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The crystalline and electron structure of TiO, and TiO,/ZrO,/SiO, coating obtained by
sol-gel technique and annealed at 773 K and 873 K has been studied. The film synthesis
and further heat treatment result in formation of nano-sized anatase particles with a
developed surface and shallow and deep traps within the band gap of titania. Rater
localized electron states correspond to these defects, which result in occurrence of some
new optical absorption bands. Some of the optical conductivity bands belong to oxygen
vacancies which are deep defects, and the other ones are connected with surface defects.
The nature of surface defects should be various. The presence of shallow defects deforms
the edge of conductive band, tailing it.

Wsyuenbl KpucrajgiumdyecKas ¥ SJEKTPOHHAsS CTPYKTypa B I[IPeJesax 9HePreTudecKoi
menn paa miaesok 1i0, m TiO,/ZrO,/SiO,, mosyueHHBIX METOZOM B30Jb-Telb CHHTE3a WU
orosxeHHEIX npu 773 K. Ilpu curTese mirenox TiO, m mx mociemyromeii TepMooGpaboTke
00pasyIoTesi HAHOPa3MEepHBbIE YACTUILhl aHATA3a C PASBUTON MOBEPXHOCTHIO U HAJWYMEM MeJl-
KUX U TIIy0OKUX AedeKTOB B 3aIpeIeHHOl 30He AUOKCHULA TUTaHa. OTUM Hed)eKTaM COOTBET-
CTBYIOT [JOCTATOYHO JIOKAJWS30BAHHBLIE JJIEKTPOHHBIE COCTOSHUSA, KOTOPBLIE IPUBOAAT K BO3-
HUKHOBEHUIO Psfa MOJIOC OIITUYECKOTO IMOTJIOI[eHus. JacTh MO0JIOC OITUYECKOU IIPOBOLUMOC-
TH CBfI3aHA C KUCJOPOJHBIMYM BaKaHCUIMU, KOTOPBIE SBJSIOTCI TIyOoKuMu gedexTamu, a
Ipyras 4acTb — C MOBEPXHOCTHBIMU gederramu. IIpupojga IMTOBEPXHOCTHBIX Ne(PEKTOB MOJKET
ObITh pasnuuHoil. Hamnune mMelKux med)eKTOB MCKaKaeT Kpail 9HepreTUYecKo 30HBI IIPOBO-
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AUMOCTH, PasMbIBasl ee HaydaJlo.

Titania colloids, powders, and films show
a high efficiency in the photooxidation/re-
duction processes of toxic compounds. How-
ever, the practical application thereof re-
quires a further improvement in TiO, pho-
tocatalytic activity focused on the
optimization of charge separation processes,
sensitization of TiO, to visible light, fur-
ther enlargement of the surface area, etc.
In the last years, numerous synthetic ways
to mesoporous materials with high surface
area and well-developed porosity have been
reported [1-4]. Such materials include bi-
nary (TiO,/ZrO,, TiO,/Si05), and also ter-
nary (TiO,/ZrO,/SiO,) composite materials.
However, physical and chemical nature
their photocatalytic activity in redox proc-
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esses of toxic impurity destruction is not
established even for the main component of
these composites, TiO,. In this connection,
it is of importance to study physical proper-
ties of those composites in the film form,
capable to influence the efficiency of pho-
toreactions. Also, it is necessary to take
into account that synthesis of binary or ter-
nary solid solutions is possible only at high
temperatures, for example, solid-state reac-
tion between TiO, and ZrO, proceeds at tem-
peratures above 1700 K. The synthesis at
such temperatures results in formation of
crystal structures with a poorly developed
surface, with low effective photocatalytic
properties of the obtained functional mate-
rials. Of better prospects is the synthesis of
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Fig. 1. X-ray diffraction of TiO, powder after
annealing for ¢t =4 h at 773 K (ACoK).

