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ABSTRACT 
 

In this paper, the contrasting properties of titanium dioxide nanoparticles in various compositions 
were considered. In the course of the work, methods for the synthesis of oxide materials SiO2-TiO2, 
SiO2-ZrO2, TiO2-ZrO2 and SiO2-TiO2-ZrO2 were developed; the microstructure of oxide materials 
SiO2-TiO2, SiO2-ZrO2, TiO2-ZrO2and SiO2-TiO2-ZrO2was studied; the stability of oxide materials 
SiO2-TiO2, SiO2-ZrO2, TiO2-ZrO2and SiO2-TiO2-ZrO2 was determined. The elemental composition of 
the oxide materials SiO2-TiO2, SiO2-ZrO2, TiO2-ZrO2and SiO2-TiO2-ZrO2 has also been studied 
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using SEM and XRD methods. It was found that SiO2-TiO2-ZrO2 nanocomposites with content of 
titanium dioxide from 8 to 9.5 % and zirconium dioxide from 0.5 to 2 % are completely insoluble in a 
highly alkaline medium. Thus, this composition is the most optimal for use as a contrast agent in 
optical coherence tomography. 
 

 
Keywords: Optical coherence tomography; contrast agents; nanomaterials; titanium dioxide; SiO2; 

TiO2; ZrO2. 
 
1. INTRODUCTION 
 

Recently, research has proved the effective use 
of optical coherence tomography in such areas of 
clinical practice as gynecology, gastroenterology, 
urology, dermatology, ophthalmology, 
otolaryngology, dentistry, etc. [1-7]. Optical 
coherence tomography is a non-invasive method 
for visualizing the internal structure of optically 
inhomogeneous objects based on the principles 
of low–coherence interferometry using infrared 
light (0.75-1.3 microns) [2,8,9]. Optical 
coherence tomography allows us to study the 
internal microstructure of the body's 
integumentary tissues: skin and mucous 
membranes to a depth of up to 2 mm with a 
spatial resolution of 10-15 microns without 
violating the integrity of biological tissues [10-13]. 
At the same time, as a result of the optical 
heterogeneity of biological tissues, multiple 
scattering of probing radiation occurs, which 
significantly limits the depth of probing and the 
contrast of individual structures [14,15]. 
Currently, such techniques as soft tissue 
compression [16,17] and optical illumination are 
widely used to solve this problem. During optical 
illumination, substances are introduced into the 
biological tissue that reduce light scattering in the 
biological tissues as a result of matching the 
refractive indices of the structural elements of 
tissues and their environment. Such substances 
include some immersion liquids: glycerin, 
propylene glycol, concentrated glucose solutions, 
thanks to which optical illumination of biological 
tissues is achieved [2,18,19]. In addition to 
immersion liquids, nanoscale particles have 
recently been used to change the optical 
properties of biological tissues, for example: gold 

nanowells, nanorods, nanocubes, as well as 
silver nanoparticles, titanium dioxide and others 
[20-26]. 
 
The use of contrasting nanoparticles leads to an 
amplification of the signal from internal 
inhomogeneities of biological tissues due to the 
scattering of probing radiation back [14,27,28]. 
In this paper, the contrasting properties of 
titanium dioxide nanoparticles in various 
compositions were considered. 
 

2. MATERIALS AND METHODS 
 
The main substances and reagents used in the 
work are shown in Table 1. 
 
For the synthesis of SiO2-TiO2, SiO2-ZrO2, TiO2-
ZrO2and SiO2-TiO2-ZrO2 nanocomposites, 
deionized water was used, which was obtained 
by passing distilled water through an Aquarius 
brand deionizer. The conductivity of the resulting 
water was 0.12 = 0.2 maxim. 
 
The work also used alcohol-rectified brand 
"Extra" (TU 19P – 39 – 69). The content of ethyl 
alcohol is 96 %. 

