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React i o/ shemm in shepfollowing reaction formula 1, in the synthesis of barium

titanate by the solid-phase reaction, powdered barium carbonate and powdered
20  titanium oxide are mixed and the mixture is calcined at a temperature of 1000 to

1200°C, to produce a barium titanate dielectric material :

Reaction Formula 1 :

BaCO3+TiO, — BaTiOs;+CO;
In this case, barium carbonate decomposes starting at about 700°C to

25  produce BaO having high ionicity and this BaO diffuses into a TiO, particle to

produce barium titanate.

When diffusion of BaO into the TiO; is not fast enough, locally higher than
stoichiometric ratios between Ba and Ti are achieved and the solid-phase
reaction may involve the formation of Ba,TiO, as side product, according to the

30  following reaction formula 2 :
Reaction Formula 2 :
2BaCO;+TiO; — Ba;TiO4+2CO,
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dispersion of said precipitate into an alcohol, addition of hydroxypropylcellulose,
30  and dehydration of the same to form a second powder. This second powder is
thermally treated at high temperature to yield BaTiO; powder.

Thus, main drawbacks of techniques of the prior art are that the solid-phase
reaction shall be carried out at temperature of at least 1000°C to obtain
quantitative transformation of Ba and Ti precursors in BaTiOs; : the process is

35  thus highly energy-demanding. Moreover, uncontrolled sintering of raw



reaction shall be carried out at tenperature of at

| east 1000C to obtain quantitative transfornmation of
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X-ray_ diffraction_spectrum
of t he Kigprsdi . i rondifisastign speeirum of the calcined powder of example 1.

Figure 2 : Magnification of the X-ray spectrum of the calcined powder of

example 2 in the spectral region between 2 theta = 25 and 2 theta = 38
30 Figure 3 : X-ray diffraction spectrum of the titanium-coated barium
carbonate powder of example 3.
Figure 4 : X-ray diffraction spectrum of the calcined powder of example 3
Figure 5 : Tg scan of core-shell powder of example 4
Figure 6 : X-rays diffraction spectra for calcined product from example 5,
35  after heat treatment; 6(a) for 2 hours at 700°C, 6(b) for 2 hours at 800°C.
Figure 7 : Tg scan of core-shell powder of comparative example 7



carbonate powder of exanple 3. Figure 4 : X-ray
diffraction spectrum of the cal cined powder of exanple
wW@2006Qu7e4 5 © Tg scan of core-shell powder of BXERP1065/653622
Figure 6 : X-rays diffraction spectra for cal ci ned
product fromexanple 5, after heat treatnment; 6(a) for
2 hours at 700C, 6(b) for 2 hdurs at 800C. Fi gure 7 :
Tg scan of core-shell powder of conparative exanple 7-
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Advantageously, the powder of the invention has an average particle size
from 0.01 to 0.5 pm, preferably from 0.02 to 0.25 pm, more preferably from
0.03t0 0.1 pm.

The average particle size of the powder of the invention can be measured

30 by X-ray monitoring of gravity sedimentation according to ASTM B761-97.

Advantageously, the alkaline -earth metal carbonate powder has a specific
surface area BET of 1 to 100 m?%g, preferably of 5 to 60 m?/g, more preferably
from 10 to 50 m?/g.

The specific surface area can be measured as per the Brunauer, Emmett

35  and Teller (BET) method of calculation, according to ISO 9277, using nitrogen.
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of at least one compound chosen among the group consisting of titanium

compounds, zirconium compounds, hafhium compounds and mixtures thereof.
More preferably it comprises a shell consisting essentially of at least one
30 titanium compound.

