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MICROWAVE SYNTHESIS OF YTTRIUM OXIDE NANOSTRUCTURE
POWDERS, DOPED WITH YTTERBIUM AND ERBIUM IONS

Eygeniy N. PODDENEZHNYV (podd-evgen@yandex.ru) 1
AndreiA. BOIKO: (boiko@Kstu.by)
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Ekaterina E. TRUSOVA: (trusova@belstu.by)
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The aim ofthe study was to develop microwave synthesis o f luminescentyttrium oxide powders doped with ytterbium and erbium
ions (Y/JyYIr E r) intheprocess ofhomogeneous precipitation from a reaction mixture ofyttrium, ytterbium ana erbium chlorides. The
characteristics ofthe obtained powders were studied by X-ray diffraction, scanning and passing electron microscopy, differential thermal
analysis, IR SEectroscopy and photoluminescence under IR excitation. From luminescence spectra ofY 20 3:Yb3+ Er  samples obtained by
excitation with an IR laser at a wavelength o f975 nm, it can be concluded that when the calcination temperature ofthe sample's changes,
the radiation color ofpowders changesfrom green to red, which can be used to produce phosphors ofdifferent colors.

Keywords: homogeneous precipitation, nanostructured powders, yttrium oxide, ytterbium and erbium ions, up-conversion, anti-stokes luminescence
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"oMenbCcKuiA rocyaapcTBEHHbIN TeXHUYeCKUiA yHMBepcnTe T, Fomenb, Benapych
Z5e10pyCCKNiA rocyfapcTBEHHbIA TeXHOMOrMYeckuin yHuBepcuTeT, MuHck, benapych

Llenbto uccnegoBaHus 6Gbina paspaboTKa MWKPOBONHOBOIO CUHTE3a NIOMUHECLEHTHbIX HAHOCTPYKTYPUPOBAHHbLIX MOPOLLKOB
oKCuAa MTTpPUsA, NerMpoBaHHoOro noHamn NTTepbua napbua (YO 3Yo Er ) B npouecce roMOreHHOro oca>k/eHus 13 peakLnoHHON cme-
CU XNOPUA0B UTTPUA, UTTepbus n apbus. XapakTepucTUKN NONYYEHHbIX NOPOLLIKOB WM3y4ann MeTofaMu pPeHTreHOBCKOW Audpakuynm,
CKaHUpYyoLLel 1 NPOXoAsLL el aneKTPOHHON MUKPOCKONUK, AnddepeHunanbHO-TepMUYeckoro aHanusa, VK-cnekTpockonun u hoTonomMu-
HecueHumn npu UK Bo3by>kaeHnn. 3 cnekTpos ntoMuHecueHuun obpasyos Y2U3:Yb3HET , nonyyeHHbIx npu Bo36y>KaeHun NK-nazepom
Ha A71He BONHbI 975 HM, yCTaHOBNEHO, YTO NPU U3MEHEHUN TemnepaTypbl 06>Kura 06pasLoB LBeT U3NyUYeHUs NOPOLLKOB U3MEHAeTCA 0T
3€N1eHOr0 A0 KPacHoro, YToMOXKeT 6blThb MCNONb30BAHO 415 NPOU3BOACTBA NIOMUHOGOPOB PA3HOTO LiBeTa.

KntoueBble CNoBa: roOMOreHHOE 0CaXAeHWe, HAHOCTPYKTYPUPOBAHHbIE MOPOLLKM, OKCUA, UTTPUS, UOHbI NTTEPGKS 1 3p6UNS, UP-KOHBEPCUS, aHTUCTOKCOBA NFOMUHECLIEH-
upst

