher electrical resistivity in samples 
prepared by industrial milling.

Differences in the thermal conductivity data between 
industrial and laboratory milling can be observed in Fig. 8c. 
In this case several factors must be borne in mind. The pres-
ence of WC and nanosized character of produced powders 
(see Fig. 5 for laboratory milling) belong to the most impor-
tant ones. They contribute to enhanced grain and phase 
boundaries formation and, as a consequence of it, to a higher 
scattering of phonons which are responsible for reduced 
values of thermal conductivity. These phenomena are more 
influential for industrial milling as evidenced in Fig. 8c.

Conclusions

We successfully demonstrated the possibility to engage ele-
mental precursors Cu, Fe, Sn and S in a solid-state mechano-
chemical synthesis to produce corresponding quaternary sul-
phides. The product after milling was further processed by 
hot press compacting technique to consolidate the powder. 
In this strategy it was possible to prepare a nanobulk chat-
kalite  Cu6FeSn2S8/stannite  Cu2FeSnS4 composite contain-
ing minor amounts of cassiterite  SnO2 and geerite  Cu1.6S. 
The TEM/EDX study documented tightly packed nanosized 
crystallites approximately 10–20 nm in size and dominat-
ing chatkalite phase. Such original synthetic approach was 
applied for the first time using a laboratory planetary and an 
industrial eccentric vibration mills, respectively. Especially 
application of industrial mill paved the way of scalling-up 
the synthesis process.

Using magnetometry to follow the kinetics of synthesis, 
the non-consumed Fe as a marker was applied. The mecha-
nochemical reaction proceeds as a multistep process com-
prising binary sulphides SnS and CuS at the beginning and 
quaternary chatkalite/stannite nanocomposite at the end of 
synthesis.  The strong magnetic Fe is consumed and incor-
porated into less magnetic quaternary sulphides.

The detailed Mössbauer study on hot-pressed samples 
unveiled that iron is present in the composite in the 3+ 
oxidation state and only very minor part (< 2%) could be 
detected as  Fe2+. Tin is present in the 4+ oxidation state. 
These facts were projected into phase and chemical compo-
sition, as evidenced also by XRD and magnetic data. It was 

Fig. 8  Temperature depend-
ence of a electrical resistivity, b 
Seebeck coefficient, c thermal 
conductivity, and d figure of 
merit ZT of hot-pressed samples 
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further confirmed that the final hot pressing process leads to 
the incorporation of residual iron (remaining in the mecha-
nochemically synthetized nanopowder) into the quaternary 
sulphide composite while tin remains in a lesser extent in a 
form of  SnO2 precipitates.

Considering the structural and chemical nearness of chat-
kalite and stannite structures, we were not able to specify 
the exact composition of the as-synthetized nanopowders, 
however, for sintered pellets we succeeded to determine the 
approximate phase composition. As the sulphur-containing 
phases are depleted of Sn, having important impact on Fe 
valency and vacancies in the structure, the main phase (60%) 
in the pellet and the powder was identified as vacancies-
containing stannite with modified stoichiometry (Fe > Sn), 
namely  Cu4Fe2.4Sn1.2S8. This phase dominates the electrical 
and thermoelectric properties. As the second most abundant 
phase (30%) we identified chatkalite. The existence of  Fe3+, 
on the contrary to ideal  Fe2+, is explained by a small number 
of vacancies on Sn sites.

Based on electronic structure calculations the most dis-
tinct density of electronic states at Fermi level is linked with 
Cu states in chatkalite and stannite. This explains the posi-
tive (hole-like) thermopower and high electrical conductiv-
ity associated with highly dispersive bands. The diffusive 
thermopower represented by utmost linear temperature 
dependence is thus likely dominated by strongly hybridized 
Cu–S states at Fermi level. This fact is important when deal-
ing with likely different than theoretical 2+ valence of iron 
in stannite and chatkalite. We explain the observed electrical 
properties by the dominating role of Cu3d utmost filled band 
strongly hybridized with sulphur.

Considering thermoelectric performance, several new 
findings were identified. Thermal conductivity is domi-
nated by phonons and is very low due to multiphase nature 
of composite material, low thermal conductivity of respec-
tive phases tied to their complex structure and the phonon 
reflection due to further present impurities. The role of small 
grain/particle size in thermal conductivity is likely less 
important. Based on the thermoelectric measurements the 
calculated figure-of-merit reached value ZT = 0.27 at 600 K 
which is somewhat lower than that previously published for 
a mawsonite/stannite composite where ZT = 0.51 at 623 K 
[31]. The difference is due to a higher thermal conductivity 
of chatkalite/stannite composite studied in this work.

The experimental material presented in this paper is in 
accordance with the aims defined in the introduction. Non-
traditional approach to apply magnetometry for the study of 
the kinetics of solid-state mechanochemical synthesis can 
be accepted as the experimental novelty. The successful car-
rying out of the synthesis in an industrial mill represents 
a valuable approach to manifest the novelty indispensable 
for future applications. In general, the paper presents novel 

perspectives for the study of environmentally acceptable 
high-performance thermoelectric materials.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10973- 024- 12931-0.
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