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The nanocomposites based on TiO:doped with sulfur (S/TiO,), carbon (C/TiO;), carbon and sulfur (S/C/TiO>) have
been obtained. The powders were characterized by XRD, XPS, BET, SEM, EDX, TEM and UV-VIS spectroscopy. EDX
and XPS spectroscopies prove that titanium dioxide powder includes only Ti and O elements, composites C/TiO;
include the elements Ti, O, C, composites S/TiO; - Ti, O, S and composites C/S/TiO: - Ti, O, C, and S.

XRD analysis revealed the phase of anatase in all composites, rutile phase appeared with increasing of sulfur
amount in sulfur-containing powders. It has been found that the composites consist of roundish agglomerates in the
range of 5-30 um. Sulfur additives decrease grain growth of titanium dioxide particles from 14 to 9—10 nm in S/TiO;
composites, carbon leads to increase in particle size from 14 to 19 nm, simultaneous modification of titanium dioxide
by carbon and sulfur leads to the formation of particles with sizes of 7-8 nm.

Analysis of nitrogen sorption—desorption isotherms for all synthesized samples has shown the presence of a
hysteresis loop which is the evidence for mesoporous structure of the powders. The isotherms correspond to type IV of
1TUPAC classification for mesoporous materials with H1 type for C/TiO; and H> type for S/TiO., and C/S/TiO: of hysteresis
loop. The modification of TiO, by carbon and sulfur leads to increase of the specific surface area (of about 1.8 times
in the case of C/TiO,, about 3.3 times for S/TiO; and about 4.7 times for C/S/TiO;), pore volume and decrease of
pore radius compared with TiO:.

Absorption spectra of the nanocomposites showed a bathochromic shift as compared with the absorption band
of pure TiO;. It has been found that modification leads to band gap narrowing. Nanocomposite samples showed
higher photocatalytic activity in the destruction of safranine T under UV and visible irradiation compared to pure
TiO». It may be related to the participation of dopants in the inhibition of electron-hole recombination, prolongation
of charges lifetime, increasing efficiency of interfacial charge separation and formation of doping electronic states.

Keywords: nanocomposites, titanium dioxide, carbon, sulfur, safranine T, photocatalytic activity

INTRODUCTION for photocatalysts active under visible light
irradiation. Researchers are trying in many ways
to extend the photoactivation TiO, wavelength in
the visible region of the spectrum, which will
increase the use of solar energy and prevent
recombination of the electron-hole pairs and thus
allow more charge carriers to successfully
diffuse to the surface. One of the ways is
modification of titanium dioxide with different
additives [1-6].

Currently researchers are concentrated on
non-metals as dopants due to their advantages.

Titanium dioxide 1is widely wused in
photocatalysis, in particular, for destruction of
organic and inorganic pollutants. However, it has
several serious disadvantages: an insufficiently
high quantum yield of the reaction, wide band
gap (3.2¢eV), high rate of -electron-hole
recombination, and peculiarity of light
adsorption by TiO, resulting in its photochemical
activity only in the UV region of spectrum. So,
an urgent problem in photocatalysis is a search
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Non-metals anions have impurity states located
near valence band edge. A great interest was
attracted to doping titanium dioxide with C
[1,4,5,7-10] and S [11-13] using different
methods.

These authors have reported that such
doping leads to an appearance the photocatalytic
activity under visible light due to incorporated S
or C atoms into the lattice of titanium dioxide
and thus causes the generation of intermediate
energy level in TiO,, located above valence
band, narrowing the energy gaps of TiO, and
shifting the optical absorption from UV region to
visible one. So, the modification of titanium
dioxide with non-metals can be an effective way
to improve the photocatalytic activity under
visible irradiation.

Considering the above, the aim of our work
was to determine and compare the effect of
titanium dioxide modification with different
amount of sulfur and carbon on the
physicochemical and photocatalytic properties of
these composites.

