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1 Introduction

The manipulation of natural mineral chalcopyrite
CuFeS, via mechanochemistry: properties

and thermoelectric potentialy

Peter Balaz, (22 Erika Dutkova, (2 ** Matej Balaz, ' Nina Daneu,®

Lenka Findorakova,? Jifi Hejtmanek, (2 < Petr Levinsky, (2 ¢ Karel Knizek,
Maria Bali Hudakova, (22 Rébert Dzunda,” Radovan Bure$ (29 and Viktor Puchy®

C

In this study, the properties of the natural mineral chalcopyrite CuFeS, after mechanical activation in a
planetary mill were studied. The intensity of mechanical activation was controlled by changing the
revolutions of the mill in the range 100-600 min~ . A series of characterization techniques, such as
XRD, SEM, TEM, TA (DTA, TG, and DTQ), particle size analysis, and UV-vis spectroscopy was applied and
reactivity studies were also performed. Several new features were revealed for the mechanically
activated chalcopyrite, e.g. the poly-modal distribution of produced nanoparticles on the micrometer
scale, agglomeration effects by prolonged milling, possibility to modify the shape of the particles, X-ray
amorphization and a shift from a non-cubic (tetragonal) structure to pseudo-cubic structure. The
thermoelectric response was evaluated on the "softly” compacted powder via the spark plasma sintering
method (very short holding time, low sintering temperature, and moderate pressure) by measuring the
Seebeck coefficient and electrical and thermal conductivity above room temperature. The milling
process produced samples with lower resistivity compared to the original non-activated sample. The
Seebeck data close to zero confirmed the “compensated” character of natural chalcopyrite, reflecting its
close-to stoichiometric composition with low concentration of both n- and p-type charge carriers.
Alternatively, an evident correlation between thermal conductivity and energy supply by milling was
observed with the possibility of band gap manipulation, which is associated with the energy delivered by
the milling procedure.

hydrothermal vent was reported to be a suitable thermoelectric
energy material.?

There are numerous potential, cost-effective natural minerals
for application as advanced materials, e.g. energy materials.
The tetrahedrite-tennantite series of natural minerals can serve as
a good example." Among these minerals, chalcopyrite CuFeS, is a
good candidate owing to its unique optical, electrical, magnetic,
and thermal properties.”* Chalcopyrite obtained from a deep-sea
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Chalcopyrite has a tetrahedral coordination with respect
to sulphur and different long-range ordering. This mineral is
an n-type semiconductor, which crystallizes in a tetragonal
system, where CuS, and FeS, tetrahedrals form a double-
sphalerite structure.” The structural information for natural
tetrahedral chalcopyrite (a-CuFeS,) was first described in 1917.°
Subsequently, other forms of chalcopyrite were revealed,
namely the stable cubic form (B-CuFeS,_,) and unstable tetra-
gonal form (y-CuFeS,).” Between them, the B-form has less
sulphur with the exact formula of CuFeS, g,, which is some-
times replaced with talnakhite Cu,y7.6Fe;7.6S552.° B-CuFeS, .
shows good chemical reactivity (see Fig. S1 in the ESIt) and
can be synthesized at high temperatures® and/or by high-energy
milling.® To date, the relationship between both the synthetic
forms in terms of their chemical reactivity'® and thermoelectric
performance®''™*? has been widely studied.

Herein, our aim was to conduct a systematic study of natural
chalcopyrite samples prepared via mechanical activation in a
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planetary mill. Mechanical activation”'* was applied as an
effective tool for the manipulation of synthetic chalcopyrite
several times.">™"” Synthetic chalcopyrite was previously obtained
by mechanochemical synthesis;'>"'® however, in this case, parasitic
sulphidic phases, such as pyrite FeS, and bornite CusFeS,, were
also obtained.

Herein, several advanced characterization techniques were
applied to obtain information on the changes in physical and
chemical properties, reactivity in (s)—(1) and (s)-(s) reactions as
well as thermoelectric characteristics of this potential natural
energy material.

Moreover, several new facts are elucidated, including the
prospective application of the natural mineral together with its
synthetic counterpart, the possibility of band gap manipulation
by milling, and the quantitative correlation between thermal
conductivity and energy supply by milling as representative
examples. Furthermore, changes in the milling process from
the classical dependence on milling time to dependence on
revolution of milling can contribute to the production of energy
from the friction to impact mode.

2 Materials and methods
2.1 Materials

Natural chalcopyrite CuFeS, (deposit Zhezkazgan, Kazakhstan)
containing an admixture of 0.95% SiO, and 2.82% insoluble
residue was used.'® The chalcopyrite sample was sieved to a
specific particle size (200 pm), and then treated by mechanical
activation. The sample with a particle size of less than 35 pm
served as a reference (non-activated) substance.

2.2 Methods

2.2.1 Mechanical activation. Mechanical activation was
performed using a Pulverisette 6 (Fritsch, Germany) laboratory
planetary ball mill working under the following conditions:
250 mL tungsten carbide milling chamber, tungsten carbide
balls with a diameter of 10 mm and total mass of 360 g, mill
revolutions in the range of 100-600 min~"', milling time of
60 min, argon atmosphere, and ball-to-powder ratio of 72:1.

2.2.2 Spark plasma sintering. Sintering of the mechani-
cally activated sample by spark plasma sintering (SPS) was
applied to obtain homogeneous densified solid samples (not
powdered) suitable for the thermoelectric study. To perform the
electric and thermal transport characterization, the powder was
placed in a graphite die (inner diameter of 10 mm) and sintered
into pellets about ~5 mm thick at 450 °C and 50 MPa at a
heating rate of 323 °C min~" with the holding time of 3 min in
an HP D10-SD (FCT Systeme GmbH, Germany) spark plasma
sintering furnace (SPS) model under vacuum.

