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LASER-EXCITED EXCITONIC LUMINESCENCE
OF NANOCRYSTALLINE TiO, POWDER

Titanium diozide (TiO2) nanocrystalline powders were prepared by the thermal hydrolysis
method in the form of pure anatase or rutile and were investigated by X-ray diffraction, X-
ray fluorescence, FT-Raman spectroscopy, optical absorption, and photoluminescence (PL)
methods. PL spectra were studied under the intense UV laser excitation at 337.1 nm (8.68¢eV)
at room temperature. Some interesting features in the PL spectra including the well-resolved
peaks of excitonic and band-band transitions in TiO2 were observed for the first time. It is
shown that PL bands with peaks at 2.71-2.81 eV and its phonon replicas in anatase and rutile
TiOs arise from the excitonic e~ — h™ recombination via ozygen vacancies. The excitonic peak
at 2.91 eV is attributed to the recombination of self-trapped excitons in anatase or free excitons
in rutile TiOz. The PL peaks within 3.0-3.3 eV in anatase TiO2 are ascribed to indirect allowed
transitions due to the band-band e~ — h* recombination. The peaks at 3.03 and 3.26 €V are
attributed to the free exciton emission near the fundamental band edge of rutile and anatase

Ti02, respectively.
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1. Introduction

Nanostructured TiO, is a well-known wide-band
semiconductor material that is widely used in pho-
tovoltaics, photocatalysis, photosensors, ete. [1-3].
Physical properties of TiO5 are essentially dependent
on synthesis methods responsible for its chemical pu-
rity and crystal form (anatase or rutile), as well as
on particle features such as crystallinity, shape, spe-
cific surface area, and surface chemistry [2]. They
also depend on the defect states in the crystal lat-
tice of TiOy which affect the excitation and relax-
ation of photoexcited carriers [3]. In TiO2 studies,
the laser-excited photoluminescence (PL) technique
is often used to investigate the structure and proper-
ties of the active sites on the surface, the efficiency of
the charge carrier trapping, migration, and transfer
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in order to understand the behavior of electron-hole
pairs in TiOs, because of its high sensitivity and non-
destructive character [4, 5]. However, as reported in
the literature, it is difficult to observe any PL emis-
sion at room temperature for the bulk TiO,, even in
the single crystal state, due to its indirect transition
nature [6].

The low-temperature PL for anatase TiOs crys-
tals with a broad emission band at 2.3 eV was ob-
served by Tang et al. [7], and it was attributed to
the recombination of self-trapped excitons (STE) [§].
De Haart and Blasse [9] ascribed a sharp peak ob-
served at 3.01 eV in low-temperature PL spectra of
rutile TiO; crystals to the free exciton emission, and
a broad band at 2.55 eV to the bound exciton due to
the trapping of free excitons by Ti groups near the de-
fect states. Amtout and Leonelli [10] suggested that
the photoresponse near the band gap in the range at
2.7-3.0 €V originated from the phonon replicas of the
1s exciton.
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The temperature dependences of PL spectra for
polydisperse anatase and rutile TiOy were studied in
the range 5-180 K by Melnik et al. [11]. It was shown
that polydisperse anatase has two PL bands at 3.1
and 2.3 eV, whereas polydisperse rutile has one PL
band at 3.0 eV. With increasing temperature from
5 K to 140 K, the intensity of both PL bands de-
creases.

The room-temperature PL for nanostructured
TiO2 was studied in several works. Serpone et al. [12]
explored the PL of anatase TiOy colloidal particles
with different sizes and found that PL occurs from
the shallow trap levels located between 0.41 and 0.64
eV below the conduction band (CB). Saraf et al. [13]
found that the narrow PL emission of anatase TiO9
powder originated from the STE on TiOg octahedra.

In this work, we studied the PL of single-phase
nanocrystalline anatase (A) and rutile (R) TiO2 pow-
ders at room temperature. The high-purity R and A
TiOs samples were synthesized by the thermal hy-
drolysis method and characterized by X-ray diffrac-
tion, FT-Raman, UV-vis optical absorption, and PL
spectroscopy. The data obtained for the studied TiO4
samples by different techniques were compared, and
the relationships between the structural and PL prop-
erties for A and R modifications were analyzed.

