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The aim of research is to develop a new method for synthesis of ultra-dispersed crystalline powders of lanthanide oxides, in partic-
ular, erbium oxide doped with ytterbium oxide, intended for making transparent ceramics. The formation of nanostructured powders of the
erbium oxide — ytterbium oxide system using deposition and heat treatment processes by co-deposition of salt solutions mixed with ammoni-
um carbonate and hydrogen peroxide complex solution at temperature of 10 °C followed annealing at 100, 650, 900 and 1200 °C was stud-
ied. Studies of the morphological and structural characteristics of the powders using scanning electron microscopy and X-ray phase analy-
sis showed that the EJY?;O ,0; particles are great extent agglomerated, they have a laminar, plate-like morphology with the lamindte
thickness of about 50 nm, ﬁngnﬁ ojpf 0—15 um (650 °C), when .ser?imem is annealed at 900 °C, laminar particles split into 30—60 nm diameter
gebers, and during subsequent heating the fibers in agglomerates fuse together forming a mesh structure, the size of the annealed particles

ing 150-200 nm.

Keywords: rare earth elements oxides, erbium oxide, ytterbium oxide, ultrafine powders, deposition method
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Llens uccnedosanus cocmoun: 6 paspacomye Ho8020 Memoda CuHMesa VIsmpaducnepeHbIX KPUCTHATTIUYECKIX NOPOUKOE OKCUGOE
TAHMAHOUDOE, 6 YacmHocmu oxcuda 3pous Er:0s, necuposantozo oxcudonm ummepous Yb:0s, npedHassayennvx 012 gopiosarua npo-
3pauHoll xepanuxu. Fz)4ensl 0co0eHHOCU GOPMUPOEAHUA HAROCTPYKINYPUPOSAHHBIX NOPOWIXOE CUCINEMBI (OKCUO 3POUA — OKCUO UIMMED-
OUAY U3 CMEWIAHHBIX KAPOOHAINOE TAHMAHOUO0E NYIEN 0CAHCOEHUA KAPOOHANOM AMMOHUA ¢ D00AEKON NEpexucl s000poda U3 coomsem-
CIMBYIOULUX A30MHOKUCTBIX conell npu mennepamype 10 °C ¢ nocredyrowun npoxatuganuem ocadxos npu 100, 650, 900, 1200 °C. Hecne-
Q08aHIA NMOPPOTOUHECKUN 1t CIPYKIYPHBIX XAPAKIMEPUCTNLK NOPOIIKOE C NPUMEHEHUEM MEMOO0E CRAHUPYIOWEll 3TexMPOHHO T MUKPOCKO-
AU 1t PeHM2EHOPA306020 AHATIZA NOKAZATY, Yo Yacmuysl ErOYb,0; 6 3HauumensHoll cimenexHl az1oMepuposansl, UMerom nIacmuHsya-
Ny mopgoaozito ¢ MoTUHON IAMUHAMOS 0xod0 50 v u dnuxoll 10—-15 mxn (050 °C), a npu npoxanusasuu ocadxa npu 900 °C naacmu-
Hbl PACU{eNIAMCA HA 6010KHA Ouavempom 30—60 #m,; npu sazpesaruu 0o 1200 °C onoxxa 6 azioMepamax oopasyiom cem4aniyio cmpys-
mypy ¢ pasmepanu chexuixca yacnuy 150-200 #n.

