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Crystalline BaTiO3 powders were precipitated by reacting fine TiO2 particles with a strongly
alkaline solution of Ba(OH)2 under hydrothermal conditions at 80◦C to 240◦C. The
characteristics of the powders were investigated by X-ray diffraction, transmission electron
microscopy, thermal analysis and atomic emission spectroscopy. For a fixed reaction time
of 24 hours, the average particle size of BaTiO3 increased from ∼50 nm at 90◦C to ∼100 nm
at 240◦C. At synthesis temperatures below ∼150◦C, the BaTiO3 particles had a narrow size
distribution and were predominantly cubic in structure. Higher synthesis temperatures
produced a mixture of the cubic and tetragonal phases in which the concentration of the
tetragonal phase increased with increasing temperature. A bimodal distribution of sizes
developed for long reaction times (96 h) at the highest synthesis temperature (240◦C).
Thermal analysis revealed little weight loss on heating the powders to temperatures up to
700◦C. The influence of particle size and processing-related hydroxyl defects on the crystal
structure of the BaTiO3 powder is discussed. C© 2001 Kluwer Academic Publishers

1. Introduction
Barium titanate is an important material in the electron-
ics industry [1–3]. Its high dielectric constant and low
dielectric loss factor over a wide range of temperature
and frequency make it desirable as a dielectric material
for the manufacture of capacitors while its ferroelec-
tric properties are exploited for applications such as
piezoelectric transducers. It is also increasingly used
as nonlinear resistors with positive temperature coef-
ficients (PTC resistors) for measuring and control ap-
plications in the electronic industry. Barium titanate
materials are commonly fabricated by a conventional
ceramic processing route involving the consolidation
and sintering of BaTiO3 powders. The common indus-
trial routes for the preparation of BaTiO3 powders in-
clude the calcination of a mixture of BaCO3 and TiO2
powders at temperatures of 1000–1200◦C [4, 5] and
the thermal decomposition of barium-titanyl oxalate
[BaTiO(C2O4)2 · 4H2O] at temperatures in the range
of 800–1100◦C [4, 6]. Bonding and agglomeration of
the particulate product are common features of these
solid state reactions and milling is normally required to
achieve particle sizes down to ∼1 µm.

The production of thin dielectric layers, particularly
for multilayer ceramic capacitors, coupled with im-
provement in the properties and reliability, require finer
BaTiO3 powders with high purity and compositional
homogeneity. Recent emphasis has focussed on chem-
ical methods such as precipitation (or coprecipitation)
from solution or sol-gel processing [6–9]. However, in
most of these solution-based approaches, the product

is either an amorphous phase or a precursor compound
so that a calcination step at 800–1000◦C, followed by
milling, is commonly required to form a crystalline
BaTiO3 powder with controlled particle size. The calci-
nation and milling steps are similar to those used in the
solid state methods so that a significant improvement
in the powder quality is normally not achieved.

Hydrothermal synthesis provides an alternative route
for the synthesis of fine crystalline oxide powders with
controlled characteristics at relatively low tempera-
tures. The process, involving precipitation from solu-
tion at temperatures typically between the boiling point
and critical point of water (100◦C and 374.2◦C) in an
autoclave, has been used for decades for the synthesis
of fine oxide powders [10]. Crystalline BaTiO3 pow-
ders have been synthesized at temperatures between
∼100–200◦C by reacting fine TiO2 particles with
a strongly alkaline solution (pH > 12) of Ba(OH)2
[11–17]. Other starting materials, such as TiCl4, tita-
nium alkoxide and TiO2 gels, have been used as the
titanium source at reaction temperatures in the range of
100–400◦C [18]. Hydrothermal BaTiO3 powders typi-
cally have fine particle sizes in the range of 50–400 nm
and a narrow distribution of sizes making these powders
highly sinterable as well as attractive for the production
of thin dielectric layers.