composites using the sol-gel method which
is carried out at room temperatures. Usu-
ally, the composite gel is obtained from the
corresponding alkoxides. Its specific feature
is the presence both of amorphous phase
and nanosized crystals with numerous frag-
ments of —-O-Si-O-Ti-O-, -0-Si-0-Zr-0—-,
—O-Ti—0O-Zr-O- types, etc. Depending on
annealing temperature, the crystal struec-
ture of phases changes. So, three phases are
known for TiO,: anatase (tetragonal struc-
ture Dy,19), rutile (tetragonal structure
D4,14), and brookite (orthorombic struec-
ture). The specific surface area of the sam-
ples is well-developed and may excess that
of pure TiO, by several times. Such variety
of morphology features of crystal structure
and amorphous inclusions predetermines
their complex influence on vibration spec-
tra, band gap width, electron structure, for-
mation and transport of electron excita-
tions. The study of those properties allows
to elucidate mechanisms of photocatalytic
activity improvement of TiO, composites.
To investigate the crystal structure re-
laxation and electron energy spectra, sol-gel
method of synthesis has been used to pre-
pare powders and films of TiO,, TiO,/ZrO,,
TiO,/2r05/Si0, from appropriate alkoxides
using the dip-coating method to prepare the
films. The samples were annealed at 773 K
and 873 K. The choice of the specified tem-
peratures was defined by necessity to retain
the tetragonal phase of anatase. The struc-
ture of powders and films was studied using
X-ray diffraction. The refractive index n,
absorption factor k, as well as the imagi-
nary part of dielectric permeability €5 and
optical conductivity € for the samples ob-
tained with various sources of SiO, (TEOS
solution, stable SiO, colloid or commercial
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Fig. 2. X-ray diffraction of TiO, film after
annealing for ¢ = 4 h at 773 K (ACoK ).

silica powder Davisil) and heat treatments,
were calculated from coefficients of the
basic equation, using the spectral ellip-
sometry method.

In contrast to sol-gel TiO, powders (Fig. 1),
a TiO, film on Si (100) substrate is charac-
terized by reduced size of coherent disper-
sion blocks and increased lattice parame-
ters. This is confirmed by broadening of
diffraction reflections and shift thereof to-
wards smaller interference angles (Fig. 2).
The average size of TiO, nanoparticles with
anatase structure is close to 18.9 nm. In
case of ternary composite TiO,/ZrO,/SiO,
with molar ratio of components 70:21:9, the
structure corresponds mainly to amorphous
Si0,, although for powders annealed at
773 K for 4 h, a maximum appears in the
reflection region of (101) anatase phase. As
the annealing temperature and duration in-
crease up to 873 K and 12 h, the half-wide
of that reflection decreases, its maximum
position being unchanged. Its position is
shifted towards smaller angles as compared
to pure TiO, phase (Fig. 8). It is obvious
that the specific features of diffraction
image evidence a considerable defectness of
anatase phase structure and its small nanos-
tructured inclusions. As the annealing tem-
perature and duration increase, the struc-
ture defectness changes insignificantly, and
the size of TiO, particles grows. At a fur-
ther increase of annealing duration, an im-
proved ideality of anatase crystal structure
can be expected as well as increase of photo-
catalytic activity due to reduction of con-
centration of traps capturing electron exci-
tations at the photogeneration thereof.

On the other hand, with growth of the
nanoparticle size, there is a reduction of the
developed surface area that lowers the pos-
sibility of the photocatalyst contact with
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Fig. 8. X-ray diffraction of TiO,/ZrO,/SiO,
powders annealed for t =4 h at 773 K (1)
and for £ =12 h at 878 K (2) (ACoK ).

surrounding solution as well as forms a
Shottky barrier due to heterogeneity of the
potential difference between the crystal
bulk and its surface. The appearing bend of
energy levels reduces the interphase charge
transfer and, accordingly, photoinduced
catalytic reactions. Synthesis of TiO,
nanoparticles is accompanied by formation
of various crystal structure types including
first of all oxygen vacancies and the surface
defects connected with adsorbed OH-groups
and adsorbed water. The presence of such
defects influences considerably the electron
energy states within the band gap. This in-
fluences both the band gap width and the
generation of charges capable to increase
the photocatalysis efficiency.

The presence of such defects also influ-
ences optical properties of films, in particu-
lar, the refractive index, extinction coeffi-
cient, the real and imaginary parts of dielec-
tric permeability, thus promoting TiO,
sensitization to the visible spectral region [6].
Figs. 4 and 5 illustrate the spectral depend-
ences of the refractive index n(E), extinc-
tion coefficient E(E), and optical conductiv-
ity o(E) (where o = gqwey = 2eq0nk, gy is di-
electric constant, ® is cyclic frequency of
incident light) for six-layer titania coatings.

