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a  b  s  t  r  a  c  t

BaTiO3 (BT)  nanopowders  were  synthesized  using  the  alkoxide–hydroxide  route. Formation  of  BT
nanopowders  commenced  at 60 ◦C and  their  amount  increased  with  increasing  temperature.  However,
a  TiO2 second  phase  was  always  developed  at temperatures  higher  than  100 ◦C  due  to the  insufficient
eywords:
anostructured materials
hemical synthesis
anopowders

amount  of  H2O caused  by its evaporation.  Therefore,  a  two-step  process  is presented  herein  for  the  syn-
thesis  of homogeneous,  highly  tetragonal  BT  nanopowders.  The  cubic  BT nanopowders  were  synthesized
at  100 ◦C  and subsequently  heated  to  high  temperatures  (>200 ◦C) to increase  their  tetragonality.  Homo-
geneous  BT  nanopowders  with  an average  size  of  94.8  nm and  a high  c/a  ratio  of  1.0081  were  obtained  for
the specimens  synthesized  at 260 ◦C for 60  h  after  the  formation  of  the  cubic  BT  nanopowders  at  100 ◦C
for  20  h.
. Introduction

BaTiO3 (BT) ceramics have been widely used in the electric
omponents such as multilayer ceramic capacitors (MLCCs), piezo-
lectric sensors, and positive temperature coefficient of resistance
nd electro-optical devices because of their excellent dielectric,
iezoelectric and ferroelectric properties [1–4]. Recently, electronic
evices such as MLCCs have been miniaturized to cope with the
igh integration of microelectronic devices. In order to shrink large-
apacitance MLCCs, the thickness of the MLCC’s dielectric layer
hould be decreased, for example by decreasing the size of the BT
owders. The thickness of the dielectric layer has been reduced to
.6 �m by using 0.15 �m-sized BT powders. However, the dielectric

ayer needs to be further decreased to 0.5 �m,  which necessitates
he use of highly tetragonal BT nanopowders smaller than 100 nm.

The hydrothermal method has been used to produce BT
anopowders with a narrow particle size distribution at low
emperature [5–7]. However, the BT nanopowders formed by
he hydrothermal method exhibit low tetragonality and contain
ydroxyl ions in oxygen sites, which produces a moisture gas dur-
ng the heat treatment, thereby causing MLCC failure [8].  Sol–gel
rocesses have also been used to produce BT nanopowders, but
he amorphous or precursor phases that were produced necessi-
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tated heating at high temperature in order to form the crystalline
BT phase. The alkoxide–hydroxide method, first suggested by
Flashen, has been extensively investigated for the synthesis of the
BT nanopowders because crystalline BT nanopowders are easily
produced at temperatures lower than 100 ◦C [9].  However, most
studies focused on the initial stage of the formation of crystalline
BT nanopowders at low temperatures (≤100 ◦C). Therefore, the BT
nanopowders formed by the alkoxide–hydroxide route showed rel-
atively low tetragonality [10–15].  For high-capacitance MLCCs, BT
nanopowders require a high tetragonality (c/a ≥ 1.008) and a small
particle size (≤100.0 nm)  in order to form thin dielectric layers
(<0.5 �m).  However, for the BT nanopowders formed at high tem-
peratures, a TiO2 second phase was always formed. In this work,
therefore, a new, two-step process was suggested for the first time
for the synthesis of homogeneous, highly tetragonal BT nanopow-
ders.

2. Experimental procedure

BT nanopowders were prepared by the alkoxide–hydroxide route using barium
hydroxide octahydrate (Ba(OH)2·8H2O, reagent grades, Junsei Chemical Co., Ltd.,
Japan), and titanium (IV) isopropoxide (Ti[OCH(CH3)2]4, 99.999%, Aldrich). These
starting raw materials were placed inside a Teflon-lined vessel and mixed with 2-
methoxyethanol (CH3OCH2CH2OH, 99.8%, Aldrich) as a solvent at room temperature
with various Ba/Ti ratios (1.0–2.0). The total volume of the mixture was 70% of the

vessel capacity. They were heated to 100 ◦C and held for 20 h for the formation of
the BT nanopowders having a cubic structure, and subsequently heated to various
temperatures (200–260 ◦C) for various periods (20–60 h) in an oven. The resulting
BT  powders were filtered and washed with distilled water, and finally oven dried at
70 ◦C for 12 h to afford white colored BT nanopowders. The structural properties of

