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bstract

anosized BaTiO3 powders with a specific surface area of 60–75 m2/g have been prepared by precipitation of a titanium ester with Ba(OH)2

olution at temperatures less than 100 ◦C. The effects of the Ba(OH)2 concentration, isopropanol mixing with water as a solvent, the Ba:Ti ratio
nd surface modifiers on the surface area, the particle size, the crystalline phase, the agglomeration and aggregation degree of the synthesized
owders as well as dielectric properties of sintered pellets have been investigated. The properties of the obtained powders have been characterized

ith XRD, BET, TG-DTA, ICP-AES, HRTEM and dilatometer. A high concentration of Ba(OH)2 can increase the agglomeration and aggregation
egree of the particles while the addition of isopropanol in water is beneficial for lowering it. To obtain stoichiometrical barium titanate, the ratio
f Ba:Ti should be 1.1. The leaching of barium ions during processing can be limited by washing the powder with ammonia solution at pH10.2. A
aTiO3 ceramic (95.8% of the theoretic density) has been fabricated by sintering the powders at 1250 ◦C for 2 h.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

The extensive application of barium titanate (BaTiO3) in the
eramic industry is based on the properties of its polymorphs.1,2

t temperatures higher than about 130 ◦C (Curie temperature),
aTiO3 exists in the cubic perovskite structure. In this crys-

al structure, the Ba2+ ions occupy the corners of the elementary
ell, the Ti4+ ions the volume centre and the O2− ions the surface
entre. Because of the high symmetry of the cubic phase barium
itanate exhibits paraelectricity and an isotropic dielectricity.
elow the Curie point, the crystal structure transforms from the
ubic phase to the distorted tetragonal structure with a displace-
ent of the centres of positive and negative charges within the

ublattice. As a result, a dipole moment parallel to one of the
ubic axes of the original phase arises. Such generated sponta-

eous polarization in the tetragonal structure is the origin of its
erroelectric and piezoelectric behaviour. Further reduction of
he temperature changes the structure of barium titanate into an
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apacitors

rthorhombic structure at about 5 ◦C and finally into the rhom-
ohedral structure at 90 ◦C. In fact, little study has been done
or the latter two low-temperature modifications of BaTiO3 and
lso no industrial application of them has been reported. Cubic
nd tetragonal BaTiO3 phases exhibit high dielectric constants.
he dielectric constant of barium titanate ceramic prepared from
ne powders varies from 1500 to 6000 at room temperature.3 As
dielectric material, BaTiO3 is mainly used for capacitors such
s multilayer ceramic capacitors (MLCCs)4 and integral capac-
tors in printed circuit boards (PCB).5 Its polarization below
urie point can be applied for the use in dynamic random access
emories (DRAM).6 Its piezoelectric properties enable its use

n transducers and actuators.7 BaTiO3 is also a semiconducting
nd a non-linear optic material when doped with other elements,
nd therefore can be used for resistors with positive temperature
oefficient of resistivity (PTCR),8 temperature–humidity-gas
ensors9 as well as electro-optic devices.10
The recent advances in electronic devices prepared from bar-
um titanate show the trend of continuous miniaturization and
mproved performance. For MLCCs, this means higher capac-
tance in smaller case sizes. The strategies taken for this are to

dx.doi.org/10.1016/j.jeurceramsoc.2007.01.002
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ncrease the number of active layers to 200–400 and to lower the
ielectric layer thickness below 2–3 �m.11 Important properties
f capacitors such as break down voltage and DC leakage are
ependent on the layer thickness, grain size and pore defects.
he effective dielectric layer is believed to be several, e.g.
t least 3–5, grains thick.12 To meet the market requirements
or miniaturization of MLCCs, therefore BaTiO3 powders with
anometer-sized particles, a large surface area as well as high
omogeneity are required to achieve good sinterability and fine
rained microstructure in sintered ceramics. For similar reasons,
anosized barium titanates are also thought to be ideal starting
owders for PCB, DRAM and other applications.

