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OPTICAL AND PHOTOLUMINESCENCE
PROPERTIES OF RARE EARTH IONS-DOPED
ANATASE/BROOKITE DUAL-PHASE TiO,

1. Introduction

For the first time, optical absorption and luminescent properties of nanostructured dual-phase
anatase-brookite (A/B) TiOs doped with Sm3T, Gd®T, Tb®*, Tm** and Y01 rear earth
(RE) ions are reported. The RE-doped TiOz particles had a spherical shape with a typical size
of 10-25 um in diameter and consisted of grown together nanocrystallite aggregates of 5-8
nm. SEM/EDS analysis confirmed successful incorporation of RE-dopants onto the surface
of the TiO2 particles. With FTIR spectroscopy, a formation of RE-Ti—O and RE-OH bonds
near the surface defect states was found. UV-Vis-NIR diffuse reflectance spectra exhibited a
blue shift of the TiOs main absorption band mazimum for Gd®t dopant and a red shift of the
absorption edge for Yb3T. Several characteristic NIR absorption bands of RE ions were also
detected for Sm** -, Tm** - and Y3 -doped TiO2, assigned to their 4f-4f transitions, while
Gd®*- and Tv** -doped samples show no absorption in this region. The calculated band gap
energies (Eg) of RE-doped TiO2 were 3.02, 2.97, 2.98, 2.92, 2.88 and 2.91 eV, for undoped
and doped with Sm>*, Tm®*, TV, YB3T, and Gd®T samples, respectively. It was shown that
under excitation of A/B TiO2 nanocrystals above the TiOz band gap energy, the particles
exhibited characteristic luminescence corresponding to 4f —4f transitions of RE*tions. It was
explained that in RE-doped A/B dual-phase TiO2 nanostructures, the regions at A /B junctions
or grain boundaries of TiOz nanocrystals can easily accommodate RE®T ions and provide
for efficient energy transfer from TiOs to RE*Y ions under appropriate alignment of excited
state energy levels of the dopant in TiO2 band gap. Such energy transfer was observed only in
samples doped with Sm3T, TH**, and Tm®*, while no emission was observed for Yb**- and
Gd**-doped TiOz due to the higher energy of their excited states. RE-doped A/B dual-phase
Ti02 nanostructures may find potential applications in various optical and engineering fields,
such as LED, optic systems, communication devices, and heterogeneous photocatalysis.

Keywords: TiOz, nanocrystals, rare earth, UV-Vis-NIR absorption, luminescence, energy
transfer.

The rare earth (RE) elements with atomic numbers
from 57 to 71 in periodic table (from lanthanum
La to lutetium Lu) are nowadays extensively used
in modern technology as an integral part of ad-
vanced electronic devices, LEDs and fiber optic appli-
cations, power generation technologies and military
products [1]. Due to the unique set of energy levels
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of incompletely occupied 5d or 4f orbitals, systems
based on RE ions generally exhibit intriguing spec-
troscopic properties, such as bright luminescence with
sharp narrow emission bands in the UV-Vis and NIR
ranges with a large number of allowed transitions,
and long lifetimes [2, 3]. However, due to parity se-
lection rule, direct excitation of the f—f transitions of
the RE ions is forbidden. To become allowable, these
“dark” transitions require symmetry breaking, such
as electron-phonon interactions or external field ef-
fects. Recently, to overcome the intrinsic absorption
limitations, the use of transition metal oxide host ma-
terials was proposed to excite the RE ions and sig-
nificantly enhance their emission intensity [4-6] via
the so-called “antenna effect” by their encapsulation
in an inorganic host where transition metal ions of
the host absorb light and then transfer energy to the
RE ions.

