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Abstract

Covellite, CuS and chalcocite, CuzS nanoparticles prepared in the explosive manner from
elemental precursors were further ball-milled in order to observe additional changes
caused by mechanical action. Three phases of chalcocite were interchanging during
milling, monoclinic one being major at the equilibrium after 30 min. In the case of covellite
synthesis, milling for 15 min brought about a significant diminishment in the content of
digenite, Cu1gS, impurity. Covellite powder exhibited finer character than chalcocite, as
documented by crystallite size, grain size and specific surface area analysis. Finally, the
effect of milling speed on the explosive character of the reaction and phase composition
of chalcocite was investigated. The most drastic conditions favored the formation of the
monoclinic phase with the lowest symmetry and the time and intensity of the explosion
was found to depend on the milling speed. The whole process is mechanically driven.
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1. Introduction

The multidisciplinary application of copper sulphides in general has been the focus
of some recent review articles [1, 2], particularly their utilization in the field of
biomedicine [3] and as photothermal agents [4] is currently in the spotlight of
researchers. Among rich plethora of compounds, stoichiometric entities covellite, CuS and
chalcocite, CuzS are the most common [5]. As examples of the wide application spectrum
of these two materials, the use of CuS as hydrogen gas sensor [6], or solar absorber [7]
and of CuzS as thermoelectrical material [8] or for catalytic degradation of organic
pollutants [9], can be mentioned.

These compounds can be also prepared synthetically. There are various methods
for their synthesis, including hydrothermal/solvothermal approach [10], hot-injection
[11], thermolysis [12] or microwave irradiation [13]. The introduction of mechanical
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energy to the system can be also applied, as in some cases, using only mortar and pestle
[14], and subsequent cold pressing was sufficient to produce desired copper sulfides [15].
Also ball milling, as a tool of mechanochemistry offering non-time consuming, green
alternative to classical methods [16], was successfully applied for the synthesis of CuxSy
compounds. In the past, both elemental precursors [17-19] and compounds [20, 21] were
used for the mechanochemical synthesis of CuxSy. The use of compounds results in the
formation of side-products, however, some properties important for applications of these
materials can be significantly improved by using this approach. Nevertheless, the
utilization of pure elements is the simplest and the most logical assumption to start from.

The CuxSy system is interesting also from the phase-transformation point of view,
as mainly chalcocite can be present in various crystallographic forms. These phases can
interchange when temperature is modified, and this can significantly affect the final
properties of the material [22]. The changes in the stoichiometry are also common in this
system [23]. It is generally known that ball milling often causes such changes [24-26].
Moreover, as in the ball milling reactions, the energy is supplied to the system, it can be
expected that the system will use this energy to progress in so-called thermal or
mechanical pathway. In planetary mills, the power released to the powder is proportional
to the third power of the frequency of the main disc, Q, [27], so as a first approximation,
the time for the powder to store a certain quantity of energy should be scaled as (3.

In planetary mills, the collisions between the balls and vial walls supply energy to
the trapped powder in between the colliding surfaces. The energy per collision is
proportional to the kinetic energy of the ball, which is proportional to Q2, where Q is the
frequency of the main disc [28, 29]. On the other hand, theoretical approaches to the
movement of the balls inside a planetary mill show that the number of collisions per
period is a constant. Therefore, the power released to the powder, as a first
approximation, scales as Q3[27, 30].

In our previous study, it was demonstrated that it is possible to synthesize
chalcocite and covellite within few seconds when milled on air [31]. However, the
prepared products, despite possessing no elemental precursors, can possibly undergo
some changes upon further milling. This is common phenomenon and is often not
investigated in detail, as the desired compounds were already formed, so it is wrongly
expected that the milling process is no longer important. Therefore, we have investigated
the phase transformations caused by milling after the consumption of the elemental
precursors in covellite and chalcocite systems, which was not reported until now.
Moreover, the role of milling speed is also discussed in detail.

