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Abstract. Ultra-fine BaTiO3 powders were hydrothermally prepared by using Ba·Ti-peroxo-hydroxide precursor.
Amorphous Ba·Ti-peroxo-hydroxide precursor were prepared by coprecipitation of Ba(NO3)2 and TiCl4 aqueous
solution adding in NH4OH aqueous solution. The phase-pure BaTiO3 powders with a cubic perovskite struc-
ture were synthesized at temperature as low as 110◦C and in the pH range of 10–12. This processing method
provides a simple low temperature route for producing BaTiO3 nanoparticles. Under a TEM image and a SAD
pattern analysis, it is evident that BaTiO3 powders had spherical shape and single crystal nature. The BaTiO3

ceramic sintered at 1200◦C for 1 h had 97% of theoretical density and a relatively high dielectric constant
(εr = 3500).
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1. Introduction

Due to the excellent and tunable dielectric properties,
barium titanate (BaTiO3), especially in the form of mul-
tilayer ceramic capacitors (MLCC), has received much
attention and widely utilized in electronic devices. Ad-
vanced miniaturization of electronic devices implies
the reduced MLCC dimension with high capacitance,
which is obtained by the decrease of the dielectric layer
thickness accompanied with the increase of the num-
ber of the layers and by the increase of relative dielec-
tric constant (εr ) with use of ceramics having optimal
grain sizes below 5 µm. Sintered barium titanate hav-
ing near the theoretical density and fine grain sizes of
1–5 µm shows superior dielectric properties with the
high εr over 3500 [1, 2]. Thus, the manufacture of the
fine-grained ceramics needs the use of the fine reactive
powders (<0.1 µm). Decreasing the dielectric layer
thickness in the MLCC preferably down to several mi-
crons also needs an ultra-fine and uniform particle size
of raw materials. Conventionally, barium titanate pow-
ders have been prepared by the solid-state reaction of
mechanically mixed BaCO3 and TiO2 at high calcina-
tion temperatures above 900◦C. This process causes

a lack of compositional uniformity and produces large
and hard agglomerated powders. Therefore, for the syn-
thesis of high quality powders of ultra-fine, uniform and
homogeneous toward the MLCC having higher level
of volumetric efficiency, many wet chemical methods
for the synthesis of BaTiO3 powders have been devel-
oped. These methods include the thermal decomposi-
tion of double salts, such as oxalates [2, 3], citrates
[4], or catecholates [5], sol-gel [6] and hydrothermal
[7–10] processes. To achieve complete solid solution,
most of wet chemical methods need the calcination at
relatively high temperatures (>500◦C) and a consecu-
tive milling process as same as the solid-state reaction
process. Among the various chemical processes, there-
fore, the hydrothermal process has been proposed to be
an effective method for the industrial requirements of
BaTiO3 powders due to its attractive processing feature
of low temperature processing without calcination and
milling step.

Although the hydrothermal process offers a promis-
ing approach to prepare ultra-fine, crystalline ceramics
by using an aqueous medium, the process has been
conducted under strong alkaline conditions (>pH 13)
with use of NaOH and/or KOH [7–10], thus leaving the



380 Lee and Cho

contaminants, Na+ and K+ cations [11]. In the present
study, to prepare reactive BaTiO3 powders under mild
pH condition (≤12) by ammonia solution, a coprecip-
itated peroxo-hydroxide precursor was used as a start-
ing material. Comparing to the conventional barium-
titanium precursor for the BaTiO3 powder preparation,
the coprecipitated peroxo-hydroxide precursor offers
fast and low-temperature synthesis conditions under
considerably low alkaline condition.

2. Experimental Procedure

A chemically modified, amorphous peroxo-hydroxide
precursor via coprecipitation was used to synthe-
size BaTiO3 powders in hydrothermal conditions.
Ba(NO3)2 and TiCl4 were used as raw materials for the
coprecipitation. A peroxo-complex solution of Ba·Ti
was prepared by adding hydrogen peroxide (H2O2) in
Ba(NO3)2 and TiCl4 mixed aqueous solution. The mo-
lar ratios of Ba/Ti and H2O2/Ti were fixed at 2 and 3,
respectively. Amorphous Ba·Ti-peroxo-hydroxide pre-
cipitate was formed by adding the peroxo-complex so-
lution of Ba·Ti in an ammonium solution. The final
pH of the solution was maintained between 10 and 12.
The coprecipitated precursor was used as the starting
material for the hydrothermal synthesis.

In hydrothermal synthesis, the suspension contain-
ing the coprecipitated precursors were charged into
teflon-lined autoclave of 300 ml capacity with a fill
factor of 80 vol% and heated to 90–150◦C with auto-
geneous pressure for various reaction times. Maximum
autogeneous pressure was 4.3 MPa at 150◦C. The re-
action products were filtered and washed with distilled
water to remove soluble components, including excess
Ba2+ and Cl− and then dried at 90◦C for 12 h. The hy-
drothemally synthesized powders were pressed in the
form of discs under a pressure of 80 MPa and sintered
at 1200◦C for 1 h.