2.3 Characterization techniques

2.3.1 X-ray diffractometry (XRD). The XRD patterns of the
mechanically activated samples were collected using a D8
Advance diffractometer (Bruker, Germany) with CuK, radiation
in the Bragg-Brentano configuration. The generator was set up
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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 20 = 20-65° at a step size of 0.03° and step time
of 10 s. The JCPDS PDF-2 database was utilized for phase
identification.

For the determination of the crystalline phase content of
CuFeS,, the relative method proposed by Ohlberg and Strickler
was used.”® The effect of mechanical activation can be evalu-
ated based on the mass fraction of the crystalline phase
(crystallinity) in the activated sample, X, compared with the
reference (non-activated) phase, assuming that it corresponds
to 100% crystallinity. Thus it holds that

Uy I
X ==2.22.100 (9 1
g 100 (%) ()

where U, and Uy denote the background of the reference (non-
activated phase) and mechanically activated phases, while I,
and I, are the integral intensities of the diffraction lines of the
reference (non-activated phase) and mechanically activated
phases, respectively.

In this work, the complementary value to crystallinity, X, was
called amorphization, A (sometimes this value is called X-ray
amorphization). The values of A were calculated using the
following equation:

A =100 — X (%) @)

where X is defined by eqn (1).

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

2.3.3 Transmission electron microscopy (TEM). Transmis-
sion electron microscopy (HR-TEM) together with selected area
electron diffraction (SAED) and energy-dispersive X-ray spectro-
scopy (EDS) were used for the characterization of the chalco-
pyrite samples. TEM measurements were performed using a
JEM 2100 (JEOL, Japan) 200 kV microscope with an LaBg
electron source and equipped with energy dispersive X-ray
spectrometer (EDS) for chemical analysis. A small amount of
sample was ultrasonically homogenized in absolute alcohol for
5 min. Then, a droplet of the suspension was applied on a lacey
carbon-coated Ni grid and dried. Prior to the TEM analysis, the
samples were coated with carbon to prevent charging under the
electron beam.

2.3.4 Adsorption specific surface area analysis (S,). A NOVA
1200e Surface Area & Pore Size Analyzer (Quantachrome Instru-
ments, Great Britain) nitrogen-adsorption apparatus was
employed to get information about the adsorption specific
surface area. The values of the adsorption specific surface
area, S,, were calculated using the Brunauer-Emmett-Teller
(BET) equation in the relative pressure range of 0.05-0.35.

This journal is © the Owner Societies 2023
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2.3.5 Particle size analysis and granulometric specific
surface area (Sg). A Scirocco 2000M (MALVERN Instruments,
Great Britain) Mastersizer apparatus working in laser diffrac-
tion mode was employed to measure the particle size distribu-
tion in the range of 0.1-600 pm. Based on the measured data,
the granulometric specific area, Sy, was calculated.>" All mea-
surements were performed in triplicate. For the calculation of
Sg, the following formula was used

S, = pp3. 2] 3)
P
where p is density and D [3,2] is the surface area moment mean
diameter.

2.3.6 UV-Vis spectroscopy. Absorption spectra were mea-
sured using a Helios Gamma (Thermo Electron Corporation,
UK) UV-Vis spectrophotometer in the range of 200-800 nm in
a quartz cell by dispersing the samples in absolute ethanol
under ultrasonic stirring. All experiments were repeated at least
three times.

The band gap energy (E,) can be determined by utilizing the
Tauc eqn (4), as follows:

(chv)'" = A(hv — Ey) (4)

where o is the absorption coefficient, A is a constant, % is
Planck’s constant, v is frequency and 7 is a constant associated
with different types of electronic transitions (0.5 for a direct
allowed, 2 for an indirect allowed, 1.5 for a direct forbidden and
3 for an indirect forbidden transition). The optical band gap,
E,, was estimated by plotting (x4v)* as a function of the photon
energy hv. Extrapolating the straight line portion of the Tauc
plot for zero absorption coefficient (o = 0) gives the optical band

gap energy.
2.4 Reactivity

2.4.1 Leaching. To evaluate the chemical reactivity of
mechanically activated CuFeS,, leaching tests were performed.
For the solubilization of Cu and Fe, hydrochloric acid was
used.?” Both metals from chalcopyrite are released in form of
soluble chlorides'” according to the equation

CuFeS, + 4HCl — CuCl, + FeCl, + 2H,S (5)

The leaching was investigated in a 500 mL glass reactor con-
taining 250 mL of HCI solution (10%). The stirrer was revolved
at a rate of 400 min~". After heating the reactor to a tempera-
ture of 343 K, 500 mg of CuFeS, was added to start the leaching
process. Aliquots (1 mL) of the solution were withdrawn at
appropriate intervals of 2, 5, 10, 15, 20, 30, 45 and 60 min for
the determination of the concentration of the dissolved metals
by atomic absorption spectroscopy.

2.4.2 Thermal analysis. TG-DTA measurements were per-
formed using a Netzsch STA 449 F3 Jupiter instrument (Netzsch,
Germany). Homogenized samples of approximately 200 mg were
placed in an Al,Oj; crucible and the reference crucible was empty.
The experiments were conducted by heating the samples to
700 °C at the constant heating rate of 10 °C min~ " in a pure
(>99.99 vol%) argon with a constant flow (70 mL min™").