2. Materials and methods
2.1.Materials
Electrolytically prepared copper (299%, Merck, Germany) and sulphur (99%, CG-
Chemikalien,GmbH, Germany) were used as chemicals without further purification.
2.2.Mechanochemical synthesis
The milling process was realized exactly in the same manner as is reported in [31].
The details about milling conditions used in the case of most experiments are provided in
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Tab. 1, where they are compared with the ones used in another study, as such comparison
is necessary for the clarification of different behavior of the system observed in the
present case. The differences in comparison with [31] were in the milling time and milling
speed. Concretely, Cu:S 1:1 and 2:1 stoichiometric mixtures were milled for 15 and 30
minutes, respectively and the effect of milling speed was investigated within the range
from 150 to 500 rpm. If not stated otherwise, the milling speed 500 rpm was applied. In
additional experiments, also the stoichiometric Cu:S ratios 3:1, 4:1 and 1:2 were
investigated. For each experiment regarding kinetics, a new batch of material was used.
To make this absolutely clear, e.g. for the Cu:S mixture 1:1, 3 g of precursors were
introduced, milled e.g. for 1 min, the whole powder was then extracted, the milling
chamber was cleaned and then new 3 g of precursors was milled to obtain the sample
milled for 3 minutes.

2.3.Characterization methods

The XRD patterns were obtained using a D8 Advance diffractometer (Bruker
Germany). The crystallite size was estimated using the integral breadth method,
implemented in the commercial DiffracPlusTopas software and the phase composition was
calculated according to the ICDD PDF2 database using the commercial DiffracrlusEva
software.

The grain size in micrometer range was determined using Sympatec Grain Size
Analyzer with HELOS laser diffraction sensor (Sympatec, Germany) in suspension cell
(CLCELL) under the following conditions: dispersant - H20, anti-agglomerant additive -
sodium diphosphate decahydrate, Na4P207.10H20 (0.1M), sonification time - 60 s, stirring
rate - 60, measuring time - 10 s.

The specific surface area was determined by the low-temperature nitrogen
adsorption method using NOVA 1200e Surface Area & Pore Size Analyzer (Quantachrome
Instruments, United Kingdom). The values were calculated using BET theory.

Microstructural characterization of the samples was performed by transmission
electron microscopy (TEM) using a 200-kV microscope JEM 2100 (Jeol, Japan) with LaBs
electron source Si(Li) and equipped with an energy-dispersive X-ray spectrometer (EDS)
Link ISIS-300 (Oxford Instruments, UK) for chemical analyses. For TEM analyses, the
synthesized powders of CuS and CuzS were ultrasonically dispersed in absolute ethanol
for 2-3 minutes. After sonification, the finest fraction of the powdered sample from the
upper part of the suspension was carefully applied onto a lacey-carbon coated nickel grid.
The sample containing grids were dried and additionally coated with a thin layer of
carbon to prevent glow-discharge under the electron beam.

3. Results and discussion
3.1.Gas pressure and temperature changes during milling
The metal-chalcogenide system subjected to milling often results in mechanically-
induced self-propagating reactions [32, 33]. The explosion accompanying this type of
reactions was recently observed also for Cu-S system, when milled on air [31]. This is valid
if copper with appropriate morphology is used, as the reaction, with respect to elemental
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precursors, is finished within seconds then. The explosion can be evidenced via the gas
pressure changes in the milling chamber. In this study, the mixtures were milled further
in order to investigate additional changes in the Cu:S 1:1 and 2:1 system. Firstly, the gas
pressure and temperature changes were monitored by the same experimental setup, as
in our previous study. The results are presented in Fig. 1.
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Fig. 1: Gas pressure (a) and temperature (b) changes during milling for Cu:S 2:1 and
1:1 mixtures.