YTERBIY VA ERBIY IONLARI BILAN DOPLANGAN NANOSTUZILIK
ITTRIY OKSID KUKULARINING MIKROTO'LQINLI PECHDA SINTEZI

Evgeniy N. PODDENEJNY: (podd-evgen@yandew ru)
Audrey A. BOIKO: (boiko@gstu.by)
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Tadgigotning magsadi itriy, itterbiy va erbiumning reaksiya aralashmasidan bir hil cho kishjarayonida ytterbiy va erbiy ionlari
(YD 3:Yb3+ E r) bilan goshilgan lyuminestsent nanostrukturali itriy oksidi kukunlarining mikroto ‘Iginh sintezini ishlab chigishdan iborat
edi. Olingan kukunlarning xarakteristikalari rentgen nurlari diffraktsiyasi, skanerlash va uzatish elektron mikroskopiyasi, differensial
termal tanlil, 1Q-spektroskopiya va 1Q qo'zg'alish ostida fotolyuminessensiya bilan o'rganildi. Y20 3:Yb3+ Er3+ namunalarining 975 nm
tolgin uzunligida IQ lazer bilan qo zg ‘atishy o i bilan olingan lyuminestsent spektrlaridan ma’lum bo ‘Idiki, na'munalarningyonish haro-
ratrg o} Z_gre]llrge_llr]dr?, kuk‘l(J_n nurlanishining rangi yashildan qizil rangga o zgaradi, bu usulni turli rangdagi lyuminoforlarni ishlab chigarish
uchun ishlatilish mumkin.

Kalit so’zlar: birjinsli chokish, nanostrukturali kukunlar, itriy oksidi, itterbiy va erbiy ionlari, yugoriga konversiya, anti-Stokes luminesans

DOI: 10.34920/cce202422

Introduction
Yttrium oxide (Y20 3 is the preferred ma-

the emission properties of Y20 3 activated by rare
earth ions, up-conversion (anti-stokes lumines-

trix for introducing rare earth element (REE) ions
in the production of phosphors [1, 2], laser ceram-
ics [3], and scintillators [4]. Yttrium oxide has ex-
cellent physical and chemical properties, such as
optical transparency in a wide spectral range of
0.29-8 pm, high melting point (2450 °C), large
band gap (5.8 eV), high thermal conductivity,
chemical and atmospheric durability [5]. Among

2'2024 K. 1 M Y O
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cence) is the most attractive phenomenon, not only
due to the photophysical mechanism, but also due
to a wide range of practical applications, for exam-
ple, as highly efficient phosphors [6, 7], solid-state
lasers [8], biosensors in medical technology field
[9]. It was previously established [10, 11] that
Y20 3 activated by Yb3+and Er3t+ions, is one of the
models of a conversion system that generates radia-
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tion in the visible region under infrared irradiation
(IR). The sensitive Yb' ion is excited by an IR ra-
diation source and transfers its energy to the Er'
activator ion, which emits a photon in the visible
region of the spectrum. Nanostructured powder ma-
terials of the Y20 3:Yb3+, Er3t+ system was obtained
by co-precipitation 112], sol-gel [13] and combus-
tion methods 114. 15]. The use of microwave meth-
ods for healing the reaction mixture in the process
of nanoparticle synthesis is promising and is of in-
terest due to its simplicity, easy controllability, and
environmental friendliness [16]. This article de-
scribes a microwave method for the synthesis of
nanostructured Y20 3 powders activated with Yb'
and Er34 ions, as well as the influence of synthesis
modes and subsequent heat treatments on the struc-
tural. morphological and spectral-luminescent char-
acteristics of the resulting materials.

Research methods

Solvothermal synthesis of nanostructured
powders of the Y20 3:Yb3+, Er3+ system was carried
out by heating the reaction mixture using micro-
wave radiation. The radiation power during the ho-
mogeneous deposition of precursor particles was
140 W, the radiation frequency was 2.45 GET/, and
the process time was 120 minutes under conditions
of rotation of the container, which provided for the
return of the evaporating liquid 117]. The mixtures
YC136HA. YbCE 6FEO and ErCE 6FEO were
used as the initial reactants. The chloride/urea mo-
lar ratio is taken as /1. The amount of doping ad-
ditives - ytterbium and erbium chlorides was calcu-
lated from the point of view of their optimal con-
centration in the Y20 3 structure to obtain lumines-
cent radiation with the highest quantum yield and is
4.0 at.% for Yb'land 1.0 at.% for Er34 118].

After completion of the precipitation pro-
cess. the sediment is washed 3 times with distilled
water and centrifuged at a speed of 3000 rpm. The
sediments are dried at a temperature of 80-90 °C
for 6 hours. Firing of the precursor - hydrated ox-
ides - is carried out in air at temperatures of 700
and 1100 °C for 2 hours.

