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The effect of Sn doping on the structure and morphology of Sn-doped TiOs samples has been investi-
gated. The doped titania has been obtained by sol-gel synthesis using titanium aquacomplex precursor
[Ti(OHz2)6)3* -3Cl- and SnCls as a modifier. The structure and morphology of the samples have been studied
through XRD analysis, TEM, low-temperature porometry, IR-spectroscopy, and EDS analysis. The conduc-
tivity of Sn-doped TiO2 samples has been investigated by impedance spectroscopy. It was shown that the
Sn-doped titania samples contain both anatase and rutile phases. The anatase/rutile ratio depends on the
Sn content: the increasing Sn (IV) content from 3 to 12 % (wt.) leads to an increase in rutile content from
33.8 to 97.1 % (wt.). An increase in Sn content causes a decrease in the lattice parameter a and an increase
in the parameter c. The presence of rod-shaped and needle-like rutile particles in the Sn-doped TiO2 sam-
ples has been observed by TEM. The specific surface area for 6Sn/TiOz reached 290 m2/g. All the Sn-doped
titania samples belong to the mesoporous materials. The mechanism of structure-forming processes is ex-
plained by existing Sn(OH)s2H20 molecules in the reaction medium, which act as the centers of nuclea-
tion, growth and crystallization for rutile nanoparticles. The increase in Sn content leads to a decrease in

the specific resistance of the studied materials compared to the undoped titania sample.
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1. INTRODUCTION

Anatase and rutile are crystal modifications of tita-
nium dioxide, which have unique optical, adsorption
and photocatalytic properties. They have a wide appli-
cation in production of photonic functional materials
[1], electrochromic film coatings [2], gas sensors [3],
adsorbents for heavy metals extraction from an aque-
ous medium [4-7], etc. The phenomenon of photocata-
Iytic decomposition of water on the TiOz surface has
been discovered in 1972 by A. Fujishima and K. Honda
[8]. This discovery gave impetus to an in-depth study of
redox reactions involving photocatalysts. The formation
of the electron-hole pairs (excitons) in the titanium
dioxide lattice is possible under the light radiation. In
this case, the formation of superoxide ions O2'-, and
hydroxyl radicals HO", HOz" is observed. It allows to
use the photocatalytic process to destroy the harmful
organic substances in different environments, as well
as for the synthesis of new organic compounds. Photo-
catalytic processes are used to neutralize toxic organic
substances both in the aquatic environment and in the
air [9]. The method of photocatalytic reduction of at-
mospheric carbon dioxide with the formation of me-
thane or methanol is attractive to prevent the energy
crisis and climate changes [10].

Currently, the anatase modification of titanium di-
oxide is more widely used as a aphotocatalyst compared
to rutile modification. The known methods of TiO2 syn-
thesis are usually based on the sol-gel technology and
give the anatase particles with a size less than 10 nm
[11]. Other known methods (gas-phase method, tem-
plate synthesis, hydrothermal and solvothermal meth-
ods) have the disadvantages: the rutile modification is
usually obtained and the particle size exceeds 15-20 nm
[12]. These technologies are expensive and require
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high-cost equipment to be implemented. In order to
obtain rutile with a small particle size, the sol-gel
method is used and the metal cations (dopants) are
introduced into the titanium precursor solution. This
affects the crystallization process and ensures the ru-
tile phase formation. In particular, the cations Sn (II),
Cd (II), Fe (II), Ni (IT), Mn (II), Zn (II), Co (II), Cr (II)
and Cu (II) are promoters of rutile formation [13, 14].
The other double-charged cations with large ionic radii,
such as Ca (II), Sr (I) and Ba (II) stabilize the anatase
modification of titanium dioxide. Three-charged cations
Al (ITT), Er (I1I), Y (1), Eu (III), Sm (III), Nb (III),
La (III), four-charged cations Si (IV), Zr (IV), Se (IV),
five-charged cations P (V), Nb (V) and six-charged cati-
on S (VI) have also a stabilizing effect on anatase modi-
fication. The cations B (III) are an exception among the
three-charged cations because they promote the rutile
formation. The reason for rutile formation by low va-
lence cations has been explained by the formation of
oxygen vacancies in the TiOg structure [15].