Hydrothermal BaTiO3 powders show a number of
structural characteristics that are not observed for pow-
ders prepared by conventional solid state reaction at
higher temperatures. X-ray diffraction of hydrother-
mal BaTiO3 powders, particularly those synthesized
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at lower temperatures, reveals a cubic structure that is
normally observed only at temperatures above the fer-
roelectric Curie temperature of 125–130◦C. The pos-
sible causes for the apparent cubic structure and non-
ferroelectric properties of fine BaTiO3 particles are not
clear and have been discussed elsewhere [19]. They
include (i) the idea of a critical size for ferroelec-
tricity arising from factors such as depolarization ef-
fects and the absence of long-range cooperative inter-
actions and (ii) particularly for chemically prepared
BaTiO3 powders, the presence of a high concentra-
tion of charged point defects that might upset the long
range polar ordering that drives the cubic to tetrago-
nal structural transformation on cooling. Clustering of
fine BaTiO3 particles has also been suggested to have
a significant influence on the cubic to tetragonal phase
transformation [20].

For hydrothermal BaTiO3 powders (particle size
∼200 nm) prepared from acetate precursors, Hennings
and Schreinemacher [21] showed that the development
of room-temperature tetragonal structure after heat
treatment was closely associated with the elimination
of hydroxyl defects in the structure and not with par-
ticle growth. However, for hydrothermal BaTiO3 pre-
pared from hydrolyzed titanium alkoxide and Ba(OH)2
solution, Begg et al. [22] concluded that the cubic to
tetragonal structural transformation was not associated
with the removal of hydroxyl groups during heating
but was essentially dependent only on the particle size.
The investigation of sol-gel processed BaTiO3 poly-
crystals by Frey and Payne [19] indicated that a more
complex evolution of subtle structural changes took
place. Barium titanate that was cubic in structure ac-
cording to X-ray diffraction (referred to as XRD-cubic)
and free of hydroxyl defects displayed Raman spec-
tra attributed to the orthorhombic phase. Reduction in
grain size was found to enhance the stability of the or-
thorhombic phase at room temperature. Raman activity
for XRD-cubic materials appeared not to be associ-
ated only with the presence of hydroxyl defects in the
structure. Furthermore, the room temperature tetrag-
onal structure appeared not to be tied directly to the
removal of the hydroxyl groups. With increasing grain
size from 35 to 100 nm, the room temperature XRD
patterns and the Raman spectra exhibited the charac-
teristics of the tetragonal phase.

In the present work, the synthesis of hydrothermal
BaTiO3 powders by a reaction between fine TiO2 par-
ticles and a strongly alkaline solution of Ba(OH)2 was
investigated. The objective was to determine how the
synthesis parameters influence the composition and
structure of the particles in order to achieve powders
with controlled characteristics. Since a distinctive fea-
ture of fine BaTiO3 powders is the tendency to exhibit
an XRD-cubic structure at room temperature, the rela-
tionship of the structure (as determined by XRD) to the
size and hydroxyl content for this processing method is
reported. However, the work does not attempt to deter-
mine a cause for the size effect on the structure.

2. Experimental
Barium titanate powders were synthesized by reacting
TiO2 powder (Degussa Corp., South Planefield, NJ)

with an aqueous solution of Ba(OH)2 (pH > 14). The
TiO2 powder, average particle size ≈25 nm, consisted
of ∼30 weight percent (wt%) rutile and ∼70 wt%
anatase. In the experiment, 8 g of Ba(OH)2 · 8H2O
(Aldrich, Milwaukee, WI) was added to 12 cc of deion-
ized water in a Teflon-lined autoclave (45 ml capac-
ity; Parr Instrument Co., Moline, IL). The system was
purged with argon, sealed and heated to 80◦C until the
Ba(OH)2 · 8H2O dissolved. Two grams of TiO2 was
then added to the solution, the system was sealed,
heated rapidly to the reaction temperature (in the range
of 80◦C to 240◦C) and held for given times (1 to
48 h). After the reaction, the product was washed first
with formic acid (∼0.1 molar) to remove any resid-
ual BaCO3 and then washed with deionized water. The
powder was dried in an oven for 24 h at 85◦C.