This journal is © the Owner Societies 2023
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2.5 Thermoelectricity

The SPS sintered material in the form of pellets exhibited a low
density (84% for the milled samples and 63% for the non-
milled sample) due to the very “soft” sintering conditions.
A diamond wire saw was used to shape the samples for
characterization. The electrical resistivity and Seebeck coeffi-
cient were measured on about 2 x 2 x 8 mm?® bars under a
nitrogen flow in the temperature range of 300 to 620 K via
the four-probe method using a custom-made instrument.>?
Thermal conductivity was calculated as a product of thermal
diffusivity, heat capacity and density. The first two properties
were measured on graphite-coated discs (about 1.5 mm high
and 10 mm in diameter) under nitrogen flow between 163 and
673 K using a Netzsch LFA 467 instrument and Pyroceram 9606
as the standard for heat capacity. The density was determined
at room temperature from the dimensions and mass of the
sample and considered temperature independent.

3 Results and discussion
3.1 Properties of mechanically activated chalcopyrite CuFeS,

3.1.1 Particle size analysis. The particle size distribution
for the initial (non-milled) and mechanically activated samples
of chalcopyrite is shown in Fig. 1. There is a large difference in
the particle size of the samples in this study. The mono-modal
distribution with a small shoulder indicates the presence of
particles with a size of around 10-100 pm for the non-milled
sample (Fig. 1, plot 1). In the case when milling at revolutions
of n = 400-500 min~' was applied (Fig. 1, plots 2 and 3), this
distribution shifted towards a lower particle size. Overall, for
the mechanically activated samples, a decrease in particle size
was observed, namely, a change from mono-modal to poly-
modal distribution with the presence of several modes. These
modes are not equivalent. In the case of finer particles
(e.g., smaller than 5 pm), the most intense modes were around
0.5 pm and in the region of 3-4 pm. In the case of coarser

™ &]

I

1000

Volume (%)
8

3) 4

Particle size (um)

Fig. 1 Particle size analysis for mechanically activated chalcopyrite
CuFeS;: (1) non-milled sample and samples milled at revolutions of
400 min~* (2), 500 min~?* (3) and 600 min~* (4).
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particles (e.g., larger than 20 um), the intensity of the corres-
ponding modes decreased, in accordance with the supplied
milling energy, as shown in plots 2—4 in Fig. 1. This is a result of
the agglomeration phenomenon, which commonly occurs dur-
ing the dry milling of sulphides.”?*>® However, two effects
competed upon the supply of a higher milling energy, namely,
agglomeration and particles breakage.*® An overall picture of
the particle size analysis of all the samples in this study is given
in the ESIt (Fig. S2).

From a phenomenological point of view, the following
conclusions can be formulated:

- Milling in a planetary mill can be applied to prepare
nanosize particles. The application of particles with the desired
size and nanoscale dimensions was tested from 90-ties, and
later elaborated based on the concept of nano-structuring.?”>°
In this case, the positive influence on thermoelectric perfor-
mance was verified and can also be expected in our case
(see the results on thermoelectric performance in Section 3.2
of this work).

- Milling can be also applied to manipulate the nanoparticle
distribution. The separate contribution of the three particle
sizes (smaller than 5 nm, 5-100 nm and 100-1000 nm) on the
lattice thermal conductivity was studied in the literature for
PbTe.*°

It was demonstrated in our study that a broad distribution of
CuFesS, particles sizes (0.1-600 pm) can be achieved by mechan-
ical activation and it is possible to manipulate this distribution
by changing the milling conditions (Fig. 1).

This is a new effect of milling, where a polymodal distribu-
tion is obtained. The particle size distribution was measured in
triplicate. The dependence was obtained by granulometric
analysis and the values of the granulometric specific surface
area, Sg, were calculated statistically from the obtained data.

3.1.2 Surface area analysis. To study the changes in the
surface area of solids, gas adsorption and particle size distribu-
tion measurements were applied. Both methods are mutually
independent and together with the surface area size, they can
supply information on the agglomeration effects and the size
of the internal pores and cracks as a result of mechanical
activation.>* The values of the adsorption surface area, S,,
and granulometric surface area, Sy, can be determined from
the corresponding measurements.

For the chalcopyrite CuFeS, mechanically activated at
various mill revolutions (100-600 min~"), their corresponding
surface area values are presented in Fig. 2. The trend for the
dependence of the S, and S, values on the milling energy
represented by the increased revolutions of the mill, n, is
the same. After a sharp increase at the beginning of milling
(0-200 min™"), a slow decrease was observed. The increase is a
result of the formation of fine particles. Subsequently, a
plethora of crystallites is formed with developed grain bound-
aries and a new internal surface area among them, which is
characterized by the presence of inner pores. However, the
effect of agglomeration also started to be evident at a higher n.

The peculiarity of planetary milling is the possibility of
changing the milling conditions depending on the supply of
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Fig. 2 The adsorption specific surface area S, (1) and granulometric

specific surface area Sq (2) for chalcopyrite CuFeS, milled at various
revolutions n.

milling energy. At the beginning, the impact mode of the balls
is dominant, while at higher energies, it is combined with the
shear mode (attrition).

