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a b s t r a c t

BaTiO3 powders were prepared according to a novel fabrication route. Submicrometric TiO2 particles were
coated by BaCO3 nanoparticles which are precipitated by urea decomposition method. Under suitable
operation conditions, homogeneous core–shell TiO2@BaCO3 structure, an optimal BaCO3 precipitation
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yield and stoichiometry control was achieved. BaTiO3 particles were successfully obtained after heat
treatment at 1000 ◦C for 1 h. The size of the obtained particle was about 150–200 nm, in agreement with
the original size of the TiO2 core.

© 2010 Elsevier B.V. All rights reserved.
ore–shell
rea

. Introduction

Barium titanate (BaTiO3) is a material widely applied in the elec-
ronic industries due to its high dielectric constant and low tangent
osses. It is often used as a basic ferroelectric material of electronic
omponents, such as multilayer ceramic capacitor (MLCC), positive
emperature coefficient (PTC) thermistors and sensors. It is known
hat the number of active layers in a single capacitor of the lat-
st MLCC type exceeds 1000, which means that each dielectric has
o be less than 1 �m thick [1,2]. Practically, dielectric properties
f BaTiO3 depend strongly on its grain size. When its grain size
n bulk body is 0.6–0.8 �m, the properties are generally optimal
3]. Accordingly, one should use BaTiO3 particles of 100–200 nm
s the starting material taking into account the grain growth that
ccurs during the sintering process [4–6]. Conventional solid-state
eaction is one of the most commonly used synthetic methods for
abricating pure BaTiO3 particles; however, it often requires a high
alcination temperature to obtain pure BaTiO3 phase and the final
roduct is usually coarse and seriously agglomerated which fails to
atisfy industrial needs. Milling treatment could be a method for
eagglomeration of the BaTiO3 powder obtained from solid-state
eaction; however, a leach of barium ions into the aqueous suspen-

ion often occurs and results in stoichiometric problem [7]. Several
hemical routes such as oxalate, sol–gel and hydrothermal meth-
ds for synthesizing fine and weakly agglomerated BaTiO3 powder
ave been proposed; nevertheless, these methods are relatively
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more expensive than solid-state reaction and the particle sizes
obtained are generally smaller than 100 nm [8–13]. Buscaglia et al.
have synthesized BaTiO3 particles by mixing BaCO3 (∼1 �m) with
peroxy-Ti aqueous solution and obtained BaTiO3 pure-phase via a
calcination treatment at a temperature as low as 700 ◦C [14,15].
Their obtained BaTiO3 particles size are around 100–200 nm with
c/a = 1.005, however are also agglomerated. Kim et al. have pre-
pared Mg-doped BaTiO3 by coating a layer of MgO on the surface
of BaTiO3 and observed a homogeneous diffusion of Mg ions into
the structure of BaTiO3 at low temperature [16]. The present work
suggests a novel and simple synthetic method for the fabrication
of size-determined and dispersed BaTiO3 particles. TiO2 particles
of size between 100 and 150 nm were used as the core material.
BaCO3 nano-coating on the TiO2 surface was carried out by urea
precipitation method under various conditions in order to acquire
an optimal yield of BaCO3. Nanoparticles pure-phase BaTiO3 single
crystals of size around 120–150 nm were obtained after heating at
1000 ◦C for 1 h.

2. Experimental details

Rutile TiO2 powder (TiO2 99.9%, SSA = 10 m2/g) of high quality, barium nitrate
(Ba(NO3)2, 99%, Acros), and urea (NH2CONH2, >99.5%, Merck) were used as the
starting materials. The as-received TiO2 powder was milled for 4 h in deionized
water by yttrium-stabilized tetragonal zirconia polycrystals (Y-TZP) grinding balls
(� = 2 mm). The mean size of the as-milled TiO2 particle was 100–150 nm. Urea
and Ba(NO3)2 aqueous solution was prepared with various [urea]/[Ba2+] atomic

ratio (labeled R) from 5 to 40. The as-prepared [urea]/[Ba2+] solution was stoi-
chiometrically added into the TiO2 suspension at a feeding rate of 2.5 ml/min. The
mixture was vigorously stirred at 90 ◦C for various durations (labeled t) ranging
from 8 to 48 h. The precipitate was collected by filtration with a membrane filter
(0.1 �m, Advantec) to remove the unreached substances. The precipitate was dried
in a box furnace at 100 ◦C for 24 h and then heat treated from 700 to 1000 ◦C for

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:cyhuang@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jallcom.2010.01.096
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ig. 1. XRD pattern of the as-obtained dried powder as the R = 30 and reacts at 90 ◦C
or 36 h.

h, respectively. Fourier transformation infrared spectroscopy (FTIR, EQUINOX 55,
ruker-AXS) was employed to characterize the chemical compositions. Structural
roperties were studied by X-ray diffraction (XRD, D5000, Siemens) and transmis-
ion electron microscope (TEM, Tecnai G2 F20, FEI). The particle size distribution
f BaTiO3 powder was confirmed by Laser Diffraction Particle Size Analyzer (90
lus/Bi-MAS, Brookhaven) and the ethanol was used as the dispersant during the
easurement.