Thermo-gravimetric analysis (TGA) was carried out
for the prepared powders. The crystalline structure
and phase of the prepared and heat-treated powders
were identified by X-ray powder diffractometry (XRD,
Cu-Kα) and the morphologies of powders and sin-
tered ceramics were examined by using a scanning
electron microscope (SEM) and a transmission elec-
tron microscope (TEM). The surface area of the pow-
ders was measured by the BET technique. The dielec-
tric properties were measured at 1 kHz with a LCR
meter.

3. Results and Discussion

3.1. Coprecipitation of Peroxo-Hydroxide Precursor

In an aqueous solution, the basic principle of copre-
cipitation is a solubility change of metal-hydroxides
depending on pH. In the case of barium titanate, it
is well known that coprecipitation takes place only
at the pH value above 13. However, the strong basic
condition by use of NaOH and/or KOH accompanies
the undesirable metal impurities. In comparison, with
the help of hydrogen peroxide, it has been known that
the peroxo-hydroxide coprecipitation could be formed
at a relatively lower pH range from 10 to 12 with
NH4OH [12], which has no metal impurities. There-
fore, the pH range in this study including hydrothermal
synthesis was fixed from 10 to 12. While the mech-
anism of the peroxo-compound formation is compli-
cated and not fully understood, it was suggested that
the coprecipitation condition employed in this study
led to Ba·Ti-peroxo-hydroxide [Ba2Ti2O5(OH)6] pre-
cipitate above pH 10 [12]. An as-coprecipitated pow-
der was amorphous and the desired perovskite phase
was formed at temperatures above 500◦C. The result-
ing coprecipiated Ba·Ti-peroxo-hydroxide was used as
the precursor for the hydrothermal process.

3.2. Hydrothermal Synthesis

The processing conditions used in this hydrothermal
study and some physical properties of the prepared
BaTiO3 powders are shown in Table 1. Regardless of
reaction conditions as temperature, pressure, pH and

Table 1. Hydrothermal processing conditions and some physical
properties of as-prepared BaTiO3 powders.

Reaction conditions

Sample Temp., pH, Press. Sa
BET Vc

no. Time (MPa) (m2/g) Phase (103 × nm3)

1 110◦C, 1 hr 11, 2.9 42
2 130◦C, 0 hr 11, 3.1 39
3 130◦C, 1 hr 11, 3.1 38
4 130◦C, 5 hr 11, 3.1 41 BT (C)b 65.072
5 150◦C, 1 hr 11, 4.4 40
6 130◦C, 1 hr 10, 3.1 36
7 130◦C, 1 hr 12, 4.0 37

aS = BET surface area, bBT (C): Cubic BaTiO3, and cV: Unit cell
volume.
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Fig. 1. TG curve of BaTiO3 powder hydrothermally prepared at
130◦C and pH 11 for 1 h, and unit cell volume changes of the heat-
treated powders at different temperatures for 1 h.

time, the physical properties of prepared BaTiO3 pow-
ders were almost identical. This observation implies
that the hydrothermal synthesis of BaTiO3 powder us-
ing coprecipiated Ba·Ti-peroxo-hydroxide precursor
led to a phase-pure crystalline BaTiO3 powders almost
instantaneously when the reaction conditions reach cer-
tain synthesis conditions.

The thermal decomposition of the peroxo-
hydroxide precursor takes place at temperature above
500◦C in an air atmosphere, but, in the hydrothermal
conditions, the decomposition happens at as low as

Fig. 2. XRD patterns of BaTiO3 powders hydrothermally prepared at 130◦C and pH 11 for 1 h, and heat-treated at different temperatures.

110◦C. The transition from the Ba2Ti2O5(OH)6 precur-
sor to the BaTiO3 powder takes place via the following
reaction:

Ba2Ti2O5(OH)6(s) →>2BaTiO3(s)

+ 3H2O(l) + O2(g)

The released O2 as well as ammonia (NH3) gas used
in the pH adjustment led to the much higher reaction
pressure (4.4 Mpa at 150◦), compared to the saturated
gas pressure of pure water (0.5 MPa at 150◦C [13]).
The increased pressure by released gases and compo-
sitional homogeneity of coprecipiated Ba2Ti2O5(OH)6

precursor were supposed to provide lower phase transi-
tion barrier and caused the moderate powder synthesis
conditions such as the lower pH, lower temperature and
shorter reaction time.

A typical TGA result for a dried powder is presented
in Fig. 1 and unit cell volumes (determined by the XRD
shown in Fig. 2) of heat-treated powders at different
heat-treatment temperatures are also depicted. Small
amount of weight loss less than 4% was found up to
1000◦C. Weight loss of about 3% was found at tem-
perature below 600◦C and this weight loss is consid-
ered to be resulting from the released OH− which was
defectively incorporated in the perovskite lattice [14].
The unit cell volume decreases with heat-treatment
temperature and the weight decreases with increasing
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temperature in an identical manner, which confirmed
the OH defect theory. Another slight weigh loss shown
at the temperatures above 700◦C results from decom-
position of small BaCO3 impurity [10].