As inorganic oxide hosts, ZnO [7], SnO [8] and
TiOz [9-12] are generally selected as the best can-
didates due to their thermal and chemical stability
and good mechanical properties. The developed RE-
doped systems mostly include thin films [13, 14]. The
authors of [15, 16] demonstrated the intense emis-
sion from Eut? ions incorporated into spherical TiOy
nanoparticles, which was explained by the energy
transfer from the TiO5 to Eut? ions. It was shown in
that in spherical core-shell Eu-doped TiOs nanoparti-
cles, due to the uniform distribution of Eu3* ions in-
side the amorphous phase TiOs, the undesired Eu3*t
clustering is significantly suppressed, and character-
istic visible emission from Eu®tions was observed un-
der UV-excitation, which was explained by energy
transfer between Ti*+ and Eu™ ions [6]. However, in
most cases, the RE dopants were mostly adsorbed on
the oxide nanoparticle surface and so the only very
weak luminescence of RE ions could be seen under
their direct excitation. Therefore, special effort have
to be made to prevent RE-RE aggregation in oxide
matrices that causes concentration quenching of RE
emission. In our recent papers [17, 18] we proposed to
employ the anatase-brookite (A/B) dual-phase TiO,
nanostructured material as a host for trivalent RE
ions. It was shown that with simple synthesis pro-
cedure, the RE ions can be incorporated into the
TiOs framework which resulted in nanocrystalline
material with high surface area, small crystallite size,
abundant dual-phase junctions and potential photo-
catalytic applications. However, general photophysi-
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cal properties of these materials were still not studied
in detail.

In continuation of these studies, in this work we
focused on the effect of rare-earth doping on the op-
tical and luminescence properties of nanocrystalline
anatase/brookite (A/B) dual-phase TiOz doped with
trivalent Sm, Gd, Tbh, Tm and Yb ions. It is our aim
to elucidate the mechanism of the energy transfer in
these systems, which have never been studied before.

2. Experimental

2.1. Samples preparation
and morphology characterization

For the research, powdered nanocrystalline ana-
tase/brookite (A/B) dual-phase TiO2 was used which
consisted of spherical particles with a specific surface
area of 165 m?/g. The volume fractions of anatase
and brookite in the unmodified A/B sample were 94
and 6%, and the mean crystallite sizes were about 9
and 8 nm respectively. Dual-phase A/B TiOy parti-
cles doped with 2 wt.% of Sm?t, Gd3*, Tb3+, Tm3+
and Yb3* rare earth (RE) ions were synthesized ac-
cording to [17] and denoted as Sm-T, Gd-T, Tb-T,
Tm-T and Yb-T, respectively. The prepared particles
were of a spherical shape with a typical size of 10—
25 pm in diameter and consisted of grown together
nanocrystallite aggregates of 5-8 nm. The dual-phase
A /B structure of RE-TiO3 has been confirmed by X-
ray phase and TEM analyses [17]. No peaks from any
RE compound and no shift of the anatase peaks were
detected after doping indicating that RE3* ions do
not occupy the Ti sites in the TiO; crystal lattice. It
worth mentioning that generally, incorporation of RE
into the TiOs crystal structure is difficult because of
mismatch of the ionic radii (0.0745-0.1045 nm com-
pared with 0.068 nm for Ti**), and therefore, the
RE ions are rather accommodated near lattice voids
or accumulated at grain boundaries, forming RE ox-
ides. The high content of RE3* dopant ions located
on the surface of the RE-TiOs nanoparticles was
confirmed by energy dispersive X-ray spectroscopy
(EDX) measurements (Fig. 1).

2.2. Samples characterization methods

FT-IR absorption spectra were taken at room tem-
perature with a Bruker IFS-88 spectrometer in the
MIR (380-4000 cm~!) and FIR (80-550 cm~1) spec-
tral ranges. Each spectrum was accumulated out
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Fig. 1. SEM images and EDX spectra of the powders: TiO2 (a), Sm-T (b), Tm-T (c¢), Tb-T (d), Yb-T (e), Gd-T ()

of 64 scans with a resolution of 4 cm™'. Samples
for MIR spectra measurements were prepared us-
ing the KBr pellets technique, while those for FIR
spectra measurements were mulled with Nujol and
sandwiched between two Mylar windows. OriginPro
8.1 and Grams™ spectroscopy software packages
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were applied for spectra processing (baseline cor-
rection and band shape deconvolution). UV-Vis-NIR
absorption spectra of the samples were measured
with a Cary Varian 5000 UV-Vis-NIR spectrometer,
equipped with a diffuse reflectance accessory (UV-
Vis-NIR Praying Mantis), two detectors — a photo-
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Fig. 2. Normalized FT-IR absorption spectra of the samples:

TiO2 (1), Sm-T (2), Tm-T (3), Tb-T (4), Yb-T (5), Gd-T (6)

multiplier in the UV-Vis spectral range (200-850 nm)
and a PbSmart detector in the NIR range (850-
2650 nm), and two light sources, tungsten halogen
lamp in visible (340-2650 nm) and deuterium arc
in UV (190-340 nm) spectral ranges. The resolution
was 1 and 4 nm in the UV-Vis and NIR ranges
respectively. The PL emission and excitation spec-
tra were recorded with an Edinburgh Instruments
FLS980 fluorescence spectrometer equipped with two
detectors in the visible (Hamamatsu, R928P, 400—
700 nm) and the NIR (Hamamatsu, R5509-72, 900—
1600 nm) regions. A 266 nm diode laser (60 mW) was
used as the excitation source. The emission spectra
were collected at an emission slit width of 1.5 nm,
which provided the spectral resolution of approxi-
mately 1 nm. Due to the low emission intensity, the
background emission from the substrate table and the
reflected laser half-energy excitation beam are visible
on the collected emission spectra.

3. Results and Discussion
3.1. FTIR spectroscopy

FTIR spectroscopy measurements (Fig. 2) were used
to confirm the presence of RE elements in RE-doped
A/B dual-phase TiOs. Our main purpose was to de-
termine the additional bands or changes in the spec-
tral parameters of the existing absorption bands that
may be related to possible formation of RE-OH, RE-
O or RE-O-Ti bonds after doping (Fig. 2). It can
be seen from the Fig. 2, that FTIR spectrum of un-
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doped A/B dual-phase TiO5 clearly shows three main
bands. The first broad band centred at 3400 cm™!
corresponds to stretching vibrations of hydrogen-
bonded O-H groups of water molecules adsorbed
on TiOs particles surface. Compared to single phase
anatase, this band has an asymmetric shape with
a shoulder at about 3000 cm~! extended to lower
frequencies. This observation indicates the existence
of various OH groups in the A/B TiOs nanostruc-
ture, which are bound to TiOs particles with differ-
ent hydrogen-bonding strengths [19] (Fig. 2), where
the low-frequency shoulder corresponds to the most
strongly hydrogen bonded water molecules possibly
accommodated at A/B TiOy junctions or RE-Ti-
OH groups related to different defect states. The
second major absorption band is observed around
1630 cm~! corresponding to OH bending vibrations
of water. Here, the shoulders at 1540 and 1415 cm ™!
have been attributed to bending modes of surface OH
species at the TiO2 A /B interface [20] or to Ti-O-H
deformation vibrations. The fundamental vibrations
of A/B TiOs nanocrystals appear in the IR-spectra
as very strong broad bands, which originate from
Ti-O (612 cm™!) and Ti-O-Ti stretching vibrations
(450 cm™1) and are shifted to low frequencies com-
pared to single-phase anatase [21] (by about 100 cm !
for v(Ti-O)) due to contribution of intrinsic lattice
vibrations of brookite phase [22, 23]|. Bending Ti-O—
Ti vibrations are observed in far-IR spectral range at
about 340 and 147 cm~! (Fig. 2).

In the FTIR spectra of RE-doped A/B TiOa,
the absorption band of Ti—O stretching vibrations
is slightly shifted towards lower frequencies. This
behaviour could be attributed to the formation of
weaker Ti-O-RE bonds. Analysis of the OH stretch-
ing region shows a decrease in the intensity of the
low-frequency shoulder and an insignificant inten-
sity redistribution between different components of
the major absorption band indicating changes in
surface-adsorbed water and hydroxyl groups on TiO4
surface after RE-doping. The spectral region above
the own absorption of TiOs nanocrystals is less af-
fected by doping, however, here the peaks associ-
ated with surface hydration processes on the RE-
TiO5 nanoparticle surface are clearly seen (bands as-
sociated with deformation vibrations of surface OH
groups at 1620 cm™!, local defects at ~1540 cm™!
and RE-OH bonds of different dopants at about 1415
and below 1300 cm~!). The far-IR spectra of RE-
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doped TiOy (Fig. 2) are complex and vary for each
specific dopant with an obvious low-frequency shift
that is assigned to contribution from characteristic
RE-O vibrational modes due to introduction of heavy
lanthanide ions.