EXPERIMENTAL

Preparation of composites. Nanocomposite
samples of titanium dioxide doped with carbon
and sulfur were obtained by sol-gel procedure
using titanium(IV) — ethylate (Aldrich), citric
acid (Alfa Aesar), glycerol (Alfa Aesar), carbon
and thiourea (Chempack) additives. Carbon was
obtained according to technique developed in the
Institute for Sorption and Problems of
Endoecology NAS of Ukraine [14]. The powders
were prepared at stepwise heating (200, 300, 400
and 500 °C) in the presence of air. The samples
were labeled as 1C/TiO,, 2C/TiO,, 3C/TiO,,
4C/TiO2 (the amount of carbon: 1, 1.5, 17,
21 wt. %, respectively); 1S/TiO,,  25/TiO,,
3S/Ti0O,, 4S/TiO; (the amount of sulfur: 2, 3, 13,
17.15 wt. %, respectively); 1S/C/TiO,,
2S/C/TiO,, 3S/C/TiO2, 4S/C/TiOz, 5/C/TiOy,
6S/C/TiO,, 7S/C/TiO,, (the content of sulfur:
0.6, 1.3, 2, 9, 12, 15 wt. %, respectively). For
pure titanium dioxide, the same mixture
(titanium(IV) — ethylate, citric acid, glycerol)
was used, but without additives of carbon and
thiourea.

Characterization of photocatalysts. Phase
composition of the samples was determined by
X-ray powder diffraction. A computerized
Bruker D8 Advance diffractometer was equipped
with CuK, (A=0.15406 nm) X-ray source. All
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XRD peaks were checked and assigned to known
crystalline phases. Average crystallite size was
determined using broadening of the most
intensive reflex using the Debye—Scherrer
equation. Interplanar distance (d,nm) was
calculated using Wulff—Bragg’s equation.

Diffuse reflectance spectra (DRS) of the
powders were measured using a Perkin-Elmer
Lambda Bio 35 spectrophotometer in the range
between 200 and 1000 nm which allows
converting data of corresponding spectra using
the Kubelka—Munk equation. The value of E,
was estimated by the method proposed by Wood
and Tauc by the extrapolation of the linear part
of the plot (hv*a(hv))l/n versus hv toward
energy axis at a(hv) = 0 (n = ' for direct allowed
transitions). The absolute and relative errors
were £0.01 eV and £0.3 %, respectively.

To analyze sample composition (elemental
analysis) and its morphology a scanning electron
microscope (SEM JSM 6490 LV, JEOL, Japan)
with an integrated system for electron
microprobe analysis INCA. Energy based on
energy-dispersive and wavelength-dispersive
spectrometers (EDS + WDS, OXFORD, United
Kingdom) with HKL Channel system was used.

Transmission electron microscopy (TEM)
for received materials was carried out on a
transmission electron microscope JEM-1200 EX
(JEOL, Japan).

The values of the specific surface area (Ssp)
of the samples as well as pore size distribution
were determined using a  Quantachrom
NovaWin 2 device. The specific surface area of
the samples was obtained from isotherms of
nitrogen  adsorption-desorption  using the
Brunauer—Emmet—Teller (BET) approach. The
pore radius (R) and the pore volume (Vi,) were
calculated from the desorption branches of the
isotherms using the Barret-Joiner—Halenda
method.

Presence of chemical elements and chemical
bonds features in the samples were analyzed
using X-ray photoelectron spectroscopy (XPS)
on an UHV-Analysis-System equipment
produced by SPECS Surface Nano Analysis
Company (Berlin, Germany). The instrument
was equipped with a semi-spherical analyzer
PHOIBOS 150.

