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BaCOs3 particles coated with amorphous TiO, precursor are prepared by a wet chemical method to pro-
duce BaTiO3; nanoparticles at low temperatures. Subsequently, we investigate the formation behavior of
BaTiO; particles and the particle growth behavior when the precursor is subjected to heat treatment.
The state of the amorphous TiO, coating on the surface of BaCO; particles depends on the concentration
of NH4HCO3, and the optimum concentration is found to be in the range 0.5-1.0 M. Thermogravimetric
curves of the BaCOs particles coated with the TiO, precursor, prepared from BaCOs; particles of vari-
ous sizes, show BaTiO3 formation occurring mainly at 550-650°C in the case of fine BaCOs5 particles.
However, as evidenced from the curves, the temperature of formation of BaTiOs shifts to higher values
with an increase in the size of the BaCO5 particles. The average particle size of single phase BaTiO; at
heat-treatment temperature of 650-900 °C is observed to be in the range 60-250 nm.

© 2014 The Ceramic Society of Japan and the Korean Ceramic Society. Production and hosting by

Elsevier B.V. All rights reserved.

1. Introduction

Barium titanate (BaTiOs3), with its Perovskite-type crystal struc-
ture, has been applied as a dielectric material in multiple-layer
ceramic condensers (MLCCs), as aresistive element in positive tem-
perature coefficient (PTC) thermistors and as an insulating phase in
devices exhibiting inorganic electroluminescence (EL). In the last
decade, miniaturization of electronic parts has been necessitated by
advancements ininformation technology [1,2]. In particular, minia-
turization and high capacity of MLCCs have been progressed. Such
high capacitive decoupling abilities and miniaturization can be
accomplished by lamellation of the dielectric layer and by increas-
ing the number of laminations. In recently, MLCCs having dielectric
thickness of 0.5 pwm produced by Murata Manufacturing Co. Ltd. [3],
and it is expected that the thickness of the capacitor layer will be
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reduced further. Therefore, fine BaTiO3 particles with nano-sizes
are much sought after.

Preparation of BaTiO3 has conventionally been performed using
solid-state [4-12], oxalic acid-based [13], citric acid-based [14],
alkoxide-based [15], sol-gel [16] and hydrothermal [17-19] meth-
ods. In particular, solid-state reaction is one of the most commonly
used synthetic methods for fabricating pure BaTiO3 particles; how-
ever, high calcination temperatures are required to obtain pure
BaTiO3; phase by this method. Further, the particles obtained are
usually coarse and agglomerated, because the particle growth
increases with increasing calcination temperature. According to
previous studies [7,8], the solid-state reaction between BaCOj;
and TiO, first forms BaTiO3 layers on the TiO, particle surface,
owing to the reaction between the contacting interfacial surfaces
of BaCO3 and TiO,, followed by the diffusion of Ba or O ions into
the TiO, particles. To clarify the solid-state reaction process and
to understand the effects of temperature on the structure and
formation of BaTiO3, Raman spectroscopy and X-ray diffraction
(XRD) analysis were performed on TiO; (4 wm)-BaCO3 core-shell
particles (TiO, particles coated with BaCO3 particles) [20-22].
While using TiO,-BaCO3 core-shell particles, intermediates such
as BaTis0q1, BaTizOg, BaTi;Os and Ba;TiO4 were observed dur-
ing calcination, and temperatures above 1100°C were required
to produce single-phase BaTiO3. The process of BaTiO3 forma-
tion by calcination of TiO, (Sger=10m?2/g)-BaCO3; (100-150nm)
core-shell particles prepared by homogeneous precipitation was
investigated using XRD and thermogravimetry (TG) [23,24]. Ther-
mogravimetric changes started above 600 °C, and the weight loss
was completed at 1000°C via the formation of an intermediate
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Ba,TiO4 species at around 900 °C. The final average particle size
of BaTiO3 was 420-560 nm, which were formed from agglomera-
tion of primary particles 150-200 nm in size [24]. As is well known,
particle growth of BaTiO3 during the solid-state reaction between
BaCOj3 and TiO;, depends on the particle size of the parent TiO, [25].
During calcination of TiO, (50 nm) or BaCO3 (49 nm), the average
particle sizes increase to 60 and 150 nm, respectively, upon calci-
nation at 600°C, and 75 and 370 nm, respectively, at 700°C [26].
To obtain fine BaTiO3 particles, it is thus very important to inhibit
mutual contact of BaCOj3 particles, and to ensure that the reaction
between BaCO3 and TiO; occurs at lower temperatures. Given these
requirements, the analysis of BaTiO3 produced from BaCO5-TiO,
core-shell particles, prepared by the precipitation method using
peroxo-titanium(IV) solution, was proposed [27-29]. It has been
found from the differential thermogravimetric curve of BaCOs3
(Sger =31 m?2/g)-TiO, core-shell particles that BaTiO3 formation
occursin one step at temperatures in the range of 600-650 °C, while
secondary particles as large as 100-150 nm form by agglomeration
of 20-50 nm-sized primary particles of at 700 °C with a treatment
time of 1 h [27]. However, the thermogravimetric change in BaCO3
(Sget = 3.3 m2/g)-TiO, core-shell particles was observed to proceed
in three-steps at 800°C with a treatment time of 8 h, resulting
in hollow BaTiO3 particles [28]. In addition, the agglomeration of
100-200 nm BaTiO3 particles occurs at 900-1000°C without the
formation of intermediate. From these reports, it is evident that
TiO,-coated BaCOs particles are more effective than BaCO3-coated
TiO, particles to obtain fine BaTiO3 particles at lower temperature
ranges. However, the precipitation of TiO,-coated BaCO3 particles
by previously reported methods make use of hydrogen peroxide, a
substance that compromises the cost-effectiveness and the safety
of the process.

