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Mechanochemistry for Energy Materials: Impact of High-
Energy Milling on Chemical, Electric and Thermal Transport
Properties of Chalcopyrite CuFeS, Nanoparticles

Peter Balaz"™ Erika Dutkova,*™ Matej Balaz,” Rébert Dzunda,” Jiti Navratil," Karel Knizek,"

Petr Levinsky,'” and Jifi Hejtmanek!

Chalcopyrite CuFeS,, a semiconductor with applications in
chemical sector and energy conversion engineering, was
synthetized in a planetary mill from elemental precursors. The
synthesis is environmentally friendly, waste-free and inexpen-
sive. The synthesized nano-powders were characterized by XRD,
SEM, EDX, BET and UV/Vis techniques, tests of chemical
reactivity and, namely, thermoelectric performance of sintered
ceramics followed. The crystallite size of ~13 nm and the strain
of ~17 were calculated for CuFeS, powders milled for 60, 120,
180 and 240 min, respectively. The evolution of characteristic

1. Introduction

Chalcopyrite CuFeS, composed of earth-abundant, non-toxic
and inexpensive elements is a mineral with tetrahedral
structure. The structure can be considered as a double-sfalerite
cell in which two Zn atoms are replaced orderly by one Cu ion
and one Fe ion. This ordered arrangement in the lattice is in
tetrahedral coordination with sulfur. The lattice constants of the
tetragonal cell are a=5.291 A, c=10.422 A™ CuS, and FeS,
tetrahedra are connected in a corner - sharing manner.” The
sulfur atom displaces from the center of the bonded tetrahe-
dron, arising that the Fe—S bond is stronger and more
anisotropic than the Cu—S bond.”

CuFeS, is known to be an antiferromagnetic semiconductor
at ambient pressure. The majority of its carriers are of p- or n-
type depending on sample.’*" Its interesting semiconductor
properties favor research into its thermoelectric performance.”
Research encompasses synthetic as well as natural species.® To
improve its thermoelectric performance the doping is fre-
quently applied to enhance the carrier concentration and
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band gaps, Eg, and the rate constant of leaching, k, of nano-
powders are corroborated by the universal evolution of the
parameter Sg/X (Sge-specific surface area, X-crystallinity) intro-
duced for complex characterization of mechanochemically
activated solids in various fields such as chemical engineering
and/or energy conversion. The focus on non-doped semi-
conducting CuFeS, enabled to assess the role of impurities,
which critically and often negatively influence the thermo-
electric properties.

electrical conductivity.®” Next to the doping, also nanostructur-

ing plays important role to improve transport properties in
thermoelectric materials.®! Creation of solid state defects in
form of multinary boundaries and interphases leads to the
phonon scattering and reduction of thermal conductivity which
enhances TP.” This concept was also verified for CuFeS,.74'%

Mechanochemistry is now regularly applied to produce
nanostructures useful in various fields."" The high-energy ball
milling was also accepted in thermoelectrics among the non-
equilibrium recipes like melt-spinning and self-sustaining heat-
ing synthesis to prepare multiscale nanostructures and /or to
synthesize nanosized thermoelectrics."?

Recently several papers were published by our research
group aimed at elucidation of thermoelectric performance of
mechanochemically treated chalcopyrite CuFeS,. Research into
its synthesis,"® intrinsically doped samples,™ combination of
natural and synthetic chalcopyrites®® as well as the scaling
possibility™ opened new roads for further research into this
promising semiconductor. The results were challenging, how-
ever a systematic study of prolonged milling of synthesized
chalcopyrite was not performed up-till now. Therefore, the aim
of this paper is to elucidate impact of high-energy milling of
CuFeS, nanoparticles on its physicochemical properties, espe-
cially on transport properties. For this study we have chosen
the “pure” undoped semiconducting CuFeS,. The straightfor-
ward reason consists in the much higher sensitivity of the
undoped CuFeS, to probe the role of “impurity phases”, e.qg.
digenite Cu, ¢S, pyrhotite Fe,Sq, or other electrically conducting
phases which influence the electric and thermal transport of
resulting sulfides due to the percolative nature of electrical
transport. As a result, these parasitic phases can essentially
influence the thermoelectric performance of the material being
“hidden” for XRD and EPMA analysis due to their low
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concentration, poor crystallinity, small size etc. The presence of
such “low concentration” parasitic phases is undiscoverable in
optimally doped chalcopyrite which, due to the “robust” adjust-
ment of its electric transport properties to degenerate limit,
does not enable to unmask the role of impurities.