XPS spectra of core-level and valence
electrons were analyzed in an UHV-Analysis-
System chamber under residual pressure not
higher than 7x10®Pa. XPS-spectra were
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activated by X-ray MgK,-irradiation
(E=1253.6 ¢V) and recorded at a constant pass
energy of 30 eV. The energy scale of the device
was graded by method [15] using reference
metals Au and Cu. Surface charge of the samples
was taken into account in reference to the energy
of the Cls-line from hydrocarbon adsorbates
which was set to 284.6 eV as recommended for
transition metal oxides [16, 17].

Photocatalytic experiment. Photocatalytic
activity of the samples was evaluated by the
change of the concentration of safranine T (ST)
(¢c=0.03 g L™"). Before irradiation, the catalyst
suspension (2 g L™) in an aqueous solution of ST
was kept in dark up to achieve adsorption
equilibrium. The time to reach the adsorption
equilibrium in the system powder — ST does not
exceed 2 h for all the samples.

Irradiation of aqueous solutions (pH-6.5) of
dye was performed at room temperature in a
quartz reactor in the presence of air. The light
source was a high-intensity Na discharge lamp
GE Lucalox with power of 70 W, the latter
emitting in the visible region with maxima at
568, 590 and 600 nm and an UV lamp BUV-30
with the power of 30 W and radiation maximum
at 254 nm.

Concentrations of the ST were measured
spectrophotometrically using a Shimadzu UV-
2450 spectrophotometer at A =520 nm for ST.

Electron Image 1

TlOz

L

Electron Image 1

S/TiO,

Fig. 1. SEM-images and EDS spectra of the samples
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Photocatalytic rate constants for the model
compound were calculated using the pseudofirst
order kinetic equation.

RESULTS AND DISCUSSION

Investigation of the obtained powders by
energy-dispersive spectroscopy based on energy-
dispersive technique (Fig. 1) proves that TiO;
powder includes only Ti and O elements,
composites C/TiO; include the elements Ti, O, C,
composites S/TiO, - Ti, O, S and composites
C/S/TiO2- Ti, O, C and S.

Analysis of SEM-images of the samples shows
randomly distributed agglomerates in the range of
530 um (Fig.1). The crystallite size in the
agglomerates of the samples was calculated
through Debye—Scherrer  equation. The
agglomerates of titanium dioxide consist of the
particles of 14nm in size. Modification with
carbon leads to an increase in particle size: as the
amount of carbon increases from 1 to 21 wt. %, the
particle size increases from 14 to 19 nm. Sulfur
additives inhibit grain growth of TiO; and form
the particles of 9—10 nm in S/TiO, composites.
Simultaneous modification of TiO, with carbon
and sulfur leads to the formation of particles with
a size of 7-8 nm. The change of TiO, particle
sizes due to the doping with carbon and sulfur
was confirmed by the TEM study (Fig. 2).
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Fig. 2. XRD patterns and TEM-images of the samples

XRD pattern of pure titanium dioxide shows
the reflexes of tetragonal modification of TiO, at
20=25.4, 37.8, 48.0, 54.1, 55.0, 62.8 ° (Fig. 2),
which correspond to the (101), (004), (200), (105),
(211), (213) planes, respectively, and belong to the
anatase phase (Fig. 2 a). All composites also show
intensive peaks corresponding to the anatase phase
(Fig. 2). No signal of brookite was detected. The
peaks are quite broad, indicating small crystallite
sizes. In contradiction to [2], additives of carbon
into the binary composites do not induce new
crystalline forms different from anatase (Fig. 2 b),
which corresponds to the papers [5, 7, 8, 12]. In the
case of S/TiO, (Fig. 2 ¢), XRD patterns show the
reflexes of anatase ((101), (004), (200), (105),
(211), (213)) and rutile ((110), (101)) phases
regardless of sulfur concentration.