In this present work, to obtain fine BaTiO3 particles at lower
temperatures by solid-state reaction, firstly, the conditions for the
preparation of BaCOs3 particles coated with TiO, by a wet-chemical
method were optimized. Further, BaTiO3 formation as a function of
heat treatment temperature was studied.

2. Experimental
2.1. Materials

BaCO3 samples used in this study were received from
Solvay Bario e Derivati, Massa, Italy. These samples shall
henceforth be referred to as A (Sger=3.2m2/g, div.=437nm,
needles), B (Sger=12.2m?/g, day.=115nm, needles) and C
(Sper =28.5m2/g, day. =49 nm, needles). In addition, commercial
BaCOs (Sger =3.3 m?/g, day. =424 nm) (NACALAI TESQUE, G.R.), was
also used. TiCl4 solution, which was used as the Ti source, was pre-
pared by adding TiCly; (NACALAI TESQUE, C.P.) dropwise to a 2M
solution of HCl in distilled water kept in an ice bath, along with
constant stirring.

2.2. Preparation of TiO5-coated BaCO3 particles

The preparation of BaCOs particles coated with TiO, was
performed using the apparatus shown in Fig. 1. First, a pre-
determined amount of NH4HCO3 (NACALAI TESQUE, G.R.) was
dissolved in 100 mL of distilled water. BaCO3 was dispersed in the
NH4HCO3 solution and ultrasonicated for 15 min at room temper-
ature. Then, the prepared TiCly solution, equivalent to the amount
of added BaCO;3; (Ba/Ti=1 (molar ratio)), was injected into the
BaCO3-NH4HCO3 solution through a micro tube track at the rate
of 0.2 mL/min, even as the solution was stirred at 500 rpm at room
temperature. After the addition of the TiCl, solution, the reaction

Stirrer
500 rpm

Condition ;
Room temperature
Atmosphere

Teflon tube

Plastic tube

Micro tube pump
Feed rate : 0.2mL/min

NH4HCOs solution
+

BaCO:s core particle

TiCl4 solution

Fig. 1. Experimental apparatus used for the preparation of TOP-BC particles.

product (BaCOs3 particles coated with TiO, precursor particles) was
recovered by filtration, and dried at 107 °C for 12 h in air.

