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Synthesis of Y,05; and Y203:Nd3+ monodisperse
crystalline nanospheres by homogenous
precipitation
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Y,0,, Y2032Nd3+ (1-10 at. %) monodisperse crystalline spheres in interval 100-260 nm
diameter with dispersion of size <10 % have been synthesized from aqueous solution by
homogenous chemical precipitation. The formation process of cubic yttrium oxide nano-
spheres during thermal decomposition of amorphous precursor has been studied. The
precipitation parameters (concentration of yttrium, neodymium ions, as well as urea
concentration) have been found to influence considerably the size, shape, dispersion, and
agglomeration degree of resultant powders.

MeTomoM rOMOT€HHOTO XMUMUYECKOTO OCAKAEHUS U3 BOJHBIX PACTBOPOB IOJYYEHBI MOHO-
AucIepcHble KprucTajandeckue chepsl Y,0,, Y2032Nd3+ (1-10 ar. %) ¢ guameTpoM B UHTEp-
Base 100-260 um c gucnepcueii mo pasmepy <10 % . Wsyuen mporecc GopMUPOBAHUS HAHOC-
(ep KyOWUECKOro OKCHUIA UTTPUSA MPU TEPMUUECKOM DPAa3JOKEeHUUN aMOp(HOro mpeKypcopa.
VceraHOBIEHO BJIUAHNE IIAPAMETPOB IIPOIEcca OCaKIeHUs (KOHIEHTPAINM MCXOLHBIX peareH-
TOB — HWOHOB WTTPUS, HEOQUMa, a TaKyKe KapbamMujga) Ha pasMep, AUCIEPCUI0 U CTeleHb
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arjioMmepanuu IIOPOIIKOB.

1. Introduction

The monodisperse spherical luminescent
particles of rare earth oxides are under in-
tense studies for optoelectronics, biomedical
applications, for laser and scintillation tech-
niques. Such particles are of good promise
for use as initial "building block™ for the
following consolidation in high-density lu-
minescent materials 2D or 3D [1,2]. The
particular interest for the spherical mono-
disperse nanoparticles is connected with
possibility of their utilization for fabrica-
tion of transparent ceramic [3]. In the cur-
rent optical ceramic production technology,
the compaction stage is considered as the
most critical one [4]. The packing defects in
the green body cause decreased ceramics
density, residual porosity and thus degra-
dation of its optical properties. Therefore,
the initial nanopowders for optical ceramics
should meet the following requirements: the
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spherical form of the particles, the particle
size of about 100 nm and the narrow parti-
cle size distribution range [5]. Obviously,
the compaction of the monodisperse nano-
spheres allows provides a more homogene-
ous packing of the particles in the compact
and the higher initial density as compared
to nanopowders with undefined morphology.
This promotes an efficient and homogeneous
densification of ceramics at the sintering
stage. For example, the molding of mono-
clinic Y,05; spheres with particle size within
2-40 nm range (average diameter of 10—
15 nm) by magnet-pulsed compaction per-
mits to attain the compact density of 83 %
of the theoretical value [6], that consider-
ably exceeds the 74 % value for the hexago-
nal closest packing of the spherical parti-
cles. Therefore, the preparation of the
monodisperse spherical nanoparticles with
sizes ranging from 50 to 250 nm is a sig-
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nificant task in the advanced powder tech-
nology of high-density consolidated optical
materials creation.

Nowadays, a number of methods are
being applied to produce spherical oxide
particles, namely, spray pyrolysis [7], the
Pechini sol-gel technology [8], solvothermal
[9] and hydrothermal [10, 11] methods, the
target laser evaporation [12]. However,
none of these methods provide the nanopar-
ticles with the required characteristics. For
instance, Y,05 spherical particles can be ob-
tained by laser evaporation of target; how-
ever, Y,0; powders are formed in metas-
table state (monoclinic modification) and re-
quire a high-temperature annealing to
convert them into cubic structure, thus in-
creasing their agglomeration [13]. The ho-
mogenous precipitation from aqueous solu-
tion is considered as the most promising
method to obtain the crystal nanospheres of
rare earth oxides with the narrow particle
size distribution [14]. The precise control of
precipitation conditions (synthesis tempera-
ture, pH wvalue, reagent concentrations,
order and speed of their mixing) allows one
to adjust the phase and chemical composi-
tion of nanopowders, their crystallinity, dis-
persion and agglomeration degree, and the
distribution homogeneity of the activator
ions. Moreover, this method is simple enough
in terms of technological realization.

