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Mechanically induced self-propagating reactions (MSRs) offer the possibility to obtain desired products in an

ultrafast and thus cost- and energy-efficient manner. In this work, this is demonstrated for ten binary metal
chalcogenides (CdS, CdSe, In,Ss, NiS, NiSe, PbS, PbSe SnSe, ZnS and ZnSe) by processing mixtures of
metals and chalcogens in a planetary ball mill for less than 10 minutes. The MSR process for Ni-based

systems is reported for the first time. The studied metals reacted much faster with selenium than with

sulfur (with the exception of Ni). The successful MSR occurrence was evidenced by an abrupt increase of

gas pressure in the milling jar monitored in situ and subsequently ex situ by X-ray diffraction. The crystallite
size of the as-received products was usually in the range 40-260 nm. All the reactions were performed in
an air atmosphere, and thus the presence of an inert gas was not necessary. An effort was made to

correlate the observed ignition times with the particle size of the precursors, their melting temperature,

bulk modulus and thermodynamic parameters (AH/C, and AG). While the thermodynamics does not seem
to play an important role here, the particle size and bulk modulus of the reacting metal most probably
influence the ignition time of MSRs. Namely, higher ductility (low bulk modulus) and finer particles seem to

shorten the activation period before the MSR ignition. This study forms a cornerstone for further research

in MSRs of metal chalcogenides because it universally assesses the influence of more parameters on the
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MSR course under fixed milling conditions for different systems. The proposed synthetic pathway also

represents an improvement by reducing both time and energy by showing the possibility to reach some of
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1. Introduction

Metal chalcogenides (MCs) are very promising materials for
a rich plethora of applications, and the most studied ones
include energy conversion (e.g. electrocatalysis,"* batteries,?
solar cells* or thermoelectrics®) and biological applications.®
Their environmental applications” including photocatalysis® are
also very beneficial. The recent focus of scientists is on
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the desired products within a minute-range, being much faster than a classical gradual reaction and
further underlines the environmentally benign character of mechanochemistry.

preparing 2D,*** 3D" and layer-structured anisotropic MCs' to
further boost their application potential.

There are many synthetic pathways to obtain these
compounds, which can be divided into wet chemical
synthesis, high-temperature fabrication and chemical/
physical deposition."* However, most of these methodologies
bear the environmental burden, mostly by the necessity of
utilizing multi-step methodologies, organic solvents, toxic
organometallic precursors, and elevated temperature and
pressure. These disadvantages can be overcome by utilizing
mechanochemical synthesis, an alternative route to tradi-
tional chemistry.*»** In this case, the processes are performed
solely in the solid state and the mechanical energy that is
supplied to the treated powders via grinding causes the reac-
tions to occur in a much simpler way. Its scalability potential is
also interesting for industry.'® This methodology is well-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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established for the preparation of nanocrystalline metal
chalcogenides.”

As precursors, often various compounds, such as salts can be
used. For sulfides, in 2003, a so-called acetate route to produce
various metal chalcogenides by using metal acetate and sodium
sulfide as a source of metal and sulfur, respectively, was intro-
duced.”™ However, the simplest way is to introduce elemental
precursors. This was done many times in the past for a wide
variety of MCs. Almost always, an argon protective atmosphere
was used.

In mechanochemistry, the reactions can proceed in such
a way that they take place in one moment (i.e. for a long time
only the precursors can be identified and then suddenly in
a very short timeframe, products are formed). Although such
a pathway is clear from the results, the authors usually do not
pay great attention to this, as mere information that the product
was obtained is satisfactory for them. However, they are of great
interest both from scientific and energy-saving points of view.
These reactions are called mechanically induced self-
propagating reactions (MSRs). A MSR is a reaction where the
majority of the reagents instantly transform into products after
a critical milling time (the ignition time which can also be in the
range of seconds) through a combustion-like process, which is
accompanied by a significant temperature and pressure
increase."*° This process is analogous to self-propagating high-
temperature synthesis (SHS), where the self-propagating reac-
tion is activated by supplying heat. The possibility to reach the
products via a MSR brings about a reduction in both energy and
time since it is usually much faster than the classical gradual
reaction.