It can be seen that in both cases, the explosion documented by a sharp increase and
subsequent sharp decrease of pressure (Fig. 1a) takes place very quickly, as already
reported in [31]. No significant increase in temperature could be evidenced at the time of
explosion. Further milling does not bring about any significant change in pressure, except
a slow increase until an equilibrium value is reached after around 15 minutes. Regarding
temperature, more-or-less linear increase can be observed for 15 minutes of milling. The
mixture with Cu:S ratio 2:1 was milled for 30 min, because the phase composition was
still changing (see part 3.2). The temperature increase slows down with increasing milling
time.

In Fig. 1a, it can be seen that the values of maximum pressure for Cu:S mixture 1:1
was higher than for Cu:S 2:1 mixture. This was not a coincidence, as this phenomenon was
observed in the majority of the repeated experiments. In [31], it was explained that this is
dependent on the amount of volatile sulphur present. To further confirm this, also the
experiments with the Cu:S ratios 1:2, 3:1 and 4:1 were performed. The results are
presented in Fig. 2 below.
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Fig. 2 Dependence of the explosion intensity on the Cu:S ratio

The influence of the amount of sulphur present in the system is evident. In the case of
Cu:S ratio 4:1, no explosion at all was observed and for Cu:S 3:1 mixture, the pressure
maximum barely reached 1500 mbar. However, the XRD analysis of these two mixtures
milled for 15 min (not shown here) have shown mainly non-reacted copper, only very
slight amount of CuzS was detected in the case of 3:1 mixture. This confirms the enormous
over-stoichiometry of copper in these samples on these cases. Nevertheless, the trend of
increasing the maximum pressure intensity with the increasing sulphur content in the
mixture was confirmed, thus confirming the explanation in [31]. Also the experiment
favoring the sulphur over-stoichiometry (Cu:S ratio 1:2) was performed. In this case, the
explosion was not observed (magenta curve in Fig. 2) and the XRD pattern (not shown
here) after 5 min of milling has shown the successful formation of covellite phase and the
presence of non-reacted sulphur. It means that the explosion could possibly occur, but it
was not detected because of quite a significant amount of solid sulphur not taking part in
the reaction. It was found that the time of ignition is not dependent on the Cu:S ratio,
however it is dependent on the milling speed used, as will be shown later (see part 3.7).

3.2.Evolution of phase composition during milling
The phase composition of the Cu:S mixtures 2:1 and 1:1 with time of milling was
monitored by means of powder X-ray diffractometry.

3.2.1. Cu:S mixture 2:1
The milling of Cu:S mixture in a stoichiometric ratio 2:1 on air resulted in the very
rapid formation of chalcocite, CuzS, as a major phase [31]. This compound is of particular
interest, as it can exist in various crystallographic forms which exhibit different stability
[34] and these can possibly interchange upon further milling. The XRD patterns of Cu:S
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2:1 mixture milled for different times are presented in Fig. 3a-b and the evolution of phase
composition can be followed in Fig. 3c-d.

a b

7000 4

10 min Resihe: A==
5000 4
6000 - 90 min A Mo
7 min WO ~ PGS —
5000 - 4000 460 min A oM /\/\ A
= 5 min >
[ @
g B oo Lo A Mo tere e
€ 3 min £ 0004
] ° 30 min
2 2900 2 ML»J\_JU\.A_ PR
s 1 min B
T g JL‘M‘.M_A. N— 2 2000 |
L 3 L
20901 e xplosion 1min A A\
P 1000 ™ varadet o PV St VNN \k A rntrg s
10004 W monoclinic 1 N monoclinic
I hexagonal I hexagonal
I tetragonal N tetragonal
0 0
0 20 33 4 S50 6 70 8 0 0 20 30 4 S 6 70 8 %0
2theta (%) 2theta (%)
C Il onocinic d Bl ~onociinic
, [ hexagonal I hexagonal
04 [ tetragonal 1005 [ tetragonal
%0+ %0
80 8
£ 7 F 4
§ ® 5 ®©
3 504 2 w0
£ £
40 4
g 4 g
@ °
2 2
£ 2
o o 5l
10 10
0 0+
o 1 2 3 4 5 6 7 8 9 10 0 2 32 40 5 6 70 8 90
Milling time (min) Milling time (min)

Fig. 3 Chalcocite phases interchanging during the milling process: (a,b) XRD, (c,d)
phase composition ratio. The error of the phase composition estimation is +1%.