KarodeBble CJI0BA: OKCHIEI PEIKO3EMETEHEIX JIEMEHTOR. OKCHI 3p0HA. OKCHI HITepOHA, VISTP ATHCIED CHEIE IOPOIIEH, METOI COOCAICHHA
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Tadgiqomm%(magsadi shaffof keramikaga shakl berishga mo'ljallangan lantanoidlar oksidlari, xususan, ytterbiy oksidi Yb;O; bilan
legirlangan “erbiy oksidi Er,O; ning ulradispers kristall “kukunlarini “sintez qilishning yangi usulini ishlab ~chigishdan iborat.
Lantanoidlarning aralash karbonatlaridan 10 °C haroratda tegishli nirrat kislota tuzlaridan vodorod peroksid qo'shib ammoniy karbonat
bilan cho'ktirish va cho'kmalarni 100, 650, 900, 1200 °C da qizdirish orgali "erbiy oksidi - ytterbiy oksidi” tizimining nanotuzilishli
rukunlarini shakllantivish xususivatlari o'rganildi. Kukunlarming morfologik va strukturaviy xususiyatlarini skanerlovchi elektron
mikroskopiva va rem,gen fazali” tahlil usullari yordamida o'rganish shuni ko'rsatdiki, Er;05-Yb,0; zarralari sezilarli darajada
aglomeratsivalangan, laminatlarning galinligi taxminan 50 nm va uzunligi 10-15 mkm (650 °C) bo‘lgan plastinka mogbfogfyasi a’ ega,
cho'fima 900 °C da gizdirilganda plastinkalar diametri 30-60 nm bo'lgan tolalarga bo'linadi; 1200 °C gacha gqizdiriganda,
aglomeratlardagi tolalar 150-200 nm o'lchamdagi yopishgan zarrachalar bilan to'rli tuzilishni hosil giladi.

Kalit so'zlar: noyob yer oksidlary, erbiy oksidi, yiterbiy oksidi, ultra mayda kukunlar, qo'shma cho'ktirish usuli
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Introduction

Lanthanide oxide-based optically transparent
ceramics doped with rare earth element ions is prom-
ising for use as active media for solid-state lasers,
luminescent converters, scintillators thanks to high

optical and thermomechanical characteristics [1-5].

Erbium oxide is a promising matrix for cre-
ating lasers and fiber optic amplifiers by doping
active lanthanide ions due to excellent physical
properties, such as optical transparency over a wide
spectrum, high melting temperature (2380 °C), wide
band gap, high thermal conductivity [6—11].

To activate the sintering of rare earth oxide
particles in the production of ceramics with high
optical transparency, sintering additives in the form
of yttrrum, lanthanum, and zirconum oxides are
used, introduced into the system during the for-
mation of nanostructured powders [12—15]. In this
way, transparent ceramics from erbium oxide Er,O;
with the addition of La,O; were successfully pro-
duced [13]. Er;O; ceramics with the addition of zir-
conium dioxide (4 at.% ZrQ,), sintered at a temper-
ature of 1850°C for 8 hours in a vacuum [14],
demonstrated an optical transmittance of 77% i the
visible range and 78% at a wavelength of 1100 nm.

Similarly, highly transparent ytterbium ox-
ide (Yb,O;) ceramics were obtained by vacuum
sintering using ZrO, as a sintering additive [15].
Transparent ceramics doped with 3% ZrO, were
found to have the best optical properties, with a
transmittance of 75% at 1100 nm and about 81% in
the mid-infrared region.

Recently, a new, rapidly developing field
has emerged: the study and application of transpar-
ent, high-entropy optical media based on rare-earth
oxides. Such materials are classified as ceramics,
consisting of five or more components in equiatom-
ic proportions [16, 17].

A new highly transparent ceramic based on
rare earth oxides with the composition
(Lup»2Y02Gdo>Ybg 2 Erg2),05 was successfully fabri-
cated by vacuum sintering with the addition of 3
at.% ZrO, and 10 at.% La,0; as sintering additives
[18]. A single-phase cubic structure of the ceramics
from a solid solution with a relative density of
99.95% and an average grain size of 6.91£3.28 um
was obtained. The grain boundary of the ceramics
had a thickness of 1.3 nm. The linear transmittance
of such ceramics reached 80% at a wavelength of
1100 nm, which was 98.7% of the theoretical value
for an Er,O; single crystal. In addition, fluorescence

emission was observed in the ultraviolet (311 nm),
visible (563, 622 nm), and near-infrared (1032, 1535
nm) spectral regions. The new high-entropy ceram-
ics may have broad potential for use in optical appli-
cations, such as scintillators, high-conversion lumi-
nescent materials, and imfrared lasers.