The occurrence of MSRs can be evidenced by using specially
tuned grinding jars with gas temperature and/or pressure
measuring availability,* or also by collecting characterization
data directly during milling, ie via in situ monitoring of
mechanochemical reactions (e.g. using XRD or Raman
spectroscopy).*** The former was recently accomplished for
the Zn-S system.>

In relation to metal chalcogenide preparation, MSRs were
reported for the first time already in 1982.%° In this pioneering
study, five metals (Cd, In, Pb, Sn and Zn) were reacted with
chalcogens (S, Se and Te) and the MSR events were usually
observed within tens of minutes or hours. Apart from this study,
no systematic research considering the MSRs of more metal
chalcogenides was reported. Detailed studies on MSRs are
available for Zn-Sn-S/Se systems.”’** For other metal-chal-
cogen systems, the reports are less numerous. Namely, from the
binary ones Cd-Se,*® Cu-S,* Zr/Ti/Hf-S* and Fe/NigSg,*® from
ternary ones CulnS/Se, (ref. 39-41) and MgCr,S, (ref. 42) and
from quaternary ones Cu,FeSnS, (ref. 43) systems can be
mentioned.

The fundamental reports on what is actually governing the
MSRs of MCs are scarce. In some studies, one system was
investigated in detail and the effect of changing milling
conditions on the MSR was studied (e.g.>****). The other
perspective, being the investigation of different systems under
the same milling conditions, is rare, namely when the influence
of various properties of the reagents and thermodynamics are
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considered. Some factors, including the thermodynamic ones,
are tackled in the reviews by Takacs,>**® or more recently in the
work of Ebrahimi-Kahrizsangi,*”** where the influence of
melting temperature of reagents is investigated in detail.
Particularly for MCs, Tschakarov has proposed that there is
a clear relationship between hardness of the reagents and the
ignition time.>®

The aim of this study is to verify the results and hypotheses
formulated by other researchers reported earlier on a set of
MSRs toyield different metal sulfides and selenides. Specifically
the influence of reagents melting temperature difference, bulk
modulus of the used metals, ratio of enthalpy of formation of
the products and heat capacity of the products and Gibbs free
energy of formation of the products on the ignition time is
investigated. Moreover, it also shows the possibility to prepare
a bunch of nanocrystalline metal chalcogenides via the MSR
pathway within a second or minute range in an air atmosphere.
The MSR pathway for nickel-based systems is reported for the
first time. The present work could bring renaissance for
utilizing this type of reaction pathway to become widely applied
for the preparation of materials based on metal chalcogenides.

2. Results and discussion

The influence of various factors governing mechanically
induced self-propagating reactions is still poorly understood.
To tackle this, we performed a universal study by igniting MSRs
for a set of sulfides and selenides under the same milling
conditions using six different metals (Cd, In, Pb, Sn, Ni and Zn)
and two chalcogens (S and Se). Initially, it was necessary to
characterize the precursors in terms of their particle size and
morphology.

2.1. Particle size distribution and morphology of the
precursors

To investigate the effect of the morphology and particle size of
the precursors used in this study, SEM and laser diffraction,
respectively, were employed (see Section S1 in ESI, S1t). Diverse
morphology of the used metallic precursors can be seen from the
SEM images in Fig. S1 and S2.7 Zinc and cadmium particles were
spherical, much finer in the former case. Lead and indium
particles reminded spheres, but often irregularities and defor-
mations were found. Nickel metallic powder consisted of very
fine cubes and for tin, quite large platelet-like morphology was
found. Regarding chalcogens, sulfur particles had a non-uniform
shape, whereas selenium powder was composed of porous
spherical particles, which were sometimes joined together.

The particle size distributions of the precursors are
summarized in Fig. S3.f The size distribution is usually
bimodal with ds, values in the range between 24 and 36 pm for
three out of the six used metals. Nickel particles were much
finer (unimodal size distribution with a ds, value below 7 pum)
and on the other hand, those of tin and indium were quite large
(with d5, values 80 and 89 um, respectively). Chalcogen particles
were finer than metallic ones (with the exception of Ni), sulfur
being slightly finer.

RSC Mechanochem., 2024, 1, 94-105 | 95
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2.2. Determining the ignition time of MSRs by gas pressure
and temperature monitoring

In order to be able to evaluate the individual effects of different
physico-chemical properties, it was necessary to determine the
ignition time (¢;;) of MSRs, which is taken as a measure of the
reactivity. The successful occurrence of MSRs can usually be
identified already by human senses. The desired products
usually have a different physical appearance than the reagents.
Most often, the products are black, but e.g. ZnSe and CdS are
orange. The powder after a successful MSR is usually covered on
the milling balls and is stuck on the jar walls, and has the
appearance of a sintered powder due to the heat that occurred
during the event, far from being fine powder introduced into
the milling chamber. Also the walls of the milling chamber are
warmer than they would be in the case of simple milling
without the occurrence of the MSR. In the moment of MSR
occurrence, a specific smell of sulfur (rotten egg smell) or
selenium (decayed horse-radish) can be detected sometimes. It
is also evident after opening the chamber, when a small amount
of smoke can be sometimes detected. We are of the opinion that
this is the result of the interaction of chalcogenides with the
atmospheric gases, rather than reaction gaseous by-products. In
some cases, a small amount of powder is present on the lid on
the top of the chamber. Specifically for some selenides, this
powder was red. Its amount was too small to be analyzed via
XRD. However, according to the literature, it will most probably
be amorphous red selenium.** The photograph of the milling
jar lid with this reddish powder after the preparation of one of
the selenides is provided in the ESI (Fig. S4).1 The MSR event
was sometimes found to be accompanied by a scratching sound
coming from the chamber. However, according to the empirical
experience, it was not a general rule and in many cases, despite
this sound could be heard, the MSR event did not occur yet. In
general, the examination using senses is of course not satis-
factory for the precise determination of the ignition time.
Therefore, we performed the high-energy ball milling experi-
ments in a special milling chamber equipped with a sensor for
measuring the pressure (p) and temperature (7) of the gas
inside. In this way, the changes in p and T can be continuously
monitored during milling and any abrupt pressure and/or
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temperature change, documenting the occurrence of a MSR,
can be well seen.