In Fig. 3a, it can be seen that the XRD patterns of the samples milled for longer time
are not the same as the one after the explosion and they undergo further changes with
milling. After 30 min of the treatment, the patterns do not change anymore (Fig. 3b), so it
seems that the equilibrium among different chalcocite phases was achieved. To support
this claim, the volume fraction of different CuzS phases, namely the monoclinic (JCPDS 33-
0490), hexagonal (JCPDS 26-1116) and tetragonal (JCPDS 72-1071) ones was investigated
by a semi-quantitative analysis. The results shown in Fig. 3 show that at the moment of
explosion, the monoclinic phase is major (more than 70%), as was reported in [31]. The
equal amount of tetragonal and hexagonal phase (around 15%) was registered. In the first
stages of milling (from the explosion until 5 minutes of the treatment), the tetragonal
phase becomes major and the amount of monoclinic phase decreases. From this point, the
amount of monoclinic phase increases again and, excluding some exceptions, reaches
60% after 30 minutes. This value does not change significantly from this point. These
changes might be connected with the different thermodynamics of those phases described
exhaustively in [35]. In the cited paper, it can be found that three chalcocite phases are
transformed among each other at different temperatures. This could possibly happen in
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the milling chamber, as it is known that the temperatures at the local contacts between
the milled powder and the milling media are quite high, whereas in other regions of the
chamber, they can be quite low. Based on these differences, we hypothesize that milling
such a complicated system could result in transitions among these phases. The most
symmetric hexagonal phase remains minor all along the milling, it does not seem to be
affected much by the tetragonal-monoclinic phase interchanges and its content is from 5
to 15% in all studied samples. The largest amount was registered in sample milled for 5
and 45 min. As the phase composition was more-or-less the same after 30 min of milling,
the sample milled for 30 min was considered final product. The final monoclinic:
tetragonal: hexagonal chalcocite phase percentage content was 60 : 31.5 : 8.5. In our case,
a significantly different evolution of phase composition in comparison with the paper by
Blachnik and Muller [17] was observed. The reported reaction pathway in that paper
starts with the formation of CuS, then digenite Cu1.8S and subsequently djurleite Cu1.96S is
formed and finally, chalcocite, CuzS appears after 80 min and becomes the only present
phase after 120 min, when peaks for Cu disappear. In our case, we have observed a rapid
formation of CuzS upon immediate disappearance of elemental precursors and
subsequent phase interchanges among different chalcocite phases upon further milling.
The key for the different behavior in these two cases most probably lies in different
milling conditions, and therefore, Tab. 1, in which the milling conditions used in our study
and the one performed by Blachnik and Muller are listed is provided for comparison.

Tab. 1 Comparison of milling conditions used in the presend study and in ref.
[17]

Present study Ref. [17]
Pulverisette 7
Mill used Hverisete Pulverisette 7
premium line
Material of
. a- eria 0_ tungsten carbide tungsten carbide
milling media
Chamber volume 80 mL 12 mL
Mll_lmg balls 1em 12 em*
diameter
Number of
.ul.n ero 50 not stated
milling balls
Milling speed 500 rpm 400 rpm
Sample mass 3g 4g
Atmosphere air argon

* we hypothesize that this is a mistake and the diameter was 12 mm

From the comparison of the used milling conditions, it can be seen that the difference
in the applied conditions was not significant, with the exception of milling atmosphere. It
is clear that slightly more energy was supplied to the system in the present study.
However, we think that milling in air is the key factor leading to much faster synthesis and
subsequent transformations in our case.
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3.2.2. Cu:S mixture 1:1
The same approach was performed on the Cu:S 1:1 sample. This system is much
simpler, as covellite, CuS can crystallize only as hexagonal phase. The XRD patterns and

phase composition are presented in Fig. 4a and b, respectively.
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Fig. 4: Covellite phases interchanging during the milling process: (a) XRD, (b) phase
composition ratio. The error of the phase composition estimation is +1%.

