Crystals Growth of Complex Oxidesin Supercritical Water Fluid
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The report presents the results of then&ion mechanism investigation and
growth of crystals of barium titanate and yttriutmmainum garnet, synthesized
and doped with cerium in sub- and supercriticalewatpor. The synthesis was
carried out in laboratory autoclaves. The prodotteaction were investigated by
methods of X-ray diffractometry, SEM and TEM miaropy. It was found, that
the synthesis of these compounds crystals in sudadrconditionproceeds by way
of formation of the spherical aggregates of wealstallized nano-particles of
YAG:Ce as well as BaTigCe. At this stage, the diffusion of cerium ionsoin
intermediate products takes place. During the skcsiep of synthesis, in
supercritical conditions, the cocrystallization pérticles in these aggregates
occurs with appearing of a common crystal latthk® a result of co-crystallization
the well-formed micron-size monocrystals of garmet barium titanate were
produced.

INTRODUCTION
The problem of environmentally friendly and econcahimethod for production of functional
powder materials is relevant in connection with ridyeid development of electronic industry.
Complex metal oxides have a variety of useful proge and they are widely used when
creating a new generation of devices. Such masenmllude barium titanate and yttrium-
aluminum garnet. The barium titanate, ferroeleatrith high dielectric permittivity, is used
to produce microcapacitors with large capacity.i&s fine crystalline barium titanate is
material absorbing different types of electromagnetdiation. The use in modern quantum
electronics of the pure and doped yttrium alumingarnet, (%Als0:2), is based on
successful combination of optical, thermal and raeatal properties. YAG is known as
luminescent material, widely used in the manufactaf lasers. Yttrium aluminum garnet
(Y3Al5012Ce™") doped with trivalent cerium used by manufacturefd EDs as a yellow
phosphor with intense broadband emission centdr&80anm [1, 2]. Earlier it was found that
fine crystalline complex oxides can be prepared imedium of water vapor in sub- and
supercritical conditions [3]. The best propertiessgess the complex oxides, synthesized
sequentially in subcritical water vapor and thesupercritical fluid [4].

In this report the researches have been devott tstudy of pure barium titanate and
yttrium aluminum garnet, as well as doped with weriions during their formation in sub-
and supercritical water fluid.

MATERIALSAND METHODS

For producing of YAG:Ce was used mechanical mixtofre/ttrium oxide ¥%Os; (the main
substance 99.999%) and aluminum hydroxide Al(®©Oidark "GD-00" (99.6%), for barium
titanate — titanium oxide TiD(anatase 99.0 %)) and barium oxide BaO (98%). &snd)
agent was hydrated cerium nitrate Cegh®H,O (99%). The synthesis was carried out in
laboratory autoclaves. Stoichiometric mixture ohgents was placed in a stainless steel



container in autoclave of 14 - 18 &nThe pressure of water vapor carries out by e\stjmor

of water, placed into the space between the wakllsitmclave and containers with the starting
material. The synthesized products were investijate physical - chemical methods. The
scanning electron microscope SEM “Jeol JSM 6390 Lskid Transmission Electron

Microscope TEM Jeol JEM-1011 were used to obtaiMm$fBages of produced materials. X-

ray analysis of the synthesized products was peddrusing X-ray powder diffractometer

“STADI P STOE” with a Cul.

RESULTS
In water vapor the formation of complicated oxideiss through a stage of the existence of an
intermediate crystalline substances with Me(@Bbtyucture [3]. The formation of Me(OH)
occurs by way hydroxylation of initial solid oxisleThe hydroxylation of reagent with
smaller solubility in these conditions is carrieat by reorganization of its structure by the
solid-phase mechanism. As a rule, one of reagentsoming amorphous and partially
dissolved. Diffusion of ions of this component intbe structure of solid hydroxide
concurrently with the dehydroxylation leads to thenation of complex oxide.

Earlier, authors have obtained by this method s&mds of pure and doped solid
oxides [5, 6].

Barium titanate

The barium titanate was synthesized from a powdgtune of anatase (Ti§) and barium
oxide (BaO) in the medium of water vapor in the gitlzal conditions (synthesized at T
=200 °C or 280 °C, respectively undep&= 2 MPa and 6.2 MPa) or in supercritical
conditions (T= 400 °C, R.o= 27 MPa). Also the stepwise synthesis performeéirs in the
subcritical and then in supercritical conditio28@ °C, or 280 °C, then 400 °C). Already in
the subcritical conditions in short time bariunatiate is formed. When heating the initial
mixture in water vapor up to 150 °C in the reactmnoducts are detected barium titanate,
titanium oxide (in the form of rutile) and bariurarbonate. With increasing temperature to
200 °C and reaction time to 24 hours X-ray methizésf barium titanate and traces of
titanium oxide and barium carbonate (Fig. 1b). Fexatnbarium titanate represents spherical
aggregates of nano-size particles (Fig. 1a).
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Figure 1. SEM- image and the diffraction patterbafium titanate synthesized at T= 200
°C and R20c= 2 MPa during 24 h in water vapor.