In Fig. 1a and b, the changes in gas pressure (representative
curves) for the synthesis of sulfides and selenides performed at
750 and 400 rpm, respectively, are shown. The reason for per-
forming the reactions to yield selenides at a lower milling speed
is their much higher reactivity in comparison with sulfides, and
thus the inability to clearly observe the MSR ignition. More
details are provided in the Section S2 in the ESI, including
Fig. S5-S11.f Together with pressure monitoring, also the
temperature was monitored, but the MSR event could not be
determined in this way (no abrupt increase can be observed in
Fig. S121), due to the limitations of the experimental setup.*

As a representative parameter indicating the start of the
process, the ignition time (¢;) determined by the onset of the
sharp pressure increase was considered. The pressure increase
and decrease usually take place within 5 seconds and as the
equipment records the pressure changes only each two seconds,
it cannot be claimed that the evidenced pressure value is the
maximum pressure achieved during the MSR. This was proven
by comparing the different values of maximum pressures for the
repeated experiments where significant differences were
observed. It is also possible that in the case of small pressure
increase, the event can also be completely missed. Therefore, we
consider only ¢, as a measure of MSR occurrence in this study
and this approach is in accordance with other studies.*®*

In five out of the six studied sulfides and selenides, an abrupt
pressure increase and decrease after a short activation occurred,
which is a proof of the MSR event.*® In the case of tin sulfide and
indium selenides, the MSR event was not observed. According
to (ref. 49), for the SnS synthesis to run through the MSR
pathway, it is necessary that the tin : sulfur molar ratio is at least
0.9. This condition is fulfilled in our case. Together with the Zn-
S system, this system has been well-researched in the literature,
however, the reasons why this reaction should not exhibit the
MSR pathway in our case remain unclear. Similarly, the absence
of the MSR pathway for the In-Se mixture, which is in contra-
diction with the pioneering work,* remains a mystery. In
contrast to the Sn-S system, there is a lack of relevant literature
available for the In-Se system. One of the hypotheses could be
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Fig. 1 Gas pressure changes during milling (representative curves): (a) Me-S mixtures treated at 750 rpm and (b) Me—Se mixtures treated at

400 rpm.
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the low bulk modulus of the metals in question; however, as will
be shown later (Section 2.3.4), the other metals with quite
similar bulk moduli reacted via the MSR pathway and even In
and Sn reacted with S and Se, respectively, via a MSR pathway.
Indeed, the low bulk modulus seems to be beneficial for MSR
ignition. It is probable that upon properly tuning the properties
of the starting powders and milling conditions, the MSR events
should occur also in these two cases, but this is beyond the
scope of this study.

Apparently, the formation of selenides is more feasible than
that of sulfides, as with the exception of Ni-based systems, the
MSR events occur sooner than for sulfides, which is in accor-
dance with ref. 26. Despite the fact that milling of Me-Se
systems was conducted at a lower milling speed (400 rpm), the
reactions were still faster. The ignition time increases for the
synthesis of both sulfides and selenides in the following order:
Pb <Zn < Cd, in alignment with ref. 26. Ni-based systems are an
exception and require further research. The ignition times of
each reaction mixture where the MSR was observed are provided
in Fig. 2.