In our case, at up to 200 min~ ', the dominant comminution
of the chalcopyrite particles by the impact mode occurred with
the production of a fresh surface. Subsequently, at a higher
milling energy (200-600 min~"), the impact mode is combined
with the shear mode.>**** In this case, the formation of the
new surface area slowed down because of the intervention of
chalcopyrite particle agglomeration. The parallel decrease in
the S, and S, values illustrates this phenomenon, where the
chalcopyrite particles are so tightly compressed due to their
agglomeration that the nitrogen applied in the adsorption
measurements cannot penetrate the inner surfaces and/or
pores between crystallites.”® The particles are larger in this
case.”®

The effects of porosity on the thermoelectric performance are
obvious. The numerous boundaries and interfaces produced by
mechanical activation have an impact on the behavior of phonons,
which are highly scattered, thus reducing the thermal conductivity
more than the electrical conductivity."*** When nanoscale parti-
cles are formed (evidence shown later), quantum-confined effects
occur, which enhance the power factor, $%¢.>° A comprehensive
study of the thermoelectric properties as a result of the surface
morphology and structural changes® induced by mechanical
activation is needed (see results in Section 3.2).

3.1.3 SEM and TEM characterization. The morphology
of the chalcopyrite particles upon increasing mechanical
activation is illustrated by the SEM micrographs in Fig. 3. The
combination of larger and smaller grains with an irregular
shape and unequal size was observed for the non-activated
sample (Fig. 3(1)). The observed poly-dispersity of the grains in
the non-activated sample is attributed to the sample prepara-
tion by sieving below 200 pm. As shown in Fig. 3(2), the
comminuted grains of the sample treated at 200 min~' are
more homogeneous in shape, which is a result of the mechanical
activation applied at lower mechanical energy. The abundant
smaller particles are dominant, which had an impact on the
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Fig. 3 Scanning electron micrographs (SEM) of chalcopyrite CuFeS;
mechanically activated at various mill revolutions of (1) 0 min~%, (2) 200 min,
(3) 400 min~*, and (4) 600 min~*.

specific surface area (Fig. 2). By prolonged milling (Fig. 3(3) and (4)),
the tendency to form agglomerates was clearly visible. The size
of the particles gradually increased with an increase in the
milling frequency, which supports the results illustrated in
Fig. 1 and 2. The flattered particles observed in Fig. 3(3) and (4)
are a result of the plastic deformation of chalcopyrite, which
due to the higher energy supply, is the subsequent step in
milling after agglomeration.>*>°

The high-resolution TEM image for the sample mechanically
activated at 400 min " is shown in Fig. 4. The low-magnification
image (Fig. 4(a)) and selected area electron diffraction SAED
(Fig. 4(b)) confirm that the sample is composed of agglomerated
fine crystallites. Furthermore, the d-values of the most intense
diffraction rings match the values of chalcopyrite.

The high-resolution TEM image (Fig. 4(c)) shows that the
sample on the TEM grid contained small crystallites with a
diameter of 10-20 nm, which matches the average crystallite
size determined by XRD (see Fig. 1). The (101) lattice planes
(0.47134 nm) are resolved in crystallites with a suitable orientation.
The randomly oriented nanoparticles were tightly agglomerated,
and therefore nanoparticles with different orientations overlapped
in the viewing direction. Consequently, the exact differentiation of
individual nanoparticles was impeded. In a few cases, mainly in the
thinnest parts of the agglomerates at the very edges, some nano-
particles were better resolved and one of these nanocrystallites is
circled in Fig. 4(c).

3.1.4 Bulk changes. The X-ray diffraction patterns of the
mechanically activated chalcopyrite CuFeS, depending on
the revolutions of the planetary mill are depicted in Fig. 5.
The three most intense diffraction lines, i.e., (112), (220/204)
and (312/116), match well with the JCPDS card of chalcopyrite

This journal is © the Owner Societies 2023
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Fig. 4 (a) The low-resolution TEM micrograph of chalcopyrite CuFeS,
mechanically activated at 400 min~?. (b) The SAED pattern with d-value of
the diffraction rings given in A. (c) High-resolution TEM micrograph (HR-
TEM). A nanosized crystallite is marked by the dashed line. (101) Lattice
planes with d-spacing of 4.7 A are indicated in two other crystallites.

(JCPDS 037-0471). The patterns for natural chalcopyrite in this
study are consistent with the patterns of synthetic chalcopyrite
prepared by milling of Cu, Fe and S elements."">'® They
correspond to a tetragonal body-centered symmetry belonging
to the I42d space group. As shown in Fig. 5, the diffraction
patterns showed the tendency to become broader in shape with
a decrease in intensity upon increasing the supply of mechan-
ical energy. This indicates a reduction in the size of the
chalcopyrite particles and/or formation of defects by the crea-
tion of microstrain.*”

Fig. 6 shows the dependence of amorphization A on the
revolutions of the mill n together with the value of the experi-
mentally determined energy gap E,. Amorphization represents
an integral value incorporating both size reduction and defect
formation. The amorphization value for the mechanically acti-
vated chalcopyrite reached more than 70% for the most inten-
sively treated sample. The patterns also show that the increase
in A is sharp at the beginning of milling, and then decreased,
showing the same trend in surface area in Fig. 2. This indicates
that in both cases, bulk and surface defects are formed during
milling. Quantitatively, an increase in specific surface area, S,,
from 0.51 m* g~' to 4.5 m> g~ ' for the non-activated sample
and sample milled at 600 min ", respectively, was determined.
In parallel, for the same samples, an increase in amorphiza-
tion, 4, from 0 (100% crystallinity) to 71% (29% crystallinity)
was calculated.

