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Luminescent converters based on
“nanocellulose + K.Tb(PO,),:Eu” composite films

Abstract. The advantages of cellulose and its derivatives as the latest materials for devices that generate, store, and
convert electricity are their low cost, environmental friendliness, ease of recycling and the ability to be manufactured
in various ways and from various raw materials, including agricultural waste. This predetermines the relevance of their
study as materials for modern technology and electronics. The research aims to determine the luminescent characteristics
of composite films made based on nanocellulose and polycrystalline oxide K,Tb, ,Eu,,(PO,),. Optical microscopy and the
spectral-luminescence method were used to characterise the films and their initial components. It was found that crystallites
with an average size of about 50 um are distributed quite evenly in the film “nanocellulose +K.Tb, Eu,(PO,),”. A Raman
scattering band with a maximum of 564 nm under laser excitation at 473 nm was observed for the investigated samples in
the form of suspensions. The intensity of photoluminescence of nanocellulose in suspension and films is low compared
to the luminescence of oxide as a filler. The luminescence of Eu® ions is intense in the red region of the spectrum. The
calculated values of the degree of asymmetry indicate low symmetry of the positions occupied by europium ions in the
oxide and the contribution of Tb* ion emission to the overall spectrum of the composite film. The study results show
that the luminescence of Eu®* ions is sensitised by Tb*" ions, which absorb the excitation light and then transfer energy to
europium ions. The position of the absorption bands of Eu* and Tb* ions in the ultraviolet region of the spectrum and
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the intense emission of Eu** in the red region indicates the prospects of using nanocellulose + K, Tb, ,Eu, (PO,), films to
improve the efficiency of solar panels. Testing of the films under the excitation of luminescence by ultraviolet radiation
of an LED (1 =375 nm) showed the possibility of developing white LEDs on their basis. In particular, the chromaticity
coordinates of the uncoated LED were (x=0.214; y=0.079), and the use of a film composite as a coating causes a shift in the
coordinates to the red region: x=0.304, y=0.196. The obtained results on the morphology and luminescent properties can
be used to optimise the composition and manufacturing conditions of composite films of the following types “nanocellulose
+K.Tb, Eu,,(PO,),” for use as fluorescent converters in LEDs or solar panels

Keywords: ion; sensitisation; LED; solar panel; photoluminescence; coating

INTRODUCTION

At the current stage of equipment and technology devel-
opment, in particular, those related to the production,
storage and conversion of electricity, a significant need for
low-cost materials exists. One of the challenges is also the
significant increase in waste associated with electronic de-
vices. According to analysts V. Forti et al. (2020), the rate
of electronics waste generation will be around 74.7 million
tonnes per year by 2030. Only a small part of this waste
is recycled, and the rest pollutes the environment (Ahir-
war & Tripathi, 2021). Thus, the latest materials need to be
cheap and easy to dispose of. There is a growing focus on
cellulose as a material for modern technologies (Fang et al.,
2021; Zhao et al., 2021). Cellulose is a fairly cheap natural
polymer due to the abundance of its sources (from wood
raw materials to agricultural waste) and well-developed
manufacturing technologies. Nanocellulose (NC) is also
being actively researched, in particular, the kind that is
produced by an environmentally friendly bacterial method
with minimal use of chemicals (Urbina et al., 2021; Choi et
al., 2022). In addition to being cheap, cellulose and its de-
rivatives are environmentally friendly, biocompatible, and
naturally biodegradable. N.C. Raut & K. Al-Shamery (2018)
and P. Wang et al. (2018) found that 3D printing technology
has given an additional impetus to the development of cel-
lulose-based materials for technology and the creation of a
whole area of “paper” electronics. The study by D. Choe et
al. (2018) and I. Indriyati et al. (2019) have shown that the
physical and chemical properties of cellulose significantly
depend on the method of manufacture and further pro-
cessing. Therefore, to improve the properties of this natu-
ral polymer, impurities of a certain nature are added to it,
depending on the intended use. For example, the addition
of zinc, nickel, and carbon oxide nanoparticles to cellulose
is proposed as a way to obtain a lightweight, flexible, and
low-cost material for solar panels, as reported by G.F. Gem-
eda et al. (2022) and X. Liu et al. (2020). Composites based
on cellulose and inorganic polymers or carbon nanostruc-
tures have been investigated as promising materials for
dielectric capacitors and supercapacitors (Pal et al., 2022;
Wang et al., 2023; Zhu et al., 2023). M. Nedielko et al. (2018)
and J. Gan et al. (2022) noted that microcrystalline cellu-
lose incorporated with luminescent particles is a promis-
ing material for luminescent light converters and LEDs.
For such systems, the interaction between the elements
of the cellulose matrix and the filler is important. It is the

