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The effect of mechanical treatment at microbraker (MBT) on the structural parameters and phase 

composition of mixtures of silicon and titanium dioxides was studied using the method of X-ray structural 

analysis. Transmission electron microscopy (TEM) revealed a change in the morphological features of na-

noscale powders. The change in the discharge capacities of lithium power sources (LPS) due to the mechan-

ical treatment of the cathode material base was analyzed by galvanostatic cycling. This paper highlights 

the relationship between changes in structural and morphological features, electronic structure, and charge 

capacities of LPS. From the comparison of SEM and TEM images of mixtures of titanium and silicon oxides 

before and after MBT, it is established that due to MBT, the agglomerates of the initial components are 

simultaneously crushed with perfect mixing of oxide particles between each other and new agglomerates 

with a denser structure are formed. The established agglomeration is accompanied by a change in the lattice 

parameter c with a change in the coherent scattering regions of crystalline TiO2 depending on its concen-

tration in the mixtures. From the results of galvanostatic cycling, it is found that the charge capacity of the 

LPS with cathodes based on the mixture after treatment is somewhat larger compared to the charge capacity 

of the LPS with the cathode based on the initial mixture. The results of the analysis show that the increase 

of the charge capacity of the LPS with the cathode on the basic mixtures after treatment is a consequence of 

the redistribution of Sisd-, Tisd- and Op-valence electrons and changes of structural-morphological features 

in the formation of interatomic interaction between oxide particles. 
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1. INTRODUCTION 
 

In the modern world, the pace of development of 

scientific and technological progress is very much de-

pendent on new materials with predetermined unique 

or combined properties. However, there are many fac-

tors that affect the properties of these materials. One of 

the most widely used currently is the reduction of par-

ticle sizes to nanosize [1]. For example, the use of 

smaller and smaller particles of materials in modern 

microprocessors can reduce the technical process, i.e. 

reduce the size of the elementary component of the 

microprocessor (transistor, resistor, etc.). This, in turn, 

reduces the overall size of the microprocessor and im-

proves its energy efficiency [2]. Factors that similarly 

have a tremendous influence on the material properties 

include morphology [3], structure [4] and electronic 

structure. That is, materials with a developed surface, 

structure and high surface energy have incredible po-

tential for use in today's industry. It is safe to say that 

such materials include transition metal oxides, espe-

cially silicon and titanium oxides. The combination of 

the unique properties of each of them in a new nano-

composite is very likely to solve one of the challenges 

posed by current production to modern materials sci-

ence, namely the production of cathode material for 

lithium power sources (LPS) with high discharge capac-

ity and power. 

One form of very pure silica is aerosil (silica), which 

is amorphous and non-porous. It is characterized by 

high chemical resistance to the action of most chemi-

cals and has good absorption properties, especially with 

polar substances. In addition to being in an amorphous 

state, SiO2 may have a variety of morphological and 

structural features, namely, it may be crystalline (-

quartz) [5], nanocapsules [6], nanodispersed [7], nan-

owires [8] or nanoporous [9]. In the search for effective 

cathode materials for LPS [10], special attention is paid 

to the study of powder oxide materials of nanometric 

sizes, in particular silicon dioxide. It is established that 

energy-intensive parameters of electrochemical power 

sources based on SiO2 are determined not only by the 

presence of structural channels and the degree of dis-

persion of the active material [10], but also depend on 

the method of their production [6-8, 11]. 

Titanium dioxide crystallizes mainly into three dif-

ferent structures [12]: rutile (tetragonal), anatase (te-

tragonal) and brookite (rhombohedral). However, two 

modifications are most widely used – rutile and ana-

tase. Both structures are mainly composed of a titani-

um atom surrounded by six oxygen atoms with a slight 

http://jnep.sumdu.edu.ua/index.php?lang=en
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distortion of the octahedral configuration [13]. In each 

structure, the two bonds between titanium atoms and 

octahedral oxygen atoms are slightly larger. In rutile, 

adjacent octahedra have one common angle along the 

direction (110). In the anatase, the angular exchange of 

octahedra in the (001) direction forms planes that are 

connected by edges to the octahedron planes below. In 

addition, titanium oxide during numerous studies on 

the influence of the synthesis method [14, 15], the in-

fluence of various impurities [16] on the electrochemi-

cal properties of TiO2, as the basis of the cathode mate-

rial of LPS, has been demonstrated as a very promising 

material in this field of use. 