The pure and neodymium-doped yttrium
oxide is an excellent optical material for IR
windows and active medium of the solid-
state lasers. Recently, Y,Os-based optical
ceramics was described in literature [13, 15,
16], as well as the preparation techniques of
yttrium oxide-based spherical particles (see
[1, 17, 18], and references therein), gener-
ally, for application as red phosphors.
Preparation of the Y,05:Nd3* spherical par-
ticles for optical ceramics has not been re-
ported in modern publications. The aim of
this work was to synthesize and charac-
terize the monodisperse crystalline Y504
and Y,04:Nd3* (1-10 at. %) spheres of dif-
ferent diameter by homogenocus precipita-
tion from aqueous solution.

2. Experiment

Y203 and Y203Nd3+ (1_10 at. 0/0) nano-
spheres were synthesized from yttrium and
neodymium nitrate solutions using homoge-
nous precipitation by urea. The yttrium and
neodymium nitrate solutions were prepared
from corresponding oxides Y,03 (>99.99 %
pure) and Nd,O; (>99.99 % pure) by dis-
solving them under heating in the proper
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amount of nitric acid. The concentration of
the yttrium solutions was varied in the
0.005-0.5 mol/L range. The urea solutions
in concentrations varying from 0.3 to
4.0 mol/L were used as the precipitants.
The initial component mixture was homoge-
nized under constant stirring for 2 h and
then was heated on a water bath to 90°C.
After reacting at 90+1°C for 2 h, the sus-
pension was cooled to ~50°C, and the resul-
tant colloidal particles were separated via
suction filtration through a membrane fil-
ter. The precipitate was washed four times
with distilled water and one time with an-
hydrous ethanol in order to remove the re-
action by-products. Then the precursor ob-
tained was dried in an air at 25°C and was
used for further studies.

The differential thermal (DTA) and ther-
mal gravimetric (TG) analyses were carried
out using a MOM Q-1500D derivatograph in
air atmosphere in the 20-1000°C tempera-
ture range with the heating rate of
10°C/min. The phase identification was per-
formed via X-ray diffraction (XRD) on a
SIEMENS D-500 X-ray diffractometer using
nickel filtered Cu K, radiation. The phases
were identified using PDF-4 card file and
EVA retrieval system, included in the dif-
fractometer software. The powder morphol-
ogy was examined using a transmission
electronic microscope TEM-125 operated at
100 kV accelerating voltage. Prior to the
microscopic examination, the powder was
subjected to ultrasonication using ultra-
sonic dispergator UZDN-A at frequency of
22 kHz during 45 s. The bidistilled water
was used as the working medium. The aver-
age particle size and distribution were esti-
mated from TEM micrographs by collecting
data for at least 200 particles.

3. Results and discussion

It is known that decomposition of urea
during heating of its solution up to >85°C
results in slow and homogeneous release of
precipitating ligands, mainly OH~ and
CO32‘ ions, into the reaction system [19].
These ions react with yttrium ones to form
yttrium precursor. The reaction mechanism
of the formation of yttria particles through
homogeneous precipitation is claimed to in-
clude three distinct steps: 1) decomposition
of urea, 2) hydrolysis of yttrium ions (Y3%),
and 3) precipitation reaction (1). Briefly,
the last step of this reaction can be pre-
sented as follows:
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Fig. 1. Variations of the reaction mixture pH
and the precursor particle diameter in time
(c(Y®*) = 0.015 mol/L, c(urea) = 0.5 mol/L,
temperature 90°C).

— Y(OH)CO; - H,0 + H3.