As our study was strongly based on the pioneering one by
Tschakarov et al.,*® we tried to provide some direct correlations
with that report. In 1982 when that study was published, the
available mechanochemical equipment was not able to supply
as much energy as it does nowadays, namely, the authors used
a low-energy vibratory mill, being compeltely different from the
planetary ball mill used in the present study. Therefore, the
ignition times were by far longer there. Firstly, we have plotted
the ignition times described in that study together with ours
(Fig. S13at). It can be seen that the trend is quite similar for four
elements, albeit the synthesis of Zn-based systems was faster
and that of Cd-based ones was slower in our case. If the ¢
values reported in (ref. 26) (in seconds) are divided by ours, we
get the information about how many times the reactions were
faster in our case. This information is plotted in Fig. S13b.f
Except Zn- and Cd-based systems, all the reactions were in the
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range from 25 to 60 times faster in our case. The reactions of Zn
with S and Se were 104 and 374 times faster, respectively,
whereas those of Cd were only 9 and 15 times faster, respec-
tively. These discrepancies detected for Zn- and Cd-based
systems most probably deal with the specification of the used
precursors.

2.3. Considerations about the influence of various
properties of the reagents on the ignition time

2.3.1. Particle size of the reagents. The dependence of
ignition time () on the median particle size of the metallic
precursors (ds, obtained from the measurements shown in
Fig. S37) for both Me-S and Me-Se systems is shown in Fig. 3a.
Clearly, no relationship between d5, and ¢;; could be found for
neither sulfides or selenides. Obviously, the used materials are
completely different from the chemical point of view and also
other properties than particle size are important. In Fig. 3a, the
fact that we are dealing with different metals is completely
neglected. However, we are of the opinion that if one reaction
system would be investigated, decreasing the particle size of the
precursors would have a positive impact on the ignition time.
We are not aware of any systematic study that would tackle this
issue for MSRs; however, there are reports on self-propagation
high-temperature synthesis (SHS), an analogous combustion-
like process ignited by heating, not by high-energy ball
milling. Namely, when the particle size of carbon was ~1 um,
the SHS in the Ni-Ti-C system was ignited after ~9000 ms, and
the temperature increased from room temperature to 2567 K
immediately, whereas when the particle size of carbon was 38
and 75 um, the reaction occurred after 30 000 and 40 000 ms,
respectively, and the temperature was increasing for around
~20000 s in both cases.’® In another study, the effect of Mg
(used as a reducing agent) particle size on the SHS of the B,C-
TiB, system was investigated.** Upon decreasing the Mg particle
size, the amount of residual Mg decreased; however, no infor-
mation about the impact on ¢ is provided. We are of the
opinion that particle size reduction was also the key point why
the MSR could be ignited immediately in the case of Cd + Se and
Zn + Se mixtures after the prior mechanical activation of the two
reagents in ref. 35. It seems that bringing down the particle size
below a certain critical value could ignite MSRs even in the cases
where it was never observed before (like shown for a Cu-S
system by our research group in 2016 (ref. 36) or for Ni-S and
Ni-Se systems shown for the first time in this study; in both
these cases, the particles were very fine). This creates a great
field for future research.

However, let's imagine a very simplified situation that all the
metallic precursors have the same mean particle size of 25 um
and all the particles are perfectly spherical. Let's also imagine
that there is a linear relationship between the particle size of the
given metal and the ignition time that is necessary for the MSR
between this metal and chalcogen to occur. Under these
circumstances, we can re-calculate the ¢, data from Fig. 2.
Namely, t;, for the metals where ds, values were larger than 25
um will be shorter and for the finer powders, it will be propor-
tionally longer. The re-calculated ignition times t;,.,5 (together

RSC Mechanochem., 2024, 1, 94-105 | 97
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with proportionally re-calculated standard deviations) are
shown in Fig. 3b. In this situation, we completely neglect the
influence of particle size and morphology and ascribe all the
difference in ¢, just to the different properties of the elemental
precursors that will be discussed below. For this reason, we are
using the dependence of t;,.,5 on these properties in further text.
We are of course aware that this is over-simplification, but it can
provide at least an estimation on the influence of the other
physico-chemical properties and moreover, this estimation
does not dramatically change the trend observed in Fig. 2.

2.3.2. Hardness of the reagents. Tschakarov et al. have re-
ported a clear relationship between the microhardness of
elements and t;,. Therefore, we plotted ¢;g.,5 against hardness in
Fig. 4a (for comparison also the data from the pioneering
study®® are shown in Fig. 4b).

The apparently linear relationship in the case of ref. 26
presented in Fig. 4b cannot be overlooked; however, the results
are not perfect and clearly the deviations from the trend can be
identified (e.g. the ¢, for Sn which is softer than In was longer).
According to the suggestion of the authors, the softer the metal
and the harder the chalcogen, the sooner the MSR event
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occurs.” In our case, no clear relationship could be found
(Fig. 4a), so it seems that it is not possible to ascribe the
resulting ignition time only to the hardness of the metal. We
also tried to find some information about the relationship
between the hardness of the metals and the course of SHS they
take place in, but it was not possible to find any relevant
information, unlike the relationship with particle size.