Typically, the alkaline-earth metal carbonate powder according to the
invention preferably comprises a shell consisting of a Group IV transition metal
compound, wherein part of the Group IV transition metal compound is a reaction
product of the Group IV transition metal compound with the alkaline — earth

35  metal carbonate at the surface of the particles of the powder of the invention.
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Another object of the invention is a method of manufacturing an alkaline-
earth metal carbonate powder.
The alkaline-earth metal carbonate powder according to the invention can
30  be prepared by any suitable manufacturing method, well known to those skilled
in the art. The process of the invention is particularly adapted to the manufacture
of the alkaline-earth metal carbonate powder as above described.
The process of the invention comprises :
— mixing particles of at least one alkaline-earth metal carbonate, a solvent and at
35 least one Group IV transition metal-containing material at least partially
soluble in the solvent to form an alkaline-earth metal carbonate slurry, said
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The average particle size can be measured by X-ray monitoring of gravity
sedimentation according to ASTM B761-97.
30 Advantageously, the alkaline - earth metal carbonate has a specific surface
area of at least 5 m?/g, preferably of at least 7 m?/g, more preferably of at least
10 m?/g.
Advantageously, the alkaline -earth metal carbonate has a specific surface
area of at most 100 m?%g, preferably of at most 60 m?/g, more preferably of at
35  most 50 m%/g.
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pr ebfh 3 odide, WBnRim tetra-isobutoxide, titanium tetra-sec-butoxide, titanium
tetra-fert-butoxide, titanium tetra-n-pentoxide, titanium tetra-cyclopentyloxide,

n.

titanium tetra-n-hexyloxide, titanium tetra-cyclohexyloxide, titanium tetra-
benzyloxide, titanium tetra-n-octyloxide, titanium tetra-2-ethylhexyl-oxide and
30 titanium tetra-isooctyloxide; titanium alkoxy-halides having the formula
Ti(OR),X4.,, where R may be alkyl, alkenyl, or aryl, and X is F, CL, Br, or I and
n is an integer from 1 to 3; titanium hydroxycarboxylic acid complexes, like
titanium lactate and titanium bis-ammonium lactate dihydroxide ; alkaline-stable
ammonium or metal titanium tartrates, malates and citrates, like M, TiO(citrate);,
35  where M is NHy, Na, K, Ca, or Ba and x and y are independently an integer
chosen for satisfying neutrality; titanium B-diketone chelates, like Ti(acac),(X)a,,
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most about 12, preferably of at most about 11, more preferably at most about 10.

Good results were obtained when the pH of the slurry was comprised
between about 7 and about 10.

Optionally, the alkaline-earth metal carbonate slurry further comprises a
dispersing agent. Preferably, the dispersing agent is present in a concentration
from 5 to 10 000 ppm, preferably from 10 to 5 000 ppm in the alkaline-earth
metal carbonate slurry. Preferably, the dispersing agent is a polyacrylic acid, an
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separate out a powdered mixture.

The alkaline-earth metal carbonate powder is advantageously dried afier
synthesis, by heating at temperatures from 25 to 300°C, preferably from 40 to
30  250°C, more preferably from 50 to 150°C.
Optionally, the alkaline-earth metal carbonate powder can be dried by
freeze drying technique, well-known to those skilled in the art.
Optionally, the alkaline-earth metal carbonate powder can be further
pulverized with a dry mill or the like, to achieve the required particle size.
35 According to a preferred embodiment of the invention, the alkaline-earth
metal carbonate slurry further comprises a stabilizing agent for the Group IV
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Thus is still an obJect of the invention a method of manufacturing a mixed
oxide, preferably a highly crystalline mixed oxide, of an alkaline-earth metal and
a Group IV transition metal by solid-phase reaction, comprising heating an
alkaline-earth metal carbonate powder according to the invention, at a
temperature of at least 500°C.

The powder according to the invention is optionally mixed with at least
one Group IV transition metal compound, such as titanium oxide, to prepare a
powder mixture. If wet blending is applied for preparing the powder mixture,
the powder is advantageously dried before use.

Advantageously, the powder according to the invention, optionally in
powder mixture with a Group IV transition metal compound, is calcined, e.g., in
a batch furnace, to synthesize the mixed oxide.
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The present invention is described in greater detail below by referring to
the Examples; however, the present invention is not limited to these examples.