The time dependence of initial solution
pH and average diameter of precipitated
particles is given in Fig. 1. The precursor
particles start to form after reaching of the
equivalency point (pH = 4). The growth of
the precipitated particles in time is accom-
panied by pH wvalue increase, and then the
hydrogen ion exponent attains saturation.
The intensive growth of Y(OH)CQO; precursor
spherical particles occurs in the pH range
from 5.5 to 6, and finishes at pH = 6.5-7. At
these conditions, the particle diameter be-
come the constant value of about 255 nm
and further remains unchanged.

The DTA and TG curves of the precursor
obtained after drying at 25°C are presented
in Fig. 2. According to TG data, the step-
wise decomposition of the yttrium oxide
precursor is accompanied by a total weight
loss of 39 % . Two endothermic peaks in the
DTA curve at 170 and 257°C were assigned
to the removal of molecular and hydration
water, while the broad peak in the 400-—
600°C temperature range, to formation of
non-identified intermediate phases. Accord-
ing to [20], the double endothermic peak in
the 600-700°C temperature range could be
due to simultaneous decomposition of com-
plex yttrium carbonates (for example,
Y5,0(CO3)y, Y5,0,C03), and crystallization of
yttrium oxide (i.e. exothermic and endo-
thermic peaks are superposed).

The effect of reactant concentrations on
the shape and size of yttrium oxide precur-
sor spherical particles are presented in
Fig. 8. In this experiment, the yttrium ni-
trate concentration was varied in the
0.005-0.5 mol/L range at constant urea
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Fig. 2. DTA/TG curves of the precursor pro-
duced by homogeneous precipitation with
urea.
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Fig. 3. Average diameter of the precursor
particles as a function of the Y3* ions concen-
tration (c(urea) = 0.5 mol/L) (a) and urea
concentration (c(Y3*) = 0.015 mol/L) (b).

concentration, or urea concentration was
varied in the 0.3-4.0 mol/L range at con-
stant yttrium concentration. The initial re-
actant concentrations influence strongly the
average particle diameter. As is seen in
Fig. 3a , the average particle diameter var-
ies linearly from 125 nm to 3835 nm for yt-
trium concentration between 0.005 and
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0.02 mol/L. Below 0.02 mol/L, the particles
do not agglomerate, and the particle size
distribution is really monodisperse (the stand-
ard deviation does not exceed 7-9 %) . The
higher yttrium concentration is, the more
polydisperse particles are formed, and at yt-
trium concentration between 0.02 and
0.03 mol/L, the deviation in particle size dis-
tribution increases up to 67 %. Moreover,
the particle trend to aggregate, and finally,
at concentration above 0.025 mol/L, the ag-
glomerates are formed reaching several mi-
crometers in diameter. One of the reasons
causing particle agglomeration is decrease
of solution zeta potential as a function of
yttrium concentration [19]. The particle di-
ameter dependence on urea concentration is
given in Fig. 3b. Changing the urea concen-
tration from 0.3 to 2.0 mol/L causes the
average diameter of Y,0O5 particles to be
diminished from 270 to 150 nm. The Y,04
particle size distribution in the mentioned
concentration range is almost constant and
does not exceed 10 %. Moreover, in the
whole concentration range studied, the pre-
cipitate maintains spherical shape. There-
fore, adjusting the reactants concentrations
allows one to control the shape, size, and
size distribution of Y,O5; nanospheres.

The XRD spectra of the Y,O; nanopow-
ders calcined at different temperatures are
shown in Fig. 4. The yttrium oxide precur-
sor and the powders calcined up to 500°C
were found to be amorphous. Formation of
the cubic Y505 is already registered at 600°C.
The caleination temperature rise results in
increasing intensity of the diffraction peaks
as well to their narrowing, pointing out the
increasing average crystallite size. In fact, the
crystallite size of the Y,03 powders determined
by the Scherrer formula increases from 20 to
109 nm when temperature rises from 600°C to
1200°C. Simultaneously, the lattice parameter
a is diminished from 10.6143(4) to
10.60508(10) A, and at T = 1200°C approaches
the theoretical value for Y,05 a = 10.604 A,
thus indicating the improving crystalline
structure perfection of the Y,0;.