Figure 2 shows the XRD patterns of BaTiO3

derived from hydrothermal synthesis at 130◦C for 1 h
and followed by heat-treated at different temperatures.
Well-developed perovskite BaTiO3 without impurity
phase was formed during heat treatment. The crys-
tallinity measured by relative peak intensities between
the as-prepared and the heat-treated powders was
almost same. On heat treatment the unit cell volume
of as-prepared BaTiO3 powder shrank from 65.072
(as-prepared) to 64.096 × 103 nm3 (1000◦C) by about
1.5%. Increased unit cell volume in the as-prepared
powders is known as due to the OH− ions incorporated
in the lattice as mentioned above. The presence of OH
defect is also known as the reason of cubic phase at
room temperature [14]. As shown in Fig. 2, however,
the cubic phase without the splitting of the (00h)/(h00)
peaks was observed in the OH−-free powders heat
treated at 600–1000◦C. A particle size dependence
of the crystal structures in BaTiO3 powders has been
reported [15]. Between 1.5 and 0.5 µm, the tetrago-
nality decreases from 1.01 to 1.005 with decreasing
particle size. Below 0.5 µm, the powders exhibit a
(pseudo-) cubic phase at room temperature instead
of a tetragonal phase. This is also in good agreement

Fig. 3. SEM micrograph of BaTiO3 powder heat-treated at 1000◦C for 1 h using BaTiO3 powder hydrothermally prepared at 130◦C and pH 11
for 1 h.

with the results in this study because the particle size
of BaTiO3 powder heat-treated at 1000◦C was still
below 0.5 µm (Fig. 3). The uniform microstructure
shown in the heat-treated powders indicates that the
hydrothermal powders were fine and homogeneous.
From these results, it is proposed that both the OH
defect and fine powder size result in cubic phase in
low temperatures (<600◦C) and the crystallite size
is a main factor to determine the crystal structure
in higher temperatures (>600◦C). The complete
transformation of the cubic phase into tetragonal has
been achieved at 1200◦C for 1 hr and the tetragonality
(c/a ratio) was 1.01, typical value of normal BaTiO3

ceramics.
Figure 4 shows the TEM micrograph of the as-

prepared BaTiO3 powders synthesized at 130◦C for 1 h.
The ultra-fine (<30 nm) powders were obtained. Each
powder has very clear boundary without any internal
or surface defects and has spherical shapes. Selected
area diffraction (SAD) patterns shown in Fig. 4 in-
dicate the BaTiO3 powder is single crystal in nature.
The (pseudo-) cubic structure of the 3-fold symmetry
is clearly shown in the pattern. The value of specific
surface area of the as-prepared powders determined by
BET analysis was an average value of 40 m2/g. The
particle size (DBET) calculated [16] from the value of
specific surface area was 25 nm, which was close to the
size determined by TEM.
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Fig. 4. TEM micrograph and SAD pattern of BaTiO3 powder hydrothermally prepared at 130◦C and pH 11 for 1 h.

The sinterability of synthesized powders was in pro-
portion with their specific surface areas. The higher
surface area leads to a higher sintered density. Using
the reactive fine powders prepared at 130◦C for 1 h,
the BaTiO3 ceramics sintered at 1200◦C for 1 h had
97% of theoretical density. Fine grain sizes of the op-

Fig. 5. SEM micrograph of the BaTiO3 ceramic sintered at 1200◦C for 1 h using BaTiO3 powder prepared at 130◦C and pH 11 for 1 h. The
specimen was polished and thermally etched at 1100◦C for 30 min.

timum values in the range of 1 to 7 µm were obtained
(Fig. 5). The dielectric constant (εr ) measured in the
fine-grained ceramic was as high as 3500, with a dielec-
tric loss (tanδ) of 0.034, which was considerably high
compared to that (εr ∼ 1500) of conventional coarser-
grained ceramics sintered at higher temperatures. It has
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been suggested that the high dielectric constant in the
fine-grained material corresponds to the induced inter-
nal stress resulting from the high surface energy of finer
grains [17].

4. Conclusions

The hydrothermal reaction using chemically modified
Ba·Ti-peroxo-hydroxide precursor provides a simple
low temperature route for producing BaTiO3 nanoparti-
cles. The modified hydrothermal approach offered sev-
eral advantages, such as low reaction pH and low re-
action temperatures with short reaction times, over the
conventional hydrothermal process. The reaction pres-
sure by released gases and compositional homogeneity
of coprecipiated Ba2Ti2O5(OH)6 precursor provided
lower phase transition barrier and caused the moder-
ate powder synthesis conditions.

The weight and unit cell volume of prepared pow-
ders decreased with temperature in an identical manner,
which was considered as due to the released OH incor-
porated in the lattice. From the TGA and XRD results,
it is proposed that both the OH defect and fine crystal-
lite (powder) size resulted in cubic phase at low tem-
peratures (<600◦) and the crystal structure was only
affected by the crystallite size at higher temperatures
(>600◦). TEM investigation showed that the size of the
BaTiO3 powder prepared at 130◦C for 1 h was below
30 nm and the BET surface area was as high as about
40 m2/g. The reactive BaTiO3 nanoparticles offered
low ceramic processing temperatures and high-density
ceramic products with high dielectric constant.
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