Nanocrystalline luminescent powders of
rare earth oxides can be obtained by thermal de-
composition of the corresponding salts [19, 20].
Er,O; powders with crystal sizes of 9.7-27.2 nm
were obtained in this way [19].

Nanosized Er'":Y,0; powders with varying
erbium impurity concentrations were synthesized by
decomposing a mixture of erbium and yttrium nitrate
salts in the presence of a surfactant that ensures parti-
cle deagglomeration, followed by calcination at 800 ©
C [20]. The calculated particle sizes according to the
Scherrer equation range from 20 +3 to 32 £3 nm.

There are also methods for obtaining REE
oxide powders through thermochemical reactions
(combustion method) [21, 22], however, the particles
of such oxides are often highly agglomerated and
contaminated with combustion reaction products.

Most of the known methods for producing
nanosized powders co-doped REE are based on the
processes of precipitation of carbonate or oxalate pre-
cursors from aqueous solutions of salts, separation of
the precipitate from the mother liquor, washing, drying
in air, and calcination at high temperatures [23, 24].
For the precipitation of hydrated REE compounds,
including erbium oxide, salts, most often nitrates, are
used as sources, and solutions of ammonia, oxalic ac-
id, ammonium carbonate or ammonium bicarbonate
are used as precipitants. Despite the obvious disad-
vantages of precipitation methods - labor intensity,
large volumes of solvents used, this synthesis option
ensures the production of low-agglomerated powders
with a narrow size distribution of nanoparticles, as
well as a high degree of purity [25].

The aim of the present research is to devel-
op a new method for synthesis of ultra-dispersed
crystalline powders of lanthanide oxides, in particu-
lar, Erbium oxide Er,O; doped with Ytterbium ox-
ide Yb,0O; - additive intended for making transpar-
ent ceramics with upconversion effect.

Research methods

Microcrystalline oxide powders Er,O; and
Yb,0; a purity of 99.5% and 99.92% respectively;
ammonium carbonate (NH,),CO; and hydrogen per-
oxide (35% H,0,) were used as starting components.

KLMY.9 12026
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Heated up to 90 °C and mixed with a mag-
netic stirrer, the initial microcrystalline Er,O; and
Yb,0; powders are dissolved in the concentrated
nitric acid till complete dissolution. Then the sedi-
ment is dried in a loss-on-drying oven at 90 °C to
remove free water and nitric acid. The initial nitrate
salts are weighed out: Er(NO;);-6H,O — 8,0 g., Yb
(N03)3 6H20 — 0,8 g. and (NI’L)QCOg — 5,0 g.

Hydrated carbonate sediments are pro-
duced as follows.

Nitric acid salts are dissolved in the dis-
tilled water, then ammonium carbonate is dis-
solved in the distilled water, both solutions are
simultaneously poured, H,O, hydrogen peroxide
35 % 1s added till the pH of 10-12, the mixture
being stirred with a magnetic mixer. In the glass
sediment is formed, it is placed in the centrifuge,
deposited at a speed of about 3000 r/min, then sed-
iment is removed, washed 3 times with distilled

water and recentrifuged, then placed in a 150 mL. ~

107 mm-diameter porcelain evaporation bowl
No.4 and evaporated in the loss-on-drying oven at
the temperature of 100 °C for 7 hours.

The kinetics of the deposition reactions and
crystallization conditions of mixed lanthanide car-
bonates in Er,O;—Yb,0; dual system was examined
by such methods as XRF, DTA, IR spectroscopy,
SEM and energy dispersive X-ray analysis during
the sedimentation and subsequent annealing at the
temperature of 100, 650, 900, 1200°C.

Differential Thermal Analysis have been
performed by NETZSCH STA 449F3 derivatograph
(Germany). The heating range was up to 800°C.

SEM measurements have been performed
by S-4800 «Hitachi» (Japan).

