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Abstract Nanoscale BaTiO; powders were prepared by
hydro-thermal synthesis; a mixture of H,O and EtOH was
used as solvent and the phase distribution of the powders
was investigated in terms of the ratio (R) of DI water, H,O/
(H,O+EtOH). The size of the powders was varied in the
range of 20~100 nm depending on the solvent condition.
X-ray diffraction and Raman spectroscopy were applied to
investigate the variation in the relative volume fraction of
the tetragonal phase; most of the powders contain both
tetragonal and cubic phases. The results obtained by the
two different analysis methods appear to be very close to
each other, and it was found that the maximum volume
fraction of the tetragonal phase was 23~26% when the
synthesis was performed at R=0.25~0.5.

Keywords Nano-BaTiOz powder- Size control -
Phase analysis

1 Introduction

Barium titanate (BaTiO3) is one of the most popular
ferroelectric materials with a perovskite structure. It has
been widely used in various electronic devices like multi-
layer capacitors, infrared detectors, fuel evaporators, varis-
tors, and electro-optic devices for their unique and useful
electrical characteristics. The electrical features of BaTiO;
ceramics have been known to be crucially determined by the
structural and chemical characteristics of the grains [1].
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It has been known that BaTiO3 has four different kinds of
crystal structures like rhombohedral, orthorhombic, tetrago-
nal, and cubic phases depending on temperature. In
particular, its unit cell is of the cubic phase above Curie
temperature (approximately 120°C); this cell has non-polar
characteristics. Below the Curie temperature, the unit cell is
slightly distorted to have the tetragonal phase; its dipole is
parallel to its <001> direction [2]. However, some research-
ers have reported the effect of particle size on the room
temperature structure of BaTiOj;; the cubic phase increases
with decreasing particle size below approximately 1 um [3].

Such size effect of BaTiO; ceramics is expected to play
an important role in determining the crystal phase and
dielectric properties of the powders in sub-micrometer size
as well as nano-grained BaTiO3 ceramics. Therefore, it is
indispensable to obtain good understanding of how the
phases of the nanoscale BaTiO; particles prepared via
various synthesis routes are affected by synthesis methods
and process variables [4, 5].

In this study, nanoscale BaTiO; powders were prepared by
hydro-thermal synthesis as a function of synthesis solvent
conditions. Their structural variation with synthesis variables
was analyzed by X-ray diffraction, Raman spectroscopy and
FT-IR. The shape and size change of the BaTiO; powders
was examined, and these were related with the structural
variation depending on the solvent conditions.

2 Experimental

Barium hydroxide octahydrate (Ba(OH), 8H,0) and titanium
tetrachloride (TiCl,) were used as source materials of Ba and
Ti, respectively. CO,-free deionized water was used in the
preparation of all aqueous solutions to prevent contamination
of barium based carbonates. Modification of titanium
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tetrachloride was achieved by adding CO»-free deionized
water (ice-cold water) to prepare an aqueous 1 M TiOCl,
stock solution; this is because TiCly has large vapor pressure
at room temperature and is readily hydrolyzed by reacting
with water vapor in air. This aqueous TiOCl, stock solution
was kept at its stable condition without being precipitated at
room temperature. This stock solution was diluted to obtain a
transparent aqueous TiOCl, solution with the Ti*" concen-
tration of 0.1 M for precipitation.

Amorphous titanium hydrous gel was prepared by
adding NH4OH into TiOCl, solution at 60°C for 2 h; this
solution was stirred at 600 rpm during the process. After
that, a raw material of Ba and Ti was introduced into a
40 M/ teflon-lined stainless steel vessel with a mixed
solution of DI water and ethanol. The volume fraction (R)
of DI water, R=H,O/(H,O+EtOH), in the mixed solution
was adjusted to be 1, 0.5, 0.25, 0.11, and 0, respectively.
The sealed vessel was held at 180°C for 6 h. After cooling
down to room temperature, the resultant precipitates were

washed with water several times, and finally dried at 80°C
for 12 h in an oven.

Their structural analysis were carried out by X-ray
diffraction (XRD, Rigaku DMAX-2500), Raman spectros-
copy (Bruker RFS100/S), and FT-IR (Shimadzu, IRPrestige-
21); the shape and size distribution of the BaTiO; powders
were examined by transmission electron microscopy (TEM,
Philips CM200).