2. Results and Discussion
2.1. Bulk and Surface Characterization

In Figure 1 XRD patterns of the synthetized CuFeS, samples are
shown (B-E). For comparison the pattern of non-milled natural
CuFeS, is also shown (A). The peaks are indexed to the
tetragonal CuFeS, (JCPDS 01-075-6866). The intensity of peaks
for milled samples broaden and declines. Some adjacent peaks
overlap, namely 204/220 and 312/116. It reflects the changes in
lattice strain and crystallinity degree." In non-milled natural
sample (A) also admixtures of quartz SiO, and siderite FeCO,
from mineral deposit are shown. In milled samples (B-E) pyrite
FeS, as an admixture created during the synthesis is present.
Closer examination of sample milled for 60 min (B) was
performed by Mdssbauer spectroscopy in our previous work.”!
The patterns of milled samples show broad peaks which reflect
nanocrystalline and disordered structure of CuFeS,. The Rietveld
refinement was used to estimate the crystallite size and strain
of the particles. The crystallite sizes of 13, 9, 14 and 13 nm and
the strain 16, 14, 17 and 22 were calculated for CuFeS, treated
for 60, 120, 180 and 240 min, respectively. It follows that the
crystallite size reaches its saturation value around 12 nm. Both
the size reduction down to the nanometer scale as well as
simultaneous increase of lattice disorder as a consequence of
induced strain have positive effect on thermoelectric perform-
ance. Effect of nanostructuration leads to the formation of a
large number of grain boundaries which serve as phonon
scattering centers and consequently to reduction of lattice
thermal conductivity.®

Values of specific surface area, S (1), crystallinity, X (2) and
band gap, E; (3) in dependence on milling time, t, of CuFeS,
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Figure 1. Powder X-ray diffraction patterns (XRD) of chalcopyrite CuFeS,.
Milling time: A) 0 min (standard, natural mineral), B) 60 min, C) 120 min,
D) 180 min, E) 240 min.
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are given in Figure 2. Surface area, Sg; of milled samples (curve
1) sharply increase till t,,;=120 min. However, this increase is
slowing at higher milling times and even at 240 min the
decrease of Sg; values is observed. At the beginning of milling
the small particles are generated resulting in an increase of Sg.
Later on, further comminution is reduced, or there may be even
an increase of particle size due to the interaction of fines. This
effect is characterized by agglomeration of particles as a
consequence of van der Waals forces and/or chemical bonds."”
Accordingly, the adequate morphology of CuFeS, particles can
be observed, see Figure 5. As a whole, changes in specific
surface area are source of two-dimensional defects (surface
defects) where the periodicity of the structure is disturbed or
interrupted.’®

Crystallinity, X of milled samples (curve 2), as an integral
characteristic of bulk defects, shows an opposite tendency. The
calculated values are very low and close to each other (X=22-
29%) in whole milling interval 60-240 min. Corresponding XRD
patterns are in Figure 1. The levelling of X values corresponds to
the same tendency in values of crystallite sizes and strain, see
previous paragraph. It is known in mechanochemistry that
during mechanical activation the size of crystals decreases to
some critical values."" As stated in,""” prolonged energy supply
by high-energy milling causes progressive deformation of the
crystals and energy accumulation in their volume or at the
surface. In our case, the population of bulk defects represented
by Xvalues is not so broad as in case of surface defects
represented by Sz values. As an example, let us compare
samples milled for 60 and 120 min, respectively. While Sg
values increased from 2.5m’g™" to 44 m?g”!, i.e. 1.8times,
X values decreased from 29% to 27%, i.e. only 1.1 times. It
follows that by mechanical activation of chalcopyrite CuFeS,
the population of surface defects is more developed in
comparison with bulk defects.