The phase composition, structure and crystallite size
of the powders were determined by X-ray diffrac-
tion (Scintag XDS 2000) using Cu Kα radiation
(λ = 0.15406 nm) in a step-scan mode (2θ = 0.03◦per
step). X-ray diffraction patterns were analyzed using
SHADOW and RIQAS software (Materials Data Inc.,
Livermore, CA) to determine the crystallite size and the
concentration of the cubic and tetragonal phases in the
powder. The SHADOW and RIQAS pattern analysis
programs use a direct convolution method in profile and
whole pattern fitting [23]. Refined patterns were used
to determine the unit cell dimensions, the line splitting
and the crystallite size. The RIQAS software was used
for quantitative analysis of each phase in the powders
based on the Rietveld structure refinement and whole
pattern fitting of X-ray diffraction patterns. The two
diffraction lines at 2θ values of 38.9◦ (hkl = 111) and
83.3◦(hkl = 222) were employed in the determination
of the crystallite size by X-ray line broadening because
they represent the only lines in the tetragonal phase
pattern which do not undergo broadening due to line
splitting. In the absence of lattice strain, the broadening
of these two lines can be attributed only to the crystallite
size effect.

The morphology and size of the powders were ob-
served in a transmission electron microscope (Philips
EM430T). The average particle size was determined
by measuring the maximum diameters of more than
200 particles. Thermal analysis (Netzsch STA 409;
Selb, Germany), involving thermogravimetric analysis
(TGA) and differential thermal analysis (DTA), was
performed by heating the powders (previously dried
for 24 h at 85◦C) in air at 2◦C/min to 1000◦C. The
elemental composition of the powder was determined
by inductively coupled plasma (ICP) atomic emission
spectroscopy (Acme Analytical Labs., Vancouver, BC,
Canada).

A preliminary examination of the sintering character-
istics of the BaTiO3 powder was performed. The pow-
ders were compacted uniaxially in a stainless steel die
(pressure ≈20 MPa) followed by cold isostatic press-
ing under a pressure of ∼250 MPa to produce pellets
(∼6 mm in diameter by 4 mm) with a green density
of ∼0.60 of the theoretical value. The compacts were
sintered in air in a dilatometer (1600C, Theta, Port
Washington, NY) at a constant heating rate of 10◦C
per minute to 1350◦C.
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3. Results
X-ray diffraction of the product revealed that the hy-
drothermal synthesis reaction proceeded fairly rapidly.
Considerable BaTiO3 powder was formed after only
1 h of reaction at 150◦C (Fig. 1). Rietveld analysis
showed that the product consisted of 92.5 wt% cubic
BaTiO3 with an estimated standard deviation (ESD)
of 1.1 wt% and ∼7.5 wt% unreacted TiO2 (rutile)
with an ESD of 0.8 wt%. After 12 h, X-ray diffrac-
tion revealed only cubic BaTiO3 in the product. Pro-
longing the reaction time to 48 h produced a mix-
ture consisting of 94.7 wt% cubic phase (ESD =
1.0 wt%) and 5.3 wt% tetragonal phase (ESD =
0.9 wt%).

The synthesis of BaTiO3 was also investigated as a
function of the reaction temperature for a fixed time
of 24 h. X-ray diffraction revealed that the powders
synthesized at temperatures below 100◦C contained a
small concentration of unreacted TiO2 but above this
temperature, the product consisted of BaTiO3 only.
Furthermore, at lower reaction temperatures (below
∼150◦C), the powders were predominantly cubic while
at higher temperatures, the formation of the tetrago-
nal phase started to become significant (concentration
greater than ∼10 wt%). However, even at the highest
synthesis temperature (240◦C), complete formation of
the tetragonal phase was not achieved. At this temper-
ature, the concentration of tetragonal BaTiO3 was only
∼30 wt%. Table I summarizes the phase composition,
as determined by Rietveld analysis, for the powders
produced after 24 h at various reaction temperatures.
The concentrations of the cubic and tetragonal phases
in the product are plotted as a function of temperature
in Fig. 2.