Then, the prepared TiO, precursor-coated BaCOs3 particles were
heated at 10 °C/min to a predetermined temperature (400-1000°C)
in ambient atmosphere. The heat-treated samples were character-
ized using powder XRD (RIGAKU, RAD-PC SYSTEM) analysis. After
crushing, the samples were loaded into glass holders for the XRD
measurement. Cu-Ko radiation was used at generator settings of
30kV and 20 mA. The XRD patterns were collected in the 20 range of
3-80° at a speed of 4°/min with a scan step of 0.02°. The tetragonal-
ity of BaTiO3 obtained by heat treatment was evaluated using the
¢/a ratio from the lattice constants along the “c” and “a” axes of the
BaTiOs crystal lattices. The lattice constants “c” and “a” were deter-
mined by using an internal standard method involving Si addition.
The c/a values were calculated using the lattice constant calculation
program [30].

TG analysis was performed by using a differential TG analyzer
(BRUKER, TAS-2000), and the morphologies of the samples were
observed with a scanning electron microscope (SEM) (JOEL, JSM-
6510LV). The specific surface area of the samples was measured
with a specific surface area analyzer (YUASA IONICS, NOVA1200),
and the amount of BaTiO3 formed with the heat treatment tem-
perature was quantified based on the procedure reported in Ref.
[31].

Henceforth, BaCO3 particles (BC) coated with TiO, precursor
particles (TOP) and the product obtained after heat treatment up
to a predetermined temperature will be denoted as BC-TOP and
BC-TO, respectively.

3. Results and discussion

3.1. Effect of NH;HCO3 concentration on the preparation of
BC-TOP

Fig. 2 shows the effect of the concentration of NH4HCO3 solution
used during the preparation of the BC-TOP particles. Sample C was
selected for this investigation. The yield of BC-TOP particles was
constant above 0.5M NH4HCOs. Fig. 2 shows the variation of pH
and weight of the product as a function of NH4;HCO3 concentration
observed during the preparation of BC-TOP and TOP. The gradation
in weight change of BC-TOP corresponded to that of TOP. The pH
after the reaction was constant at 8.5 above NH4HCO3 concentra-
tions of 0.5 M. At lower NH4HCO3 concentrations (<0.5 M), BaCO3
can be expected to be dissolved by the addition of the TiCl4 solution,
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Fig. 2. Changes in pH and product weight as a function of the NH4HCO; concentra-
tion used in the preparation of BC-TOP. (Sample C was used as the BaCOj3 starting
material.)

which is highly acidic, because the weight of BC-TOP produced
was lower than the initial weight of BaCOs. The coating reactions
between TiCl4 and NH4HCOj3 solutions are reported to be as follows
[32,33]:
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NH4HCO3 + TiCly — Ti(OH)s-H,0(s) + NH4CI(1) + Ho0(1)

+ CO,(g) (Totalreaction)

(4)
During the reaction, chlorine ion reacts with NH4* ion and remains
in solution as NH,4CI (1). According previous work, the difference of
surface potential between two solid phases is importance for the
formation of the coating [27]. At pH window 6-10, the zeta poten-
tial of BaCOs is positive, while that of TiO, is negative. Therefore,
NH4HCO3 concentration of >0.5 M may be suitable for preparation
of BC-TOP, because the pH after the reaction was constant at 8.5.