. Results and discussion

It is known that hydrolysis of urea in water gives rise to a for-
ation of ammonia and carbon dioxide according to the following

eaction [17–19]:

H2N)2CO + 3H2O
�−→CO2 + 2NH3 + 2H2O

The dissolved CO3
2− in water induces a reaction with Ba2+ ions

iberated from Ba(NO3)2 and forms BaCO3 precipitates, which are
radually deposited on the surface of TiO2 particles. XRD pattern of
he as-dried precipitates, as presented in Fig. 1, shows clearly two
rystallized phases which are TiO2 rutile (ICDD-PDF# 75-1748) and
aCO3 (ICDD-PDF# 71-2394), respectively. FTIR analysis was also

mployed to verify if there are any non-crystalline phases coex-
sting in the as-obtained precipitate which were not possible to
e detected by XRD. FTIR spectrum of the as-dried precipitates is

llustrated in Fig. 2(a). High purity rutile TiO2 and pure commercial

ig. 2. FTIR spectra of the precipitation powder as the R = 30 and reacts at 90oC for
6 h. (a) precipitated TiO2, (b) rutile TiO2 and (c) BaCO3.
Fig. 3. Yield of precipitation as a function of R under 90 ◦C for 24 h reaction condition.

BaCO3 powders were also measured as reference spectra shown in
Fig. 2(b) and (c), respectively. It is found that the absorption bands
corresponding to Fig. 2(a) are in fair agreement with the combina-
tion of rutile TiO2 and pure BaCO3 where no absorption bands other
than these two phases were observed. It reconfirms that BaCO3 is
the only product during the urea precipitation process.

It is worthy of mentioning that the reaction rate of BaCO3 pre-
cipitation in the present method has to be slow enough in order
to obtain a homogeneous core–shell structure; otherwise the rapid
precipitation may produce a phase separation between BaCO3 and
TiO2 which is unfavorable for BaTiO3 formation. The precipitation
process was held at 90 ◦C, at which the reaction rate is found to
be appropriate [20]. Moreover, the yield of BaCO3 has to be also
carefully controlled to maintain a correct [Ba/Ti] stoichiometry. It
has been reported that urea-excess environment helps to enhance
the yield of product from the urea precipitation method [21–23].
Accordingly, reactions with various R were conducted in order to
explore an optimal urea ratio related to the yield of BaCO3 precip-
itation. The yield of BaCO3 precipitation was calculated according
to the following relation:

(Wd − WTiO2
)/MBaCO3
WBa(NO3)2
/MBa(NO3)2

× 100%

where Wd is the total weight of the dried precipitates; WBa(NO3)2
and WTiO2

are the weights of the starting TiO2 and Ba(NO3)2 pow-

Fig. 4. Yield of precipitation as a function of reaction time as the R = 30 and reaction
temperature is 90 ◦C.
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Fig. 5. Morphology (TEM) and diffraction patterns of the p

er, respectively. MBaCO3 and MBa(NO3)2
are the molecular weights

f BaCO3 and Ba(NO3)2, respectively. As a result, the yield of BaCO3
s a function of R reacting at 90 ◦C for 24 h is presented in Fig. 3.
t is found that the yield increases rapidly from 40% to 82% when

increases from 5 to 15. The increasing rate of yield is relatively
lower as R exceeds 15 and tends to stabilize when R exceeds 30.
ince the yield does not show an obvious enhancement between
= 30 and 40, the former is thus selected as the experimental con-
ition for the following work. On the other hand, the yield of BaCO3
recipitation is also dependent on the reacting duration especially
hen the reaction rate in the present method is quite slow. The

ield obtained under the condition of R = 30 as a function of reac-
ion time (t) at 90 ◦C is presented in Fig. 4. One can see that the
ield increases with reaction time until holding for 36 h. As a con-
equence, the experimental parameters for obtaining a good yield
f BaCO3 are thus set as R = 30 and t = 36 h.

To investigate the morphology of the products obtained under
ifferent experimental conditions, the precipitates reacted at R = 5
nd R = 30 at 90 ◦C for 36 h were observed by TEM and are shown in

ig. 5. According to the electron diffraction patterns shown in the
nsets of Fig. 5, the large and small particles are assigned to single
rystal of TiO2 and polycrystalline of BaCO3, respectively. Under the
ondition of R = 5, the large TiO2 particle is only partially covered
y BaCO3 nanoparticles due to insufficient production yield. Never-
itation powder. (A) R = 5, (B) R = 30 reacts at 90 ◦C for 36 h.

theless, a core–shell structure is effectively formed for R = 30 where
the TiO2 core particle is entirely enclosed by BaCO3 nanocrystal-
lites with a homogeneous thickness of around 50 nm as shown in
Fig. 5(B).