The aim of this study is to determine the effect of
Sn atoms on the crystal structure and morphology of
the Sn-doped TiO2 samples obtained by sol-gel synthe-
sis. The titanium aquacomplex [Ti(OH3)s]3*-3Cl- has
been used as a precursor. The tin tetrachloride SnCl4
has been used as a modifying agent. Such titanium
aquacomplex showed its effectiveness in the synthesis
of anatase adsorbents [4-6], which are effective in
heavy metals removal from an aqueous medium. Usu-
ally four-charged metal cations stabilize the anatase
modification. However, the modifying reagent SnCls
was chosen because the crystal structure of SnOz is the
same as in the rutile (space group P42/mnm). There-
fore, the isomorphic substitution of Ti atoms by Sn at-
oms should lead to the formation of a rutile modifica-
tion of TiO2. Since SnO:z is an n-type semiconductor
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with a band gap of 3.3-3.6 eV [16], it is expedient to
study the dependence of the Sn/TiO2 samples conduc-
tivity versus the Sn content.

2. EXPERIMENTAL DETAILS

An appropriate amount of SnCls solution was intro-
duced into the solution of the titanium aquacomplex
precursor [Ti(OHz2)e]3*-3Cl- in order to intercalate the
Sn atoms into the crystal structure of TiO2 during sol-
gel synthesis. The concentrations of SnCls solutions
were appropriate for isomorphic substitution of 3, 6
and 12 % (wt.) Ti atoms by Sn atoms. The precursor
solution together with the modifying reagent was dilut-
ed by water to reach pH = 0.5-2 and heated at 60-70 °C
for 1 h. The reaction medium becomes cloudy and ac-
quires a whitish hue during the heating. This indicates
the formation of very small oxide particles. NaOH was
used to increase the pH of solution. The formed parti-
cles were removed from the dispersed medium using a
vacuum filter and washed from Na* and Cl- ions with
distilled water and dried at a temperature of
120-140 °C. The obtained samples with different con-
centration of Sn atoms and standard were marked as
3Sn/TiO2, 6Sn/TiOz and 12Sn/TiO2, respectively. Non-
doped titania sample was synthesized at the same con-
ditions and was marked as a-TiOx.

XRD analysis of studied samples has been carried
out in the range of 10-80° using X-ray diffractometer
with CuKa anode (1 = 0.15406 nm).

Morphology of Sn-doped TiO:z particles was investi-
gated by the transmission electron microscopy (TEM)
using the JEM-2100F microscope (the accelerating
voltage was 200 kV).

The textural and adsorption characteristics of the
Sn-doped TiO2 samples (the specific surface, pore vol-
ume, pore size distribution) were estimated from N2
adsorption/desorption isotherms using surface area
analyzer Quantachrome Autosorb Nova 2200e at 77 K.
Before all measurements, the samples were degassed
in vacuum for 24 h at 180 °C.

Infrared spectra of Sn-doped TiO2 samples were
registered on the SPECORD M80 spectrophotometer in
the range of 4000-300 cm-1. To record the spectrum,
4 mg of the sample was mixed with dry KBr in the ra-
tio of 1:100 and crushed in a vibrating mill for 5 min.
The prepared mixture was compressed to form trans-
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parent pellets (20 x 5 mm?).

The elemental chemical composition of the Sn-doped
TiO2 samples was performed by energy-dispersive spec-
troscopy (EDS) using REMMA-102-02 Scanning Elec-
tron Microscope-Analyzer (JCS SELMI, Ukraine).

A capacitor system consisting of two blocking copper
electrodes was used to record the conductive character-
istics of the materials. The test sample is located be-
tween the electrodes. Impedance hodographs Z" = f(Z'),
where Z’' and Z" are the real and imaginary parts of the
complex resistance of the system, respectively. They
were obtained using amplitude-frequency analyzer
Autolab/FRA-2 (Holland) in the frequency range of 10~
2.10% Hz. The amplitude of the sinusoidal voltage was
10 mV.