As can be clearly seen from Fig. 4a, the situation is much less complicated in the case
of the mixture with the Cu:S stoichiometric ratio 1:1, as covellite, CuS (JCPDS 06-0464) as
the main product, is formed immediately after the explosion and the XRD pattern does not
change much with the milling time. However, a small change can be observed, concretely
the decreasing of the intensity of the peak present around 47°. This peak corresponds to
digenite CuisS (JCPDS 76-6653), which is considered an impurity in our case, and is
formed together with the main product at the time of explosion [31]. It is possible to
diminish the intensity of this peak by milling and thus to purify the prepared covellite.
This is further supported by Fig. 4b, where the decreasing amount of cubic digenite phase
with milling time can be observed. The content of digenite in the final sample milled for
15 min is 7%, which is almost on the borderline of the sensitivity of XRD measurements.
As the decrease in the digenite content between samples milled for 10 min and 15 min
was not very significant, we hypothesized that much longer milling time would be
necessary to obtain completely pure CusS.

In other works, the formation of covellite was slower, [18, 36], however, in these
papers, the impurity of digenite was not registered. The whole transformation process

observed in our case can be described by the scheme:
milling for 15 min

covellite (72.5%)+ digenite (27.5%) ———  covellite (93%) + digenite (7%)
(1)

3.3.Evolution of crystallite size during milling
In order to pursue the changes of crystallite size in both systems, Fig. 5 was elaborated.
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Fig. 5 The evolution of crystallite size of the phases during the milling process for:
(a) Cu:S 2:1; (b) Cu:S 1:1. The error bars are provided in the figure.

The dramatic decrease of crystallite size can be observed at the beginning of the
milling process for the Cu:S 2:1 system (Fig. 5a). At the time of explosion (first points), the
crystals are quite large, the largest being registered for the major monoclinic phase
(around 80 nm). Further milling diminishes the crystallite size of all three phases below
20 nm. The sample which is considered final (30 min) possesses crystallite sizes 19 nm,
13 nm and 12 nm for monoclinic, hexagonal and tetragonal chalcocite, respectively.
Further milling does not bring about any significant changes in the crystallite sizes of
monoclinic and tetragonal phase. The large dispersion of the values obtained for the
hexagonal phase does not allow to draw a relevant conclusion, as the error of the
estimation was the largest for this phase. While in case of the first two phases the
crystallite size error is less than +2 nm, in case of the hexagonal phase, it reaches +6 nm.

Regarding the Cu:S 1:1 system, the crystallite size is surprisingly low after the
explosion, on the contrary to the CuzS system. This could be possibly connected with the
simplicity of the CuS system. The crystallite size of covellite decreases throughout the
whole process of milling from 15 nm for the sample after the explosion to 9 nm for the
sample milled for 15 min. In the case of the digenite impurity, the crystallite size is smaller
(9 nm), decreases until 7 min of milling (7 nm) and then it increases again up to 12 nm.

Regarding the particle and crystallite size, CuS exhibits smaller values of both
characteristics, so it can be concluded that it is a finer sample. The size of nanocrystals can
be crucial for further applications of the nanoparticles.