Because the Y,05 powders are planned to
use in optical ceramic fabrication via vac-
uum sintering, it is very important to study
their morphological changes during the cal-
cination. According to DTA and XRD data,
the crystalline yttrium oxide is formed
from amorphous precipitate above 600°C.
The morphology evolution of Y,O3 nano-
spheres with calcination temperature is
given in Fig. 5. The calcination temperature
is seen to affect considerably the morphology
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Fig. 4. XRD spectra of the Y,05 powders cal-
cined at 400°C (1); 600°C (2); 800°C (3);
1000°C (4) and 1200°C (5).

and size of synthesized powders. The diame-
ter of the powders calcined at T = 750°C
decreases by 23+t1 % due to decomposition
of precursor (Fig. 5, b). Moreover, the sur-
face of crystalline spherical particles be-
comes slightly rough, mainly due to evapo-
ration of structural water and CO,. Anneal-
ing of the powders does not affect the
particle size distribution. The crystallite
size increase in the 600-1000°C tempera-
ture range determined from the XRD data
(Fig. 4) occurs without changing of the par-
ticle diameter, indicating that the primary
recrystallization takes place inside the
spherical particles, probably via joining of

Functional materials, 17, 1, 2010
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Fig. 5. TEM of precursor (a) and Y,O; nanospheres, calcined at 800°C (b); 1000°C (c) and 1200°C (d).

adjacent crystallites. The roughness of
nanospheres increases slightly with calcina-
tion temperature increase up to 1000°C, but
the particles maintain their individuality.
The sintering of the particles with partial lost
of their spherical shape starts at the tempera-
ture of 1000°C with formation of contact
necks between the particles (Fig. 5, c¢). The
further temperature increase results in for-
mation of hard agglomerates due to inten-
sive sintering of the powders (Fig. 5, d).
The morphological characteristics of result-
ing powders became very similar to the or-
dinary nanopowders, indicating that addi-
tional technological stages (mechanical
grinding) are required to use them as start-
ing materials for optical ceramics.

The morphology of Y,0O; nanosphere of
different diameter is shown in Fig. 6. Each
spherical particle contains several crystal-
line blocks of nearly spherical shape and
about 30 nm diameter, which is equal to
crystallite size determined by XRD (Fig. 4),
in other words, the particles are polyerys-
talline. Fig. 6 d, inset, shows selected area
electron diffraction (SAED) pattern from in-
dividual spherical Y,O5 particle. The SAED
pattern contains individual reflections as
well as diffraction rings confirming the
polycrystalline nature of the sample. The
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similar structure of Y203:Eu3+ spherical
particles obtained by spray pyrolysis have
been recently observed in [7]. The average
crystallite block size in the particles of dif-
ferent diameters falls within 30-40 nm
range. The small size of the crystallites is
very favorable for high activity of the pow-
ders and their effective densification into
high-density pore-free optical ceramic. Fur-
thermore, the initial crystallites form the
particles of the equilibrium spherical shape,
thus decreasing the powder agglomeration and
facilitating their compacting (Fig. 6, a—d).
Therefore, we believe that morphological pe-
culiarities of Y,05 spherical particles ob-
tained (polycrystalline structure, monodis-
persity, spherical shape, low agglomeration
degree) are very favorable for their use in
optical ceramics fabrication.