IR spectra were recorded using IR spec-
trometer Nexus Nicolet 5700 «Thermo Electron
Corporation» (USA).

Results and Discussion

Based on the analysis of derivatograms of
the dried sediment (Fig. 1) we conclude that the
decomposition of hydrated sediment of Erbium
and Ytterbium hydroxides mixture follows a prob-
able pattern Er—Yb(OH)-yH,O — Er—Yb(OH); —
(Er-Yb),0; At 60 °C the hydrated oxides mixture
recrystallizes, at 90 °C free water is removed, then
hydroxyl groups are removed, and at about 600 °C
mixed oxides are formed (exothermic effect), it be-
ing followed by slow removal of residual hydroxyl
groups to the constant mass (loss of mass of 45%).

Based on the analysis of XRD data on the
obtained powders [26] (Fig. 2) it can be concluded
that the samples obtained at 650 °C show main dif-
fraction peaks broadening effect, from which it fol-
lows that at this temperature the crystalline phase of
cubic Erbium oxide has already been formed, the
precursor particles are 18+2 nm in size, at annealing
temperature of 900 °C the particle size increases to

TG %

DTA iu\Vmg)

15

0.5
\ 0.0
= 3] E203 ngo-is 3, -
G \
DTA
70
05

100 200 300 400 500 600
Temperatura "C

Figure 1. Derivatograms of the dried sediment.

27+2 nm, and at 1200 °C the particle size is within
range of 3042 nm. In all the cases, at the tempera-
tures ranging from 650 to 1200 °C the powders
have a cubic crystalline structure of Er,O; chemical
composition (JCPDF 77-0777).

Yb,0; peaks in Er,0; mixture in radiographs
are almost indiscernible because these oxides have
the same single-phase cubic structure, the difference
in the peaks being only about 0.08 degrees (they al-
most coincide, the images must have very high reso-
lution), Ia-3, Z=16 space group is also the same. Grid
parameter a a=1,0435 (Yb,0s); a=1,0563 (Er,03).
The mixtures form solid solution, so elemental com-
position can be determined by EDX analysis.

Intensity, e.u.

50 60 70 80 20 100
20, deg
Figure 2. XRD data on the obtained powders Er.0;:Yb.
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Table 1
Elemental composition of the obtained powders at 650 °C
Element Atomic number wt. % wt. % (standardized) Atomic %

Oxygen, O 8 14,13 15,88 55,77
Erbium, Er 68 65.91 74,09 24,39
Ytterbium, Yb 70 5.63 6,33 2,06
Carbon, C 6 3,29 3,70 17,29
Total content, % 88.96 100 100

Examination of the elemental composi-
tion of the obtained powders by energy dispersion
microanalysis (EDX) that is used to determine
local chemical composition of phases, showed
presence of erbium, ytterbium and oxygen atoms
in composition in the following ratio (Table 1).

Presence of carbon impurities in the pow-
der annealed at 650 °C is related to residual com-
pounds formed during decomposition of Er/Yb
(OH)CO;-yH,O hydrated Erbium Ytterbium ox-
ide compound, which is confirmed by IR spec-
troscopy and IR analysis; it significantly decreas-
es during subsequent annealing: 3.29 (650 °C);

2.52 (900 °C); 2.16 (1200 °C) wt.%.

Based on analysis of SEM data for the ob-
tained samples, it can be concluded that the pow-
ders produced after the heat treatment at 650 °C
are to a great extent agglomerated, have a laminar,
plate-like morphology with the laminate thickness
of about 50 nm and its length of 10-15 um (Fig 3).
When the sediment is annealed at 900 °C, laminar
particles split into fibres of 30—60 nm in diameter,
and when fibres making up agglomerates are fur-
ther annealed, they fuse forming a mesh structure,
the size of the annealed particles being 150-200
nm (Fig. 4 and 5).

Figure 4. Morphology of Er03-Yb,0; powders after the heat treatment at 200 °C.