Conventionally, the BaTiO3 powder was prepared by the
olid-state reaction method through heating BaCO3 and TiO2
t temperatures as high as 1200 ◦C.13,14 To obtain fine BaTiO3
owders with high quality, many new synthesizing methods
ave been developed, including sol–gel method,15–17 Pechini
rocessing18–20 using a citric or oxalate complex as the precur-
or, hydrothermal synthesis21–23 and precipitation method from
queous solution. In the sol–gel process, BaTiO3 gels can be
btained by hydrolysing the metal alkoxide. The most advanta-
eous characteristics of this method are the high purity and the
xcellent control of the composition of the resulting powders.
o crystallize BaTiO3, however, the hydrolysis product should
ormally be calcined at temperatures above 500 ◦C. The expen-
ive raw materials and the low yield rate are the main hindrances
or the commercial application of this method. The advantage
f the Pechini process lies in the limitation of segregation of
arious metal ions, and is achieved by forming stable metal-
helate complexes with a stoichiometric Ba:Ti ratio of 1:1. The
yrolysis of the complexes often occurs at a temperature ranging
rom 500 to 1000 ◦C, which unavoidably results in aggregation
f BaTiO3 particles. In contrast to this, hydrothermal synthe-
is can lower the processing temperature to 100–250 ◦C. The
repared BaTiO3 powders with relative uniform particles also
howing narrow size distributions. However, the average particle
ize of most powders is larger than 100 nm. Using this method,
t is very difficult to prepare BaTiO3 with a specific surface area
arger than 30 m2/g (corresponding to an average particle size
f about 33 nm).

Preparation of BaTiO3 powders directly from aqueous solu-
ion by precipitation facilitates the process-control and the
roperty tailoring of the end-powder. Furthermore, it will make
he continuous large-scale production easier, compared to other
ynthesis routes. The precipitation of BaTiO3 upon addition of
titanium ester to an aqueous solution of a soluble barium salt

bove 80 ◦C was first reported by Flaschen.24 Using solvent
edia of controlled polarity, Kiss et al.25 synthesized high-

urity BaTiO3 from the triethanolamine chelate of tetraisopropyl
itanate at 80–90 ◦C. Recently, routes for synthesizing nano-
ized BaTiO3 from titanium alkoxide modified with, e.g. glacial
cetic acid26 or acetylacetone27 in alkaline solution have been
eveloped. Surfactants such as LAS28 and microbial-derived

urfactants29 were reported to be effective to limit the particle
rowth by precipitation of BaTiO3 from titanium isopropoxide
n aqueous solution. The resulted powders show a small parti-
le size (30–90 nm) and a larger surface area (60.5 m2/g). A lot
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f study on using cheap TiCl4 instead of titanium alkoxide for
ynthesizing BaTiO3 through coprecipitation method at temper-
tures of 80–100 ◦C has been done by groups of Nanni et al.,30–34

ee and co-workers35,36 and Matijevic and co-workers37. How-
ver, a Ba/Ti ratio higher than 1 and excess alkaline solution
or keeping pH > 14 should be satisfied for preparing particles
n nanosize (30–40 nm). As a result, the removing of ions like
a+ and Cl− from the powder by washing will become more
ifficult. The obtained surface area of powders is also less than
0 m2/g.30,32

Accompanying the decrease of particle size in nanometer
hrough lowering the processing temperature, the size effect
f BaTiO3

20,22,38–47 has attracted much attention. It was first
bserved that the dependence of the permittivity of BaTiO3 on
article size in nanometer range is different from that in micro-
eter range. Later the cubic BaTiO3 phase is found to be the sta-

le phase in the powder at room-temperature when the particle
ize is small enough. It is now generally agreed that the transition
emperature from cubic (paraelectric) phase to tetragonal (ferro-
lectric) phase, namely the Curie temperature is size-dependant
nd it will be lowered with decreasing the particle or the grain
ize. However, the explanations about the size effect are far
rom indisputable. The influence of OH− groups on the lattice
s already realized, which is related to the low-temperature
ynthesis routes.20,22,40 The critical particle size, at which the
ubic-tetragonal transition occurs, on one hand, is very difficult
o determine because of the small difference of the lattice con-
tants of both structures. On the other hand, its reported value
aries from case to case between 10 and 190 nm20,22,39–43,47

epending on the synthesis methods and it still lacks an accepted
ritical particle size value below which the cubic polymorph
f BaTiO3 is stabilized. Thus, much work has still to be done
o clarify the origin of this effect and to determine the decisive
actors, which influence the microstructure of BaTiO3.