2. Experimental
2.1. Samples preparation

For the research, we prepared high-purity polydis-
perse nanocrystlline TiOs powders with R and A
structures. The TiOy samples were synthesized by
the thermal hydrolysis of TiCly hydrochloric acid so-
lutions at 100°C in the presence of R or A colloidal ti-
tanium nuclei [14]. For instance, the TiCly hydrochlo-
ric acid solution (100 g/1 TiO2) with 3.0 TiO2/HCl
relative molar concentration was added with 3 wt.%
colloidal titanium nucleus of rutile, kept at 100 ° C
for 3 h, and cooled down to room temperature. The
residual precipitate was filtered and calcined at 200°C
for 5 h. The obtained TiO5 samples were thoroughly
washed with bi-distilled water up to pH = 6.5 and
thermally treated in air at 300°C.

2.2. Experimental methods

The structural properties and phase composition of
the synthesized TiO2 samples were determined by X-
ray diffractometry (XRD) using a DRON-2 diffrac-
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tometer with Cugo (X = 1.5406 A) and Coga(A =
1.7902 A) radiation. The mean crystallite sizes of A
and R TiO2 were evaluated from the A (101) and
R (110) diffraction peaks using the Debye-Scherrer
formula

D =K\/Bcosb, (1)

where D is the mean crystallite size, K is the con-
stant which is taken as 0.89, X is the wavelength of
the X-ray radiation, S is the reflection full width
at half maximum (FWHM), and 6 is the diffrac-
tion angle. The specific surface area of TiOy sam-
ples was measured by the Brunauer—-Emmett—Teller
(BET) method similar to [11].

FT-Raman spectra of TiOy samples were measured
with a Bruker IFS-88 spectrometer (spectral range of
380-4000 cm 1, 2 em ™~ spectral resolution) equipped
with an FRA-106/S attachment with a Nd:YAG laser
(A = 1.064 pm, 300 mW power) and an InGaAs de-
tector using the backscattering geometry of measure-
ments.

The UV-vis absorption and PL spectra of TiO,
samples were measured by a portable multichan-
nel optical spectrum analyzer Solar SL40-2 (3648-
pixel CCD sensor TCD1304AP, diffraction grating
600 1/mm, spectral resolution ~0.3 nm). UV-vis ab-
sorption spectra were recorded in the spectral range of
220-750 nm using DDC-30 deuterium (A1 pax = 245
nm, Apax = 311 nm) and DKSH-1000 xenon (Aex =
= 472 nm) lamps as the light sources. The PL spec-
tra of TiOy samples were excited by a pulsed N laser
(Aex = 337.1 nm, pulse energy 50 uJ, pulse duration
7 ns, repetition rate 50 Hz, beam aperture ~1 mm).
The special optical interference filters were used to
discriminate the laser light and the laser-excited lu-
minescence. PL was measured in the backscatter-
ing configuration. The samples for UV-vis absorption
studies were prepared using the KBr pellet technique
with a TiO3/KBr ratio of ~0.1 wt.%. All measure-
ments were carried out at room temperature.

3. Results and Discussion
3.1. XRD analysis

According to XRD characterization (Table 1), the
prepared A and R TiO. samples have a well crys-
tallized pure-phase structure. The mean sizes of
nanocrystallites in polydisperse TiOy powders, deter-
mined from XRD patterns under Cug,, irradiation,
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Table 1. Characterization of prepared TiO2 samples

S | Crystal Calculation Mean crystallite Stoichiometry BET. m?
ampies structure temperature, °C size (£3), nm (£0.01) »m7/g
A Anatase 300 °C 13 1.98 137
R Rutile 300 °C 21 1.99 15

Table 2. Raman active optical phonon modes of rutile and anatase TiO2 samples

Rutile Anatase
Raman shift (cm~1) | Assignment | Published data (cm~!) | Raman shift (cm™!) | Assignment | Published data (cm~1)
144 Bi, 143%, 144°, 143¢ 146 E, 153%, 1470
235 - 245%, 235 194 Ey 201%, 198
445 E, 443, 4480, 447° 395 Big 402, 400°
610 Ay 6122, 6124, 612¢ 514 Aig, Big 5222 5150
826 Bay 8332, 827b  826° 636 Ey 6437, 640°

@[16], ®[17],°[15].

Intensity, arb.u.

0.0

400 600 800

Raman shift, cm-1

200

Fig. 1. Raman spectra of anatase A (1) and rutile (2) powders
appeared to be equal to 13 and 21 nm for A and R
samples, respectively (see Table 1).