presence of such interaction between the components that
allows us to assert the presence of a composite material
whose properties are not the “sum” of the properties of
its components. Despite a significant number of scientific
studies of cellulose-based composites, there is almost no
understanding of the processes and ways of this interac-
tion due to the overall complexity of the material structure,
which makes this study relevant.

The research aimed to fabricate and determine the
luminescent characteristics of composite films based on
NC and K,Tb Eu, (PO,), oxide, which have prospects for
use as luminescent coatings for LEDs or solar cell compo-
nents. The morphology and optical properties of films of
this composition have not been studied before. The opti-
cal properties of composites with luminescent oxides have
been the subject of a rather limited number of scientific
papers. The main research objectives were to fabricate the
films, measure the photoluminescence (PL) and PL excita-
tion spectra, and analyse the spectral characteristics from
the perspective of the practical application of these lumi-
nescent materials.

MATERIALS AND METHODS
The production of the films (NC and “NC+ K[Tb,
Eu,,(PO,),”) and the study of their morphology using op-
tical microscopy were carried out at the Department of
Physics of the National University of Life and Environ-
mental Sciences of Ukraine in February 2023. The study of
the spectral and luminescent properties of the films was
carried out at the Faculty of Physics of Taras Shevchenko
National University of Kyiv in March and April 2023. The
choice of the composite film components was based on the
following considerations: it is known that pure cellulose
exhibits visible photoluminescence, the characteristics
of which depend on the excitation wavelength (Nedielko
et al., 2017; Zou et al., 2019). Thus, such a polymer matrix
should play an active role in the processes of light absorp-
tion and emission in the composite. The NC consists of na-
noscale structures (crystals, whiskers, fibrils) that can be
easily arranged near the surface of the filler particle. In this
case, the effective contact area between the oxide and the
cellulose should be larger than in the case of composites
based on microcrystalline cellulose, in which the filler oc-
cupies only a part of the space between the fibres. As for
the choice of the oxide filler, K, Tb(PO,),:Eu, this material
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is characterised by intense photoluminescence in the red
spectral region when excited by ultraviolet (UV) radiation
(Mikhailik et al., 2009). Accordingly, it was expected that
the manufactured nanocomposites would be capable of
converting UV radiation into visible light.

Production of nanocellulose films and composites
samples “NC+K,Tb, Eu ,(PO,),” was carried out using a
nanocellulose suspénsidn in water (dry matter content:
0.6 wt%). The conditions for obtaining this suspension and
its characteristics have been described in detail previously
(Barbash et al., 2019). Synthesis of oxide K;Tb, ,Eu,,(PO,),
was made from fluoride melts using a method similar to
that described in the study (Terebilenko et al., 2017). The
procedure for making the films was as follows: thorough-
ly ground oxide powder K;Tb, ,Eu (PO,), in the amount of
30 mg was mixed with 2 ml of distilled water and sonicat-
ed (f=4.2 kHz) for 10 min. To the resulting mixture was
added 3 ml of nanocellulose suspension. The resulting lig-
uid, after “NC+K;Tb ,Eu, (PO,),” ultrasound treatment for
1 hour, evaporated at 56°C for 4 hours, and then at room
temperature in an open space for 2 days. The resulting gel
was poured onto a glass substrate, where it was kept for an-
other day until it dried completely to form a film. An identi-
cal procedure (except for the addition of oxide) was used to
obtain a film of “pure” (without oxide) NC as a comparison
sample. The film of “pure” NC was transparent, while the
film with oxide was less transparent and matte.

a

The film samples were examined using an optical mi-
croscope and a spectral-luminescence complex consist-
ing of a DFS-12 spectrometer (USSR) with an FEU-100
photomultiplier (USSR), a DMR-4 prism monochromator
(USSR), a powerful xenon lamp DKsEL-1000 (USSR), and
diode-pumped lasers (A_,=405 and 473 nm).