In this paper, the precipitation process is chosen to synthe-
ize nanosized BaTiO3 powders. For optimizing the processing
arious parameters such as the concentration of Ba(OH)2 and
he ratio of Ba:Ti have been investigated. We have also studied
he influence of the leaching of barium ions during processing
n the thermal behavior of the prepared powders. Finally, the
aTiO3 pellets have been sintered and their dielectric properties
ave been determined.

. Experimental procedure

A 12.88 g Ba(OH)2·8H2O was dissolved in the mixture of iso-
ropanol and water by keeping the temperature of the oil bath at
20 ◦C. Tyzor TE (titanium bis(triethanolamine)diisopropoxide,
upont) with a given amount was slowly added to this solution
nder stirring. After its addition, the reaction was kept under
efluxing condition for 15 min to 6 h. N2 was used as a protect-
ng gas to avoid the absorbance of carbon dioxide from the air
tmosphere. The precipitate, after separated with a centrifuge at

000 rpm for 60 min, was washed with distilled water and dried
t 60 ◦C in a vacuum furnace. For surface modification, the sur-
actant with a concentration of 5 wt.% relative to BaTiO3 was
ixed with the Ba(OH)2 solution.
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Fig. 1. (a) XRD patterns (the inserted lines correspond to the JCPDS data of
75–212) and (b) BET specific surface area and crystallite size of BaTiO3 pow-
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In the experiment, the pH value was measured by a pH meter
pH 535, WTW) with an integrated temperature sensor. The crys-
alline phase of the powder was analyzed with a D500 model
iffractometer (Siemens, radiation Cu K�1) operating at 40 kV.
he crystallite size was calculated from Scherrer equation.48

he thermal behaviour of the samples was analyzed by thermo-
ravimetric analysis and differential thermal analysis (TG-DTA:
TA501, Baer). The structure and morphology of powders were
tudied with a high resolution transmission electron microscope
HRTEM: CM200 FEG, Philips). The specific surface areas of
he powders were characterized with a BET gas adsorption anal-
ser (ASAP 2400, Micrometrics). The particle size distribution
f the powder was determined using the method of dynamic
ight scattering (Mastersize 2000, Malvern). The linear shrink-
ge of pellet samples, which were cold isostatically pressed to a
imension of ca. Ø 5 mm × 5 mm under a pressure of 400 MPa
as measured with a differential dilatometer (Linseis). The pel-

et was heated to 1350 ◦C at a rate of 5 ◦C/min in air atmosphere.
amples for sintering were pellets with a dimension of about Ø
0 mm × 1 mm, which were formed under a cold isostatic pres-
ure of 400 MPa. The green body was heated to 1100–1300 ◦C at
0 ◦C/min and soaked for 0.5–4 h. The bulk density of the sinter-
ng ceramic was measured by the Archimedes method with water
s the immersing medium. The surface of the polished sintered
amples was investigated with the scanning electron microscope
JSM 6400F, JEOL) using 10 kV accelerating voltage. For the
hemical analysis, the mixture of about 50 mg powder samples,
g lithium tetraborate and 2 g lithium metaborate were melted
t 1000 ◦C for 1 h. One hundred milligrams of the solidified melt
ere dissolved in 3 ml concentrated HNO3 acid at 100 ◦C. The
btained solution was diluted with distilled water and analyzed
sing atomic emission spectroscopy with inductively coupled
lasma (ICP-AES) for determination of barium and titanium.
ielectric constants and losses were determined with a preci-

ion LCR meter (4284 A, Agilent Technologies) at frequencies
etween 20 and 106 Hz. With the experimental set-up capaci-
ances were measured and dielectric constants were calculated
rom the capacitance data via the equation C = (ε0εrA)/t with

the capacitance, ε0 the dielectric constant of the free space
8.854 × 10−12 F/m), A the area of the dielectric, t the thickness
nd εr is the dielectric constant of the sample. Dielectric losses
ould be measured directly using the LCR meter.