The phase composition of the BaTiO3 powders as
function of reaction time at 240◦C (the highest reaction
temperature) was also determined by Rietveld analy-
sis. The concentration of the tetragonal phase increases
slowly from 29.2 wt% (ESD = 0.2 wt%) for a reaction
time of 24 h to 40.6 wt% (ESD = 0.9 wt%) after 96 h
of reaction (Table II and Fig. 3).

The splitting of the X-ray diffraction peak at ∼45◦
2θ (hkl = 200), indicative of the presence of tetragonal

Figure 1 X-ray diffraction patterns of BaTiO3 powders synthesized for
given times at 150◦C by reacting fine TiO2 particles with a strongly
alkaline solution of Ba(OH)2.

TABLE I Phase composition of hydrothermal BaTiO3 powders pro-
duced after 24 hours at various reaction temperatures

Concentration
Reaction standard,
temperature Phases Concentration deviation
(◦C) identified wt% (ESD)

80 Cubic BaTiO3 90.0 1.1
Tetragonal BaTiO3 1.1 0.2
Unreacted TiO2 8.9 0.4

90 Cubic BaTiO3 88.6 1.8
Tetragonal BaTiO3 5.2 0.3
Unreacted TiO2 6.2 0.6

100 Cubic BaTiO3 95.8 1.2
Tetragonal BaTiO3 2.3 0.2
Unreacted TiO2 1.9 0.4

120 Cubic BaTiO3 91.2 1.6
Tetragonal BaTiO3 8.8 0.9

140 Cubic BaTiO3 94.4 1.8
Tetragonal BaTiO3 5.6 0.9

160 Cubic BaTiO3 93.5 1.0
Tetragonal BaTiO3 6.5 0.2

180 Cubic BaTiO3 86.0 0.9
Tetragonal BaTiO3 14.0 0.1

200 Cubic BaTiO3 74.9 1.3
Tetragonal BaTiO3 25.1 0.7

220 Cubic BaTiO3 76.8 1.9
Tetragonal BaTiO3 23.2 0.1

240 Cubic BaTiO3 70.8 1.2
Tetragonal BaTiO3 29.2 0.2

TABLE I I Phase composition of hydrothermal BaTiO3 powders pro-
duced after various reaction times at 240◦C

Reaction Phases Concentration Estimated standard
time, (h) identified (wt%) deviation (ESD)

24 Cubic BaTiO3 70.8 1.2
Tetragonal BaTiO3 29.2 0.2

48 Cubic BaTiO3 66.5 1.7
Tetragonal BaTiO3 33.5 0.5

72 Cubic BaTiO3 56.5 1.0
Tetragonal BaTiO3 43.5 0.3

96 Cubic BaTiO3 59.4 0.7
Tetragonal BaTiO3 40.6 0.9

Figure 2 Concentration of the cubic and tetragonal phases determined
by Rietveld analysis for BaTiO3 powders synthesized for 24 h at different
temperatures.

BaTiO3, is shown in Fig. 4 for the powders formed after
24 h of reaction at several representative temperatures.
(The patterns for the powders produced at the other re-
action temperatures are omitted to maintain clarity of
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Figure 3 Concentration of the cubic and tetragonal phase determined
by Rietveld analysis for BaTiO3 powders synthesized for 24 to 96 h at
240◦C.

Figure 4 X-ray diffraction patterns of BaTiO3 powder synthesized for
24 h at different temperatures showing peak splitting above 180◦C due
to increasing concentration of the tetragonal phase.

the figure.) The peak splitting starts to become clear at
200◦C. At this temperature, Rietveld analysis (Table I
and Fig. 2) indicates that the tetragonal content is al-
ready ∼20 wt%.

SHADOW software was used to deconvolute the
spectrum at ∼45◦ 2θ (hkl = 200) into two separate
peaks, and the magnitude of the peak splitting (taken
as the difference in 2θ value between the two peaks)
was determined. Fig. 5 shows examples of the exper-
imental and deconvoluted peaks for BaTiO3 powders
synthesized for 24 h at 150◦C and 240◦C and for 96 h
at 240◦C. For powders synthesized for a fixed reaction
time of 24 h, Fig. 6 shows that the magnitude of the
splitting first increases with the synthesis temperature
but then flattens out to a value of 0.35–0.37◦ for syn-
thesis temperatures above 200◦C.