The differential thermal analysis (DTA)
measurements have been performed by Q-1500D
derivatograph (Hungary). The heating range was up
to 1000 °C.

The crystal structure was investigated by X
-ray diffraction (XRD) measurements using diffrac-
tometer DRON-7.

10 CHEMISTRY AND CHEMICAL ENGINEERING K I O
XUMUS Y XUMUUECKARA TEXHCLL STV 1 M
va kimyo texno

MATERIALS SCIENCE AND ENGINEERING

MATEPVANOBEAEHNE N TEXHOJ/TOTNA
MATERIALSHUNOSLIK VA TEXNOLOQIYAI

SEM/TEM measurements have been per-
formed by Vega Il LSH microscope, Tescan and
JEM 2100 transmission microscope (JEOL, Ja-
pan).

IR spectroscopy was performed on
Specord-IR-75 spectrophotometer. Measurements
range was 500-4000 cm'l

The luminescence measurements were per-
formed by using RF-6000 spectrofluorimeter
(Shimadzu, Japan)

Results and Discussion

A common method of chemical precipita-
tion is the interaction of liquid solutions: pouring
one of the solutions (precipitant) into a certain vol-
ume of another containing the precipitated ions.
The main disadv antages of this method are the
presence of an excess of one of the reagents in the
reaction mixture and the occurrence of local super-
saturations. All this leads to the formation of ag-
glomerated sediments. One of the options for solv-
ing this problem is the precipitation of hydrated
oxides due to the slow hydrolysis of urea [19]:

CO(NH)2+ 3H;0 -> CO: + 2NH4” +20H"

The slow release of OH' groups leads to
the precipitation of aggregated hydroxide pow-
ders:

M3~ + 30H' -» M(OH)3
where M =Y. Yb. Er.

During further heat treatments, free and
bound water is removed and yttrium, erbium and
ytterbium oxides are formed:

2M(OH)3 M2 3+ 3H20.

When nano-sized oxide particles in close
contact are calcined, active impurities diffuse into
the yttrium oxide lattice with partial replacement
of yttrium ions by ytterbium and erbium ions.
Scanning and transmission electron microscopy
data indicate strong agglomeration of nanoparti-
cles (Fig. 1). and the agglomerates of the resulting
powders are easily destroyed by mechanical ac-
tion.

XRD of Y20 3:Yb3+ Er3+[20] samples syn-
thesized during the deposition process confirms
that after calcination of the precursor at a tempera-
ture of 700 °C. nano-sized powders with reflec-
tions corresponding to the reflections of the cubic
crystal structure of the chemical composition of
Y 20 3are already formed (card No. 41-1 105 of the
JCPDS catalog). The lattice parameter, according
to the tabular data, is equal to 1.641 nm, and the

12024
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Figure 1. SEM image (a) and TEM image (b) of Y20 3:Yb*” Er” powder, dried and calcined at 700 °C.

coherent scattering region (conditional particle
size), calculated using the Scherrer formula [2] is
about 50 - 70 nm at a calcination temperature of
700 °C and 600 - 800 nm at 1200 °C. The main
peak in the diffraction pattern corresponds to the
[222] crystal plane and is located at 20 = 28.94.
The deviation towards larger angular values of the
samples obtained upon calcination at 1200 °C (20
= 29.19) indicates a broadening of the matrix lat-
tice due to the inclusion of Yb' and Er'1lions
(Fig. 2).

Reflections corresponding to the formation
of crystalline phases Yb20 3and Er20 3are not rec-
orded in the diffraction patterns due to the low
concentration of impurity phases.