. Results

.1. Effects of the refluxing time

A 1.5 M Ba(OH)2 water/isopropanol (volume 50:50) solu-
ion reacted with stoichiometrical Tyzor TE under refluxing
onditions. The precipitate samples at different refluxing time
ere characterized with the X-ray diffractometer to analyze

heir phase composition. The XRD patterns in Fig. 1a show
hat BaTiO3 is well-crystallized in the sample under refluxing

onditions within 0.25 h. BaCO3 as a second phase can also be
iscerned. No obvious change can be observed through extend-
ng the refluxing time from 0.25 to 6 h. As the whole reaction
as carried out using N2 gas as the protecting gas, the formation

t
v
B
a

ers synthesized by refluxing for 0.25–6 h: 0.15 M Ba(OH)2, volume ratio of
sopropanol/aqueous solution = 0.5.

f the impurity of BaCO3 indicates the necessity of degassing
he starting solutions for minimizing the amount of BaCO3. The
rystallite size of BaTiO3 was calculated from (1 1 0) peak of the
orresponding XRD pattern using Scherrer equation. The results
re given in Fig. 1b. Although, the change of the crystallite size
ith extending the refluxing time is small, an increasing trend

an still be found. This means, the BaTiO3 crystallite grows with
ncreasing refluxing time. The BET specific surface area of the
aTiO3 powder decreases first and becomes then constant with
n increase in refluxing time. It is reported25 that the extension of
he reaction time to 1 h is beneficial to obtain products containing
ess free titanium dioxide. Here, the results show that a longer
eaction time has no positive influence on the crystallization,
he crystallite size and the surface area. One hour is therefore
etermined as the refluxing time for further experiments.

.2. Effects of the concentration of the Ba(OH)2 solution

Ba(OH)2 as the starting material also influences the pH value
f the solution. Controlling its concentration is therefore impor-

ant for precipitation of the BaTiO3 which depends on the pH
alue.49 The concentration referred here is the concentration of
a(OH)2 in water, although an equal volume of isopropanol is
lso used as the solvent. BaTiO3 powders were processed at
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Fig. 2. Dependence of (a) BET specific surface and crystallite size (d ) and
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b) average particle size (daver) and daver/dcrys on the concentration of Ba(OH)2

queous solution. Refluxing time: 1 h, volume ratio of isopropanol/aqueous
olution = 0.5.

efluxing conditions for 1 h in solutions that contained varying
a(OH)2 concentration from 0.15 to 0.7 M.

In the examined concentration range, the prepared powders
onsist of BaTiO3 and a small amount of BaCO3. The crystal-
ite size (dcrys) of BaTiO3 is decreased from 24.5 to 18.2 nm
s the concentration of the Ba(OH)2 is increased up to 0.4 M.
t changes little with a further increase in concentration of
a(OH)2 (Fig. 2a). On the other hand, the BET specific surface
rea of the powder increases gradually to 38.8 m2/g with increas-
ng the Ba(OH)2 concentration to 0.4 M and then decreases
apidly at higher concentrations.

