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ABSTRACT

The aim of this paper on recent development in chalcogenide mechanochem-

istry is to provide a comprehensive review of advances achieved in the field of

mechanochemical synthesis of nanocrystalline binary, ternary and quaternary

chalcogenides and their nanocomposites. The synthetic approaches from ele-

ments and compounds are reviewed. The current focus of mechanochemical

synthesis is on materials with potential utilization in future. In order to

demonstrate the suitability of mechanochemically prepared chalcogenides for

various applications, the concrete examples of the utilization of these materials

in materials engineering, bioimaging and cancer treatment are provided. The

possibility of scaling for industrial applications is also reviewed. The simplifi-

cation of the synthesis processes with their reproducibility and easy way of

operation, ecological safety and the product extraordinariness (nanoscale

aspects) emphasizes the suitability of mechanochemistry application in chalco-

genide synthesis.

Introduction

Mechanochemistry today belongs to vital branches of

chemistry with many applications outside natural

sciences. Materials science and technology is an out-

standing example. The diversified fields of applica-

tion can be illustrated by topics treated in number of

mechanochemical conferences arranged across the

globe in recent years. International Symposia on

Mechanochemistry in 2015 (Montpellier-France and

Hefei-China) and I. International Symposium on

Mechanochemical Synthesis and Reactions in Mate-

rials Science as part of the huge Materials Science &

Technology Conference organized in 2016 in Salt

Lake City, USA, are good examples. IX. International

Conference on Mechanochemistry and Mechanical

Alloying, which will be held in 2017 in Košice, Slo-

vakia, is currently under preparation. The research

activities can be identified in a number of exciting

review papers published in the last decade [1–25].

Chalcogenides, as advanced perspective materials,

exhibit a great variety of properties tunable via
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mechanochemical treatment. They represent unceas-

ing application possibilities in material science

(Table 1). It is the aim of this review paper to illus-

trate the progress in chalcogenide mechanochemistry

in the last decenary. The focus is devoted to the

mechanochemical synthesis of these compounds and

various fields of their application.

Mechanochemical synthesis

In this paper, we will focus on two types of

mechanochemical solid-state synthesis (Fig. 1).

Synthesis from elements (Fig. 1a) is usually running

in dry mode and inert atmosphere (nitrogen, argon),

preventing in situ and/or post-treatment solid–gas

reactions. If mechanochemical synthesis is applied in

the presence of air oxygen, the first surface layers of the

treated solids are degraded to some extent [26]. In case

of sulphides, a great variety of different species can be

created on their surface like sulphates, hydroxysul-

phates, oxysulphates, thiosulphates, sulphites,

hydroxides, hydroxyoxides or oxides [27].

Wet mode of synthesis usually utilizes advantages

of wet milling which are being applied in mechanical

activation of solids for a long time to produce finer

and more homogeneously dispersed particles [1, 27].

For mechanochemical synthesis of chalcogenide

nanocrystals, the so-called acetate route (Fig. 1b) has

been developed in 2003 [28].

The advantage of the acetate route lies in two

peculiarities:

1. Both precursors used in the synthesis (acetate and

sulphide) contain crystalline water, which is liber-

ated at the beginning of the mechanochemical

synthesis. After the liberation of water from their

structure, the dangling bonds of the precursors are

exposed and, as a consequence, are very reactive,

and product can be synthesized in a short time at

ambient conditions [27, 29–41].

2. The by-products of the wet mechanochemical

synthesis are water-soluble, and the whole syn-

thetic procedure needs only several simple addi-

tional operations like washing, decantation and

drying. The size of the obtained nanocrystals is in

nanorange, the prepared nanocrystals are homo-

geneously distributed and, in comparison with

the dry mode of synthesis, they have well-

developed surface area, which is usually one

order higher than when the dry synthesis from

elements is applied. This broadens spectrum of

their applications, e.g. in the areas such as

catalysis and adsorption.

Binary chalcogenides

Synthesis from elements

Sulphides Bi2S3 Mechanochemical synthesis of

nanocrystalline sulphide semiconductor Bi2S3 from

elements using high-energy milling in a planetary

laboratory mill has been investigated [42]. Bismuth

sulphide is an attractive material for photoelectro-

chemical applications, as it has a reasonably narrow

band gap (Eg = 1.3 eV). It is also a promising semi-

conductor material for applications in photovoltaic

cells and thermoelectric cooling technologies, because

of its environmental compatibility. Structural and

microstructural characterization of the prepared

particles, including phase identification, specific

Table 1 Chalcogenides in

materials science Chalcogenide Application

CuInS2, CuInSe2, Cu2ZnSnS4, CuInxGa(1-x)Se2 Solar energy conversion

ZnS, PbS, Ag2S, CdSe Infrared windows and detectors

PbS, CdS, BeZnSeTe, CuInS2 Light-emitting diodes

FeS, Co9S8, MoS2, WS2, CoS2 Hydrogen evolution and storage

Cu12Sb4S13, CuS, CuSe, Cr2S3 Thermoelectricity

TiS2, MoS2, WS2, NiS2, GeS Lithium- and sodium-ion batteries

ZnS:Mn, SrS:Ce, BaAl2S4:Eu Luminescence

Ag2S, PbS Ion-selective electrodes

Cr5S6, FexMn1-xS, CoxMn1-xS Giant magnetoresistors

CdS, CdSe, CdTe, Ag2S Diagnostics

MoS2, Sb2S3, SnS, WS2, FeS Wear resistance

MoS2, FeS, ZnS, RuS2, WS2 Catalysts
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surface area measurement and particle size analysis

has been carried out. The optical properties were also

measured by spectroscopic methods, and the struc-

tural stability up to 500 �C was studied by thermal

analysis [43].

Nanocrystalline Bi2S3 particles were prepared

according to the following equation:

2Biþ 3S ! Bi2S3 ð1Þ

The progress of the mechanochemical synthesis of

Bi2S3 is illustrated in Fig. 2a by XRD patterns of the

mixture of bismuth and sulphur precursors (1) and

the sample milled for 60 min (2).

In the starting material (pattern 1), only peaks

belonging to Bi (JCPDS 77-7112) and S (JCPDS

78-1888) can be seen. The mechanochemically syn-

thesized Bi2S3 (bismuthinite) has the orthorhombic

structure (space group 62, Pnma), with the refined

lattice parameters a = 11.3008 Å, b = 3.9855 Å and

c = 11.1439 Å. The estimated average crystallite size,

D, is 26 nm. The process is rather straightforward,

with Bi2S3 (JCPDS-74-9437) being the only solid pro-

duct (pattern 2). The surface morphology was

investigated by SEM (Fig. 2b). Bi2S3 aggregated par-

ticles with irregular morphology were obtained. The

size of the particles is rather uniform with an average

hydrodynamic diameter of 198 nm, which was

determined by the photon cross-correlation spec-

troscopy, as shown in Fig. 2c. The size dispersion is

relatively narrow, with unimodal distribution profile.

The absorption UV–Vis spectrum of the Bi2S3
(Fig. 3a) shows a weak absorption peak at *280 nm.

The band gap is determined from intercept of the

extrapolated linear fit to the experimental data of the

Tauc plot. A band gap of 4.5 eV was estimated by

extrapolating the linear part of the graph as shown in

Fig. 3a (inset). It is quite similar to that synthesized

by other authors [44]. The observed peaks are blue-

shifted relative to the bulk Bi2S3 at 956 nm (1.3 eV)

[45] and are assigned to the optical transitions of the

excitonic states of Bi2S3. The obvious blueshift could

be attributed to the existence of very small Bi2S3
nanocrystalline particles agglomerated into large

clusters.

Room-temperature PL spectrum with the excited

wavelength at 325 nm is shown in Fig. 3b. The cor-

responding emission peaks at 490 nm (2.51 eV) and

390 nm (3.18 eV) could be observed for the Bi2S3
nanoparticles. They can be ascribed to a high-level

transition in Bi2S3 semiconductor nanocrystallites.

This kind of band edge luminescence can arise from

the recombination of excitons and/or trapped elec-

tron–hole pairs, whereas PL background could be

assigned to the surface-assisted radiative recombi-

nations in sulphide nanocrystallites of varying size

[46]. In paper [47], further application potential of

this sulphide has been studied by measuring its

thermoelectrical properties.

Sb2S3 Antimony sulphide, Sb2S3, is a semiconductor

material with high photosensitivity and high ther-

moelectric power. Sb2S3 fulfils the optical require-

ments to obtain an electronic band gap in the visible

or the near-infrared (NIR) region, depending on its

Figure 1 Mechanochemical

synthesis of semiconductor

nanocrystals: a dry mode,

b wet mode.
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amorphous or crystalline nature. The electronic gap

lies around 2.2 eV (564 nm) for amorphous and

1.78 eV (697 nm) for crystalline Sb2S3 thin films. The

preparation and kinetics of mechanochemical syn-

thesis of Sb2S3 nanoparticles obtained by high-energy

milling of elements were studied in paper [42]. The

detailed structural and microstructural characteriza-

tion of the mechanochemically synthesized Sb2S3
after 60 min from the possible application point of

view was studied in paper [48].

Nanocrystalline Sb2S3 particles were synthesized

according to the following reaction:

2Sbþ 3S ! Sb2S3 ð2Þ

The Sb2S3 sample obtained after 60 min of milling

was analysed as well by ED, TEM, HRTEM and EDS

techniques, and the obtained results are depicted in

Fig. 4. The powder sample is composed of the

agglomerated particles, as shown in the TEM image

(Fig. 4a). The corresponding ED (inset) is a ring pat-

tern, indicating the small diffraction domain of the

crystals; all the rings were indexed (the (hkl) planes

are marked in the figure) in the orthorhombic system

of the Sb2S3 sample with Pnma space group. The

energy-dispersive X-ray spectrum (EDS) (Fig. 4b)

shows that the synthesized material is pure antimony

sulphide with no detectable impurities; Cu and C

peaks are coming from the grid. The elemental

semiquantitative analysis indicates the Sb/S atomic

ratio of 2/3 which is in good agreement with the

formula. The HRTEM technique reveals that the

particles are formed by small nanocrystals of differ-

ent sizes. Only a few nanocrystals with really small

size (about 5 nm) were found, and one of them is

Figure 2 a X-ray diffraction patterns, b SEM and c particle size distribution of the Bi2S3 nanoparticles synthesized after 60 min of

milling. Reprinted with permission from Ref. [43]. Copyright 2014, Elsevier.
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presented in Fig. 4c. The presented nanocrystal is

oriented along the [0–12] zone axis, and the corre-

sponding interplanar spacing is marked. The major-

ity of the nanocrystals were larger (about 20 nm).

Figure 4d shows a crystalline nanodomain oriented

along [001] zone axis, and the fast Fourier transform

(FFT) image in the inset reveals very good periodicity

of the nanocrystals. Figure 4e presents a nanocrystal

nearly oriented along [-130]. The interplanar spacing

and (hkl) planes are also marked. The average crys-

talline nanodomain size found for Sb2S3 (*20 nm) is

in good agreement with the XRD result, and it is

Figure 3 a UV–Vis absorption (variation of (ahv)2 vs. hv is shown in inset) and b photoluminescence spectrum of the Bi2S3 synthesized

after 60 min of milling. Reprinted with permission from Ref. [43]. Copyright 2014, Elsevier.

