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ABSTRACT 
 

The synthesis of oxide nanopowders with particles of less than 100 nm is currently 
widely studied. In recent years, considerable interest has been focused on the 
development of less usual methods of synthesis, to which mechanochemical synthesis 
(MCS) belongs. MCS uses a mechanically activated chemical reaction of oxide 
precursors during high-energy ball milling coupled in many cases with subsequent low 
temperature heat treatment to prepare a composite powder consisting of amorphous or 
nanocrystalline oxide particles dispersed within a soluble salt matrix formed as a by-
product. The nanoparticles are subsequently recovered by removing the salt matrix 
through washing with a suitable solvent. Almost all these methods are chemically based 
on the mechanical activation of mixtures of solid acids, bases or compounds with reactive 
hydroxyl groups or crystal water. 

Our recent advances in MCS areas demonstrate that the potential of MCS can be 
successfully enhanced by using the subsequent annealing at temperatures in excess of the 
melting point of the salt matrix. 

In this chapter, MCS of oxide nanoparticles and nanostructures prepared from their 
reactive precursors are reviewed. MCS of nanoparticles and nanostructures such as TiO2, 
SnO2, VO2, Al2O3, Mn2O3, and Na2Ti6O13 are more rigorously demonstrated. 
Transmission electron microscopy (TEM) was used to describe the evolvement of 
nanocrystallites from as-milled product to that obtained by annealing at various 
temperatures depending on the type of the system. For that purpose, the bright field (BF), 
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dark field (DF), selected area electron diffraction (SAED), and high-resolution electron 
microscopy (HRTEM) methods were used. Based on TEM results, the relation between 
processing, properties, and structure was evaluated. 
 
 

More chemical spontaneity with less mechanical stressing for advanced 
mechanochemistry. 
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Keio University, Japan 

 
 

1. INTRODUCTION 
 
Nanoscience and nanotechnology pertain to the synthesis, characterization, and 

utilization of nanostructured materials, which are characterized by at least one dimension in 
the nanometer scale. The uniqueness of the chemistry, structure response, and dynamics of 
the nanostructures constitutes the essential motivation for the study of this class of materials. 
In fact, much of nanoscience can be done only by employing chemistry, and thus the 
synthesis of nanostructures as well as their assembly involves clever chemistry [1]. Methods, 
which have been frequently employed to synthesize nanoscale or nanocrystalline materials 
include, for example, inert gas condensation, spray conversion processing, controlled 
crystallization of amorphous phases, vapour deposition, coprecipitation, sol-gel process, 
plasma processing, laser ablation, hydrothermal synthesis, sonochemical processing, as well 
as mechanochemical processing. The latter method becomes more widely used at present due 
to its relative simplicity and availability [2]. 

The field of nanocrystalline powders preparation based on mechanochemical synthesis 
(MCS) is a rapidly expanding field of solid state science, covering various subjects such as 
alloys, nanostructured materials, amorphous and disordered solids, metastable materials, 
nanomagnetics, highly reactive sorbents and catalysts, etc. [2-8]. 

MCS processing involves high-energy collisions of the milling (grinding) media and 
reactant powders, resulting in pulverizations, phase transformations, and chemical reactions 
during intensive ball milling. The transformation of energy from milling body to the milled 
powder provides the activation energy for the reaction. As a consequence, chemical reactions, 
which would normally require higher temperatures to occur due to the separation of the 
reacting phase by the product phase, can occur in a ball milling without any external heating 
[3-8]. 

One of the new opportunities of MCS of inorganic compounds is based on the 
mechanical activation of mixtures of solid acids, bases, basic or acidic salts or compounds 
with reactive hydroxyl groups or crystal water [9]. In these processes, precursors such as 
metal hydroxides, chlorides, sulphates, nitrates, or acetates, etc., undergo reactions with basic 
oxides, carbonates, hydroxides, or sulphides during high-energy milling, or in subsequent 
low-temperature heat treatment. This synthesis utilizes strong chemical interactions of 
reactants during high-energy milling. Unlike other MCS, these syntheses are much faster 
[9,10]. By selecting proper conditions such as suitable chemical reaction paths, stoichiometry 
of starting reactants and milling conditions, MCS can be used to synthesise nanocrystalline 
particles dispersed within a soluble salt matrix. Moreover, the crystallinity of the products can 
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be improved by heat treatment prior to the removal of the solid salt matrix by washing. The 
nanoparticles are subsequently recovered by removing the salt matrix through washing with a 
suitable solvent [3-8]. 

Recently, a procedure was developed, in which the high-energy ball milling process is 
combined with a subsequent treatment in molten salt. The aim of the high-energy milling is to 
provide enough activation energy to the pre-activated powders, for which the thermal reaction 
is completed in the subsequent molten salt treatment [11]. In molten media, reactions are 
usually controlled by chemical equilibria and are much faster than diffusion-controlled solid-
state reactions [13]. An additional important property of molten salt media is the promotion of 
the selective growth of certain crystallographic planes, which leads to the appearance of 
highly anisotropic particles in the reaction products [14]. For instance, a combination of both 
methods gives a new and simple approach to the synthesis of one-dimensional (1D) 
Na2Ti6O13 nanobelts or two-dimensional (2D) α-Al2O3 platelets. 

In this chapter, basic chemical principles of mechanosynthesis of nanocrystalline and 
nanostructured oxide powders from their reactive precursors are reviewed. In the case of 
TiO2, some important physical properties, such as the UV photochemical activities and their 
dependence on synthesis conditions, will be demonstrated. The application of 
mechanochemical-molten salt synthesis on the lowering of the crystallization temperature of 
α-Al2O3 phase with plate-like morphology or Na2Ti6O13 with belt-like morphology will also 
be properly documented. 

Current developments in the MCS of complex ceramic oxides, nanoscale non-oxide 
materials, intermetallic compounds, or their different composites produced by other MCS 
methods, such as the mechanical alloying or mechanically-induced self-propagating reactions, 
may be found in several recent articles, reviews, and monographs [12,15-19]. 

 
 

2. MECHANOCHEMICAL REACTORS  
AND MECHANOCHEMICAL PARAMETERS 

 
Investigations of MCS processes are performed using a variety of equipments, milling 

conditions, and characterization methods. Experimental problems and possibilities are shortly 
discussed and provided below. References [15-19,29] represent suitable starting points for 
further reading. 

 
 

2.1. Mechanochemical Reactors 
 
It has been well established that high-energy mechanical ball milling is one of the major 

techniques for producing powders with nanocrystalline structures [12]. Up to the present, 
different ball mills are most commonly used for the MCS, although these devices are not 
designed for this purpose, strictly speaking. The purpose of a mill is to treat the material in 
order to generate the maximum surface area at the minimum energy consumption for the 
grinding process. In contrast, the purpose of an ideal device for the MCS is to insert the 
maximum amount of energy into the treated solid to enable the accumulation of the input 
energy as defects mostly affecting chemical reactivity. This requires high-energy inputs to be 
transferred from the working medium to the treated solid during the mechanochemical 



Peter Billik and Mária Čaplovičová 114 

reaction, which cannot be achieved with normal disintegrators. Unfortunately, such processes 
can lead to another problem related to the possible contamination of the final product 
subjected to the MCS with materials composing the working medium and the reactor body 
[20]. 

This type of treatment can be realized effectively and simply in traditional milling 
equipments such as shaker mills, planetary mill, attritors, or vibratory mills [24]. 
Mechanochemical vials or reactors and balls are available in different materials such as agate 
(SiO2), silicon nitride, sintered corundum, zirconia (tetragonal ZrO2 stabilized with Y2O3), 
chrome steel, Cr-Ni steel, tungsten carbide, and polyamide [16]. 

SPEX 8000 Mixer Mill, a high-energy shaker mill (manufactured by Spex CertiPrep, Inc, 
USA), is traditionally used as a mechanochemical reactor for synthesis of nanocrystalline 
materials [3-8,12,24]. The reactant powder mixture and the milling balls are contained in a 
cylindrical vial that is swung back and forth horizontally at the end of an arm about 15 times 
per second. The main milling action comes from powder being caught between an impacting 
ball and the end of the vial. Compression and shear between colliding balls contribute as well. 
A problem with this vial is that the balls may roll around the end of the vial rather than hitting 
it, thereby decreasing the milling intensity [19]. Because of the amplitude (about 5 cm) and 
high speed of the clamp motion, the ball velocities are high (4–8 m s–1), and consequently the 
force of the ball's impact is unusually great [12,16]. 

Another popular mill for MCS is the planetary ball mill, manufactured for example by 
Fritsch and Retsch, GmbH., in Germany. The planetary ball mill owes its name to the planet-
like movement of its vials. These are arranged on a rotating support disk and a special drive 
mechanism causes them to rotate around their own axes. The centrifugal force produced by 
the vials rotating around their own axes and that produced by the rotating support disk both 
act on the vial contents, consisting of material to be ground and the milling balls. Since the 
vials and the supporting disk rotate in opposite directions, the centrifugal forces alternately 
act in like and opposite directions. This causes the milling (grinding) balls to run down the 
inside wall of the vial, followed by the material being ground and balls lifting of and 
travelling freely through the inner chamber of the vial and colliding against the opposing 
inside wall. The disk and the vial rotation speeds can be independently controlled in the 
modern versions [16]. 

In the AGO-2 laboratory planetary mill, developed in Russia, which has the largest power 
per gram of ball charges [22], jars (vials) rotate due to a frictional clutch with the cylindrical 
housing of the mill [9]. An advantage of this type of mill consists in its elegant construction 
principle, free from a complicated driving mechanism, and bearings in the most loaded part of 
the mill, well-know from traditionally planetary mills. Hence, this type of mill has very large 
power dissipation to the thermal energies; the jars should be water cooled to overcome the 
undesirable overheating. Moreover, intensive cooling by water decreases the contamination of 
the product with the material of grinding (milling) bodies as well as increases the degree of 
product activation [9]. Under the action of centrifugal forces, the jars (vials) are pressed to the 
guiding rim and due to the frictional clutch with its surface rotate around their axis. The 
centrifugal force exceeds gravity force by a factor of several tens, thus, providing the energy 
of these mills by 2–3 orders of magnitude higher than that of the common ball mills [9]. 

The scheme and design of the new prototype of high-energy ball mill, TB-2 (Kadaň, 
Ltd.), developed in Slovakia, which has been used in some cases in this chapter, is depicted in 
Figure 1. 
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Figure 1. Design and description of the TB-2 high-energy planetary mill. Rotating support disc 1, two 
stainless steel jars with the corundum inside vial 2, friction walls 3, channel for cooling water 4, 
guiding rim 5, 3.0 kW AC motor drive with frequency converters up to 1500 rpm 6, control unit 7, 
cooling water output 8. 

The mill consists of rotating support disc (1), two stainless steel jars with corundum 
inside vial (2), friction walls (3), channel in the centre for cooling water (4), guiding rim (5), 
AC motor drive (3.0 kW, SEW Eurodrivers) with frequency converters up to 1500 rpm (6), 
control unit (7), and cooling water output (8). The diameter of the jars is 68 mm; the working 
volume is 200 –250 cm3; ball mass is 200 g and the sample weight under treatment is usually 
up to 20 g. 

Industrial planetary mills of continuous action, characterized by productivity of up to 3 –
5 tons per hour, are now commercially available. The energy density in these mills is 100 –
1000 times higher than the energy density used earlier in conventional milling equipment 
[25]. Mills based on the vibratory principles can also be utilized, however, the milling 
intensity of vibratory mills is relatively low [17,19]. 

A new concept of vibration mills working in an “eccentric” mode has been introduced by 
Gock et al. [17,26]. Unlike conventional vibratory mills with circular vibrations, this machine 
performs elliptical, circular, and linear vibrations. The major technological advance consists 
in amplitudes of vibration of up to 20 mm (normally 12 mm maximum), leading to a high 
degree of loosening and thus to a decisive intensification of the impact forces among the 
grinding media balls. As opposed to the circular vibrations of conventional vibratory pipe 
mills, the eccentric drive of this machine generates elliptical, circular, and linear vibrations. 
As a result of dismissing the homogeneous circular vibrations, the motion process drastically 
changes: the amplitude of the vibrations of the individual grinding media increases, the 
rotational speed of the grinding media filling increases, and the direction of motion is 
irreversibly set [26]. Various sulphide semiconducting nanomaterials such as PbS, ZnS, CdS 
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and CuS were synthesised by milling corresponding Pb, Zn, Cd, and Cu acetate and Na2S 
mixtures with this type of mill [23]. 

Table 1 shows documented and calculated values of the velocity of the balls for different 
laboratory high-energy mills [12,21,22]. It should be noted that due to the difference in the 
construction details, these technical values must be compared carefully. In order to avoid such 
problems, Takacs and Šepelák demonstrated that some quantitative milling parameters such 
as the ignition time between Zn and S powders could be used for a quantitative comparison of 
the efficiency of different mechanochemical reactors [24]. 

The impact energy of balls during milling is dependent on operating parameters, 
especially rotation speed and its direction of the vial to that of the revolution of the disk. The 
rotation in the counter direction can substantially improve the impact energy of balls [27]. 
Taking into consideration that a high-energy ball mill should have high impact velocities and 
high impact frequencies of the milling media, one can easily design a new mill for any 
specific purpose [16]. Useful contributions to details and techniques to determinate and 
calculate the physics, kinetics, and energetics between grinding media during high-energy 
milling can be found in Ref. [21,22,26-28,30,33-37]. 

 
Table 1. Documented and calculated values of the velocity of balls for different 

laboratory high-energy ball mills [12,21,22] 
 

 AGO-2 
(Russia)  

Spex 8000 
(USA) 

Pulverisette  
P–5 (Germany) 

G-7  
(France)  

TB-2 
(Slovakia)

Parameter 
Velocity of balls 

(m s–1) 
4.8–8.2   4–8 2.5–4 0.2–6.6 4–15.5a 

Ref. No. [22] [12] [21] [21] This work 
a The maximum ball speed was calculated at 1500 rpm according to Ref. [35]. 

 
 

2.2. Mechanochemical Parameters 
 
According to many researchers, the milling time is the most important milling parameter 

[16,17]. However, the level of contamination will increase with increasing milling time and 
some undesirable phases may be formed if a powder is milled too long. Therefore, it is 
desirable that the powder is milled just for the required duration and not any longer [17]. The 
milling time depends on the type of the mill used, the milling intensity, and the ball to powder 
mass ratio. The ball to powder ratio (BPR), the weight of the balls to the powder, is another 
important variable in the MCS process. This has been varied by different investigators from a 
value as low as 1:5 to as high as ~200:1. The ratio of 10:1 is most commonly used in a small 
capacity mill such as a SPEX mill [16]. 

The ball size affects the number of collisions per minute. For example, the reduction of 
the ball sizes from 3 to 2 cm in diameter increases the number of balls by factor 3.75 in the 
given mass ball charge. The corresponding increase in the number of collisions per minute 
among the milling media would increase the milling or MCS rate [28]. Supplementary 
technical details of mechanochemical parameters such as materials type of the milling bodies 
and vials, ball filling ratio, milling atmosphere, processing control, organic agents, milling 
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speed, estimated collision energy or powder trapped on ball contacts area, etc., can be found 
in Ref. [15-19]. 