The addition of carbon (1.5 wt. %) and sulfur
(from 0.6 to 9 wt. %) into ternary composites
practically does not influence on the TiO, XRD
pattern view (all reflexes of anatase are present)
(Fig. 2 d, curve 1), which corresponds to the data
obtained in preparation of nanocomposite by other
methods [12, 18, 19]. But an increase in sulfur
amount (12 and 15 wt. %) in the samples leads to
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appearance of new reflexes at 20 =27.4 and 36.2 °
(Fig. 2 d, curve 2). It corresponds to the (110) and
(101) planes of rutile. Thus, an increase of the
sulfur amount in the ternary samples leads to the
formation of rutile structure.

All composites show the presence of a
hysteresis loop which is the evidence for
mesoporous structure of the powders (Fig. 3). The
isotherms correspond to type IV of IUPAC
classification for mesoporous materials with H1
type for C/TiO; (Fig. 3 a) and H2 type for S/TiO»
(Fig. 3 b) and C/S/TiO, (Fig. 3 ¢) of a hysteresis
loop.

Predominance of pores up to 3.5nm is
characteristic of pure titanium dioxide, whereas
the modification leads to a decrease in an average
pore radius up to 2.5nm for C/TiO, and to
1.7-2.4nm for S/TiO,. The ternary composites
also have narrow pore size distribution — from 1.5
to 2.5nm for samples with 0.6 to 9 wt. % of
sulfur. Higher sulfur content (12 and 15 wt. %) in
C/S/TiO; powders results in a larger pore size and
broader pore size distribution (up to 3.5 nm).
Similar results were obtained in [12].
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It has been found that the surface area of
composites depends on the dopant amount. The
value of the specific surface area is increased of
about 1.8 times in the case of C/TiO, (35-53 m%/g),
about 3.3 times for S/TiO, (6095 m?/g) and about
4.7 times for C/S/TiO, (80-133 m%g) as compared
with that of titanium dioxide (28 m%g). These
results are in accordance with the XRD, because
the modification of titanium dioxide with carbon
and sulfur leads to a decrease in the crystallite size
and to an increase in the specific surface area of the
samples.
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Modification of titanium dioxide with carbon
or sulfur in the case of binary and ternary
composites leads to an increase in pore volume
(for C/TiOy to 0.08, for S/TiO, — 0.21, for
C/S/TiO; — 0.17) compared to TiO; (0.05 cm?/g)
and the radius decrease (for C/TiO; to 3.0, for
S/TiO, — 2.1, for C/S/TiO; — 2.03 nm) compared
to that of TiO; (3.8 nm).

The XPS spectra also prove that the
composites include Ti, O, C and S (Fig. 4).
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Fig.3. Nitrogen adsorption—desorption isotherms of: (a) — TiO, (1), 1C1/TiO; (2), 2C/TiO: (3), (b) — 1S/TiO; (1),
2S/Ti0, (2), 3S/Ti0; (3), 4S/Ti0; (4), (¢) — 1S/C/TiO; (1), 2S/C/Ti0, (2), 3S/C/TiO; (3), 4S/C/TiO; (4)
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Fig. 4. XPS spectra of TiO, (1), S/C/TiO; (2), S/TiO; (3), C/TiO; (4)
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The features of the XPS spectra in all the
samples can be attributed to the core-level
electronic levels of titanium, oxygen and carbon
atoms, and the presence of sulfur is detected for
S/TiO, and C/S/TiO, composites. Modification
of titanium dioxide with sulfur and carbon does
not lead to the appearance of some fine-structure
features or to change in the energy position of
the XPS spectra of core-level electrons (Table).

It has been previously reported [20] that a
sulfur-containing material shows a binding

energy value of around 170 eV. In our samples
the presence of sulfur was confirmed by a peak
at 168.4 eV (Fig. 4, 5 a). This peak is due to the
presence of the SO, anion [21,22]. In all
S/TiO, and C/S/TiO, composites a peak at
168.4¢V was visible (Fig.4,5a). Binding
energy of S2p-electrons in composites S/TiO»
and C/S/TiO; (Table, Fig. 5 a) corresponds to that
for sulfur atoms in the compounds Na,SO,; and
FeSO4 [23].