Fig. 3 illustrates the effect of the concentration of NH4HCO3 on
the DTG curves of TOP and BC-TOP. TOP particles obtained with-
out NH4HCO3 exhibited a main peak at around 100°C. Fig. 3 also
shows the DTG peaks for the products prepared with solutions
of NH4HCO3 concentrations <0.5M. The DTG curves of BC-TOP
obtained below 0.5M were similar with that of TOP. The XRD
profiles of the products obtained using 0-0.25M NH4HCO3 solu-
tions gave broad amorphous patterns, and no peaks of BaCO3; were
detected. However, peaks attributable to BaCO3; were observed
in the products obtained using 0.5M NH4HCO;3 solutions. These
results indicate that BaCO3 was dissolved by TiCl; in NH4HCO;
solutions with concentrations ranging from 0 to 0.25M, and the
main product obtained was TOP. The main peaks of the DTG curves
of the products obtained using NH4HCO3 solutions with concen-
trations >0.5 M were observed at around 600 °C. However, the DTG
peaks around 800 °C increased with increasing NH4HCO3 solution
concentration. It has been previously reported that the DTG peak
at amount 800 °C is caused by the rate limiting diffusion of Ba ions
into TiO, particles during the solid-state reaction between BaCO3
and TiO,, [7,8]. Therefore, higher concentrations of NH4HCO3 might
lead to heterogeneous TOP coating on BaCOs3 particles or prod-
ucts of coarse TOP particles. The coating proceeds by the growth
of the homogeneous-nuclei, produced by the impact or adherence
between core particles [32]. In the case of higher NH4HCO3 con-
centrations, coarse particles can be expected to be formed owing
to agglomeration among core particles due to stirring. This agglom-
eration is the result of the hydrolysis reaction that occurs around
the region of added TiCl4. Therefore, the homogeneous TiO, precur-
sor coating on BaCOs3 particle surface could not have formed under
conditions of high NH4HCO3 concentrations. In the light of these
results, 0.5 M NH4HCO3 solutions were used for the preparation of
BC-TOP subsequently.
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Fig. 3. Effect of NH4HCO; concentrations on the DTG curves of TOP and BC-TOP. (Sample C was used as the BaCOj; starting material.)
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3.2. Morphology of BC-TOP particles

Fig. 4 shows the morphologies of the BC-TOP prepared using
four kinds of BaCO3 with different particle sizes. The smooth sur-
faces of the BaCO3 particles were coated with fine TOP after the
coating treatment. The agglomerated TOP observed by SEM was
formed from <100 nm TOP generated during the preparation pro-
cess without BaCOj3. These results indicate that the coating method
used in the present study can be used to coat various particles of
different sizes.

3.3. Effect of BaCO3 particle size on the formation of BaTiO3

Fig. 5(a) presents the DTG curves of mixtures of TOP and BaCO3
(NT, A, B and C) prepared by physical mixing using triturator. The
Ba/Ti molar ratio in physical mixtures was 1. When NT and A were
used as BaCO3 starting materials, two steps of weight loss were
observed at 550-950 and at 950-1050 °C. However, the weight loss
in B and Cin three steps occurred at around 550-650, 750-900 and

900-1000°C. The initial weight loss temperature for all physical
mixtures of TOP and BaCO3; was observed to be at around 550°C,
and the kinetics of weight loss, which increased in the order of
NT<A<B<(, strongly depended on the BaCOs3 particle size. It is
well known that the kinetics of BaTiO3 formation depends on the
size of TiO, particles [25]. Despite the TOP being fine, with sizes
below 100nm as seen in Fig. 4, the kinetics of BaTiO3 formation
of physical mixtures of TOP and BaCO3; were very low; however,
the reaction kinetic improved above 800 °C. This indicates that the
dispersion of agglomerated TOP would not occur by mere physical
grinding.