Figure 4 Microstructure of the Sb2S3 sample obtained after 60 min of milling: a TEM micrograph and the corresponding ED ring (inset);

b EDS spectrum; c–e HRTEM micrographs. Reprinted with permission from Ref. [48]. Copyright 2014, Elsevier.
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higher than for Bi2S3 (5–10 nm) [43]. The particle size

measured by the photon cross-correlation spec-

troscopy presents a similar tendency: about 210 nm

for Sb2S3 and 198 nm for Bi2S3.

Figure 5a shows the DSC curve obtained for the

Sb2S3 mechanochemically synthesized for 60 min.

The first run shows an endothermic peak at about

100 �C due to the loss of adsorbed water and a broad

exothermic peak between 200 and 300 �C that can be

related to the processes of recovery and recrystal-

lization of the defects generated during milling. The

second and third runs show also a weak exothermic

peak. Figure 5b shows the XRD patterns of the same

sample before (Fig. 5b1) and after (Fig. 5b2) heating

to 500 �C during the DSC measurement. When this

sample is heated in the calorimeter, the correspond-

ing X-ray diagram shows the same peaks but quite

narrow and well resolved. This is an evidence of

good crystallinity, resulting from the processes indi-

cated by the peak at 290 �C in the DSC diagram. The

estimated crystallite size after the three DSC cycles

increased 23-fold to about 827 nm.

Interesting aspect of binary sulphides synthesis is

combination of mechanical milling and electric dis-

charge (EDAMM process). Bi2S3 and Sb2S3 were

synthesized by this method, and particles in micror-

ange were documented [49].

The mechanochemical synthesis of the nanocrys-

talline Bi2S3 and Sb2S3 particles from corresponding

metal and sulphur powders by high-energy milling is

a suitable system for a large-scale mechanochemical

preparation.

Cu–S Copper sulphides represent interesting group

of semiconductor materials, because they can be

present in many different stoichiometries, ranging

from Cu-rich chalcocite, Cu2S, to sulphur-rich villa-

maninite, CuS2. Probably, the most common com-

pound is covellite, CuS. Between Cu2S and CuS,

several non-stoichiometric forms exist, concretely

yarrowite Cu1.12S, spionkopite Cu1.39S, geerite Cu1.6S,

anilite Cu1.75S, digenite Cu1.8S and djurleite Cu1.96S.

Most of these compounds are present in nature as

minerals [50]. The application of copper sulphides in

general is quite multidisciplinary, as can be traced

down in the recent literature [51, 52], namely their

utilization as a photothermal agent in biomedical

applications is gaining interest [53, 54]. There are

multiple ways of copper sulphide preparation, start-

ing from classical chemical approaches like

hydrothermal/solvothermal synthesis, sol–gel

method or hot injection method, as recently reviewed

in [51]. However, also mechanochemistry has an

inevitable place in the synthesis of copper sulphides.

They can be synthesized using elemental precursors

or various compounds. The starting materials have a

crucial influence on the properties of the final prod-

uct. The synthetic process can take from minutes to

hours, depending on the milling conditions and

materials used. In Table 2, the papers dealing with

the preparation of copper sulphides from elements
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using mechanochemistry, together with some exper-

imental conditions are listed.

The synthesis times in all the reported cases were

longer than 10 min. Very recently, our research group

has used elementary precursors for the

mechanochemical synthesis of copper sulphides,

concretely stoichiometric compounds covellite and

chalcocite, within a second range [62], according to

reactions:

Cuþ S ! CuS ð3Þ

2Cuþ S ! Cu2S: ð4Þ

It was found out that the morphology of the

starting materials plays a crucial role in the course of

the reaction pathway. Concretely, the morphology of

copper was decisive. The needle-like morphology

seemed more reactive, and it was confirmed for the

studied system. Sulphur morphology did not seem to

have such an effect. Depending on copper used, dif-

ferent events happened in the mill. In the case when

electrolytic copper was used, the explosion was

observed, as documented by the gas pressure and

temperature changes in the milling chamber (Fig. 6a,

b). When different kinds of copper (non-electrolyti-

cally prepared one) were used, no explosion during

the first 5 min of milling was observed (Fig. 6c, d).

If the explosion took place (a, b), it always hap-

pened within the first 15 s of milling. In non-explo-

sive reactions (c, d), only linear increase of

temperature and pressure was observed. In order to

investigate the progress of the reaction in the explo-

sive and non-explosive mixtures, the XRD patterns

were recorded (Fig. 7).

It can be clearly seen that in the case of electrolyt-

ical copper (Fig. 7a, b), copper sulphide with no signs

of sulphur or copper was obtained. It has to be noted

that the phase was not pure covellite, also some

amount of non-stoichiometric digenite was found. In

the case of non-electrolytical copper (Fig. 7c, d), the

XRD patterns have shown a significant amount of

both elemental precursors even after 5 min of milling.

Four types of copper (two electrolytical and two

differently prepared) and two types of sulphur were

analysed altogether, and the observations were con-

firmed for all combinations. The results were similar

also for the chalcocite formation.

It was concluded that if the reaction between cop-

per and sulphur is performed in the explosive man-

ner, the desired products in the form of nanoparticles

can be formed within a second range [62]. Never-

theless, the explosion on a large scale needs to be

controlled. We hypothesize that one of the main

driving parameters of the explosion is the presence of

air, so the reactions under argon also need to be

investigated; however, they will most probably not

proceed so quickly then.

As future perspectives, the synthesis of non-stoi-

chiometric copper sulphides and the capping of the

prepared compounds by a biocompatible organics

using tools of mechanochemistry, in order to prepare

nanosuspensions applicable in biomedicine, can be

outlined. As potential capping agents, which have

already been successfully applied, cysteine [63] or

folic acid [64] can be mentioned. Copper sulphides

possess high potential and are currently in the spot-

light of researchers.

Other sulphides The synthesis of binary sulphides

from elements exhibits several phenomena, which

were treated from theoretical, as well as from appli-

cation aspects. Among them, mechanically induced

self-propagating synthesis, and a tendency of the

products to aggregate are frequently discussed.

The explosive character of mechanochemical syn-

thesis (as shown previously on the Cu–S system) has

been studied extensively since the pioneering works

of Bulgarian group [55, 65, 66]. A low-energy single-

ball vibratory mill has been applied in this case [65].

Nowadays, Takacs in the USA and Urakaev in Russia

Table 2 Mechanochemical

approaches for the synthesis of

copper sulphides from

elements

Reaction time (min) Material of milling media Atmosphere Products Ref.

1200 Agate Ar/N2/CO2 CuxS [55]

60–120 Agate Air CuxS [56]

120 WC Ar Cu2S [57]

10 Steel Ar CuS [58]

15 WC Air CuS [59]

20 ZrO2 Not stated CuS, Cu2-xS [60]

120 Steel Ar/H2 CuS [61]
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are the most prominent researchers in the field of

explosive reactions of chalcogenides. Takacs pub-

lished fundamental reviews [67, 68] and in his recent

works [69, 70] mainly focused on zinc and tin sele-

nides. The review paper elaborated by Urakaev

concentrated on phenomenology, mechanism and

kinetics of the mechanochemical synthesis in Zn–S–

Sn and Zn–S systems, respectively [6, 18]. Zn–S sys-

tem has been studied for a long time in previous

decades [1, 27, 71]. However, new studies appeared

recently, where spectroscopic techniques (optical,

Raman) have been applied to describe mesoporous

and quantum dots particles prepared by a

mechanochemical synthesis [72–75]. The same tech-

niques were applied also to characterize palladium

chalcogenides [76].

Figure 6 Gas pressure and temperature changes during milling.

Cu(M)—electrolytically prepared copper, Cu(Pa)—copper pre-

pared in the form of atomized powder, S(B), S(C)—sulphur from

different producers. Time of milling: a, b until the explosion

(approximately 10 s), c, d 5 min. Reprinted with permission from

Ref. [62]. Copyright 2016, Royal Society of Chemistry.
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The principal parameter of mechanically stimu-

lated reaction for Zn–S system—the induction period

of the ignition of combustion was numerically cal-

culated taking into account the heat effects of chem-

ical reactions. Later on, the author paid attention to

changes of physicochemical properties of sulphur

during high-energy milling, particularly to the

anomalous increase in viscosity caused by its poly-

merization and tendency to be amorphous [77]. The

effect of process control agents (ammonium chloride

and stearic acid) was studied in order to disintegrate

the agglomerated SnS2 particles and improve the

kinetics of its formation [78]. This material with layer

structure seems to be attractive for Li-ion batteries,

the primary energy storage system in modern elec-

tronics. In this case, the better crystallinity and the

smaller particle size can positively influence the

electrochemical performance. The good thermoelec-

tric properties have been revealed in another tin

system (SnS), the properties of which can be

improved by combining the mechanochemical syn-

thesis and spark plasma sintering [79]. The modifi-

cation of other layer sulphides (MoS2 and WS2) by

milling can find perspective application in heteroge-

neous catalysis [80, 81]. Elemental Mg and S powders

were milled to prepare MgS in the work [82]. The

biocidal effect against aerosolidized endospheres of

Bacillus thuringiensis (simulant of Bacillus anthracis)

was quantified. This is a good example of materials

application in defence activities to defeat biological

weapons.

Selenides Besides sulphides, also metal selenides

belong to a group of semiconductors with applica-

tions in materials science. Optoelectronic applications

for several purposes like blue-light-emitting diodes

(ZnSe), laser diodes (ZnSe, BiSe, Bi2Se3), infrared

detectors (PbSe, SnSe, SnSe2), solar cells (ZnSe, SnSe2,

BiSe, Bi2Se3, CoSe), thermoelectric cooling materials

(ZnSe, SnSe2), ion-selective sensors (PbSe), photo- or

electrocatalysts (CdSe, CoSe), topological insulators

(Bi2Se3) and materials for lithium-ion batteries (SnSe2,

Bi2Se3) are very attractive [83]. These selected metal

selenides were successfully prepared by a simple,

fast and less-consumptive mechanochemical route in

a laboratory planetary mill and an industrial vibra-

tory mill, which have been proved as the effective

reactors for their mechanochemical synthesis starting

from the corresponding metal and selenium powders

as the reaction precursors (Table 3).

Planetary ball mill Pulverisette 6 (Fritsch, Ger-

many) was used for the mechanochemical synthesis

of selected metal selenides. The particular examples

will be shown below.

ZnSe, CdSe The X-ray diffraction patterns of

mechanochemically prepared cubic ZnSe (stilleite,

JCPDS PDF 37-1463) and cubic CdSe (JCPDS PDF

19-191) after 60 and 30 min of milling, respectively,

are shown in Fig. 8. The morphology and nanocrys-

talline character of ZnSe were studied by TEM. The

synthesized nanoparticles of size 10–20 nm form

Table 3 Mechanochemical

approaches for the synthesis of

metal selenides

Type of binary compound Metal selenide Solid-state reaction DH0
298 (kJ.mol-1)

AIIBVI ZnSe Znþ Se ! ZnSe -159.0

CdSe Cdþ Se ! CdSe -144.8

AIVBVI PbSe Pbþ Se ! PbSe -100.0

SnSe Snþ Se ! SnSe -88.7

AIVB2
VI SnSe2 Snþ 2Se ! SnSe2 -121.0

AVBVI BiSe Biþ Se ! BiSe -53.0

A2
VB3

VI Bi2Se3 2Biþ 3Se ! Bi2Se3 -140.0

AVIIIBVI CoSe Coþ Se ! CoSe -65.3

Figure 8 XRD patterns of CdSe and ZnSe, mechanochemically

synthesized for 30 and 60 min, respectively.