3. RESULTS AND DISCUSSION

3.1. Phase Composition and Structural
Properties of Sn-doped TiO2 Samples

The X-ray diffraction patterns of the undoped TiO2
and doped 3Sn/Ti0O2, 6Sn/TiO2 and 12Sn/Ti0O2 samples
(Fig. 1) indicate their crystalline structure. The phase
composition and structural characteristics of the sam-
ples are given in Table 1.

12Sn/TiO,

Intensity (a.u.)
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Fig. 1 — X-ray diffraction patterns of undoped TiO: and Sn-
doped TiO2 (3, 6, and 12 % (wt.) of Sn)

Table 1 — Phase composition and structural parameters of undoped TiOz and Sn-doped TiOz samples

Sample Rutile Anata}se _
Content, % a, A c, A Content, % a, A c, A
a-Ti02 — — 100 3.786 9.430
38n/TiOs 33.8 4.5864 2.9729 66.2 3.8142 9.3992
+1.24 +0.0028 | £0.0031 +2.21 +0.0023 +0.0133
6Sn/TiOs 57.2 4.6041 2.9883 42.8 42.8 9.4049
+1.65 +0.0016 | £0.0015 +2.33 +2.33 +0.0214
12Sn/TiOs 97.1 4.6463 2.9971 2.9 3.7569 9.4746
+2.52 +0.0015 | +£0.0013 +0.79 +0.0048 +0.0116

The undoped TiOz is single-phase and demonstrates
an anatase structure. The doped samples consist of two
phases: anatase and rutile. An increase in the content
of Sn (IV) cations leads to an increase in the content of
rutile. Thus, the samples 3Sn/TiO2, 6Sn/TiO:z and

12Sn/TiO2 contain 33.8, 57.2 and 97.1 % (wt.) of rutile,
respectively. These data indicate that the Sn atoms,
intercalated in the titanium dioxide structure, act as
promoters of the rutile formation.

The structural parameters of rutile depend more on
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the dopant content. Fig. 2a demonstrates the increase
in a and c lattice parameters of the rutile phase with
increasing Sn content.
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Fig. 2 — The dependence of structural parameters of doped
TiO2 samples versus Sn content: (a) lattice parameters of ru-
tile phase; (b) lattice parameters of anatase phase

The main reason is the larger ionic radius of Sn (IV)
cations (0.71 A) in comparison with that of Ti (IV) ions
(0.68 A). The increase in Sn—O and Ti—O interatomic
distances comparatively with anatase caused the nu-
cleation of rutile crystal phases of titania. The nonline-
ar changes of anatase phase lattice parameters with
increasing Sn content (Fig. 2b) can be explained by the
influence of crystallites size variation [5].

3.2 TEM and EDS of Sn-doped TiO:2 Samples

The phase content of the 3Sn/TiOz sample is about
66.2 % (wt.) of anatase and 33.8 % (wt.) of rutile. The
observed rod-like shaped particles have a length in a
range of 4-8 nm, thickness of about 0.8-1.0 nm and
square cross-section corresponding to rutile phase [17].
Accordingly to TEM images, rod-shaped particles are
surrounded by the spherical particles which most likely
have the structure of anatase. The particle size of the
anatase phase is in a range of 5-20 nm (Fig. 3a). The
6Sn/Ti02 sample consists of spherical anatase and rod-
shaped rutile particles and also needle-like rutile parti-
cles with a length of 7-20 nm and diameter of about
0.6-0.8 nm. Thin needle-like rutile particles filled the
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gaps between the associates formed by anatase parti-
cles (Fig. 3b). The 12Sn/TiO2 sample with rutile content
of about 97 % (wt.) consists of needle-like particles
mostly (Fig. 3c). The length of the needles is in a range
of 7-120 nm, their diameter is close to 1 nm.

¢

Fig. 3 - TEM images of Sn-doped titania samples:
(a) 3Sn/Ti0s, (b) 6Sn/Ti0s, and (c) 12Sn/TiO2

The results of energy-dispersion spectroscopy
showed that the elemental compositions of the doped
TiO2 samples correspond to the theoretically predicted
(Table 2) and do not contain other impurities.