The concept of effective surface area as an integral
character of surface defects for evaluation its influence on
reactivity of mechanically activated solids was introduced.””
Later a concept to unify surface and bulk changes generated
during mechanical activation into a joint parameter was

T T T T T T T 0.82 4
s1a 100 L
] //.;_\. . 0.80 \.\
[ 0.78 4 \
/ \
4 / \
- 80 0.76 - A
- / ' \
o / -
o 0.74
£ 3 [ x > A
al # 460 2 072 \
@ w®
e, 0.70 \
A
/ 40 0.68 | \
A Y A — \\
/ 0@ s T W @
Y m—g T 0.66 4 \\
] . 120 0.64 - A
O+ T 1T 0.62 4+— T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250
t,/ min t, / min

Figure 2. The influence of milling time, t,, on specific surface area, Sg (1),
crystallinity, X (2) and band gap, E; (3) and for chalcopyrite CuFeS, (in Inset
dependence of Sg/X on milling time t, is given).
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elaborated by introducing the structure imperfections in
solids.?"

This parameter defined as Sg#/X was applied in®? for
evaluation of solid state reactions influenced by mechanical
activation. This parameter was used also in our study to verify
its applicability for characterization of semiconductor proper-
ties, see the following paragraph. Its dependence on energy
supply to CuFeS, by milling is shown in inset of Figure 2. The
straight line was obtained for all milled samples except of the
one milled at 240 min. Here, the decrease in Sg; value
influenced the straight line tendency.

In Figure 3 UV/Vis absorption spectra of chalcopyrite CuFeS,
treated for different milling times are shown. Based on Tauc
plots (see Inset) the values of energy bandgap E, for individual
samples of chalcopyrite were determined. Accordingly, there is
an unambiguous tendency of E, decrease with increasing
supply of energy by milling.

]

2.2, Structure Sensitivity of Band Gap

In semiconductor science manipulation with energy band gap
E, can influence the thermoelectric performance of a material.*”
Usually, higher electrical conductivity can be overcome by using
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Figure 3. UV/Vis spectra of chalcopyrite CuFeS,. Milling time: A) Omin,
B) 60 min, C) 120 min, D) 180 min, E) 240min (in Inset Tauc plots are given).
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Figure 4. Energy band gaps, E, (A) and rate constants, k (B) vs. Sge/X for
chalcopyrite CuFeS, milled for 0-240 min.
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semiconductor with lower value of E, and/or by application of
the dopant. The tendency of lowering E, values was observed
also in our study. In Figure 4a dependence of E; values on
parameter Sz/X for mechanically activated chalcopyrite CuFeS,
is shown. From a given linear plot the structural sensitivity of
bandgap energy E, can be identified. However, in the region
with Sg/X values higher than 21 m?g~' the plot is changing
and does not fit into this trend. Explanation can be found in
Figure 2, where for milling time 240 min a decrease in value of
specific surface area Sz can be observed. This is connected
with particle interaction (agglomeration) where smaller particles
created by high energy milling are joining into larger ones.""”
More intimate contact in polydispersed particles has impact on
changes of ultrafine structure of chalcopyrite grains with
consequences on its electronic properties. However, this
phenomenon is not harmful for further E;, decrease as can be
observed in Figure 4. It follows that for a decrease of E, the bulk
disordering of CuFeS, (manifested by decrease of the crystal-
linity degree X) is more decisive than its surface disordering
(manifested by increase of specific surface area Sgg).

2.3. Morphological Characterization

Scanning electron micrographs (SEM) of chalcopyrite milled for
different times are given in Figure 5. For comparison, SEM of
standard (non-activated) CuFeS, is shown in Figure 5a. In this
case typical large chalcopyrite grains in combination with
smaller ones can be detected. The poly-dispersive character of

Figure 5. Scanning electron micrographs (SEM) of chalcopyrite CuFeS,,
milling time: a) 0min (standard, natural mineral), b) 60 min, c) 120 min,
d) 240 min.
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the grains is a consequence of applied dry sieving procedure in
which the sieve with mesh less than 35 pum was used. In
Figure 5b the grains of synthesized CuFeS, by milling for 60 min
are shown. Next to the large micrometer grains also the very
small grains showing occurrence the possible nanometer size
can be detected. The occurrence of large grains can be a
consequence of brittle-ductile transformation in mechanically
activated CuFeS, where plastic deformation instead of fracture
occurs. Again, the sample is poly-dispersive in its morphol-
ogy. Trend to formation of smaller grains is further manifested
in Figure 5¢ where their population is prevailing. This is in
accord with the large Sgr value for this sample milled for
120 min (see Figure 3). Finally, at milling time 240 min the
population of smaller grains is again present (Figure 5d). The
small grains have tendency to agglomerate into the larger ones
(nanocomposites) which corresponds with the decrease of Sgr
values in Figure 3. Nanocomposites retain a size in a nanometer
range (see discussion around Figure 1) and can be responsible
for the decrease in a thermal conductivity because they serve
as phonon scattering centers."? Poly-dispersive character of
products can be also beneficial for thermoelectric performance.
As stated in®®¥ these multiscale distributions positively influence
phonon scattering.