As may by see from the TEM - image (Fig. 2), eaahtigde from aggregate has a regular
crystalline lattice. During realization of synthesn supercritical condition, under the action
of supercritical water fluid (T= 400 °CxR= 27 MPa), an intergrowth of these nanoparticles
happens, that leads to formation of fine crystdldarium titanate with mild facet (Fig. 3).
Formation of these crystals occurs by means ofmntaied co-crystallization of contacting
particles.
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Figure 2. TEM — images of barium Figure 3. SEM - images of barium titanate
titanate synthesized at T= 200 °C andsynthesized at T= 400 °C ang,B= 27 MPa during
Pu20= 2 MPa during 24 h. 72 h

In TEM —image of particles of barium titanate, $yedized in supercritical condition,
one can see as the orientation and intergrowttanb+size crystals in particles were occurring
(Fig. 4). This process is made possible due tohige mobility of the crystal lattice of
nanoparticles in aggregates of barium titanat@émnedium of supercritical water vapor.
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Figure 4. TEM and SEM- images of doped barium étarfCe 0.1%) synthesized at T= 400
°C and R2c= 27 MPa during 72 h.



The addition into the reaction medium a doping ageerium) accelerates the process
of crystals formation of barium titanate and altgssdielectric properties even if process
occurs in subcritical area (Fig. 5). In supercaitifiuid the isometric crystals of submicron
size are formed (Fig. 3, 6). The barium titanate/gher, doped with cerium (1.2 %), had the
permittivity in three times higher than without icen, the permittivity respectively equé&l6
and 8 at 2GHz.
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Figure 5. SEM — image of barium titanate Figure 6. TEM — images of barium
doped with cerium (0.1%) and synthesized attitanate with Ce (0.1%) synthesized at T=
T= 280 °C and o= 6.2 MPa during 24 h in 400 °C and R,o= 27 MPa during 72 h.
water vapor.

Yttrium-aluminum gar net

The fine crystalline yttrium-aluminum garnet pur¥sAlsO;;) and doped with cerium
(Y3xCeAls012) was produced in sub- and supercritical watedfliCWF)as well as the
barium titanate. For example, the stoichiometrixtare of yttrium oxide and aluminum
hydroxide (dry or with a water solution of ceriuntrate) was maintained the certain time at
280 °C under vapor water pressure 6.3 MPa. Besidegjarnet synthesis was carried out in
supercritical conditions at T> 400 °C and pressuabeve 22 MPa. In some cases the
producing of garnet was including a treatment of naaterial (the starting mixture of
reagents) sequentially in the subcritical, and thensupercritical conditions, for that the
temperature and pressure were risen Up+a392 - 400 °C andRo= 22 - 27 MPa.

At the beginning of treatment of the initial mix¢éuof reagents by water vapor in
subcritical conditions yttrium hydroxide (oblong igms), yttrium-aluminum garnet
(YAG:Ce*) and aluminum oxyhydroxide (AIOOH) are formed (Figr). In 11 hours a
mixture of yttrium hydroxide, AIOOH and sphericgjgregates of nanoparticles of garnet are
shown (Fig. 7b). After 60 hours, only garnet witaces of aluminum oxyhydroxide is fixed.
The synthesized YAG:CGérepresents aggregates of nano-size crystals {E)g.
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Figure 7. XRD pattern and SEM image of product¥ £ 01Ce& 0:Al 012 Synthesis at 280 °C
under pressures of 6.3 MPa. Time of synthesis@t’28a— 1 h;b— 11 h;c—- 60 h.

In supercritical water fluid the cocrystallizatiaf nanocrystals in aggregates with
formation of microcrystals of garnet occurs. In.R8gand 9 is shown SEM-images of particle
of doped YAG:C& (Y3.00Ca.0:AIs015), synthesized in subcritical (T= 280 °Cy.B= 6.3
MPa) and then in supercritical (T= 392 °Gpd= 22 MPa) conditions at different exposure
time in the supercritical water fluid.