Therefore, based on the above it can be argued that 

the study of crystal-structural characteristics, mor-

phology, electronic structure, electrochemical parame-

ters and their changes due to a particular method of 

synthesis or treatment of composites based on silicon 

and titanium oxides is very relevant. 

 

2. MATERIALS AND METHODS OF RESEARCH 
 

2.1 Materials 
 

The investigated samples of silicon and titanium ox-

ides were synthesized at the Chuiko Institute of Sur-

face Chemistry of NASU. 

The raw materials for the pyrogenic silicon dioxide 

were SiCl4, which was fed into O2/H2 flames for hydrol-

ysis/oxidation and the formation of nanoparticles of 

individual SiO2 oxides with a specific surface area of 

230 m2/g (PK300). 

Titanium dioxide (anatase, TiO2, 45 m2/g) was ob-

tained by sol-gel synthesis in aqueous medium from 

titanium tetrachloride, followed by purification of the 

product from the residues of adsorbed hydrogen chlo-

ride by calcination in a heat oven at 400 °C for 3 h. 

The mechanical treatment at microbraker (MBT) of 

x-(SiO2) + y-(TiO2) mixtures (where x-, y- are the mass 

contents of the corresponding components) was per-

formed in a mechanical vibration mill in Ardenne 

(Germany). MBT occurred in a metal reactor with a 

diameter of 25 mm using a single metal ball with a 

diameter of 10 mm, at a reactor oscillation frequency of 

50 Hz. All MBT samples were prepared in a vibrating 

mill during 5 min. 

Preparation of the initial mixtures was performed 

by conventional stirring for 5 min, followed by stirring 

in a 50 Hz Ardenne mechanical vibrator (Germany) in 

a 25 mm diameter metal reactor using one 10 mm di-

ameter metal ball during 3 s. 

 

2.2 Methods of Research 
 

Considering that in [17] the results of the study of 

changes in morphological features (investigated using 

SEM) and electronic structure (investigated using ultra-

soft X-ray emission spectroscopy (USXES)) do not fully 

understand the mechanisms of change in electrochemi-

cal characteristics, it is necessary to use TEM for a 

more detailed examination of the morphology and a 

detailed analysis of the results of X-ray structural anal-

ysis, namely, changes in the the coherent-scattering 

region (CSR), phase composition and lattice parameters. 

The studies of the morphology and structure of 

SiO2/TiO2 mixtures were performed using a Selmi 125K 

transmission electron microscope at the KPI Institute. 

All the samples were applied on a copper mesh with a 

carbon film. 

The crystalline structure of the powder mixture was 

studied using an Ultima IV (Rigaku, Japan) diffrac-

tometer with monochromatic CuKα radiation. XRD 

patterns of the powder mixture were analyzed using 

Power Cell 2.4 program. The analysis of XRD profiles 

and the allocation of true physical broadening of peaks 

was carried out using an approximation method. The 

separation of the broadening effects of the XRD peaks 

associated with the size of the coherent-scattering re-

gion and the tensions of the second kind was carried 

out using the Hall-Williamson approximation. The 

crystallinity of the investigated powders was deter-

mined by the normalization of the integral intensity of 

the amorphous halo to the value of the intensity of the 

diffuse maximum corresponding to the completely 

amorphous sample with similar composition. 

The study of the electrochemical properties was car-

ried out in the laboratories of the Vasyl Stefanyk Pre-

carpathian National University. One of the most im-

portant electrochemical properties is cyclicity and 

charge/discharge capacity. After all, the longevity of 

use and the cost-effectiveness of manufacturing LPS 

will depend on these parameters. 

The basic scheme of LPS (Fig. 1) includes [18]: 

– anode (lithium metal or material containing lithi-

um ions); 

– cathode (material into which channels of crystal-

line structure are intercalated by Li+ ions); 

– electrolyte (lithium-containing liquid, solid or gel 

material with ionic type of conductivity). 

When the circuit closes, under the action of the po-

tential difference between the anode and the cathode, 

the element discharge process takes place – the lithium 

ions move from the anode to the cathode and are inter-

calated (introduced) into the structure of the latter. In 

the process of charge, the deintercalation (extraction) of 

lithium ions from the cathode material (СM) and their 

transfer to the anode occurs under the action of an 

electric field. 