dx.doi.org/10.1016/j.jallcom.2011.06.052
http://www.sciencedirect.com/science/journal/09258388
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Ba(OH)2·8H2O content. This indicated that the TiO2 second phase
090 M.-R. Joung et al. / Journal of Alloys

he  specimens were examined by X-ray diffraction (XRD; Rigaku D/max-RC, Tokyo,
apan). For a wide range of XRD measurement from 20◦ to 60◦ , the scan rate was
◦/min and a slow scan rate of 0.1◦/min was used for a specific range from 44◦ to
6◦ . The a and c lattice constants were obtained from the (2 0 0) and (0 0 2) reflec-
ions, respectively, and the tetragonality (c/a ratio) was calculated from these peaks.
or  the Rietveld refinement, XRD patterns were also taken from 20◦ to 145◦ with

 step length of 0.02◦ and a fixed counting time of 2 s and the Rietan-2000 pro-
ram was used to determine the tetragonality of the BT nanopowders. The average
article size and morphology of the nanoparticles were determined by scanning
lectron microscopy (SEM; Hitachi S-4300, Osaka, Japan). The average particle size
f  the powders was also calculated using the Brunauer–Emmett–Teller (BET) specific
urface area measured by Tristar 3000 (Micromeritics Co. Ltd., USA).

. Results and discussion

Fig. 1a–e shows the XRD patterns of the BT nanopowders formed
t various temperatures with a Ba/Ti ratio of 2.0. Peaks for the
T phase had already been found in the specimen synthesized at
0 ◦C and their intensity increased with increasing temperature.
oreover, the peak intensity for the BaCO3 phase decreased with

ncreasing temperature. No splitting of the (0 0 2) and (2 0 0) peaks
t 2� ∼ 45◦ was observed, indicating that the structure of speci-
ens was close to the cubic BT phase. A peak for the TiO2 phase,

ndicated by the arrow, was found for the specimens synthesized
bove 100 ◦C and the TiO2 second phase already existed in the spec-
men synthesized at 100 ◦C with a Ba/Ti ratio of 1.0, as shown in
ig. 1f. On the other hand, no TiO2 second phase was  formed when
he H2O was intentionally added, which will be discussed in later,
ndicating that the formation of TiO2 second phase could be related
o the amount of H2O. In general, the formation rate and the yield of
T nanopowders are considerably influenced by the hydroxyl con-
entration and pH, which are closely related to the amount of H2O
16]. Therefore, the formation of the TiO2 second phase could be
xplained by the decreased hydroxyl concentration and pH of the
olution, due to the evaporation of H2O at high temperature. More-
ver, according to the previous work, the BT phase is formed by
ydrolysis and condensation processes according to the following
quations [14].

i(OR)4 + 4H2O + Ba2+ + 2(OH)−

 Ti(OH)4 + 4ROH + Ba2+ + 2(OH)−
 Ti(OH)6
2− + Ba2+ + 4ROH

 BaTiO3 + 4ROH + 3H2O

ig. 1. XRD patterns of the BT nanopowders synthesized at the following tempera-
ures with a Ba/Ti ratio of 2.0: (a) 60 ◦C, (b) 100 ◦C, (c) 130 ◦C, (d) 160 ◦C, (e) 200 ◦C,
nd (f) at 100 ◦C with a Ba/Ti ratio of 1.0.
Fig. 2. XRD patterns of the BT nanopowders synthesized at 160 ◦C with the following
Ba/Ti ratios: (a) 1.3, (b) 1.5, (c) 1.7 and (d) 2.0.

where R represents an alkoxide group. Therefore, it is also possible
that the shortage of H2O due to the evaporation contributed to the
formation of TiO2 second phase, as shown in following equations:

Ti(OR)4 + 3.8H2O + Ba2+ + 2(OH)−

→ 0.1TiO2 + 0.9Ti(OH)4 + 4ROH + 2OH− + Ba2+

→ 0.1TiO2 + 0.9BaTiO3 + 4ROH + 2.7H2O + 0.1H2O + 0.1Ba2+

→ 0.1TiO2 + 0.9BaTiO3 + 4ROH + 2.8H2O + 0.1Ba2+

where the remnant Ba2+ ions are considered to interact with CO2
in air to form the BaCO3.