Thus, according to the results from these experiments, high-
energy milling can be applied to prepare strongly defect parti-
cles. The concept of defect engineering plays an important
role in the thermoelectric performance.*®® In principle, it can
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Fig. 5 Powder X-ray diffraction patterns of mechanically activated
chalcopyrite CuFeS; (revolutions of mill are depicted on the patterns).
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Fig. 6 Amorphization A (1) and band gap £4 (2) vs. revolutions of mill n for
mechanically activated chalcopyrite CuFeS,.

influence the thermoelectric properties via two basic strategies,
i.e., band engineering by tuning the electronic band structure,
and thus enhancing the power factor, if relevant with respect to
doping and bandgap value, and/or phonon engineering by
stimulating phonon scattering, and thus reducing the lattice
thermal conductivity.*® During mechanical activation, various
microstructural defects can be formed including zero-, one- and
two-dimensional defects, which can selectively influence the
scattering of low-, mid- and high-frequency phonons.*' Thus,
band engineering and phonon engineering can effectively
contribute to the thermoelectric efficiency of materials.*>™**
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In our case, the samples were not optimized with respect to
doping, and thus their electronic properties were essentially
impacted by the mechanical activation by the defect and
particle size control, which play key roles in thermal transport
(see Thermoelectric performance section).

3.1.5 Chemical reactivity (leaching). In hydrometallurgy,
the method of solid-liquid chemical reactivity (leaching) is
applied for the dissolution of metals from minerals.> The
metals start to be leached from the surface in the direction
of the bulk of solids. Therefore, the study of chemical reactivity
can be a useful method to evaluate solids disordered by
mechanical activation, where different compositions can be
expected in their surface and sub-surface layers. Changes in the
composition of solids are mirrored in the shape of their
leaching curves. If the phase composition of the reacting solid
is homogeneous, the leaching curves are usually flat.*® However, if
irregularities appear in the leaching curves, heterogeneity in the
solid composition can be expected.

To evaluate the chemical reactivity of the mechanically
activated chalcopyrite, copper and iron leaching in HCI lixiviant
was proposed (see eqn (2)). The results are depicted in Fig. 7.

In this case, both metals dissolve from chalcopyrite as
chlorides in a liquid form and hydrogen sulphide is formed
as a gas product. For comparison, the results for the non-
activated chalcopyrite are also shown.

Leaching of mechanically activated chalcopyrite belongs to
the surface-sensitive reactions.*> Consistent with this statement,
the values of the specific surface area, S,, for the mechanically
activated samples are presented in the inset of Fig. 7(A). For all the
mechanically activated samples, a more significant increase in
leached metals started at #;, = 15 min (with the exception of the
sample activated at 400 min~', where this phenomenon was
already observed at #;, = 10 min). Mechanical activation by milling
at revolutions of n = 300-400 min~" gave the best results for
metals recovery. The application of higher revolutions at n = 500~
600 min~ ' was not as effective, and thus the metal recoveries were
lower. The beginning of the agglomeration phenomena discussed
in the previous paragraph (Section 3.1) corresponds to a decrease
in the specific surface area, S, (see inset in Fig. 7(A)). In this case,
the effect of agglomeration (see also Fig. 3 in part 3) prevailed over
the positive effect of the increasing milling energy and played a
decisive role in the chemical reactivity of the mechanically
activated CuFeS,. Moreover, the regime of ball movement in
the mill changed with an increase in the revolutions of the mill
from the most effective cascading regime to the cataracting and
centrifugal ones. It is known that two last regimes are less effective
at transferring the milling energy to solids.***®

The improved leaching observed after 15 min is related
to the chemical changes of the partly leached species, namely,
it is a result of the shortening and weakening of the Cu-S and
Fe-S bonds in the sub-surface layers of the activated chalcopyr-
ite. Here, the rupture of the chemical bonds and rearrangement
of the surface are expected. The explanation for what happened
to the partly leached chalcopyrite before and after the breaking
point on the leaching curves is a rather speculative. The
literature describes the chemical reactivity of the o- and f-forms of
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Fig. 7 Cu (A) and Fe (B) leached from mechanically activated chalcopyrite
CuFeS;; t_ is the leaching time and n is the number of mill revolutions.
(The inset in A shows the values of adsorption specific area S, from Fig. 2.)

chalcopyrite'® (see Fig. S1 in the ESIt). The shape of the leaching
curves for the B-form of chalcopyrite in this case is identical with
our results obtained for the mechanically activated samples.
Moreover, the flat shape of the leaching curves for the non-
activated chalcopyrite (o-form) is also identical.

However, we do not have experimental support to explain
what is responsible for this effect. The applied method of X-ray
diffractometry in our study could not discriminate between the
a- and B-forms of chalcopyrite. The reason for this is that the
peaks in the XRD patterns (Fig. 5) of the mechanically activated
chalcopyrite are broad, and thus give information related to the
induced strain and size of the nanocrystals (see also Section 3.2
in the next paragraph). However, it is not possible to clearly
distinguish individual phases (see also Fig. S3 in the ESIT).

Recently, the concept of forming pseudocubic (or cubic-like)
species from non-cubic (tetragonal) a-chalcopyrite CuFeS, was
elaborated.'> The properties of the corresponding (cubic)
B- chalcopyrite CuFeS;g, (also known as talnakhite Cuy;e-
Fey,.6S3,) were described in detail.”® From the perspective of
thermoelectric performance, cubic or cubic-like chalcopyrite
shows ultralow thermal conductivity in comparison with its
tetragonal form.®

3.1.6 Thermal decomposition. To elucidate the existence of
the o- and B-forms in chalcopyrite, their thermal reactivity was
studied. It is known that sulphur-deficient B-chalcopyrite
(cubic) is formed by heating the o-form (tetragonal), which is
stable at room temperature.*”*° The temperature for the o — B
transformation can be influenced by the intervention of
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mechanical activation.®>°

The methodology of thermal analysis
can be utilized to study the behavior of these forms, where DTA
is performed to determine the peak temperature, T,,, and DTG
for the mass changes during heating, Am.