 
2.1 Method of Obtaining SiO2-TiO2 

Nanocomposite 
 
The developed method for obtaining SiO2-
TiO2nanocomposite is a sol-gel process using 
tetraethoxysilane (TEOS) as a SiO2                   

precursor and titanium tetrachloride as a TiO2 
precursor and an aqueous solution of aqueous 
solution of ammonia as a precipitator.

 
Table 1. Substances and reagents used 

 
Substances and reagents Purity class Regulation 
Ammonia aqueous, 25 %  Cleanforanalysis GOST 3760 – 79  
TEOS (tetraethoxycylane) Extraclean GOST 3475 – 75  
Ethyl alcohol "Extra" Cleanforanalysis TU 19P – 39 – 69 
Zirconyl nitrate 2-water Cleanforanalysis TU 6-09-1406-76  
Titanium tetraisopropoxide Clean TU 2423-008-50284764-2006 
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The method of obtaining a SiO2-
TiO2nanocomposite includes the following 
stages: 
 

1) At the first stage, TEOS and titanium 
tetrachloride are dissolved in an alcohol 
medium; 

2) Then an aqueous solution of ammonia is 
introduced into the reaction mass; 

3) Then the SiO2-TiO2sol is mixed for 24 
hours; 

4) The resulting sols are concentrated and 
washed by centrifugation; 

5) Then the samples are calcined at 500°C. 
 
According to this method, a series of samples of 
SiO2-TiO2nanocomposite containing from 10 to 
90% titanium dioxide was made for further 
experiments. 
 
2.2 Method of Obtaining SiO2-ZrO2 

Nanocomposite 
 
The developed method for obtaining SiO2-ZrO2 
nanocomposite is a sol-gel process using TEOS 
as a SiO2 precursor and zirconyl nitrate as a 
ZrO2 precursor and an aqueous solution of 
ammonia as a precipitator. The method of 
obtaining a SiO2-ZrO2 nanocomposite includes 
the following stages: 
 

1) At the first stage, TEOS and zirconyl 
nitrate are dissolved in an alcohol medium; 

2) Then an aqueous solution of ammonia is 
introduced into the reaction mass; 

3) Then the SiO2-ZrO2 sol is mixed for 24 
hours; 

4) The resulting sols are concentrated and 
washed by centrifugation; 

5) Then the samples are calcined at 500°C. 
 
According to this method, a series of samples of 
SiO2-ZrO2 nanocomposite containing from 0.1 to 
3% zirconium dioxide was made for further 
experiments. 
 
2.3 Method of Obtaining a TiO2-ZrO2 

Nanocomposite 
 
The developed method for producing the TiO2-
ZrO2nanocomposite is a sol-gel process using 
titanium tetrachloride as a precursor of TiO2 and 
zirconyl nitrate as a precursor of TiO2 and an 
aqueous solution of ammonia as a precipitator. 
The essence of the technique is as follows: at the 
beginning, the initial substances of titanium 
tetrachloride and alcohol are mixed in a ratio of 

1:10. Then, to form a Ti(OH)4 sol, a solution of 
zirconium nitrate and a 12.5% aqueous solution 
of ammonia is added drop by drop to the alcohol 
solution of TiCl4 to a neutral value of the active 
acidity of the medium pH = 6 – 7. To form a 
stable gel, the sol of the TiO2-ZrO2 
nanocomposite is placed in a cool, dark place for 
24 hours. The resulting gel is washed by 
centrifugation, and then dried at a temperature of 
100 °C. 
According to this method, a series of samples of 
TiO2-ZrO2nanocomposite containing from 0.1 to 
3% zirconium dioxide was made for further 
experiments. 
 