rad

RESULTS AND DISCUSSION
Figure 1 shows micrographs of samples of NC suspen-
sion, powder K.Tbj.,Eu, ,(PO,)), NC film and “NC+K;
Tb, ,Eu,,(PO,),” film obtained using an optical microscope
in the li’ght transmitted through the sample. For the initial
NC suspension, a certain number of thin, long microstruc-
tures are observed, which are cellulose microfibrils (Fig. 1a).
Rectangular formations, such as cellulose microcrystals,
canalsobe seen. Figure 1b shows the area with the largest K,
Tb, ,Eu,,(PO,), particles with a size of ~300 pm. However, the
vast majority of oxide powder particles are several pm and
even smaller. These small particles form small dark-colour-
ed agglomerates, which are destroyed by ultrasound. For the
thin NC film (Fig. 1c), a significant number of microcrystals
is observed. In contrast to the case of the nanocellulose
suspension, no microfibrils are observed here, which may
be due to the destruction of the latter under the action of
ultrasound. In the case of the film “NC+K;Tb, Eu, ,(PO,),”
A fairly uniform distribution of oxide crystals without sig-
nificant particle agglomerates can be observed (Fig. 1d).

Figure 1. Microphotos
Note: a) NC suspension drop, b) powder K. Tb ,Eu, (PO,),, ¢) NC film, d) film “NC+K,Tb, Eu, ,(PO,),”
Source: compiled by the authors
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Figure 2 shows the photoluminescence spectra of
the powder K.Tb, ,Eu, (PO, NC and “NC+K.,Tb ,Eu-
0.(PO,),” suspensions. In the PL spectrum of oxide under
laser excitation, (473 nm), rather narrow bands associated
with the emission of Tb* (electronic transition *D,—'F,,
., =543 nm) and Eu*" ions (transition °D,—F,: remain-

ing lines on spectrum 1, Fig. 2) are observed. The peculi-
arity of the Tb% and Eu® ions is their 4f" shielded electron

S
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shells, within which the above electronic transitions occur
(Dorenbos, 2000). As a result of the shielding, the position
of the maxima of the corresponding bands weakly depends
on the immediate environment of the ions and the PL ex-
citation conditions. Therefore, the data obtained in the
present study on the luminescent properties of K.,Tb Eu-
,.(PO,), are consistent with the results of V.B. Mikhailik et
al. (2009), despite the different PL excitation conditions.

PL Intensity, a.u.

, nm

Figure 2. Photoluminescence spectra
Note: 1) powder K,Tb, Eu,,(PO,),, 2) suspension “NC+ K,Tb, Eu,,(PO,),”, 3) initial NC suspension, A =473 nm, T=295 K.
The zero-signal level for spectra 1 and 2 is shown by horizontal dashed lines

Source: compiled by the authors

The initial nanocellulose suspension at 473 nm ex-
citation is characterised by a low-intensity PL (spectrum
3 in Fig. 2), which is due to the low polymer content
(0.6 wt%) and the PL attenuation by water molecules. The
band of this PL is very broad, and complex, and extends
from 500 to 730 nm. It is quite similar to the PL of micro-
crystalline cellulose (Nedielko et al., 2017) and is associat-
ed with a set of PL centres arising from carbonyl, carboxyl,
and methyl molecular groups. Against the background of
the PL band of nanocellulose, a rather narrow band with
a maximum of 564 nm is observed (the position is shown
by a vertical dashed line and denoted RS). This band is
a manifestation of Raman scattering of laser radiation
on water molecules. Indeed, taking the difference in the
frequency of the band maximum position (v=17730 cm-
1) and the laser frequency (v=21140 cm™), a frequency of
Av=3410 cm™, which corresponds to the stretching/com-
pressing vibrations of OH groups in water, was obtained
(Beran et al., 2001).

The photoluminescence spectrum of the suspension
“NC+K,Tb, ,Eu, ,(PO,),” contains both bands associated
with the NCs and those related to the luminescence centres
in the oxide. It is worth noting that in this experiment, a
suspension was used from which 4 ml of water was evapo-
rated. This results in a significant weakening of the Raman

enr

scattering band in the spectrum 2 Figure 2, as well as a cer-
tain increase in the intensity of the PL band of nanocellu-
lose. Such a suspension can be used as the basis for lumi-
nescent inks for 3D printing of paper electronics elements
(Zhuravlov et al., 2021).