Table. Binding energies of core-level electrons (0.1 eV) of atoms constituting the investigated samples

Core level Sample
TiO2 S/C/TiO2 S/TiO2 C/TiO:
0 2s 22.0 21.9 21.9 21.9
Ti3p 36.9 37.0 36.9 37.0
S2p — 168.70 168.6 -
Ti 2psn 458.6 458.5 458.5 458.5
Ti 2pir2 464.3 464.3 464.2 464.3
Ols 530.0 530.0 530.0 529.9
El a ; : O1s b
=] s 2p £ ]
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a ] 1
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Fig. 5. XPS spectra of core-level S2p (a), Ols (b), and Ti2p (c) electrons and valence electrons (d) of TiO, (),

S/C/TiO, (2), S/TiO: (3), C/TiO; (4)
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Energy positions of the XPS spectra of core-
level Ti2p3»- and Ols-electrons (Table,
Fig. 5 b, ¢) in the investigated samples are in a
good agreement with the literature data regarding
the values of binding energies of Ti 2ps;»- and
Ols- electrons in TiO, (458.5-459.0eV for
Ti2psp-electrons and about 530eV for Ols-
electrons [23]).

It can be seen from Fig. 5 d that C 1s spectra
at 295 to 282 eV can be observed. These species
can be assigned to adventitious carbon species
on the catalyst surface [24, 25]. The peak (about
285¢eV) is thought to signal the presence of
adventitious elemental carbon and the peak
(289-290 ¢V) indicates the presence of C-O
bonds [24-26] which are in agreement with our
previous results on the C/TiO, composite FT-IR
spectrum [27]. These peaks are more intensive
for C/TiO, composite. There is a peak at about
282 eV for C/TiO; powder and it can be ascribed
to carbon substituting for oxygen atom in the
lattice of TiO,, which resulted in formation of
O-Ti—-C bonds [24,28]. The formation of
carbonate species could cause an obvious long-
tail absorption in the visible region [28]. Indeed,
doping of titanium dioxide with carbon and
sulfur leads to an appearance of a bathochromic
shift as compared to the absorption band of pure
TiO,, the composite samples extended the
absorption to the visible range (around 430 nm)
(Fig. 6 a, ¢, e). Binary and ternary composites
have absorption in the entire visible region in the
form of a broad, unstructured band without
expressed absorption maxima. This absorption
can be divided into two parts: shoulder at about
400-430 nm and tail from 430 nm and further.

Also, modification of titanium dioxide with
carbon leads to the narrowing of the band gap of
the composites from 3.39+0.01 to 3.26=0.01 eV,
doping of sulfur - from 3.25+0.01 to
3.04+0.01 eV, additives of carbon and sulfur —
from 3.25+0.01 to 3.14+0.01 eV  which
contributes to reduce the energy required for
photoactivation (Fig. 6 b, d, f). The bathochromic
shift of the long-wavelength edge of the
absorption band for the samples and the
narrowing of the band gap occur because a part
of the oxygen (lattice) atoms forming the valence
band of TiO, are replaced by carbon atoms
(Fig. 5 d). The appearance of absorption in the
range of 3.12-3.14 eV for C/TiO, was observed
and related to the formation of impurity (defect)
levels in the band gap of TiO, upon carbon

ISSN 2079-1704. CPTS 2019. V. 10. N 4
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doping; that leads to sensitizing of C/TiO»
composites to irradiation in the visible region of
spectrum [10, 29].

The photocatalytic activity of all the
materials was tested for destruction of
safranine T in aqueous solution under UV and
visible irradiation. Prior to irradiation,
photocatalyst-dye systems were kept in the dark
to achieve a sorption equilibrium. The
adsorption—desorption equilibrium was achieved
within 120 min. The sorption value of the dye on
composites C/TiO, was 55-75%, S/TiO, —
25-35 %, and S/C/TiO; — 60-80 %.