2.4 Method of Obtaining SiO2-TiO2-ZrO2 

Nanocomposite 
 
The developed method for obtaining SiO2-TiO2-
ZrO2nanocomposite is a sol-gel process. 
Tetraethoxysilane, titanium tetrachloride and 
zirconyl nitrate were used as starting materials. 
An aqueous solution of ammonia is used as a 
precipitator. Method of obtaining a 
nanocompositeSiO2-TiO2-ZrO2includes the 
following stages: 
 

1) At the first stage, tetraethoxysilane and 
titanium tetrachloride are dissolved in an 
alcoholic medium, and zirconyl nitrate is 
dissolved in distilled water; 

2) Then the resulting solutions are mixed and 
an ammonia solution is introduced; 

3) Then the SiO2-TiO2-ZrO2sol is mixed for 24 
hours; 

4) The resulting sol is concentrated by 
centrifugation; 

5) Next, the samples of the SiO2-TiO2-
ZrO2nanocomposite are calcined at 500°C. 

 
According to this method, a series of samples of 
SiO2-TiO2-ZrO2nanocomposite containing from 
0.1 to 3% zirconium dioxide and from 7 to 10% 
titanium dioxide was made for further 
experiments. 
 

2.5 Methods of Nanocomposites 
Research  

 
2.5.1 X-ray phase analysis 
 
The problem of studying the structure of matter is 
successfully solved with the help of a whole 
group of diffraction methods based on the 
scattering of X-rays by matter. The radiation 
source is an X-ray tube that provides an X-ray 
wavelength of 0.1 nm. X-rays are scattered by 



 
 
 
 

Kupriyanov et al.; JPRI, 33(40A): 325-338, 2021; Article no.JPRI.71918 
 
 

 
328 

 

the atoms of the sample and, folding up, form a 
diffraction pattern that can be recorded on a 
photographic film of a suitable format or use one 
or more X-ray detectors (counters) for this 
purpose [29]. 
 
By measuring the diffraction angles of the 
reflected rays, it is possible to determine the set 
of distances between the atomic planes using the 
appropriate formulas and to make a geometric 
model of the crystal lattice. The intensity of the 
rays reflected by each crystal system of planes is 
determined by the kind of atoms forming it and 
the nature of their location in the unit cell of the 
lattice. 
For each material, a set of interplanar distances 
is obtained, comparing which with the tabular 
data of various substances, it is possible to 
determine the phase (substance) by their 
coincidence, or to isolate it in a mixture of other 
crystalline phases. The method makes it possible 
to control the value of interplane distances with 
an accuracy of ~ 10

-5
 nm and higher, as well as 

to trace the change in d during alloying, heat 
treatment, deformation and other influences on 
the material [30]. 
 
2.5.2 Scanning Electron Microscopy 
 
Scanning electron microscopy (SEM) is a 
method based on obtaining an image of an 
object using an electron beam, and is 
characterized by higher values of spatial 
resolution and depth compared to optical 
microscopy. SEM makes it possible to conduct 
chemical analysis based on the registration of 
the spectrum of X-ray radiation generated when 
the sample surface is irradiated with an electron 
beam. Theincreasein SEM canbeupto 2×105 

times [30]. 
 

The following based modes can be implemented 
in SEM: 
 

 The mode of observation of reflected 
electrons; 

 Mode of absorbed electrons; 
 The use of contrast in the induced current 

mode opens up great opportunities for 
studying the electrical activity of defects in 
semiconductors. 

 

The detector of X-ray radiation that occurs when 
substances are bombarded with electrons is 
used in SEM for microanalysis of the composition 

of various surface areas and inclusions of the 
second phase. The analysis of the characteristic 
X-ray radiation makes it possible to determine 
the elementary composition and the ratio of 
various components in the inclusions of the 
second phase [31]. 
 