J Mater Sci (2017) 52:11851–11890 11859



agglomerates (clusters) with size from 100 to 500 nm

(Fig. 9a). However, also non-reacted selenium rods

were detected. SAED rings also confirmed that ZnSe

consists of very small particles and bigger ones dis-

tinguishable due to stronger reflections inside the

diffraction rings (Fig. 9b). The existence of ZnSe

nanoparticles was not confirmed through UV–Vis

absorption spectroscopy, as smaller direct energy

band gap of 2.27 eV was registered in comparison

with characteristic band gap value 2.67 eV for bulk

ZnSe [84]. It is probably a consequence of the

agglomerates formation of mechanochemically syn-

thesized ZnSe and unreacted needle-like selenium

(see Fig. 9a), as the optical properties of semicon-

ductors are strongly influenced by impurities and the

structural defects. Photocatalytic properties of

mechanochemically synthesized CdSe were tested for

toluene and ethylene as the model air contaminants.

The results showed that the photocatalytic activity of

CdSe under UV irradiation reached only 5.8%

(k = 365 nm) and 9.6% (k = 254 nm) conversion of

ethylene compared to TiO2 Degussa P25, whose

photocatalytic activity reached 15.2 and 40.1% con-

version, respectively. However, CdSe displayed a

considerable photocatalytic activity with visible light

(ethylene conversion degree 23.2%), while TiO2 is

inactive [85].

Both these systems were permanently studied by

various authors, as can be traced down in the recent

literature. Tan reported mechanochemical synthesis

of CdSe already in 2009 [86]. The different CdSe

modifications were observed in dependence of mil-

ling time. While wurtzite structure (hexagonal) has

been identified in the sample milled for 4 h, zinc

blende structure (cubic) was characteristic for milling

for 40 h. CdSe nanocrystals were thoroughly descri-

bed in [87]. Permanent interest for this material

comes from its application in electrical and opto-

electronic devices [88, 89]. Mechanochemical synthe-

sis of CdSe and ZnSe nanocrystal shows signs of self-

propagating reactions and was continually studied in

either gradual or self-propagating mode [88, 90].

PbSe, SnSe The mechanochemical synthesis of PbSe

is relatively fast. The degree of conversion reached

94% after 10 min of milling and 100% after 15 min.

The XRD pattern of synthesized PbSe is provided in

Fig. 10, and the peaks correspond to cubic PbSe

(clausthalite, JCPDS PDF 6-354). The study of PbSe

morphology using TEM illustrated that most PbSe

nanocrystals were easily separated from the

agglomerates after ultrasonic de-agglomeration.

Figure 9 a TEM image of agglomerated ZnSe nanoparticles with

needle-like selenium, b SAED pattern taken from the encircled

area.

Figure 10 XRD patterns of SnSe and PbSe, mechanochemically

synthesized for 30 and 15 min, respectively.
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Idiomorphic PbSe nanocrystals have a cubic crystal-

lographic form (Fig. 11a) and size ranging from a few

up to 80 nm, whereby the average crystallite size

40 nm is consistent with the value 37 nm calculated

from the XRD data. UV–Vis–NIR absorption spec-

trum of PbSe after 15 min of milling showed an

extended absorption edge at *1032 nm correspond-

ing to 1.2 eV. This confirmed the expected size-de-

pendent effect of quantum confinement with the

blueshift from the direct band gap energy of 0.28 eV

of bulk PbSe crystals [91].

The XRD pattern of Sn?Se mixture milled for

30 min (Fig. 10) confirmed the presence of

orthorhombic SnSe phase (JCPDS PDF 32-1382). TEM

analysis determined that SnSe crystals exhibit a wide

size range from 5 up to 500 nm. The large crystals

have an indistinct shape, whereas smaller SnSe

nanocrystals show a plate-like morphology. The

nanosized SnSe crystals are shown in Fig. 11b. The

presence of nanocrystalline SnO2 (JCPDS PDF 46-

1088), created as a consequence of Sn reactivity with

the air during milling, was also detected [83]. The

optical absorption spectrum of SnSe was recorded in

the spectral range of 320–3000 nm. It was found

through extrapolation of linear dependencies of

(ahm)1/2 versus hm to ahm = 0 that indirect band gap

energy, Eg,ind is equal to 0.4 eV. The indirect charac-

ter of the band gap is typical for orthorhombic IV–VI

compounds. For identification of the presence of

higher-energy electronic transitions from the valence

to conduction band, the optical absorption data were

interpolated to the semiconductor absorption func-

tion corresponding to the direct band-to-band tran-

sitions. Such direct transition band gaps have higher

value than indirect transitions. Based on a plot (ahm)2

versus hm, the value of 0.9 eV was found for direct

band gap energy, Eg,dir. From our results

DE ¼ Eg0dir � Eg0ind ¼ 0:5 eV ð5Þ

which is in good accordance with the value 0.4 eV

reported in Ref. [92]. This finding revealed the band

gaps with slightly lower values, which are probably

related to the disordered structure of mechanochemi-

cally prepared SnSe nanocrystals [83, 93].

SnSe2 Tin diselenide SnSe2 was synthesized by

milling for 100 min [94]. The peaks in the XRD pat-

tern in Fig. 12 correspond to the hexagonal SnSe2
phase (JCPDS PDF 89-3197). The 119Sn MAS NMR

spectroscopy of mechanochemically synthesized

SnSe2 revealed also small amounts of tin oxides

phases, analogous to tin monoselenide, SnSe, syn-

thesized earlier [93]. According to TEM study

Figure 11 a TEM images of cubic PbSe nanocrystals, b TEM

image of agglomerated plate-like SnSe nanocrystals with prismatic

SnO2 nanocrystals.

Figure 12 XRD patterns of SnSe2, mechanochemically synthe-

sized for 100 min.
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(Fig. 13), the morphology of SnSe2 nanocrystals is

bipyramidal-hexagonal with the space group P3-m1

and particle size ranging from a few to more than

100 nm [83, 94]. From UV–Vis–NIR optical absorp-

tion spectrum of mechanochemically synthesized

SnSe2, an indirect allowed optical transition with

energy band gap of 1.0 eV was assigned, which is in

accordance with band gap values for bulk single

crystals of SnSe2 [95–97]. The band gap value of

1.25 eV received from the intercept of the extrapo-

lated higher-energy linear region with the hm axis—

plot of (ahm)2 versus hm—corresponds to the direct

allowed optical transition. El-Nahass has presented

the direct allowed energy gap values from 1.97 to

2.1 eV for the crystalline and amorphous SnSe2 [98].

Hence, the mechanochemically synthesized SnSe2
semiconductor has demonstrated different types of

transitions in the lattice. The electrochemical prop-

erties of such SnSe2 were also tested because of its use

as electrode material for lithium cells. However, the

specific capacity of lithium cells with SnSe2 material

rapidly dropped from initial capacity 991 mAh.g-1 to

40 mAh.g-1 after 100 cycles. This is due to the irre-

versible formation of LixSe and metallic Sn during

galvanostatic cycling of lithium cells [83].

BiSe The nanocrystalline BiSe was prepared by

mechanochemical reaction which was completed

after 10 min of milling. The XRD peaks in Fig. 14

were identified on JCPDS PDF card 29-246 and cor-

respond to the hexagonal BiSe (nevskite). The BiSe

has an anisotropic layered structure, and TEM anal-

ysis has revealed the microstructural appearance of

BiSe with larger grains (up to 200 nm) creating the

agglomerates and nanosized grains (about 5 nm)

(Fig. 15). Atomic ratio Bi:Se = 1:1 was confirmed by

energy-dispersive spectroscopy (EDS). The optical

band gap energy of 1.06 eV was obtained from the

recorded UV–Vis absorption spectrum, which was

mathematically processed according to the Fermi’s

golden rule for direct allowed electronic transitions

from the valence to the conduction band [83, 99].

Bi2Se3 The Bi2Se3 direct semiconductor was pre-

pared by a mechanochemical synthesis in 10 min.

The XRD peaks in Fig. 14 are consistent with hexag-

onal paraguanajuatite phase (JCPDS PDF 33-214).

Bi2Se3 has a closely related atomic structure with

BiSe. Its strongly anisotropic layered structure is due

to the van der Waals gap between the pairs of Se–Bi–

Se–Bi–Se atoms sheets blocks at the Se–Se contacts.

The results of TEM analysis of Bi2Se3 were very

Figure 13 TEM image of nanocrystalline SnSe2 with a detail of

one single crystal.

Figure 14 XRD patterns of BiSe and Bi2Se3, mechanochemically

synthesized for 10 min.

Figure 15 TEM image of nanocrystalline BiSe.
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similar to that of BiSe (Fig. 16). The chemical com-

position of Bi2Se3 was confirmed also by EDS, as the

atomic ratio Bi:Se = 2:3 was revealed. The higher

band gap value of direct semiconductor Bi2Se3
(1.37 eV) in comparison with its bulk value 0.35 eV

indicates a blueshift phenomenon due to the quan-

tum size effect. This effect can be attributed to the

existence of very small Bi2Se3 nanoparticles agglom-

erated into big clusters [83, 99]. The mechanochemi-

cally synthesized Bi2Se3 was also tested as an

electrode material in lithium cells. Its initial discharge

capacity 91 mAh.g-1 dropped of about 12% after 5

cycles. The values stabilized above 60 mAh.g-1 and

slowly decreased towards a value of about

35 mAh.g-1 after 100 cycles [83].

CoSe The mechanochemical synthesis of hexagonal

CoSe (freboldite, JCPDS PDF 77-7572) with a nicke-

line-type structure was completed after 120 min of

milling, which was confirmed by XRD analysis

(Fig. 17). TEM analysis of CoSe showed randomly

oriented nanocrystalline particles with diameter from

5 to 25 nm, which are firmly bonded into clusters

with diameter of 100 nm and more (Fig. 18). By UV–

Vis measurements, the band gap energy of 1.70 eV

was determined, which indicates direct optical tran-

sition in CoSe semiconductor. The obtained value of

the band gap energy is blueshifted relatively to the

value 1.53 eV for electrodeposited CoSe, which

responds to bulk CoSe [100] and is assigned to the

optical transitions of the excitonic states in the

material. The obvious blueshift could be attributed to

the existence of very small CoSe nanocrystalline

particles agglomerated into large clusters.

Recently, Al- and Ga-based selenides (Al2Se3, Ga2
Se3 together with the appropriate sulphides), being

promising photoelectronic materials, have been syn-

thesized [101–103]. Moreover, further interesting

selenides based on iron and applicable as supercon-

ductors were also synthesized [104–107]. All these

metal selenides were successfully prepared by a

simple, fast and less-consumptive mechanochemical

route in laboratory mills. Very recently, a new work

appeared on cobalt selenide mechanochemical syn-

thesis by two co-authors of this review paper [108].

Tellurides Besides sulphides and selenides, also tel-

lurides have been prepared by a mechanochemical

synthesis in the previous decade [109, 110]. The new

insight into the mechanism of Bi2Te3 synthesis has

been documented in [111]. In the cited paper, an

evidence of a third type of mechanochemical

Figure 16 TEM image of nanocrystalline Bi2Se3 particles with

the characteristic layered structure.

Figure 17 XRD pattern of CoSe, mechanochemically synthesized

for 120 min.