The average particle size of the powder (daver, nm) is calcu-
ated according to the formula:

aver = 6000

ρ × S
(1)

here ρ is the measured density of the powder (g/cm3) and S
s the BET specific surface area (m2/g). The difference between
aver and dcrys qualitatively reflects the agglomeration and aggre-
ation degree of the powder. In this work, daver/dcrys is calculated

nd used as an agglomeration and aggregation index. The larger
he value of the index, the more severe the agglomeration and
ggregation of particles is. From Fig. 2b, we can see that the
verage particle size reaches the minimal value of 32.5 nm as

1
c
0
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amic Society 27 (2007) 3149–3159

he concentration is increased from 0.15 to 0.4 M. From 0.5 M,
t increases linearly with the concentration and becomes larger
han 100 nm at 0.7 M. Compared to this, the daver/dcrys ratio
lways increases with an increase in concentration. It increases
rst slowly in the range of 0.14–0.4 M and then rapidly between
.5 and 0.7 M. It can be drawn that the agglomeration and aggre-
ation of the BaTiO3 particles at higher concentrations is more
evere than at low concentrations.

It was reported by Testino et al.33 that the mean crystallite
ize and the mean particle size of BaTiO3 also decreases with
ncreasing concentration of BaCl2 and TiCl4 solutions in the
ange of 0.035–0.070 M. A secondary nucleation of BaTiO3 on
he surface of TiO2 as the formation mechanism was proposed.34

o avoid this possible secondary nucleation, the Tyzor TE
as added in the Ba(OH)2 solution at the refluxing condition.
ccording to the literature,39 BaTiO3 can exist in the solution,
rovided that pH is appropriately chosen. Because of the most
ossible coprecipitation of the BaTiO3 in our case the nucleation
f BaTiO3 from the solution can be regarded as a homogeneous
rocess. At a low barium hydroxide concentration, less nuclei
an be formed in the solution, and they can easily grow to be
arge crystallites. As the concentration is increased, the forma-
ion of more nuclei in very short time exhausted the solution
apidly with respect to barium titanate. The transport of solute
rom the bulk solution to the crystal surface will be more diffi-
ult and the particle growth is limited. When the concentration
s further increased to a definite value, the rate of nucleation will
e limited by collision of molecules by diffusion. The concentra-
ion of the solute is then somewhat higher, which becomes again
avourable to the particle growth. Because of the balance of the
ucleation and growth, the crystallite size of BaTiO3 remains
lmost unchanged between 0.4 and 0.7 M.

The decrease in primary size of the particle and the increase
n particle number with increasing concentration at the low
oncentration range of 0.15–0.4 M lead to a stronger electro-
tatic attraction between particles at a higher concentration. As a
esult, the agglomeration and aggregation degree increases with
he concentration. It is well-known that there exists an elec-
ric double layer which counteracts that attraction around the
article. The thickness of this layer can be greatly decreased
y increasing the ion intensity of the solution. After this layer
s depleted at a given counter-ion concentration, the agglom-
ration and aggregation degree increases substantially. That is
hy the agglomeration and aggregation of BaTiO3 particles

ncreases rapidly at higher concentrations. The combining effect
f Ba(OH)2 concentration on the particle size and the aggrega-
ion of particles results in an optimal concentration of Ba(OH)2
t 0.4 M for obtaining BaTiO3 powders with a larger surface area.

.3. Effects of the isopropanol concentration

The effects of the isopropanol concentration in solution were
xamined by processing powders under refluxing conditions for

h in solutions that contained 0.4 M Ba(OH)2. The volume con-
entration of isopropanol Visop/(Visop + VH2O) was varied from
to 0.8. A higher value will lead to the difficulty in dissolution
f Ba(OH)2.
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Fig. 3. (a) BET specific surface and crystallite size and (b) average particle size
and d /d of BaTiO powders synthesized with different volume ratios of
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sopropanol to aqueous solution: 0.4 M Ba(OH)2, refluxing time of 1 h.

The import of isopropanol in water does not change the
hase composition of the powder, but it influences the crystal-
ite size and the BET specific surface area of BaTiO3 (Fig. 3a).
he crystallite size decreases while the specific surface area
f the prepared powder increases through increasing the iso-
ropanol concentration up to 0.5. A higher volume percentage
f isopropanol in solution than that of water cannot increase the
pecific surface area of the powder any more but results in a
radual increase in crystallite size.