It is to note that the optical properties of
TiO, films obtained by a sol-gel method dif-
fer from those of bulk crystals and films
synthesized by other methods [3—7]. The
main difference is that there is a number of
optical conductivity bands in the visible and
near infra-red range, that testifies the pres-
ence additional strongly localized electronic
levels in the band gap caused by shallow
and deep defects [8]. Besides, there is no
sharp drop of absorption in the band gap
edge area [9, 10]. Spectral curves of optical
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Fig. 4. Spectral dependence of refractive
index n(E) and k(E) of TiO, film annealed for
t =4 h at 773 K (substrate Si(100)).
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Fig. 5. Spectral dependence of optical conduc-
tivity o(E) of TiO, film annealed for 4 h at
773 K (substrate Si(100)).

properties testify to an essential role of
oxygen desorption which is achieved at TiO,
film heating. It is known [6] that in this
case, a coloration occurs due to oxygen va-
cancies with optical absorption bands near
to 1.17; 2.55 and 2.8 eV. Near to the speci-
fied values, optical conductivity bands are
observed, that confirms the sensitizing in-
fluence of deep defects on photocatalysis;
those defects are oxygen vacancies. The
highest density of electronic states corre-
sponds to the high-energy bands associated
to those defects. Besides of the mentioned
bands, other ones are observed. The nature
thereof is less obvious, however, it is possi-
ble to assume, that the acceptor levels near
1.75 eV are associated with Ti3* ions hav-
ing absorption band near 2.0 eV. Shift of
this band towards lower energy is caused
probably by heterogeneity of Ti* position
in TiO, matrix, though other defects might
also act as acceptors. The absorption in
infra-red region is possible also due to elec-
tron transitions from energy levels of shal-
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low defects that are surface defects of TiO,
nanocrystals. The presence of such levels is
confirmed by increases optical conductivity
near to the conductivity band bottom, since
in the area close to 3.25 eV, the contribu-
tion from Urbach tail because the presence
of amorphous phase TiO, is not excluded.
The absorption near 1.6 eV is structurized,
thus testifying to a variety of surface de-
fects caused by energetic heterogeneity of
TiO, surface. No free electron absorption is
observed in the energy range between 1.0
and 1.5 eV.

Thus, the presence of defects with vari-
ous energy positions of electrons in the
band gap of nanosized TiO, films obtained
using the sol-gel technique changes signifi-
cantly their structure. This promotes a sen-
sitization of the photocatalysts to the vis-
ible light, and extends the opportunities of
photoinduction and accumulation of the
charges being involved in photocatalysis.
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dororaraxiz niaiskamu TiO, nmpu penakcanii cTpykTypn

O.11.] mumpenxo, H.Il. Kyaiw, T.0.Bycko, B.C.Cmawyx,
A.M.€pemenrxo, H.Il.Cmipnoea, H.B.Bimiok

Hocrimxeno KpuCTaliuHy Ta eJIeKTPOHHY cTpyKTypy mrisok TiO, ra TiO,/ZrO,/SiO,,
OTPMMAHUX METOAOM B30Jb-rejb cuHTe3dy Ta Bigmanemux mnpu 773 K. Ilpu cunresi miaiBox
TiO, ra ix HacTynHiit TepMOOGPOOIL yTBOPIOIOTECA HAHOPO3MIDHI YACTHHKM aHATA3y 3 PO3BU-
HEHOIO0 IIOBepXHeI i HadaBHiCcTIO Minkmx Ta ramboxkmx gpedertiB. llum medexram Bimmosima-
I0Th JOCTATHBO JIOKAJIi30BaHI €JIEKTPOHHI CTaHM, SIKi IPUBBOAATH 10 BUHUKHEHHS PSAAY CMYT
OIITMYHOIO IIOTJAMHAHHSA. YacTuHA CMYyr OITHYHOI IIPOBiZHOCTI IIOB’s3aHa 3 KMCHEBUMM Ba-
KaHCifAMUH, fAKI gBAAIOTHCS rauOOKMMU medeKTaMu, a iHIIa YacTHHA — 3 II0OBEPXHEBUMU

nedeKkTaMu.

IIpupoma mnoBepxHeBux medexrtiB Mmoxke Oytu pisHomamiTHOo. HasiBHicTh

MiTKuX gedeKTiB CIIOTBOPIOE Kpail eHepreTuYHol 30HU IIPOBigZHOCTI, po3MuBaOUM ii IOYATOK.
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