Fig. 7 shows TEM micrographs of the BaTiO3 pow-
ders produced after 24 h of reaction at 90◦C, 160◦C
and 240◦C, and after 96 h at 240◦C. At lower temper-
atures [Fig. 7a and b], the particles appear to have a
fairly narrow size distribution. Coarser faceted parti-
cles are apparent in the powder synthesized at 240◦C
and a bimodal distribution of larger faceted particles

Figure 5 Experimental and deconvoluted patterns (determined by
SHADOW software) for the X-ray peaks at 2θ ≈ 45◦ (hkl = 200) for
BaTiO3 powders synthesized under different conditions, showing the
extent of splitting between the peaks.

Figure 6 Data for the peak splitting of the X-ray lines at 2θ ≈ 45◦
(hkl = 200) for BaTiO3 powders synthesized for 24 h at different tem-
peratures.

and smaller particles is clearly observed for the pow-
ders synthesized for 96 h at 240◦C.

The data for the average crystallite size (determined
by X-ray line broadening) and the average particle size
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Figure 7 Transmission electron micrographs of BaTiO3 powders synthesized for 24 h at 90◦C (A), 160◦C (B), and 240◦C and for 96 h at 240◦C (D).

Figure 8 Average particle size for BaTiO3 powders synthesized for 24 h
at different temperatures, as determined by X-ray line broadening and
transmission electron microscopy.

(determined by TEM) for BaTiO3 powders formed af-
ter 24 h of reaction at temperatures between 80◦C and
240◦C, are shown in Fig. 8. The data obtained by the
two methods agree to within ±10%. They show an in-
crease in the average crystallite (or particle) size from
∼50 nm at 80◦C to ∼100 nm at 240◦C.

Fig. 9 shows the data for the weight loss as a function
of temperature during TGA analysis for BaTiO3 pow-

Figure 9 Thermogravimetric analysis of BaTiO3 powders synthesized
for 24 h at 80◦C, 160◦C, and 240◦C showing the weigh loss during
heating in air at 2◦C/min to 700◦C.

ders produced after 24 h of reaction at 80◦C, 160◦C
and 240◦C. The total weight loss between 100◦C and
600◦C is <2 wt% for the powder synthesized at 80◦C
and decreases significantly with increasing tempera-
ture of synthesis, becoming <0.5 wt% at 240◦C. The
total weight loss consists of two contributions: one
from residual, physically adsorbed water which may
be responsible for the weight loss below ∼200◦C and
the other from chemically bound hydroxyl groups that
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T ABL E I I I Ba:Ti elemental ratio for the BaTiO3 powders synthesized
for 24 h at various temperatures

Synthesis BaO content TiO2 content Ba:Ti
temperature (◦C) (wt%) (wt%) ratio

100 56.27 35.96 0.90
160 55.28 37.03 0.96
200 57.58 34.45 0.99
240 58.17 33.92 0.99

are commonly decomposed in the range of ∼200◦C to
500◦C. From Fig. 9, the weight loss in the range of
200◦C to 500◦C is found to be 1.2%, 0.6% and 0.4%
for the powders synthesized at 80◦C, 160◦C and 240◦C,
respectively.