The presence of a narrow weak PL band with a max-
imum at 579 nm, which is associated with the transition
°D,—’F, in the ion of Eu®, for oxide powder K. Tb, Eu-
,,(PO,), and suspension “NC+K,Tb, Eu ,(PO,),” (spectra 1
and 2, Fig. 2) indicates a rather low symmetry of the sur-
roundings of this ion both in the original oxide and in the
case when the oxide particles are in the NC suspension.
This result is consistent with the crystallographic data
(Farmer et al., 2016), according to which the trivalent cat-
ion in M,RE(PO,), systems, where M is an alkali metal and
RE is a rare earth ion, occupies a position with the sym-
metry of the surroundings - C, . In the 585-600 nm region,
bands of *D,—'F, magneto-dipole transitions in Eu® ions
are observed. A detailed examination of spectra 1 and 2
(Fig. 2) reveals 3 components in this region, which, accord-
ing to K. Binnemans (2009), is evidence of low symmetry of
the Eu® ion environment or the presence of two different
types of emission centres.

R. Reisfeld et al. (2004) demonstrated that the ratio of
the integrated PL intensities for the transitions *D —F,
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(600-635 nm) and D —'F, (580-600 nm) calculated by
formula (1), depends on the symmetry of the Eu®* environ-
ment. This value is called the degree of asymmetry of the
Eu® ion environment. It is known that the higher the value
of R, the more attractive the material is as a red phosphor:

1(5Dy-"F,
k= 1E5D0—>7F‘1;' @

The R values calculated from spectra 1 and 2 in Fig-
ure 2 are 1.63 and 1.77, respectively. They are significant-
ly lower than the value of R = 2.7 for Eu** ions at the C,,
symmetry position (Bettinelli et al., 1996). This dlfference
between the data obtained can be explained by the pres-
ence of emission bands of Tb* ions (°D,—F, transitions)
in the 580-600 nm region, which increases the value of the
denominator in formula (1).

The photoluminescence intensity of the suspensions
under xenon lamp excitation was insufficient to record
the PL excitation spectra. Therefore, the excitation spec-
tra were recorded only for the powder K. Tb, ;Eu, ,(PO,), and
NC films and composites “NC+K,Tb Eu ,(PO,),” (Fig. 3).

The red photoluminescence of the oxide, which is associ-
ated with the emission of Eu®* ions, is effectively excited in
the UV region of the spectrum (spectrum 1 in Fig. 3). Spec-
trum 2 excitation of the green PL of the powder K;Tb, ,Eu
0.(PO,),, associated with the emission of ions Tb*, is simi-
lar to spectrum 1, except for the band at 395 nm. It can be
argued that in this oxide, an effective transfer of excita-
tion energy from terbium to europium is realised, i.e., the
sensitisation of the PL of Eu®* ions by Tb* ions. The ex-
citation energy transfer has been previously observed for
other oxide materials containing this pair of ions (Xie et
al., 2015; Silveira et al., 2020; Bu et al., 2022). It should be
noted that the excitation of red PL through the absorption
of light by Tb* ions is more efficient than the direct excita-
tion through the absorption of Eu’* ions. Excitation of red
luminescence of a composite film “NC+K,Tb ,Eu ,(PO,),”
also occurs in the UV region due to the absorption of ter-
bium and europium ions. The low-intensity luminescence
of the nanocellulose film is excited in a multicomponent
band lying in the spectral range of A <480 nm (spectrum
4 in Fig. 3).

1

PL Intensity, a.u.

T
300 350

Figure 3. Photoluminescence excitation spectra

Note: powder K,Tb, ,Eu, (PO,), (1, 2), film “NC+K,Tb, ,Eu,,(PO,),” (3), NC film (4); registration at ,_ =

543 (2) and 570 nm (4), T=295 K
Source: compiled by the authors

Comparing the excitation spectra of the red PL
(A, =618 nm) with the data obtained in the study by S. Kim
et al. (2019) on the solar spectrum on the Earth’s surface
and the spectral efficiency of modern solar panels of vari-
ous types, it is worth noting the following: at wavelengths
shorter than 450 nm, silicon solar panels demonstrate less
than 50% of their maximum efficiency, and at A< 380 nm —
less than 10%. At the same time, on the Earth’s surface, the
spectrum of solar radiation has a maximum in the 500 nm
region but extends down to 300 nm. Accordingly, the short-
wave part of solar radiation is used extremely inefficient-
ly in the operation of solar panels. At the same time, such
panels demonstrate the highest efficiency when illuminat-
ed in the 580-730 nm range, i.e., exactly where Eu ions
emit. Accordingly, the use of oxide K,Tb, Eu ,(PO,),, in