Table 2 — Elemental composition of Sn-doped TiO:z samples

% (wt.)
Sample T 0 Sn Total
a-TiOq 59.94 40.06 - 100
3Sn/Ti0: 58.29 39.42 2.29 100
6Sn/Ti02 55.33 38.52 6.15 100
12Sn/TiO2 50.68 37.42 11.90 100
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The Ti content decreases from 59.94 % for undoped
TiOz to 50.68 % for the 12Sn/TiO2 sample with increas-
ing Sn content. Only peaks of the chemical elements Ti,
Sn and O are observed in the EDS spectra (Fig. 4).
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Fig. 4 — EDS spectra of Sn-doped titanium dioxide samples

3.3 Porous Structure of Sn-doped Titanium
Dioxide Samples

The N2 adsorption/desorption isotherms for Sn-
doped and undoped TiO2 samples are shown in Fig. 5.
The textural characteristics (specific surface area, pore
volume) of the studied samples, calculated from N2 ad-
sorption/desorption isotherms, are given in Table 3.
The pore size distributions for Sn-doped and undoped
TiO2 samples are shown in Fig. 6.

The doping of titania with Sn (IV) cations leads to a
significant increase in the specific surface area and
pore volume of the modified samples compared to the
undoped a-TiO2 sample. The specific surface area Sper
of the undoped sample is about 239 m?/g, while Sger for
3Sn/Ti02 and 6Sn/TiOz samples is about 281 and
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290 m?/g, respectively. A characteristic feature of the
Sn-doped titania is the presence of mesopores with the
radius in a range of 1.0-2.5 nm. The volume of meso-
pores Vimeso for 3Sn/TiO2 and 6Sn/TiOz samples exceeds
the volume of mesopores of undoped a-TiO2 sample by
2.4-2.8 times. It is noteworthy that the specific surface
area of the 12Sn/TiO2 sample is smaller compared to
3Sn/TiO2 and 6Sn/Ti0O2 samples and equals 205 m%/g.
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Fig. 5 — The N2 adsorption/desorption isotherms for undoped
and Sn-doped titania samples
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Fig. 6 — Pore size distribution for undoped and Sn-doped tita-
nia samples

Table 3 — Morphological characteristics of the studied samples

Sample SBET, Smicro, Smeso, Vp, Vmicro, Vmeso,
m%g | m%g | m¥g | cmd¥g | cm?¥g | cm?/g

a-TiOq 239 100 139 0.152 | 0.054 | 0.098
3Sn/Ti0q 281 — 281 0.233 - 0.233
6Sn/Ti0q 290 — 290 0.277 - 0.277
12Sn/Ti0O: | 205 — 205 0.192 — 0.192

3.4 IR-spectroscopy of Sn-doped TiO: Samples

IR-spectra of the undoped a-TiOz sample, as well as
doped samples, are shown in Fig. 7. The degenerate
vibrations Eu of TiOs octahedrons in the anatase struc-
ture of the a-TiO2 sample are manifested by two bands
at 548 cm~1! and 480 cm —! [6]. The bands at 330 cm 1!
and 730 cm~-! belong to symmetric vibrations Au of
octahedral sites [4, 5]. The presence of rutile phase in
the 3Sn/TiO2 sample is confirmed by bands 430 cm 1,
625 cm~1 (Ey vibrations) and 360 cm -1, 750 cm —1 (Au
vibrations).
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Fig. 7—IR-spectra of Sn-doped titanium oxide samples:
1 —a-TiOg; 2 — 3Sn/Ti0s; 3 — 6Sn/Ti0s; 4 — 128n/Ti0:

It is characteristic that the frequency characteris-
tics of degenerate vibrations of the octahedrons change
with increasing rutile content in 6Sn/TiOz2 and 12Sn/TiO2
samples. Thus, the bands of this vibration mode are at
415cm -1 and 660 cm~! and the band of symmetrical
vibrations is at 390 cm ~! in the 12Sn/TiO2 sample. The
change in the frequency characteristics of the vibration
modes of rutile is due to the increase in the geometric
dimensions of the SnO¢ and TiO¢ octahedra with the
rise of Sn (IV) cations. The band with the maximum
absorption at 1630-1620 cm —! in the IR-spectra belongs
to the deformation vibrations of water molecules ad-
sorbed on the titania samples surface.