 
 

2.3. Mechanochemical Effects 
 
Severe and intense mechanical actions during ball milling on solid surfaces of the ball 

and vial are known to lead to physical and chemical changes in the near-surface regions, 
where the solids come into contact under mechanical forces [28]. During a collision of the 
balls, the impact energy, which can be considered under the current assumptions to be an 
equivalent to the kinetic energy, is transferred to the powder [36]. A high-power pulse of 
pressure in a planetary mill occurs under a sharp pressure gradient at the front of the impact 
wave, while generating a lot of defects and dislocations [38]. A more substantial source of 
extraordinary effects can be the plastic deformation of crystals under mechanical load. This 
process, unlike the viscous flow of fluid, is connected with the formation, motion, and 
multiplication of dislocations [47]. Plastic deformation itself does not bring about a direct 
chemical reaction but it causes a mechanochemical reaction thorough an increase in the 
number of low coordinate atoms and local heat evolution [46,54]. These mechanically 
initiated chemical and physicochemical effects in solids are generally termed as 
mechanochemical effects or mechanical activation [20,28,31]. 

Mechanical activation by means of fine and ultrafine milling is an effective procedure, 
where an improvement in technological processes can be attained via a combination of 
several effects, which influence properties of applied solids. Main advantages when compared 
to the traditional technological procedures consist in a decrease in the number of 
technological stages, possibility to obtain a product in the metastable state, which is difficult 
or impossible to be obtained when using traditional technological methods, and ecological 
safety of the methods, resulting from the exclusion of operations involving the use of solvents 
[20,29,32]. 

To understand the physics and chemistry of the process in mechanically treated solid 
mixtures, it is necessary to consider what the interface between solids is. The main 
characteristic feature of these systems is a change of the properties of the crystal in the area of 
the contact between the solid components. Among these changes, the following are worth 
noting [31]: 

 
a) distortion of crystal structures of contacting solids  
b) redistribution of electrons at contacts between solids  
c) redistribution of point defects at the interface. 
 
When the particle size of the contacting components is much larger than the depth of the 

layer with the changed properties, the change in the physicochemical properties of the 
components in the contact area can be neglected. This is usually done in conventional 
techniques of grinding and mixing. However, during hyperfine milling, which proceeds to a 
level of several microns, it is possible to obtain a composite, in which the particle size is of 
the same order as the width of the layer with changed properties. Properties of mechano-
composites obtained in such a way sharply differ from the properties of the starting 
components [31]. 
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The model analysis based on a simple elastic collision between balls shows an 
extraordinary condition on balls’ contact areas. For example, for balls colliding at the velocity 
of 4 m s–1, the average stress or contact pressure is slightly above 5 GPa for steel balls and 
8 GPa for alumina balls [28]. Such mechanical deformation induces a temperature rise ΔT. 
Hence, energy transfer in a collision event is highly localized; the impact energy may excite 
the material to a high energetic state causing a temperature rise of the order of 103 K [33]. 
However, during the real milling processes, a part of the milled powder is attached to the vial 
walls and another part is attached to the balls. The remaining part is in a free state moving in 
the volume of the vial. All these parts have different temperatures [22].  

Previously published results show that ΔT for a corundum ball with the speed of 4.8 m s–1 
can reach ~ 420 °C and the temperature of a steel ball in real milling conditions without 
powder with the ball speed of 8.3 m s–1 can reach up to 600 °C [22,34]. The temperature of 
the balls strongly depends on ball diameters. For example, milling with 3 mm balls leads to a 
temperature of 250 °C, however, under the same conditions, milling with 7 mm balls leads to 
607 °C. Remarkably, the presence of powder in real milling under the same conditions with 
7 mm balls drops the ball milling temperature from 607 °C down to 190 °C [22]. From these 
data, it becomes clear that the main mechanism of the heat transfer between balls and vial in a 
planetary mill is a forced convention [22].  

Many oxide structures formed under such conditions are metastable at ambient 
temperature and pressure and exist at equilibrium only at high temperature and/or high 
pressure. Thus, besides synthesizing nanomaterials, high-energy milling is a way of inducing 
phase transformations in solids [37]. As an example, ZrO2 or TiO2 can be used. Zirconia can 
exist in several crystalline modifications: monoclinic that is thermodynamically stable at 
temperatures below 1172 °C; tetragonal, stable in the temperature range of 1172–2347 °C; 
cubic, stable above 2347 °C; and rhombic, stable at high pressures. However, the reverse 
structural stability occurs in high-energy mechanochemical conditions. The transition of the 
monoclinic form into the denser tetragonal form results in a decrease in the molar volume (by 
approximately 7% [38]). 

The thermodynamics of this reaction showed that at the pressure of 2 GPa, the phase 
transition will occur at 560 °C, 640 °C below the temperature of the phase transition at 
atmospheric pressure. The possibility to achieve these ranges of temperatures and pressures in 
a local site of a dry solid exposed to a mechanical impact in a planetary ball mill has been 
demonstrated elsewhere [9,22,28,33,36,37]. On the other hand, transformation of monoclinic 
ZrO2 to denser tetragonal form can be explained according to the consumption of the 
mechanical energy resulting in the disintegration of oxide particles into small crystallites 
(below 20 nm). Under these conditions, nanostructured tetragonal ZrO2 that has a lower 
surface energy rather than a monoclinic one is thermodynamically favourable. In case of 
TiO2, anatase TiO2 can be transformed by high-energy milling into rutile via the α-PbO2 type, 
high-pressure modifications of TiO2 (TiO2 II). Surprisingly, the polymorphic phase 
transformations of TiO2 occur without fracturing particles, in contrast to the most reported 
processes of transformation induced by high-energy milling [37]. 

 
Table 2 shows calculated and measured [22] local parameters for different types of 

materials for a ball collision speed of v. 
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Table 2. Local calculated and measured parameters for different  
types of materials for a ball-ball collision 

 

Type of materials  Stell stell Stell stell Al2O3 Al2O3 Al2O3 
∆T (K) 1500 600 - - - - - 
P (GPa)  5.4 - 6.3 5 8 8.6 5.1 
v (m s–1) 3.7 8.2 4.5 4 4 4.5 - 

Reference No. [33] [22] [36] [28] [28] [36] [37] 
 

Despite these facts, plastic strain or shear-induced structural changes, which induce phase 
transitions and chemical reactions under such conditions, are widespread in mechanosynthesis 
[39]. Mainly the shear component strongly affects the process rates sometimes accelerating 
the reactions by a factor of a few hundred, although it does not shift equilibrium between the 
reactants and reaction products [20,32]. These investigations were launched by Bridgman’s 
specially designed instrumentation providing action of pressure and shift on a solid followed 
later by numerous experimental results obtained in a rotating diamond anvil cell [39,40]. 
Bridgman documented that many solids under high hydrostatic pressure (up to 5 GPa) 
combined with shearing stress detonate (celluloid, PbO2, (NH4)2Cr2O7, KMnO4) and in the 
same manner, mixtures of Cu + S, SiO2 + Mg or Fe2O3 + Al give the same results; PbO 
decomposes to metallic Pb; sulphur becomes amorphous; red phosphorus changes to black 
modification and bromthymol blue becomes insoluble [40]. 

A significant acceleration of the process and decrease in the pressure of the phase 
transition were shown to take place under these conditions as compared to the process caused 
by a static pressure. In case of a diamond anvil cell, the rotation of an anvil leads to the 
formation of new phases, which were not produced without rotation; in particular, phase V of 
fullerene C60, which is harder than diamond. In the same manner, it has been observed that 
the pressure for an irreversible phase transformation from rhombohedral to superhard cubic 
phase of BN can be reduced from 55 GPa under the hydrostatic pressure up to 5.6 GPa under 
plastic straining [39]. An experimentally observed significant acceleration of the reactions 
under elevated pressures, strain and shear can be simultaneously explained by a strain or 
shear induced nucleation of new phases [39]. An additional condition, not less important, is a 
loss of crystal or ligand field symmetry of reactants or anomalous electron distribution around 
an atom [50]. It is also important to notice that the polarization is enhanced when the 
symmetry of the ligand field is broken [49]. Its consequences are enormous, because it 
disturbs fundamental properties of the matter, i.e., orthogonality of the wave function or the 
symmetry of Madelung potential. This may even change some of the antibody orbitals to 
bonding ones, followed by a number of unique solid-state reactions [48,51]. 

 
 

2.4. Mechanochemical Reactions in the Presence of Water 
 

The chemical interaction between solid surfaces and water under mechanical activation 
significantly differ from static conditions [9]. During high-energy milling, solids are 
subjected to dynamic loading resulting in an extension and compression of chemical bonds. 

In the presence of water, a chemical bond undergoes the mechanical induced hydrolysis 
followed by a change in the interatomic bond energy. For example, water changes the 
activation energy for Si–O bond rupture from 418 kJ mol–1 (for pure SiO2) to 92 kJ mol–1 [9]. 
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Moreover, constitutional water contained in solids is released in the course of the mechanical 
activation. Water generated by mechanochemical dehydration can serve as a solvent for the 
reactants and synthesis may occur in the presence of liquid phases [20,42,52]. The role of 
H2O in mechanochemical reactions is often understood to be attributed to the enhanced 
solubility at the surface layer of water. However, if the concept of a thin water layer is similar 
to the water in conventional solution chemistry, it seems to be impossible to explain the 
complete role of water in mechanochemical reactions of water insoluble precursors [41].  

One of the interesting features of mechanochemical reactions in the presence of water is 
the operation of hydrothermal-like reactions. As it is well known, hydrothermal reactions are 
those processes, which occur under high temperature and pressure, in which mass transfer 
occurs through the liquid phase. Boldyrev made the first theoretical analysis of an energy 
transfer from milling media to the reacting material in liquid–solid reaction systems [43].  

If the reactant particles are considered as a porous matrix containing liquid, mechanical 
energy may be transferred to the reactant as a result of adiabatic compression of the liquid 
present, especially if it contains gas bubbles, and as a result of liquid flow through the pores. 
Temperatures and pressures in such a system have been estimated to rise to 500–700 °C and 
50–60 MPa, respectively, into the range for a hydrothermal reaction to occur via material 
transport in the liquid state [43]. Recently, the calculation of maximum pressure up to 45 MPa 
and temperature up to 450 °C, arising in mechanical activators with the presence of optimal 
water conditions due to the adiabatic compression of gas bubbles, has been documented 
[46,47]. It should be taken into account that the promoting action of water is not essentially 
connected with the formation of conditions for hydrothermal processes but water can stabilize 
a highly active metastable defect state of a solid [46,47]. 

The possibility of mechanochemical reactions to occur via hydrothermal mechanism was 
verified for the synthesis of calcium or magnesium hydrosilicates by using silicic acid, 
CaO/(Ca(OH)2 or MgO/Mg(OH)2 mixture [9,44,46,47]. In case of the synthesis of dolomite 
according to the scheme: MgCO3 + CaCO3 → (Mg,Ca)CO3, if hydromagnesite, Mg5(CO3)4 
(OH)2· 4H2O is used instead of MgCO3, more than a 20-fold acceleration of the process can 
be achieved. It has been also demonstrated that the formation of dolomite that occurs very 
rapidly in case of the mixture CaCl2·2H2O + MgCl2·6H2O + Na2CO3, however, does not go at 
all, if the initial chlorides have been preliminary dehydrated [47].  

Besides, the formation of water enhances the reaction substantially; a minor or some 
critical amount of free water promotes the formation of very large aggregates with binding 
strengths up to the formation of a stone like mass, due to the welding of the hydrated surfaces 
[55]. Moreover, in some cases of a mechanochemical reaction of hydrated compounds, the 
formation of a honey-like mass was observed [52]. Under such critical conditions, the balls’ 
movements inside the jars are ineffective and the milling or mechanochemical process is not 
possible anymore. 

 
 

2.5. Soft Mechanochemical Reactions 
 
E. G. Avvakumov, M. Senna and co-workers elaborated an original method referred to as 

the soft-mechanochemical synthesis for mechanochemical reactions with the participation of 
highly reactive compounds [9,41-45,48-54]. The soft mechanochemical processes mean that 
strongly reactive functional groups are involved in the complexation process of two or more 
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components during grinding to enhance the ability of the functional groups. The –OH group 
is by far the most important [53]. As a rule, the hardness of these compounds is much lower 
than that of anhydrous oxides that allows a decrease in the level of mechanical loading and 
passage to softer activation conditions [9]. Consequently, if one of the reaction components 
contains water or hydroxyl groups, the mechanochemical reaction will occur more 
beneficially. Much smaller energy concentration is required for these mechanochemical 
reactions when compared to those needed for finest comminution, conventional dry process 
of mechanochemical reactions or mechanical alloying [53]. 

Soft mechanochemical syntheses are often stopped after the precursor formation but 
mechanosynthesis may also promote crystallization of the desired product. Products of soft 
mechanochemical syntheses under mechanical stress are quite often either in a completely 
non-crystalline state or severely disturbed crystalline state. One of the most promising 
prospects for soft mechanochemical reactions is in the preparation of desired crystalline 
compounds without further heat treatment [43]. Another merit of these processes is an 
appreciably lower temperature necessary to obtain well-crystallized final products. This is 
advantageous not only because of the energy saving but, much more importantly, because of 
having smaller crystallites or grains without suffering from an excessive or abnormal grain 
growth [50]. 

Essentially, two compounds, one of which is acidic, while the other is basic, such as solid 
acids and bases, acidic and basic salts or crystal hydrates, or compounds that react with each 
other releasing water can be used as precursors. The acceleration of soft mechanochemical 
reactions has been interpreted in terms of acid–base reactions between oxides. Usually, the 
Me–OH bond energy is a material-specific property (where Me is a cationic species), and is a 
measure for the determination, whether an –OH group serves as an acid or base [54]. 
However, when these bonds are accommodated in a solid at the state of a low coordination, 
which is frequent if not permanent during milling, these values can be changed. Hydroxyl 
groups, either chemisorbed on the surface of solids or present as a structural part of reactants, 
are more polarized, and therefore more reactive, when the substrate contains an unsaturated or 
low coordinate state [41,54]. Consequently, there is always an acid–base reaction by 
simultaneous mechanochemical dehydration, leaving Me1–O–Me2(Me1) (where Me1 and Me2 
are two different cationic species) bridging bonds [54]. 

These acid–base mechanisms were verified by a change of the surface basicity of alkaline 
earth hydroxides during milling [45,51,53], decrease in the IR absorption band due to –OH 
groups [41,42,44,45,51-53], or by X-ray photoelectron spectroscopy as a result of the charge 
transfer, i.e., proton and electron transfer [42,51,50]. 

 
 

3. MECHANOCHEMICAL SYNTHESIS  
OF NANOCRYSTALLINE POWDERS 

 

3.1. High-Energy Milling of Polycrystalline Oxides 
 
An alternative way to prepare nanocrystalline materials is evidently that of the 

comminution of its coarse powder [55-58]. This simple process, classified as a top-down or 
superfine-milling process, can be used to produce nanoparticles or nanocrystalline materials 
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[56,58]. The method of superfine powder production by milling has largely escaped the 
current attention and takes clear superiority over other methods of the fine powder 
production. The milling method is inexpensive, ecologically clean, and produces particles of 
the desired sizes [55]. It is suggested that these methods offer an advantage of being easily 
scaled [58]. However, the too high energy consumption and serious contamination have 
retarded the popularisation and industrial application of these techniques in the field of 
advanced materials [54]. Furthermore, the simplified concepts of average particles size 
correlation with the intensity or milling times that more time and intensity of material 
treatment give less average particle sizes, appeared to be completely inadequate for the 
submicron range and preparation of nanopowders by direct milling without taking into 
account particular characteristics of the nanoparticle behaviour under intensive mechanical 
treatment seems impossible [55,56]. 