The DTA curves illustrating the oo — B transformation are
shown in Fig. 8. In addition to this information, the DTG curves
were also recorded (not shown here) to illustrate the weight
loss Am in the mechanically activated chalcopyrite. The DTA
curves show a shift in the temperature, Ty, for the formation of
B-chalcopyrite to lower values. Namely, the temperature
decreased from 503.4 °C to 490.5 °C for the non-activated and
mechanically activated (n = 500 min~") samples, respectively.

The change in both thermoanalytical parameters (T, and
Am) was dependent on the revolutions of the mill, n, by which
mechanical energy was supplied to the samples. Fig. 9 shows a
summary of both quantitative measures, where the decrease in
the peak temperature, Ty, for the formation of B-chalcopyrite
from the a-form (non-activated sample) is evident. However, an
irregularity was detected in the region of n = 400-600 min
where the highest energy input was applied. The weight loss,
Am, values also changed with an increase in energy. In this
case, Am of ~25% was detected for the non-activated sample in
comparison with that of ~6-12% for the mechanically acti-
vated samples. According to these results, the loss in sulphur
corresponding to the formation of CuFeS,_, (B-chalcopyrite)
from the non-activated CuFeS, was 25%, in comparison with all

IS
endo «—— o ——= exo

400

Temperature [°C]

Fig. 8 DTA curves of the mechanically activated chalcopyrite at mill
revolutions (n) of (1) 0 min™, (2) 200 min~%, (3) 300 min~%, (4) 400 min~*,
(5) 500 min~* and (6) 600 min~.
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Fig. 9 The loss of weight Am (A) and peak temperature T, (B) of

mechanically activated chalcopyrite CuFeS; vs. mill revolutions n.

the mechanically activated samples, where this value was only
6-12%. This provides proof that partial decomposition occurred
during milling.

Usually the reactivity in solid-state reactions influenced
by mechanical intervention corresponds to the delivered
mechanical energy. In some cases, when the supply of energy
is not optimized, the reactivity can be hampered by relaxation
processes®' such as agglomeration.”® In our case, agglomera-
tion was detected at higher energies (see Fig. 2, 3 and 6).
However, in the thermal analysis of the mechanically activated
samples, the weight loss weight, Am, the big jump in the region
of n=0-200 min~" was substantially reduced at n > 200 min~".
This is because in the region of n > 200 min~", the trans-
formation of a-chalcopyrite is hampered by the presence of
non-identified species. The presence of pseudo-cubic chalco-
pyrite (see also Section 3.2) can serve as a speculative explana-
tion. In the sample with n = 0 min~" (non-activated tetragonal
chalcopyrite), the B-form is absent. However, its previously
formed species in the mechanically activated chalcopyrite can
explain the low values of Am for n > 200 min~".

3.1.7 Band gap manipulation. The band gap, E,, between
the valence and conduction band represents a crucial para-
meter, which determines the properties of semiconductors.
Broadening or narrowing of the E, is a consequence of micro-
structure changes in solids. Consequently, external tuning of E,
can influence the performance of solids in photocatalysis,
optoelectronics and thermoelectrics. Several external interven-
tions can be applied for band gap tuning. The influence
of pressure,**™* temperature®®>® and doping>®*°
in the past.

The first paper showing a possibility of band gap manipula-
tion for several semiconductors was published in 1967.% In this
case, the impact of temperature variation was studied. The
following equation satisfactorily representing the experimental
data for various species such as C (diamond), Si, Ge, 6H-SiC,
GaAs, InP and InAs was derived

was observed

Ey,=Eq — oT*/(T + p) (6)

g
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where E, is the energy gap, E, is its value at 0 K, and « and f are
empirical parameters, which have no real physical significance.
The relative position of the conduction and valence bands
herein was interpreted as the temperature-dependent expan-
sion of the lattice.

According to the dependence of optical band gap, E,, on the
mill revolutions, n, in Fig. 6, the decrease in E, value with an
increase in the milling energy (manifested by an increase in mill
revolutions) is evident. However, the decrease in the band gap was
not monotonous, where the most intense change was observed for
n = 400-600 min~ ", which is simultaneously a critical region for
other properties, such as thermal and chemical reactivity. Fig. 10
presents the dependence of bandgap, E,, on the amorphization,
A, of chalcopyrite. Strong sensitivity was documented for the highly
disordered species, where A > 73% corresponds to the mill
revolutions of n > 400 min .

In our previous work, the possibility of band gap tuning in
high-energy milled chalcopyrite was evidenced for the first
time,®" where the same trend as that observed in the present
study was documented. In the cited paper, the mechanical
activation was performed by the traditional procedure, ie.,
by changing the milling time. The mechanism of supplying
mechanical energy to CuFeS, via ball milling was the same
during the whole milling event. Thus, the impact-to-shear ratio
was constant.

In the present study, changes in the revolutions of the mill
in the range of 200-600 min~" (by constant milling time of
60 min) instead of changes caused by just changing the milling
time to 60-240 min in the previous study (by constant mill
revolutions of 550 min~") were applied.®* According to,>* the
impact-to-shear ratio of the milling balls is not constant in this
case because the regime of ball movement changes.