6 CHEMISTRY AND CHEMICAL ENGINEERING K
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1.00um

Figure 5. Morphology of Er03;—Yb,0; powders after the heat treatment at 1200 °C.

IR spectra curves for Er,Os—Yb,05; pow-
ders at the temperatures of 100, 650, 900 and
1200 °C are shown in the Fig. 6. Based on exami-
nation of IR reflection curves received from the
dried sediment samples annealed in the air atmos-
phere at 100, 650, 900 and 1200 °C, it can be con-
cluded that CO;* stretching vibrations appear as
broad bands at 1580 (asymmetrical), 1390 and
CO;” out-of-plane deformation vibrations — at
848 cm™ (for the annealing temperatures of 100,
650 and 900 °C) [27], their intensity decreasing
as the heating temperature increases. Band at 563
cm™ refers to Er-O bond vibrations. Band at
3600 cm’ is most likely related to O-H groups
vibrations, absorbed by Er,03;-Yb,0;-x(OH) po-
rous particles [28], however, it is significantly
reduced at the annealing temperature of 1200 °C.

Based on the analysis of the IR spectra of
the dried sediment we conclude that erbium-
ytterbium carbohydrate decomposes according to
the scheme  Er/Yb(OH)CO; yH,O—Er,Os-
Yb,0;5-x(OH )—Er,0;-Yb,0;, two intermediate
compounds being formed [29, 30].

The reduced concentration of hydroxyl
groups, adsorbed gaseous impurities and the re-
sidual carbon-containing impurities resulting from
annealing at T=1200°C confirms the viability of

\
1100°C) / \ S

AN
21650 <C) P \,I\ .-v“f
wh‘h-—‘_‘" "-ﬂ-—-h—-__.—.__/l \,-.,rv-/
ol
3(900 <C) "\ o
e e e T —— J/ \\_.._—u---/—"/.J

4 {1200 =C)

g e

3800 3400 3000 2600 2200 1800 1400 1000
Wavenumber, cm”

Figure 6. IR spectra curves for Er.03-Yb:0; powders at
the temperatures of 100, 650, 900 and 1200 °C.

the high temperature treatment at formation of de-
hydrated Er,O;—Yb,O; samples.

Conclusion

A new method has been developed to pro-
duce the ultra-dispersed powders of Er,O;—Yb,0s
system using deposition and heat treatment pro-
cesses by co-deposition of salt solutions mixed
with ammonium carbonate and hydrogen peroxide
complex solution at low temperature.

It has been established that during drying
and annealing at 100, 650, 900 and 1200°C in the
air atmosphere, water is removed from sediment,
further at the temperature of 650°C volatile organic
pollutants that may have been contained in (NH,)
»CO; are removed from the carbonates, and at the
temperature of 900°C the carbonates decompose to
hydrated etbium ytterbium oxide compound.

It is shown that the reduction of concentra-
tion of hydroxyl groups, adsorbed gaseous impuri-
ties and residual carbon-containing impurities as a
result of annealing at T=1200°C confirms viability
of high temperature treatment for forming dehy-
drated Er,O;—Yb,0; samples.

The kinetics of the deposition reactions and
crystallization conditions of mixed lanthanide car-
bonates in Er/Yb(OH)CO;xH,0 was examined by
the methods of X-ray diffraction, DTA, IR spec-
troscopy, SEM and energy dispersive X-ray analy-
sis. It has been established that Erbium-Ytterbium
carbonate decomposes according to scheme

Er/Yb(OH) CO;-xH,0—Yb,0,-Yb,0,x(OH-)
—Er0;—Yb,0s.

The powders obtained after the heat treat-
ment at 650 °C have been found to be to a great
extent agglomerated, they have a laminar, plate-
like morphology with the laminate thickness of
about 50 nm, length of 10-15 um, when sediment

12026 K1 M Y O
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is annealed at 900 °C, laminar particles split into
30-60 nm diameter fibers, and during subsequent
heating the fibers in agglomerates fuse together
forming a mesh structure, the size of the annealed
particles being 150-200 nm.
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