2.4. Chemical Reactivity

In Figure 6 dependence of Cu and Fe dissolution from
mechanically activated chalcopyrite CuFeS, is shown for
samples treated for different milling time. In order to identify
differences between Cu and Fe dissolution, the ratio of
dissolved metals Cu/Fe was applied. For comparison, the results
for standard (non-milled) chalcopyrite are also presented.
According to equation (2), both metals are dissolved as soluble
chlorides and their molar ratio in solution has to be equal. 1.
However, the experimental data are different. It follows from
the presented plots that there is a dependence of Cu/Fe ratio
on leaching time. Value Cu/Fe=1 was reached only for
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Figure 6. The leaching of copper and iron (defined as Cu/Fe ratio) from
chalcopyrite CuFeS, milled for different times, t), — milling time, t, — leaching
time.
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standard (non-milled) sample at t >15min. However, a
tendency to reach this equilibrium value is manifested also for
the milled samples. Moreover, the course of metals dissolution
varies with milling time t),. In order to clarify this sensitivity, the
rate constants, k were calculated from the linear parts of Cu/Fe
dependence vs. t, in the interval t,=15-60 min (Table 1).
Selection of the linear interval was based on inspection of the
leaching curves in Figure 6. At the beginning (t, . 15 min), the
dissolution is very fast. We interpret this phenomenon as a
consequence of possible presence of Cu** and Fe*' soluble
sulfates on surface of nanocrystalline chalcopyrites.””

To verify the structure sensitivity of reaction (2), the
calculated rate constants of leaching, k vs. Sg/X values are
given in Figure 4 (plot B), where the same dependence is shown
for E,. Again, the structure sensitivity of leaching is documented
as in case of energy band gap E, Figure 4 (plot A). The both
plots refer on the potential universality of parameter Sg/X for
characterization of disordered solids in such diverse fields as
chemical engineering and/or semiconductor physics.

This structure sensitivity of leaching must be consequence
of changes in disordered structure of chalcopyrite. It follows
from the leaching curves in Figure 6 that the Cu/Fe ratio is
always lower than 1 for all mechanically activated samples. It
means that Cu is dissolving slower in comparison with Fe.
However, with increase of chemical impact (time of leaching)
and/or mechanical impact (time of mechanical activation) there
is a trend to level of these differences. Explanation can be
related to the structural changes of chalcopyrite because of
mechanical activation. To help in elucidation of solid-state
changes in CuFeS,, EDX analysis of the powdered samples was
performed (Table 1). EDX method has penetration depth
~150 nm” and can provide the average content of elements
in bulk of the synthesized species for which the average
crystallite size ~12 nm was determined by XRD in our case. The
EDX data for copper and iron content in solid phase show some
variation of the values. Cu is enriched for samples milled for
120-240 min. However, content of Fe is relatively stable and
not different in comparison with the standard (non-milled)
sample. The only compelling ascertainment is sulfur content
which decreases with the milling time. Liberation of sulfur from
CuFeS, due to the high-energy milling was already proved for
natural mineral.>*®* Tetragonal low-temperature modification
CuFeS, (a-phase) is transformed to the high-temperature
modification CuFeS,, (B-phase) which is sulfur deficient.
According to®* where B-phase was obtained by syntheses with
variation of sulfur content, the value x=0.25. However, their
results were not normalized. In our case, EDS results for t,=