The dependence of band gap, E,, on the amorphization, 4, of
chalcopyrite in Fig. 10 is similar to the dependence of the band
gap on temperature in Varshni’s work (see Fig. S4 in the ESIt).
The linear-quadratic relation was derived for the experimental
data in Fig. 10, as follows:

Eg = Eo — [7A%/(100 — 0)*] )

0.80

orp—
0.76 1 T

0.744 |—=— Eg (experimental)
- - - Eg (calculated) 1

Eg 72
(eV) 0.70-
0.68
0.66
0.64-]

0.62

0.60 T T T T T T

A (%)

Fig. 10 Band gap E4 vs. amorphization degree A for mechanically acti-
vated chalcopyrite CuFeS,.
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where E, is band gap for non-activated CuFeS,, 4 is amorphiza-
tion, y = (m/100)* is a coefficient, § is the milling efficiency
defined as Egmin/E; (experimental) x 100 (%) and Egmin =
0.64 eV is the minimum band gap for non-activated CuFeS,.

Besides the solid-state synthesis studied herein, the wet
synthesis of CuFeS, and its band gap tunability was also
studied.”® E, spanned in the range of 0.5-2.0 eV, which also
includes the range 0.64-0.78 eV observed in our study.

This tunability offers the possibility to tune the properties of
thermoelectric materials, namely, their efficiency. The proper-
ties such as lattice modification, bond length and influence
of strain (among others) play an important role.** Usually the
lattice displacement induced by phonon vibration causes a
change in the band energy.*

In summary, high-energy milling, as a non-equilibrium
process, can be also used in addition to temperature, pressure
and doping as an effective tool for band gap engineering.

3.2 Properties of mechanically activated chalcopyrite CuFeS,
after spark plasma sintering

The production of CuFeS, powder and modification of its
properties by mechanical activation is documented as a gold
clue herein. However, any thermoelectric application requires a
densified form of samples (pellets), which can be prepared
from powder by several non-equilibrium methods such as hot
pressing (HP) and/or spark plasma sintering (SPS).'* This
compaction process eliminates porosity (usually more than
90% of the theoretical density is required for compact pellets).
In our case, the very soft and fast process using SPS technology
was applied, as shown in Section 2.2.2.

3.2.1 Bulk changes. The changes in the lattice parameters
a and ¢ and volume of the elemental cell, V, for the mechani-
cally activated tetragonal chalcopyrite CuFeS, after sintering
are shown in Fig. 11. Using the Rietveld refinement, the trend
of the related Rietveld parameters is presented, where their
decrease with an increase in milling energy is well-documented.
However, for higher milling energies (n = 300-500 min™"),
an irregular “jump”” was also evidenced. The tendency to generate
changes in physico-chemical properties in this energy range was
also observed for the mechanically activated (non-sintered)
samples in the previous paragraphs, as shown in Fig. 2, 6, 7
and 9. The phenomenon of “memory effect” probably plays a role,
where the structural changes in the powdered chalcopyrite evoked
by mechanical activation were preserved despite the drastic inter-
vention of pressure and temperature during the treatment of
pellets by SPS. In principle, the concept for the formation of the
tetragonal “pseudo-cubic” structure of chalcopyrite CuFeS," in
this energy interval is acceptable. In this case, the tetragonal
chalcopyrite represents an ideal “pseudo-cubic” structure. The
authors of this concept highlight the possibility of the coexistence
of a long-range cubic framework with localized short-range non-
cubic (tetragonal) lattice distortions.

The dependence of the lattice parameters of chalcopyrite on
the mechanical energy supply (modified by varying the mill
revolutions) is presented in Fig. 11, where their tendency to
decrease for n = 0-400 min~" is clearly manifested. In this
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Fig. 11 Dependence of lattice parameters a (1) and ¢ (2) and volume of
the elemental cell V (3) vs. mill revolutions n for mechanically activated and
sintered chalcopyrite CuFeS,.

region, the pure tetragonal structure was preserved, and its
lattice parameter was in the range of a = 5.2887-5.2832 A.
In this range, the value of @ = 5.2851 A for pure tetragonal
chalcopyrite was documented.'® However, for n > 400 min ,
the opposite trend expected for a cubic structure was observed,
but the values for the lattice parameter still indicated a tetra-
hedral structure. In this range, the concept of tetragonal
“pseudo-cubic” structure of chalcopyrite CuFeS, is acceptable.

The irregular behavior of the chalcopyrite nanoparticles
was also manifested by the evolution of their crystallite size,
as shown in Fig. 12. The general trend of particle comminution
from 56 nm for n = 200 min~ " to 28 nm, and finally 18-20 nm
by higher energy supply is documented. As described previously
(Fig. 1-3), the agglomeration phenomena started to be effec-
tive, and it seems that despite the intense SPS, the powder
“remembered” its history.

3.2.2 Thermoelectric performance. Based on the fact that
we performed the mechanical activation of pure chalcopyrite,
which was not optimized with respect to doping, the strongest
and evident impact of the milling process was observed on the
thermal conductivity (see Fig. 13). The electronic properties
(see Fig. 14) remained poor because of the undoped character
of the original chalcopyrite, where the doping was modified
naturally, but unintentionally by the milling process and ther-
mal cycling above 600 K during thermoelectric characterization
in inert gas. However, the modification of the properties
associated with SPS is unlikely given that the process was very
short and the sample only remained at temperatures above
600 K for minutes.