2.3.3. Melting temperature of the reagents. About a decade
ago, a relationship to describe the dependence of the ignition
time on the reagent melting temperature (7,,) was proposed.*”**
Namely, the model suggests that the ¢, increases with the
arithmetic mean of the Ty, of the reagents. The process was
investigated for many inorganic reaction mixtures in the
mentioned study using experimental data from the literature;
however, chalcogenides were not analysed. We were curious
whether similar or at least some relationship can be found in
our systems (Fig. 5a). The obtained results were surprising.
There seems to be a maximum of ¢, reached at around the T,
arithmetic mean around 250 °C and both below and above this
value, the ¢, values decrease in an exponential manner. To the
left part from this maximum, the points obtained for Me + S
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labeled. The hardness source data in our study were taken from ref. 52 and in ref. 26, it was from ref. 53 and although different types of hardness
are plotted (Brinell hardness vs. microhardness), the relative differences between the metals are the same in both sources. For lead, hardness data

were not available in neither of the studies.

98 | RSC Mechanochem., 2024, 1, 94-105

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3mr00001j

Open Access Article. Published on 29 February 2024. Downloaded on 4/13/2026 8:43:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

= Me+S
800 ® Me + Se
700 h
600-| Cd

500 - -

400

Now
S 8
38 3
! !

Pb
1004 In sn Pb
- L] L

Recalculated ignition time, £, ,; (s)

o
!
L]

T T T T T T T T )
100 200 300 400 500 600 700 800 900
Melting temperature arithmetic mean of reactants (°C)
Zn
C = Me+S
e Me +Se
500

400 + Cd

300
Cd Zn

200

100 Ni z Pb

Recalculated ignition time, £, (s)

1 I
Pb

T T T T T T
1500 2000 2500 3000 3500 4000 4500

-AH/C, (K)

View Article Online

RSC Mechanochemistry

b = Me+S
® Me + Se|

500 4 [

s (5)

2400

o
£ cd
S 300 7n Ni
.-é
e, [
3 200 .« .
T Pb
S
4 In
% 100 o
g L]
© "o .

o
!

T T T T T T 1
80 100 120 140 160 180 200

Bulk modulus (GPa)

d = Me+S
® Me + Se|

n
S
»
3
@
3

500 .
24004 Cd
o
£
‘é 3004
2 Zn cd
k=
= 200 i o
3 Z
3 n Pb
S 1004
s In
o) ° L
© L]

0 - Ni

Pb
T T T T T T T )
450 400 -350 -300 -250 -200 -150 -100  -50
0 -1
AG” (kd mol™)

Fig. 5 The dependence of recalculated ignition time (tig.5) on: (a) the arithmetic mean of melting temperatures of the reagents, (b) bulk
modulus, (c) ratio between standard enthalpy of formation and heat capacity of the product; green line represents the generally accepted
borderline between the MSR region to the right and non-MSR one to the left, and (d) standard Gibbs energy of formation of the product. Source
data are taken from ref. 52 and 56-62. For tin and nickel selenides, information about the bulk modulus and AG could not be found.

systems and to the right, those obtained for Me + Se systems are
located. The points for Pb-containing systems are not in this
region, as the Ty, arithmetic mean of the reagents is much
higher in this case (namely 785 °C for Pb + S and 838 °C for Pb +
Se). Despite the large difference in Ty, the ¢, is quite short.
Thus, the increase of t; with the arithmetic mean of T, of the
reagents reported in ref. 47 and 48 was evidenced only for Me +
S systems and at quite low temperatures, and for Me + Se
systems, an opposite trend was observed. The obtained results
are peculiar, but it would be too bold to say that the observed
relationship is fully justified and providing any explanations at
this point would be pure speculations. Nevertheless, it surely
brings in a new perspective for future research. Moreover, it has
to be kept in mind that the melting temperature decreases with
decreasing particle size.>* This accounts also for metals,* and
this behavior is explained by the Gibbs-Thomson equation.
This means that if the size of precursors drops below a certain
value during the activation phase preceding the MSR, the
melting could occur at much lower temperatures than generally
valid for those substances. Nevertheless, according to the XRD
patterns recorded shortly before MSRs for many systems in the
literature (e.g. (ref. 25, 35 and 44)), the diffractions of the
precursors are still quite strong and sharp, which documents
that the precursor particles are not too fine when entering the
MSR and the melting temperature is most probably not affected
to a large extent.