3.5 The Mechanism of Structure-forming
Processes

The substitution of Ti ions by Sn ions during the ti-
tania sol-gel synthesis leads to the nucleation of ana-
tase/rutile mixture or rutile only phases with an espe-
cial particle morphology. The formation of rutile nee-
dle-like nanoparticles is caused by the presence of
Sn(OH)42H20 species in the reaction medium which
act as the centers of nucleation, growth and crystalliza-
tion of rutile phase. Sn(OH)4 2H20 species are involved
in the condensation process together with
Ti(OH)4 2H20 species. The geometric parameters of the
[SnOs¢] coordination polyhedra formed at nucleation are
close to the parameters of [TiOs¢] polyhedra of the rutile
phase. Thus, they take part in the formation of the ti-
tania structure and act as a template that determines
the way of the crystallization process.

The electronegativity of Sn (ysn) is equal to 1.8 and
exceeds the value of the -electronegativity of Ti
(yri = 1.5) [18], so Sn (IV) cations more actively attract
OH- anions. The greater attraction force of hydroxyl in
the =SnOH group compared to the attraction force of
hydroxyl in the =TiOH group makes the first group
more acidic. This provides a high reaction activity of
Sn(OH)4 2H:20 species in the condensation process with
Ti(OH)4+ 2H20 species.
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The high dispersion degree of the doped samples is
provided primarily by the fact that the formation of
oxide particles takes place in an acidic environment
(pH = 0.5-2.0). Under these conditions, the rate of nu-
cleation centers formation exceeds the rate of their
growth. The hydrolysis of Ti (IV) and Sn (IV) cations in
an acidic reaction medium is due to the oxidation of
Ti (IIT) cations during the heating of the precursor so-
lution at a temperature of 70 °C:

Tis+ - Tit* + e, 1)

This causes the reduction of water molecules with
the participation of absorbed oxygen molecules in the
reaction:

2H20 + Oz + 4e- — 40H-. 2)

In turn, OH- anions are attached to the Ti IV) and
Sn (IV) cations and form Ti(OH)42H20 and
Sn(OH)4 2H20 molecules. Their condensation leads to
the formation and growth of particles with anatase/
rutile or rutile crystalline structure.

3.6 Conductive Properties of Sn/TiO2 Samples

The impedance hodographs of the studied materials
are shown in Fig. 8.
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Fig. 8 — The impedance hodographs of the studied samples

They demonstate that Sn doping of titanium dioxide
leads to quantitative changes in the values of the real
Z' and imaginary Z" resistances. An increase in the Sn
content leads to a decrease in the resistance of the
studied materials compared to the undoped a-TiO2
sample. The general view of impedance hodographs
indicates the dominance of the capacitive component of
the imaginary resistance over the inductive one. All the
hodographs have the form of deformed semicircles in
the high and medium frequency range. This indicates
the scattering of charge carriers in both the volume of
particles (grains) and the intergrain boundaries. The low-
frequency section is a straight line inclined at an angle
close to 45° to the true axis, which indicates the diffusion
mechanism of conductivity in the studied materials.

The specific values of resistances, electrical condu-
ctivities and frequency dependences of the electrical
parameters were calculated taking into account the
geometric parameters of the samples:
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p=p-jr", 3)
p=2ZAld, 4
pr=2"Ald, (5)

where A and d are the surface area of the electrode and
the thickness of the sample, respectively. The total
conductivity of materials was determined by the
formula (6) [19]:

o=V () . ©

2 2
where o' =p//M, o' =p'/M, M=|z'|(A/d),

7 = (Z)V +(Z"? .