Figure 18 TEM image of nanocrystalline CoSe particles.
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synthesis besides the gradual and self-propagating

ones was documented. For this system, a melt-driven

mechanochemical reaction was elucidated. A sys-

tematic effort to mechanochemically synthesize Cd,

Zn and Ni tellurides has been manifested by Campos

et al. [112–114].

Synthesis from compounds

Besides elements, also compounds can be used as

precursors for the synthesis of chalcogenides.

Mechanochemically synthesized nanocrystalline sul-

phides from corresponding metal acetates and sul-

phur precursors were prepared by high-energy

milling according to the reaction:

CH3COOð Þ2Me � xH2OþNa2S � 9H2O
! MeSþ 2CH3COONaþ xþ 9ð ÞH2O ð6Þ

The above-mentioned acetate route has been

applied for the synthesis of Zn, Cd and Pb

nanocrystalline sulphide semiconductors on labora-

tory [28] and industrial scale [115].

ZnS ZnS nanoparticles were prepared by high-en-

ergy milling of zinc acetate and sodium sulphide

according to the above-described reaction. After the

completion of reaction, the synthesized ZnS

nanoparticles have been washed, decanted and dried,

according to the procedure described in [28]. The

properties of mechanochemically synthesized ZnS

were compared with the chemically precipitated ZnS

in [33]. The XRD pattern of the mechanochemically

synthesized ZnS (Fig. 19a) shows mainly the reflec-

tions of cubic phase, which is also supported by rel-

ative intensity. The higher background on the XRD

pattern implies the formation of some amorphous

material.

HRTEM technique allows the determination of size

of the nanoparticles, the type of structures produced

and also the possible induced morphologies

(Fig. 19Ba–d). In Fig. 19B-a, the area of 16 nm 9

16 nm, where several clusters are clearly identified, is

shown. Particularly, three of those clusters with sizes

of 2.6, 3.7 and 3.4 nm can be observed. In fact, the

corresponding fast Fourier transformation technique

image denotes a polycrystalline material, which must

be composed by the nanocrystals. Higher magnifi-

cation allows determining the lattice distance of the

material, as shown in Fig. 19B-b. A square contrast in

the centre of the micrograph with interplanar dis-

tances of 0.27 and 0.28 nm, that implies a region with

an axis zone near to the (001), was found. Figure 19B-

c shows a well-defined cluster of *4 nm in size with

a hexagonal profile and rhombic internal contrast,

that is characteristic of a truncated octahedron par-

ticle observed in the (011) zone axis. The HRTEM

images allow finding defects in the nanocrystalline

material, as marked with an arrow in Fig. 19B-d [33].

CdS The structural and surface properties of the

mechanochemically synthesized nanocrystalline CdS

Figure 19 Characterization of mechanochemically synthesized

ZnS: A XRD pattern and B HRTEM micrographs (a) identification

of nanoparticle with size around 3 nm, b determination of structure

with the help of the interplanar distance measurement, c hexagonal

profiles for fcc-like nanoparticles, d example of fracture induced in

the nanoparticles [33].

11864 J Mater Sci (2017) 52:11851–11890



particles in the planetary mill were studied in paper

[40]. The cubic structure with the peaks associated

with (111) (220) and (311) planes was clearly identi-

fied (Fig. 20a). CdS nanocrystallites with particle size

2 nm exhibit quantum size effect. The

mechanochemically synthesized CdS nanoparticles,

in comparison with chemically synthesized CdS, are

distinguished by their physicochemical properties.

The advantage of mechanochemical synthesis in the

production of CdS nanoparticles over the chemical

route is in the production of particles with large

surface area, as well as in the formation of uniform

crystallites.

Surface morphology of the synthesized CdS

nanoparticles with estimated size from 20 to 30 nm is

shown in the SEM image in Fig. 20b. Individual

nanoparticles have a tendency to form nanoparticle

agglomerates during milling process, and both enti-

ties can be clearly seen in the image.

PbS PbS nanocrystals have been successfully pre-

pared using a surfactant-assisted mechanochemical

synthesis [32, 38]. The XRD patterns confirmed the

presence of galena PbS (JCPDS 5-592), whatever

treatment conditions were applied (Fig. 21). The

intensive peaks in XRD patterns indicate highly

crystalline nature of PbS nanostructures. The crys-

tallite sizes calculated from XRD data using Warren–

Averbach method and further confirmed by high-

resolution SEM images were 3, 8, 11 and 19 nm for

surfactant-free and three different surfactant-assisted

mechanochemical syntheses, respectively. The

surfactants facilitate the preferential growth of PbS

nanocrystals in (200) direction [38].

Recently, Tolia et al. [116] published a paper on

mechanochemical synthesis and characterization of

group II–VI semiconductor nanoparticles, namely

ZnS, CdS, PbS and CuS. The synthesis was carried

out in a high-energy ball mill from corresponding

metal acetate and sodium sulphide. The same mill

and precursors were applied also in papers

[28, 32, 33, 38, 40]. In comparison with these papers,

very long milling time (10 h) was used in paper [116],

most probably because of lower applied rotation

speed (350 rpm). On the other hand, very thorough

examination of the prepared nanocrystalline prod-

ucts (concretely via XRD, TEM and UV–Vis methods)

was performed therein.

Bio-inspired synthesis

Nature has fascinated people for a very long time,

and some researchers realized that it provides very

useful tools for the synthesis of specific materials. The

synthetic process using natural materials is called

‘‘bio-inspired synthesis’’ [117]. Based on the scale of

bio-inspired candidates, bio-inspired syntheses can

be divided into two different types, namely synthesis

using (1) biomatrices with sizes ranging from

nanometres and microns to macroscale and (2) water-

soluble DNA, proteins or those biomolecules secreted

or extracted from microorganisms and plants [118].

However, in the majority of cases, this approach is

Figure 20 a XRD pattern and b SEM of mechanochemically synthesized CdS. Reprinted with permission from Ref. [40]. Copyright

2009, Springer.
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used to synthesize metallic nanoparticles in their

elemental forms. The field of bio-inspired synthesis of

binary or more complicated compounds is also

expanding, but as can be traced in the recent litera-

ture, not so quickly. As examples, a few papers on the

bio-inspired synthesis of chalcogenides [119], or more

concretely sulphides [120–124] and tellurides [125]

can be mentioned.

PbS The combination of bio-inspired synthesis and

mechanochemistry is quite exotic, as the soft natural

materials are expected to lose their unique properties

when subjected to high-energy milling. Nevertheless,

it can be beneficial in some cases, as due to milling,

some reactive sites can be exposed and interact with

surrounding species. Our research group has suc-

cessfully proved that it is possible to utilize ball

milling of natural materials to synthesize binary

compound, concretely lead sulphide [35, 126] which

is a semiconductor material and can be used in var-

ious fields.

In the first paper [126], the eggshell membrane,

known to have multidisciplinary applications [127]

and has been already used as a bio-template for PbS

and PbSe [128], was utilized as a source of sulphur.

As a source of lead, lead acetate was applied, thus

following the acetate route of the sulphides synthesis

[28]. The two precursors were co-milled for 180 min,

and the XRD pattern and SEM image of the product

were recorded (Fig. 22).

The successful synthesis of lead sulphide was

confirmed by matching the obtained reflections of

crystallographic planes in the XRD pattern with the

JCPDS database data for PbS (Fig. 22a). The embed-

ment into the residual matrix of the ESM can be seen
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Figure 21 XRD patterns of mechanochemically synthesized PbS: a no surfactant, b ethylenediamine (EDA), c sodium dodecyl sulphate

(SDS), d ethylenediaminetetraacetic disodium salt dihydrate (EDH). Reprinted with permission from Ref. [38], Copyright 2011, Elsevier.
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in the SEM micrograph (Fig. 22b). The separation of

the NPs from the resulting matrix is still a challenge.

In another paper [35], it was proven that cysteine,

an essential amino acid present in the eggshell

membrane [129], is the compound releasing sulphur

from its structure to interact with lead. Instead of

cysteine, its dimer cystine was used, as it was

hypothesized that upon milling, the disulphide

bridge could be broken and sulphur could be

released for the reaction. It was co-milled, again, with

lead acetate. The progress of the mechanochemical

reaction was monitored by XRD (Fig. 23a), and the

morphology of the prepared nanoparticles was

monitored by TEM (Fig. 23b).

Figure 23 Mechanochemically synthesized PbS using L-cystine: a XRD pattern; b HRTEM image of the particle obtained after 105 min

of milling. Reprinted with permission from Ref. [35]. Copyright 2014, Royal Society of Chemistry.

Figure 22 Mechanochemically synthesized PbS using eggshell

membrane: a XRD pattern—blue lines correspond to the reflec-

tions of the planes of crystalline PbS; b SEM image of the particle

obtained after 180 min of milling. Reprinted with permission from

Ref. [126]. Copyright 2013, Elsevier.
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The intensity of the peaks of cystine has gradually

decreased, and the intensity of the peaks of the pro-

duct increased until 105 min. Further milling did not

bring about any changes, so 105 min was considered

the final reaction time. The HRTEM image (Fig. 23b)

shows a nanocrystal with the interplanar distances of

0.34 nm, which correspond to (111) planes distances

of PbS. Moreover, it suggested that PbS nanoparticles

are wrapped by L-cystine (light regions in Fig. 23b).

From these results, it was concluded that cystine

plays a dual role in our system, as it successfully

serves as a source of sulphur and is deposited on the

surface of the prepared sulphide on the other hand.

These two reports represent a nice example how

mechanochemistry can be utilized in the field of bio-

inspired synthesis of binary compounds. This par-

ticular field of research is expected to expand in

future.

Ternary chalcogenides

Synthesis from elements

Ternary chalcogenide semiconductors of the I–III–VI2
group have received considerable attention over the

last decades due to their photoconductivity charac-

teristics and other beneficial intrinsic properties,

which make them suitable candidates for photoelec-

trochemical cells [130]. Among different materials,

CuInSe2, CuInS2 and Cu2SnS3 are effective light-ab-

sorbing materials, which can be used in thin-film

solar cells or in printable and flexible photovoltaic

devices. These materials possess advantageous

properties for solar applications, since their band gap

energy is at the red edge of the visible solar spectrum

(bulk CuInSe2 and CuInS2 have band gap energies of

1.05 and 1.5 eV, respectively) [131]. Moreover, also

chalcopyrite, CuFeS2 represents earth-abundant

thermoelectric material [132].

CuInS2 Ternary CuInS2 nanoparticles were

mechanochemically prepared from copper, indium

and sulphur elements [133] according to the reaction:

Cuþ Inþ 2S ! CuInS2 ð7Þ

The mechanochemical synthesis of CuInS2 was fin-

ished after 60 min, as it is illustrated by the corre-

sponding XRD pattern (Fig. 24a). The product was

identified as roquesite, CuInS2 (JCPDS 027-0159). The

crystal structure has a tetragonal body-centred sym-

metry belonging to the I-42d space group with the

lattice parameters a = b = 5.523 Å and c = 11.141 Å.

The characteristic peaks of other impurities were not

detected. The most intense peak at 27.9� is attributed
to the CuInS2 phase with chalcopyrite structure ori-

ented along the [112] crystal plane. The estimated

average crystallite size is 18 nm for the CuInS2 [133].

Raman spectroscopy confirmed pure crystalline

nanoparticle formation. In Fig. 24b, the micro-Raman

spectra of the synthesized sample are provided. The

dominant features of Raman plots are intense peaks

at 298 cm-1 and the weaker peaks at 240 and

340 cm-1, which were previously assigned to the A1,

E and B2 modes of CuInS2 phase, respectively [134].