Nonetheless, compiling our results and comparing the dis-
cussed literature data, we can unambiguously confirm the
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Fig. 13 The thermal conductivity of chalcopyrite CuFeS, as a function of
temperature T (1) and mill revolutions n (2).

decrease in thermal conductivity with an increase in mill
revolutions (Fig. 13), where we depict the temperature depen-
dence of the thermal conductivity of the prepared samples above
160 K. The positive role of milling in the decrease in the thermal
conductivity is evidenced in the second panel in Fig. 13, where the
absolute value of the thermal conductivity at ambient temperature
and 573 K is shown to be dependent on the mill revolutions.
The significant loss of sulphur due to milling, and as a result
lower thermal conductivity can be excluded given that the electric
transport data for all the samples confirm their p- and n-type
conductivity behaviour, which is unrealistic for significant
sulphur non-stoichiometry.™

In the case of the reference sample (non-milled), its low
relative density of ~60% due to the soft sintering conditions is
responsible for its low thermal conductivity maximum of only
~5Wm~ "K' (see Fig. 13). It should be noted that the thermal
conductivity cycling (not shown) between 163 > 673 > 300 K
was not a reproducible process for any of the studied samples,
where the thermal conductivity further decreased during the
cooling run from 673 K to 300 K. As a tentative explanation for
this process, we propose a minor grain-surface loss of sulphur
emerging at ~500 K, and simultaneously a small, but systema-
tic modification of the chemical composition of the grains.
Due to the contamination of the material by the determined

3134 | Phys. Chem. Chem. Phys., 2023, 25, 31125-31136

View Article Online

PCCP
0.017— T T ~100
) i 0 min"! +— 400 min”' <
200 min" 500 min”" x .
T 300 min" < 600 min'”" . 2 507 g
———— - 2
i Maagges-21
a =
> ) g g 0
£ 7]
S 0.0014 £
8 3 -501
H o
2 S /
2100 reer e Omin® 400 min” ]
[ o +—200 min" + 500 min”
1E-4 450 el 300 min" < 600 min”
300 400 500 600 300 400 500 600

Temperature (K) Temperature (K)

Fig. 14 The electrical resistivity p (1) and Seebeck coefficient S (2) of
chalcopyrite CuFeS; as a function of temperature T.

parasitic iron-based phases of Fe,(SO,);-2(OH)s-H,O, FeSO,-
H,O0 and FeSO,-(H,0), (see also ref. 18), the chalcopyrite matrix
is iron depleted, which favors the chalcopyrite copper-rich
phase exhibiting p-type conductivity.®> Moreover, at close to
500 K, we observed anomalies in the electrical resistivity, which
may not reflect the “bulk” change in sulphur concentration
inside the agglomerate-grains but more realistically, the chemical
modification of the interfacial properties between grains. Conse-
quently, we present the thermal and electric transport data for
temperatures only up to 600 K, where if cycled between 300 >
600 > 300 K, thermoelectric transport data only showed a minor
change in the charge carrier character of the cycled sample.
Specifically, the thermoelectric power slightly tended to small
positive values and the increase in electrical resistivity was
moderate. Temperature cycling above 600 K simultaneously
led to a substantial increase in resistivity at 300 K when cooled
and the compensated low-doped character of all the samples
(understand p- and n-type charge carriers simultaneously led to
S ~ 0 uv K ') was modified to clearly p-type semiconductor
(S > +100 pv K ') with two orders higher resistivity with
respect to their pristine value.

Further, we comment on the disagreement between the
previously published'® and current data, which are both based
on mechanically activated identical chalcopyrite samples. This
difference is due to the fact that in the previous paper, sintering
was performed using the hot press technique, which simulta-
neously led to: (i) an increase in the crystalline size,
(ii) essentially more dense samples and (iii) due to the higher
sintering temperature and much longer sintering time, a mod-
ified stoichiometry, where partial sulphur deficiency with
robust n-type conductivity was straightforward, as reported by
Li et al.'" Alternatively, extremely soft sintering via SPS pre-
served the ideal CuFeS, stoichiometry without necessary dop-
ing. The electrical properties did not vary much with respect to
the milling procedure, where the electrical resistivity is high
because of the low doping, low compactness of the samples and
contamination of the material by oxy-, hydroxy- and iron-based
phases, which could complicate the charge carrier percolation.

4 Conclusions

The properties of the natural mineral chalcopyrite CuFeS,
after mechanical activation in a planetary mill were studied.
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The intensity of mechanical activation was modified by chan-
ging revolutions of the mill in the range of 100-600 min .
Several new effects were revealed and described for the
mechanically activated chalcopyrite, as follows:

- Poly-modal distribution of produced nanoparticles in the
micrometer range. This effect was complicated by the agglo-
meration upon the supply of higher milling energy.

- The agglomeration effects were confirmed by the change
in the specific surface area values and SEM analysis.

- The possibility to modify the shape of particles, X-ray
amorphization and tendency of XRD to peak broadening as
a result of microstructural defects and nanosizing was also
identified.

- The shift from a non-cubic (tetragonal) structure to
pseudo-cubic (or cubic-like) structure seemed to be an explana-
tion for the described effects in the mechanically activated
species. The thermoanalytical studies documented the for-
mation of cubic chalcopyrite by heating the tetragonal form
in an inert atmosphere.

- The possibility of band gap manipulation and correlation
between thermal conductivity and energy supply by milling
were also revealed.

- The decrease in thermal conductivity due to nano-
structuring, while preserving the electric transport characteristics.
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