It is known that the dye molecules are
capable to absorb UV light following their
chemical transformations. The irradiation of
safranine T solution without a photocatalyst
shows that a negligible amount of dye molecules
undergo photolysis under UV light (Fig. 7 a).
The process of degradation of the dye is
accelerated in the presence of powders (Fig. 7 a).

During the irradiation of safranine T with
visible light (in the absence and in the presence
of titanium dioxide), the destruction of the dye
did not occur (Fig.7 b). When the dye water
solutions were irradiated with visible light in the
presence of the composites, a decrease of ST
concentrations was observed. The rate of process
under UV and visible irradiation was dependent
on catalyst composition and structure.

The composite samples showed higher
photocatalytic activity in the decomposition of
SF than pure titanium dioxide under UV and
visible light (Fig. 7).

Experimental results have revealed that the
rate of photocatalytic destruction of dye under
UV and visible irradiation depends on dopants
content. So, for C/TiO; sample the highest activity
was detected with 1.5 wt. % of carbon. For ternary
composites the rate is increased with an increase
of sulfur content in the range of 0.6 to 1.3 wt. %
and for S/TiO, of 2 to 17wt.%. The sample
S/C/TiO, with 1.3 wt. % of sulfur and the sample
S/TiO; with 17 wt. % of sulfur possess the highest
photocatalytic activity both under UV and visible
irradiation (Fig. 7). Besides, these samples also
showed the highest adsorption activity regarding
safranine T. This indicates that, first of all,
adsorbed molecules undergo photodestruction.

The enhanced UV and visible photocatalytic
activity of nanocomposites is related to the
participation of carbon in the inhibition of the
recombination of photogenerated electrons and
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holes due to efficient phase separation of charge
[5]. The high photocatalytic activity of the
composites upon irradiation by visible light may
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be attributed to the formation of additional
energy levels in the band gap of TiO,, which also
leads to sensitization to visible light [12, 30].
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Fig. 6. DRS spectra (a, ¢, €) and corresponding plots of (ahv)? (b, d, f) versus hv of: (a, b) — TiO, (1), 1C/TiO; (2),
2C/TiO; (3), (¢, d) — TiO, (1), 4S/TiO; (2), (e, f) — TiO2 (1), 1S/C/TiO; (2), 2S/C/TiOz (3), 4S/C/TiO: (4)
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Fig. 7. The photocatalytic activity of nanocomposites in the destruction of safranine T under: a — UV irradiation;

b — visible irradiation

In S-containing samples S(VI) ions can
substitute Ti(IV) and form the Ti-O-S bonds,
which allows us to modify the -electronic
structure of TiO, by displacing the electronic
sites from O to S [31,32]. The oxygen atom
becomes a center that hinders the recombination
of the electron-hole pairs under irradiation [33].

With the increasing of dopants amount the
process rate is decreased due to high
concentration of dopant acting as electron—hole
recombination sites [12,34] and hence
photocatalytic activity is decreased.

To investigate the photocatalytic capability of
the most active photocatalyst in repeated
applications, five repetition cycles were performed.
High activity of the photocatalyst in all the cases is
observed up to the third cycle. After the fifth use,
deactivation is noted that can be explained by
blocking the active sites with the reaction products,
which prevents photons from accessing active sites
and reduces the number of radicals participating in
photodestruction and by losses of the photocatalyst
during the experiment. A similar effect was
recorded in the paper [35].
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Ompumano Hanoxomnosumui mamepiamu Ha ochogi TiO, Oonosani cipkoio (S/TiO;), eyeneyem (C/TiO>),
syeneyem i cipkoio (S/C/TiO>). [lopowrxu oxapaxmepuszosaro memooamu POA, POEC, BET, CEM, EJIC, TEM i Y®
ma euoumor cnekmpockonicio. 3a donomozorw memoodie POEC ma EJ{C nokasano, wo nopowok diokcudy mumamy
micmume minoku eremenmu Ti i O, komnozumu C/TiO; micmamo eremenmu Ti, O, C, komnosumu S/TiO; - Ti, O, S'i