The dependence of the average particle size (daver) and the
gglomeration and aggregation index daver/dcrys on the iso-
ropanol concentration is shown in Fig. 3b. The average particle
ize of the powder decreases rapidly from 159 to 32.5 nm by
ncreasing the isopropanol concentration from 0 to 0.5 and keeps
hen almost unchanged while the daver/dcrys is lowered from 4.6
o 1.3 in the concentration range of 0–0.8.

As described in above, the addition of isopropanol in water
ecreasing the polarity of the solution shows its effect in low-
ring the agglomeration and aggregation degree of particles,
ecreasing the average particle size and the crystallite size as

ell as increasing the specific surface area. However, a high iso-
ropanol concentration of more than 0.5 will cause an increase
n crystallite size and a decrease in specific surface area.
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The decrease in polarity of the medium by increas-
ng the amount of isopropanol can lower the solubility of
aTiO3 because that increasing deviations in polarity between

he medium and BaTiO3 will make solubility increasingly
ifficult.25 The resulting higher supersaturation of BaTiO3 under
efluxing conditions leads to a smaller critical size and a larger
ucleation rate which limits the particle growth. The decrease in
rimary size with increasing isopropanol volume in the solution
s therefore understandable. An increase in crystallite size from
isop/(Visop + VH2O) = 0.6 is probably due to the low solubility
f Ba(OH)2 in isopropanol. The insolvable part of Ba(OH)2 may
ecrease the supersaturation of BaTiO3 and contributes to the
rowth of the BaTiO3 nuclei by direct contact with the particle
urface.

With increasing isopropanol concentration, more isopropanol
olecules will be adsorbed on the surface of the BaTiO3. The

esulted increase in hydrophobicity of the particles can lower
he attracting force and contribute to a lower agglomeration and
ggregation degree. For this reason, the average particle size
oes not increase at high isopropanol concentrations although
he crystallite size increases. The increased specific surface
rea at low isopropanol concentrations can be attributed to the
ecrease in particle size.

.4. Effects of the molar ratio of Ba:Ti in solution

The powders were processed by varying the initial ratio of
arium to titanium in solution from 0.8 to 1.2. The solvents
sed are isopropanol purged by N2 and boiled water for min-
mizing the CO2 concentration in the solution. The obtained
owders were washed with distilled water four to six times until
he conductivity of the suspension is less than 100 �S/cm.

The XRD patterns of the powders (Fig. 4a) indicate all pow-
ers consist of the cubic BaTiO3 phase, independent of the initial
a:Ti ratio. No trace of BaCO3 can be found.

The BET specific surface area of the powder decreases while
he crystallite size increases linearly with the initial ratio of Ba:Ti
n solution (Fig. 4b). The well-washed powder at Ba:Ti = 1.0 has
specific surface area of 55.6 m2/g, compared with that of the

s-prepared powder with a value of 39.8 m2/g.
The molar ratio of barium to titanium in the powder product

hat resulted from the initial molar ratio of Ba:Ti in the reac-
ion solution is shown in Fig. 4c. If the powder stoichiometries
irectly reflected the initial solution composition, the exper-
mental data in Fig. 4c would follow the straight line y = x
hown in the figure. However, the overall powder stoichiometry
eviated from the initial solution composition. Excess barium
ydroxide with an initial Ba:Ti ratio of about 1.1 is necessary
o obtain the stoichiometric BaTiO3 powder. On the one hand,
arium-deficiency is found in the powder when its initial Ba:Ti
atio is less than 1.1. On the other hand, the excess of barium
ons in the powder cannot be completely washed out as the
nitial ratio is larger than 1.1. The dependence of the agglom-
s also presented in Fig. 4c. The value of daver/dcrys varies in
he range of 1.05–1.35, which shows a relative low aggrega-
ion between particles. Although, the high Ba:Ti ratio causes
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Fig. 4. (a) XRD patterns, (b) BET specific surface and crystallite size and (c)
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sopropanol/aqueous solution = 0.5.

he growth of the crystallite (Fig. 4b), it does not result in the
article aggregation.