One of the main reasons for the limitation of the simple top-down processes caused by 
milling is that the energy of brittle fracture exceeds that of its plastic deformation, and the 
milling terminates. As a result, the minimum particle size that can be achieved by the milling 
is limited and a further increase in the milling treatment or increase in the duration would 
cause an increase in the particle size [55]. 

Studies using high-energy milling of coarse α-Al2O3 powder showed that for both wet 
and dry milling there is a crystallite size limit equal to ~ 60 nm [55,56]. High-energy milling 
by commonly used surfactants that reduce the particle surface energy is not effective within 
the nanometer range because they cannot prevent coarsening or fusion of crystallites and at 
the treatment with high intensity they decompose [55].  

To avoid such limitation, a new milling procedure was introduced based on the idea of 
adding some substance to the powder. The additive should have good adhesion to the powder, 
but be chemically inert with it; it should be resistant to the high pressure and temperature 
generated in the ball contact area and should be easily removable after milling. 

Among inorganic oxides, these requirements are often met by metals and carbon, which 
do not react with many oxides, and which can be removed by dissolving in water acids or 
bases [55]. The elimination of this additive from the resulting powder should destroy the 
strong aggregates and led to the powder composed of separate crystallites [56,57]. For 
example, milling of α-Al2O3 with steel balls with the mixture of Al and Fe, where the former 
prevents oxidation of abrasion products and added Fe particles prevent the aggregation, 
followed by acid treatment, enables the production of α-Al2O3 powder with XRD crystallites 
size of 24 nm, with the specific surface area of 70 m2 g–1 [55].  

In Table 3, sizes of crystallites of α-Al2O3 obtained by 15 min high-energy milling of α-
Al2O3 powder with starting particle of ~ 0.5 μm with different additives at different amounts 
can be seen. 

In all previous cases, the most serious disadvantage of using the top-down processes for 
superfine milling of inorganic oxides is the inevitable contamination of the prepared materials 
by the milling media abrasion products and of the jar’s shell. As a first approximation, the 
level of contamination increases at the ratio t/r2, where t is the milling time, and r is the 
crystallite size of the oxide powder [55,56]. For example, 10 min of high-energy milling α-
Al2O3 with steel balls are sufficient to contaminate α-Al2O3 and the residual iron was 6 wt% 
[55]; and the 20 min treatment results in almost 20 wt% contamination [56].  
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Table 3. Crystallite size of α-Al2O3 achieved after high-energy milling  
using an AGO-2 planetary mill for 15 min with steel 5 mm balls [55] 

 
Additive Additive amount (wt%) Crystallite size (nm) 

Al 5 19 
Al 10 24 
Al 15 26 
Al 20 33 
Fe 10 32 

Acetylene black 10 26 
Acetylene black 15 37 
Acetylene black 20 34 
Without additive 0 45 

 
Such a high level of contamination changes the colour of α-Al2O3 powder into black; the 

powder is readily attracted to the magnet and substantially enhances the formation of strong 
aggregates. Although by optimizing the conditions of the treatment by increasing the quality 
of the milling media, the wear can be reduced by the factor of ~ 10 but the problem of 
obtaining a fine and contaminant free product cannot be solved by this simple method 
[55,56]. 

Previous reports documented that the increased refluxing time of 20 min milled and 
contaminated α-Al2O3 powder by Fe, Cr, Mn, Si, C in 3–5% HCl does not cause a complete 
elimination of contaminants [57]. Investigations by EPR spectroscopy confirmed the 
assumption about α-Al2O3–Fe2O3 solid solute formation during intense milling as a result of a 
mechanochemical reaction of Fe with oxygen, moisture and consequently with the α-Al2O3 
phase [56]. However, the implementation of the milling treatment in inert gas media such as 
dried argon coupled with an addition of 5–10 wt% of Fe to the starting α-Al2O3 powder 
followed by acid leaching, allowed to obtain an α-Al2O3 powder with a mean crystallite size 
of 40 nm and a residual Fe content of only 0.02 wt% [55,56]. 

Surprisingly, hence, the starting α-Al2O3 powder contained 0.035 wt% of Fe; a new 
phenomenon, mechanochemical purification of the powder, was observed [55]. This 
phenomenon is based on the fact that during milling, the surface of the powder multiplies 
many times and the increased diffusion of the ions in the particles under intense plastic 
deformation provides rapid enrichments of the surface layer by the impurity. The subsequent 
acid treatment removes this highly defective and amorphous surface layer [55,56]. 

 
 

3.2. Displacement Synthesis of Metal Nanoparticles 
 
In 1989, Schaffer and McCormick reported on the Cu synthesis that CuO can be reduced 

to pure Cu with Ca during milling and analogous reactions are probably the most widely 
investigated processes in the mechanochemical area [4,19]. Most of the MCS studies have 
been focused on displacement reactions of the following type: 

 
MeO + R → Me + RO;  (1) 
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where a metal oxide (MeO) is reduced by a reactive metal (reductant, R) to pure metal Me. 
Metal chlorides or sulfides have also been reduced to pure metals via this way and the results 
available are reviewed in Ref. [16,19]. The displacement reactions are characterized by a 
large negative free energy change and are therefore thermodynamically feasible at room 
temperature. Depending on the milling conditions, two entirely different reaction kinetics are 
possible [16]: 

 
a) Reaction resulting in a gradual transformation  
 
b) If the reaction enthalpy is sufficiently high, a self-propagating combustion reaction  
    can be initiated.  
 
The latter type of reaction requires a critical milling time for the combustion reaction to 

be initiated. The product of the displacement reactions normally consists of two phases, the 
metal (or a solid solution) and the oxide associated with the reductant. The removal of the 
unwanted reaction by-product can be difficult due to the high reactivity of the metal phase 
associated with the nanocrystalline grain sizes and intermixing of the phases induced by the 
mechanochemical process.  

However, the by-product phase can be easily removed by leaching in a dilute acid or hot 
water, or by vacuum distillation in the case of chlorides, hence the displacement reactions are 
also possible between Me–halogenides and a reactive metal [3]. A useful property of the 
newly formed halides is their solubility in water as has been demonstrated by a synthesis of 
ultrafine powders of Fe, Co, Ni and Cu by reducing FeCl3, CoCl2, NiCl2 and CuCl2 with Na 
and washing of the NaCl by-product with water [3]. In case of Ni, the nanocomposite of 
NaCl–Ni with the particle size of 500 nm was obtained after milling, which consisted of ~ 
5 nm sized Ni nanoparticles embedded and dispersed within a solid matrix of NaCl. In 
contrast to this, milling of micron-sized Ni and NaCl powders, i.e., top-down approach to 
grind down Ni particles, resulted in a layered particle morphology, and the particle size was ~ 
10 μm even after milling for 16 h [3]. In the case of Ti particles, it was reported that MgCl2 
formed during the mechanochemical reduction of TiCl4 with Mg was removed either by 
vacuum distillation at 900 °C, or by washing the powder in 10% nitric acid [16].  

 
 

3.3. Acid–Base Synthesis of Single and Mixed Oxides 
 
Based on the displacements syntheses of nanocrystalline metals, where the main reaction 

can be classified as an oxidation–reduction process, the replacement of the reactive metal by 
basic oxide one can change this process on the well-known acid–base platform. By selecting 
suitable conditions such as chemical reaction paths, stoichiometry of starting materials and 
milling conditions [3,4], mechanochemical acid–base processing can be used to synthesize 
nanocrystalline particles dispersed within a soluble salt matrix. In these mechanochemical 
cases, the traditional top-down processes, which involve starting with a bulk solid, were 
replaced by the bottom-up processes starting with atoms, ions, or molecules as building 
blocks and assembles nanoscale clusters or bulk materials from them. Nanoparticles are 
formed as two-dimensional nuclei at points of contact between reagents and then they grow in 
volume [59]. Crystallite size can be controlled by varying the temperature and time of the 
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subsequent heat treatment [3-8,59]. 
Similarly, the reactions may occur either in a steady state manner or self-propagating 

combustive manner [3,6,7]. However, solid-state acid–base reactions that occur in a 
combustive manner lead to micron-sized particles due to high temperature, whilst the 
reactions that occur in a steady state manner result in a nanoscale mixture of product phases 
[3,4]. Mechanochemical combustion can be avoided by an appropriate selection of milling 
parameters to reduce collision energy and by an addition of inert diluents to the starting 
powder mixture to reduce the reaction rate [3,4,83]. 

One of the most important advantages of bottom-up processes is the utilization of 
chemical spontaneity or reactivity during milling [53,58]. For that reason, it can be expected 
that the combination of bottom-up processes with the acid–base interaction provides an 
increase in the efficiency of mechanochemical reactions, hence, these processes utilize the 
chemical spontaneity to the maximum extent. Moreover, an activation of a mixture of 
compounds with acid–base properties is accompanied by neutralizations, which considerably 
accelerate the interactions [59,60]. Additionally, the formation of water as a reaction product 
changes the regime of interaction between solids’ components, providing the possibility to 
interact via the dissolved state. In these cases, the solubility of initial and final products in 
water becomes essential [9]. 

Although the acid–base reactions are thermodynamically favoured and high-energy 
milling can provide the means to substantially increase the reaction kinetics, because the 
repeated fracturing of powder particles increases the area of the contact between the reactant 
powder particles, in some cases, however, due to the thermodynamically stable by-product 
formation, the subsequent annealing is needed to complete the final reaction (see Table 4). 

 
In case of single oxides, the general type of reactions can be proposed as follows: 
 
MeCl2 + 2NaOH → MeO + 2NaCl + H2O (2a) 
 
2MeCl3 + 6NaOH → Me2O3 + 6NaCl + 3H2O (2b) 
 
MeCl4 + 4NaOH → MeO2 + 4NaCl + 2H2O;  (2c) 

 
where MeCl(2–4) represents a highly reactive precursor of desirable metal or semimetal oxide 
in their chloride form, most frequently used in these synthesis procedures. It should be noted 
that MCS using anhydrous or –OH free compounds as starting reactants often occurs at low 
rates even for high mechanical stress.  
 

In general, metal (semi-metal) chloride, bromide, nitrate, sulphate, acetate, etc., in their 
anhydrous or in their different hydrated form can be used. The scope of the base, which can 
be used instead of NaOH, is relatively reach, and LiOH, Li2O, KOH, Mg(OH)2, Ca(OH)2, 
Na2CO3, (NH4)2CO3 or K2CO3, can be used effectively (see Table 4). 

Figure 2 schematically illustrates main processes, which assumedly occurred during the 
ball milling of the TiOSO4·2H2O–Na2CO3 powder mixtures resulting in the MCS of TiO2 
nanoparticles dispersed in a salt matrix matrix of Na2SO4. 

The constant formation and precipitation of Na2SO4 salt matrix (stage II.) shells 
surrounding the new-formed TiO2 particles prevents them from aggregating into large 
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particles. TiO2 nanoparticles are dispersed in Na2SO4 salt matrix, which is just like the plums 
within the pudding in J.J. Thomson’s ‘plumpudding’ model of an atom [76]. 

 

 

Figure 2(a). Schematic model of the mechanochemical synthetic procedure of nanocrystalline TiO2 by 
using the traditional washing concept.  

The crystallinity of TiO2 nanoparticles can be improved by heat treatment (stage III.) 
prior to the removal of the solid salt matrix phase without inducing particle agglomeration 
due to the enclosure of nanoparticles in the solid matrix [3,4]. 

TiO2 nanoparticles can be removed after a simple washing procedure (stage IV.). The 
resulting TiO2 nanoparticles have mean crystallite size as small as 25 nm, low agglomeration, 
and uniformity of crystal structure and morphology, which are unique features of 
mechanochemically synthesised nanoparticles and are superior to the nanoparticles produced 
by other techniques [3,4].  
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Figure 2(b). Schematic model of the mechanochemical synthetic procedure of nanocrystalline TiO2  by 
a new concept without the washing procedure.   

Table 4 reviews recent researches concerned with the synthesis of oxide nanoparticles via 
MCS in the salt matrix, and presents a chemical strategy, milling conditions, and annealing 
schedule for a number of oxides prepared either via acid–base or redox reactions. As it can be 
seen in Table 4, in many cases, NaCl has been used as a diluent [8,68, 70,74,79,80,83, 
90,92,94,96,97,98,100,103], whereas in Ref. [62,63], the dilution with LiCl was used. As a 
diluent material, NaCl is often used because of its inert nature and excellent milling ability.  
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Table 4. Examples of nanocrystalline oxides produced by mechanochemical synthesis 
 

Compound Reaction scheme or  
starting compositions 

Milling time, or post 
milling condition a,b  

XRD or TEM 
crystallite 

diameter (nm)c 

Ref. No. 

ZrO2 ZrCl4 + 2MgO → ZrO2 + 2MgCl2 12 h, 400 °C 4  [61] 
ZrO2 ZrCl4 + 4LiOH → ZrO2 + 4LiCl 1 min,–  9 [62] 
ZrO2 ZrCl4 + 2Li2O → ZrO2 + 4LiCl 6 h, N, 400 °C 21 [63] 
ZrO2 

Zr(Y)0.06O2-x 
ZrOCl2·8H2O; ZrO(NO3)2·8H2O; 

+ NaOH or Ca(OH)2, 
0.97 ZrCl4 + 0.06 YCl3 + 4.06 LiOH 

5 min, 450 °C 
24 h, 400 °C 

5 
14 

[10,59] 
[64] 

CeO2 (NH4)2Ce(NO3)66H2O + 6NaOH → 
CeO2 + 6NaNO3 + 10 H2O + 2NH3 

10 min, 200 °C 5 [65] 

CeO2 CeCl3 + 1.5CaO + 0.25O2 →  
CeO2 + 1.5CaCl2  

24 h, N, 400 °C 19 [66] 

CeO2 2CeCl3 6H2O + 3Na2CO3·10H2O 5 min, 900 °C 40–70 [67] 

SnO2 SnCl2 + Na2CO3 + O2 + NaCl (as diluent) 8 h, 300 °C  7 [68] 
SnO2 SnCl2 + Ca(OH)2, K2CO3 → SnO + 

CaCl2, 2KCl + CO2 
3 h, 400 °C 11 [69] 

SnO2 
 

SnCl2 2H2O + Na2CO3 + 1/2O2 + NaCl → 
SnO2 + 2NaCl + 2H2O + CO2 + NaCl 

65 min, 600 °C 9 nm (TEM) [70] 

SnO2 SnCl4 + 3(NH4)2CO3 → SnO2 + 4NH4Cl + 
3CO2 + H2O + 2NH3 

5 min, 300 °C 4 [71] 

TiO2 TiOSO4·xH2O + Na2CO3 → TiO2 + 
Na2SO4 + CO2 + xH2O 

5 min,  
400 °C 

8 [72] 

TiO2 TiCl4 + 3(NH4)CO3 → TiO2 + 4NH4Cl + 3 
CO2 + H2O + 2NH3 

10 min, 230 °C 8 (this work) [73] 