To investigate the effect of H2O on the TiO2 second phase for-
mation, BT nanopowders were synthesized at 160 ◦C with various
Ba/Ti ratios (1.3–2.0) and their XRD patterns are shown in Fig. 2a–d.
The amount of TiO2 phase decreased with increasing Ba/Ti ratio,
probably due to the increased amount of H2O with increasing
formation was related to the amount of H2O. Water was intention-
ally added during the hydrolysis process to confirm the relation
between its amount and the TiO2 second phase formation. Fig. 3

Fig. 3. XRD patterns of the BT nanopowders synthesized at 160 ◦C with the following
amounts of H2O and a Ba/Ti ratio of 1.3: (a) 0.0 mol.%, (b) 0.05 mol.%, (c) 0.1 mol.%,
(d) 0.2 mol.%, (e) 0.4 mol.% and (f) 0.5 mol.%.
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Fig. 4. XRD patterns of the BT nanopowders synthesized at the following temper-
atures for 20 h after the formation of cubic BT nanopowders at 100 ◦C with a Ba/Ti
ratio of 2.0: (a) 200 ◦C, (b) 240 ◦C and (c) 260 ◦C, and (d) synthesized at 240 ◦C for
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0  h after the formation of cubic BT nanopowders at 60 ◦C. The inset shows a peak
t  around 2� = 44–46◦ deconvoluted into (0 0 2) and (2 0 0) peaks and the c/a ratio
btained from these peaks.

hows the XRD patterns of the BT nanopowders synthesized at
60 ◦C with various amounts of H2O with a constant Ba/Ti ratio
f 1.3. When the amount of H2O exceeded 0.2 mol.%, the peak for
he TiO2 second phase disappeared. These results indicate that the
hortage of water was responsible for the formation of TiO2 sec-
nd phase. BT nanopowders with a high tetragonality (c/a ≥ 1.008)
re generally obtained at temperatures higher than 200 ◦C. There-
ore, TiO2 second phase formation seems to be unavoidable in
he absence of water for the synthesis of highly tetragonal BT
anopowders. However, the use of water in the synthesis of the BT
anopowders makes it difficult to control the shape and size of the
T nanopowders. A large amount of the Ba(OH)2·8H2O (high Ba/Ti
atio) can be used to produce tetragonal BT nanopowders without
he TiO2 second phase, but the BT nanopowders became agglom-
rated when the Ba/Ti ratio exceeded 2.0. Therefore, a new method
s required for the synthesis of homogeneous, highly tetragonal BT

anopowders using the alkoxide–hydroxide route.

According to the above results, BT nanopowders with a cubic
tructure were formed at temperatures lower than 100 ◦C, without
he formation of any TiO2 second phase. Therefore, if these cubic-

ig. 5. XRD patterns measured using a slow scan around 2� = 44–46◦ for the BT
anopowders produced at 260 ◦C for the following times after the formation of cubic
T  nanopowders at 100 ◦C: (a) 20 h, (b) 40 h, (c) 60 h and (d) 80 h.
Fig. 6. (a) Lattice constants and (b) c/a ratio obtained from Rietveld refinement for
the  BT nanopowders produced at 260 ◦C for various times after the formation of
cubic BT nanopowders at 100 ◦C.

structure BT nanopowders were subsequently heated to higher
temperatures (≥200 ◦C), homogeneous BT nanopowders with a
tetragonal structure could be obtained. All the cubic BT nanopow-
ders were formed at 100 ◦C because the BT nanopowders formed
at 100 ◦C showed the largest c/a ratio after high-temperature heat-
ing, as discussed below. Fig. 4 shows the XRD patterns of the BT
nanopowders synthesized at various temperatures for 20 h after
the formation of cubic BT nanopowders at 100 ◦C with a Ba/Ti ratio
of 2.0. A homogeneous BT phase was  well developed in all the
specimens without any TiO2 second phase. The inset shows a peak
at around 2� = 44–46◦ deconvoluted into (0 0 2) and (2 0 0) peaks
and the c/a ratios of the specimens shown in Fig. 4. For the speci-
men  synthesized at 200 ◦C, the c/a ratio was  small at approximately
1.000 but increased with increasing temperature to 1.0062 for the
nanopowders synthesized at 260 ◦C. The XRD pattern and c/a ratio
of the BT nanopowders, which were formed at 60 ◦C and subse-
quently heated to 240 ◦C, are also shown in Fig. 4d and in the inset
of Fig. 4, respectively. Compared to the c/a ratio of the BT nanopow-
ders formed at 100 ◦C and synthesized at 240 ◦C (∼1.0055), they
showed a smaller c/a ratio of 1.0047, probably due to their smaller
powder size.