3.2. UV-Vis-NIR absorption

To study the optical absorption properties of RE-
modified TiOs nanopowders, the UV-Vis-NIR diffuse
reflectance spectra were investigated in the range of
300-2400 nm. Fig. 3 shows the absorption spectra of
both undoped and RE-doped TiOs in UV—-Vis spec-
tral range (300-900 nm).

For all the samples, superior absorption in the re-
gion of 200-400 nm is observed with two maxima be-
low 350 nm at 310 and 250 nm which is due to in-
trinsic absorption of anatase and brookite TiOs, with
band gap energies of about 3.6 €V and 3.4 eV, respec-
tively. The position of the absorption maximum of
both undoped and RE-doped A/B dual-phase TiO2
is blue-shifted with respect to single-phase anatase
(382 nm). This absorption is usually associated with
the electronic transitions of 2p electron of oxygen
from the valence band to the Ti 3d level in conduction
band of TiOy [24]. RE-doping does not significantly
affect the position of the absorption band maximum
for Sm-, Tm-, Th-, and Yb-TiO5, which is blue shifted
by ~50 nm only for Gd dopant. At the same time, the
red shift of the absorption band edge upon RE doping
is registered for Yb-T only.

Using the Kubelka—Munk function F(R) (Eq. 1),
we estimated the band-gap energy of RE-doped TiO4

(1-R.)? K

F(Rw) = S5 = 5 (1)
where F'(Ry is the Kubelka-Munk function, K is the
absorption coefficient, S is the scattering coefficient,
hv is the photon energy, and A denotes the wavelength
employed.

The optical band-gap energy E, can be obtained
from each UV-vis absorption spectrum using the
Tauc’s equation (Eq. 2)

[F(Roo) hv]™ = C(hw — E). 2)

In this case, C' is a constant, n equals to 1/2 for
indirect allowed, 3/2 for direct forbidden, 2 for di-
rect allowed, and 3 for indirect forbidden transitions
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Fig. 3. UV-vis absorption spectra (a), and the Tauc’s plots
F(R)'/2 versus photon energy, where F(R) is the Kubelka—
Munk function for (b): TiO2 (1), Sm-T (2), Tm-T (3), Th-T
(4), Yb-T (5), Gd-T (6)

[25]. The band gap energy of the A/B dual-phase RE-
TiO, was estimated for allowed indirect transition
with n =1/2.

The band gap value was estimated by linearly fit-
ting the plot (hv- F(Roo))™vs hv to intersection with
the photon energy axis (Fig. 3, b). The obtained Eg
values for undoped and RE-doped A/B dual-phase
TiO4 are around 3 eV making up 3.02, 2.97, 2.93,
2.92, 2.88 and 2.91 eV, for samples doped with Sm?*,
Tm3*t, Tb3*t, Yb3+, and Gd?*t, respectively. The
obtained FE,; values appeared gradually decreasing
from middle- (Sm, Tb, Gd) to heavy-RE (Tm, Yb)
dopants. Such band gap values suggest that under ir-
radiation with wavelength of 266 nm (~4.7 ¢V) the
electron-hole recombination will occur due to a di-
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rect transition from the conduction to the valence
band, emitting photons with the energy close to £
(~410 nm), which can be further transferred to the
energy levels of RE ions via shallow defect states near
the absorption edge.

When excited to these low energy levels, RE3T ions
can show near-infrared luminescence or be engaged
in up-conversion processes [5]. However, we did not
register directly any NIR emission intensity from RE-
TiOs probably due to low detector sensitivity.

Also, a significant NIR absorption (800-2000 nm)
was observed for RE-doped TiOy materials showing
clear spectral features arising from 4 f —4 felectronic
transitions of the RE ions [26] (Fig. 4) which con-
firms the presence of RE energy levels in the TiOq
band gap. The major absorption bands are deter-
mined for Sm-doped TiO, at 948, 1082, 1235 and
1387 nm related to 6H5/2 —>6F11/2, 6H5/2 —)6F9/2,
6H5/2 H6F7/2 and 6H5/2 %6F5/2, electronic transi-
tions in Sm3* respectively [27].