No other Raman peaks were observed, indicating

pure CuInS2 nanoparticles. It can be also seen that at

Figure 24 a XRD pattern and b micro-Raman spectrum of the CuInS2 nanoparticles synthesized during 60 min of milling. Reprinted

with permission from Ref. [133]. Copyright 2016, Springer.
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40% excitation power, the recrystallization of the

structure occurs, which is manifested by increasing

and narrowing of the peak at 298 cm-1 and

decreasing of the intensity of other peaks in com-

parison with the Raman spectra measured at only

20% excitation power by laser light [133].

The microstructure of the CuInS2 sample after

60 min of milling was further studied using TEM and

HRTEM, and the obtained results are depicted in

Fig. 25. In the TEM image (Fig. 25a), it can be seen

that the sample is formed by quite large particles

(100–300 nm). This result is in a good agreement with

that determined by photon cross-correlation spec-

troscopy (not shown here). However, the HRTEM

images show that those particles are formed by

agglomerated nanocrystals of CuInS2 with very small

crystallite size (10–20 nm), confirming the results of

XRD analysis. At edges of some particles, the initial

crystallization and some amorphous areas can be

observed (Fig. 25b). Some oriented nanocrystals were

elucidated from the contrast (marked with a white

square) in the images presented in Fig. 25c and d,

and the fast Fourier transform (FFT) was done to

estimate the zone axis of the orientation. The results

show the [110], [201] and [531] zone axes of the

tetragonal roquesite system.

In paper [135], CuInS2 powders were synthesized

by mechanochemical process from elementary pre-

cursors. A self-propagating combustion occurred

during milling. Once the reaction (6) is ignited, the

combustion propagates quickly and the whole pro-

cess could only last for several seconds. The authors

also studied the morphology evolution of Cu–In–S

mixture before combustion reaction, and based on the

results, they figured out the following sequence of

processes: (1) starting powders are mixed, flattened

or fragmented, (2) particle layers are formed, (3)

agglomerated particles are formed, and (4) with

progress of the mechanochemical reaction, the reac-

tants are mixed on an atomic scale.

Also cryogenic milling has been applied for

mechanochemical synthesis of CuInS2. This approach

improves the results in terms of the product size and

processing times. The agglomeration is prevented in

this case. Liquid nitrogen as a medium in milling and

the powders of Cu2S and In2S3 as precursors with

respect to the stoichiometry of CuInS2 were used

[136].

Figure 25 Microcharacterization of CuInS2 sample synthesized mechanochemically for 60 min: (a) TEM image; (b–d) HRTEM

micrographs. Reprinted with permission from Ref. [133]. Copyright 2016, Springer.
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CuFeS2 Chalcopyrite, CuFeS2, is the most abundant

copper mineral used for metal recovery in extractive

metallurgy [1, 27]. However, it has been also identi-

fied as a suitable candidate for environmentally

friendly thermoelectric materials recently. In the

paper [137], chalcopyrite was synthesized from ele-

mental powders of Cu, Fe and S. The progress of the

synthesis was monitored by using the XRD (Fig. 26).

The reaction to CuFeS2 proceeds via the formation of

the CuS at the beginning. With increasing milling

time, also Fe is consumed and finally chalcopyrite is

formed. According to this study, the electrical con-

ductivity of sulphur-deficient CuFeS2-x increases

with decreasing S content, whereas its thermal con-

ductivity is decreasing.

Cu2SnS3 A p-type ternary copper-containing

chalcogenide semiconductor Cu2SnS3 (mohite)

becomes more and more interesting, because of its

application in photovoltaic devices, light-emitting

diodes and nonlinear optical materials [138]. In this

paper, the combined procedure was applied: in the

first step Cu, Sn and S powders were mixed and

grinded in a mortar. In the second step, the mixture

was put in a boat crucible in a tube furnace and

heated at 600 �C for 2 h under argon. A black powder

was obtained and further characterized. In another

work, mohite was also mechanochemically synthe-

sized from Cu, Sn and S powders for 12–60 h. For

further processing, polyvinylpyrrolidone was used as

an organic stabilizing agent for the preparation of a

printable paste.

CuInSe2 Nanocrystalline ternary CuInSe2 particles

have been prepared by high-energy milling in a

planetary mill in argon atmosphere from copper,

indium and selenium elements [139], following the

reaction:

Cuþ Inþ 2Se ! CuInSe2: ð8Þ

The mechanochemical synthesis of CuInSe2 was

finished after 60 min of milling (Fig. 27a), and the

product was identified as copper indium diselenide

CuInSe2 (JCPDS 00-040-1487). All the diffraction lines

(112), (220), (312) responded well to JCPDS card of

the pure tetragonal CuInSe2. This structure belongs to

the I-42d space group, with lattice constants

Figure 26 XRD patterns of the powders at stoichiometric com-

position (CuFeS2) after mechanochemical synthesis for different

times. Reprinted with permission from Ref. [137]. Copyright 2014,

Elsevier.

Figure 27 a XRD pattern and b micro-Raman spectrum of the CuInSe2 nanoparticles synthesized during 60 min of milling. Reprinted

with permission from Ref. [139]. Copyright 2016, Elsevier.
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a = b = 5.782 Å and c = 11.619 Å. Moreover, other

phases were not detected, confirming the high purity

of prepared CuInSe2 sample. The average crystallite

size, evaluated using the Rietveld analysis, was

determined as 31 nm.

The Raman spectrum of CuInSe2 nanoparticles

shows a strong peak at 176 cm-1 corresponding to

the A1 phonon mode of tetragonal CuInSe2 having

chalcopyrite structure (Fig. 27b). The blueshift in

relation to the frequency of bulk CuInSe2 A1 mode

described in paper [140] is probably caused by the

nanocrystalline character of the prepared CuInSe2.

In Fig. 28a, the UV–Vis spectrum of CuInSe2 milled

during 60 min is shown. By extrapolating of (ahm)2

against (hm) plot to (ahm)2 = 0 (inset of Fig. 28a), the

optical band gap was evaluated. The calculated band

gap of CuInSe2 nanoparticles was determined as

1.8 eV and shows a blueshift of about 0.75 eV com-

pared to the bulk CuInSe2 with band gap of 1.05 eV

[141]. In addition, it follows from the linear nature of

the plot that the synthesized CuInSe2 nanoparticles

have a direct band gap. The obtained value is con-

sistent with the results published in paper [142].

These results showed that the shape and the size of

semiconductor particles affect the absorption edge

and the band gap.

The room-temperature micro-photoluminescence

(PL) spectrum of the mechanochemically synthesized

CuInSe2 particles with the exciting wavelength at

514 nm is presented in Fig. 28b. Two peaks can be

detected in the measured spectra, concretely at

795 nm (1.56 eV) and 931 nm (1.33 eV). The emission

spectrum is blueshifted in relation to the band gap of

bulk CuInSe2 and may be attributed to band emis-

sions from different small nanocrystalline domains or

clusters. This is in coincidence with absorption mea-

surements where a long tail of low-energy absorption

is resolvable in the measured spectra. Similarly, the

explanation regarding the alternative carrier recom-

bination between the quantized conduction band

minimum and defect trap level in CuInSe2 nanopar-

ticles is also persuasive.

Other ternary sulphides Recently, eco-friendly and

low-cost sulphide-based materials were prepared by

a combination of mechanical treatment and spark

plasma sintering of corresponding elements. Com-

pounds like CuSbS2, Cu3SbS4 and Ge-doped Cu3SbS4
show intrinsically low thermal conductivity and are

good candidates for thermoelectric technology,

which can directly convert waste heat into useful

electricity [143–145].

Synthesis from compounds

CdxZn1-xS Mechanochemical solid-state synthesis

of Cd0.5Zn0.5S nanocrystals was performed using Cd

and Zn acetates and sodium sulphide as precursors

[37, 41]. The synthesis proceeds according to scheme:

xðCH3COOÞ2Cd � 2H2Oþ ð1� xÞðCH3COOÞ2Zn � 2H2O

þ 2Na2S � 9H2O ! CdxZn1�xSþ 4CH3COONaþ 13H2O

ð9Þ

where x = 1, 0.5 and 0, respectively. Figure 29 shows

the powder XRD patterns. As a result of high-energy

Figure 28 a UV–Vis absorption (variation of (ahm)2 vs. hm is shown in inset) and b micro-photoluminescence spectrum of the CuInSe2
synthesized during 60 min of milling. Reprinted with permission from Ref. [139]. Copyright 2016, Elsevier.
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milling, the produced particles are composed of small

crystallites with crystalline size *2 nm. The crystal-

lites are formed by cubic phase sphalerite (S), ZnS

and hawleyite (H), CdS. As for Cd0.5Zn0.5S nanopar-

ticles, the diffraction peaks gradually shifted to larger

angles and a phase transition H ? S with an increase

of zinc content was observed during milling. This

shifting also indicates that there is no phase separa-

tion or separated nucleation of CdS and ZnS in

Cd0.5Zn0.5S nanocrystals.

Quaternary chalcogenides

There is a general paradox in present research and

application of quaternary chalcogenide solar materi-

als. On one hand, CIGS (copper indium gallium

selenide) solar cells attracted a big attention owing to

their high power conversion efficiency and good

stability. On the other hand, these materials represent

the potential environmental problem because of Se

toxicity and are economically unfavourable because

of limited availability and high price of In and Ga

[146–149]. The solution can be a substitution of indi-

vidual elements in CIGS. For example, stannite,

Cu2FeSnS4 (CFTS), and kesterite, Cu2ZnSnS4 (CZTS),

provide promising alternatives to conventional pho-

tovoltaic materials. They have suitable band gap,

high absorption coefficient and high radiation sta-

bility [148, 150, 151]. The elemental components are

environmentally acceptable (application of S instead

of toxic Se), cheap and available (application of earth-

abundant Fe, Zn and Sn instead of scarce In and Ga).

Synthesis from elements and compounds

Kesterite represents a hot candidate for the applica-

tion in the area of photovoltaic materials. Its

absorption coefficient of 104 cm-1 and the ideal band

gap of 1.5 eV classify it as one of the ideal p-type

semiconductors available to thin-film solar cell

absorbers [152]. Moreover, the band gap tuning is

possible by the modification of kesterite chemical

composition and by its thermal and mechanical

treatment. However, until now, the best achieved

efficiency for CZTS is only 12.6% [153]. This is far

away from the best Si, CIGS and CdTe solar cells that

have efficiencies of 25.6, 21.7 and 21.5%, respectively

[154, 155]. Therefore, there is still a lot of room for the

improvement of this characteristics, which opens up

possibilities for further research. A large variety of

routes for kesterite synthesis have been undertaken

so far. These routes include various vacuum deposi-

tion techniques, such as sputtering, co-evaporation,

pulsed laser deposition and non-vacuum-based syn-

theses such as electrodeposition and solution-based

approaches. These synthetic pathways were

reviewed in [156] (see also the citations therein).

Solution-based approaches include solvothermal

processes, hot injection and microwave irradiation

[157] (see also the citations therein). Many other

methods are being applied, as summarized in [158].

However, solid-state synthesis methods for CZTS

preparation are becoming more and more popular.