3. RESULTS AND DISCUSSION 
 
Polycomponent systems based on silicon, 
titanium and zirconium dioxides were obtained by 
the sol-gel method, by co-precipitation of 
components from water-alcohol solutions. The 
following precursors were used in the work: 
tetraethoxysilane (grade A), titanium 
tetraisopropylate, 2-water zirconyl nitrate. Water-
alcohol solutions were prepared on the basis of 
ethyl alcohol of the "Extra" brand (GOST 51652-
2000) and deionized water (GOST R 52501-
2005). Precipitation of silicon, titanium and 
zirconium hydroxides was carried out with an 
aqueous solution of ammonia. The developed 
method for obtaining multicomponent systems 
based on silicon, titanium and zirconium dioxides 
consists of several stages. At the first stage, 
water-alcohol solutions of precursors were 
mixed. Then, to activate the hydrolysis process 
with constant stirring, a 12.5% ammonia solution 
was slowly introduced to a neutral value of the 
active acidity of the medium pH = 6-7. At the 
second stage, to form an aggregatively stable gel 
of a multicomponent oxide system, the samples 
were placed in a dark, cool place for 24 hours. At 
the third stage, the resulting gels were washed 
by centrifugation, and then dried at a 
temperature of 100 C. 
 
According to this method, 4 series of samples of 
multicomponent oxide systems were obtained. In 
the first series of SiO2-TiO2 samples, the content 
of titanium dioxide was changed in the range 
from 10 to 90 % (wt.). In the second and third 
series of samples, the content of zirconium 
dioxide was changed in the range from 0.1 to 3 
% (wt.), in the fourth series of samples, the 
content of titanium dioxide varied from 3 to 10 % 
(wt.), and zirconium dioxide from 0.1 to 3 % (wt.). 
The characteristics of multicomponent oxide 
systems are presented in Table 2. The mass 
content of silicon, titanium and zirconium 
dioxides, for convenience of comparison with the 
results of energy-dispersive X-ray diffraction 
analysis, is converted into atomic percentages of 
the corresponding elements. 
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Table 2. Elemental composition (theoretically calculated) of multicomponent oxide systems 
 

Serial number Type of multicomponent system Sample no. The content of the atoms of the elements. atom. % 
Silicon Titanium Zirconium Oxygen 

1 SiO2-TiO2 1 30.76 2.57 – 66.67 
2 28.06 5.27 – 66.67 
3 25.21 8.12 – 66.67 
4 22.20 11.13 – 66.67 
5 19.1 14.23 – 66.67 
6 15.8 17.53 – 66.67 
7 12.13 21.20 – 66.67 
8 8.39 24.94 – 66.67 
9 4.28 29.05 – 66.67 
10 - 33.33 – 66.67 

2 TiO2-ZrO2 

 

1 – 33.31 0.02 66.67 
2 – 33.22 0.11 66.67 
3 – 33.11 0.22 66.67 
4 – 32.89 0.44 66.67 
5 – 32.67 0.66 66.67 

3 SiO2-ZrO2 

 
1 33.32 – 0.01 66.67 
2 33.25 – 0.08 66.67 
3 33.17 – 0.16 66.67 
4 33.00 – 0.33 66.67 
5 32.83 – 0.50 66.67 

4 SiO2-TiO2-ZrO2 

 
1 30.77 2.54 0.02 66.67 
2 30.80 2.45 0.08 66.67 
3 30.85 2.31 0.17 66.67 
4 30.93 2.07 0.33 66.67 
5 31.0 1.82 0.51 66.67 
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To study the microstructure of the samples and 
the local elemental composition, the method of 
scanning electron microscopy in combination 
with energy-dispersive X-ray diffraction analysis 
was used. 

Figs. 1 and 2 show the EDS spectra of the 
samples of each series. Table 3 shows the 
elemental composition of all the studied  
samples. 