The doping of yttrium oxide with neodym-
ium ions (1-10 at. %) results in linear in-
crease of the lattice parameter a according to
the Vegard rule, evidencing the formation of
the substitutional solid solution (Y,_,Nd,),O4
(Fig. 7a). The extension of the lattice parame-
ter is connected with larger ionic radius of
neodymium ions compared to yttrium ones
(r(Nd3*) = 1.25 A, r(Y3*)=1.16 A for coor-
dination number 8). The presence of neo-
dymium ions not only influences the lattice
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Fig. 6. TEM of Y,04 calcined at 750°C depending on the yttrium ions concentration, mol/L: a)
0.005; b) 0.01; c) 0.015; d) 0.02. (¢((NH,),CO) = 0.5 mol/L). Inset in Fig. 6 d shows SAED pattern

from an individual spherical Y,05 particle.
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Fig. 7. The lattice parameter a (a) and average particle diameter (b) of Y203:Nd3+ particles as a function of
the Nd3* ions concentration (¢((NH,),CO) = 0.5 mol/L, c(Y®*) = 0.015 mol/L).

constant, but also the nucleation processes in
the colloidal systems, the diameter of acti-
vated yttrium oxide particles being smaller as
compared to undoped ones (Fig. 7b). The
similar effect has been observed before for
another mixed oxide system Y,03;-Gd,04
[14]. As the formation of the colloidal
spheres occurs via nucleation/growth proc-
ess [19], the homogeneous nucleation rate
depends on the supersaturation degree, that
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is, the nucleation starts only when the su-
persaturation reaches a certain critical
value. In accordance with the lanthanide
contraction phenomenon, Y(OH)COj; pos-
sesses higher solubility in water as com-
pared to Nd(OH)CO3;, and, consequently, has
a lower supersaturation value. This means
that Y(OH)CO; nuclei are relatively unsta-
ble, therefore, in mixed Y/Nd system we can
suppose the predominant formation of

Functional materials, 17, 1, 2010
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Nd(OH)CO5; nuclei. The precipitation and
growth of Y(OH)CO5; will occur via hetero-
geneous nucleation on the already formed
Nd(OH)COj; particles, exactly as in the Y/Gd
system [14]. So, we belive that the Nd3*
ions concentration increase provides an in-
creased nucleation density and Y203:Nd3+
spherical particles obtained have smaller
diameter.

4. Conclusions

The crystalline Y,03, Y,03:Nd3* mono-
disperse nanospheres of 100 to 260 nm di-
ameter, narrow particle size distribution
(max. 10 %) have been obtained by homoge-
neous precipitation from aqueous solution.
The morphology evolution of Y,03; nano-
spheres with calcination temperature in-
crease has been studied. It has been deter-
mined that the sintering of the particles
with partial lost of their spherical shape
starts at 1000°C. It has been shown that
adjusting the reactant concentration (yt-
trium ions, neodymium ions and urea) al-
lows one to control the shape, size, and size
distribution of Y,0; nanospheres. Finally,
we believe that morphological peculiarities
of Y,O3 spherical particles obtained (poly-
crystalline structure, monodispersity,
spherical shape, low agglomeration degree)
are very favorable for their effective densi-
fication into high-density optical ceramic.
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CuHTe3 MOHOAMCIEPCHUX KpHCTAXivHMX HaHOCchep Y,03
Ta Y203:Nd3+ 3a METOJAOM TOMOTE€HHOI'0 OCaNKeHHI

I0.1.I1aswpa, B.M.Baymep, O.M.Boex, T.I'./[eiinerxa, P.Il. A6eyvruil

MeTogomM roMOreHHOro XiMiUYHOIO OCAIKEHHS 3 BOAHHX PO3UHHIB OJEP:KAHO MOHOIIC-
mepcHi Kpucraniugi chepu Y,05, Y203:Nd3+ (1-10 ar. %) giamerpom B inTepsani 100-260 um
3 pucnepcieio 3a posmipom < 10 %. Busueno mpomec (opmyBamus HaHochep KybGiuHOrO
OKCHIY iTpiio mpu TepMiuHOMY pPOBKJIaAi aMopdHOTO IpeKypcopy. CTaHOBJIeHO BIJUWB Iapa-
MeTpiB mpolecy ocam:KeHHd (KOHIIEHTpaIllili BUXigHUX peareHTiB — ioHiB iTpiio, Heogumy, a
TaKoK KapbaMmimy) Ha posMmip, dopmy, Aucmepciio Ta CTyHmiHBL arjiomMepallii mopomrkis.
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