3 Results and discussion

Figure 1 show the bright-field TEM images of the
nanoscale BaTiO; powders. The average size of the
powders is about 100, 80, 50, 20, and 20 nm when R is
1, 0.5, 0.25, 0.11, and 0, respectively. The size of nanoscale
BaTiO; powders was significantly dependent on the
volume fraction of DI water in the solvent; it gradually
decreased with increasing the ethanol fraction. This

Fig. 1 Bright-field TEM images of the nanoscale BaTiO5; powders.
These powders were prepared by hydro-thermal synthesis at 180°C for
6 h at R=1(a), 0.5(b), 0.25(c), 0.11(d), and O(e), respectively. (f)
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Selected area diffraction pattern (SADP). This pattern was recorded
from one of the BaTiO3 powders
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indicates that the growth of nucleated BaTiO; powders is
critically affected by ethanol fraction in the solvent.

In the dissolution-reprecipitation process, DI water is
known to accelerate the dissolution of the precursor in the
solution, which is beneficial to the formation of large
particles [6]. The precursor is expected to have less
solubility in an alcohol solution than that in water; this
leads to the synthesis of smaller BaTiOs; powders. The
powders prepared at small R values appear to have a nearly

Fig. 2 (a) and (b) Electron
diffraction patterns recorded
from the powders prepared at
R=0.25 and 0.11, respectively.
(¢) and (d) show intensity
profiles along the lines seen in
(a) and (b), respectively

sphere shape; however, when the size of the powders
increases to be > ~80 nm, the surface tend to be parallel to
crystallographic planes; in particular, in the powders
prepared at R=0.5, facets parallel to (110), (40), and (10)
planes are observed. A selected area diffraction pattern
(SADP) in Fig. 1 (f) indicates that the powders are of a
considerably high crystallinity.

The electron diffraction patterns from the samples
prepared at R=0.25 and 0.11 are presented in Fig. 2 (a)
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and (b), respectively; these patterns were recorded at the
same camera constant. The reciprocal spacing for (200)
reflections was measured in the electron diffraction patterns
[Fig. 2 (a) and (b)] using Gatan Digitalmicrograph. The
(200) plane spacing was analyzed with a line-profile
method; in this measurement, one pixel corresponds to
2.5x107° 1/nm. The (200) plane spacing is 1.58x107° 1/nm
for the powders prepared at R=0.25, while 1.56x10 > 1/nm
for the samples synthesized at R=0.32 [Fig. 2 (c¢) and (d)].
As a result, the difference in the (200) plane spacing was
determined to be 2x10° 1/nm; this value appears to be
considerably larger than that of one pixel scale in the

measurement and terms out to be ~0.23 A in the real space.
It seems highly likely that the value of 0.23 A is related with
the difference in the lattice parameter between the cubic and
the tetragonal phases.

Figure 3 shows the XRD results of the BaTiO3 powders.
Diffraction peaks were observed at positions corresponding
to the meta-stable cubic phase. Such a stabilization is
known to be common in hydro-thermally synthesized
BaTiO; powders, and this is explained by the entrapment
of hydroxyl groups in the perovskite lattice.

When the size of BaTiO3 powders is below ~1 pum, the
full-width at half-maximum (FWHM) of corresponding

Fig. 3 Spectra in (a), (b), (c),
and (d) were obtained from the - M =1L, /1, = M =1L,/I,,
powders prepared at R.:l, 0.5, = =113 = =116
0.25, and 0.11, respectively; the = =
spectra near 45° were fit with 2 2
Lorentzian curves corresponding g <
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XRD peaks becomes larger, and such broadening leads to
the overlapping of two peaks located close to each other
[7]. Because of the peak-broadening, it is difficult to
observe separated peaks even when (200) and (002) peaks
of the tetragonal phase are expected to exist. Thus, the
variation in the relative volume fraction of the tetragonal
phase in the nanoscale BaTiO; powders can be estimated
by deconvoluting the overlapped peaks near 45° and
applying the intensity relation between (200) and (002) fits.

The observed (200) peaks near 45° were fit with two
Lorentzian peaks corresponding to cubic and tetragonal
phases [8]. The intensity ratio M, I,yy/lng, Was measured to
be 1.13, 1.16, 1.28, and 0.43 for the powders prepared at
R=1, 0.5, 0.25, and 0.11, respectively. Reference samples
with particular amounts of cubic- as well as tetragonal-
phased powders were prepared, and then XRD measure-
ments were performed to see the variation in the peaks near
45° with the relative fraction of tetragonal-phased powders;
these are shown in Fig. 3 (e). The relation between the ratio
M, Ipo/lpo2, and known relative volume fraction of
tetragonal phases was obtained for powders of F=10, 15,
20, 50, and 100%, respectively. Fig. 3 (f) illustrates the re-
lation can be represented as follows: M=-1.24+0.78In(F).