The absorption spectrum of Tm-T shows sharp
band at 1210 nm attributed to the 3Hg —3Hj5 elec-
tronic transition of Tm®* ions [28]. While Yb-T
shows a strong Yb3t absorption peak at 946 nm,
Gd?*t and Tb3* lack significant features in this
range due to their 4 f—5d transitions occurring below
400 nm. Such spectral disparities between middle-
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and heavy-RE ions likely drive their distinct photo-
chemical responses. For Gd3*, one can expect nar-
row absorption lines between 170-280 nm, due to
its 4f-4f transitions; however, no such transitions
were detected in our case due to instrumental limi-
tations. Yb-containing TiO5 materials are also trans-
parent in visible range of 250-750 nm. The detailed
information regarding RE®' energy level structure
can be found in the literature [29].

3.3. PL spectroscopy

The light emission spectra of prepared materials un-
der excitation at Aexe = 266 nm are displayed in
Fig. 5. Their photoluminescence excitation spectra at
the most intense emission band at about 325 nm (not
shown here) exhibit a broad and strong excitation
band with a maximum at 365 nm, that coincides very
well with the A/B dual-phase TiOy absorption band
edge (Fig. 3) thus indicating that the band gap of the
A /B TiO3 nanocrystallites makes the main contribu-
tion to the RE ions excitation. As shown in Fig. 5, a,
the emission spectrum of undoped TiOs consists of a
broad band ranging from ~350 nm to 800 nm. The
emission maximum at 461 nm and the overall width
of the signal are likely due to a combination of inter-
band and intra-band transitions with those linked to
material defects.
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Sm-T samples clearly exhibit the emission lines
originating from Sm37 ions (Fig. 5, b). The strongest
sharp lines are observed at 582, 612, 664, and 725 nm,
which were respectively assigned to 4G5/2 —>6H5/2,
*Gs/o —Hy/o, *Gs/2 —°Hy1 0, and Gy —His)o
electronic transitions in Sm3* ions. The PL emission
spectrum also clearly shows the multiple splitting of
1Gsjo —%Hso, “Gsja —Hyjo and *Gso —%Hy s
emission lines due to Stark effect caused by internal
crystal fields.

Also, in the measured emission spectra of Tm-T
samples (Fig. 5, ¢), emission from Tm?3* ions can be
recognized with the most intense lines at 610 nm,
662 nm, and 808 nm originating from 1G4 —3F3,
1G4 —3F,, and 3H, —3Hg, transitions in Tm3t, re-
spectively (Fig. 5, ¢). In addition to the sharp emis-
sion lines from Tm3*, a broad band centred at about
650 nm is also observed. This broad band can be as-
signed to the emission from TiOs defect centres [30,
31], because the band is also present in the emis-
sion spectra of undoped A/B TiO, (Fig. 5, a). As
seen from Fig. 5, d, Th-T material exhibits charac-
teristic Th3+ emission with the most intense emis-
sion bands centred at 488 nm, 542 nm, 584 nm, and
620 nm corresponding, respectively, to °Dy —"Fg,
Dy —"Fs, °Dy —"F4, and °Dy —"F3 electronic
transitions in Tb3* ions. Notably, the Yb-T mate-
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rial does not display any expected Yb®t emission
signature (2F5/2 —>2F7/2) in the 900-1100 nm re-
gion [32], potentially due to our NIR detector lim-
itations (Fig. 5, €). Instead, a broad UV-vis band is
observed, mirroring the profile of undoped dual-phase
TiOs. The notable increase in the emission intensity
at ~650 nm is consistent with the presence of oxygen
vacancies or other defect states within the TiO5 band
gap [30].