xomnozumu C/S/TiO>—Ti, O, Ci S.
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Penumeenogpazosuti ananiz eusaeue Haseuicmov asu aHamasy 8 ycix KOMNO3Umax, nosea pymuaiy 3apixcosana
auwe 31 30IbUEHHAM KITbKOCMI CIpKU 8 CIpKOBMICHUX nopowkax. Bemanoseneno, wo komnozumu cxiadaiomuscs 3
Kpyensicmux aznomepamie posmipamu 5—30 mxm. Busigneno, wo MoOugixysanisi cipkoro npuzgooums 00 3MEHULCHHS
posmipy wacmok Oiokcudy mumawny 3 14 0o 9—10 um 6 komnozumax S/TiO,, donysanus eyeneyem npuzeooums 00
30L1bUIeHHS PO3MIPY YacmMUHOK 8I0 14 00 19 Hm, a 0onouacHe MOOUQIKy8anHs OiOKCUOY MUMany gyaieyem i CipKkoio
npU3600UMb 00 YMEOPEHHSL YACMUHOK PO3MIPOM 7—8 HM.

Ananiz izomepm copbyii—-Oecopbyii azomy 015 6CIX CUHME308AHUX 3PA3KI6 NOKA3A8 HASAGHICMb Nemi
eicmepesucy, wo Cci04UMb NPo Me30NOpucmy Ccmpykmypy nopowkie. Izsomepmu sionogioarome IV muny
knacugixayii IUPAC ons mezonopucmux mamepianie 3 gopmoro nemri cicmepesucy HI1 ona C/TiO, ma H2 ona
S/TiO; i C/S/TiO,. Moougixysauna TiO, gyeneyem ma cipkoro npuzeooums 00 30i1bUleHHA NUMOMOI No8epxHi (8
1.8 pasis y sunaoky C/TiO,, 3.3 pasu ona S/TiO; i 4.7 paszie ona C/S/TiO;), 06’emy nop i smeHutenus: padiyca nop
nopiensano 3 TiO:.

Y cnexmpax noenumammna nanoxomnoszumie cnocmepizacmuvci OAMOXPOMHULL 3CY8 V NOPIGHAHHI 3i CMY2010
NO2MUHAHHA 4UCo20 OioKkcudy mumany. Busaeneno, wjo Moougixy8anHa npu38o0ums 00 38VIHCEHHS WUPUHU
3aboponenoi 30nu. HanokomMnosumui 3pasku euasuiu suwy (homokamanimuity akmusHicmy y peakyii decmpykyii
cagpaniny T npu Y@ ma suoumomy onpominenni nopienano 3 yucmum TiO». Lle mooice Oymu nog’szano 3 yuacmio
donanmie 6 iH2IOY6aHHI nNpoyecy peKoMOIHayil eleKmpoHie ma OIPOK, NPOOOGHCEHHSIM HACY HCUmms 3apsois,
nIOBUWEHHAM epeKmUEHOCMI MINCPaA306020 pO3NOOINY 3apsaoie | POPMYSAHHAM 000AMKOBUX eIeKMPOHHUX DIGHI6.

Knrouosi cnosa: mnanoxomnozumu, Oiokcuo mumany, e6yeneys, cipka, cagpauin T, @omoxamanimuuna
AKMUBHICMb
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Ionyuenvr nanoxomnozummvle mamepuanvl Ha ocnoge TiO, odonuposannvie cepoii (S/TiO3), yenepodom
(C/TiO;), yenepooom u cepoii (S/C/TiO>). [lopowxku bviiu oxapakmepuzosarvt memooamu POA, POIC, BOT, COM,
S/C, TOM, Y@ u euoumou cnekmpockonuu. C nomowwro memooos POIC u I/C nokazano, umo nopouiox
ouoxcuoa mumana cooepoicum monvko snemenmol Ti u O, xomnosumol C/TiO; codepocam Ti, O, C, komnozumul
S/TiO; - Ti, O, S, u komnosumer C/S/TiO> - Ti, O, Cu S.