 

 
(a) 

 
      (b) 

 
(c) 

 
Fig. 1. EDS spectra of samples 

а – the first series of samplesSiO2-TiO2 (w(Ti)=2,57 – 33,33 % ,b – the second series of samplesTiO2-ZrO2 
(w(Zr) = 0.02 – 0.66 %, c – the third series of samples SiO2-ZrO2 (w(Zr) = 0.01 – 0.5 % 
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Fig. 2. EDS-spectra of samples of a three-component oxide systemSiO2-TiO2-ZrO2 
(w(Ti) = 1,82 – 2,54 %; w(Zr)=0.02  – 0.51 % ) 

 
A comparison of the theoretically calculated 
elemental composition of samples of 
polycomponent oxide systems (Table 2) and the 
one obtained on the basis of energy-dispersive 
X-ray diffraction analysis (Table 3) shows that 
after drying, there is a deviation from 
stoichiometry in the direction of increasing the 

oxygen content in the samples. This suggests 
that the composition of multicomponent systems 
after drying, in addition to silicon, titanium and 
zirconium dioxides, includes complex oxo -, 
hydroxo and aqua complexes of the 
corresponding elements. 

 
Table 3. Local elemental composition of samples of polycomponent oxide systems after drying 

(experimental) 
 

Serialnumber Typeofmulti component 
system 

The content of the atoms of the elements. 
atom. % 

Silicon Silicon Silicon Silicon 
1 SiO2-TiO2 26.27 2.66 – 71.01 

23.78 4.64 – 71.58 
21.94 6.59 – 71.47 
18.52 9.41 – 72.07 
15.58 13.02 – 71.40 
12.75 15.39 – 71.86 
10.99 17.08 – 71.93 
8.01 19.12 – 72.87 
4.28 23.02 – 72.70 
- 28.40 – 71.60 

2 TiO2-ZrO2 – 28.13 0.01 71.86 
– 28.57 0.05 71.38 
– 28.56 0.13 71.31 
– 27.89 0.28 71.83 
– 27.98 0.45 71.57 

3 SiO2-ZrO2 30.19 – 0.01 69.80 
26.78 – 0.06 73.16 
30.81 – 0.12 69.07 
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Serialnumber Typeofmulti component 
system 

The content of the atoms of the elements. 
atom. % 

Silicon Silicon Silicon Silicon 
30.09 – 0.21 69.70 
30.34 – 0.41 69.25 

4 SiO2-TiO2-ZrO2 24.67 2.69 0.01 72.63 
22.6 1.96 0.03 75.41 
27.02 2.58 0.06 70.34 
24.94 2.4 0.20 72.46 
26.08 2.83 0.30 70.79 

 
The results of a study of the microstructure of 
multicomponent oxide systems of different series 
obtained by scanning electron microscopy are 
shown in the figures SiO2-TiO2 with a titanium 
dioxide content of 10 to 90 %; TiO2-ZrO2 content 
of zirconium dioxide from 0.1 to 3 %; SiO2-ZrO2 

content of zirconium dioxide from 0.1 to 3 %; 
SiO2-TiO2-ZrO2 with a titanium dioxide content of 
7 to 10% of zirconium dioxide from 0.1 to 3 %. 
 
Photomicrographs of samples multicomponent 
systems SiO2-TiO2is presented in Fig. 3. 

 

 
(a) 

 
(b) 
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(c)       (d) 

 
Fig. 3. SEM micrographs of samples of the SiO2-TiO2polycomponent oxide system 

а) 30.76% Siand2,57% Ti, b) 28,06% Siand 5,27% Ti , c) 25,21% Siand 8,12% Ti, d) 22,20% Siand 11,13% Ti 
 
The analysis of microphotographs showed that 
samples of the SiO2-TiO2multicomponent system 
containing from 2.57 at. % up to 8.12 at. % Ti, 
consist of spherical particles, that is, the shape 
and structure of the particles is determined by 
the component that is larger in the system. When 
the Ticontent increases to 29.05 at. % the 

structure of the samples changes – there is a 
transition from spherical particles to large 
aggregates of non-spherical shape. 
 
Micrographs of samples of SiO2-ZrO2 
multicomponent systems are shown in Fig. 4.