809

Table 1. The rate constants of leaching, k and EDX analysis of chalcopyrite
CuFeS, in dependence on milling time, t,.
Milling time Leaching EDX analysis
ty/min k. 10~*/min~" R? (not normalized)
0 93 0.82174 CU; 04F€1.6751 80
60 21.0 0.96564 CUy 03F€; 0851 80
120 338 0.99947 CUy 11F€, 0651 83
180 304 0.96852 CUy10F€1.0651 52
240 32.1 0.97411 CUy1iFe; 1157
© 2021 The Authors. Published by Wiley-VCH GmbH
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240 min were re-calculated and the normalized composition
Cu, goFe; 005160 Was obtained. The sulfur liberation during milling
leads to the rupture of chemical bonds where sulfur is involved
and subsequently to the reconstruction of chalcopyrite struc-
ture. Here Cu—S and Fe—S bonds are destabilized according to
their length and strength. Bond distances in non-treated
tetrahedral CuFeS, are 2.272 A and 2.287 A for Cu-S and Fe-S,
respectively.”” Fe—S bond is stronger and more anisotropic
than the Cu—S bond.”! In our case, a selective increase of Cu
dissolution with milling time is observed. According to™” the
selective influence upon one part of the crystal lattice is a
characteristic feature of solids with closed-packed structural
units. Mechanical impact may lead to the delocalization of
copper ions which in its sublattice manifest as a liquid-like state
beneficial for chemical leaching® as well as for lowering of
thermal conductivity.?>*
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Figure 7. Thermoelectric properties of sintered and annealed samples of
chalcopyrite CuFeS, as a function of temperature. a) electrical resistivity,
b) activation energy, c) Seebeck coefficient, d) thermal conductivity (in
Figure 7D the gray curve contrasts the thermal conductivity of the milled
nano-grained samples to a “classically” synthesized chalcopyrite®™ with
relatively large grains).
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Figure 8. Thermoelectric properties of sintered samples as a function of
temperature showing the effect of annealing. a) electrical resistivity,
b) Seebeck coefficient.
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2.5. Thermoelectric Properties

The study of the duration of high-energy milling procedure in
connection to the thermoelectric properties was performed
using “pure” undoped initial composition of CuFeS,. We
remember the idea to employ the semiconducting nature of
pure CuFeS, which offers, due to the highest sensitivity of
“utmost” insulating matrix, to “unveil” the role of impurities on
both electrical and thermal transport. The “standard” approach
based on maximizing Figure of merit ZT would not enable such
study. Temperature dependence of the thermoelectric proper-
ties of the samples is shown in Figure 7 and 8. While measure-
ments of the electrical resistivity p and Seebeck coefficient S
upon cooling below room temperature were completely
reproducible, heating cycles above room temperature up to
600 K led to irreversible changes in both p and S. On the other
hand, this was not the case for the thermal conductivity x
which was unaffected by high temperatures. Most importantly,
due to the high temperature thermal cycling between 300 and
600 K, p and S stabilized and could be measured reproducibly.
Figure 7 shows data for such “annealed” samples. Figure 8
shows how p and S evolved from “pristine” to “annealed”
samples. This behavior is depicted in Figure 7a and 7c as
follows: opaque curves below 300 K represent the properties of
pristine samples, semi-transparent curves above 300 K show
how the properties evolved upon heating and finally, opaque
curves above 300 K show the reproducible properties after
thermal cycling. Furthermore, low temperature data of one
sample after thermal cycling are also displayed; another sample
showed the same behavior after thermal cycling but we
omitted the data to maintain clarity of the graphs.

CuFeS, is a semiconductor and as such, its resistivity and
Seebeck coefficient may be used as a probe into the phase
purity of the samples. Of all the samples, only the behavior of
the one milled for 180 min closely resembles that of a “typical”
low-doped CuFeS, below 300K - that is (see Figure 8), its
resistivity increases sharply with decreasing temperature to
surpass 100 Qm and its Seebeck coefficient is negative with an
absolute value of several hundred pV K™' and without signifi-
cant dependence on temperature above 100 K.*

On the other hand, the other samples (as well as the
180 min sample after thermal cycling) display a different
behavior when p still shows semiconducting temperature
dependence but the change is more gradual with a noticeable
shoulder around 10 K. Most importantly, the Seebeck coefficient
is positive (with the exception of the 60 min sample above
175 K). This marked difference from standard chalcopyrite
behavior leads us to believe that impurities are responsible for
the observed electrical properties of the samples. While
chalcopyrite makes up the bulk of the grains as confirmed by
XRD, the composition of their surface remains uncertain and
may be changed during hot pressing and high temperature
transport experiments. In fact, a thin surface layer covering the
grains would evade XRD detection and, if electrically conductive
enough, could eclipse the measured electrical properties of the
less conductive chalcopyrite phase.