Charge capacities studies were conducted on a uni-

versal stand to investigate the intercalation properties 

Fig. 1 – The basic scheme of LPS 
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of TiONiT P2.00 in galvanostatic mode; all parameters, 

at which the cyclization was performed, were set on a 

computer connected to the instrument when using the 

MultiCycle software. The voltage range was chosen 

taking into account the chemical potentials of the cath-

ode and the anode material (metallic Li). In determin-

ing the optimal charge/discharge current, a current of 

0.1 was selected from the theoretically calculated spe-

cific capacitance of the LPS (0.1 C). The results were 

processed using Microsoft Excel and OriginPRO. 

 

3. RESULTS AND DISCUSSION 
 

When considering the SEM images of the initial 

components of the mixtures before and after the MBT 

[19], it was found that due to MBT of SiO2, little ag-

glomeration occurs, whereas MBT of TiO2 leads to a 

more significant merging of the oxide particles with 

each other. As indicated, this is most likely because 

titanium oxide consists of two phases (rutile and ana-

tase), which have different chemical potentials [19]. 

Consider the comparison of SEM images of  

x-SiO2 + y-TiO2 mixtures before and after MBT [17], in 

which the difference of chemical potentials is much larg-

er. At the image of the initial 0.8 SiO2 + 0.2 TiO2 mixture 

(Fig. 2), we can see that SiO2 nanoparticles and TiO2 

particles (0.5-2 μm) are distributed throughout the vol-

ume without forming any definite structure. At the same 

time, after MBT of the mixture, the agglomerates of 20-

50 microns with a pronounced structure are formed. 

Similar agglomeration is observed with the concentration 

of silicon oxide of 60 and 40 wt. % Increasing content of 

TiO2 to 40 wt. % shows that the density of filling the 

space between the agglomerates of the particles increases 

as well as the density of the agglomerates themselves 

whose dimensions are in the region of 5-20 microns. The 

density between the agglomerates increases with increas-

ing TiO2 bounding. In addition, when the maximum con-

tent of TiO2 occurs, high-density agglomerates of 50-

150 μm in size are the centers of consolidation, which is 

likely to be a small number of SiO2 nanoparticles. It 

should be noted that with increasing TiO2 concentration, 

the agglomerates become smaller even than the accumu-

lation of titanium dioxide in the initial mixtures. 

For more detailed investigation of the nanoparticle 

consolidation, we conducted TEM studies of the mixture 

0.8 SiO2 + 0.2 TiO2 before and after MBT (Fig. 3) at 

different magnifications. Comparison of the TEM imag-

es of the original mixtures shows that the SiO2 (7-

10 nm) and TiO2 (50-100 and 200-300 nm) nanoparticles 

are grouped separately from each other. At the same 

time, after MBT, the SiO2 and TiO2 nanoparticles are to 

some extent interconnected into agglomerates with a 

denser structure and larger than 1 μm in size. In this 

case, we can see the incorporation of smaller SiO2 nano-

particles into TiO2 nanoparticles (Fig. 3d). 

a c 

b d 

e 

f 

g 

h 

Fig. 2 – SEM images of nanocomposites with different mass ratios of the components before (a, c, e, g) and after (b, d, f, h) 

MBT at magnification 500 times. (a, b) 0.8 SiO2 + 0.2 TiO2; (c, d) 0.6 SiO2 + 0.4 TiO2; (e, f) 0.4 SiO2 + 0.6 TiO2 and (g, h) 

0.1 SiO2 + 0.9 TiO2 

Fig. 3 – TEM images of 0.8 SiO2 + 0.2 TiO2
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Тable 1 – Phase composition, CSR sizes (D), the lattice parameters (a, c) and changes in the lattice parameters (Δ) in 

the initial and MBT mixtures of x-SiO2 + y-TiO2 with different precursor mass ratios 
 