 

 
(а)       (b) 
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(c)    (d) 

 
Fig. 4. SEM-micrographs of SiO2-ZrO2samples 

0.01% Zr (а), 0.08% (b) Zr,0.17% Zr (c) and0.33% (d) Zr 

 
The analysis of micrographs of the SiO2-ZrO2 
multicomponent system showed that the 
concentration of the introduced zirconium dioxide 
affects the microstructure of silicon dioxide. So 
when introducing 0.01 at. The addition of 
zirconium to the system leads to the formation of 
spherical particles with a diameter of 50 to 200 
nm. An increase in the concentration of 
zirconium leads to a halving of the particle 
diameter. This may be due to the fact that 
zirconium compounds have solubility product 

values significantly less than silicon compounds. 
When silicon and zirconium oxides are deposited 
together from water-alcohol solutions, zirconium 
compounds begin to crystallize first, which serve 
as crystallization centers for silicon oxide. The 
higher the initial concentration of zirconium in the 
solution, the more zirconium crystallization 
centers are formed in the system and the smaller 
the diameter of the polycomponent particles 
formed on their basis. 

 

 
(а)       (b) 
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(c)       (d) 

 
Fig. 5. SEM-micrographs of TiO2-ZrO2samples 

0.02% Zr (а), 0.11% (b) Zr, 0.44% Zr (c) and 0.66 % (d) Zr 
 
Micrographs of the TiO2-ZrO2 multicomponent 
system with different component contents are 
shown in Fig. 5. 
 

Micrographs of samples of the TiO2-ZrO2 series 
show that the structure of the multicomponent 
system is represented by large faceted 
aggregates of various shapes and spherical 
particles of smaller sizes, An analysis of the 
works of other authors showed that during the 
joint deposition of titanium and zirconium 
compounds from water-alcohol solutions, 
nucleation is the limiting stage of phase 
formation in the TiO2-ZrO2 system [27,28,32]. 
The absence of germ-forming complexes affects 
both the structure and the size distribution of the 
resulting polycomponent particles. The process 
of joint deposition of titanium and zirconium 
compounds is complicated by the possibility of 
chemical interaction between them with the 
formation of complex salt systems. At a 
concentration of zirconium dioxide of 0.02 – 0.11 
at.% these aggregates consist of nanoparticles 
with a diameter of 50-170 nm. It is important to 
note that an increase in the concentration of ZrO2 
in a multicomponent system leads to an increase 
in the polydispersity of TiO2-ZrO2nanoparticles – 
the structure becomes more heterogeneous. 
 

4. CONCLUSION 
 

As a result of the study of the microstructure of 
nanocompositesSiO2-TiO2 .It was found that 
samples containing from 10 % to 40% TiO2 

consist of spherical particles, and when the TiO2 
content increases from 40% to 90%, the 
structure of the samples changes: the formation 
of irregularly shaped particles occurs. The 
analysis of micrographs of the SiO2-ZrO2 
nanocomposite has established that at a 
concentration of 0.1% ZrO2, the formation of 
spherical particles with a diameter of 200 to 1000 
nm is observed. An increase in the concentration 
of ZrO2to 2 % leads to the formation of two 
phases, the first with a diameter of 
nanocrystallites of the order of 50 nm ± 10 nm 
and the second from 100 to500 nm. The 
microstructure of TiO2-ZrO2 and SiO2-TiO2-ZrO2 
nanocomposites is represented by aggregates of 
various shapes and sizes consisting of 
nanoparticles with diameters from 50-170 nm 
and from 50 to 1000 nm, respectively. 
 

It was found that SiO2-TiO2-ZrO2 
nanocomposites with acontent of titanium dioxide 
from 8 to 9.5 % and zirconium dioxide from0.5 to 
2 % are completely insoluble in a highly alkaline 
medium. Thus, this composition is the most 
optimal for use as a contrast agent in optical 
coherence tomography. 
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