© 2021 The Authors. Published by Wiley-VCH GmbH
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Some of the possible phases with high electrical conductiv-
ity and positive Seebeck coefficient from the rich Cu-S, Fe-S
and Cu—Fe-S systems are digenite Cu,gS, pyrrhotite Fe,,S or
non-stoichiometric bornite Cus, ,Fe,,S,">"

The XRD analysis of the surface of the hot-press sintered
pellets detected bornite CusFeS, as another phase in addition
to CuFeS, in the ratio of 2-10 mol%. The concentration exceed-
ing 10% is only limited to the surface of the pellets, as it was
revealed by the XRD analysis after removing of several micro-
meters of the pellet surface which showed CuFeS, as the only
phase in the bulk of the pellets, see the comparison of XRD
patterns of the pellet’s surface and pulverized pellet in Figure 9.
Thin surface of the pellets, if it is electrically conductive enough,
could eclipse the measured electrical properties of the less
conductive chalcopyrite phase. However, regarding the trans-
port properties of bornite, only the Cu rich phase Cus. Fe, S,
exhibits reasonable electrical resistivity about 107*Qm and
Seebeck coefficient about 100 pWK™' which both could explain,
considering the high concentration of bornite on the surface of
the pellets, the observed low temperature resistivity and
Seebeck data.

As noted before, heating the samples above room temper-
ature has an irreversible effect on p and S. Upon heating to
600 K, both properties converge around a similar value
regardless of sample and can then be cycled fully reversibly
between 300 and 600 K. The absolute values and temperature
dependence of both p and S are then very similar for all the
samples. We note that the drift observed upon first heating is a
bulk effect as sanding the sides of the samples to remove
surface layers had no measurable effect on the properties.
Around 450 K, resistivity shows a step and a change of slope.
This is better viewed in terms of apparent activation energy E,
calculated from the Arrhenius equation o ~e k0 =g E9/GkD
where k is the Boltzmann constant and £, is the band gap (see
Figure 7B). Above this marked feature, E, shows little change
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Figure 9. Powder X-ray diffraction patterns of hot-press sintered pellets of
chalcopyrite CuFeS,, milling time 180 min. & CusFeS, Impurity. a) surface of
the pellet, b) pulverized pellet.
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with temperature and its absolute value corresponds to the
band gap of about 0.5 eV. This is consistent with the samples
entering intrinsic conduction regime above 500 K. With the
increase in conductivity, the chalcopyrite mother phase starts to
dominate the observed electrical properties, switching the
Seebeck coefficient back to negative values before attaining
values of S around —200 uVK™', similar to those observed in
low doped chalcopyrite.

Regardless of milling time, all the samples possess very
similar values of thermal conductivity in the whole measured
temperature range. At room temperature, they are relatively
low at about 4 and 5 Wm 'K, At low temperatures, we notice
a marked absence of a dielectric peak and x is one order of
magnitude lower than in “standard, high temperature synthe-
sized” chalcopyrite with grain size in the micrometer range. This
reduction can be readily attributed to increased phonon
scattering due to nanostructuring of the samples. This results
from the reduction of grain size and possibly other mechanisms
as well, the latter supported by the fact that x does not follow
the standard T° dependence. At high temperatures we observe
T ' dependence typical for Umklapp phonon scattering. Unlike
for p and S, thermal conductivity does not change after the
samples have been exposed to high temperatures (thermal
cycling took several days). This is an important implication for
potential thermoelectric applications as there are concerns that
heating could lead to grain growth resulting in an increase of k.
Let us note that this study focused on stoichiometric CuFeS,
and not on the optimization of thermoelectric properties with
respect to TE application and high TE performance. This would
require optimized doping by an introduction of doping
elements. For the sake of completeness, we note that the values
of the thermoelectric figure of merit ZT =ST/(ox) was about 0.1
and in the case of power factor PF=5*p of the order of
107> Wm™'K™2 at most for all tested samples.