Figure 3 shows differential thermal gravim-
etry (DTG) and differential gravimetry (DG)
curves for a hydrated precursor sediment that has

Figure 2. XRD patterns for Y2 3:Yb3+ Er” samples recorded after
b-at

2*2024 K I M Y O
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undergone heat treatment in air (90 °C for 6
hours). The DTG curve has a peak at 134 °C and
138 °C (endo-effects), indicating the removal of
free and bound water [21]. At temperatures of 350
°C and 417 °C, hydroxides apparently decompose
with the release of water molecules, and at 700 -
740 °C a peak appears on the DTG curve, corre-
sponding to the exothermic reaction of the process
of formation of the crystalline phase. At the same
time, the mass of the forming crystalline structure
continues to fall. At a temperature of 930 °C, re-
sidual hydroxyl groups are removed with an endo-
thermic effect [22]. Examination of the DTG and
TG diagrams clearly confirms the assumption that
the crystalline phase in the form of nanocrystals is
completely formed at 700 - 740 °C, and with a
further increase in the calcination temperature, its
compaction occurs.

ination of the precursor in air: a- at atemperature of 700 °C and
0°C.
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XUMUA N XUMNYECKAA TEXHOMOI A



MATERIALS SCIENCE AND ENGINEERING

MATEPUNANOBEAEHWE VN TEXHOJ/TOTNA
MATERIALSHUNOSLIK VA TEXMOLOGIYAI

Temperature, °C

Figure 3. DTG and DG for the precursor obtained after precipitation and drying (90 °C) of a mixture of hydroxides.

Consideration of the IR spectra of
Y20 3:Yb3t, Er3+ samples obtained by deposition
under microwave irradiation and calcined at dif-
ferent temperatures: 1- 90 °C; 2 - 700 °C; 3 -
1200 °C shows (Figure 4) that the bands at 2860-
3600 cm'l caused by stretching vibrations of O-
H groups and vibrations of bound water mole-
cules H-O-H, absorbed by porous particles [23],
are present in all cases of processing, however, at
a calcination temperature of 1200 °C, their inten-
sity decreases approximately four times. Stretch-
ing vibrations of CO appear in the form of broad
bands at 1580 (asymmetrical), 1405 and 1093 cm
(symmetrical), non-planar bending vibrations
of CO at 848 cm'1[24]. The band at 563 cm'Llis
attributed to the vibrations of the Y -0 bond. The
reduced concentration of hydroxyl groups, ad-
sorbed gas impurities and residual carbon-
containing impurities during additional calcina-
tion confirms the promise of high-temperature
treatment in the formation of dehydrated
Y2 3Yb' . Er3 samples.
The luminescence spectra of Y20 3:Yb3,
Er3t measured at various concentrations of ytter-
bium and erbium ions were studied in detail in
|25-28], It has been shown that when the ternary
system Y20 3: Yb31 Er3+is irradiated with a diode
laser with a wavelength of 978 nm, green (563
nm) or red (660 nm) radiation appears, which
corresponds to the energy transitions 4532—4li52
and 4F92-+ 4152 in Y b'+and Er3+ions depending
on the excitation conditions and the concentration
of doping ions.
The luminescence spectra of the powders
we obtained, calcined at temperatures of 700 and

12 CHEMISTRY AND CHEMICAL ENGINEERING
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Figure 4. IR spectra of Y20 3:Yb3¥ Er3+samples obtained by
deposition under microwave irradiation at different heat
treatment temperatures: 1—90 °C (green); 2 —700 °C (red);
3- 1200 °C (black).

Figure 5. Luminescence spectra of powders calcined at
temperatures of 700 and 1200 °C.

1200 °C, excited by an IR laser at a wavelength of
975 nm, are shown in Figure 5.
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From an examination of the emission spec-
tra of samples thermally treated in an air atmos-
phere. we can conclude that when calcined at a
lower temperature (700 °C). radiation in the red
region of the spectrum prevails, while at a higher
processing temperature, the anti-stokes lumines-
cence efficiency increases in the green region of
the spectrum. It can be assumed that firing
Y20 3Yb3+ Erdl powders at 1200 °C leads to ma-
trix compaction and a reduction in the Er - Er in-
terionic distance, which increases the efficiency of
cross-relaxation interactions of Er3+ions. As a re-
sult of the transfer of excitations from Yb3tions to
Er3tions, the latter are excited into the 2Hn 2 state,
from which 4S32is populated and cross-relaxation
occurs according to the scheme Huy:. 4533 —m
492 : 41u/2—=F92 i.e., the population of the ;HU 2
and 4S32 levels decreases, and the F92 level in-
creases [29, 30].