618 (1, 3),

particular as components of a composite film “NC+K,Tb
Eu, ,(PO,),” as a fluorescent converter of UV radiation from
the 330-400 nm range into red light, can increase the effi-
ciency of solar panels (Bondar et al., 2021).

Films “NC+K,Tb ,Eu, ,(PO,),” can also be used as a
coating to improve the efficiency of electricity-to-light
converters — in LEDs. Among the cheapest LEDs are
those that emit in the blue and UV spectral ranges. Fi-
gure 4 shows the UV spectra of composite films under la-
ser excitation at 405 and 475 nm. The spectra differ both
in the number and intensity of narrow europium emis-
sion lines and in the characteristics of the wide lumines-
cence band of the cellulose matrix. That is, by changing
the excitation wavelength, the colour of the coating can
be controlled.

Machinery & Energetics. Vol. 14, No. 2
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Figure 4. PL spectra of the “NC+K,Tb,,Eu,,(PO,),” films

Note: PL excitation at &_ =405 (1) and 473 nm (2), T=295 K
Source: compiled by the authors

Calculated R-values for PL of “NC+K,Tb, ,Eu  (PO,),”
film under excitation at 405 and 473 nm are 1.95 and 3.25,
respectively. A significant increase in R can be explained
by the fact that the contribution of terbium luminescence
in the 580-600 nm region decreases compared to euro-
pium luminescence. According to the results of C. Zuo
et al. (2015), the PL excitation spectra of Tb* ions in the
visible region show that at 1, =405 nm these ions do not
emit, and at =473 nm their low-intensity luminescence
is possible. Thus, the results on the PL of the NC+K,Tb,
Eu,,(PO,), films can be explained based on the literature
data mentioned in this section on the peculiarities of the

crystal structure of M,RE(PO,), compounds and the lumi-
nescence of Eu®* and Tb* ions in oxides.

To check the efficiency of UV light absorption and
its conversion into visible radiation, the visible radiation
spectra of an LED with A =375 nm and a test system
based on the same LED with a “NC+K,Tb Eu, (PO,),”
film were recorded. The film was placed directly after the
LED. V. Veleschuk et al. (2019) found that high-power UV
LEDs have parasitic emission in the blue and yellow re-
gions due to electroluminescence. Similar parasitic blue
and yellow emission is observed for the used UV LED
(spectrum 1 in Fig. 5).

2

Intensity, a.u.

0

T
400 500

T T
600 700

A, nm

Figure 5. Radiation spectra
Note: 1 - UVLED (4, =375 nm); 2 - “UV LED + film “NC+K,Tb, ,Eu, ,(PO,),”; T=295 K

Source: compiled by the authors

In the case of the LED + film system, stray radiation
is attenuated due to the low transparency of the film. At

the same time, narrow emission lines of europium ions
are observed. It can also be assumed that the broadband
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with a maximum at 580 nm is a superposition of the diode
electroluminescence band and the nanocellulose photolu-
minescence band. Colour coordinates are often used to as-
sess the colour characteristics of radiation. The colour co-
ordinates according to CIE 1931 (Schanda, 2007) for white
are (x=0.333; y=0.333). The presence of luminescence in
the blue and yellow spectral regions of the UV LED leads to
colour coordinates corresponding to blue light (x=0.214;
y = 0.079). Adding a film “NC+K.;Tb,,Eu, (PO,),” leads
to a shift in the coordinates to the red region (x =0.304;
y=0.196). The coordinate offset on the chromaticity dia-
gram for the CIE 1931 standard is shown in Figure 6.

| 520\

0.9

0.8

0.2

Figure 6. Position of the radiation colour coordinates
on the chromaticity diagram
Note: 1 - UV LED (A =375 uMm); 2 — “UV LED + film
“NC+K,Tb, Eu, (PO,),”; T=295 K
Source: compiled by the authors

Thus, the investigated composite films are promising
luminescent LED coatings. The “red” shift of colour coor-
dinates is insufficient, partially due to the small film thick-
ness, which is only 90 # 10p m. It can be assumed that an
increase in film thickness will lead to enhanced absorption
of the blue radiation of the LED and better conversion of
the absorbed energy into yellow and red radiation and, ac-
cordingly, to improvement of the colour characteristics of
the radiation.