3.2. FT-Raman spectroscopy

The room-temperature FT-Raman spectra of the pre-
pared A and R TiO, powders are typical of A and R
crystalline phases (Fig. 1). In the Raman spectra of
R TiO,, three Raman-active optical phonon modes at
144, 445, and 610 cm~! are well observed. According
to [15], these fundamental phonons are attributed to
the Big, E4, and A;, modes, correspondingly. The
low-intensity Raman mode with By, symmetry cen-
tered at 826 cm ™! is poorly observed in our measure-
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ments. A noticeable broad band at 235 cm™! ob-
served in R TiO5 does not coincide with any theoret-
ical calculations for the fundamental modes allowed
by symmetry in this phase. The nature of this Ra-
man band is discussed in the literature [15-17], and
it is suggested that it might be either second-order or
disorder-induced scattering.

In the Raman spectra of A TiO», five Raman-active
optical phonon modes are observed: 146 cm™! (E,),
194 em™! (E,), 395 cm™! (By,), 514 cm™! (com-
bination of A;, and B;, that cannot be resolved at
room temperature [15]), and 636 cm™! (E,). The fre-
quencies of Raman-active modes, their assignment,
and reference data on the powder [16, 17] and sin-
gle crystal [15] for R and A TiOy are summarized in
Table 2.

It is well established [18] that the position of the
E, Raman mode for A TiO, between 143 and 147
cm~! depends on the stoichiometric ratio O/Ti. For
R TiOg, the phonon mode E, (446 cm™!), attributed
to in-plane bands of O-O bond [18], is also sensitive
to the presence of oxygen vacancies in TiO,. Based
on the measured £, peak position and its half-width
(Fig. 1), the stoichiometry was determined for the
studied A and R TiOs samples (Table 1).

3.3. UV-vis absorption spectroscopy

In the room-temperature UV absorption spectra,
several peaks and features near the UV absorption

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 3



Laser-Excited Excitonic Luminescence

edge (2.8-3.4 €V) are observed both for A and R
TiOy samples (Fig. 2) centered at 2.80, 2.85, 2.91,
2.92, and 2.93 eV (Fig. 2, inset). Some of these
bands were previously observed by Ghosh et al.
[19] under the thermal excitation of rutile single
crystals. Khomenko et al. [20] have also observed
weak absorption bands between 2.3 eV and 2.9 eV
and assigned them to d — d transitions associated
with Ti3* localized states. It was suggested that the
mentioned UV absorption peaks can be associated
with the existence of defect levels inside the band
gap. According to Daude et al. [21], the energy of the
lowest phonon-assisted indirect allowed (IA) transi-
tion from the valence band (VB) to the conduction
band (CB) is 2.91 eV. We suggest that, in our case,
the UV absorption peaks at 2.91-2.93 eV can be as-
signed to the overlapping of the lowest-energy funda-
mental absorption and absorption by various defect
states, e.g. Ti3T localized states or electron transi-
tions from different trap levels associated with oxygen
vacancies.

One can see that A TiOy shows an exponential ab-
sorption edge at hv > 3.0 eV, which is much less
steeper than that of R TiO;. The differences in
the UV-vis absorption spectra for A and R in this
area originate from the different nature of excitons
in these structures, namely, free excitons in R and
self-trapped excitons in A TiOg [6]. Similar absorp-
tion spectra were observed at low temperatures for a
single crystal TiO2 [22] but, to the best of our knowl-
edge, we observed the absorption spectrum for the
first time for a nanocrystalline TiOy powder at room
temperature.

As is seen in Fig. 2, the features at 3.05, 3.10, and
3.20 eV are characterized by changing the slope of
the tangent to the absorption curve. According to
Daude et al. [21], these features can be associated
with the fundamental (or intrinsic) absorption of R
or A TiOs. Thus, the features at 2.91 and 3.05 eV can
be assigned to indirect allowed (IA) transitions from
the edge to the center of the Brillouin zone, namely,
Xia = I'1p, and Xop — I'yp, respectively. The features
at 3.10-3.20 eV and above 3.2 eV can be assigned to
the I's — X TA transition and the onset of a direct
allowed (DA) optical transition, respectively. Analo-
gous observations of direct and indirect transitions in
TiO4 were also reported for single crystals by Vos and
Krusemeyer [23] and for colloidal anatase particles by
Serpone et al. [12].
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3.4. PL spectroscopy

Figures 3 and 4 show the room-temperature PL spec-
tra of the R and A TiO5 powders. In the spectral
range from 2.3 to 3.3 eV, a broad PL band is observed
along with the presence of well-resolved narrow peaks.
It is known that the PL intensity and the band struc-
ture depend on the excitation source power. With
the use of ordinary commercial fluorimeters, a broad
emission with a sharp peak at 2.91 eV [9, 12, 24-26]
can be observed. The authors of [7, 11, 27, and 28]
reported only a broad structureless emission in this
range.