Fig. 5(b) represents the DTG curves of BC-TOP obtained from
NT, A, B and C samples. The shoulder and main peaks in the case
of samples A was observed around 700 and 850 °C, respectively. In
the case of NT samples, the shoulder and main peaks were found at
around 600, 700 and 850 °C. Although the main peak observed at
850°C between BC-TOP and physical mixtures corresponded, the
peak observed above 900°C in the case of the physical mixtures
was not observed in the case of the BC-TOP. In the case of BC-TOP

% 40,000

(b)
x20,000 ——1lum X 10,000 —lum X 40,000 —05um X 60,000 — 02um
Fig. 4. Morphologies of BC (a) and BC-TOP (b).
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Fig. 5. DTG curves of physical mixtures of BaCO3; and TiO; precursor (a) and BC-TOP (b).
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obtained from samples B and C, the largest peak was observed at
around 600°C, and a small peak was also observed at a tempera-
ture in the range of 750-800 °C in the case of sample obtained from
only B. Comparing the DTG curves obtained from BC-TOP and the
physical mixture, the peak around 600 °C exhibited by the BC-TOP
particles was large while the peak around 850-900 °C in the case of
the physical mixture was not observed. In addition, the DTG curves
obtained from BC-TOP and physical mixtures obtained from C, B
and NT, A were all quite different. Hence, it can be concluded that
smaller BaCOs3 particle sizes promoted BaTiO3 formation at lower
temperatures. According to a previous report, the intensity of the
DTG peak at around 650 °C, corresponding to the solid-state reac-
tion between TiO, (67 nm) and BaCO3 (48 nm), is larger than the
peak from between TiO, (67 nm) and BaCO3 (136 or 655 nm) [5].In
the case of the solid-state reaction using BaCO3 (54 nm)-TiO, (16 or
28 nm) or BaCO3 (482 nm)-TiO, (16 nm), the extent of weight loss
at around 660 °C is reported to strongly depend on the TiO, parti-
cle size [4]. The DTG curve profile obtained for BaCO3 (54 nm)-TiO,
(16 or 28 nm) [4] was similar to the DTG curve of BC-TOP obtained
by using B and C. The formation of BaTiO3 through the solid-state
reaction between BaCO5; and TiO, follows the following reaction
scheme [8,34,35]:

BaCO3 +TiO, — BaTiO3 + CO,(g) (5)
BaTiO3; +BaCO3 — BayTiO4 + CO5(g) (6)
Ba,TiO, +TiO, — 2BaTiOs (7)

In the first step of BaTiO3 formation, the reaction between BaCO3
and TiO, surface occurs at the particle contact interface (Eq. (5)),
and the surface of the TiO, particle is coated with the BaTiO3
formed. Then, Baions from the formed BaTiOs diffuse into TiO, par-
ticles in accordance with the reactions expressed in Egs. (6) and (7).
Eq. (5) will be dominant during heat treatment of BC-TOP obtained
using B and C, as evident from the largest DTG peak observed at
around 600°C. However, in the case of BC-TOP obtained from A
and NT, diffusion of Ba ions will be the rate limiting phenomenon,
because these BaCO3 particles are larger than those of B and C. It is
possible that the starting temperatures of BaTiO3 formation were
shifted to a lower temperature region by the use of BaCO3 particles
coated with TOP of different sizes.

3.4. Formation behavior of BaTiO3 from BC-TOP

Fig. 6 shows the behavior of BaTiO3 formation as a function of
the heat treatment temperature. In the case of samples obtained
from B and C, which show the main DTG peaks around 600 °C as
seen in Fig. 5, BaTiO3 formation increased dramatically as the heat
treatment temperatures increased from 500 to 700 °C. The extent
of BaTiO3 formation was 100% at 800°C. Although the starting
temperature of BaTiO3; formation with samples obtained from B
and C were similar, the formation kinetics of reaction with sample
obtained from C was larger than that of the reaction with sample
obtained from B. BaTiO3 was produced above 550°C in the case
of sample obtained from A and NT, and these formation behaviors
were also similar. The starting temperature of BaTiO3; formation
from samples obtained from B and C were lower than that of BaTiO3
formation from samples obtained from A and NT. These results indi-
cate that the kinetics of BaTiO3 formation from the BC-TOP also
depends on the particle size of BaCOs.