3.4.Evolution of grain size during milling
The changes in grain size of the milled materials can be easily monitored by photon
cross correlation spectroscopy in a micrometer-range. This is a good method for
comparing the results obtained for nanoscale-range (crystallite size) reported above. The
results for both studied systems are presented in Fig. 6.
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Fig. 6: Evolution of grain size of during milling for: (a) Cu:S 2:1; (b) Cu:S 1:1

Milling does not seem to affect the grain size of the produced CuzS significantly (Fig. 6a),
however some changes are remarkable. For the sample milled for 1 min, the local
maximum around 7 pm can be observed. Further milling causes the coarsening of the
particles. Thus, different type of treatment, e.g. stirred wet media milling, should be
applied to reduce the grain size, in order to apply CuzS for the applications requiring much
smaller grains.

In the case of CuS (Fig. 6b), the situation is contrary, as milling brings about the
significant reduction of the grain size. More-or-less unimodal distribution with the
maximum around 50 pum observed for the sample milled for 1 min was changed to
trimodal for the sample milled for 5 min and finally, into bimodal in the case of the sample
milled for 15 min, for which two maxima located at around 7 and 15 pm can be observed.

In general, the CuS sample contains finer grains that CuzS. These observations
confirm finer character of the CuS sample, so in addition to smaller crystallite size
reported earlier, also the grain size is smaller.

3.5.Evolution of specific surface area

In order to investigate the surface properties, which are crucial for the potential
applications of the synthesized nanomaterials, the Sger values were calculated for both
systems and their changes were monitored with the time of milling. In addition, applying
the very simplified assumption that our material is formed of identical spherical grains,
also the average particle radius, R, was calculated for all these samples, based on the

equation:
R=_ (2)

"~ Spere
where Sger is the value of specific surface area in m2 /g and p is the density of the material

in g/cm3 (for CuzS, the value 5.65 and for CusS, 4.41 found in standard tables were used.
3.6. The values for both parameters are provided in

Tab. 2 below.
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Tab. 2 Values of specific surface area (Sger, in m2.g'1) and average pore radius
(R, in pm) for both studied systems

1 1
System 10s 1min |3min | 5min |7 min 0 5 30_
min min min
CusS Sper | 2.2 0.9 1.5 - 1.8 1.6 1.4 1.4
2 R 0.24 0.58 0.35 - 0.29 0.33 0.38 0.38

Sper | 2.7 3.8 1.9 1.8 2.2 3.4 2.7
R 0.25 0.18 0.36 0.38 0.31 0.2 0.25

CuS

The milling process does not seem to affect the specific surface area values to a large
extent, as they are quite similar throughout milling for both systems. In general, the
produced CuS exhibits slightly higher Sger and lower R values, thus supporting the finer
character of the powder, as already pointed out by crystallite size and grain size
measurements. The obtained Sger values are far lower than those reported in [37] for the
nanoporous CuS (97 m2.g'1). These observations are contradictory to the general trend of
the evolution of specific surface area during mechanochemical reactions [38, 39], where
sharp increase, plateau and subsequent slight decrease of Sger values because of the
agglomeration should be observed. It is possible that as the products are formed in an
explosive manner, they exhibit very poor porous properties and their improvement
cannot be achieved by applying dry milling.

3.7.Microstructural characterization of the final products

The samples considered as the final products, i.e. CuzS after 30 min and CusS after 15
min of high-energy milling, were inspected by transmission electron microscopy (TEM).
The results are shown in Fig. 7 and Fig. 8, respectively.