As was shown by Abazovic et al. [29], two intense
peaks at 2.92 and 2.84¢eV in TiO, PL were registered,

Absorbance (arb.u.)

Photon energy (¢V)

28 30 32 34 36 38 40
Photon energy (eV)

Fig. 2. UV-vis absorption spectra for rutile R (1) and anatase
A (2) TiO2. The dash lines show the tangent to the absorption
curve. The inset displays the absorption spectra in 2.7-3.08 eV
range

X
w

AA A, ‘A sAA

PL intensity, arb.u.

EX3
=~ EX2
—EX1
o
>

AA A

22 24 26 28 30 32 34
Photon energy, eV

Fig. 3. PL spectrum of rutile sample
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FEE

PL intensity, arb.u.
EX
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Fig. 4. PL spectra of anatase sample

when the power of a diode-pumped Nd:YAG laser
was increased up to 70 mW and more. Amtout and
Leonelli [10] used a tunable dye laser (pumped by
a pulsed XeCl laser) with the intensity per pulse of
about 2.5 x 105 W-cm ™2 to excite the PL in rutile sin-
gle crystals. They observed a well-resolved PL struc-
ture with six peaks at low temperatures (12-200 K).
In our case, the pulse intensity of an Ny-laser is signif-
icantly higher (up to 4.4 x 10! W.cm™2), so we are
able to register the PL peak at 2.91 eV along with
other peaks forming a well-resolved band structure.
To our knowledge, such a fine structure was not ob-
served earlier in the PL spectra of TiO5 at low or
room temperatures.

The PL peak positions observed for R and A TOq
samples in Figs. 3 and 4 are similar, but the rela-
tive intensities of these peaks are different. We as-
sume that the differences in the emission intensity
from the R and A TiOy are connected with the dif-
ferent nature of excitons involved in the PL. Note that
the high-power laser irradiation could promote phase
transformation from anatase to rutile, as recently ob-
served in TiOy powders [30, 31]. However, it was
shown that, in air or oxygen atmosphere, the laser ir-
radiation was unable to activate any phase transition
in TiO5. Anatase keeps stable under the cw Nd:YAG
laser irradiation with energy up to 10 J/cm?, well
above the threshold required to induce the anatase-
to-rutile phase transition without oxygen or at low
pressure. In our study, the energy load on the TiOq
sample was about 300 J/cm?, i.e. by more than 1000
times less than in the above-mentioned works. Thus,
the possibility of the anatase-to-rutile transformation
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can be neglected. To our knowledge, no overheating
or degradation of the samples was observed in exper-
iments with other semiconductor oxides [32], when
used a similar pulsed Ns laser technique as in our
work, due to the Ny laser short pulse duration and
the low repetition rate.

3.4.1. Ezcitonic PL

Considering the PL spectra in Figs. 3 and 4, one
can see that, as compared with A TiOq (Fig. 4), the
PL of R TiOg (Fig. 3) shows a marked increase of
the emission in the range 2.3-2.6 eV. This emission
was observed also in other works, and it is usually
attributed to PL from TiO; surface states [33]. Some
PL peaks in the region 2.7-3.0 €V can be attributed
to the e~ — h™ recombination of photoinduced elec-
trons and holes. The energies of two sharp peaks
at 2.71 and 2.75 eV are very close to the trap en-
ergy levels located at 0.41-0.64 €V [12] below the CB,
which were attributed to the oxygen vacancies with
two trapped electrons (F-center) [28, 34]. The oxygen
vacancies are a kind of intrinsic defects in the TiOs
lattice forming intermediate energy levels within the
TiO2 band gap [35], which act as recombination cen-
ters for photoinduced electrons and holes. Therefore,
this emission can arise from the e~ — h™ recombina-
tion via oxygen vacancies. The strong excitonic PL
peak at 2.91 €V can be reasonably attributed to the
recombination of STE or free excitons, as frequently
observed in different TiOy structures: single crystals
[7, 9], nanoparticles [13], and colloidal nanoparticles
[12, 29].