The BET surface area is measured as per the Brunauer, Emmett and Teller
method of calculation, according to ISO 9277, using nitrogen.

Equivalent BET diameter was determined according to the following

equation (equation 1) : 6

S.A.ger XP

BET —

where :
S.A.ggr is the specific surface area as determined by BET method;
p is the density of the material measured by helium picnometry.
X-rays analyses were performed using Co Ko radiation and Bragg-
Brentano geometry.
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havmg a specific surface area BET of 31.2 m?/g (corresponding to an equlvalent
BET diameter of 48 nm) and a dso of 80 nm to 200 ml of an aqueous solution of
NaOH (5 M). To this suspension kept under vigorous stirring at 100°C, 27.86 g
TiCly, corresponding to an equimolecular amount to BaCOs3, has been added.
After 1 hour, the powder has been recovered by filtration, rinsed with water and
dried.

Next, the resulting titanium-coated barium carbonate powder has been
calcined in a batch furnace during 2 hour at 700°C.

The calcined product has been characterized by X-ray diffraction analysis,
resulting in pure BaTiO;. Figure 1 shows the X-ray spectrum of the so-obtained
BaTiO; powder (relative intensity as a function of 2 theta).
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t heg. gtggd £n2 The procedure of exanple 1 has been
rep&el%%’etg%( ah aqueous sol ution of

25 Next, the resulting barium carbonate powder has been calcined in a batch
furnace during 4 hour at 700°C.
The calcined product has been characterized by X-ray diffraction analysis,

resulting in pure BaTiO;. Figure 4 shows a magnification of the X-ray spectrum
(relative intensity as a function of 2 theta) of the so-obtained BaTiO; powder in
30  the spectral region between 2 theta = 25 and 2 theta = 38.
The calcined product showed a surface area S.A.ger 0of 13.78 m?/g, an
equivalent BET diameter dsy of 148.0 nm and a tetragonality value (c/a axial
ratio) of 1.005.



NHAOH (2.5 M has been used as solvent, and the
tenperature has been kept at 80C. Next, the resulting

WO pdoaniarsd coat ed bari um carbonat e powder has bBETEP2005/053622

5

10

20

25

30

calcined in a batch furnace during 6 hour at 700C. The
cal ci ned product has been characterized by X-ray
diffraction analysis, resul t'rﬂ@'pure BaTi 3. Figure 2
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so-obt ai ned BaTi O3 powder (relative |ntenS|ty as a

f unct i dResghts of deierminations aredistaddn tliable Ir egi on bet ween 2
theta -Taﬁeqnd 2 theta = 38. Exanple 3 The procedure

of [EXEREHET [#ioliihg DEPNisd CPFGHatd | pUT & [SHTETEEATAY [span
avdi | abl e pol yacrylic acif has been_ udqed, as|di SSF? i ng
aga M PSb! Ay i c |SEPE™ B3 o adigedus (§BIgt | S | @m
supKﬂCI)ed frmvuvél:rosotﬂgan cs) for preparing|the |bariym
car rate grSpersTo 15 1T cogted bt om

car ggnate pgvvder h B‘a’BKJ 1Lg(?asrjla( ?Z?. zeé§g§ ;76r§y 148.0 | 1.4

diffraclg#%ggg aI y3|s confirmng the presence of
rutile rystalline phase (peak denoted with *) and

anat aseA B0 & scplymlaof hiydeogen astoxidec@k nlpwes addedite b 041 3M
Fi Gsoldton dF'tiaHingn FotRRRRdE (TG inf bvﬁt%} 1Rl) WHiIR stierfridy

sectrum(relatlvelnten3|t as a SCtIOHO 2 theta)

of PWéng Prepsiation. dislewpentpe efﬁhe aiplzslaﬁlatvv@s kertdslow »°G. nd oM
S pesohitid of @ffiinfhild hyeeRide ih hate (éboﬁ55@iﬁﬂ) Wad :i]@\fvly addé@to the