At lower magnifications, the CuzS sample contains irregularly shaped grains with
diameters in the micron range, as previously shown by the photon cross correlation
spectroscopy (see Fig. 6a). The crystallinity and phase composition of the sample was
inspected by selected area electron diffraction (SAD). The SAD pattern recorded form a
thin region of a larger grain is shown in Fig. 7b. It is a ring pattern, typical for diffraction
from randomly oriented nanosized particles indicating that the larger grains are
composed of smaller randomly oriented crystallites.
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(a) Low-magnification image of an agglomerate with EDS pattern confirming the
Cu:S ratio of 2:1. (b) SAD pattern reveals that different CuzS phases are intermixed
at the nano-level. (c) HRTEM image taken in the thin part of the agglomerate
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The nanocrystalline character of the sample was suggested already by XRD analyses
(see Fig. 5a) and according to the XRD results, the final sample contains mostly monoclinic
and hexagonal modifications of chalcocite. The SAD contains reflections from all
chalcocite modifications, similar as the XRD pattern that was recorded from a much larger
volume of the sample. This result indicates that the chalcocite modifications in the sample
are intermixed at the nano-level and are not present as separate single-phased
agglomerates. The Cu:S ratio of 2:1 was additionally confirmed by EDS analyses recorded
in different parts of the sample (see the spectrum in Fig. 7a). Additional HRTEM analyses
were done in thin parts of the agglomerates, where the sample is electron-transparent.
The analyses revealed that the larger grains are composed of densely packed nanosized
crystallites with average size between 10 and 20 nm which is in good agreement with the
crystallite size determination from XRD (see Fig. 5a). The individual nanocrystallites have
irregular shapes and are tightly packed into larger agglomerates, usually to such extent
that it is difficult to distinguish between two individual nanoparticles. This specific
microstructure of the sample is typical for materials synthesized by high-energy milling
from initial precursors and was observed also in other materials, for example in CoSe [40].

The results of TEM analyses for the CuS sample show that the general appearance of
this sample at lower magnifications (Fig. 8a) is similar to the CuzS sample, only the size of
the individual agglomerates is slightly smaller as already indicated by photon cross-
correlation spectroscopy (see Fig. 6b). SAD ring pattern shows that also this sample is
composed of randomly oriented nanoparticles (Fig. 8b).
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Fig. 8: TEM analysis of the CuS sample after 15 minutes of milling. (a) Low-
magnification image showing agglomerated grains. EDS spectrum with Cu:S ratio
1:1 shown in the bottom right corner. (b) Rings in the SAD pattern correspond to
the hexagonal CuS phase (covellite). (c) Dark-field image of a polycrystalline grain.

All diffraction rings correspond to the hexagonal modification of CuS (Fig. 8b) and the
EDS spectra taken in different thin parts of the sample confirmed the Cu:S ratio of 1:1 (see
a typical spectrum in Fig. 8a). The nanocrystalline character of the sample was
additionally shown by dark-filed imaging technique (Fig. 8c). The image shows that the
larger grains are composed of densely packed nanoparticles with random orientations.

3.8.Role of milling speed

Milling speed is one of the crucial factors which influence the properties of the
prepared products, or the progress of the mechanochemical reaction, and in some studies,
milling time can be constant and the effect of this parameter is investigated (e.g. [41, 42]).
This can affect the properties and consequently, the final application potential of the
material. Different milling regimes are being applied when the milling speed is changing.
As the chalcocite system is more complicated and prone to show differences in the phase
composition upon milling, it was selected for the evaluation of the milling speed effect in
the experiments. In all cases presented in this part, the milling was stopped immediately
after the explosion.

The dependence of the intensity of the explosion with respect to the milling speed is
presented in (Fig. 9).
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Fig. 9: Influence of the milling speed on the explosion intensity for Cu:S 2:1 mixture:
(a) evolution of gas pressure changes throughout milling; (b) relationship between
milling speed, explosion time, and maximum pressure detected at the time of
explosion.

As it could be expected, the increasing milling speed evokes more intense explosions
within a shorter time. The different plot in Fig. 9b further supports this statement.

Different milling speed can show up also in the phase composition of the product.
Therefore, XRD patterns of Cu:S 2:1 mixture milled under different milling speed were
recorded (Fig. 10a) and the ratio among chalcocite phases was evaluated (Fig. 10b).
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Fig. 10: Influence of the milling speed on the milling of Cu-S 2:1 mixture: (a) XRD
patterns; (b) dependence of the phase composition on the milling speed.