Their environmental acceptance as a green process,

cost-effectiveness and effectivity of mechanochemical

synthesis attract researches permanently in recent

years. CZTS has been successfully synthesized from

elements [157–164], as well as from compounds

[165–170]. The formal equation for kesterite Cu2ZnSnS4
synthesis from elements is:

2Cuþ Znþ Snþ 4S ! Cu2ZnSnS4 ð10Þ

The knowledge permanently gained from

mechanochemical synthesis of binary and ternary

compounds served as know-how for the synthesis of

quaternary compounds. Very effective planetary mills

[9], preferentially working with ZrO2 and steel media,

were applied. In dependence on milling parameters

like ball-to-powder ratio or revolution speed, various

milling times were applied. In some cases, butanol has

been applied during milling with the intention to

obtain a good homogenization and produce a good

material for film preparation [154, 164]. A simplified

Figure 29 XRD patterns of mechanochemically synthesized

CdxZn1-xS. Reprinted with permission from Ref. [41]. Copyright

2008, Elsevier.
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scheme of kesterite Cu2ZnSnS4 synthesis from ele-

ments is shown in Fig. 30.

However, the mechanism of synthesis is not as

simple as given by Eq. (10). Pareek et al. [154], based

on XRD and Raman data, published a more realistic

pathway:

2Cuþ Znþ Snþ 4S ! Cu2Sþ SnS2 þ ZnS
! Cu2SnS3 þ ZnS ! Cu2ZnSnS4

ð11Þ

The authors emphasized that the higher tempera-

ture (550 �C) favours the backward reaction:

Cu2Sþ SnS2 þ ZnS $ Cu2ZnSnS4 ð12Þ

This is important by annealing of samples. More-

over, when samples bear the mechanochemical

‘‘memory’’, the decomposition temperature decrea-

ses, which, in the case of sulphides, can be from 100

to 200 �C lower than in the non-treated samples

[1, 27].

Chalcogenide composites

Nanocomposites represent a new generation of

materials where at least the size of one of the com-

ponents is in the nanometre range. They found

applications in various fields, among other also in

bioimaging science and technology. In such a case, at

least one component must have good optical prop-

erties and cannot be toxic for living organisms.

Among various chalcogenides, ZnS seems to be a

potential candidate for the formation of nanocom-

posites [171], as ZnS-based nanocomposites are

finding applications in diverse fields of materials, e.g.

diluted magnetic semiconductors, fluorescent probes,

photocatalysis, targeted drug delivery and imaging

of cancer cells [171].

Several nanocomposites obtained by

mechanochemical synthesis will be described below.

CdSe/ZnS CdSe and CdS nanocrystals represent

attractive materials, which are useful alternatives to

fluorescent dyes. The reason for this application is

their bright fluorescence, narrow emission, broad UV

excitation, high photostability and biocompatibility

[172]. However, Cd toxicity has to be overcome,

especially when applied into living organisms. In the

paper [30], the novel mechanochemical synthesis of

CdSe/ZnS nanocomposite has been developed

(Fig. 31). The crystallite size of this type of

nanocomposite was 20–30 nm for cubic CdSe and

3–8 nm for hexagonal ZnS.

CdS/ZnS Analogous approach has been applied in

[29] for the synthesis of CdS/ZnS nanocomposite.

However, in this case, the ‘‘acetate route’’ (Fig. 1b),

using Cd and Zn compounds as metal precursors,

has been applied. The whole procedure including

two milling steps and subsequent processing is

schematically shown in Fig. 32. In this case, the

crystallite size of both phases in the nanocomposite

was in 3–4 nm range.

InAs/ZnS The preparation of InAs/ZnS composite

was performed as a two-step process [173]. In the first

step, InAs was prepared by co-milling of elemental

indium and arsenic [174]. In the second step, InAs

was further co-milled with the precursors for ZnS

synthesis ((CH3COO)2Zn.2H2O and Na2S.9H2O). The

milling was performed in a planetary ball mill for

20 min in the argon atmosphere. After the reaction,

the obtained mixture was thoroughly washed with

distilled water to remove residual sodium acetate

and subsequently, after drying, a solid-phase sample

of InAs/ZnS was obtained.

Figure 30 A schematic

illustration of the synthetic

procedure for CZTS

nanocrystals by a

mechanochemical process.

Reprinted with permission

from Ref. [159]. Copyright

2014, Royal Society of

Chemistry.
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The chemical reactions of the mentioned processes

can be described as follows:

InþAs ! InAs ð13Þ

InAsþ ðCH3COOÞ2Zn � 2H2OþNa2S � 9H2O
! InAs=ZnSþ 2CH3COONaþ 11H2O ð14Þ

The existence of InAs/ZnS binary composite was

confirmed using X-ray diffraction analysis and micro-

Raman spectroscopy. The broad diffraction peaks

indicated that the prepared material was of very fine

crystalline structure. It was estimated that the InAs

component had average crystallite size of

d = 45 ± 15 nm, and for the ZnS, d = 2 ± 1 nm was

estimated. Moreover, the existence of ZnS in two

crystallographic modifications, namely cubic (spha-

lerite), as a major phase, and hexagonal (wurtzite),

was determined. The micro-Raman spectra also con-

firmed the presence of both phases.

The morphology of the prepared sample was

studied using scanning electron microscopy (SEM).

The results showed that the sample was formed more

or less from two particle size fraction types—bigger

and smaller particles with irregular shape (Fig. 33).

Using energy-dispersive X-ray (EDX) mapping, it

was determined that bigger ones can be attributed to

InAs and smaller ones to the ZnS particles. It was

concluded that the mixture is composed of two

individual phases.

As4S4/ZnS As4S4/ZnS nanocomposites were pre-

pared by milling in a planetary ball mill in argon

atmosphere for 20 min [175]. The reaction proceeded

in one step, according to the equation:

As4S4 þ ðCH3COOÞ2Zn � 2H2OþNa2S � 9H2O
! As4S4=ZnSþ 2CH3COONaþ 11H2O ð15Þ

As4S4 was used as a commercial chemical and, sim-

ilarly as in the binary InAs/ZnS composite,

Figure 32 Mechanochemical synthesis of CdS/ZnS nanocmpos-

ites. Reprinted with permission from Ref. [29]. Copyright 2016,

Elsevier.

Figure 31 Schematical view

of CdSe/ZnS nanocomposites

(phase heterogeneity is shown)

bioconjugated with organics.

Reprinted with permission

from Ref. [30]. Copyright

2014, Elsevier.

Figure 33 SEM photograph of InAs/ZnS composite.
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(CH3COO)2Zn.2H2O and Na2S.9H2O were the pre-

cursors for ZnS synthesis. The samples were pre-

pared in different molar ratios (As4S4:ZnS = 5:0, 4:1,

1:1, 1:4 and 0:5).

According to the JCPDS database, the sample

As4S4/ZnS 5:0 was identified as pure arsenic sul-

phide. The XRD pattern was a superposition of

crystalline and very significant amorphous phases.

The average crystallite size was estimated as

d = 25 nm. On the other end of the studied systems

(As4S4/ZnS 0:5), pure zinc sulphide was identified. In

this case, much smaller crystallites were calculated

using a Rietveld analysis, with d = 3.4 nm. In the

composite samples (As4S4/ZnS 4:1, 1:1 and 1:4), the

As4S4 crystallite sizes varied in the samples from 25

to 40 nm and ZnS crystallite sizes were determined in

a range from 2.4 to 3.4 nm.

In the prepared systems, the surface properties

were also studied. The BET method was used for the

calculation of specific surface area, SA. For the pure

As4S4 sample (As4S4/ZnS 5:0), this value was very

small (0.3 m2.g-1). The isotherm for this sample was

established as of type II, which is typical for non-

porous or macroporous materials. By introducing

ZnS into the system, the values of SA were consid-

erably increased (up to 68 m2.g-1 for the sample

As4S4/ZnS 1:4). The shape of the isotherms changed

gradually into type IV with the increasing amount of

ZnS and hysteresis loops appeared, suggesting the

presence of mesopores. With the increasing amount

of ZnS, also total pore volume increased and average

pore diameter decreased. It was not surprising that

the pure ZnS sample (As4S4/ZnS 0:5) had the highest

value of SA (126 m2.g-1) and the smallest pore size

(\40 nm), suggesting the mesoporous character of

the sample. The incorporation of zinc sulphide into

the system seemed to be very beneficial, and the

results are summarized in Table 4.

Ag2S/Sb2S3 The mechanochemical synthesis of

Ag2S/Sb2S3 amorphous fast ion semiconductor with

various ratios of both components and their proper-

ties were investigated in [176]. After approximately

10 h of ball milling, the composition 0.85Ag2S–

0.15Sb2S3 becomes amorphous and attained conduc-

tivity, which was three times higher than that of the

analogous melt-quenched glass. The paper is a con-

tribution to science and technology of ionic conduc-

tivity of the perspective materials.

Applications

This review illustrates that mechanochemistry can be

used to initiate and perform various solid-state syn-

theses, thus turning the high-energy mill into a

mechanochemical reactor [4]. Mechanochemistry

finds many applications, as outlined recently by

Boldyreva, see Fig. 34 [11]. Two of them, concretely

in materials engineering and in synthesis of materials

for medicine, are described within this work. The aim

is to illustrate that the mechanochemical route

applied in materials science can encompass very

different fields of human activity.

Materials engineering

One of the frequently used procedures for prepara-

tion of advanced materials is mechanical alloying

(MA). One of the greatest advances of MA is the

synthesis of novel alloys, e.g. alloying of normally

immiscible elements, which is not possible by any

other technique [4]. As an example, Al–Ni system can

be described. The ultimate solubility of Al in Ni is

13.5 at.% at 1000 �C. The solubility decreases by a

factor of 3.5 at 500 �C and becomes fractions of a per

cent at room temperature. Nevertheless, the MA

method enabled the preparation of solid solution of

Al in Ni with aluminium content as high as 28 at.%

[177]. The MA products find applications in prepa-

ration of various materials, as illustrated in Fig. 35.

Besides synthesis of new materials, also their re-

processing is attractive at the end of the day. It has

Table 4 Surface properties of

the As4S4/ZnS nanocomposite.

Reprinted with permission

from Ref. [175]. Copyright

2017, Elsevier

As4S4/ZnS SA (m2.g-1) Total pore volume (cm3.g-1) Average pore diameter (nm)

5:0 0.3 0.0034 52.78

4:1 11 0.0837 29.74

1:1 11 0.0417 14.93

1:4 68 0.1039 6.09

0:5 126 0.1544 4.90
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been shown that mechanochemical methods can also

be applied for obtaining rare metals from waste, such

as used television and computer monitors, displays,

light bulbs. Compounds of europium, lanthanum,

cerium and terbium play an active role in the lumi-

nescence-using equipment. Even short-term

mechanochemical intervention facilitated the further

processing steps [5, 179].

Materials for medicine

New trends in medicine can be traced in recent years.

Nanotechnology with its broad spectrum of applica-

tion penetrates into medicine more and more inten-

sively. Among many nanotechnological products,

chalcogenide quantum dots are gaining attention,

mainly in connection with cancer management.

Nanoparticles can be generated also by

mechanochemical synthesis, which is the main topic

of this review. In this part, few examples of applica-

tion in medicine connected with bioimaging and

cancer treatment are mentioned.

Bioimaging

Bioimaging is one of the pre-surgery steps in medi-

cine, which searches for early symptoms of disease.

This procedure is based on optical properties of

applied materials. The high surface-to-volume ratio

in nanocrystalline chalcogenides suggests the surface

properties may play a significant role in optical

properties of these materials [180]. These superior

Figure 34 Applications of

mechanochemistry. Reprinted

with permission from Ref.