As is seen in Figs. 3 and 4, the PL excitonic peaks
(EX) in R and A TiO2 powder show a well-resolved
fine structure. The differences in energy between
the adjacent peaks in R TiOy PL are approximately
equal to the values A = 22 meV (183 cm™') or
A1 = 48 meV (387 cm~1!). These values correspond
to v; = 183 em™! (TO E,) and v, = 388 cm™!
(TO E,) phonons in the IR spectra of TiOg sin-
gle crystals [15]. The differences in energy between
the adjacent peaks in A TiOs PL spectra are close
to the values of Ay = 17 meV (142 cm™!) and
Az =24 meV (193 cm™!) that correspond to Raman-
active optical phonon modes vz = 146 cm~! (E,) and
vy =194 ecm™! (E,) (Fig. 1, Table 2).

Table 3 summarizes the observed excitonic PL
emission peaks and their assignment to R and A TiO4
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Table 3. Raman active optical phonon modes of rutile and anatase TiO2 samples

Rutile Anatase
hv, eV hVex — hv, meV Assignment hv, eV hVex — hv, meV Assignment
2.998 87 EX + 411 3.015 -97 EX + 4y
2.981 -70 EX + 311 2.991 -73 EX + 3vy
2.953 —42 EX + 21 2.964 —46 EX + 2u4
2.931 —20 EX + 11 2.940 —22 EX 4+ vy
2.911 — EX 2.918 — EX
2.868 43 EX — vy 2.900 18 EX —4vs
2.840 66 EX —va —1n 2.871 47 EX —v3 —uvg
2.819 92 EX —vo — 211 2.852 66 EX —v3 — 21y
2.806 - EX1 2.823 95 EX —v3 — 314
2.756 — EX2 2.764 — EX1
2.736 20 EX2 —11q 2.721 EX2
2.713 - EX3
2.665 48 EX3 —uvy
2.640 73 EX3 —vg — 1
2.621 92 EX3 —vo — 214

optical phonon modes. Thus, the EX peaks and their
phonon replicas arise as a result of the strong exciton-
phonon interaction in the TiOs structure under the
high-power No-laser excitation. It is worth mention-
ing that our results correspond well with the results
of [9, 10], where the exciton-phonon interaction was
observed for R TiOs single crystal at low tempera-
tures. The peaks at 2.957 and 2.902 €V [8], as well
as 2.989, 2.977, 2.934, 2.839, and 2.737 eV [10], were
attributed to the phonon replicas of free excitons.

3.4.2. Band-to-band PL

The PL of the studied TiOy samples in the high-
energy part of the spectra at hv > 3.0 ¢V (Figs. 3
and 4) can be ascribed to the band-to-band electron
transitions from CB to VB with assistance of the ab-
sorption or emission of phonons. According to Daude
et al. [21] and comparing with the optical absorp-
tion spectra (Fig. 2), the PL peak at 3.05 ¢V can
be ascribed to IA transitions I'y; — Xo3. The PL
peaks at 3.10 and 3.17-3.19 eV correspond to the in-
direct transition Xy, — I's. Thus, the same electronic
transitions are involved in the optical absorption and
photoluminescence processes. Some differences in the
PL of R and A TiO3 due to different band structures
can be noticed in the range 3.20-3.30 eV. The peak
at 3.24 eV in the PL spectra of rutile (Fig. 3) can be
ascribed to the onset of the DA transition X; —X;
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[19]. The PL peak at 3.26 €V in anatase (Fig. 4)
corresponds to a band gap of 3.29 eV for A TiO,
[36] and can be ascribed to the free exciton emission
(FEE) near the band edge. Notice that the PL peak
at 3.03 €V in rutile (Fig. 3) is not clearly seen in
PL measurements, and it has never been observed in
R TiO45 at room temperature before. However, this
peak was observed in R TiO; at low temperatures [9]
and was ascribed to FEE.

The anti-Stokes emission within 3.01-3.3 eV ob-
served in R TiOs under the Ny laser irradiation
(hv = 3.68 €V) shows that excited electrons at the
top level of the CB can be transferred not only to the
bottom of the CB, but also on the relatively stable
levels located higher than the CB bottom. We be-
lieve that the nature of the anti-Stokes PL emission
in TiOs is rather complicated and requires further
researches. However, in general, the results of this
study correlate with our previous research of TiOq
nanocrystalline powders [36-37].