3.5. Characterization of BC-TOP particles as a function of heat
treatment temperature

Fig. 7(a)-(d) show the changes in the XRD profiles of BC-
TOP with respect to the heat treatment temperature. The peaks
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Fig. 6. Change in formation extent of BaTiO3; from BC-TOP with temperature.

attributable to BaTiO3 are observed at around 600°C for all BC-
TOP. In the case of samples obtained from B and C, the BaCO3 peak
intensities dramatically decreased at around 600-650 °C, whereas,
the peak intensity of BaTiO3 increased. In samples obtained from B
and C, single-phase BaTiO3 was observed at 700 and 800 °C, respec-
tively. Although the peaks attributable to BaTiOs in the case of
samples obtained from A and NT were measured at around 600 °C,
a heat treatment temperature of 900°C was required to obtain
single-phase BaTiOs.

Changes in the morphologies of BC-TOP obtained at heat treat-
ment temperatures ranging from 500 to 1000 °C are shown in Fig. 8.
The original shapes of the samples prepared from A and NT were
maintained up to 500-600 °C (Fig. 8(a) and (b)), while hollow par-
ticles were observed in the range 700-800 °C. In the case of BC-TOP
obtained from A and NT, the BaTiO3; formation occurred at around
600°C, as indicated by the BaTiO; formation behavior and the
results of the XRD analysis shown in Figs. 6 and 7, respectively.
Hence, the reaction shown in Eq. (5), which indicates the diffusion
of Baions into the TiO, phase at the contact surface between BaCO3
and TiO,, proceeded, even while maintaining the original shapes. It
was found that the proportion of hollow particles decreased with
increasing heat-treatment temperature and the agglomeration of
the primary particles occurred at ~1000 °C. Fig. 8(c) and (d) shows
the change in the morphologies of samples obtained from B and
C. The hollow particles were also observed in the case of samples
obtained from B in the range 600-700 °C, as in the case of samples
obtained from A and NT. In the case of samples obtained from C, it
was difficult to observe hollow particles, because the original parti-
cles were very fine. The temperature at which the hollow particles
begin to form from samples obtained from B was 100 °C lower than
the observed temperature in the case of samples obtained from A
and NT. The diffusion of Ba ions into TiO, particles was estimated
to occur at 600°C for samples obtained from A. Previous reports
suggest that the hollow structure can be maintained in the form of
BaCO3-TiO, core-shell particle up to 700°C, because CO, gener-
ated from BaCO3 decomposition during the solid-state reaction at
temperatures up to 700 °C can move out of the shell through a small
pore or crack in the TiO,/BaTiO3 phase; however, the hollow struc-
ture collapsed at 900°C [27,28]. It has been proposed that during
the sintering of the formed BaTiO3 phase, CO; evolution increases
with increasing heat-treatment temperature, and the partial pres-
sure of CO, contributes to the collapse of the hollow particles to
form fine spherical particles [27,28]. This may be a reason which
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spherical BaTiO3 particles formed from a needle BC. The collapse
of the hollow particle was observed to occur around 700°C in the
present study, which is lower than the temperature reported in the
previous study [27,28]. This collapse may occur even during sample
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preparation for SEM observation, because the hollow particles may

be delicate.

Fig. 9 shows the gradation in the specific surface area of BC-
TOP as a function of the heat treatment temperature. The specific
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surface area at the starting temperature of BaTiO3 formation obtained from A and NT were 4 and 6 m?/g, respectively. The spe-
(600°C) for samples obtained from A and NT were 12-15 m?2/g; cific surface areas of sample obtained from B (22m?/g) and C
these values decreased with an increase in temperature. At 900 °C, (25 m?/g) observed at 600 °C decreased to around 16 and 14 m2/g
at which single-phase BaTiO3 was observed, the values of samples at 650 and 800 °C, respectively.