The experimentally obtained frequency
dependences of the conductivity o(w) (Fig. 9) are typical
for semiconductors with percolation transport of current
carriers (electrons) between localized electronic states.
The obtained at room temperature dependences are
characteristic of structurally disordered semiconductor
systems. In particular, there is a gradual increase in the
specific conductivity value in the low-frequency range
and a sharp increase in its growth rate in the high-
frequency part of the spectrum.
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Fig. 9 — Frequency dependences of the total conductivity for
the studied samples

The approximation of the o(w) dependences was
carried out on the basis of the Jonscher equation [20]
(the error did not exceed = 5 %) (Fig. 9):

o(w)=0c, +Ad", @)

where ouc is the frequency-independent conductivity in
the DC mode; A is the characteristic parameter; n is a
parameter that means a measure of interparticle
interaction (0 <n < 1). The parameter n characterizes
the deviation of the system from the properties
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provided by the Debye model. The application of this
approach involves the mechanisms of charge transfer
due to non-Debye relaxation in solids: the generation-
recombination processes involving localized states in the
band gap, phonon-controlled jumps of electrons or ions
in a disordered potential field, and polarization effects.
The approximation results are presented in Table 4.

The results presented in Table 4 indicate that the
substitution of 12 % (wt.) of Ti (IV) cations in titanium
dioxide by Sn (IV) cations leads to an increase in the
conductivity odc by more than two times compared to
the undoped a-TiOz. The increase in the conductivity
ode 1s due to an increase in localized electronic states in
the volume and on the surface of titania samples. The
formation of localized states in the doped titania oxides
is due to the higher electronegativity of Sn ions
compared to the electronegativity of Ti ions.

Table 4 — The approximation of experimental data parameters
to the Jonscher equation

Odc,
Sample mOhmd* m-1 A, 10-6 n R2, %
a-TiOq 0.021 5.3 0.71 99.84
3Sn/Ti02 0.015 6.3 0.63 99.63
6Sn/Ti0: 0.024 10.1 0.61 99.67
12Sn/Ti0: 0.057 10.1 0.65 99.73
SnO2 0.0058 8.2 0.58 99.64

4. CONCLUSIONS

The structure, morphology and conductive proper-
ties of Sn-doped TiO2 samples have been investigated.
The samples were obtained through sol-gel method
using [Ti(OHs)e]?*-3Cl- as a precursor and tin tetra-
chloride as a modifying agent. It was shown that the
isomorphic substitution of Sn (IV) ions in the titanium
dioxide structure promotes the rutile phase formation.
The reason of rutile nucleation is the elongation of in-
teratomic distances Sn—O and Ti—O. The Sn/TiO2 sam-
ples contain both anatase and rutile phases. An in-
crease in the concentration of Sn ions doping leads to
an enlargement of the rutile phase content (97.1 wt. %).
All Sn-doped samples demonstrated mesoporous struc-
ture with the highest specific surface area of 290 m?/g,
while undoped TiOz2 is characterized by the presence of
micropores too. The IR-spectra confirmed the presence
of rutile phase. The electrical conductivity of titania
sample with the highest Sn content is more than twice
higher compared to the undoped titania due to an in-
crease in localized electronic states. This is conditioned
by the higher electronegativity of Sn atoms compared
to the electronegativity of Ti atoms.
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Crpyxrypa, MmopdoJioria Ta e1eKTpPOnpoBiaHi BiaacTusocri Sn-jgerosanoro TiO:z

I1.®. Muponmox, T.P. Tarapuyk, B.O. Kompoouucsruit, B.I. Mangswok, X.0. Caska, . M. Muknrusa

Ipurxapnamcevruii Hayionanvruil yrisepcumem imerni Bacuns Cmegpanura, eyan. Illesuenxa, 57,
76018 lIseano-Ppankiscvk, YEpaina