3. Conclusions

In this work chalcopyrite CuFeS, phases were synthesized from
elemental precursors via environmentally friendly and essen-
tially waste-free mechanochemical process in a planetary mill.
The prolonged milling was applied to identify the physicochem-
ical changes of the synthesized samples. The methods of XRD,
SEM, EDX and UV/Vis, adsorption measurements and tests of
chemical reactivity were used to examine both powders and
sintered ceramics. The X-ray diffractometry patterns of milled
powder samples revealed the nanocrystalline and disordered
structure of synthetized powders: the crystallite sizes 13, 9, 14
and 13 nm and the strain 16, 14, 17 and 22 were calculated for
CuFeS, milled for 60, 120, 180 and 240 min, respectively. The
parameter Sg/X (Sger — specific surface area, X - crystallinity)
defined as the structure sensitivity was introduced to com-
pletely characterize surface and bulk changes in the treated
powder samples. The structure sensitivities of the rate constant
of leaching, k as well as the band gap, £, illustrate the universal
character of this parameter for characterization of mechanically
activated solids in general (semiconductor physics, chemical
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engineering and so on). Here the sulfur liberation during milling
leads to the rupture of chemical bonds in which the sulfur is
involved and, subsequently, to the reconstruction of chalcopyr-
ite structure. Mechanical impact may lead to the delocalization
of copper ions in chalcopyrite sublattice while such liquid-like
state of copper is beneficial for acceleration of its chemical
leaching (nano-powders) as well as for lowering the thermal
conductivity (sintered nano-ceramics).

Thermoelectric measurements on sintered samples did not
show any clear and evident correlation with milling time.
Electrical resistivity and Seebeck coefficient measurements
showed the samples were semiconducting. The measured
values were affected by a small concentration of impurities
such as bornite — at high temperatures, these values were as
expected for chalcopyrite, while at medium temperatures,
impurities caused switching of Seebeck coefficient to positive
values along with reduced resistivity lowered at low temper-
atures. Thermal conductivity was very similar in all the samples,
nanostructuration resulted in its low values along with
suppression of the dielectric peak and, most importantly,
thermal cycling targeted to assess long term stability did not
have any effect neither on absolute value nor on the temper-
ature dependence.

Experimental Section

Materials

For mechanochemical synthesis of chalcopyrite CuFeS, copper
(99% Merck, Germany), iron (99% Aldrich, Germany), and sulfur
(99% CG-Chemikalien, Germany) as reaction precursors were used.

Mineral chalcopyrite CuFeS, (deposit Slovinky, Slovakia) obtained
by sieving on a sieve with mesh size below 35 um was applied as a
standard reference (non-activated) sample for determination of the
crystalline phase content in synthesized chalcopyrites. The mineral
contains small amounts of quartz SiO, and siderite FeCO; as natural
admixtures present in the mineral deposit.

Mechanochemical Synthesis

Mechanochemical synthesis was performed in a laboratory plane-
tary ball mill Pulverisette 6 (Fritsch, Germany) working under the
following conditions: 250 mL tungsten carbide milling chamber,
tungsten carbide balls with diameter 10 mm and total mass 360 g,
revolutions of the mill 550 min~', milling times 60-240 min, argon
atmosphere, the total feed of reaction precursors applied in a
stoichiometric ratio 5 g per batch.

Characterization Techniques

X-Ray Diffractometry (XRD)

For the determination of chalcopyrite the XRD patterns were
collected again using a D8 Advance diffractometer (Brucker,
Germany) with the Cuy, radiation in the Bragg-Brentano config-
uration. The generator was set up at 40kV 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 20-65° 20 with a
step of 0.05°. The XRD line broadening was analyzed by the

ChemistryOpen 2021, 10, 806-814 www.chemistryopen.org

refinement of regular Thompson-Cox-Hastings pseudo-Voigt func-
tion parameters. In order to obtain proper geometry set-up and to
eliminate instrumental broadening the instrumental resolution
function was determined by refinement of LaB6 standard specimen.
The JCPDS PDF database was utilized for phase identification.