Conclusion

Using the microwave synthesis method,
nanostructured yttrium oxide powders actuated
with ytterbium and erbium ions of a quasi-spherical
shape with primary particle sizes of 50 - 70 nm.
formed at a calcination temperature of 700 °C and
0.6 - 0.8 pm at 1200 °C, were obtained. It has been
established that as a result of deposition of aggre-
gated hydroxide powders and further heat treat-
ments (drying and calcination in air), free and
bound water is removed and oxides of yttrium, er-
bium and ytterbium are formed, and upon calcina-

tion. active impurities diffuse into the yttrium oxide
lattice with partial replacement of 10ns yttrium into
ytterbium and erbium 10ns. Thermogravimetric
analysis data confirm the assumption that the crys-
talline phase is completely formed at 700 - 740 °C.
and with a further increase in the calcination tem-
perature. its compaction occurs. IR spectroscope-
states that with additional calcination ofY 20 3:Yb3#,
Erll powders at 1200 °C. hydroxyl groups and ad-
sorbed gas impurities are almost completely re-
moved. From an examination of the luminescence
spectra of Y20 3:Yb3+ Erll samples obtained upon
excitation with an IR laser at a wavelength of 975
nm. we can conclude that upon calcination at a
temperature of 700 °C. radiation in the red region of
the spectrum prevails, whereas at a higher pro-
cessing temperature (1200 °C) anti-stokes lumines-
cence efficiency increases in the green region of the
spectrum. It can be assumed that firing Y20 3:Yb3#,
Er powders at 1200 °C leads to compaction of the
matrix and a reduction in the Er - Er interionic dis-
tance. which increases the efficiency of cross-
relaxation interactions of Effi 10ns. The effect of
changing the emission ofY 20 3:Yb3+, Erll powders
processed at different temperatures can be used to
obtain green or red phosphors.

Acknowledgments

The work was carried out within the
framework of tasks 1.2 of the State Research Pro-
gram «Photonics and electronics for innovation»
of the Republic of Belarus.

Er" codoped Y2 3 YOF and YF3UC phosphors and their applica-

REFERENCES

1 Whnag X.,, HuY, Meng X.. Li Y, Zhu M.. Jin H. Synthesis of Y20 3 phosphor by a hydrolysis and oxidation method. Journal ofRare
Earths, 2015, 33(7), 706-711. DO1:10.1016/S1002-0721(14)60474-9

2. Gupta A., Brahme N.. Prasad Bisen D. Electroluminescence and photoluminescence of rare earth (Eu.Tb) doped Y20 3nanophosphor. Jour-
nal ofLuminescence, 2014. 155. 112-118. DOI: 10.1016 J.JLUMIN.2014.06.003

1 Takaichi K., Uematsu T., Lu J,, Shirakawa A. Yb3+Y2) 3ceramics - a novel solid-state laser material. Japanese Journal ofApplied Phys-
ics, 2002, 41(2), 1373-1375. DOI: 10.1143 JJAP.41.L1373

4. Fukabori A, Yanagida 4.. Pejchal. J. Maeo S. Optical and scintillation characteristics of Y20 3transparent ceramic. Journal ofApplied
Physics, 2010. 107(7). 073501-073506. DOI: 10.1063 1.3330407

5. Vats R.. Bhukkal C.. Ahlawat R. Crystallographic modifications and thermal variations in cubic Y20 3 via lanthanide doping. Materials
today proceedings, 2023. DOI: 10.1016 J.MATPR.2023.03.311

6. Lojpur V.M.. Ahrenkie P.S. Dramicanin M 1). Color-tunable up-conversion emission in Y:Os:Yb. Er nanoparticles prepared by polymer
complex solution method. Nanoscale research letters. 2013, 131(8). DOI: 10.1186 1556-276X-8-131

7. Markose K.K., Anjana R.. Antony A.. Jayaraj M.K. Synthesis of Yh
tion in solar cell for sub-band gap photon harvesting. .Journal o fluminescence, 2018. 204. 448-456. DOE 10.1016 J.JU 'M1X.2018.08.005