In order to further increase the tetragonality of the specimens,
BT nanopowders formed at 100 ◦C with a Ba/Ti ratio of 2.0 were
synthesized at 260 ◦C for various times, as shown in Fig. 5a–d. The
c/a ratio of the BT nanopowders increased with increasing heat-
ing time from approximately 1.0062 for 20 h synthesis to 1.0093
for 80 h synthesis. The BT nanopowders synthesized for 60 h also
showed a high c/a ratio of 1.0081. In order to confirm the tetrago-
nality of these nanopowders, Rietveld analysis was also conducted
on these specimens and their lattice constants and the tetragonal-
ity are shown in Fig. 6a and b, respectively. The c/a ratio obtained by
the Rietveld analysis was  very similar to that obtained from Fig. 5.

Fig. 7a–d shows the SEM images of the BT nanopowders formed
at 100 ◦C with a Ba/Ti ratio of 2.0 synthesized at 260 ◦C for var-
ious times. The particle size of the BT nanopowders increased
with increasing heating time from approximately 65.4 nm for

20 h synthesis to 128.6 nm for 80 h synthesis. The size of the
BT nanopowders, as equivalent spherical diameter, was  also cal-
culated from the BET specific surface area using the equation,
dBET = 6/(�SBET), where � is the density and SBET the specific sur-
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Fig. 7. SEM images of the BT nanopowders formed at 100 ◦C with a Ba/Ti ratio of 2.0 and s
(d)  80 h.
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[13] H. Kamiya, K. Gomi, Y. Iida, K. Tanaka, T. Yoshiyasu, T. Kakiuchi, J. Am.  Ceram.
ig. 8. Size of the BT nanopowders obtained from SEM images and measured specific
urface area. These BT nanopowders were produced at 260 ◦C for various times after
he  formation of cubic BT nanopowders at 100 ◦C.

ace area. The sizes of the BT nanopowders obtained by both SEM
nd BET specific surface area are shown in Fig. 8. The latter mea-
urement was slightly larger than the former for the specimens
ynthesized for more than 20 h but the difference was not signifi-
ant. In particular, the dBET of the BT nanopowders synthesized for
0 h at 260 ◦C, which had a high c/a ratio of 1.0081, was approxi-
ately 102.84 nm,  indicating that the size of the BT nanopowders

ynthesized at 260 ◦C for 60 h was close to 100 nm.

. Conclusions

BT nanopowders were synthesized using the
lkoxide–hydroxide route. Formation of BT nanopowders com-
enced in the specimen synthesized at 60 ◦C and their amount

ncreased with increasing temperature. However, a TiO2 second
hase was always developed for the specimens synthesized at
emperatures above 100 ◦C. Although the formation of the TiO2

econd phase can be avoided by adding water, it is difficult to
ontrol the shape and size of the BT nanopowders formed with
ater addition. Therefore, in order to synthesize homogeneous,
ighly tetragonal BT nanopowders without any TiO2 second phase,

[
[
[

ubsequently heated to 260 ◦C for the following times: (a) 20 h, (b) 40 h, (c) 60 h and

a  two-step process was  used. The cubic-structure BT nanopowders
formed at 100 ◦C were subsequently heated to high temperatures
(>200 ◦C). The BT nanopowders synthesized at 200 ◦C for 20 h
showed a small c/a ratio of approximately 1.000, with a size of
65.4 nm,  and the c/a ratio increased with increasing temperature
to 1.0062 for the powders synthesized at 260 ◦C for 20 h. The
c/a ratio and size of the BT nanopowders also increased with
increasing heating time. In particular, the BT nanopowders syn-
thesized at 260 ◦C with a Ba/Ti ratio of 2.0 for 60 h showed a small
particles size of 94.8 nm with a high c/a ratio of 1.0081. Therefore,
a two-step process using the alkoxide–hydroxide route is a very
effective method for the synthesis of small, highly tetragonal BT
nanopowders.
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