TiO2 TiOSO4·xH2O·yH2SO4 + NaCl (as 
diluent) 

4 h, 600 °C 15 [74,75] 

TiO2  TiOSO4 + Na2CO3 + NaCl (as diluent) → 
TiO2 + Na2SO4 + NaCl + CO2 

8 h, N, 600 °C 
 

18 [8] 
 

SiO2  Na2SiO3·9H2O + 2NH4Cl → SiO2 + 
2NaCl + 2NH3 + 9 H2O  

30 min,  
400 °C 

50 [76] 

-Al2O3 2AlCl3 + 3CaO → Al2O3 + 3CaCl2 24 h, N, 1250 °C 50–100 (TEM) [77] 

-Al2O3 Polyaluminum chloride 10 min, 400 °C 15 (this work) [78] 

Y2O3 Y2(CO3)3·xH2O + NaCl (as diluent)  → 
Y2O3 + 3CO2 + xH2O + NaCl 

6 h, 700 °C 20 [79] 

Gd2O3  GdCl3 + 3NaOH + 11NaCl (as diluent) → 
Gd(OH)3 + 14NaCl 

24 h, 500 °C 30 [80] 

Gd2O3 2GdCl3 + 3CaO → three stages reaction 8 h, N, 700 °C irregular shapes [81] 
Mn2O3 2KMnO4 + 2NH4Cl → Mn2O3 + 2KCl + 

4H2O + N2 + O2 
1 h, 12 [82] 

Cr2O3  Na2Cr2O7 + S + 7.8NaCl (as diluent)  → 
Na2SO4 + Cr2O3 + 10.8NaCl 

6h, 
450 °C  

 3 (TEM) [83] 

Fe2O3  FeCl3 + 3CaO, 3Ca(OH)2  24 h, N, (CaO) 
150 °C  

25 [84] 

Fe2O3  FeCl3·6H2O + 6 NaOH → Fe2O3 + 6 NaCl 
+ 9H2O 

30 min,  15 (TEM) [85] 

In2O3  InCl3·4H2O + 4NaOH  30 min, 400 °C 25 [86] 
Fe3O4 FeCl2 + 2FeCl3 + 8NaOH → 

Fe3O4 + 8NaCl + 4H2O  
72 h, 13 [87] 

Fe3O4  solution synthesis from FeSO4 + FeCl3 + 
NaOH with subsequently milling  

12 h, 
– 

10 [88] 

Co3O4 2 Co(NO3)2·6H2O + 5 NH4HCO3  30 min, 300 °C 13 [89] 
NiO NiCl2 + Na2CO3 + 4NaCl (as diluent)  → 

NiO + 6NaCl +CO2 
6 h, N, 400 °C 10 [90] 
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Compound Reaction scheme or  
starting compositions 

Milling time, or 
post milling 
condition a,b  

XRD or TEM 
crystallite 

diameter (nm)c 

Ref. No. 

CuO–In2O3  CuCl2 · 2H2O + InCl3 · 4H2O + 5NaOH 1 h, 550 °C 22 [91] 
ZnO ZnCl2 + Na2CO3 + 8.6NaCl (as diluent) 

ZnCO3 +10.6NaCl 
4 h, 400 °C 29 [92] 

ZnO  Zn(CH3COO)2 + H2C2O4 2H2O 30 min, 450 °C 29 [93] 

ZnO  ZnCl2 + Na2CO3 + 8NaCl (as diluent)  1 h, 400 °C 29 [94] 
CdO  CdCl2 + Na2CO3  6 h, 550 °C 31 [95] 

(ZnO)0.9–
(TiO2)0.1 

ZnCl2 + TiOSO4 + Na2CO3 + 4NaCl  6 h, N, 400 °C – [96] 

Sm0.2Ce0.8O2 0.2SmCl3 + 0.8Ce(OH)4 + 0.66NaOH + 
1.54NaCl 

8 h, 550 °C 6 [97] 

ZnO–SnO2 0.9ZnCl2 + 0.1SnCl2 + Na2CO3 + 
4NaCl 

4 h, 400 °C 10–15 [98] 

Al2O3–ZrO2  AlCl3 + ZrCl4 + CaO –, 400 °C – [99] 
Nb2O5 

 

BaFe12O19 
 

MnV2O6 
4H2O 

ZnWO4 

2NbCl5 + 5Na2CO3 → Nb2O5 + 10NaCl 
+ 5CO2 

1.2BaCl2 + 12FeC13 + 38.4NaOH 
 

MnCl2 ·4H2O + 2NaVO3 → 
MnV2O6·2H2O + 2NaCl+ 2H2O 

ZnCl2 + H2WO4 + Na2CO3 + 4NaCl → 
ZnWO4 + 6NaCl + H2O + CO2 

–, 550 °C 
 

24 h, 800 °C 
20 min,  

 
 

6 h, 500 °C 

10–100 
 

irregular shapes  
nanorods 

 
40 

[100] 
 

[101] 
 

[102] 
 

[103] 

a N, it means that the desirable reaction product or by-product was not observed directly after milling. 
b lowest annealing temperature to obtain the desirable nanocrystalline product. 
c mean crystallite size determined from the XRD line-broadening by using the Scherrer equation after 

annealing of the powder at temperatures which are given in the table. 
 
On the other hand, the diluent hinders the mechanochemical reaction substantially, and to 

overcome these effects, long milling times are desired [83]. 
It is known that the addition of an inert salt diluent into the starting powder prevents the 

agglomeration and combustion occurrence due to the following reasons: 
 
a) the diluent separates the reactants, reducing the reaction volume between the reactant 

particles, leading to a decrease in the reaction rate and the rate of heat generation; 
b) the diluent absorbs some of the collision energy during milling, reducing the energy 

transferring into the reactants; 
c) the diluent absorbs heat generated by the reaction, reducing the temperature reached 

during milling.  
 
In case of MeCl2–Na2CO3 mixture, where Me2+ represents Co2+, Zn2+, Ni2+ or Cd2+, the 

formation of MeCO3 during milling of subsequent annealing were observed [89,90,92,95]. 
Followed by heat treatment at low temperatures, the MeCO3 by-product was decomposed to 
the desirable MeO powders. 

Even though it is known that a comparison of different mechanochemical reactions is 
difficult, however, according to the data in Table 4, it is evident that in some cases, MCS 
using anhydrous compound as starting products often occurs at low rates even for long-time 
mechanical milling. For example, the 5 min milling of the TiOSO4·2H2O–Na2CO3 mixture 
leads to the formation of hydrated TiO2 and Na2SO4·xH2O in contrast to the milling of 
anhydrous TiOSO4–Na2CO3 mixture, where a mechanochemical reaction of the precursors did 
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not occur to any measurable extent during the milling, although the Na2SO4 product phase 
formation can provide a strong driving force for a chemical reaction of TiOSO4 with Na2CO3. 
Chemical reaction of the as-milled TiOSO4–Na2CO3 mixture only occurred during the 
subsequent heat-treatment [8]. Similarly, research in the synthesis of nanocrystalline ZrO2 by 
MCS found that a reaction of ZrCl4 with LiOH occurred during a short time milling, whereas 
a reaction with anhydrous Li2O only occurred during the subsequent heat treatment [62,63]. 
This difference in behaviour is most likely attributable to the use of a hydrated reactant and 
water, which can be formed as a by-product (see chapters 2.4 and 2.5). 

An alternative explanation relies on a kinetic scheme, in which the Brønsted-Lowry acid–
base reaction in the presence of hydrated compound is followed by a fast proton transfer with 
low activation energy, accompanied by a neutralization reaction, whereas the Lewis acid–
base reaction or ligand displacement reaction in water free conditions evolved complicated 
solid state ligand exchange reactions, with much higher activation energy between reactants. 

An analysis of the X-ray diffraction patterns reveals that in water free conditions, 
intermediate products may have been formed in early stages. In such cases, the formation of 
an undesirable or thermodynamic stable by-product can be observed during milling or 
subsequent annealing treatment. For example, in case of the ZrO2 preparation by milling of 
ZrCl4–Li2O starting mixture, Li2ZrCl6 as a by-product was observed during annealing [63]. In 
the same manner, milling of the GdCl3–CaO mixture for 4 hours leads to the GdOCl–CaCl2 
mixture and during the subsequent annealing at 600 °C, Ca4OCl6 phase was formed [81]. The 
desirable Gd2O3 appeared after annealing at 700 °C for 5 hours [81]. 

In particular, it has been shown that the temperature of the post-milling heat-treatment 
has to be sufficiently high to minimize an undesirable interaction between the oxide 
nanoparticles and the wash water [98]. For example, it has been demonstrated that the highly 
agglomerated state of the zirconia prepared by water washing of as-milled powder can be 
attributed to effects of hydrogen bonding between surface hydroxyl groups formed through 
the adsorption of water molecules during washing. Free water molecules form bridges 
between the surface hydroxyl groups of neighbouring particles through hydrogen bonding. 
The drying of the powder results in a loss of these coordinated water molecules, thus bringing 
the particles into close proximity. Hard agglomerates are then able to form a condensation 
type reaction during subsequent calcination, as given by Zr–OH + HO–Zr → Zr–O–Zr + 
H2O. Heat treatment of the as-milled powder reduces the severity of agglomeration by 
decreasing the surface reactivity of the zirconia particles towards water. Consequently, fewer 
surface hydroxyl groups are formed during washing. Without these surface hydroxyl groups, 
excess water molecules cannot form bridges between particles and the formation of hard 
agglomerates is thereby inhibited. A reduction in agglomeration arising from ethanol washing 
can likewise be attributed to a decrease in the number of surface hydroxyl groups. During 
ethanol washing, surface hydroxyl groups are replaced by ethoxides, which merely 
decompose during calcination without neck formation between particles [61]. 

In order to avoid such undesirable interactions, we have developed a new strategy, which 
can eliminate the traditional washing procedure of the as-prepared nanocrystalline powder, as 
demonstrated in chapter 4.3. 
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3.4. Redox Synthesis of Single Oxides 
 
It has been shown that solid-state displacement reactions, such as oxidation–reduction, 

can be activated mechanically at low temperatures in a ball mill [3]. However, in contrast to 
the acid–base synthesis of oxide nanoparticles dispersed in the salt matrix, where many 
combinations of the starting mixture can be used, in case of an oxidation–reduction (redox) 
reaction, the sources of suitable precursors are very limited. Up to now, only in two cases, the 
MCS based on the redox processes were published. The first one was the MCS of Cr2O3 
nanopowders, starting from Na2Cr2O7–S mixture [83], and the second one was the MCS of 
Mn2O3, starting from KMnO4–NH4Cl mixture (see chapter 4.1). This situation comes from 
the fact that in many cases, suitable precursors containing high or low valence metal ions, 
capable for MCS redox synthesis, are unstable compounds (TiCl2, TiCl3, CoCl3, MnCl3,) or 
their preparation is difficult (K2FeO4). However, according to our experience, the redox MCS 
seems to be very versatile to obtain the desirable nanoparticles, mainly in cases where the 
traditional acid–base synthesis cannot be used successfully, as it will be seen in case of 
Mn2O3 (see chapter 4.1). On the other side, in case of stable oxides containing metal ions in 
their high oxidation state, the mechanochemical reduction coupled with the formation of a 
soluble salt matrix can be used, as it will be demonstrated in case of V2O5 (see chapter 4.7). 

 
 

4. RECENT DEVELOPMENTS IN MECHANOCHEMICAL  
SYNTHESIS OF OXIDE NANOPOWDERS 

 
The size, morphology, crystallinity, crystallographic orientation, and phase composition 

of samples presented in this chapter were characterized by XRD, TEM, SAED, and HRTEM 
methods. TEM, SAED, and HRTEM analyses were performed on the TEM JEOL 2000FX 
device working at an accelerating voltage of 160 kV and 200 kV. A qualitative elemental 
analysis of the particles and particle agglomerates was carried out using the energy dispersive 
X-ray microanalysis (EDS) method with a GRESHAM detector attached to the TEM. The 
samples for TEM investigation were dispersed using ultrasound. A small amount of powder 
was mixed with ethanol and subjected to vigorous ultrasound stirring for 10 min. 
Subsequently, a drop of strongly diluted ethanol suspension was deposited onto the TEM Cu-
grid, which was previously covered with a holey carbon film. 

The phase composition of the prepared powders was examined by the Philips PW 1050 
diffractometer using Cu Kα radiation. The crystallite size in the heated powders was 
calculated by using the Scherrers equation [126]: D = 0.9 λ/ (B cos θ), where, λ is the 
wavelength of the Cu Kα radiation (0.15418 nm), B the broadening of the diffraction 
measured at half of its maximum intensity (in radians), θ the peak position (in degrees θ). B 
was corrected for instrumental line broadening using the following relationship: 

 
B2 = SB

2 – IB
2, 

 
where SB is the measured breadth of the most intensive diffraction of the sample; IB is the 
instrumental broadening (line broadening of the well crystallized α-Al2O3 sample).  
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DTA/TG study was performed with a Derivatograph Q-1500 D under the following 
conditions: weight of the sample: 100 mg, heating rate: 10 °C/min, atmosphere: air, static. 

 

4.1. Synthesis of Spherical α -Mn2O3 
 
Mn2O3 exists in different polymorphs, where the metastable tetragonal γ-Mn2O3 and 

thermal stable cubic α-Mn2O3 are most important. Manganese oxides are widely used as 
electrode materials and catalysts for removing either CO or NOx from mobile waste gas or for 
preparing soft magnetic materials. Nanometer-sized Mn2O3 with a remarkably increased 
surface area and greatly reduced crystalline size are expected to perform better in these 
aspects of applications [104-106]. Recently, in a novel two-step process for the production 
syngas out of methane and air, based on α-Mn2O3 has been developed [107]. In this process, 
CH4 is oxidized in the absence of air by α-Mn2O3, which acts as an oxygen storage 
compound. The lower-valent manganese oxide is then regenerated or reoxidized by air. 
Among the transition metal oxides, α-Mn2O3 shows the best properties in this field of 
application due to its low volatility and low carbides formation [107]. 

α-Mn2O3 was usually prepared by heating of MnO2 in air in the temperature range of 
600–800 °C. On the other hand, high temperatures result in particle coarsening and 
agglomeration. To solve such problems, we developed a facile synthesis of α-Mn2O3 powders 
based on the mechanochemical reduction of KMnO4 with NH4Cl [82]. 

Shortly described, five grams of KMnO4–NH4Cl mixture corresponding to a 
stoichiometric ratio of 1:1 were loaded to corundum jars of 0.3 dm3 inner volume. The 
mechanochemical synthesis was performed in the high-energy planetary mill TB-1 with two 
milling jars developed by Kadaň Ltd., Slovakia, with the power input of 1.7 kW. Corundum 
balls with 10 mm diameter were used as milling media. The ball to powder mass ratio (BPR) 
of 20:1 was used. 

After 15 min milling, the XRD pattern contains all intensive peaks corresponding to the 
cubic α-Mn2O3 phase and the formation of α-Mn2O3 can be described by the following 
reaction [82]: 

 
2KMnO4(s)+ 2NH4Cl(s) → α-Mn2O3(s) + 2KCl(s) + 4H2O(g) + N2(g) + 0.5O2(g); 
∆H° = –717 kJ mol–1 (3) 
 
With increasing the mechanochemical treatment up to 60 min, the crystallization process 

of α-Mn2O3 is more apparent and the intensity of the diffraction pattern increased gradually 
[82].  