Sample 

Phase 

composition, 

mass. % 

D, nm 
ΔD, 

nm 

Lattice 

parameter 
Size, nm Δ, nm 

0.1 SiO2 + 0.9 TiO2 
Rutile – 1.6  

+ 2 

a 0.3784 Δa   

– 0.0001 

Δc  

– 0.0001 

Anatase – 98.4 88 c 0.9511 

0.1 SiO2/0.9 TiO2 MBT 
Rutile – 1.9  a 0.3783 

Anatase – 98.1 90 c 0.9510 

0.4 SiO2 + 0.6 TiO2 
Rutile – 0.9  

+ 9 

a 0.3786 Δa  

– 0.0002 

Δc  

– 0.0006 

Anatase – 99.1 85 c 0.9518 

0.4 SiO2 + 0.6 TiO2 MBT 
Rutile – 0.9  a 0.3784 

Anatase – 99.1 94 c 0.9512 

0,6SiO2+0,4TiO2 
Rutile – 0.8  

+ 16 

a 0.3787 Δa  

– 0.0002 

Δc  

– 0.0006 

Anatase – 99.2 86 c 0.9518 

0,6SiO2+0,4TiO2 MBT 
Rutile – 0.4  a 0.3785 

Anatase – 99.6 102 c 0.9512 

0.8 SiO2 + 0.2 TiO2 
Rutile –0.3  

+ 14 

a 0.3788 Δa  

– 0.0003 

Δc  

– 0.0008 

Anatase –99.7 84 c 0.9523 

0.8 SiO2 + 0.2 TiO2 МBT 
Rutile –0.1  a 0.3785 

Anatase –99. 9 98 c 0.9515 

Error of experiment ± 5 ± 2 x 0.0003  0.0003 
 

 
 

From the results of X-ray diffraction analysis of 

SiO2 and TiO2 before and after MBT [19], it was found 

that the crystal-structural parameters of the original 

precursors did not change due to treatment. At the 

same time, due to MBT of mixtures with different com-

ponent ratios (Fig. 4), we can see narrowing and dis-

placement toward smaller angles of anatase diffraction 

peak. The CSR based on these data were found to be 

increased after MBT of mixtures and increasing with 

increasing content in the mixtures (Table 1). In addi-

tion, the determination of the crystal lattice parame-

ters (Table 1) showed that the parameter "c" due to 

MBT decreases with increasing SiO2 content by 0.0006-

0.0008 nm. At the same time, the phase composition of 

the mixture due to the shock-vibration treatment does 

not change (Table 1). The increase in the CSR due to 

MBT and the decrease in the lattice parameters to-

gether with the formation of agglomerates are most 

likely due to the occurrence of interatomic interaction 

between the components in the process of MBT. 

A study of the effect of MBT on the change in the dis-

tribution of Op-, Sisd-, and Tisd-valence electrons, which 
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Fig. 4 – X-ray diffraction pattern of the initial (gray line) and MBT (black line) mixtures: 

a – 0.1 SiO2 + 0.9 TiO2, b – 0.4 SiO2 + 0.6 TiO2, c – 0.6 SiO2 + 0.4 TiO2,  
d – 0.8 SiO2 + 0.2 TiO2 
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are reflected by OKα-, SiLα-, and TiLα-emission bands, 

obtained by USXES [17]. From the results of the analysis, 

it was found that due to MBT, the intensity of the high-

energy region of SiLα- and TiLα-bands decreases, while at 

the same time the intensity of the OKα-band in the energy 

region corresponding to Opπ-levels increases. This may 

indicate that the electron orbitals of oxygen, silicon, and 

titanium overlap in the process of high-pressure MBT. As 

a result, further splitting of Opπ-levels occurs and their 

electrons are transferred from the sd-states of titanium 

and silicon. That is, based on the results of SEM, TEM, 

XRD and USXES, it is safe to say that an interatomic 

interaction is formed between the oxide nanoparticles. 

Therefore, let us consider how the charge capacities of the 

LPS change as a result of such changes in the structural-

morphological and electron-structural parameters. 

 

 
First, we analyze the effect of the change in the 

mass ratio of oxides in the mixture. From Fig. 5 we can 

see that the voltage of the first cycle of LPS with a 

cathode based on the initial mixture with a maximum 

concentration of silicon dioxide is 1.8 V. With increas-

ing contcentration of TiO2 in the mixture of cathode 

material of LPS to 60 and 90 wt. %, the voltage of the 

first cycle decreases to 1.7 V and 1.46 V, respectively. 

In addition, this figure shows that the shape of the first 

discharge curves is similar for all composites. 