8. Zhang L., Pan W. Structural and Thermo-Mechanical Properties of Nd:Y20 3Transparent Ceramics. Journal ofthe Amertcan Ceramic
Society, 2015, 98(10). 3326-3331. DOE 10.1111 JACK. 13735

9. Park C.-W.. Park D.J. Development of Er3+, Yb3+co-doped Y20t XPs according to Yb3+concentration by LP-PLA method: potential fur-
ther biosensor. Hiosensor. 2021. 11(5),150. DOE 10.3390 B10S11050150

10. Zhao J.B., Wu L.L. Y>3+ and Er3~doped Y20 3microcrystals for upconversion photoluminescence and energy transfer with enhancements
ofnear-ultraviolet emission. Rare Metals. 2019, 40(15), 123-127. DOE 10.1007 S12598-019-01269-4

11. De G., Oin W,, Zhang J.. et al. Upconversion luminescence properties of Y20 3:Yb3+ Er" nanostructures. JLumin, 2006. 119(1 .3). 258-
263. DOI: 10.1016/J.JLUMIN.2005.12.041

12. Tian Y.. Fu YE Xing M. Luo X. Upconversion luminescence properties ofY 20 3:Yb, Er and Y20 2S:Yb. Er nanoparticles prepared by com-
plex precipitation. Journal o fNanomaterials, 2015. 16(1), 96. DOE 10.1155 2015 57.325.3

13.

272024

Vats R., .Ahlawat R. Rietveld refinement, luminescence and catalytic study of as-synthesized and Dy3+-doped cubic Y:Os nanopowder
prepared by citrate mediated sol-gel technique. Journal o fNanoparticle Research. 2022. 24(9). DOE 10.1007 S11051-022-05570-9

KIMY O

va kimyo texnologiyaSi

CHEMISTRY AN» CHEMICAL ENGINEERING

XNMUA N XUMNYECKAA TEXHONOI A 13



14,
15.
16.

17.

18.

19.

20.
21

22.

23.
. Kiselev A.V., Ligin Y.l. Primeneniye infrakrasnoy spectroscopii dlya issledovaniya stroyeniya poverkhnostnych khimicheskikh soyed-

25.

26.

27.

28.
29.

30.

14

MATERIALS SCIENCE AND ENGINEERING
MATEPUAJTOBEAEHWE N TEXHOJIOTA
MATERIALSHUNOSLIK VA TEXNOLOQIYAI

Pircs AM, Serraa O.A.. Davolosb M.R. Morphological and luminescent studies on nanosized Er,Yb Yttrium oxide up-converter prepared
from different precursors. Journal o fLuminescence, 2005,113(3), 174-182. DOI: 10.1016 J.JLJ iMIN.2004.09.122

Mangalaraja R.V., Mouzon J.. Hedstrom P. Combustion synthesis of Y20 3and Yb Y20 3 Part I. Nanopowders and their characterization.
Journal o fmaterials processing technology!, 2008. 208(1-3), 415-422. DOI: 10.1016 J.JMATPROTEC.2008.01.023

Liu F.-W., Hsu C.-H.. Chen F.-S.. Lu C.-H. Microwave assisted solvothermal preparation and photoluminescence properties ofY 20 3:Eu3+
phosphors. Ceramics International. 2012. 38(2). 1577-1584. DOI: 10.1016 J.CERAMINT.2011.09.044

Pavlenok A.V., Poddenezhnyy E.X.. Boyko A.A. Osobennosti polucheniya nanostrukturirovannykh oksidnykh poroshkov s ispolzovani-
yem mikrovolnovogo izlucheniya. [Features of obtaining nanostructured oxide powders using microwave radiation], Vernik GGTIJ im.
P.0.Sukhogo, 2011, 4, 59-66.