In the mechanochemical reaction of the KMnO4–NH4Cl mixture, the hydrogen bond 
present between the hydrogen of NH4

+ and the oxygen of permanganate during intensive 
milling plays an important role. These interactions are active centres of redox processes 
between permanganate ion and NH4

+ [108]. In addition, it is possible that a part of KMnO4 
reacts with NH4Cl in the mechanochemical displacement reaction and the intermediate 
NH4MnO4 product can be formed. This salt has an explosive-like character and is 
immediately decomposed into a complicated mixture of Mn2O3, NH4NO3, NH3, H2O, N2, and 
O2 [108,109]. 

Figure 3(a,b) shows a TEM study of α-Mn2O3 synthesized after 15 and 60 min milling 
and supports the previously discussed positive role of prolonged milling in the crystallization 
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process. In contrast to 15 min milling, where the TEM study indicates agglomerated and not 
well defined nanograins of α-Mn2O3, consisted powder obtained after 60 min milling from 
aggregates of primary spherical particles with good grain boundary and crystallite sizes 
~30 nm. The result obtained in this study shows that the oxidation–reduction MCS can be 
used as a viable preparation technique for manufacturing α-Mn2O3 nanopowders.  

 

 

Figure 3. TEM image of (a) the nanocrystalline α-Mn2O3 powder prepared by milling of KMnO4–
NH4Cl mixture for 15 min, and 60 min (b). 

 

4.2. Synthesis of Highly Photoactive TiO2 
 
Anatase TiO2 has been the most investigated semiconductor photocatalytic oxide [110-

114]. The basic principle of a semiconductor photocatalysis involves the absorption of 
photon, which yields to electron (e–) and positive hole (h+) pairs formation [111,112]. The 
classical picture of h+ is a highly localized electron vacancy in the lattice. This hole can also 
be identified as a chemical entity such as O– lattice radical, or surface-associated OH 
radicals [111]. In particular, when water acts as a solvent, oxidative hole trapping gives H–

OH+ which fragments rapidly to surface-bound OH and adsorbed H+ [111]. The resulting e–

–h+ pair can migrate towards the catalyst surface and initiate redox reactions, in which 
adsorbed organic molecules are oxidized, or they may undergo an undesirable recombination. 
In order to prevent the e––h+ recombination, highly active anatase TiO2 should have a high 
degree of crystallinity and a small number of surface and bulk defects [114].  

Ten grams of anhydrous Na2CO3 (Lachema) and TiOSO4·2H2O (Riedel de Haën) 
corresponding to a Ti/Na atomic ratio of 1:1.8 were loaded to jars of 0.3 dm3 inner volume. 
Corundum jars and balls with 11 mm diameter served as milling media. The milling was 
carried out for 1–60 min under air. The experiments were performed in the planetary ball mill 
TB-1. The milling speed was fixed at 880 rpm. BPR = 20:1. 

According to the XRD study [72,115,116] (not shown here), high-energy milling for 3-
5 min led to a fine powder mixture of Na2SO4·xH2O and amorphous TiO2. However, as can 
be seen in Figure 4(a), as-prepared TiO2 aggregates consist of many fine bright spots 
observed using the DF TEM technique, which indicate the presence of tiny short-range 
ordered anatase clusters in the amorphous TiO2 matrix. 
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Figure 4. TEM images with relevant SAED patterns in insets of TiO2 powder prepared by milling of 
TiOSO4·2H2O–Na2CO3 mixture for (a) 5 min, and (b) 60 min. Bright spots in DFTEM image in (a) are 
tiny clusters of anatase, nanoparticles in (b) is rutile TiO2. 

This is also supported by the relevant SAED pattern shown in the inset of Figure 4(a), 
where the most intense anatase reflections (101), (200), and (105) (ICCD card No: 21-1272) 
are denoted. 

With further milling, the amorphous particles of TiO2·xH2O gradually transform to the 
crystalline rutile TiO2 phase, and after 60 min, ~20 nm rutile nanocrystals with spherical-like 
morphology can be obtained, as shown by the TEM images in Figure 4(b). The rutile 
presence is confirmed by the SAED pattern in the inset of Figure 4(b) (ICCD card No: 21-
1276). The formation of the crystalline rutile phase during milling can be explained according 
to the mechanochemical effect, such as the ball contact’s temperature and pressure rise 
previously discussed in chapter 2.3. 

Figure 5 shows TEM results of samples milled for 5 min and annealed at different 
temperatures for 1 hour. 

 

 

Figure 5. (a–d) TEM and HRTEM images of TiO2 powders prepared by milling of TiOSO4·2H2O–
Na2CO3 mixture for 5 min and calcined at 300 °C, (a,b), 400 °C, (c,d), showing anatase nanoparticle 
development. 

Upon calcination at 300 °C and 400 °C, the as-milled TiO2 particles have changed into a 
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mixture of fine anatase nanocrystallites and amorphous TiO2, as documented in Figure 5(a–
d). The coexistence of the anatase nanocrystallites and amorphous phase is evidenced both by 
the SAED method (inset of Figure 5(a)), and by HRTEM image (Figure 5(b,d)), where the 
crystalline regions exhibit a lattice fringe contrast with the interlayer spacing of 0.35 nm 
consistent with the anatase (101) interplane distance (ICCD card No: 21-1227). 

The majority of nanocrystallites embedded in amorphous matrix showed a size of 
approximately 3 nm and 6 nm, respectively. Some extra spots in the SAED pattern belong to 
the Na2SO4 by-product (ICCD card No: 5-0631) that was not removed in the course of the 
washing procedure (inset of Figure 5(c)). 

The calcination at 500 °C led to a powder sample consisting predominantly of spherical-
like anatase nanoparticles exhibiting a XRD crystallite size of about 12 nm, Figure 5(e,f). It is 
evident that anatase nanoparticles are well crystallized and they are characterized by non-
faceted outer edges. The nanoparticles obtained by the total breakdown of the mother 
amorphous TiO2 powder after heating at 600 °C and 700 °C can be seen in Figure 5(g–j). 

 

Figure 5. (e–j). TEM and HRTEM images of TiO2 powders prepared by milling of TiOSO4·2H2O–
Na2CO3 mixture for 5 min and calcined at 500 °C, (e,f), 600 °C, (g,h), and 700 °C/1 h, (i,j); showing 
anatase nanoparticle development. 

 
The average XRD crystallite size was about 20 nm and 24 nm upon annealing at 600 °C 
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and 700 °C, respectively. All diffraction rings in relevant SAED patterns, which consist of 
distinct bright sharp spots (insets in Figure 5(g,i)), are ascribed to an anatase phase, and the 
most intensive circles belong to the (101), (004), (200), and (105) diffractions.Upon annealing 
at 700 °C, the most abundant 2D TEM projections of formed nanocrystals were rhombus and 
truncated rhombus-like, apart from squared-like, rectangular and quasi-hexagonal ones 
(Figure (5(i,j)). All these 2D TEM projections can be assigned to the 3D dipyramidal shape of 
anatase depicted in scheme in Figure 5(j). 

An EPR spin-trapping technique, which monitored the formation of reactive hydroxyl 
radicals on the surface of TiO2 upon irradiation, was used for the determination of the 
photocatalytic activity [115,116]. The hydroxyl radicals were generated upon in situ 
irradiation of aerated TiO2 suspensions in the presence of 5.5-dimethyl-1-pyrroline N-oxide 
(DMPO) as spin trap, enabling the detection of hydroxyl radicals as the paramagnetic 
DMPO-OH adduct. The experimental time dependencies of the intensity were fitted by a 
non-linear least-squares method to suitable formal kinetic models, and the formal initial rate 
of the DMPO-OH formation, Rin(

DMPO-OH), was calculated. The obtained values of 
Rin(

DMPO-OH) serve for a comparison of the ability to generate reactive hydroxyl radicals 
upon irradiation of synthesized titania samples in aerated aqueous media. More technical 
details focused on the EPR study of mechanochemically prepared TiO2 can be found in Ref. 
[115,116]. 

Figure 6 summarizes values of the initial rate of the photoinduced •DPMO-OH 
termination upon UVA irradiation measured by EPR spectroscopy. As clearly seen, the 
photoactivity of TiO2 powders increases with a rising calcination temperature, and the sample 
calcined at 700 °C shows a substantially higher initial rate of the DMPO-OH formation 
(Rin(

DMPO-OH)) than the Aeroxide® P25 TiO2 sample.  
 

 

Figure 6. Initial rates of the DMPO–OH formation evaluated for anatase TiO2 synthesized at different 
temperatures with their corresponding XRD crystallite size and for TiO2 Degussa P-25. 
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It is known that insufficient crystallization of samples leads to an amorphous zone 
containing many imperfections, which enhance the rate of the e––h+ recombination on the 
surface [114]. Therefore, not only small anatase crystallites (2 nm) assembled to aggregates 
but also a high proportion of the amorphous phase can be responsible for the low 
photoactivity of a sample annealed at 300 °C (see the related image in Figure 5(a,c)). 

It is considered that the consumption of most of the retained amorphous phase 
significantly affects the escalation of photoactivity upon calcination at temperatures between 
400 °C and 500 °C. The anatase nanoparticle growth to an average XRD crystallite size of 
20 nm and their partial faceting and crystallinity improvement can be considered to be the 
main reasons for a further increase in the photoactivity in the sample annealed at 600 °C.  

However, it is presumed that the high photoactivity of the sample annealed at 700 °C 
cannot be simply attributed to the growth in the crystallite size (d = 24 nm) and the 
improvement in crystallinity, as only small changes in these parameters occurred during 
processing.  

It is supposed that this may be predominantly attributed to the {101} faceting, since the 
apparent modification in the morphology accompanied by an enlargement of the (101) plane 
area was noted, as it clearly emerges from a comparison of Figure 5(g–j) providing BF TEM 
and HRTEM images of samples annealed at 600 °C and 700 °C, respectively. While the 
sample calcined at 700 °C is remarkably more efficient than that annealed at 600 °C, it can be 
also concluded that a partially faceted or rounded morphology of anatase nanoparticles may 
be predominantly responsible for a lower activity of the sample annealed at 600 °C. Our 
results are consistent with other reports that the morphology of anatase crystallites remarkably 
influences physical and optical properties as well as the photoreactivity of the TiO2 
nanocrystals [117-119]. 

It can be concluded that the mechanochemical treatment of TiOSO4·2H2O and Na2CO3 
leads to the formation of a nanocrystalline rutile with the TEM crystallite size of ~20 nm after 
60 min milling. After an interruption of the milling process at 5 min and subsequent treatment 
in the range of 300–700 °C, it is possible to prepare nanocrystalline anatase with the average 
particle size diameters ranging from 6 to 24 nm, depending on the annealing temperature. 
This allows a mechanochemical synthesis of either nanocrystalline rutile or highly 
photoactive anatase nanopowders by a variation of milling times and annealing temperatures. 

 
 

4.3. Solid–Liquid State Synthesis of TiO2 and SnO2 
 
As per our knowledge, only small attention has been devoted to the mechanochemical 

preparation of oxide materials from their various liquid precursors. Liquid TiCl4 (the boiling 
point 185 °C) as a starting reactant in MCS was used only in a mechanochemical redox 
process for the production of fine titanium powder [4,16]. 

In the case of MCS of TiO2 discussed in the previous chapter, starting precursors were in 
the solid state and it was necessary to remove the new-formed Na2SO4·xH2O by-products by 
an additional washing procedure. In contrast to the traditional isolation of the prepared 
nanocrystalline powders by using a mechanochemical treatment, where a washing procedure 
is always needed after annealing, we have developed a new one-step procedure combining the 
crystallisation of oxide powders with the evaporation of the NH4Cl matrix (see the related 
scheme in Figure 2(b)). This method can avoid a contact of nanocrystalline materials with 
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water, which can lead to an undesirable reaction path [71,73]. The new method is based on 
the formation of a NH4Cl salt matrix (stage II. in Figure 2(b)), which decomposes during the 
following low-temperature annealing (stage III. in Figure 2(b)). 

Starting materials were TiCl4 (Fluka, > 98 %) and (NH4)2CO3 (Lachema, Czech 
Republic). The MCS was performed in the high-energy planetary mill TB-1. Corundum balls 
with a 10 mm diameter and jars with 0.3 dm3 inner volume were used. Liquid TiCl4 was 
carefully added into the jars, which already contained the basic (NH4)2CO3 salt, and then the 
jars were promptly closed. The frequency of central axes of the mill was fixed at 890 rpm. 
BPR = 10:1. 

Figure 7. Shows DTA and TG results of a 5 min milled sample.  
 

 
 

Figure 7. DTA/TG curves for the product obtained from TiCl4–(NH4)2CO3 mixture milled for 5 min. 

Two endothermic peaks at around 105 °C and at 205 °C (curve (a)) can be accompanied 
with a weight loss of 7 % (curve (b). The former peak is caused by the removal of physically 
adsorbed water and the latter is associated with the removal of structural water in the 
hydroxide and oxo-hydroxide form of titania. The endothermic peak in the temperature 
interval of 250–400 °C with the minimum at 355 °C connected with a strong mass loss can be 
attributed to the sublimation or decomposition of NH4Cl. The total mass loss of 74.8 % 
between 25–1000 °C (curve (b)) is in reasonable agreement with the theoretical value of 
74.2 % for the equation (4): 

 
TiO2·H2O(s) + 4NH4Cl(s) → TiO2(s) + 4 NH4Cl(g) + H 2O(g); (4) 
 
This result is consistent with our previous study, where the NH4Cl phase formation after 

5 min milling and their subsequent sublimation at temperatures above 250 °C during 
annealing was detected [73]. The exotherm at 480 °C is attributed to the crystallization of 
amorphous TiO2 into anatase TiO2. The endotherm at 525 °C accompanied by a slow mass 
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increase of 1.7% in the temperature range of 450–550 °C cannot be ascribed rigorously, most 
probably due to the possible complicated gas–solid reaction between TiO2 and gasses evolved 
from NH4Cl. 

Although the reaction between TiCl4 and (NH4)2CO3 is exothermic, we have not 
observed crystalline TiO2 in the 5 min milled sample. Instead of this, the reaction led to the 
production of a non-crystalline network of hydrated TiO2. The reaction water, which is 
evolved during milling, plays a crucial role. This water can enhance the hydrolytic reactions 
of both TiCl4 and (NH4)2CO3 and thus favour simple neutralizations of the newly formed 
hydrolytic products. Moreover, due to the thermal instability of (NH4)2CO3, which 
decomposes during the high-energy milling to free ammonia, water and CO2, it is possible 
that a complicated gas–liquid–solid mechanochemical reaction can be proposed. 

According to XRD and DTA/TG results, the overall chemical processes during 5 min 
milling can be described as follows: 

 
TiCl4(l) + 3(NH4)2CO3(s) → TiO2·H2O(s) + 4NH4Cl(s) + 3CO2(g) + 2NH3(g); (5) 
 
Figure 8 shows an effect of the annealing process on the XRD crystallite size and phase 

compositions. XRD patterns confirmed the presence of NH4Cl formation after 5 min milling 
and their subsequent sublimation at temperatures at above ~250 °C as well as the anatase 
phase crystallization at 230 °C along with a gradual anatase to a rutile phase transformation in 
the temperature range of 750–950 °C.  