 
It is common knowledge that the working voltage of 

the LPS is determined by the difference between the 

chemical potential of the anode material, which is 

served by metallic Li (– 3eV), and the chemical poten-

tial of the electrode material. The chemical potential is 

determined by the position of the Fermi level in the 

cathode composite material. Therefore, the decrease in 

the working potential difference with increasing titani-

um dioxide concentration is associated with a shift of 

the valence band to the high-energy side, as a conse-

quence of the corresponding superposition of the SiO2 

Op- and Sisd-states and the higher TiO2 Op- and Sisd-

states (Fig. 6). 

From Fig. 7a, we can see that discharge LPS with a 

cathode based on initial 0.8 SiO2 + 0.2 TiO2 mixture 

occurs at different voltage decay to the value of 1.84 V. 

Then, voltage increases to the value of 1.87 V with 

stabilization of voltage at this level to a specific capaci-

tance of 500 Ah/kg and a slight decrease in voltage. 

During the next cycles, the LPS sharply discharges to 

2.17 V and subsequently the voltage increases to 2.21 V 

and discharges with significant voltage jumps during 

ΔC = 200 Ah/kg. Such jumps are the result of the inter-

action between Li+ and O– and creation of various oxide 

groups on the surface of the cathode material. This 

further prevents inter- and deintercalation of lithium 

ions into the structure of the cathode material, which is 

confirmed by a sharp decrease in the charge capacity of 

the LPS to 400 Ah/kg during the next cycling. 

At the same time, LPS with a cathode based on 

MBT mixture of 0.8 SiO2 + 0.2 TiO2 at the first dis-

charge cycle have sharp drop to a voltage of 2 V in a 

Fig. 7 – Discharge curves of initial (a) and MBT (b) 

0.8 SiO2 + 0.2 TiO2 mixtures: 1-5 – number of cycle 
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Fig. 6 – Comparison of combined in a single energy scale 

1-SiLα- and 2-OKα-spectra from initial SiO2, 3-TiLα 

and 4-OKα-spectra from initial TiO2 

Fig. 5 – Comparison of discharge curves of LPS with 

cathodes based on: 1 – 0.1 SiO2 + 0.9 TiO2; 

2 – 0.4 SiO2 + 0.6 TiO2; 3 – 0.8 SiO2 + 0.2 TiO2 
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very narrow section ΔC = 18 Ah/kg. Then the discharge 

occurs more evenly at a voltage of 1.76 V and slight 

change in the potential difference up to 212 Ah/kg. The 

smaller initial discharge capacity of the LPS cathode 

based on the MBT mixture is a consequence of the 

formation of an interatomic interaction between the 

nanoparticles of both oxides and the formation of ag-

glomerates with a pronounced structure (Fig. 2). In the 

next cycle, the operating voltage is increased to 2.07 V, 

the charge capacity is increased to 483 Ah/kg, and the 

power is 2.13 times higher. However, unlike LPS with 

the cathode based on the initial mixture, the next cy-

cling stabilizes the charge capacity with a slight de-

crease in power, 0.93 times, relative to the second cycle. 

Such stabilization is a consequence of the increase of 

the bound charge state of oxygen due to MBT of mix-

ture and the transfer of Sisd- electrons into Opπ-bound 

oxide states. As a result, it is much harder for Li+ ions 

to detach electrons from oxygen anions and recombine 

in the cathode material to a neutral state. When Li+ 

combines with the oxygen ions, it forms LiO films at 

the boundaries of the cathode nanoparticles. 

By increasing the concentration of TiO2 in the 

mixture to 60 wt. %, there is a significant decrease in the 

charge capacity of the LPS with the cathode based on it 

(Fig. 8), namely, the initial charge capacity of the LPS is 

only 18 Ah/kg. At the same time, in the LPS with a 

cathode after MBT of 0.4 SiO2 + 0.6 TiO2 mixture the 

charge capacity is 57 Ah/kg, which is almost three times 

larger than the initial capacity of the LPS with a cathode 

based on the initial mixture. Such a sharp change in the 

charge capacity of the LPS based on the initial mixture 

is reduced by increasing concentration of titanium oxide. 