The ti.f.anium coat ed car sbeen

oSt o OB o e PR B S UL eé

andcanezmateqBat O ppdvedes vathcspee fia vanfaugardh aliBtel/g (f 46 g) and and

nm I

s T R A i ke

700Esultipgsuspensiandd thensdnydy heated bp éna tempezatere352ed Thy

X— fr%}étl% Eﬁlbaﬁtfs oPBarR ¥ Bbiate ﬁtﬁfﬁ'tlaﬁl'uﬁgtetrﬁlc}ﬂéﬁ& c%?r&ﬁnded to
O R ot pO Rspens ot 1O THe ssopdsaon, s kept b the

(r

EO sabpamﬂedahpBﬁiTm%f DS/ iyt 251 hbrl]ltsh eT}&rsgﬁﬂ phdrl]se rv%:s@parat(ejd from

et t het = Lo e cal Cl ne
15 o ol Bt iiisd wia(ipe R st halilried "3 555 01 o
an equi Tted com¢-stisHTpavdeneiag sutidificd fo thd@ndranimetritabanalysis to

of ATERT LYo % T e Pl oo e

reaction :

BaCO3+TiO, — BaTiOs;+CO;

It can be noted from the T, scan [weight loss derivative (dtg %) as a
function of T (°C)] depicted in Figure 5, that the loss of weight due to the
evolution of carbon dioxide occurs shapely at a temperature of 650°C: at this
temperature the reaction is thus already quantitative.

The so-obtained core-shell powder was heated in air in a batch furnace to a
temperature between 650 and 800 °C. Distinct heat treatments were performed
at 650, 700 and 800°C. The powder was kept at the set-point temperature for a
time between 2 and 4 hours. During heating, the powder was allowed to stay at a
temperature between 300 and 400 °C for a time between 1 and 8 hours.

The phase composition of the calcined powder was determined by X-ray
diffraction. The calcined powder was exclusively composed of single phase
barium titanate, BaTiO;, with tetragonal crystal structure. X-rays diffraction
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g

8 hours was exclusively composed of single phase barium titanate, BaTiOs, with
20  tetragonal crystal structure. Results of analytical determinations are shown in

Table 2.
Table 2
T of thermal |Holding | Phase c/aratio | p S.Ager |deer dso span
treatment time composition (g cm™) m*g") [(mm) |[(nm)
(°C) (hours)
800 8 BaTiO; 1.0045 |5.78 9.3 112 270 |14
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stepwise process which is completed only at temperature as high as 1000 °C.
The resulting core-shell powder was heated in air in a batch furnace to a

temperature 800 °C. During heating, the powder was allowed to stay at a
temperature between 300 and 400 °C for 4 hours. The powder was kept to the
final heating temperature of 800°C for 2 hours. The phase composition of the
calcined powder was determined by X-ray diffraction. The calcined powder was
found to be composed of a mixture of BaTiO; (mainly), BaCOs, TiO, and
Ba,TiOs.
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soluble in the solvent to form an alkaline-earth metal carbonate slurry, said

20 alkaline-earth metal carbonate having an average particle size of at most
0.25 pm;

— heating said slurry at a temperature from 20 to 200°C; and

— removing the solvent from the slurry so that the Group IV transition metal
compound is present on the surface of the alkaline-earth metal carbonate
25 particles.

6 — The method according to Claim 5, characterized in that the alkaline-
earth metal carbonate has a specific surface area of at least 5 m?/g.
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— peroxocompounds, such as hydrogen peroxide, carboxylic peroxyacids and
the like;

— chelating ligands chosen among bi- or polydentate organic ligands;
— and mixtures thereof.

10 — A method of manufacturing a mixed oxide of an alkaline-earth metal
and a Group IV transition metal by solid-phase reaction, comprising heating an
alkaline-earth metal carbonate powder according to any one of Claims 1 through
4, or obtained from the process of Claims 5 to 9, optionally mixed with at least
one Group IV transition metal compound, at a temperature of at least 500°C.