According to Fig. 4a, it seems that the initial Ba:Ti ratio does
ot influence the phase composition of the powder even the pow-
er stoichiometries deviate from the initial solution composition.
owever, the effects of the composition deviation on the pow-
ers can be detected after their being calcined at 1000 ◦C for 2 h.

he XRD spectra of the calcined powders are shown in Fig. 5. At
a:Ti = 0.8, the calcined powder consists of tetragonal BaTiO3
nd BaTi2O5. Obviously, the latter is formed through reacting
aTiO3 with excess titanium in the powder at high tempera-
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ig. 5. XRD diagrams of powders calcined at 1000 ◦C for 2 h, which were
ynthesized with different Ba:Ti ratio.

ures. At Ba:Ti = 1.2, the barium-rich titanate phase of Ba2TiO4
s found in the calcined powder besides tetragonal BaTiO3. From
.9 to 1.1, the calcined powders consist of the BaTiO3 phase.

The above results clearly show the negative effect on the
urity of the powder when excess barium or titanium is used for
reparing barium titanate. In the as-prepared powder, the excess
itanium at low Ba:Ti ratios exists as amorphous TiO2 phase
hile at high Ba:Ti ratios some of the excess barium ions can be

dsorbed on the surface of the BaTiO3 particle (part of excess
arium is eliminated by washing, see Fig. 4c). The amorphous
hase, when its amount in powder is low, cannot be detected by
he ordinary XRD. Thus, we cannot observe any change in phase
omposition of the as-prepared powder with increasing the Ba:Ti
atio. It should be pointed out that the amorphous titanium oxide
n the Ti-rich samples, normally with a high specific surface area
ill contributes to their large specific surface area (Fig. 4b).
The tetragonal BaTiO3 phase in the powder is characterized

y the splitting of the peaks of (2 2 0) and (2 0 2) at 45◦. The
nfluence of the Ba:Ti ratio on the tetragonality of BaTiO3 can
lso be reflected from Fig. 5. In the samples with a lower Ba:Ti
atio, the tetragonality is so low that the splitting of these two
eaks is still not obvious. The higher tetragonality can neverthe-
ess be easily found from the well-splitted peaks in the Ba-rich
owders.

.5. Effects of the leaching of barium from barium titanate

The leaching of barium from barium titanate in water is found
o be dependent on pH and to increase with decreasing pH.50,51

o investigate the effects of barium dissolution in water the
aTiO3 powders prepared with a initial Ba:Ti ratio of 1.0 were
ashed with acetic acid to pH 6.5, with deionised water to pH
.6 and with ammonia solution to pH 10.2, respectively. The
hermal behaviours of these powders were analyzed using TG-

TA with a heating rate of 10 ◦C/min (Fig. 6). The DTA-curves

n Fig. 6a show an endothermic region from 100 to 200 ◦C and
n exothermic stage from 300 to 400 ◦C, which correspond to
he dehydroxylation, the decomposition and combustion of the
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ig. 6. (a) DTA and (b) TG diagrams of powders washed with different medium;
a:Ti = 1.0.

emaining organic species in the powder, respectively. An obvi-
us difference among the three samples lies at 1310 ◦C, where
small endothermic peak appears in the powder washed with
ater while no peak in the powder washed with ammonia and
sharp endothermic peak in the powder washed with the acetic
cid (HOAc). The TG-curves (Fig. 6b) show a different weight-
oss profile between the HOAc-sample and the other two samples
t temperatures lower than 600 ◦C, which can be contributed to
he adsorption of the HOAc acid on the particle surface. No
bvious difference in weight-loss around 1310 ◦C can be found
n the three curves, which suggests that the endothermic peak in
he DTA-curve is due to the formation of a liquid phase. This
an be confirmed from the phase diagram of BaTiO3–TiO2,52

hich shows the occurrence of the liquid phase at 1332 ◦C when
he TiO2 mol% in the powder is more than 50%.