Han P.. Zhang L.. Huang X.. Wang L.. Zhang Q. 1Jp-conversion luminescent materials of Y20 3: RE(RE Er or Er, Yb) prepared by sol-gel
combustion synthesis. PuhMed, 2010, 30(11), 2906-2910. DOI: 10.3964 J.ISSN. 1000-0593(2010)11-2906-05

Schartner E.P.. Jin D.. Ebendorf-Heidepriem IlI.. Piper J.A., Monro M. Lantanide upconversion nanocrystals within microstructured opti-
cal fibres: a sensitive platform for biosensing and a new tool for nanocrystal characterization. Proc. SPIE 8.351. Third Asia Pacific Optical
Sensors Conference, 83512Q(30 January 2012). DOI: 10.1117 12.915968

King H.P.. Alexander L.E. X-ray diffraction proceduresfor polycrystalline and amorphous materials. New York. Wiley, 197.7. 687.
Paygin Y.D.. Deulina D.E.. llela A.E. Sintez poroshkov sistemy AI2 3Y2 3 s ispolzovaniyem ustanovki nanoraspylitel'noy snshki.
[Synthesis of A120 3Y 20 3 powders from suspensions with a spray drying technique]. Vestnik Tomskogo gosudarstvennogo umversitetu.
Khimiya, 2022, 28, 39-53. DOI: 10.17223/24135542/28/4

Simonenko T.L.. Simonenko X.P.. Simonenko E.P., Sevastyanov Y.G.. Kuznetsov N.T. Syntez odnomemykh nanostruktur oksida Ce02-
10%Y?203metodom programmiruyemogo soosazhdeniya v prisutstvii polivinilovogo spirta. [Synthesis of one-dimensional nanostructures
of Ce0210%Y203 oxide by the method of programmed coprecipitation in the presence of polyvinyl alcohol], ‘/diurnal neorganicheskoy
khimii. 2019, 64(12), 1239-1245.

Nakamoto K. Infrared and Raman spectra o finorganic and coordination compounds. 1JSA, John Wiley & Sons, Inc. Publ., 2009. 40.7

ineniy i adsorbtsii [Application of infrared spectroscopy to study the structure of surface chemical compounds and adsorption]. Uspekhi
khimii, 1962, 31(3), 351-384.

Zong L.. Xu P.. Ding Y.. Zhao K.. Wang /... Van X.. Yu R, Chen J.. Xing X. Y20 3:Yb3+Er3* Hollow spheres with controlled inner struc-
tures and enhancedupconverted photoluminescence. Small. 2015. 2.7(11). 2768-277.7. DOI: 10.1002 SMLL.201402320

Lojpur V., Mancie L.. ulic P.. Dramicanin M.. Rabanal M. E., Milosevic O. Structural, morphological and up-converting luminescence
characteristics ofnanocrystalline Y;();:Yb Er powders obtained via spray pyrolysis. Ceramics International. 2014. 40(2). 3089-3095. DOI:
10.1016/J.CERAMINT.2013.10.002

Yuan C., Chen G.. Li L.. Damasco J.A.. Xing /... Xing Il.. Zhang T.. Sun I,. Zeng Il.. Cartwright A.X.. Prasad P.. Agren H. Simultaneous
multiple wavelength upconversion in a core shell nanoparticle for enhanced near infrared light harvesting in a dye-sensitized solar cell.
ACS Appl Mater Interfaces. 2014. 20(6). 18018. DOI: 10.1021 AM504866G

Wei W., Zhang Y.. Chen R.. Goggi J.. Ren X.. Huang I,. Bhakoo K.K.. Sun II.D.. Yang T.T. Cross relaxation induced pure red upconver-
sion in activator- and sensitizer-rich lanthanide nanoparticles. Cham Mater.. 2014. 26(18). 5183-5186. DOI: 10.1021 CM5022382

Yang J.. Gu J.. Yang R.. Shang Q. Yang J. Hydrothermal Synthesis Y4 8:Yb' Er® Xanospheres with Upconversion Luminescence from
Green to Red. Nanoscience andNanometrology, 2016, 2(2). 41-45. DOI: 10.1 1648 J.XSNM.20160202.11

Zhang J.. llao Z, Li J.. Zhang X.. Luo Y.. Pan G. Observation of efficient population of the red-emitting state from the green state by non-
multiphonon relaxation inthe Er  Yb system. Light Science & . Applications, 2015, 4(1). e2.79. DOI: 10.1038 LSA.2015.12

CHEMISTRY AND CHEMICAL ENGINEERING 7
XUAMUS Y XUMUUYECKASA TEXHOMOT 1S \!‘a< 1 m Mgiyasi 2 2024