Figure 4 shows the FT-Raman spectra of the samples;
spectrum (1) obtained from commercially purchased tetrag-
onal-phased BaTiO5; powders are illustrated to be compared
with the powders, which were prepared in this experiment
at R=0, 0.11, 0.25, 0.5, and 1, respectively; these spectra
were recorded in a frequency range of 200~1,400 cm ™', and
the peaks near 305 cm ! are illustrated for the comparison
of tetragonal phase fraction in the powders. The Raman
spectra of all the BaTiO; powders clearly illustrate the
presence of tetragonal phases; the peak at 305 cm ™' is seen
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Fig. 4 Raman spectra of the BaTiO; powders near 305 cm .
Spectrum (a) was obtained from the commercially purchased
tetragonal-phased BaTiO3 powders. Spectra (b), (¢), (d), (e), and (f)
were recorded from the powders that were prepared at R=0.25, 0.5, 1,
0.11, and 0, respectively

in all the spectra and their intensity varies depending on R
values [9].

Figure 5 shows the tetragonal fraction for the nanoscale
BaTiO; powders. It seems evident that the cubic and
tetragonal phases are present in the powders; the relative
fraction of each phase appears to vary depending on the
solvent condition R. Fig. 5 (a) was obtained from intensity
ratio M (I>po/Ipo-) near 45° in the XRD results of Fig. 2; by
applying the relationship between M and F seen in Fig. 2
(), it is clear that the fraction of the tetragonal phases varies
from 0 to ~26% as R varies from 0 to 0.25. On the other
hand, when R values are 0.5 and 1.0, the tetragonal
fractions are ~22 and 20%; these fractions are slightly
lower than that of the samples prepared at R=0.25.

In view of the sharp peak at 305 cm ' in the Raman
results, it was found that the maximum volume fraction of
the tetragonal phase was also obtained when the synthesis
was performed at R=0.25. In this analysis, the area under
the peak at 305 cm ' was measured to be used for
quantitative comparison of the amount of the tetragonal
phase; when the powders were prepared at R=0.25, the
peak area corresponds to 29% of that of the commercially
purchased tetragonal phased BaTiOs;.

As a result, the variation in the tetragonal phases
obtained from the XRD peak intensity ratio M, Loo/lyoz,
with R values seems to agree well with that from the FT-
Raman peak ratios at 305 cm '; the maximum volume
fraction of the tetragonal phase was obtained when the
synthesis was performed at R=0.25. Such agreement also
indicates that both methods can be reliably applicable to the
quantitative measurement of the fraction of cubic (or
tetragonal) phase in nanoscale BaTiO3 powders.

Figure 6 shows the FT-IR results for the powders. The
absorption peak at 1,440 cm™' is due to the asymmetric
stretching of the carbonates (BaCOs). The peaks near 1,640
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Fig. 5 Variation in the relative tetragonal fraction with R values;
curves (a) and (b) were obtained from XRD and Raman measure-

ments, respectively
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Fig. 6 FT-IR spectra of the
BaTiO; powders. These pow-
ders were prepared by hydro-
thermal synthesis in various
solutions at 180°C for 6 h;
samples, D), @), @), @ and ®
were recorded from the samples
prepared at R=1, 0.5, 0.25, 0.11,
and 0, respectively. (a) The
magnified spectra observed near
1,500 cm'. (b) The magnified
spectra observed near
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and 3,500 cm™ ' are associated with the bending mode of
H,O [10]. The FT-IR spectra illustrate that some defects
like CO5, OH', etc. are present in the crystalline BaTiOs
powders. The intensity of all the absorption bands for these
defects significantly decreased at R=0.25. From these
results, the defect concentration decreased to be minimized
when the powders were prepared at R=0.25. On the other
hand, hydroxyl defects are significantly present in the
powders prepared at R=0.5; these powders contain ~23%
of tetragonal phases.

4 Conclusions

Nanoscale BaTiO; powders were prepared by hydro-
thermal techniques, and the phase distribution of the
powders was investigated as a function of synthesis solvent
conditions. The XRD peak intensity ratio of M, Ip¢/Ino, as
well as the FT-Raman peaks at frequencies 305 and
710 cm™ ', which are sensitive to the presence of tetragonal
BaTiOs, indicates that the nanoscale BaTiO; powders are
dominantly of a cubic phase; a relative tetragonal volume
fraction of 23~26% is present in the powders prepared at
R=0.25~0.5. It was found that XRD and Raman spectros-
copy can be reliably utilized in the quantitative analysis of
the phase of nanoscale BaTiO3; powders; hydroxyl defects
are significantly present in the powders prepared at R=0.5
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and 1.0. In our experimental range, R=0.25 is the most
suitable condition at which good-quality crystalline BaTiO;
powders with a particular amount of tetragonal phases are
synthesized.
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