The Ba/Ti elemental ratio for the powders produced
after 24 h of reaction at different temperatures was de-
termined by atomic emission spectroscopy and the data
are summarized in Table III for four representative tem-
peratures. At lower reaction temperatures (e.g., 100◦C),
the ratio is relatively low (e.g., 0.90) but at temperatures
above ∼200◦C, the ratio (0.99) is very close to the sto-
ichiometric value of 1.0. Three factors may be respon-
sible for the low Ba/Ti elemental ratio found for the
powders prepared at lower temperatures. First, incom-
plete reaction leads to the presence unreacted TiO2 in
the product. Rietveld analysis (Table I) showed the pres-
ence of 1.9 wt% TiO2 in the powder produced at 100◦C.
Taking this concentration of unreacted TiO2 into ac-
count, the Ba/Ti ratio is expected to be 0.94. Second, as
a result of the nucleation and growth mechanism for the
BaTiO3 particles (discussed later), it is possible that a
small amount of unreacted TiO2 might be encapsulated
within the BaTiO3 particles. While this encapsulated
TiO2 may not be detectable by X-ray analysis, it will
lead to a reduction of the Ba/Ti ration as determined
by atomic emission spectroscopy. Third, washing the
prepared powder with formic acid or water leads to de-
composition of BaTiO3 to Ba(OH)2 (which remains in
solution), and TiO2 (which, presumably is amorphous).
The extent of the reaction depends on the particle size,
the temperature, and the time. While the washing step
was carried out at room temperature for relatively short
times, the finer particles prepared at 100◦C are more
soluble than those prepared at 240◦C, so a higher con-
centration of TiO2 might be expected in the powder
prepared at 100◦C. This higher TiO2 content results in
a reduction in the Ba:Ti ratio.

Fig. 10 shows the sintering kinetics of compacts
formed from BaTiO3 powders synthesized at 120◦C
and 240◦C. Powders synthesized above 100◦C do not
show significant differences in sintering kinetics and
the curves for the other synthesis temperatures have
been omitted to preserve clarity of the figure. The fi-
nal density of the sintered compacts was greater than
95% of the theoretical density of BaTiO3. For powder
synthesis temperatures below 100◦C, the final density
of the sintered compacts was significantly lower (∼75
of the theoretical density). A scanning electron micro-
graph of the polished surface of a sintered compact (pre-
pared from a powder synthesized at 120◦C) is shown

Figure 10 Sintering behavior of BaTiO3 compacts formed from the
powder synthesized at 120◦C and 240◦C during constant heating rate
sintering at 10◦C/min to 1350◦C.

Figure 11 Scanning electron micrograph of the polished surface of a
sintered BaTiO3 pellet formed from the powder synthesized at 120◦C
and sintered at 10◦C/min to 1350◦C.

in Fig. 11. They show highly dense regions and iso-
lated regions of large pores resulting presumably from
inhomogeneous packing of the fine powders.

4. Discussion
The reaction conditions employed in the hydrother-
mal synthesis experiments are consistent with thermo-
dynamic predictions for the Ti-Ba-H2O system [24]
which indicate that BaTiO3 is the thermodynamically
favored phase at pH values greater than 12 and for high
Ba2+ concentration (2 molar). Similar reaction condi-
tions of pH and Ba2+ concentration were employed by
Chien et al. [16] for the synthesis of BaTiO3 particles
at ambient pressure and temperatures less than 100◦C.
Based on these experiments, the thermodynamic foun-
dation for the formation of BaTiO3 appears reasonably
established.
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The mechanism of nucleation and growth of BaTiO3
particles is not clear. Hertl [25] assumed that the
TiO2 particles react initially with the dissolved Ba2+
ions, thereby producing a continuous layer of BaTiO3
through which the additional Ba2+ ions must diffuse for
the reaction to continue. The BaTiO3 layer may provide
an effective diffusion barrier that serves to slow or ulti-
mately halt the reaction. Another mechanism involves
a dissolution/precipitation process in which Ti is hy-
drolyzed to form either Ti(OH)2−

6 [26] or Ti(OH)4 [27],
followed by subsequent reaction with Ba2+ ions to pre-
cipitate BaTiO3. In this case, nucleation of BaTiO3 may
occur heterogeneously on the TiO2 reactant particles or
homogeneously in the solution. When heterogeneous
necleation occurs, it is possible for the TiO2 reactant
particle to become encapsulated, and this also serves to
limit the reaction rate. The fine TiO2 particles used in
the present work can provide efficient sites for hetero-
geneous nucleation, as observed by Chien et al. [16].