XRD patterns of the dried precipitates prepared at R = 30 and
t = 36 h and annealed at temperatures from 700 to 1000 ◦C for 1 h
are presented in Fig. 6. The peak at around 31.6◦ corresponding
to the diffraction peaks of (1 0 1) and (1 1 0) of BaTiO3, starts to
appear after heating at 700 ◦C for 1 h. The amount of BaTiO3 slightly
increases when heated at 800 ◦C while BaCO3 and TiO2 still remain.
An intermediate phase of Ba2TiO4 is emerges after heating at 900 ◦C
and BaCO3 is completely disappears in the meantime. Pure BaTiO3
is finally obtained at 1000 ◦C.

According to the XRD analysis, the reactions that occur between
BaCO3 and TiO2 can be stated by the following steps:

BaCO3 + TiO2 → BaTiO3 + CO2 (1)

BaCO3 + BaTiO3 → Ba2TiO4 + CO2 (2)
2BaCO3 + TiO2 → Ba2TiO4 + 2CO2 (3)

Ba2TiO4 + TiO2 → 2BaTiO3 (4)

The reaction as expressed in Eq. (1) is occurred at around
700–800 ◦C that should take place at the core/shell boundary and
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ig. 6. XRD pattern of the precipitation powder calcined at various temperatures.

orms a fraction of BaTiO3. In this stage, BaCO3 and TiO2 are still
he major phases in the system. As the temperature rises up to
00 ◦C, the mobility of Ba2+ becomes higher that drives Ba2+ ions
iffusing into the as-formed BaTiO3 lattice and forms Ba2TiO4 as
escribed in Eq. (2). In the meantime, BaCO3 may also react with
he remaining TiO2 to form Ba2TiO4 as expressed in Eq. (3) because a
light decrease in TiO2 is observed between 800 and 900 ◦C. Finally,
he intermediate Ba2TiO4 phase interacts with the rest of TiO2 and
ransforms into a stable BaTiO3 phase at 1000 ◦C as expressed in Eq.
4).

According to the present method, the size of the core–shell
tructure is mainly determined by the size of TiO2 particles. Since
he [Ba/Ti] atomic ratio is controlled at 1, the volumetric ratio
etween BaCO3 and TiO2 is 2.36 according to their theoretical
ensities (DBaCO3 = 4.43g/cm3 and DTiO2

= 4.23g/cm3) and molec-
lar weights (WBaCO3 = 197.3g/mole and WTiO2

= 79.88g/mole). A
elation correlating the core size with the shell thickness can be
enerally expressed as Eq. (5)

4/3�(X + Y)3 − 4/3�(X)3

4/3�(X)3
= 2.36 (5)
here X is the radius of TiO2 particle and Y is the thickness of the
aCO3 layer. In the present work, TiO2 core particles are of size
00–150 nm. For the example of TiO2 particle of 100 nm (X = 50) as

llustrated in Fig. 5(B), the theoretical shell thickness (Y) of BaCO3
erived from Eq. (5) is 24.8 nm. The diameter of total core–shell

Fig. 8. Morphology (SEM) and particle size distribution of th
Fig. 7. Morphology (TEM) of the as-calcined BaTiO3 powder (1000 ◦C/1 h calcina-
tion).

structure is theoretically 149.7 nm, which is consistent with the
TEM observation. Pure BaTiO3 particles derived from the reaction
of TiO2 and BaCO3 generate a volumetric reduction of around 60.4%
due to the difference in bulk density (DBaTiO3

= 6.08g/cm3), which
is equivalent to a reduction in particle diameter of 84.5%. For the
example of a core–shell grain of 149.7 nm, the resulting BaTiO3 par-
ticles should be 126.4 nm. The single crystal of BaTiO3 fabricated
by the present method shows a particle size of 150–200 nm, as
illustrated in Fig. 7, which is in agreement with the as-obtained
core–shell structure as shown in Fig. 5(B). In comparison with the
conventional solid-state reaction, the present method decreases
effectively the calcining temperature for obtaining pure BaTiO3
phase and the crystal size is also controlled at submicron scale of
150–200 nm. The size distribution of the BaTiO3 prepared by the
present method was measured by laser scattering method and is

shown Fig. 8. It is found that the powder is generally monodispersed
at around 560 nm, and a fraction at around 420 nm. In comparison
with TEM observation shown above, the primary particles of BaTiO3
are around 150–200 nm. It means the obtained particle is slightly

e as-calcined BaTiO3 powder (1000 ◦C/1 h calcination).
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ggregated. Nevertheless, the agglomeration drawbacks occur for
ther synthesis methods are obviously improved.

. Conclusions

This study describes a modified solid-state reaction process for
he synthesis of submicron BaTiO3 particles. Urea and Ba(NO3)2 are
sed as the starting materials to produce precipitates of nano-sized
aCO3 coated onto the TiO2 surface, forming a core–shell structure.
tomic ratio of [urea]/[Ba2+] = 30 and reaction time = 36 h are opti-
al conditions for obtaining a good yield of BaCO3 precipitation

nd allow the stoichiometry of [Ba/Ti] to be controlled at 1. Sub-
icrometric and dispersed BaTiO3 particles are obtained by a brief

eat treatment at 1000 ◦C for 1 h.
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