It should be noted that due to MBT, the oxygen charge 

has increasing population of electrons at Opπ-states as a 

result of the transfer of s- and d-electrons mostly from 

titanium. An increase in the charge state of oxygen 

indicates the formation of an interatomic interaction 

between SiO2 and TiO2 surface atoms, which obviously 

contributes to the greater penetration of lithium ions 

into structural defects and pores of the cathode material 

of LPS. The next cycle of these LPS increases the charge 

capacity twice, but the shape of the discharge curves 

indicates the formation of oxide groups on the surface of 

the cathode material, resulting in a decrease in the 

charge capacity at the next cycling (Fig. 8). 

With increasing concentration of titanium dioxide 

in the mixture to a maximum value of 90 wt. %, the 

charge capacitance of the LPS with the cathode based 

on the initial and MBT mixture is near 100 Ah/kg 

(Fig. 9). In subsequent cyclying, the capacitance of both 

LPS is almost the same, but the power of the LPS with 

the cathode based on the MBT mixture is much higher. 

The power of LPS with cathode based on MBT mixture 

0.1 SiO2 + 0.9 TiO2 increased due to the change in the 

nature of the interaction between SiO2 and TiO2 nano-

particles. In this case, the increase of the charge state 

of oxygen is due to the transfer of electrons from high-

energy Tisd-states to the pπ-states of oxygen. This is 

slightly different from the mixture with maximum 

concentration of silica dioxide, because we saw transfer 

of electrons from Sisd-states to the Op-states in the 

mixture 0.8 SiO2 + 0.2 TiO2. At the same time, the 

shape of the discharge curves of both LPS during the 

second and third discharge cycles testifies to the for-

mation of oxides, which are most likely to be accompa-

nied by a further decrease in the charge capacity of the 

LPS during next cyclying. 
Fig. 8 – Discharge capacity of initial (a) and after MBT 

(b) 0.4 SiO2 + 0.6 TiO2 mixtures: 1-4 – number of cycle 
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Fig. 9 – Discharge curves of initial (a) and MBT (b) 
0.1 SiO2 + 0.9 TiO2 mixtures: 1-3 – number of cycle 
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4. CONCLUSIONS 
 

The high local pressures that accompany the pro-

cess of treatment at microbracer contribute to the in-

teratomic interaction between surface nanoparticles of 

SiO2 and TiO2. As a result of that we can see changes 

in the morphology and structure of nanocomposites, 

namely the formation of agglomerates. 

Increasing density of bound electrons at Opπ-levels 

due to transferring electrons from silicon reduces the 

recombination ability of Li+ ions, which prevents the 

formation of LiO oxide film around the nanoparticles. 

As a result, the growth of the charge capacitance of the 

LPS, with the cathode based on the mixture after MBT 

0.8 SiO2 + 0.2 TiO2, after cyclying are stabilized. 

With increasing concentration of TiO2 to 53 mol. % 

the charge capacity of the LPS, based on the initial 

mixture, is reduced by increasing the concentration of 

titanium dioxide. At the same time, the charge capacity 

of the LPS, based on the mixture after MBT, increases 

due to the formation of interatomic interaction between 

the surface atoms of titanium and silicon oxides. As a 

result of the increase in the density of Opπ-coupled 

electrons due to their transfer from titanium sd-states, 

the lithium ions penetrate into the structural defects 

and pores of the cathode material of the LPS. 
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ній роботі висвітлена залежність між зміною структурно-морфологічних особливостей, електронної 

структури та зарядовими ємностями ЛДС. Із порівняння СЕМ та ТЕМ зображень сумішей оксидів ти-

тану та кремнію до та після УВО встановлено, що внаслідок УВО відбувається одночасне подрібнення 

конгломератів вихідних компонент з подальшим рівномірним розподілом частинок оксидів один між 

одним та утворення нових агломератів з більш щільною структурою. Встановлена агломерація супро-

воджується зміною параметра гратки с зміною областей когерентного розсіювання кристалічного TiO2 

в залежності від концентрації його в суміші. З результатів гальваностатичного циклювання встанов-

лено, що зарядова ємність ЛДС з катодами на основі суміші після УВО є дещо більшою у порівнянні із 

зарядовою ємністю ЛДС з катодом на основі вихідної суміші. З результатів аналізу встановлено, що 

збільшення зарядової ємності ЛДС з катодом на основі сумішей після УВО є наслідком перерозподілу 

Sisd-, Tisd- та Op-валентних електронів та зміни структурно-морфологічних особливостей при утво-

ренні міжатомної взаємодії між наночастинками оксидів. 
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