CONCLUSIONS

Samples of thin films based on nanocellulose and oxide
were prepared by a simple evaporation method from aque-
ous suspensions. According to the results of optical micros-
copy, the films contained micro/nanoscale cellulose forma-
tions, such as crystals and fibrils. The largest oxide crystals
K,Tb, Eu,,(PO,),had asize of about 300 um. A fairly uniform
distribution of oxide crystals with an average size of about
50 um was observed in the composite films within the areas
of~0.5x0.5 mm?. The presence of water molecules, which is
manifested in their Raman scattering lines, probably causes
the low luminescence intensity of the studied suspensions.
Intense red photoluminescence of the powder
K.Tb, ,Eu,,(PO,), and thin film “nanocellulose+K,Tb ,Eu-
1.(PO,),”, associated with the emission of Eu** ions, is effec-
tively excited by absorption by terbium ions in the region
of 330-400 nm. This is evidence of the efficient transfer of
excitation energy from Tb* ions to Eu* ions. The presence
of red luminescence excitation in the region of 330-400 nm
is important from the point of view of developing lumines-
cent converters for solar panels based on the studied films.
Values of the degree of asymmetry calculated from the
emission spectra of the powder K,Tb ,Eu,,(PO,),, suspen-
sions, and films “nanocellulose+K.Tb, Eu,(PO,),”, is in the
range of 1.63-3.25, indicating a low symmetry of the Eu®
ion environment. The significant change in the degree of
asymmetry with the excitation wavelength is attributed to
the change in the contribution of Tb* ions to the overall
photoluminescence spectrum in the 580-600 nm range.
Films “nanocellulose+K.Tb, Eu,,(PO,),” are capable of
absorbingultraviolet LEDradiationand transformingtheab-
sorbed energyintoyellowandredlight. Chromaticity coordi-
nates of the ultraviolet LED withA__ =375nm equipped with
a composite film shift towards the standard for white light.
The investigated materials have the potential to be
used as luminescent converters in power generation and
conversion devices such as solar panels and LEDs. Further
research in this area will be aimed at optimising the con-
centration of europium ions in the oxide K.,Tb, Eu (PO,),,
the ratio between the amount of oxide and nanocellulose,
and the film thickness.
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JIioMiHecUeHTHi KOHBepTepu Ha OCHOBIi KOMMO3UTHUX MJIBOK
«HaHouenwonosa + K,Tb(PO,) :Eu»