Mechanisms for subsequent growth of the BaTiO3
particles include the classical “growth by diffusion”
mechanism in which additional matter diffuses through
the liquid and precipitates on the existing particles [28],
aggregation of the particles to form clusters [29, 30],
and Ostwald ripening in which the smaller particles
dissolve and precipitate on the larger particles [31–33].
For crystalline particles synthesized under hydrother-
mal conditions, growth by aggregation may be possible
in the early stages. However, the hydrothermal particles
are commonly observed to be single crystals [34, 35],
and therefore aggregation cannot play a significant role
after the early stages.

The data indicate that the reaction time for the for-
mation of BaTiO3 is quite short: essentially single
phase BaTiO3 after only ∼1 h at a reaction tempera-
ture of ∼150◦C (Fig. 1). This reaction time will in-
crease somewhat at lower temperatures and will de-
crease at higher temperatures. Since the total reaction
time at each temperature was 24 h, the system for the
most part of the synthesis process can be considered
to consist of a dilute suspension of BaTiO3 particles.
Coarsening by Ostwald ripening is expected to be the
dominant particle growth process. For the predomi-
nantly single-phase (cubic) particles produced at re-
action temperatures below ∼180◦C [Fig. 7a and b],
particles with a narrow distribution of sizes are pro-
duced. However, at higher reaction temperatures, the
appearance of the tetragonal phase produces a broad-
ening of the overall distribution [Fig. 7c] and eventu-
ally a bimodal distribution for prolonged reaction times
[Fig. 7d].

According to Fig. 8, the average particle size in-
creases with an increase in the reaction temperature. It
would be expected that the fraction of particles above
some given size would also increase with increasing
size. It is also observed from Fig. 4 that the concen-
tration of tetragonal BaTiO3 particles increases with
increasing temperature. The data of Figs 4 and 8 are
therefore consistent with the idea of a critical size for
ferroelectricity.

As outlined earlier, Hennings and Schreinemacher
[21] have suggested that the room temperature cu-

bic structure of hydrothermal BaTiO3 particles is as-
sociated with the presence of hydroxyl defects in the
BaTiO3 structure. They observed weight loss values of
∼1.5% in the temperature range of 200◦C to 500◦C for
hydrothermal powders prepared from barium titanium
acetate precursors [36]. In the same decomposition tem-
perature range, the weight loss observed in the present
work are smaller, with the values decreasing from 1.2%
to 0.4% for the powders synthesized at 80◦C and 240◦C,
respectively (Fig. 9). Since the average particle size in
the present work increased by a factor of ∼2 when the
powder synthesis temperature increased from 80◦C to
240◦C, then the change in the weight loss values with
the powder synthesis temperature can be accounted for
mostly by the reduction in surface area. If the differ-
ences in surface hydroxyl content due to differences
in surface area are corrected for, little change in the
phase composition of the BaTiO3 product is expected
in the present experiments for the powders synthesized
at different temperatures. However, the X-ray analysis
data (Fig. 4) show that the concentration of tetrago-
nal BaTiO3 in the product increased with the synthesis
temperature, reaching a value of ∼30 wt% at 240◦C.
It appears, therefore, that the room temperature X-ray
diffraction structure data obtained for the present hy-
drothermal powders cannot be well explained solely
by the presence of hydroxyl defects in the BaTiO3
structure.

5. Conclusions
Hydrothermal BaTiO3 powders synthesized by react-
ing fine TiO2 particles with a strongly alkaline solution
of Ba(OH)2 for 24 h have a room temperature cubic
structure by X-ray analysis when the reaction tempera-
ture is below ∼150◦C. Powders synthesized above this
temperature have a mixture of the cubic and tetragonal
phases, with the content of the tetragonal phase increas-
ing with increasing reaction temperature. The average
particle size increased from ∼50 nm to ∼100 nm when
the reaction temperature was increased from 80◦C to
240◦C. Between 200◦C and 500◦C, commonly the tem-
perature range for decomposition of hydroxyl groups,
the weight loss of the powders was relatively small and
also decreased as the synthesis temperature of the pow-
ders increased. The room temperature X-ray diffraction
structure of the powders appears to be consistent with
a critical size for ferroelectricity and cannot be well
explained by the presence of hydroxyl defects in the
BaTiO3 structure.
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