V¥ poboTi mociTigKeHO BILIMB JIETYBAHHS SN Ha CTPYKTYPY Ta MopdoJiorito Sn-jeroBanux 3paskis TiOs.
Jleropanmii [niokcH[ THUTAHY OTPUMYBABCS 30JIb-Te€JIb METONOM 3 BHKOPHUCTAHHSIM AKBAKOMILIEKCY
[Ti(OHz2)e)3* -3Cl- six mperypcopy turany i SnCly sx momudiraropa. CtpykTypa 1 MopdoJIorist 3pa3kiB JI0CIIi-
IKYBAJIUCA MeToaaMu X-IIpoMeHeBol qudpakromerpii, TEM amamisy, HuspkoTeMIIepaTypHoi mopomerpii, I4
Ta eHeprogucrepciiinoi cuexkrpockormii. [Iposinnicts Sn-neroanux spaskie TiOz BuBYaacsa MeTomoM imire-
JIAHCHOI CIIeKTPOoCcKoIii. BeraHoBiieHo, 1o Sn-jieroBaHi 3paskul JIOKCHUIY TUTAHY MICTSITH KPUCTAIIYHI (asu
aHarady 1 pytuiay. CoiBBIIHOIIEHHS aHATA3/pyTHII 3aJIEKUTH Bl BMicTy Sn: 30iibinerss Bmicty Sn(IV) Bix
3 1o 12 % (Bar.) 3ymoBJIioe 30LTBIITEHH BMICTY pyTuity Big 33,8 to 97,1 % (ar.). Picr BmicTy Sn Takosx mpu-
3BOJUTH JI0 3MEHIIIeHHs [TapaMeTpa KPUCTAIIYHOI IpaTKu @ Ta 30uibineHHs napamerpa c. TEM-metonom Bu-
SIBJIEHO HASIBHICTH CTPEKHEBUIHUX 1 TOJIKOBUIHUX YACTHHOK PYTHJIy B Sn-jeropaHux 3paskax TiOz. Besm-
YrHa TUTOMOI moBepxHi it 3pa3ka 6Sn/TiOz cranoButs 290 M2/, Yei 3paskn Sn-JIeroBaHOrO JTIOKCHTY TH-
TaHy € Me30mopucTuMu. MexaHI3MU CTPYKTYPOYTBOPIOIUMX IIPOIIECIB IOSICHIOITHCS IPUCYTHICTIO B Peak-
mitaomy cepemosuiii Mosterya Sn(OH)4 2H20, siki gitorh K 1eHTpH HYKJIEAIlli, pocTy Ta KPUCTAI3AIN] I
HAHOYACTMHOK PYTUJIY. 30IJIbIIEHHS BMICTY SN 3yMOBJIIOE TAKOMK 3MEHIIEHHS IIMTOMOIO OIOPY JOC/IIKyBa-
HUX MaTepiajiB IOPIBHAHO 13 HEJIETOBAHUM 3PA3KOM JIOKCHUIY TUTAHY.

Kmouori ciosa: Jliokcua turany, Pyrui, Araras, Oxcup osoBa(IV), [luroma esieKTporpoBIIHICTD.

06024-7


https://doi.org/10.1021/jp044228a
https://doi.org/10.1021/jp044228a
https://doi.org/10.1016/S1010-6030(02)00275-7
https://doi.org/10.1016/S1010-6030(02)00275-7
https://doi.org/10.1088/0957-4484/17/2/009
https://doi.org/10.1016/j.jece.2019.103430
https://doi.org/10.1016/j.molliq.2019.03.026
https://doi.org/10.1016/j.molliq.2019.04.111
https://doi.org/10.1016/j.molliq.2019.111563
https://doi.org/10.1038/238037a0
https://doi.org/10.1016/j.molliq.2020.113077
https://doi.org/10.1016/j.molliq.2020.113077
https://doi.org/10.3390/en10091394
https://www.researchgate.net/profile/Pusit_Pookmanee/publication/259384953_Titanium_dioxide_powder_prepared_by_a_sol-gel_method/links/00b4952b4f4ddf3c6f000000/Titanium-dioxide-powder-prepared-by-a-sol-gel-method.pdf
https://www.researchgate.net/profile/Pusit_Pookmanee/publication/259384953_Titanium_dioxide_powder_prepared_by_a_sol-gel_method/links/00b4952b4f4ddf3c6f000000/Titanium-dioxide-powder-prepared-by-a-sol-gel-method.pdf
https://doi.org/10.1557/JMR.2004.0335
https://doi.org/10.1557/JMR.2004.0335
https://doi.org/10.1016/j.jcis.2010.01.030
https://doi.org/10.1016/j.jcis.2010.01.030
https://doi.org/10.1007/s10853-010-5113-0
https://doi.org/10.1039/b416598e
https://doi.org/10.1039/b416598e
https://doi.org/10.1016/j.jece.2019.103133
https://doi.org/10.4028/www.scientific.net/JNanoR.50.32
https://doi.org/10.1021/ic00141a005
https://doi.org/10.1016/0925-8388(96)80044-2