It should be noted that in the crystals, the RE3*
electron states are split into the Stark components
represented in PL spectra as several narrow lines
of the same energy level [33]. However, in our mea-
surements this fine structure was not practically ob-
served (except for the most intensive Sm®* emission,
Fig. 5, b) indicating that RE3* ions in A/B TiO,
matrix are probably located in the regions with disor-
dered local environment near the A/B junctions. The
emission from RE-doped TiO5 observed under excita-
tion at a wavelength above the measured A/B TiO,
band-gap wavelength (266 nm) indicates a nonradia-
tive energy transfer process from titania to the RE3*
ions electronic states. The UV light absorbed in the
conduction band of A/B TiOy is transferred to the
emitting states of RE3* ions and the defect states
at the A/B junctions and on the particles surface
that is further released with photon emission. Due to
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developed particles surface and the presence of A/B
junctions, a great number of the surface defect states
is available for excitation energy transfer to the en-
ergy levels of RE?* ions. It worth noting that in our
measurements, photoluminescence as a result of en-
ergy transfer was observed only from samples doped
with Sm3*, Tb3*+, and Tm3*, while no emission was
observed for Yb3T- and Gd?*-doped TiO, materials
(Fig. 5, e, f). It is also observed from Fig. 5, that
Sm-T has a highest emission intensity in comparison
with Tb-T and Tm-T materials, a result that con-
firms the decrease in the energy transfer efficiency in
the order Sm3*+ > Th3*+ > Tm3* [10] and suggests the
important role of surface defects in the excitation en-
ergy transfer process. If these defects states (which
can be different in different materials) are located
lower by energy than the emitting states of RE ions,
no energy transfer to these states could take place,
and no RE luminescence can be observed. Therefore,
the observation of characteristic luminescence lines
of RE3t ions strongly supports their involvement in
the electron-hole recombination processes in the RE-
doped TiOq particles which may be crucial for their
photoactivity.

4. Conclusions

The effect of rare earth dopants, Sm3*+, Gd3+, Th3*,
Tm?**t and Yb3+ on optical and luminescent proper-
ties of 2%-doped dual phase anatase-brookite (A /B)
TiO2 nanostructures was evaluated, which has not
been reported previously. The dual-phase A /B struc-
ture of RE-TiO5 particles used in the study has been
confirmed by X-ray phase analysis. The particles had
a spherical shape with a typical size of 10-25 pm in
diameter being made up of grown together nanocrys-
tallites measuring 5-8 nm. SEM /EDS analysis con-
firmed successful incorporation of RE-dopants onto
the surface of the A/B TiOs nanostructure. FTIR
spectroscopy revealed the formation of RE-Ti—O and
RE-OH bonds near the TiOsy surface defects. UV-
Vis-NIR diffuse reflectance spectra exhibited blue
shift of the main absorption band for Gd-T material,
also a red shift of the absorption edge was detected for
Yb-T. Several characteristic NIR absorption bands
were detected for Sm-T, Tm-T and Yb-T materi-
als assigned to 4f-4f transitions of RE ions, while
Gd?**- and Th3*-doped samples showed no absorp-
tion in this region. The estimated F, band gap ener-
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gies for A/B TiOy doped with Sm3*, Tm3*, Th3*,
Yb?t, and Gd®*tions appeared to be equal respec-
tively to 2.97, 2.93, 2.92, 2.88 and 2.91 eV, compared
with E; = 3.02 eV for undoped A/B TiO,. It was
shown that under excitation of RE-TiO5 particles
above the TiO9 band gap energy, they exhibited char-
acteristic luminescence emission corresponding to 4 f—
4f transitions of RE3T ions. It was explained that in
RE-doped A/B TiOs nanostructures, the regions at
A/B junctions or grain boundaries of TiOs nanocrys-
tals can easily accommodate RE3T ions and provide
for efficient energy transfer from TiO, to RE?* ions
under appropriate alignment of the excited sates en-
ergy levels of the dopant within TiOs band gap. Such
energy transfer was observed only in samples doped
with Sm3*, Th3*, and Tm?3*, while no emission was
observed for Yb3*- and Gd3*-doped TiO; due to the
higher energy of their emission states.

RE-doped A/B dual-phase TiOs nanostructures
may find potential applications in various optical and
engineering fields, such as LEDs, optic systems, and
communication devices, as well as heterogeneous pho-
tocatalysis.
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OIITMYHI TA ®OTOJIIOMIHECHEHTHI
BJIACTHUBOCTI ABO®A3HOI'O TiO2 KOMIIO3UTA
AHATAS3-BPVYKIT, JIETOBAHOI'O IOHAMH
PIIKICHOSEMEJIbHUX EJIEMEHTIB