Penmeenoghazosulii ananuz nokazan Hauyue hazvl aHAmMaza 60 6cex KOMHO3UMAX, NOselieHue pymuid
3aPUKCUPOBAHO MONLKO C YELIUYEHUEM KOAUYECHBAd Cepbl 8 CepPOCOOepICAUUX NOPOUIKAX. YCMAHOBIEHO, YMmo
KOMNO3UMbl COCMOSIM U3  A2loMepamos OKpyenol Gopmel pazmepamu okono 5—30 mxm. Beiseneno, umo
MoOuuyuposanue cepoii npueoOUm K YMeHbUleHUlo pasmepa dacmuy ouokcuoa mumana ¢ 14 0o 9-10um 6
xkomnosumax S/TiO; Odonuposanue yenepooom npueooum K ygeauuenuio pasmepa uacmuy c¢ 14 0o 19um, a
00HOBpeMeHHOe MOOUpUYUposanue OUOKCUOA MUMAHA YeAepoOOM U Cepoll NpUsooum K 00pA306aHUI0 YACMUY
pazmepom 7—8 HM.

Ananuz usomepm copbyuu-oecopoyuu azoma 0is 8cex CUHMEIUPOBAHHBIX 00pA3Y08 NOKA3AL HAIUYUE Nemu
2ucmepesuca, 4mo c8UOemerbCmsayem 0 Me30NOpUCmo CmpyKkmype nopowKos. Mzomepmvi coomeemcmeyom muny
1V knaccugpuxayuu IUPAC ona meszonopucmeix mamepuanog ¢ gopmou nemau eucmepesuca HI1 ona C/TiO; u H2
ona S/TiO> u C/S/TiOs. Mooughuyuposanue TiO> yenepooom u cepoii npusooum K YEeIUYeHUio YOenbHOU
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nosepxvocmu (¢ 1.8 pasa & cayuae C/TiO, 3.3 pasa ona S/TiO; u 4.7 pasza ora C/S/TiO;), obvema nop u
YMeHbeHuto paouyca nop no cpagreruio ¢ TiO».

B cnexmpax noznowenus nanoxomnozumog nabiodaemcs 6amoxpoMHblil CO8U2 N0 CPAGHEHUIO CO CREKMPOM
YUCMO20 OUOKCUOA MUMAHA. YCMaHo8neHo, 4mo Mooupuyuposanue npUBOOUN K CyICeHUI0 WUPUHbL 3aNPewenHol
30nbl. Hanoxomnosumul npossunu 6oiee 8bICOKYIO (POMOKAMAIUmMu4eckylo akmueHoCms 6 peakyuu O0ecmpyKkyuu
caghpanuna T noo eoszoeiicmeuem YD u suoumozo obnyuenus no cpagnenuio ¢ yucmoim Ti0r Imo mooicem Ovimo
CBA3AHO ¢ yyacmuem OONAHMOS8 6 UHSUOUPOBAHUU PEKOMOUHAYUU INEKMPOHO8 U ObIPOK, NPOOSEHUEM BPeMeHU
JHCUBHU  3aps008, YeeruyeHueM SP@exmugHocmu MmexnchasHozo pazoeneHus 3apsaoo8 u  opmuposanuem
OONOJIHUMENbHBIX DNEKMPOHHBIX YPOGHE.

Knrwouegvle cnoea: nanoxomnosumel, Ouokcud mumana, yenepoo, cepa, cagpanun T, pomoxamanumuyeckas
aKmuHoOCmb
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