 

 

Figure 8. XRD patterns and corresponding anatase XRD crystallite size of samples obtained after 5 min 
milling of the TiCl4–(NH4)2CO3 mixture and annealed at different temperatures. (■): (101) anatase 
TiO2; (●): NH4Cl; (○): (110) rutile TiO2. 
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An increase in the temperature induces a sharpening of the anatase peaks, suggesting an 
increase in the crystallite size. The thermal treatment at 300 °C resulted in the formation of 
anatase powder with the mean crystallite size of 12 nm. A further increase in the annealing 
temperature up to 750 °C caused by a growth of anatase crystallites to ~31 nm, accompanied 
by a transformation of the anatase to the rutile phase, matching with the thermodynamic 
stability of the anatase and rutile phases, being crystallite size-dependent, where the rutile is 
the most thermodynamically stable phase at sizes greater than 35 nm [120]. 

As previously reported by Bala et al., NH4Cl lowers the crystallization temperature of 
anatase down to 200 °C [121], and Li et al. demonstrated that crystallization of the anatase 
phase by calcination even at 150 °C was possible [122]. Our results are consistent with their 
study. 

It can be concluded that the presence of a mechanochemically formed NH4Cl salt matrix 
during annealing substantially enhances the crystallization of anatase TiO2 in their 
nanocrystalline form. However, if the positive role of NH4Cl in the anatase crystallization is 
due to the their sublimation or decomposition to HCl and NH3, as proposed by Bala et al. in 
Ref. [121], or NH4Cl assists as the salt flux during annealing, it is still an open question. 

Our new study was focused on the preparation of SnO2 nanopowders by using liquid 
SnCl4 as a starting precursor as an alternative to less reactive SnCl2 instead. The 
mechanochemical synthesis was performed in a high-energy TB-1 planetary mill. The milling 
rotation frequency of the central axes was 890 rpm. Corundum 10 mm balls with the weight 
of 100 g and corundum jars with the 0.3 dm3 inner volume were used as milling media. The 
sample was prepared by the reaction of 5.25 g (NH4)2CO3 with 2.2 ml of SnCl4. Liquid SnCl4 

was carefully added to the jars containing the (NH4)2CO3 powder, which were then promptly 
closed. The milling time was 5–120 min. BPR = 10:1 and 30:1. 

According to the XRD patterns, the reaction between SnCl4 and (NH4)2CO3 was 
completed after 5 min [71]. In this case, the following reaction can be suggested for the 
process: 

 
SnCl4(l) + 3(NH4)2CO3(s) → SnO2·(1–x)H2O(s) + xH2O(g) + 4NH4Cl(s) + 3CO2(g) + 2NH3(g)  

 
ΔH° = – 150 kJ mol–1;  (6) 
Surprisingly, we observed an unexpected (NH4)2SnCl6 intermediate by-product during 

the annealing of the as-milled samples in the range of 170–300 °C, which hinders the 
formation of SnO2 substantially [71]. In this case, the following reaction can be suggested for 
the process: 

 
3SnO2·H2O(s) + 12NH4Cl(s) → 2(NH4)2SnCl6(g) + 8NH3(g) + 7H2O(g) + SnO2(s) ;  (7) 
 
Heating at temperatures above 300 °C leads to an evaporation and decomposition of the 

(NH4)2SnCl6 by-product. As a result of the formation of the (NH4)2SnCl6 intermediate by-
product, the yield of SnO2 for a 5 min milled and annealed sample was 30.2 % only. On the 
other hand, annealing under H2O/NH3 atmosphere can avoid the (NH4)2SnCl6 formation 
completely. 

The effect of the annealing temperature and atmosphere on the average crystallite size of 
SnO2 is summarised in Table 5. The crystallisation of SnO2 starts at about 300 °C. In our 
previous study, we have comparably reported unusually low crystallisation temperatures for 
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TiO2 samples annealed in the presence of an NH4Cl salt matrix. Both results can be explained 
by the fact that the NH4Cl salt matrix formed as a reaction by-product can lower the 
activation energy of SnO2 and TiO2 nucleation. In contrast to samples annealed in air 
atmosphere, the sample obtained after annealing under H2O/NH3 atmosphere showed a lower 
crystallite size at higher temperatures (Table 5). 

 
Table 5. Influence of the annealing temperature and the annealing 

 atmosphere on the mean XRD crystallite size of SnO2 
 

 Annealing 
temperature 

(°C) 

300 400 500 600 700 Milling 
time (min) 

Annealing 
atmosphere

Crystallite size 
D (nm)  

 ~ 2 3 17 29 48 5 air 
 4 5 8 18 35 5 H2O/NH3 

 
It is known that the dehydration of SnO2·xH2O particles occurs via condensation of 

surface Sn–OH groups and the condensation of the Sn–OH groups leads to the formation of 
surface Sn–O–Sn bonds [69]. Under the H2O/NH3 atmosphere, surface hydroxide groups 
remain on the SnO2 surface until relatively high temperatures and thus hinder a further inter-
crystallite growth process. In this case, the mean crystallite size ranged from 8 to 35 nm 
depending on the heating temperature. 

In order to obtain more detailed information on the morphology and size of the generated 
crystallites, the product annealed under the H2O/NH3 atmosphere was further studied using 
TEM and SAED methods. Figure 9(a) shows the BF TEM image with the SAED pattern in 
the inset of the samples annealed at 300 °C, and the related image recorded in DF is in Figure 
9(b). TEM and SAED examinations show that the powder consists of very fine tetragonal 
SnO2 nanocrystallites with the size around 2 nm, therefore, SAED rings (inset in Figure 9(a)) 
are narrower than those of the halo circles typical for amorphous material. The occurrence of 
nanosized crystallites in the sample upon annealing at 300 °C is also clearly shown in the 
DF TEM image, where fine bright spots are related to the crystalline SnO2 phase. 

Figure 9(c) shows a typical BF TEM image of the SnO2 powder annealed at 600 °C. The 
SnO2 consisted of 15–25 nm nanocrystals in size, which is in line with the size calculated by 
the Sherrer method (18 nm). The SAED image (inset of Figure 9(c)) is created by diffraction 
rings consisting of discrete spots, typical for larger and well-developed crystallites. Their 3D 
morphology can be assessed from the DFTEM image, Figure 9(d).  

Figure 9(e) shows the BF TEM image of an aggregate consisting of fine SnO2 crystallites 
generated in the sample during the milling for 120 min with the ball to powder mass ratio 
equal to 30:1. The DF TEM image of the SnO2 powder is in Figure 9(f). The SAED pattern 
(inset of Figure 9(e)) is created by concentric slightly broadened diffraction rings. The 
broadening of the diffraction circles can be explained by the presence of very fine SnO2 
crystallites as a result of the mechanochemical transformation of amorphous SnO2·xH2O to 
the nanocrystalline SnO2. 

Based on the above-mentioned observations, it can be summarised that the MCS of 
nanocrystalline TiO2 and SnO2 from their reactive precursors such as TiCl4 and SnCl4, by 
using the well-known nature of the NH4Cl salt matrix, opens a new and simple way for 
producing large quantity TiO2 and SnO2 powders. 
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Figure 9. TEM photos of SnO2 nanocrystals prepared by a 5 min milling of the SnCl4–(NH4)2CO3 
mixture followed by annealing at 300 °C in air (a), BFTEM with SAED pattern in inset and (b) 
DFTEM. SnO2 nanocrystals prepared by annealing at 600 °C under an H2O/NH3 atmosphere. (c) 
BFTEM with SAED in inset and DFTEM (d). SnO2 nanocrystals prepared by 120 min milling at higher 
intensity of the same mixture (e) BFTEM with SAED in inset and (f) DFTEM. Miller indices are 
assigned to the diffraction rings of most intense reflections of tetragonal SnO2 phase in all SAED 
patterns. 

 

4.4. Polymeric Precursors in the Low Temperature Synthesis of α-Al2O3 
 
Syntheses of nanocrystalline metal oxides often yield materials structurally differing from 

the thermodynamically stable phase [123]. As an essential example, the corundum can be 
used. Although corundum, α-Al2O3, is a thermodynamically stable phase of coarsely 
crystalline Al2O3, the surface energy for α-Al2O3 is significantly higher than that of γ-Al2O3 
[123]. Thermodynamics and structure-based analyses confirm that when alumina particle 
sizes decrease to ~15 nm (T = 298 K), the total free energy of the bulk metastable γ-Al2O3 
alumina can be lower than that of the bulk stable α-Al2O3 phase [124]. Thus, the synthesis of 
nanocrystalline Al2O3 usually results in γ-Al2O3 [123]. Upon heating, γ-Al2O3 undergoes a 
series of polymorphic phase transformations from a highly disordered cubic close packed 
lattice to a more ordered cubic close packed θ-Al2O3. At above ~1200 °C, θ-Al2O3 undergoes 
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a reconstructive transformation by nucleation and growth, where the oxygen lattice rearranges 
into a hexagonal close packed structure to form stable α-Al2O3. Unfortunately, the rapid 
crystalline growth at such high temperature, which is enhanced by the heat generated during 
the exothermic transitions θ-Al2O3 → α-Al2O3 favour the abnormally large initial α-Al2O3 
crystal sizes [125]. 

Nowadays, it seems that reactive precursors that partially yield corundum at temperatures 
significantly lower as that as 1000 °C can be prepared at ambient conditions [126-131]. For 
example, Brand et al., starting from basic aluminium chloride gels with the composition range 
of Al2O3·(1–2)HCl·(2–4)H2O, observed an extraordinary calcination behaviour with a partial 
α-Al2O3 crystallization at 420 °C [127]. In some cases, it has been observed that the 
polymeric forms of Al ions, namely the Keggin [Al13O4(OH)24(H2O)12]

7+ ion, (ε-Al13-mer), is 
coupled with the low-temperature α-Al2O3 formation [128,129]. 

The structure of -Al13 is highly symmetric with a central tetrahedral fourfold coordinated 
Al3+ surrounded by 12 octahedral coordinated Al3+. The -Al13 is usually synthesized in an 
Al3+ solution by injection or dropwise addition of a base [132-134]. -Al13 has been applied in 
many fields such as the preparation of alumina–pillared montmorillonites [134], synthesis of 
α-alumina base nanomaterials [135], and mainly in coagulation processes in water treatment 
[136].  

Up to now, almost all investigations reported in the literature on the -Al13 formation 
were performed in the liquid state with relatively low starting Al3+ concentrations (0.0025–
0.5 M) [137]. However, we have previously demonstrated, by using 27Al NMR solution 
spectroscopy, that the -Al13 ion can be obtained even after 5 min milling starting from 
[Al(H2O)6]Cl3–(NH4)2CO3 mixture [137]. To the best of our knowledge, this is the first time, 
where the polymeric ion as a by-product was detected after the milling procedure. The 
formation of -Al13 during milling can be described by the following reaction: 

 
13[Al(H2O)6]Cl3(s) + 16(NH4)2CO3(s) → [Al13O4(OH)24(H2O)12]Cl7(s) + 32NH4Cl(s) 

+ 16CO2(g) + 54H2O(g); (8) 
 
Generally, the detection of the polymeric ions during milling can be helpful to describe 

the mechanism of the acid–base interaction in the system. Technical details of the MCS and 
the structural characterizations of the samples are described in Ref. [137]. 

The similarity of the -Al13 formation during the mechanochemical treatment and 
preparation via partially neutralizations processes can happen according to the comparable 
hydrolysis processes, which occur during milling. In our case, the solubility and hydrolysis of 
initial products in water becomes essential. Therefore, it is possible to consider the 
mechanochemical synthesis of -Al13 from the viewpoint of the theory of reaction in water 
solutions. 

More interestingly, our studies based on the mechanical activation of basic polyaluminum 
chloride (Bikof, Kadaň, Ltd., Slovakia), to which -Al13 belongs, showed that the partial 
crystallization and formation of the α-Al2O3 phase was obtained after 10 min milling coupled 
with the annealing even at 300–400 °C [78]. 

In order to obtain new structural information about basic polyaluminum chloride (PACl), 
the PACl solution was prepared by dissolving aluminum rods in the 2 M hydrochloric acid at 
95–100 °C. The obtained solution was dried and as-formed brittle gel was subsequently high-
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energy milled for 10 min using the planetary mill TB-2 at 890 rpm. BPR = 20:1. Powders 
were annealed in the temperature range of 300–1200 °C for 1 hour. The as-milled and 
annealed PACl gel was further studied using TEM, HRTEM, and SAED methods. The phase 
evolution of α-Al2O3 sample was calculated on the basis of a semiquantitative analysis by a 
comparison of the intensity of the (012) diffraction line, I012 with the intensity of the (012) 
diffraction line of the well crystalline α-Al2O3 sample prepared at 1200 °C, I012 1200°C  
[138]. 

As can be seen in Table 6, the calculated XRD α-Al2O3 crystallite sizes increase from 
15 nm at 400C to 60 nm at 1200C. 

 
Table 6. Calculated XRD α-Al2O3 crystallite size and the evolution of α-Al2O3  

phase during annealing 
 

Annealing 
temperature  

(°C) 

Calculated α-Al2O3 XRD 
crystalline size D (nm) 

The evolution of  
I012/I012 1200°C ratio (%)  

with temperature  

400 15 8 

600 34 16 

800 40 36 

1000 52 94 

1200 61 100 

 
Figure 10(a) shows a typical TEM image of the particle of the as-milled PACl gel. The 

presence of diffusion rings in the SAED pattern suggests that the particle is amorphous. 
Figure 10(b) shows a HRTEM image of 10 min milled PACl gel after annealing at 400C, 
which confirms the partially amorphous structure of powders.  

The amorphous matrix and corundum nanoparticles of about 10 nm in diameter has 
already been registered in sample. The size of the evolved nanocrystallites measured from 
HRTEM images is in good agreement both with that calculated in this work by the Scherrer 
method (15 nm) and with the theoretical model, which predicts that the lowest α-Al2O3 
crystallite size formed after annealing at 400C is close to 20 nm [124]. 

Figure 10(c) shows a sample obtained after annealing at 600C. There the coexistence of 
amorphous alumina, corundum nanoparticles and crystallites of transition alumina in the 
microstructure of the powders were revealed. The microstructure of the sample prepared at 
800C is predominantly made up of evolved α-Al2O3 nanoparticles (arrowed in Figure 10(d)) 
and fine crystallites of γ-Al2O3, which is also confirmed by SAED method, (Figure 10(d)). 
The complete transformation to α-Al2O3 took place, when the calcination temperature 
increased to 1000C. New formed aggregates consisting of the α-Al2O3 phase possessed the 
vermicular morphology (Figure 10(e)). This morphology is consistent with the morphology of 
α-Al2O3 crystals obtained by annealing of traditional α-Al2O3 precursors [139]. At 1200 °C, 
the previously coalesced, vermicular features of α-Al2O3 are fragmented into individual 
nanoparticles (Figure 10(f)) that have high crystallinity, as follows from SAED pattern in 
inset in Figure 10(f). 
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Figure 10. TEM image of as-milled PACl gel (a), with SAED pattern. TEM images with relevant 
SAED patterns of as-milled PACl gel annealed at (b) 400C, (c) 600C, (d) 800C, (e) 1000C, and (f) 
1200C. Rings in SAED patterns can be assigned to three the most intense reflections of γ-Al2O3. 