[11]. Copyright 2013, Royal

Society of Chemistry.

Figure 35 Typical current

and potential future

applications of materials

synthesized by mechanical

alloying. Reprinted with

permission from Ref. [178].

Copyright 2001, Elsevier.
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optical properties and non-toxicity of chalcogenide

nanocrystals give these materials a chance to be

applied in bioimaging agenda and a significant

advantage over conventional small-molecule dyes.

As an example, broadly studied CdSe/ZnS system

can be mentioned. Capping of bioimaging adept

CdSe with a wider band gap semiconductor ZnS

increases its quantum efficiency by removing the

surface non-saturated trapping states of CdSe. For

CdSe/ZnS, the reported room-temperature yield of

fluorescence was 50% [181]. Moreover, this synthesis

strategy can improve the stability of CdSe against the

photo-oxidation and hinder the formation of toxic

soluble cadmium species.

In recent years, several excellent reviews, in which

a rich plethora of further inorganic nanoparticles and

their combinations for the application in cell imaging

and other bioapplications, like bio-tracking of drug

molecules, biosensing and molecular biology, have

been published [182–185]. However, the application

of mechanochemical synthesis for their preparation is

scarce.

InAs/ZnS The bioimaging properties of

mechanochemically prepared InAs/ZnS nanocrystals

were tested. For the determination of the properties

in a biological system, it was necessary to prepare the

samples in a form of nanosuspension [173]. The wet

milling has been applied for this purpose. As a sur-

factant, the chitosan-based solution was applied.

During the milling process, the average particle size

was gradually decreased (from 630 to 310 nm). The

largest particles in microrange disappeared, and only

those in nanorange remained. The successful prepa-

ration of nanosuspension was confirmed by the

measurement of zeta potential (ZP) and FTIR spectra.

According to ZP results, the values were shifted to

stable area (to high positive values, up to ?61 mV)

after the milling procedure, which is a proof of the

improved stability of the nanoparticles in a suspen-

sion. The shifts in amine, amide and hydroxyl groups

in FTIR spectra suggested the possible interaction

between chitosan and InAs/ZnS particles.

The fluorescent and subsequent possible bioimag-

ing properties were studied using PL spectroscopy.

The PL spectrum with the emission peak of ZnS

located at 360 nm was recorded. This peak was

attributed to the band edge. In the measured spec-

trum, also two weaker peaks were registered, con-

cretely at 425 nm and 470 nm. These small peaks

indicated point defects, such as vacancies, interstitial

ions or surface defects [186, 187]. In vitro studies for

the confirmation of bioimaging properties of the

prepared nanosuspension were realized on four

cancer cell lines, HCT116 (human colorectal carci-

noma), HeLa (human cervical adenocarcinoma),

Caco-2 (human colorectal adenocarcinoma) and

MCF7 (human breast adenocarcinoma). The results

from the fluorescence microscopy showed that the

prepared nanocrystals definitely have fluorescent

properties and that they passed through the cell

membrane and surrounded the nucleus. The

bioimaging ability of chitosan-coated InAs/ZnS

nanocrystals in a case of HeLa cells is depicted in

Fig. 36. Using the flow cytometry analysis, it was

determined that the cell granularity rapidly increased

because of cellular uptake of the nanoparticles into

the cytoplasm. Contrary to the excellent fluorescent

properties of InAs/ZnS nanocrystals, the relative

Figure 36 Fluorescence microscopy analysis of HeLa cancer cells

after their treatment with chitosan-coated InAs/ZnS nanocrystals.

Modified with permission from Ref. [173]. Copyright 2017,

Springer.
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viability of the cells was sharply decreasing with the

increasing arsenic content (i.e. with the increasing

amount of the applied nanocrystals). The cells were

very sensitive to these nanocrystals, as even

1 lg.mL-1 of arsenic concentration caused cell death.

According to obtained results from in vitro studies, it

was concluded that the nanosuspension had fluo-

rescent properties. However, InAs/ZnS nanocrystals

seemed to be highly toxic.

CdS/ZnS The nanosuspensions of CdS and CdS/

ZnS nanocrystals were prepared by a

mechanochemical route in a wet mode in cysteine-

and polyvinylpyrrolidone (PVP)-based solutions [34].

Firstly, CdS and CdS/ZnS nanocrystals were pre-

pared in a dry mechanochemical mode from the

precursors, as was described in the paper [29]. After

that, the wet milling process was applied, in order to

obtain nanosuspensions suitable for in vitro testing of

their biological properties and possible bioimaging

applications. From the evolution of the particle size

distribution, it was observed that upon milling in

cysteine environment, particles became smaller. The

distribution changed from polymodal to unimodal

with the average size of 220 nm. The presence of the

cysteine on the surface of these particles was suffi-

cient to separate them and to avoid their aggregation.

On the other hand, milling in PVP was not so effec-

tive, and the average particle size became larger and

the obtained distribution was always polymodal. The

zeta potential measurement was applied in order to

observe the differences in a behaviour of the studied

nanocrystals prepared using different capping

agents. After the milling of CdS and CdS/ZnS

nanocrystals in cysteine, the ZP was shifted to more

negative values (up to -43 mV), which suggested

good stability of the prepared nanosuspensions [188],

provided through the electrostatic repulsion [189].

On the contrary, the ZP of the nanocrystals prepared

in PVP was shifted to the less negative values

(around 0 mV). In general, the stability is provided

through steric stabilization when PVP is applied, and

therefore, the decrease in ZP values does not mean

the insufficient stability of nanosuspensions. How-

ever, in our case, this type of polymer was not

appropriate to ensure the stability. The particle size

was increased during the milling, and moreover,

particles settled down few minutes after the milling

process. The microenvironment and possible inter-

actions between the particles and cysteine capping

agent were studied using FTIR spectroscopy. The most

important was to monitor the S–H bond vibration

located at 2552 cm-1 in cysteine spectrum. In the case

of CdS/ZnS system, this vibration has completely

disappeared, as a consequence of utilization of this

bond for the nanocrystals binding with cysteine. The

optical properties of the prepared nanosuspensions

were studied in order to determine their possible

imaging abilities. In the case of CdS and CdS/ZnS

nanosuspensions prepared in cysteine, the measured

intensity of PL spectra of the nanosuspension con-

taining mixed nanocrystals was higher in comparison

with that with the pure CdS. This should come from

the luminescence effect of the ZnS present in the CdS/

ZnS nanocrystals. In the case of nanosuspensions

prepared in PVP, the intensities were lower in com-

parison with that prepared in cysteine. The enhanced

luminescence properties in the latter case were due to

the surface modifications by cysteine molecules, with

the effect of minimizing surface defects and enhancing

the possibility of electron–hole recombination. The

bioimaging properties and the metabolic activity were

tested on four cancer cell lines (HeLa, Caco-2, HCT116

and MCF-7), similarly as in the case of InAs/ZnS–

chitosan system. In comparison with InAs/ZnS

nanosuspension, the metabolic activity of the cells was

not significantly affected. However, it seemed that the

slight differences between cysteine and PVP

nanosuspensions exist. PVP nanosuspension was

somewhat more toxic, but, on the other hand, the

penetration of nanocrystals dispersed in this polymer

through the cell membrane was more effective. In all

cases, the nanocrystals showed autofluorescence,

which opens the possibility to study their migration in

cells. The nanocrystals entered the cell membrane,

diffused through the cytoplasm and surrounded

nucleus without further interfering with it. The chan-

ges in granularity were noticed as a consequence of

the effective nanocrystals uptake. The example of

bioimaging ability of CdS/ZnS nanosuspension is

shown in Fig. 37. The small size and increased pho-

tostability of the nanocrystals support their use as

nanoparticle-based cell imaging tool.

Cancer treatment

As4S4 Arsenic minerals have been used in tradi-

tional Chinese medicine for a very long time [190].

Among them, realgar As4S4 plays a special role
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[191, 192]. Because of its low solubility, and in con-

sequence bioavailability, the milling seemed to be an

effective pre-treatment procedure to improve these

properties. As4S4 particles were modified by milling,

and the obtained nanoparticles were tested for the

treatment of selected cancer cell lines.

In our early research regarding arsenic sulphides as

curative agents, the samples were milled in a high-

energy planetary ball mill. The milling was performed

in a water solution of sodium dodecyl sulphate as a

surfactant [193, 194]. The biological activity was tested

on various cancer cell lines like U266, ARH77, K562,

HL60, OPM1 and RPMI-LR5. The IC50 values (IC50 is

the concentration that is required for 50% inhibition of

cancer cells) were followed, with the result that they

decreased in the case of multiple myeloma lines OPM1

and RPMI-LR5 with the increasing milling time (i.e.

with the increasing specific surface area) of As4S4. In

the case of OPM1 cells, the IC50 values were much

lower in comparison with RPMI-LR5, meaning that

this line was resistant to arsenic sulphides. The

transmembrane mitochondrial potential (MTP) was

also studied. For OPM1 cells, the decrease in this

parameter was observed for the milled samples. For

the RPMI-LR5 cell line, the MTP was more or less at

the same level, regardless of milling.

In the paper [195], the arsenic sulphides were

prepared in a form of nanosuspensions in the pres-

ence of 0.5% polyvinylpyrrolidone (PVP) as a non-

ionic stabilizer. The determination of cytotoxicity was

established on H460 human lung cancer cell line. The

IC50 values were measured, and the low values were

observed (see Table 5). As it can be seen, the values

obtained for the non-milled samples were obviously

higher (0.22 lg.mL-1). The nanonization of the samples

resulted in a higher toxicity to H460 cancer cells. The

results were also compared with the cis-platin, which is

used in medical practice as a standard anticancer drug.

In this case, the obtained value was 0.01 lg mL-1,

which is very close to our results obtained for the

milled samples. From the data in Table 5, it is clear that

results obtained for milled realgar are comparable to

those of standard anticancer drugs.

As4S4/ZnS The anticancer effect of binary As4S4/

ZnS composites prepared in different As4S4:ZnS

molar ratio was tested on two human melanoma

cancer cell lines (A375 and Bowes). The composites

were prepared as nanosuspensions in ultra-fine stir-

ring mill in the presence of Poloxamer 407 (PX407) as

a non-ionic surfactant [175]. All the samples exhibited

concentration-dependent toxicity with increasing

cytotoxic effect. According to IC50 results, the most

toxic samples were As4S4/ZnS-PX407 1:1 and 1:4 for

A375 cell line and As4S4/ZnS-PX407 1:1 for Bowes

cell line. The cell cycle analysis for both cell lines

revealed a concentration-dependent decrease in the

proportion of G1 cells, which was accompanied by

the accumulation of cells in G2/M phase of the cell

Figure 37 Fluorescent microscopy analysis of Caco-2 cancer cells after their treatment with CdS/ZnS nanocrystals dispersed in PVP.

Modified with permission from Ref. [34]. Copyright 2017, Elsevier.

Table 5 IC50 values for various arsenic compounds to H460

cancer cells

Compound IC50 (lg mL-1)

As4S4 (realgar, non-milled) 0.22 ± 0.007

As4S4 (realgar, milled) 0.033 ± 0.007

As4S4 (pararealgar, milled) 0.031 ± 0.001

As2O3 (ATO) 0.050 ± 0.003

Cis-platin 0.010 ± 0.001

Reprinted with permission from Ref. [4]. Copyright 2014, Wiley–

VCH
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cycle. The detected anticancer effects on human

melanoma cell lines A375 and Bowes confirmed high

toxicity of the studied arsenic sulphides with the

improved biological activity in the case of samples

which contained admixture of zinc sulphide. Cell

cycle in Bowes cells was more readily modulated

than in A375 cells. In general, the cell cycle as a whole

was a very sensitive parameter.