For determination of the crystalline phase content of CuFeS, the
relative method put forward by Ohlberg and Strickler was used.?"
The effect of mechanical activation can be evaluated by a mass
fraction of the crystalline phase in the activated sample (crystallinity
degree), X compared with the reference substance (non-activated)
which is assumed to correspond to 100% crystallinity. Thus it holds
that

X = (,/U,) : (I,/U,) - 100 (%) M

where U, and U, denote the backgrounds of non-activated
(reference) and activated sample while I, and I, are integral
intensities of diffraction lines of non-activated (reference) and
activated samples, respectively.

Scanning Electron Microscopy (SEM)

The morphology and size of the powder particles were investigated
by using a scanning electron microscope (SEM) Tescan Vega 3 LMU
(Tescan, Czech Republic) using accelerating voltage 20 kV. In order
for samples to be conductive, the powder was covered by a layer of
gold on fine coat ion sputter JFC 1100. To obtain the information
about chemical composition of particles, the energy dispersive X-
ray spectrometer (EDX) Tescan: Bruker XFlash Detector 410M
(Bruker, Germany) was used.

Specific Surface Area (Sge;) Measurements

A nitrogen-adsorption apparatus NOVA 1200e Surface Area & Pore
Size Analyzer (Quantachrome Instruments, Great Britain) was
employed to record the nitrogen adsorption-desorption isotherms
at the temperature of liquid nitrogen. The specific surface area (Sgg)
values were calculated using the Brunauer-Emmett-Teller (BET)
equation.

UV/Vis Spectroscopy

UV/Vis spectra were collected using the UV/Vis spectrophotometer
Helios Gamma (Thermo Electron Corporation, Great Britain) at room
temperature in a quartz cell by dispersing of synthesized particles
in absolute ethanol by ultrasonic stirring for 5 min. The optical
band gap was estimated by plotting (ahv)’ as a function of the
photon energy hv. Extrapolating the straight line portion of the
Tauc plot for zero absorption coefficient (a=0) gives the optical
band gap energy.

Leaching Experiments

To evaluate a bonding strength of copper and iron in CuFeS,
structure the acid leaching tests were performed. For solubilization
of both metals hydrochloric acid HCl was used. Cu and Fe is
released into acid solution in the absence of oxygen according to
the equation®

CuFeS, + 4 HCl — CuCl, + FeCl, + 2H,S )

The leaching was investigated in a 500 mL glass reactor where
250 mL of HCl solution (10%) was placed. The revolutions of stirrer
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was 400 min~'. After heating of the reactor to temperature 343 K,
500 mg of CuFeS, was added for starting the dissolution of Cu and
Fe into the solution. Aliquots (1 mL) of the solution were withdrawn
at appropriate time intervals (1, 2, 5, 10, 15, 20, 30, 45, and 60 min)
for determination of the concentration of dissolved metals by
atomic absorption spectroscopy.

Thermoelectric Measurements

In order to allow thermoelectric characterization, the powders were
hot pressed into pellets 12 mm in diameter and about 2 mm thick
at 773 K and 50 MPa for 1 h. The pellets were then cut into smaller
samples for different measurements. The low-temperature (2-
300 K) measurements of the electrical resistivity p, thermoelectric
power S and thermal conductivity k were performed with a home-
made apparatus (the 60 min sample) or with the Physical Property
Measurement System (PPMS) by Quantum Design (all other
samples). Both instruments employ the thermal and electrical four-
probe method. The measurements were realized on bar-shaped (ca.
2x2x10 mm®) samples with silver leads attached with a small
amount of conductive nickel paste. The high temperature (300-
600 K) measurements of the electrical resistivity p and thermo-
electric power S were performed in dynamic nitrogen atmosphere
with a home-made instrument employing the four-probe method
with S-type miniature thermocouples, used simultaneously as
electrical leads, and mechanically pressed onto the bar-shaped
sample, (ca. 2x2x6 mm?). The thermal diffusivity D and heat
capacity Cp was measured using light flash analysis (LFA) in a
nitrogen atmosphere from 173 to 573 K on graphite-coated square-
shaped samples (ca. 6x6x1 mm? using the Netzsch LFA 467
instrument. Pyroceram was used as the heat-capacity standard and
the thermal conductivity x was subsequently calculated by employ-
ing the relation ¥« =D.C,-p, where p is the experimental density.
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