© 2024 The Author(s). Published by the Royal Society of Chemistry

2.3.4. Bulk modulus of the reagents. Another important
mechanical property of the metals is the bulk modulus, i.e. their
incompressibility. The relationship between the bulk modulus
of the metals used in this study and MSR ignition time of Me +
S, or Me + Se systems is given in Fig. 5b. Different behaviors of
Cd and Ni-based systems do not fall into the trend here, but for
In, Pb and Zn, a quite nice relationship could be found in the
case of sulfides. For selenides, Zn does not fit into the trend and
potentially, an opposite linear relationship in Cd, Sn and Zn
selenides can be seen; however, we are of the opinion that this is
caused by the lower reactivity of Cd rather than a genuine
reason. In general, with increasing the bulk modulus of the
metal, the occurrence of the MSR seems to be delayed. Thus, the
more refractory character of the metal seems to be detrimental
for MSR occurrence. Here, a parallel with the claims made
regarding hardness in the pioneering work can be traced,* i.e.
the softer the metal, the quicker the MSR. According to Avva-
kumov and Kosova,*” the higher ductility (ie. lower bulk
modulus) increases the formation of interfaces between the
component particles. This would be in accordance with the
looming trend visible for sulfides, i.e. the more ductile the metal
(i.e. having a lower bulk modulus), the earlier the MSR occurs.

2.3.5. Ratio of enthalpy of formation and heat capacity of
the products, AH/C,,. The thermodynamic constants might be
also of some help in understanding the course of MSRs. For
along time, an accepted rule of thumb was that for the reaction
to potentially take place as a MSR, the ratio of enthalpy of
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formation and heat capacity of the product (AH/Cp) has to be
higher than 2000 K.>**** For our studied systems, this condition
is accepted for the majority; however, the AH/Cj, ratio is slightly
lower for ZnSe and well-below this threshold for NiS and despite
this, the MSR was observed. It is also well below the threshold
for the CuS formation (this ratio is 1039 K) and we could observe
the MSR for this system previously.*® Thus, it seems that AH/C,
equal to 2000 K is not a limiting factor for the MSR to occur and
it is possible to ignite MSRs for the systems not respecting this.
In order to investigate whether there is any relationship
between the AH/C}, ratio and ignition time, the plot in Fig. 5c
was elaborated. No correlation could be found, being in accor-
dance with the data from the pioneering work>® and for the one
introducing the reagents melting temperature difference
theory.””*® Takacs in his review also mentions that in most
cases, little connection is found between the ignition time and
AH/C}, and supports the theory that the mechanical properties
are important,*® which is in alignment with trends observed for
the bulk modulus in Fig. 5b. However, there is an example
where AH/C,, could be well-correlated with ¢, namely for the
reduction of some metal oxides with Ti, Zr and Hf.*”

2.3.6. Gibbs energy. The free Gibbs energy of formation is
another important thermodynamic parameter and we tried to
find whether there is any correlation between AG and tig,s
(Fig. 5d). We did not detect any sensible correlation, as in the
case of Me + S systems, with decreasing AG, there is at first
increase and then decrease of t,. Regarding selenides, no
conclusion can be made based on three points. For comparison,
we plotted also the data from the pioneering study®® in the ESI
(Fig. S141), which showed that the higher the AG, the slower the
process. Mechanochemistry is known not to respect thermo-
dynamic rules®>*” and the processes can be rather governed by
the activation energy that influences the kinetics. On the other
hand, also the study showing the opposite results was pub-
lished,*” namely the ignition time was decreasing with the
increasing enthalpy of formation AH, the values of which are
usually very close to AG. However, this was studied for the single
system (B,03-TiO,-Al) where the thermodynamic changes were
measured.

2.3.7. General viewpoint. We discussed only a fraction of
possible properties that could be important for the course of
MSRs here. There seems to be some correlation between
mechanical properties and ignition time (Fig. 5b), however, for
the rest of the investigated properties and thermodynamic
parameters, no solid conclusion could be drawn. It seems that
each system can have its own characteristics, and it is necessary
to examine in detail each of them. Moreover, it seems that any
prerequisites that are predetermining whether or not the MSR
will run and how long it will take until ignition can be forgotten
if the particle size of the reagents is sufficiently small. As
discovered in 2016 for copper sulfides by our group,* the fine
Cu particles with needle-like morphology reacted with sulfur via
the MSR pathway, whereas the atomized powder ones with
spherical morphology did not. We have shown the MSR event
for the nickel chalcogenides here, and, as was discussed above,
according to the theory, the exothermicity of this reaction
should not be high enough to be susceptible to MSRs. Despite
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this fact, it occurred, and also in this case, nickel particles were
very fine. Very fine powder can be also obtained via pre-milling.
This was shown in the case of the Cd-Se system in the past,*
where the ignition time could be reduced from 120 s to less than
5 s by pre-activating the precursors. This pre-activation has
definitely influenced the particle size and smaller particles are
more prone to react faster. We therefore suggest and plan for
the future a detailed investigation on the effect of particle size
for the selected system on the ignition time, as for now, it is the
only parameter that undoubtedly shows a strong influence on
the MSR onset.