Scaling

Mechanochemical synthesis offers innovative approa-

ches, in which the improvement in technological

processes can be attained via contribution of several

effects. The key aspect is the proper selection of a high-

energy industrial mill, which serves as a

mechanochemical reactor [3]. Scaling of the milling

process requires activities in optimizing the design of

the mill and its operation parameters. This process is

very well elaborated in minerals engineering and

hydrometallurgy, where traditional ball mills are

increasingly being replaced by more energy-efficient

mills [1, 196]. Various vertical and horizontal stirred

ball mills were developed, which can be also per-

spectively applied in materials industry. Horizontal

stirred ball mills (IsaMillTM) have gone the successful

way of scaling from laboratory to full-scale produc-

tion. Up to today, 85% of all IsaMillTM applications are

processing of Pt group metals (40%), Cu/Au ores and

Pb/Zn ores (22% each) [196, 197]. The largest machine

size executed so far is M10000 IsaMillTM (Fig. 38) with

internal volume of 10 m3 [196]. The mill is in plant

operations in Australia and Kazakhstan. The mill with

internal volume of 50 m3 is under development.

In materials engineering, the eccentric vibratory

mills are operating for mechanochemical synthesis of

chalcogenides. This is particularly appealing, since it

can substitute the pyrometallurgical production of

these materials. The mills available from Siebtechnik

GmbH are in modular design, which enables the

adaptation of the mill capacity for the corresponding

processes. Figure 39 shows an eccentric vibration mill

(ESM) with a milling chamber with volume 150 L.

The possible amount of milled material in this mill is

up to 50 kg in a batch trial.

Computer simulation of a plant for mechanical

synthesis of chalcogenides is provided in Fig. 40. The

system has been designed for batch operation.

The mill has been tested for mechanochemical

synthesis of several chalcogenide materials, which

will be illustrated below. The satellite chamber with

internal volume 5 litres attached to the mill has been

applied in this case.

PbS While mechanochemical synthesis from ele-

ments (Pb, Zn, Se) has been applied in the previous

examples, for the synthesis of PbS, the acetate route

(see also part 2, Fig. 1b) was used [115]. The corre-

sponding XRD patterns are given in Fig. 41. The

resulting phase is lead sulphide PbS (JCPDS 5-592)

with calculated crystallite size 13.4 nm. The size of

PbS nanocrystals synthesized in an industrial mill is

comparable with values obtained in laboratory mill,

as reported in [38].

The importance of milling regime is illustrated in

Fig. 42. In the batch experiment, 50 kg of input

material (Cd and S), zirconia and steel balls and

Figure 38 M10000 IsaMillTM [198].

Figure 39 Eccentric pilot scale vibratory mill ESM 656–0.5 ks

[199].
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milling time 20 and 120 min, respectively, have been

evaluated as milling parameters. With the higher

reaction time, amorphization of particles appears due

to the disordering of the formed CdS phase. How-

ever, the utilization of Fe balls at lower times did not

produce clean CdS products, as non-reacted Cd and S

(not marked) are still present.

The applied eccentric vibratory mill is suitable for

the mechanochemical synthesis of nanocrystalline

semiconductors. Its theoretical evaluation and prac-

tical applications have been evaluated in works of

late Professor Gock from Technical University of

Clausthal, Germany, for the first time. Practically no

wear during milling was detected. These results are

important from the viewpoint of further compaction

of the product and demands on semiconductor pur-

ity. It has been shown previously that the substantial

reduction of specific power consumption, in com-

parison with other types of industrial mills, was

obtained [200].

ZnSe The reaction between elemental zinc and

selenium was performed within the work [201]. The

XRD analysis of reaction products after 60 min of

milling in the industrial mill has identified cubic

ZnSe phase (stilleite, 37-1463) with the weak diffrac-

tions corresponding to the unreacted Zn phase

(Fig. 43a). The calculated crystallite size using a

reflection of ZnSe (111) plane was 10 nm, i.e. smaller

in comparison with a crystallite size 21 nm for ZnSe

produced in the laboratory mill [83, 201]. TEM study

showed large agglomerates (clusters) of ZnSe

nanoparticles having a size from about 100 to 500 nm

(Fig. 43b). Such firmly bonded clusters of ZnSe

nanoparticles showed no absorption edge in the UV–

Vis optical absorption spectrum.

PbSe The XRD pattern of PbSe (clausthalite, JCPDS

6-354), mechanochemically synthesized for 12 min

from elements, is shown in Fig. 44a. The process was

also fast and effective in the industrial mill, as the

degree of conversion to PbSe was 97% already after

Figure 41 XRD patterns of mechanochemically synthesized lead

sulphide PbS and precursors of the synthesis. Reprinted with

permission from Ref. [115]. Copyright 2006, Elsevier.

Figure 40 Plant for

mechanochemical synthesis in

a water-cooled ESM mill

under inert atmosphere

(computer simulation) [199].
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Figure 42 XRD pattern of

CdS, mechanochemically

synthesized in an industrial

mill [199].

Figure 43 XRD pattern (a) and TEM image (b) of mechanochemically synthesized ZnSe.

Figure 44 XRD pattern (a) and STEM image (b) of mechanochemically synthesized PbSe.
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6 min of milling [83, 202]. The STEM image in

Fig. 44b illustrates the smaller and bigger irregularly

shaped PbSe nanoparticles situated in the clusters

ranging in size from 0.2 to 1.0 lm, which could not be

broken ultrasonically into single nanoparticles.

Conclusions

This paper attempted to provide an overview of the

mechanochemical syntheses of chalcogenides in the

last decade. Mechanochemical approach represents

the top-down technique for preparation of substances

in nanoscale. Chalcogenides exhibit variety of phys-

ical and chemical properties. For energy materials

like chalcogenides, their high carrier mobility, large

band gap and good photovoltaic properties represent

a promising challenge. The preparation of chalco-

genides in nanoscale as quantum dots broadens their

application also for medicinal applications, con-

cretely for imaging and cancer treatment.

All the above-mentioned aspects have been descri-

bed in this paper on examples of binary, ternary and

quaternary chalcogenide nanocrystals synthesized

mechanochemically. The synthesis from elements, as

well as from compounds was reviewed. The bio-in-

spired synthesis of nanocrystals and chalcogenide

nanocomposites represents a challenge, as the mate-

rials applicable into living organisms are synthesized,

where toxicity and hydrophobicity still represent a

serious problem. Therefore, binary composites with

non-toxic ZnS as a second component are being syn-

thesized, which brings an improvement into this topic.

The paper describes the applications in materials

engineering, bioimaging and cancer treatment. The

possibility of scaling of mechanochemical synthesis is

also illustrated. The main advantages of this

approach are the decrease in the number of techno-

logical stages, the exclusion of operations that involve

the use of solvents and gases and the possibility of

obtaining products in the metastable state, which are

difficult to obtain using traditional technological

procedures. The environmental aspects of these pro-

cesses are particularly attractive.
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a ĺair et dans ĺeau. Appl Surf Sci 5:132–152
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[32] Baláž P, Pourghahramani P, Dutková E, Fabián M, Kováč J,
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[38] Baláž P, Pourghahramani P, Achimovičová M et al (2011)
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troscopy of ZnS quantum dots. J Alloys Compd

637:401–406
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vanová J (2011) Study of tin selenide mechanochemical

synthesis. In: 11th international multidisciplinary scientific

geoconference (SGEM 2011), vol II, p 745
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[115] Godočı́ková E, Baláž P, Gock E, Choi WS, Kim BS (2006)

Mechanochemical synthesis of the nanocrystalline semi-

conductors in an industrial mill. Powder Technol

164:147–152

[116] Tolia JV, Chakraborty M, Murthy ZVP (2012)

Mechanochemical synthesis and characterization of group

II–VI semiconductor nanoparticles. Part Sci Technol

30:533–542

[117] Zan GT, Wu QS (2016) Biomimetic and bioinspired syn-

thesis of nanomaterials/nanostructures. Adv Mater

28:2099–2147

[118] Huang JL, Lin LQ, Sun DH, Chen HM, Yang DP, Li QB

(2015) Bio-inspired synthesis of metal nanomaterials and

applications. Chem Soc Rev 44:6330–6374

[119] Zhou H, Fan TX, Li XF et al (2009) Bio-inspired bottom-

up assembly of diatom-templated ordered porous metal

chalcogenide meso/nanostructures. Eur J Inorg Chem

211–215

[120] Rao MD, Pennathur G (2016) Facile bio-inspired synthesis

of zinc sulfide nanoparticles using Chlamydomonas rein-

hardtii cell free extract: optimization, characterization and

optical properties. Green Process Synth 5:379–388

[121] Shen LM, Bao NZ, Prevelige PE, Gupta A (2010) Fabri-

cation of ordered nanostructures of sulfide nanocrystal

assemblies over self-assembled genetically engineered P22

coat protein. JACS 132:17354–17357

[122] Lu Y, Fong E (2016) Biomass-mediated synthesis of car-

bon-supported nanostructured metal sulfides for ultra-high

performance lithium-ion batteries. J Mater Chem A

4:2738–2745

[123] Zhong RZ, Peng C, Chen L et al (2016) Egg white-medi-

ated green synthesis of CuS quantum dots as a biocom-

patible and efficient 980 nm laser-driven photothermal

agent. RSC Adv 6:40480–40488

[124] Su H, Han J, Wang N, Dong Q, Zhang D, Zhang C (2008)

In situ synthesis of lead sulfide nanoclusters on eggshell

membrane fibers by an ambient bio-inspired technique.

Smart Mater Struct 17:art. no. 015045

[125] Pawar V, Kumar AR, Zinjarde S, Gosavi S (2013) Bioin-

spired inimitable cadmium telluride quantum dots for

bioimaging purposes. J Nanosci Nanotechnol

13:3826–3831
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[127] Baláž M (2014) Eggshell membrane biomaterial as a plat-

form for the applications in materials science. Acta Bio-

mater 10:3827–3843

[128] Su HL, Wang N, Dong Q, Zhang D (2006) Incubating lead

selenide nanoclusters and nanocubes on the eggshell

membrane at room temperature. J Membr Sci 283:7–12

[129] Kodali VK, Gannon SA, Paramasivam S, Raje S, Polenova

T, Thorpe C (2011) A novel disulfide-rich protein motif

from avian eggshell membranes. PLoS ONE 6:art. no.

e18187

[130] Green MA, Emery K, King DL, Igari S, Warta W (2002)

Solar cell efficiency tables (version 20). Prog Photovolt

10:355–360

[131] Djellal L, Bouguelia A, Trari M (2008) Physical and pho-

toelectrochemical properties of p-CuInSe2 bulk material.

Mater Chem Phys 109:99–104

[132] Vanalakar SA, Agawane GL, Shin SW et al (2015) Non-

vacuum mechanochemical route to the synthesis of

J Mater Sci (2017) 52:11851–11890 11887



Cu2SnS3 nano-ink for solar cell applications. Acta Mater

85:314–321
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(2009) Mechanochemical preparation and anticancer effect

of realgar As4S4 nanoparticles. Mater Lett 63:1542–1544
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