X 20,000 1um X 20,000 1um X 20,000
800°C 900°C 1000°C

lum

x20,000 ——1um x20,000 ——1um X40,000 ——500nm

500°C 600°C 700°C

x10,000  —1lum x10,000  —1lum x 20,000
800°C 900°C 1000°C

xX20,000 ——1lum X20,000 ——1lum X40,000 ——500nm

Fig. 8. Changes in morphologies of BC-TOP particles with temperature for samples obtained from NT (a), A (b), B (c) and C (d).



Table 1 summarizes the particle size and the tetragonality, i.e.,
the c/a values, of BaTiO3. The average particle size was calculated
according to Eq. (9):

av. = 6/(p x S)

Y. Mochizuki et al. / Journal of Asian Ceramic Societies 2 (2014) 68-76

500°C , 600°C 700°C

x 10,000 0.5um x 10,000 ——0.5um x 10,000
800°C 900°C 1000°C

% 10,000 —02um % 10,000 —02um %x10,000 —0.2um
dacC

500°C 600C 700°C

x 10,000

05um | x10,000 0.5um | x10,000
800°C ) 900°C 1000°C

05um

%X10,000 —02um %X 10,000 —02um %X10,000 —02um

Fig. 8. (Continued).

75

where d,y. is the average particle size of BaTiO3; obtained at each
temperature (nm), p is the density of BaTiO3 (g/cm3) and S is the
specific surface area (m?/g). In the case of samples obtained from

NT and A, the average particle sizes of the BaTiO3 particles at 900 °C,
at which single phase BaTiO3; was observed, were 250 and 155 nm,
(9) respectively. The corresponding c/a values were 1.002 and 1.003,
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Table 1

Tetragonality (¢/a) and average particle sizes of various samples treated at different temperatures.

Temperature (°C) NT A

B C

c/a(-) c/a(-)

Particle size (nm)

Particle size (nm)

c/a(-) Particle size (nm) c/a(-) Particle size (nm)

650 - - - -
700 - - - -
750 - - - -
800 - - - -
900 1.002 250 1.003 155

1000 1.004 330 1.003 220

- - 1.002 60
- - 1.002 65
1.003 75 1.004 70
1.006 80 1.006 75
1.006 130 1.007 120
1.007 185 1.007 140
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Fig. 9. Change in the specific surface area of BC-TOP with temperature.

respectively. However, the average particle size of 75nm and c¢/a
of 1.003 were estimated at 750°C for samples obtained from B.
For samples obtained from C, the corresponding average parti-
cle size and c/a values were 60 nm and 1.002, respectively. These
values increased with increase in temperature. In the case of sam-
ple obtained from B and C, the average particle sizes dramatically
increased above 800 °C, because the sizes depended on the agglom-
eration of BaTiO3, as can be seen from the SEM observations. These
results indicate that the preparation of BaTiO3 with an average par-
ticle size of 60-250 nm and c¢/a 0of 1.002-1.007 was possible by using
the method proposed in the present work.

4. Conclusions

In this work, to obtain fine BaTiO3 particles at lower tem-
peratures by the solid-state reaction, first, conditions for the
preparation of BaCO3 coated with TiO, particles by the wet-
chemical method were optimized. Further, the behavior of BaTiO3
formation was investigated.

The principal conclusions can be summarized as follows:

1. The preparation of BaCO3 particles coated with TiO, precursors
depends on the concentration of the NH4HCO3 solution used
for its synthesis; the optimum concentration is in the range of
0.5-1.0 M.

2. BaCOs3 particles coated with TiO, precursor were formed from
primary particles of amorphous TiO of size <100 nm.

3. From the results of DTG and XRD analyses, it is evident that the
fine BaCOs particles coated with TiO, precursor transformed into
BaTiO3 at 550-650°C, while the larger particles formed BaTiO3
at 900°C.

4. The formation of BaTiO3 from all types of BaCO3 particles coated
with TiO, precursors, prepared by the wet chemical method
considered in the present work, was complete at temperatures
lower than that of the solid-state reaction.

5. The average particle size at the temperature at which the single-
phase BaTiO3 was observed ranged from 60 to 250 nm.
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