2.4. Determination of the phase composition via X-ray
diffraction

The successful formation of the desired products in a short time
after the MSR event can be well-traced by X-ray diffraction. The
XRD patterns are provided in Fig. 6. Each XRD pattern is plotted
also individually with the corresponding bar graphs of the
identified crystallographic phases from the ICDD-PDF2 data-
base in the ESI (Section S4, S5 and Fig. S15-526).7 To estimate
the crystallite size of the desired metal chalcogenide and also
the amount of unreacted metal, the Rietveld refinement of the
XRD patterns of the selected samples was performed and the
results are also provided in Fig. 6. The Rietveld plots are
provided in the ESI in Fig. S15-17 and S21-257 as part “b”.

The obtained XRD patterns can be divided into three groups.
The first group contains high-intensity peaks of the desired
products with a small amount of unreacted metals (this is valid
for all patterns in Fig. 6a and ¢, and for Ni-Se and Sn-Se systems
shown in Fig. 6d). In these cases, the MSR event was observed
and clearly led to the formation of the desired compounds and
also the Rietveld refinement of XRD data was feasible. The
presence of a small amount of residual unreacted metal is in
accordance with the results reported for Zn-S mixtures in the
past,>>** or also for the Cd-Se system.** It is most probably
connected with the volatility of chalcogens during the MSR
event, which remains attached to the jar lid after the event,
where the reacting powder does not have access. This is also
supported by the presence of red powder found on the lid in few
reactions of the Me-Se system (Fig. S4t), which might poten-
tially be red selenium. In order not to observe residual
elements, the reactions could be potentially run with slight
over-stoichiometry of chalcogens. The sharp diffraction peaks
of the main products hint at their good crystallinity, which is in
contrast with traditional gradual mechanochemical reactions,
which usually yield nanoparticles with size below 20 nm and
broad peaks in the XRD patterns.

The second group of XRD patterns is represented by the
mixtures, where the MSR event was observed via a GTM device,
and the consumption of the majority of reagents can be
confirmed via XRD; however, the final product is composed of
a mixture of various phases of the particular metal-
chalcogenide system. This accounts for Ni-S and In-S XRD
patterns in Fig. 6b.

The last third group is represented by two XRD patterns for
Sn-S (in Fig. 6b and S191) and In-Se (in Fig. 6d and S267), where

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XRD patterns of the sulfides synthesized at 750 rpm (a and b) and selenides synthesized at 400 rpm (c and d) via a MSR pathway in this
study. Milling time, crystallite size and microstrain (¢) of the produced chalcogenide estimated by Rietveld refinement is provided in the figure. ¢
did not seem to contribute to peak broadening for CdS and ZnS. The diffractions corresponding to unreacted metallic precursors are marked
with an asterisk. All the unmarked diffractions belong to the prepared sulfide/selenide. Note: tin sulfide and indium selenide synthesis does not

run via the MSR pathway under the studied conditions.

the MSR event did not take place. The XRD pattern of the Sn-S
mixture taken after 4 min and 30 s of the treatment (Fig. 6b,
blue pattern) exhibits the diffractions of both tin and SnS,
which hints at the gradual reaction pathway. Similarly, the XRD
pattern of the 2In + 3Se system after 5 min of milling shows the
combination of both reagents and products, thus pointing to
a gradual pathway. In this case, the XRD measurement was
performed also on a different device with a better signal-to-
noise ratio that showed a significant amount of elemental
indium present (Fig. S26bt). The diffraction peaks of the
detected indium selenides are very broad, thus pointing to very
fine nanocrystals.

It has to be noted that also for the systems that we report the
MSR to occur, it was not always the case upon numerous repeti-
tions of experiments (albeit in most cases yes), despite performing
the reactions under the same conditions. This occurred in two out
of four trials to reach for NiS at 750 rpm and once when preparing
SnSe and PbSe. The XRD patterns of these powders are provided in
Section S6 of the ESI, namely in Fig. S27-529.7 In the case of NiS
synthesis, a considerable amount of unreacted nickel and sulfur
was observed after 2 minutes of the treatment (Fig. S271); however,
if the MSR pathway is followed, the XRD pattern is free from
precursors in 25 seconds (Fig. 6b and S187). Regarding the Sn-Se
system, the XRD pattern of the product not formed via the MSR
measured after 5 minutes of treatment at 400 rpm shows the
presence of a higher amount of unreacted tin (Fig. S28%) in
comparison with the product after the MSR (Fig. 6d and S257),
which took place after 90 seconds. This XRD pattern is very similar

© 2024 The Author(s). Published by the Royal Society of Chemistry

to the one obtained after the MSR event at 750 rpm (Fig. S81). This
result provides another proof of the high impact of changing
rotation speed on the outcome of the MSR. In the case of PbSe, the
milling was conducted for 3 minutes and no traces of elemental
lead can be seen in the XRD pattern (Fig. S297). In this case, it is
possible that the reaction was already completed in a gradual
regime. In, general, the reasons why the MSR sometimes does not
occur under the identical conditions for the same system are not
clear for now and will be a subject of future research. There might
be some minor peculiarities that we have missed in the present
research.