AHoTauiqa. [TlepeBaramMu 1e/0a03M Ta ii MOXiAHUX, IK HOBiTHiX MaTepiasiB IJjist IPUCTPOIB, 1[0 BUPOOISIOTH,
HAKOMMUYIOTh Ta IIePETBOPIOIOTh €JIEKTPOEHEePTilo € iX JelliMBU3HA, €eKOJOTiUHICTb, JIETKiCTh YTU/Ii3allii Ta MOX/IUBICTh
BUTOTOBJIEHHSI Pi3HMMMU CITOCO6aMU i 3 pi3HOI CMPOBUHY, B TOMY YMCJI, i 3 BiIX0[iB arporpoMucaoBocTi. Came TomMy ix
TOCTiIKeHHS SIK MaTepiasiiB AJIsl CydacHOI TeXHIKM Ta eJIeKTPOHIKM € aKTyanbHMM. MeTolo 11iei po60Ty 6yJ10 3’sICyBaHHS
JIIOMiHEeCLeHTHUX XapaKTepUCTUK KOMIIO3ULIIHUX I/TiBOK, BUTOTOBJIEHMX HA OCHOBI HAHOLIEJI0JIO3M Ta MOIiKPUCTATiYHOTO
OKCULY KSTbO,QEuO’I(PO‘l)Z. OnTMYHA MiKpOCKOITiS Ta CIIEKTPAIbHO-JIIOMiHECLIEHTHMIT MeTo/ 6yJiv 3aCTOCOBAHI AJIst
XapakTepu3sallii BUTOTOBJIEHUX IUTiBOK Ta X BUXiJHMX KOMIIOHEHT. 3’SICOBaHO, 110 KPUCTAIITH 3 CepeqHiM pO3MipoM
6,113bKO0 50 UM pO3TO/IiJIeHi JOCUTH PiBHOMIPHO Y ILTiBIIi «HaHouemonosa+K3TbO,9EuO’1(PO ), LI MOCTiPKeHMX 3pasKiB
y dopmi cycrieHsiit crioctepirasiach cMmyra PaMaHiBChKOTO PO3CiSIHHS CBiT/Ia 3 MAKCMMyMOM Ha 564 HM ITpU JIa3epHOMY
30yIKeHHi Ha 473 HM. IHTeHCUMBHICTb (OTOJIOMiHECIIeHITi1 HAaHOIIETI0JI03M Y BUTJIS/I CYCIIeH3i] Ta B IUIiBKaX € HU3bKOIO
B ITOPiBHSIHHI 31 CBiUeHHSIM OKCUAY SIK HanoBHIOBaua. CBiueHHs i0HiB Eu®" € iHTeHCMBHMM B YepBOHiit 06J1acCTi criekTpa.
O6uncieHi 3HaueHHS CTYIeHs aCMMeTPUYHOCTI BKa3yloTh HA HM3bKY CUMEeTDilo M03M1liif, SIKi 3a/iMaloTh i0HYM €BPOTIiIO B
OKCM[i Ta Ha BHECOK BUIIPOMiHIOBaHHs ioHiB Tb®" B 3arajbHMii CIEKTP KOMITO3MTHOI IITiBKM. 3a pe3y/abTaTaMu AOC/TiIKeHb
3’sICOBaHO, 1O JIIOMiHecIeHI1i0 i0HiB Eu® ceHcnbinisoBaHo ionamu Tb, siKi MOT/IMHAIOTH 36yIKyr0Ue CBIT/IO 3 TIOa/IbIIOI0
nepenavelo eHeprii 7o ioHiB eBporiio. [TososkeHHsT cMyT NOTAMHAaHHS ioHiB Eu® Ta Tb* B ynbTpadioneTosiit miisHIIi
CTIeKTpa Ta iHTeHCMBHe BUIIPOMiHIOBaHHS Eu®' B uepBOHiit 06/1aCTi BKa3ylOTh Ha MEPCIEeKTUBHICTh BUKOPUCTAHHS TUTIBOK
«HaHOLIeJI0103a+ KszO,QEuO,l(PO ),> IS TIBUIIEHHS e(DeKTMBHOCTI COHAYHMX NaHesneit. TecTyBaHHS IIBOK IIpK 30yIKeHHi
JIIOMiHecLeHLil yabTpadioneToBuM BUIIPOMiHIOBAHHAM CBiTI0Ai0AY (A =375 HM) I0Ka3a/I0 MOX/IMBICTh PO3POOKM Ha iX
OCHOBI 6iNnx cBiT/IOAiONIB. 30KpeMa, KOOPAMHATY KOTIPHOCTI cBiT/ioAiona 6e3 mokpuTTs craHoBuau (x=0,214; y=0,079), a
BUKOPUCTAHHSI IUTIBKM — KOMITO3UTY, SIK IOKPUTTSI, TPU3BOAUTD A0 3MillleHHSI KOOPIMHAT 10 YepBOHOI obacTi: x=0,304,
y=0,196. OnepkaHi pe3yiabTaTyl o0 MOpdosIorii Ta JTIOMiHECIIEHTHUX BJIACTMBOCTEN MOXYTh OYTY BUKOPUCTAHI JIJIsT
ONTMMIi3alii CKIaay Ta yMOB BUTOTOBJIE€HHS KOMIIO3UTHUX IUIIBOK TUITY «HaHOILeJI}OJI03a+K3TbO’9Eu0’I(PO4)2» IS iX
3aCTOCYBaHHS SIK JTIOMiHECIIeHTHMX KOHBEPTePiB y CBIT/I0Li0Aax a60 COHSITYHMX TTaHesIX

KniouoBi cnoBa: ioH; ceHcn6inisallis; CBiT/IIONioN; COHSIUHA MaHeb; QOTOMIOMIHECIIeHITis ; TOKPUTTS
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