 
The two points of view can be used to explain the low temperature α-Al2O3 

crystallization. The first point of view presumes the inside mechanochemical parameter such 
as the local ball contact pressure or temperature rise can be used. It is known that when 
a phase transformation is associated with an irreversible volume reduction, as in case of γ → 
α-Al2O3, high pressure reduces the nucleation barrier and thus, the nucleation rate for the 
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transformation increases with the pressure [140]. Moreover, according to the p–T diagram of 
the system Al2O3–H2O, α-Al2O3 can be obtained hydrothermally even at ~ 400 °C and 
pressures up to 20 MPa [141]. Boldyrev, et al. calculated that in the presence of an optimal 
amount of water during high-energy milling, local temperature and pressures on ball contact 
areas can reach up to 450 °C and ~45 MPa, respectively [46,47]. Under these conditions, the 
reactant, which contains water, undergoes hydrothermal processes. Therefore, it is quite likely 
that an elevated temperature coupled with a high water pressure, which are developed in local 
sites of a PACl particle, can provide both thermodynamically favourable conditions to form a 
corundum-like precursor, which transforms to nanocrystalline α-Al2O3 during subsequent low 
temperature annealing. 

The second point of view is based on the structural relationship between polymeric Al 
species in their chloride form such as [Al13O4(OH)24(H2O)12]Cl7 and corundum-like 
precursor, hence, chloride ions are considered to establish a local coordination environment 
favourable for α-Al2O3 nucleation [126]. In view of that, we propose that the anions sublatice 
of PACl gel obtained after high-energy milling, which consists of O, OH, Cl, favours the 
topotactic manner, in which the corundum-like structures are created and decompose to α-
Al2O3 at a low temperature. Nevertheless, the formation and composition of reactive 
precursors with a corundum-like structure during milling of the polyaluminium chloride gel 
remains to be solved. 

 
 

4.5. Mechanochemical-Molten Salt Synthesis of α-Al2O3 Platelets 
 
Molten salts as reaction media provide an alternative to solid-state chemistry by offering 

the possibility to change the solubility and/or reactivity of the reactants. In molten media, 
reactions are usually controlled by chemical equilibria and proceed much faster than 
diffusion-controlled solid-state reactions [13]. In particular, by using molten salt treatment, it 
is possible to create the promotion of the selective growth of certain crystallographic planes, 
which leads to the appearance of highly anisotropic particles in the reaction products [14]. 
Similarly as in case of the MCS of nanopowders, after cooling, the salt matrix is eliminated 
by washing with water. 

The powders obtained by molten salt synthesis (MSS) methods have several unique 
characteristics compared to those obtained by other methods such as the conventional solid-
state synthesis, coprecipitation, sol-gel, or mechanochemical methods. For example, the 1D or 
2D dimensional morphology can be obtained very easily by this technique, and these features 
are more evident in case of strongly anisotropic materials [142]. The synthesis temperature 
and time are usual factors, which lead to different results. Changes in the amount and type of 
salt can induce a huge difference in powder characteristics because they are responsible for 
the reaction and growth environments. 

It is believed that the features of the MSS are related to the surface and interface energies 
between the constituents and the salt, resulting in the tendency to minimize the energies by 
forming a specific morphology. The environments during the development of the morphology 
can be controlled by an appropriate choice of the salt. Therefore, the selection of salt is 
critical in obtaining desirable powder characteristics. There are several requirements for the 
selection of the salt. First, the melting point of the salt should be low and appropriate for the 
synthesis of the required phase. In many cases, several eutectic compositions have been used 
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to reduce the melting point of the salt. The salt should have a sufficient aqueous solubility in 
order to eliminate the salt easily by washing after synthesis. The stability of the salt against 
any harmful interactions between the salt and the constituents can be another factor [142].  

Molten alkali metal fluorides, chlorides or hydroxides were used to obtain and grow 
crystals of various mixed oxides from corresponding single oxides. Better control of the final 
product morphology was achieved using molten alkali metal oxosalts such as nitrates, nitrites, 
or carbonates as precursors [13,14]. 

It is generally accepted that the basicity of the melt, defined by the Lux-Flood acid–base 
theory and quantified by Eq. (9), plays an important role in a synthesis of single (Eq. (10)) 
and mixed oxides (Eq. (11)), [13,143]: 

 
Base ↔ acid + O2– (9) 
 
Me2+ + O2– ↔ MeO (10) 
 
Me1

2+ + Me2
2+ + 2O2– ↔ Me1Me2O2 ;  (11) 

 
where Me1 and Me2 are two different cationic species. 

In recent times, various processing methods of the α-Al2O3 phase preparation based on 
the MSS have been introduced. In case of the α-Al2O3 synthesis, precursors such as Al(OH)3 
or Al2(SO4)3 are heated with Na2SO4 or eutectic NaCl–KCl mixture above its melting point 
[144-149]. By using α-Al2O3 seeds, the crystallization temperature of α-Al2O3 can be 
decreased down to 800–900C [146,149]. Furthermore, it has been demonstrated that the 
molten salt synthesis opens a new and valuable strategy to obtain α-Al2O3 materials with 
plate-like morphology at low temperature [144-148].  

In this context, we developed a new mechanochemical-molten salt synthesis of the α-
Al2O3 phase with plate-like morphology by using PACl gel as a starting reactant. The feature 
of this synthesis method is related to the lowering of the crystallization temperature of α-
Al2O3 phase by high-energy milling and to the surface and interface energies between the 
different alumina and the molten salt during the subsequent annealing, resulting in a tendency 
to form a 2D morphology.  

Dried gel of PACl prepared by dissolving of Al rods in 2 M HCl was high-energy milled 
for 5 min using the planetary mill TB-2 at 890 rpm. BPR = 20:1. Then, 7 g of the NaCl–KCl 
mixture in the desired 1:1 mole ratio was added into 3 g of 5 min milled PACl powder and 
milled for another 5 min (5 + 5 min sample). 

Figure 11 shows XRD results of a sample obtained after annealing at different 
temperatures. At 600C, the powders composed of a small amount of the α-Al2O3 phase with 
broad diffractions of the γ-Al2O3 phase. After annealing at 630C, the transformation to α-
Al2O3 is more apparent, however, the γ-Al2O3 phase is still evident. 

Interestingly, when the temperature increases up to 660C, the rest of the γ-Al2O3 phase 
was completely transformed to the α-Al2O3 phase. The XRD patterns of powders heated at 
660C, 700C, and 1000C were nearly identical, demonstrating the end of the α-Al2O3 
formation at 660C. It is worth noticing that the crystallization of single-phase α-Al2O3 can be 
decreased to 660C, which is one of the lowest observed temperatures for the pure α-Al2O3 
phase formation at ambient conditions. 
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Figure 11. XRD patterns of the products obtained from 10 min milled PACl–NaCl–KCl mixture (5 + 
5 min sample), annealed at different temperatures and washed. (▼): α-Al2O3; (■): γ-Al2O3. 

Previous studies of the α-Al2O3 precursors such as γ-Al2O3, Al(OH)3 have explored the 
feasibility of lowering the formation temperature of α-Al2O3 by using a high-energy ball mill 
[125,138,150,151]. Both temperatures and activation energies of the transformation decrease 
with ball milling time [151]. The characterization of the powders before and after ball milling 
suggests that ball milling generates a large amount of defects, and these defects promote the 
θ-Al2O3 → α-Al2O3 phase transformation [151]. 

However, in contrast to this, we propose that PACl gel undergoes hydrothermal processes 
during high-energy ball milling, which provide thermodynamically favourable conditions to 
form a corundum-like precursor, which is partially transformed into α-Al2O3 seeds even at 
600C [78]. Because of their small sizes, the α-Al2O3 seeds themselves can serve as α-Al2O3 
nuclei during further annealing at above 600 °C. Furthermore, it can be expected that the 
solubility of γ-Al2O3 or amorphous alumina in NaCl–KCl melt, which are thermodynamically 
less stable phases when compared to α-Al2O3, can be significantly higher than that of α-Al2O3 
[152, 146]. Thus, we suggest that during the heating at 660 °C, the rest of γ-Al2O3 or 
amorphous alumina dissolve in the NaCl–KCl eutectic melt, and precipitate as a new α-Al2O3 
phase on the surface of α-Al2O3 seeds, which were previously formed as a decomposition 
product of the as-milled PACl. 

Figure 12 shows TEM micrographs of the synthesized Al2O3 powders in NaCl–KCl flux 
at 600C, 660C, 700C, 1000C, for 2 h, by using a 5 + 5 min sample as the starting 
materials. At 600 °C, powders consisted mainly of agglomerates of tiny particles of -Al2O3 
transition alumina and α-Al2O3 features (Figure 12(a)), as determined by the SAED method 
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(inset in Figure 12(a)). However, after annealing at 660 °C, the proportion of these phases 
was changed, (Figure 12(b)). The α-Al2O3 phase with a plate-like morphology and segmented 
facets seen in Figure 12(c) was formed upon heating even at 700 °C, and the annealing at 
1000 °C led to well-defined hexagonal α-Al2O3 platelets with the thickness of 100 nm and 
diameters varying from 0.5 to 2 μm (Figure 12(d)). 

The viscosity of NaCl–KCl salt flux decreases with increasing temperature, which makes 
it easy for the NaCl–KCl flux to enter into pores of the decomposed PACl powders and 
correspondingly increases the interface area between starting materials and the molten salt. 
Therefore, the formation rate of α-Al2O3 platelets can be accelerated at a higher temperature 
[146]. During a molten salt synthesis, the liquid molten-salt environment provides the space 
and possibility that the synthesized powders grow according to crystal characteristic. Besides, 
the diffusivity of components is increased and the diffusion distance is shortened with the 
help of salt fluxes. Moreover, the in situ formation of α-Al2O3 seeds also provides low energy 
sites for nucleation and next crystal growth due to the reduction of an energy barrier required 
for nucleation [146]. 

 

 

Figure 12. TEM images of α-Al2O3 particles synthesized in NaCl–KCl flux at (a) 600C, (b) 660C, (c) 
700C, (d) 1000C, for 2 h, by using 5 + 5 min milled PACl–NaCl–KCl sample. Spots in SAED pattern 
in (a) are assigned to α-Al2O3 and rings belong to γ-Al2O3. 

As a result, the cooperation of mechanochemically formed α-Al2O3 seeds with a molten 
salt treatment makes it possible that the α-Al2O3 particles with an anisotropic morphology can 
be synthesized at a lower temperature and shorter time than the usual molten salt synthesis 
[144-148].  
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Based on the XRD, TEM observation, the formation of α-Al2O3 platelets from the milled 
and annealed mixture of PACl–NaCl–KCl may include the following temperature evolution 
stages:  

 

a) decomposition of PACl gel to α-Al2O3 seeds and to γ-Al2O3 at 600C 
b) dissolution of γ-Al2O3 and/or amorphous alumina in NaCl–KCl flux, and 

precipitation of α-Al2O3 nanocrystals at 660C 
c) α-Al2O3 growth with platelets morphology in the temperature range of  700–1000C 
 
 

4.6. Mechanochemical-Molten Salt Synthesis of Na2Ti6O13 Nanobelts 
 

In some cases, solid materials naturally grow into 1D nanostructures and this habit is 
determined by a highly anisotropic bonding in the crystal structure [153]. As an example for 
ternary oxides, the Na2Ti6O13 can be used. Na2Ti6O13 exhibits a tunnel structure, within which 
the alkali ions are located and show a highly electron-insulating character but have a good 
chemical stability and a good ionic conductivity. These properties have promoted them as 
solid electrolytes [155]. A recent study opens a new perspective of alkali-metal based 
haxatitanates as possible candidates for new negative electrodes in the field of lithium ion 
batteries, which could be an alternative to Li4Ti5O12 due to a lower operating voltage 
[155,156]. It has been previously showed that Na2Ti6O13 1D nanostructures, such as 
nanowires, nanorods, or nanobelts, can be synthesized by hydrothermal treatment [157,158]. 
Most recently, the preparation of Na2Ti6O13 with the 1D morphology by a molten salt 
synthesis of TiO2–Na2CO3–NaCl [159], TiO2–Na2C2O4–NaCl [160], and TiOSO4–NaOH–
NaNO3 [14] mixtures was reported. In this chapter, the synthesis of Na2Ti6O13 nanobelts via a 
mechanochemical reaction of TiCl4–Na2SO4·10H2O–Na2CO3 mixture milled for 5 min and 
followed by a molten salt synthesis will be presented. In contrast to the traditional MSS, 
where the starting reactants are always in the solid state, our process opens a new strategy, 
where the reactive TiCl4 precursor can be used effectively.  

3.0 ml of TiCl4 (Fluka) was carefully added into the corundum jars with a 0.3 dm3 inner 
volume, already containing 6.30 g Na2CO3, 2.20 g Na2SO410H2O and 100 g of corundum 
balls 10 mm in diameter. The jars were then promptly sealed. The mechanochemical 
synthesis was performed in a TB-1 high-energy planetary mill for 5 min at 890 rpm. The 
products were subsequently annealed in the range of 300–800C for 1h in air. The obtained 
samples were additionally washed with distilled water and dried at 120C [154]. 

According to the XRD [154] and to the basis of the initial stoichiometry, the following 
reaction during milling can be suggested: 

 

TiCl4(l) + 13/6Na2CO3(s) + 1/4Na2SO410H2O(s) → TiO2·xH2O(s) + 4NaCl(s)+ 
+ 1/4Na2SO4xH2O(s) + 1/6Na2CO3 (s) + 2CO2(g) ; (12) 
 

The short reaction time can be explained by a strong acid–base interaction in the system. 
Another explanation, why the reaction occurred quickly during milling, is the release of 
crystalline water from Na2SO4·10H2O, which abruptly enhanced the hydrolysis of TiCl4. The 
newly formed hydrochloric acid is then immediately removed by a protolytic reaction with 
Na2CO3. Figure 13 shows EDS and TEM results of powders obtained after annealing in the 
temperature range of 500–800°C/1h followed by a washing procedure. 
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Figure 13. (a–f) Powder samples produced upon annealing at 500C/1h and 600C/1 h followed by 
washing of 5 min milled TiCl4–Na2CO3–Na2SO4·10H2O mixture. (a) TEM image of the powder 
aggregate synthesized at 500C/1h. Nanosheet and anatase nanoparticles are recorded. (b) TEM image 
of the powder aggregate synthesized at 600C/1h. Mixture of anatase nanoparticles, nanotubes and 
nanobelts are seen. SAED pattern in inset confirms predominantly anatase in the sample. (c) Detailed 
TEM image of nanosheet prepared at 600C/1h. (d) SAED pattern of the nanosheet in (c). Two sets of 
diffraction spots are denoted. (e) Representative TEM image of a titanate nanotube with outer diameter 
of 10 nm prepared at 600C. (f) Detail of nanobelt with width of 8 nm exhibiting the lattice fringes 
spaced 0.58 nm prepared at 600C/1h.  