3. Materials and methods

3.1. Materials

The starting materials of the present research encompassed
nickel (Penta, Czech Republic), copper (electrolytic, Pometon,
Germany), zinc (Merck, Germany), lead (ITES, Slovakia),
cadmium (Alfa Aesar, Germany), tin (Merck, Germany), sulfur
(Ites, Slovakia) and selenium (Merck, Germany) and were used
as-received from the providers without subsequent purification.
The information about particle size distribution and
morphology of the precursors is provided in the paper.

3.2. Mechanochemical synthesis

The mechanochemical synthesis was performed in a Pulveri-
sette 7 Premium line planetary ball mill (Fritsch, Germany)
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under the following conditions: overall sample mass 5 grams,
air atmosphere, 24 tungsten carbide (WC) milling balls with
10 mm diameter weighing 180 g, WC milling chamber with
80 mL diameter, ball-to-powder ratio 36, and milling speed 400
or 750 rpm. The masses of individual elements were calculated
to reach the desired stoichiometry Me,S/Se;, where x andy = 1
(In-based systems were an exception, here x = 2 and y = 3). In
order to investigate the pressure and temperature of the gas
during milling, milling was performed in a special milling
chamber equipped with the corresponding sensors, namely via
using an Easy GTM system (Fritsch, Germany). The obtained
data were recorded via MillControl software (Fritsch, Germany).
Each experiment was performed at least two times. Milling was
stopped as soon as possible after the occurrence of the MSR
event, which always took place within 10 minutes of the
treatment.

3.3. Characterization

The identification of phase composition was performed by X-ray
diffraction with a D8 Advance diffractometer (Bruker Germany)
using Cu Ko (40 kv, 40 mA) radiation. The patterns were
recorded in the 2 theta range 15-80° using a step time 10 s and
step size 0.03°. The refinement was performed using TOPA-
S_Academic software.®®*® The selected XRD patterns were
recorded using an X'Pert Pro (Philips) diffractometer equipped
with Cu Ka radiation, operating at 40 kV and 50 mA in the 2
theta range between 10 and 70° and using a time per step of 30 s
and step size of 0.033°.

The grain size analysis of the precursors was performed
using a particle size laser diffraction analyzer Mastersizer 2000E
(Malvern Panalytical, Malvern, UK) in the dry mode. Each
sample was measured three times.

The morphology of the precursors was investigated with
a scanning electron microscope Tescan Vega 3 LMU (TESCAN,
Brno, Czech Republic) using an accelerating voltage of 20 kV. In
order for the samples to be conductive, the powder was covered
with a layer of gold on a FINE COAT ION SPUTTER JFC-1100 fy
(JEOL, Akishima, Japan). To obtain information about chemical
composition, an energy-dispersive X-ray spectroscopy (EDS)
analyzer Tescan: Bruker XFlash Detector 410-M (TESCAN, Brno,
Czech Republic) was used. The same device was used to record
elemental maps.

4. Conclusions

The present study aimed to bring renaissance to the systematic
research field of mechanically induced self-propagating reac-
tions by showing them to be a powerful tool to prepare nano-
crystalline metal chalcogenides with great application potential
in an energy-efficient and environmentally benign manner.
Namely, the reactions of Cd, In, Ni, Pb, Sn and Zn with S and Se
were investigated. Most of the desired compounds could be
prepared within the second-range, maximum up to 9 minutes.
For 10 out of 12 studied metal chalcogenide systems, the MSR
event was successfully confirmed in situ via an abrupt gas
pressure increase inside the milling jar and subsequently via X-
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ray diffraction. Selenides were proven to be formed much faster
than sulfides, and thus the milling speed needed to be
decreased from 750 rpm to 400 rpm to be able to trace down the
process in this case. The hypothesis that solely hardness of the
reagents is a key factor influencing the ignition time of the MSR
was proven to be wrong. On the other hand, the particle size of
the reagents and the bulk modulus of the reacting metals seem
to influence the ignition time of the MSR. It seems that the finer
the powder and the lower the bulk modulus of the reacting
metal, the sooner the MSR occurs. Nevertheless, many ques-
tions remain unanswered, which leaves the door open for
a further systematic research in this field.
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