Under short-term influence of supercritical watielid on aggregates of nanoparticles
garnet, formed at 280 °C, they transform into silaérill-formed microparticles (Fig. 8).
With the increase in treatment time of garnet loydfl the structure of the micron particles is
improved and they get rhombododecahedral habitigs 9ff
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Figure 8. SEM image of 3 .01C&01AlsO012 Figure 9. SEM image of ¥ 01C& 0:AIs012
synthesized at T= 280 °CyR= 6.3 MPa, synthesized at T= 280 °Cyf= 6.3 MPa, t=
t= 24h and then under T= 392 °GyB= 22 24h and then under T= 392 °Gy.B= 22 MPa,
MPa, t= 1h. t= 24h.

At the same time the intensity of the luminesceoicéhe synthesized garnet greatly
increases (Fig. 10). In Fig. 11 presents the lusuerce spectra of garnets synthesized in
subcritical conditions (Fig. H) in supercritical water fluid (Fig. 1) and by the two-step
method (Fig. 1&). The garnet synthesized sequentially in subaeatitiand supercritical
conditions showed highest intensity of luminescextc&30 nm (Fig. §.
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Figure 10. Luminescence spectra of productsFigure 11. Luminescence spectra of
of Y3.001Ca.01AlIs012 synthesized first at 280  Y3.0.01C& .0:AIs012 Synthesizeda- at 280 °C
°C under 6 MPa, 24 hours, then in SCWF at under 6 MPa during 24 lb- at 392 °C under

392 °C under 25 MPa during times: 25 MPa, 80 hg- at 280 °C, 24 h and then in
a) 1 h;b) 2 h;c) 24 h. SCWEF at 392 °C under 25 MPa, 24 h.
The excitation by light 458 nm. The excitation by light 458 nm.

In Fig. 12 is shown TEM-image of particle of YAGXe(Y3.00:Ce 0:AlIsO12),
synthesized in subcritical condition. In this phdtee nanocrystals, which make up the
aggregated particles of garnet, are clearly visible corresponding SEM - image of this
sample of garnet is presented in Fig. 13. In sujtiera water fluid the cocrystallization
nanocrystals in aggregates with formation of migystals of garnet occurs (Fig. 14, 15).



image of ¥ 0L & 0Als012
synthesized at 28T, Ry,c= 6 MPa, 24 hours,
then at 400C, Ryoc= 27 MPa, 24h.

Figure 12. TEM — image of Figure 14. TEM —
Y3.0_01CQ)_01A| 5012 SyntheSized at 28&:,
Py.o= 6 MPa, 24 hours.
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Figure 13. SEM— image of %.0.01C&.0iAls012  Figure 15.SEM— image of ¥.0.0Le 03Al5012
synthesize at 280°C, Ry20= 6 MPa, 24 hours. synthesize at 280 °C, Ryio= 6 MPa, 24

hours then at 400C, Ryoc= 27 MPa, 24h.

In Fig. 16 can be seen the crystals with the charatic defects of structure, which
are caused by the peculiarities of crystal grov@n. the faces of the crystals are clearly
visible residuary boundaries between the accratec|gs. Such structural defects can occur if
the rate of accretion of nanoparticles in SCWF asmmensurable to the rate the faceting
garnet microcrystals. The formation of microcrystadf undoped garnet through the
coalescence of nanoparticles to form a single ahjattice occurs faster than the faceting.
The crystals of undoped garnet, obtained in samdittons, as and the doped garnet (Fig. 16)

are presented in Fig. 17. In case of pure gargethssized in SCWF, on faces its crystals the
residuary boundaries between the accreted partciesot fixed.
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Figure 16. SEM — image of Figure 17. SEM — image 0of38l501>
Y 3-0.0006&.000Al sO12Synthesized at 28, synthesized at 28€C, Ri,0= 6 MPa, 24
Pv20= 6 MPa, 24 hours, then at 400, hours, then at 408C, Ry20= 27 MPa, 24h.

Pr2c= 27 MPa, 24h.

CONCLUSION

The close similarity of the morphological featuogdgroducts, formed during the synthesis of
complex oxides, barium titanate, and yttrium alwmmngarnet, indicates the same type of
structural transformations of precursors underttneat by water vapor. In subcritical
conditions, at T<374 °C andf<22 MPa, in either casander an effect of water vapor the
spherical aggregates of nanoparticles of complioaides were formed. Under subsequent
treatment by supercritical water fluid, the nandipbes of aggregates were accreted with
formation of well-formed microcrystals. These cayst showed significantly better
performance characteristics, than the crystalsimddain the subcritical conditions. The same
type of the formation stages of barium titanatej gitrium aluminum garnet is the result of
mechanism unity of synthesis in water vapor [7]lcuarity of this mechanism is the active
participation of water molecules in the restructgrof the precursor in hydration-dehydration
guasiequilibrium condition [8].
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