Brepire nosigoMsierscss mIpo onTHUHI i JIIOMiHECIEHTHI Biia-
CTHBOCTI HaHOCTPYKTypoBanoro asodasnoro TiOg kommosu-
Ta anarta3-6pykir (A/B TiOg2), neroanoro ionamu pigkicHO-
semenpraux enementis (P3E) Sm3t, Gd3t, Tb3+, Tm3t i
Yb3+. Yacrunknu TiOz, nerosani P3E, manu cdepuuny dop-
My 3 TUIOBHM po3MipoMm 10-25 MkM y giamerpi it ckiaga-
JIMCsI 31 3POIIEHUX Pa30M arperaTiB HaHOKPHUCTAJITIB pO3Mi-
pom 5—8 uMm. SEM/EDS anasni3z niarsepaus yciliHe BKJIIOUe-
uus Jeryiounx gomimok P3E ma mosepxuio yactuaok TiOg.
3a gonomororw IY-Dyp’e-CrieKTPOCKOIIT BUSBJIEHO yYTBOPEHHS
3B’s13kiB P3E-Ti—O ta P3E-OH no6sm3y nosepxueBux jede-
KTHUX crauiB. CrekTpu nudys3HOro BiadurTsa B yabTpadiose-
rosomy (UV), Bumumomy (Vis) i 6imrkabOMY iHMpPaIepBOHO-
My (NIR) niamasonax mokasain KOPOTKOXBUJIBOBE 3MiIEHHS
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MaKCUMyMy OCHOBHOI cmyru norsimHanust TiOg agst sreryrodol
nmomimku Gd3t Ta moBroxBmIbOBe 3MilIeHHST Kpaio MOTIMHA-
mus s Yb31. Kineka xapakTepHux CMyr HOIVIMHAHHS 10HIB
P3E rtakoxk BusiBieHO st 3paskis TiOsg, merosannmx Sm3T,
Tm3t i Yb3+, mo siamosinaiors ix mepexomam 4f—4f, Tomi sk
3pasku, aerosani Gd3t Ta Tb3T, me mokasyioTs mormuHaxHS
B wiit obiacti. PospaxoBani eneprii 3ab6oponenol 3ouu TiOa2,
snerosanoro P3E, cranosuin Ey = 3,02 eB g1 nesmeroBannx
spaskis i By = 2,97, 2,93, 2,92, 2,88 ta 2,91 eB nna spaskis,
smeroparnx Sm3t, Tm3+, Th3t, Yb3+ i Gd3t, sigmosizmo.
TTokazano, mo nix gac 30ymkenus nHa€okpucraiais A/B TiOs
BHIe eHepril 3a6oponenol 3ouu TiO2 YaCTHHKH IEMOHCTPY-
IOTh XapaKTEpPHY JIOMIHECIEHIIiIo, sIKa BiJIoBiZae mepexozam
4f-Af ionis P3E3T. TlosicneHo, mo B 1BOMDA3HAX HAHOCTPY-
krypax A/B TiOg2, nerosannx P3E, obsacti intepdeiicy A/B
abo moBepxHi mofiny 3epeH y HaHokpucragax TiO2 MoxyTb
sierko Bmingysaru iorm P3E3Y i 3a6esneunTn edexrunmy me-
penaay emeprii Big TiO2 no ionis P3E3T 3a ymosu Binmosigmo-
ro po3TalryBaHHs 30YIKEHUX €HEPreTUYHUX PIBHIB JIEryrodol
nomimiku B 3aboponeniit 3oui TiO2. Take mepenecemnms enep-
rii crmocrepirasocs e y 3paskax, jgeropanmx SmSt, Th3+
i Tm3%t, Tomi sixk mma TiOg, merosamoro Yb3+ i Gd3t, su-
IIPOMIHIOBAHHSI HE CIIOCTEPIrajocs 4Yepe3 BUIILY €HEepriro IXHix
30ymxxenux crais. JIBodaszni manocrpykrypu A/B TiOg, se-
rosatni P3E, MoxXyTb MaTu 3acTOCyBaHHS B 6araTbOX OIMTUYHUX
i IHXKEHEPHUX IPUCTPOAX Y PIZHUX rajly3AX TEXHIKH, TAKUX AK
cBiTyIOAiOIM, ONTHYHI Ta KOMYyHIKAIiilHI IPUCTPOI, a TAKOXK Y
rereporeHHoMy (hoToKaTasIi3i.

Kawwoei caoea: TiOg, HaHoKpucTa u, pigkicHO3eMeIbHI
esiemenTH, noryimHands B UV-Vis-NIR nianazoni, sirominecuien-
11is1, IEPEHECEHHsT eHePril.
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