It can be seen that the amount of the major monoclinic phase increases with the
increasing milling speed, on the contrary to the amount of both minor phases. It seems
that the crystallographic phase with the lowest symmetry is preferred under the most
drastic conditions.

In order to analyze this dependence, the value of the relative energy accumulated at
the moment of explosion can be taken into account. As previously discussed, this energy

is proportional to the third power of the milling speed, i.e. the frequency of the main disc
(@.
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Fig. 11: Dependence of the relative energy accumulated during milling at the time
of explosion with the milling speed. Line is just a guide to the eye.

Fig. 11 shows the relative energy at the explosion for different milling speed (relative
to that for 150 rpm). This energy needed for the explosion to occur is not independent of
the milling speed, but increases with it. Therefore, the induction of the process does not
occur after a threshold energy is overcome. However, as it is shown in Fig. 12, there is a
close to linearity relation between 1/tind and Q3, as pointed by Gotor et al. [30]. This
statement is based on the constant value of energy stored (dose, Eexplosion) by the powder
needed to induce the explosion (Eexplosion~{23tina), which is not fulfilled as shown in Fig. 9.
This yields the presence of an intercept different from zero when the plot suggested by
Gotor et al. [30] is used. When a zero intercept is imposed, the fitting gets worse (see Fig.
12).
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Fig. 12: Relationship between the inverse of the induction time and Q3
(proportional to the power released to the powder). The red line corresponds to
the best linear fitting with an intercept different from zero and the blue line
corresponds to the best linear fitting with intercept equal to zero.

Trapp and Kieback [43] established an exponential model for the induction time
dependence on the milling intensity, which considers that the rapid phase formation
occurs when the heat release rate is bigger than the cooling rate of the particles. Fig. 13
shows the fitting of the present data using an exponential law.

On the other hand, Urakaev [44-46] modelled the mechanochemical processes
attending to the short rises in pressure and temperature during collisions. The author
concludes a relation Kt?=f(a), where K is a kinetic parameter, t the time and f(a) is a
function of the transformed fraction a. The kinetic parameter K is obtained as a function
of the milling frequency [44-46]:

K~AQ3? exp (— %) 3)
where A and b are constants. We have assumed that the explosion time measured
corresponds approximately to a similar value of a, and thus:

tina~CQ 0 exp (55) @)
Where C and c are constants related to A and b. We fitted our data to this equation in figure
11 along with an exponential law following [43].
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Milling of elemental copper and sulphur in air produces the desired copper

sulphides very rapidly, however the prepared products undergo further changes upon
longer milling. No significant events, in addition to the explosion, the intensity of which is
dependent on the Cu:S ratio, were evidenced within the first 15 seconds already described
in [31] by observing the gas pressure and temperature changes in the milling chamber,
however, the changes were visible in the XRD patterns. In the case of chalcocite formation,
the different crystallographic phases were interchanging until 30 minutes of milling,
when the equilibrium with the monoclinic phase as the major one, was reached. In the
case of covellite formation, the content of digenite impurity was diminished to around 7%
after 15 min of milling. The crystallite size, grain size and specific surface area analyses
have shown the finer character of the prepared covellite powder, in comparison with
chalcocite. The final samples contain micron-sized grains, composed of densely packed,
randomly oriented chalcocite or covellite nanoparticles, depending on the Cu:S ratio. The
investigation of the influence of milling speed on chalcocite powder has shown that the
intensity of the explosion increases and time of explosion decreases with the increasing
milling speed. The monoclinic phase with the lowest symmetry is preferred at the most
energetic conditions. The formation of copper sulphides can be understood as a
mechanically driven process. The energy stored at the explosion time is not the same, but
increases as the milling speed increases. The mechanochemically prepared CuS and CuzS
nanocrystals can be potentially applied in biomedical applications in the future.
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