4. Conclusions

We studied the laser-excited room-temperature PL
of nanocrystalline anatase and rutile TiOy powders
prepared by the thermal hydrolysis method. Us-
ing a high-intensity Ny laser excitation, we observed
the well-resolved peaks of PL emission of excitonic
and band-to-band transitions in both A and R TiO,
samples.
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The sharp PL peaks at 2.71-2.81 €V arise from the
excitonic e~ —hT recombination via oxygen vacancies
in the TiOs structure. The strong excitonic PL peak
at 2.91 €V is attributed to the recombination of self-
trapped excitons in anatase or free excitons in rutile.
The TO E, (22 meV) and TO E, (48 meV) phonons
in rutile and E; (17 meV) and E,; (24 meV) optical
phonons in anatase and their replicas are observed
as a result of the strong exciton-phonon interaction
under the intense UV laser excitation.

The PL peaks within 3.03-3.26 ¢V in A and R TiO4
are ascribed to indirect and direct phototransitions,
which arise from the band-to-band e~ — At recom-
bination. The PL peaks, located at 3.03 €V in rutile
TiOs and at 3.26 €V in anatase, can be attributed to
the free exciton band edge emission.
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of Sciences of Ukraine under the Research Pro-
gram “Nanophysics and Nanoelectronics” (Project
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S3BYA2KEHA JIASBEPOM
EKCUTOHHA JIFOMIHECHEHIIIA
HAHOKPUCTAJITYHUX ITOPOLIKIB TiO2

Peszwowme

OnTuyHe norJauHaHHsS 1 POTOJIOMIHECIEHIlisT JIOKCUY THUTa-
"y TiOg BuBwasmcs npu KimMHaTHI# Temneparypi. Hanokpu-
crasiiuai nopomku TiOg 6ynu cuHTE30BaHi 31 CTPYKTYPOIO 9K-
croro anarasy abo pyTUiIy. 3pasku OysI0 JOCIiIZKEHO MeTOHa-
MU PEHTTeHIBChKOI AudpakIiil, peHTreHiBCbKOI (hJryopecreHIril,
CIIEKTPOCKOIIT KOMOIHAI[IHHOrO pO3CiIOBaHHS CBITJIA, OIITHIHO-
ro norsmuanus 1 doromominecnenyii (PJI). Cuekrpu PJI go-
caijpKyBasucs upu inrencusaomy Y@ (3,68 eB) 36ymkenni No

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 3

nazepoM. Jlesiki mikaBi ocobsimBocTi B cnektpax @JI, B Tomy
9UCI MKW eKCUTOHHKUX 1 MixK30HHUX nepexojis B TiOg 3 Buco-
KM CIIEKTPAJIbHUM PO3JIJIEHHSIM, CIIOCTEPIrajIuCs, 3 HAIIMMU
nanumu, Brepiie. [Tokazano, mo cmyru @JI, B Tomy guciii miku
npu 2,71-2,81 eB, i ix poHOHHI TOBTOPEHHSI B CIIEKTPaX aHATa-
3y i pyruny TiO2 BUHMKAIOTH BHACJIIOK excuToHHOI e~ — ht
pekoMOGiHaIil 1mobn3y KUCHEBUX BakaHCil. ExcuTonHmit mik
npu 2,91 eB BinHeceHo 70 pekoMOGiHAIT aBTOJIOKAJII30BAHUX
E€KCUTOHIB B aHaTa3i abo BlIbHUX eKcuToHiB B pyTmii TiOs.
Iliku @JI y mexax 3,0-3,3 eB B anarasi TiOg mpunucano mo
HEIPSAMUEX JI03BOJIEHHX IIePEeXO/IiB BHACIOK 30Ha-30Ha ¢~ —h T
pekombGinanii. ITiku npu 3,03 eB i 3,26 eB Binneceno 10 emicit
BIJIbHUX €KCUTOHIB 1OG/IN3Y (DyHIaMEHTAJIBLHOIO KPAlo IOTJIH-
HaHHA pyTuay i anarasy TiOg2 Bigmosizao. OGroBOpeHO BILIUB
kpucraniusol crpykrypu TiO2 ma cmekrpu @JI.
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