After annealing at 500C, the sample consisted mainly of anatase nanocrystallites with 
the average size of 15–20 nm (Figure 13(a)). Besides the anatase, sheet-like features in the 
sample were registered (arrowed in Figure 13(a)). The commencement of a significant change 
in the morphology and phase composition of the precursor was registered after the calcination 
at 600C/1 hour (Figure 13(b–f)). Although the anatase was still the dominant phase (SAED 
pattern in inset in Figure 13(b)), the sheet-like, tubular and nanobelt crystals were also 
revealed in the sample (Figure 13(c,e,f)). It was determined by means of SAED, Figure 13(d), 
and EDS (inset in Figure 13(c)) methods that nanosheets possess H2Ti3O7 monoclinic crystal 
structure. It is evident from Figures 13(e) that nanotubes exhibit outer and inner diameters of 
10 nm and 3 nm, respectively, and the nanobelts are also around 10 nm wide (Figure 13(f)). 
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Although the formation mechanism of the titanate nanotubes are still under debate, it is 
accepted that in some cases, the titanate nanotubes are formed during the acid washing 
procedure of the layered titanates [162-164]. The washing treatment of layered titanates such 
as Na2Ti3O7 induces delamination into H2Ti3O7 sheets, which consecutively scroll up to form 
multiwalled nanotubes. The delamination process is driven by the concentration gradient of 
H+ or Na+ ions perpendicular to the outermost titanate layer [164].  

Figure 13. (g–j). Overall view on the product synthesized at 700C/1h recorded by TEM, (g). Powder 
sample formed upon annealing at 800C/1h followed by washing, (h,j). EDS spectrum of Na2Ti6O13 
nanobelt, (i). HRTEM image of the well developed Na2Ti6O13 nanobelt with corresponding SAED 
pattern. Nanobelt growth axis is [0 1 0], (j). 

 
The belt-like, plate-like, sheet-like, and some tubular morphologies exhibiting higher 

crystallinity as those produced at 600C were also seen after annealing at 700C/1h and 
washing procedure (Figure 13(g)). However, the major growth of Na2Ti6O13 nanobelts 
occurred at 800C (Figure 13(h,j)). As it can be seen from these figures, the nanobelts with 
the lengths of 0.5–4 μm and with the width ranging from 20 to 250 nm were formed in this 
sample. Figure 13(j) shows an HRTEM image of a nanobelt ~20 nm in width with a 
corresponding SAED pattern in the inset and relevant EDS spectra in Figure 13(i). The 
nanobelt is well crystallised and grew along the [010] direction. The interlayer spacing of 
about 0.74 nm fits well the d200 of Na2Ti6O13. This observation is consistent with reports 
found elsewhere [157].  

Figure 14 shows DTA of products obtained after 5 min milling of the starting TiCl4–
Na2CO3–Na2SO410H2O mixture. The broad and asymmetric endothermic peak, which 
appears at ~650C, can be attributed to the initial melting of the NaCl–Na2SO4–Na2CO3 salt 
matrix. This temperature is close to the eutectic melting temperature (620 °C) of the ternary 
NaCl–Na2SO4–Na2CO3 system [171]. The liquidus temperature of the salt matrix was 
observed at 785 °C. 
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Our earlier study has shown that the reaction between nanocrystalline TiO2 and Na2SO4 
up to 800C does not occur [72]. Nevertheless, as demonstrated by Afanasiev, carbonate 
doped salt fluxes are much more reactive towards TiO2 and various sodium titanate, including 
Na2Ti6O13, are formed at relatively low temperatures [14]. Due to the high basicity of 
carbonate ion in the salt flux, we can expect that the carbonate will act as an O2– donor. 
Furthermore, the Lux-Flood acid–base type interaction of O2– ions with TiO2 promotes the 
formation of simple titanates ions [161]. Polymerization and the subsequent interaction of 
such ions with Na+ promoted crystallization of Na2Ti6O13. Naturally, the molten environment 
accelerates the growth process by increasing the solubility of the reactant and the diffusivity 
of the Na+, Ti4+ and O2– ions [165]. During recent years, some studies have supported the fact 
that the Na2Ti6O13 whiskers or nanowires can be synthesized via the simple annealing of TiO2 
and NaCl [166,167], however, as reported by Teshima et al., the temperature of 1100C, 
which is highly above the melting point of NaCl (Tm, NaCl = 801C), must be used to propagate 
the reaction [166], and Xu et al. showed that annealing of nanocrystalline TiO2 with an 
assistance of BaC2O4 and nonionic surfactant had to be used to increase the yield of 
Na2Ti6O13 nanowires [167]. 

 

 

Figure 14. DTA curve of the TiO2·xH2O–NaCl–Na2SO4xH2O–Na2CO3 mixture, obtained by 5 min 
milling of the TiCl4–Na2CO3–Na2SO4·10H2O starting mixture.  

Nevertheless, some authors have reported quite different results. For instance, Rørvik et 
al. have re-examined the treatment as Xu et al. had reported, but the formation of Na2Ti6O13 
nanowires were not observed [168], and Roy et al. showed that the annealing of TiO2–NaCl 
mixture at 825C led to the formation of rutile TiO2 nanofibers [165]. These contradictions 
demonstrated that the reactivity between TiO2 and NaCl, especially in temperatures above the 
melting point of NaCl, needs further investigation. In contrast to this, our method uses the 
fact that eutectic salt compositions are usually employed for the maximum reactivity at a 
minimum temperature [141,165].  
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Based on the experimental results, the mechanochemical-molten salt synthesis model of 
Na2Ti6O13 nanobelts is illustrated in Figure 15. The starting stoichiometric mixture of TiCl4–
Na2SO4·10H2O–Na2CO3 is milled for 5 min and then annealed at a temperature above the 
eutectic temperature of the new-formed salt mixture (stage III.) Below this temperature, 
nanocrystalline TiO2 are firstly formed (stage II.). Behind the solidus temperature, TiO2 are 
transformed in a liquid flux, and Na2Ti6O13 nanobelts are formed (stage III.). Finally, the 
washing treatment leads to the isolation of Na2Ti6O13 nanobelts from the rest of the salt 
matrix (stage IV.). 

As discussed previously, the successful reaction between nanocrystalline TiO2 and 
Na2CO3 can be attributed to a low temperature formation of the NaCl–Na2SO4–Na2CO3 salt 
flux. However, when Ostwald ripening, driven by the solubility difference between the 
nanosised TiO2 particles and the larger TiO2 particles is also significant mechanism, then the 
formation of Na2Ti6O13 nanobelts may be affected by the crystallite size or chemical activity 
of starting TiO2, because the dissolution rate of materials in salt fluxes depends on the said 
characteristics [165,169,170]. 

Figure 15. Schematic model of the mechanochemical-molten salt synthesis of Na2Ti6O13.nanobelts from 
the stoichiometric TiCl4–Na2SO4·10H2O–Na2CO3 mixture. 

 
For that reason, it can be concluded that the mechanochemical-thermal synthesis of 

nanocrystalline TiO2 may be very helpful to obtain Na2Ti6O13 with desirable 1D morphology 
during the following low temperature molten salt treatment. A combination of both methods 
gives a new and simple approach to the synthesis of Na2Ti6O13 mainly for the powerful 
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synergism between these two methods. Hence, this method seems to be general; it can be 
used to synthesise different kinds of nanocrystals. 

 
 

4.7. Synthesis of VO2 by Mechanochemical Reduction of V2O5 
 
VO2 represents a prominent oxide due to its extremely interesting physical and chemical 

properties. Depending on its primary particle size, VO2 undergoes a reversible first order 
phase transition at ~68C [172]. Above the phase transition, VO2 has a tetragonal rutile 
structure, while the low temperature phase is monoclinic. Moreover, the monoclinic to rutile 
phase transitions are followed by a ~105 decrease in the electrical resistivity as well as a large 
change in the transparency in the infrared region [172-174]. This makes VO2 a promising 
material for applications such as thermal sensors, smart IR optical windows, emissive 
coatings, and thermochromic pigments [172-174]. The sizes of primary particles can play a 
prominent role in the final properties; it is thus essential to investigate the synthesis and 
properties of VO2, especially at the nanometer scale [172,173]. 

VO2 are generally made by a controlled reduction of V2O5 or NH4VO3 at higher 
temperatures with reducing gases such as H2, SO2, or NH3 [175], or by reacting V2O5 either 
V2O3 or V metal in evacuated sealed silica tubes at 700 °C [176]. However, the compositions 
of the products obtained by the reduction procedures are extremely sensitive to temperature, 
and these methods only obtained bulk VO2 powders [175,176]. 

Previously, the mechanochemical reduction of V2O5 using Mg, Al, and Ti has been 
studied, however, an undesirable ignition reaction has been observed after milling for a short 
time (27–570 sec) [179]. The solid-state reduction during milling can occur either in a steady-
state manner or via unstable self-propagation, or ignition, depending on the enthalpy change 
as well as milling conditions [177,178]. The occurrence of self-propagation is not desirable 
for the production of ultrafine particles, because the significant temperature increases result in 
melting. Therefore, suppression of ignition is important for the production of uniform 
particles by mechanochemical processes [177]. Unlike the ignition reactions between V2O5 
and metals, the reduction with carbon occurs at a very slow rate and VO2 was obtained after 
milling for 23 hours [180]. Here we focus on a new redox route by a mechanochemical 
reduction of V2O5 with Na2SO3.  

The MCS was performed in the high-energy planetary mill TB-2 at 890 rpm. 10 g of the 
starting mixture corresponding to the V2O5/Na2SO3 molar ratio of 1:2 was loaded to 
corundum jars of 0.2 dm3 inner volume. Yttrium stabilized ZrO2 (YTZ, Tosoh, Japan) 
ceramic balls with a 10 mm diameter were used as milling media. BPR = 20:1. 

Figure 16 shows XRD patterns of the starting material and milled powders between 2 and 
100 min. Although the diffraction peaks of the reactants completely disappear after 20 min 
milling, very broad peaks corresponding to the low-crystalline VO2 and Na2SO4 are visible 
after milling for 5 min only (Figure 16(c)). Interestingly, the peaks corresponding to the 
excessive Na2SO3 phase are absent from the pattern. This might be because the Na2SO3 phase 
exists in an amorphous state. The following reaction can be proposed for the process: 

 
V2O5(s) + Na2SO3(s) → 2VO2(s) + Na2SO4(s) ΔG° 298 K = – 174 kJ mol–1; (13) 
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With increasing the milling time from 20 to 100 min, the crystallization process of VO2 
and Na2SO4 was more apparent. Comparable mechanochemical induced crystallisations of 
amorphous TiO2, Mn2O3 and SnO2 were reported previously in our earlier studies [71,72,82]. 

Although the reaction between V2O5 and Na2SO3 is exothermic (Table 7), the 
mechanochemical reduction of V2O5 was completed gradually, in a steady-state manner. As 
shown in Table 7, there exists a thermodynamic driving force for the reaction between V2O5 
and reductants such as Mg, carbon and Na2SO3.  

 
Table 7. Various reactions between V2O5 and different reductants. ΔG° of each reaction 

was calculated using the thermodynamic data published in [181] 
 
Ref. No. Reaction scheme ΔG° 298 K (kJ mol–1) 

[179] V2O5 + Mg → 2VO2 + MgO –478 
[180] V2O5 + 1/2C → 2VO2 + 1/2CO2 –106  

 V2O5 + Na2SO3 → 2VO2 + Na2SO4  –174  
 
However, the first one is highly exothermic and the heat generated by the reaction is 

sufficient to cause melting of the products [179]; on the other hand, the second one is coupled 
with the lowest thermodynamic driving force, for which the long milling time is necessary to 
complete the reaction [180].  

In order to avoid such limitations, we have shown that the combustion or very slow 
reaction rate might be overcome by tailoring the chemical activity of the reducing agent. 

 

 

Figure 16. XRD patterns of the starting V2O5–2Na2SO3 mixture (a), and products obtained after milling 
for 2–100 min (b–f), and after 100 min milling and washing procedure (g). (▲): V2O5; (▼): VO2; (○): 
Na2SO3; (●): Na2SO4; (■): VO2·xH2O. 

TEM images of nanostructures formed upon milling for 5, 20, 60, and 100 min, followed 
by washing are shown in Figure 17. Surprisingly, besides fine grained VO2 aggregates 
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revealed in as-milled samples for 100 min (Figure 17(d)), TEM results show the formation of 
nanorods, nanobelts and nanotubes with the width of 8–25 nm and lengths up to 500 nm 
(Figure 17(a,d,e,f). Nanosheets were also revealed in the samples, Figure 17(f). Structure 
determination based on XRD, Figure 16(g), is impossible, because there are too few and 
broad diffractions.  

 

 

Figure 17. TEM images of VO2 nanostructures obtained by milling of the V2O5–2Na2SO3 mixture for 
5 min (a); 20 min (b); 60 min (c); and 100 min (d–f); with the subsequent washing procedure. 

Among the several metastable crystal forms of VO2, many hydrated VO2 phases such as 
VO1.75(OH)0.25 [182] and VO2·0.5H2O [183], are composed of the layered crystal structure. 
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According to these facts, a hydrating-exfoliating-splitting mechanism may play a key role in 
the formation of a 1D and 2D structure [184]. In the same way, we believe that the as-milled 
and very reactive VO2 nanopowders partially transform to the layered and metastable phases 
of VO2·xH2O during washing, in which H2O molecules occupy the interlayer spaces.  

Therefore, the interactions between the layers are weakened. However, this structure is 
unstable during washing, and the layers are gradually exfoliated to form asymmetric 
nanosheets (Figure 17(f)). An intrinsic tension exists that might gradually cause, in some 
cases, the edges of the nanosheets to roll up and the tube-like morphology can be obtained 
[182,184].  

The results of the electrical measurements performed on the 100 min milled sample are 
reported in [185]. The starting (at 25 °C) and minimum (at 220 °C) values of R are 13.9 MΩ 
and 91.5 kΩ, respectively. It means that the ratio of the resistance values is about 150. The 
resistance of compacted samples undergoes a strong temperature dependence, typical for 
semiconductor to metal phase transformation of monoclinic VO2 [172]. However, the 
obtained resistance value at ~68 °C is still atypically high. We suppose that the relatively high 
resistivity could have been caused by the presence of the Na2SO4 matrix [185].  

 
 

CONCLUSION 
 
Up to now, a wide range of nanocrystalline or nanostructured oxide powders have been 

synthesised by mechanochemical processing. In many cases, the process involves 
mechanically activated acid–base reactions. Mechanochemical reactions mediated by –OH 
groups or H2O can take place up to a few minutes, instead of many hours as in the event, 
where water is not evolved, which is beneficial for the preparation of precursors leading to 
nanocrystalline oxide materials with low contamination.  

In contrast to the traditional isolation of as-prepared nanocrystalline powders by using a 
mechanochemical treatment, where a washing procedure is always needed after milling 
and/or annealing, we introduced a new procedure combining crystallisation of the oxide 
powders with the evaporation of the salt matrix such as NH4Cl in step one. This method can 
avoid the contact of the nanocrystalline materials with water or other solvents, which can lead 
to an undesirable reaction path. 

Remarkably, the shape and morphology of the particles can be strongly modified during 
the subsequent annealing at a temperature exceeding the melting temperature of the new-
formed salt matrix. Several molten salt reactions take place during annealing, and the 
combination of mechanochemical and molten salt syntheses gives a new and simple approach 
to the synthesis of Na2Ti6O13 or α-Al2O3 nanostructures with a desirable 1D or 2D 
morphology. 

Hence, the mechanochemical processing of oxide nanopowders has a considerable 
potential for the low-cost and large-scale production and its wide commercial potential can be 
expected in the near future. 
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