To further clarify the formation of the liquid phase above
310 ◦C in powders washed with water and acetic acid, the
owders calcined at 1000 ◦C were analyzed with X-ray diffrac-
ometer (Fig. 7). It can be seen that an impure phase of BaTi2O5
xists in the powder washed with acetic acid. Its traces can be

iscerned (near 2θ = 30◦) in the calcined powder washed with
ater. The calcined powder washed with ammonia consists nev-

rtheless of a single-phase BaTiO3.

T
t
t

ig. 7. XRD patterns of powders calcined at 1000 ◦C in dependence on the
ashing medium; Ba:Ti = 1.0.

It is well known that the surface of BaTiO3 particle is rich of
itanium dioxide at low pHs because of the barium dissolution.
aTi2O5 is thus formed through the reaction between BaTiO3
nd TiO2 at temperatures above 1000 ◦C.

Washing the powder with the acetic acid has been used
o remove BaCO3 from BaTiO3.30,53 Acid cleaning the com-

ercial powders could decrease the BaCO3 content, and was
herefore useful for limiting the abnormal grain growth.54 How-
ver, it could not completely remove BaCO3 from the powder.
his means, the beneficial effect for sintering of acid clean-

ng was achieved through decreasing the impure content of the
owder. The severe leaching of barium by acid washing in our
ase results in formation of the undesired BaTi2O5 phase at
igh temperatures. This impurity can promote the formation of
liquid phase, which will lead to the abnormal grain growth.
mmonia is effective to limit the leaching of barium from bar-

um titanate powders and is therefore more suitable for cleaning
f the synthesized powders.

.6. Properties of the powder

The BaTiO3 powder prepared with a Ba:Ti ratio of 1.0 and
ashed with the ammonia solution to pH 10.2 was observed
nder HRTEM. Its diffraction and contrast image (Fig. 8a) shows
hat the particles are agglomerated and aggregated with a size
arying from 5 to 25 nm. Some particles show a clearly dis-
inctive cubic habit. In the structure image, Fig. 8b two single
articles can be seen. The right particle nevertheless results from
he coalescence of two cubic formed particles which fused with

utually aligned lattice planes. The structure Fig. 8c shows the
ggregation of two particles, in which their lattice orientation is
ot completely aligned.

The particle size distribution of the BaTiO3 suspension
5 wt.%) after being ultrasonicated for 10 min is shown in Fig. 9.

he value of d10, d50 and d90 is 81, 137 and 239 nm, respec-

ively. As the primary particle size lies in the range of 5–25 nm,
he particles in the suspension are still agglomerated.
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temperature. Through fitting the curve, the relation between S
and T can be described as:

S = 78.45 − 0.065T (m2/g) (2)
Fig. 8. HRTEM micrograph of BaTiO3 powders with Ba:Ti = 1.0

The BET specific surface area of the powder, which is affected
y other parameters such as the addition speed of Tyzor TE to
he Ba(OH)2 solution and the synthesized amount varies in the
ange of 60–75 m2/g. The powder density of 4.50–5.10 g/cm3

s much less than its theoretic value (6.02 g/cm3). This can be

ttributed to the increase in OH percentage on the surface of the
aTiO3 nanoparticles with a crystallite size of 17–19 nm.

Fig. 10 indicates the dependence of the specific surface area
S) and the crystallite size (d) on the calcination temperature

ig. 9. Particle size distribution of the BaTiO3 suspension (5 wt.%, Ba:Ti = 1.0).
F
c

iffraction and contrast imaging and (b and c) structure imaging.

T). The specific surface area decreases linearly with increasing
ig. 10. Dependence of BET specific surface area and crystallite size on the
alcining temperature for 1 h (Ba:Ti = 1.0).
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the ceramic sintered at 1250 ◦C for 1 h at several frequencies
are shown in Fig. 13. The values of the dielectric constants
at room temperature vary between 3400 and 4200 depending
ig. 11. Dilatometry curve of BaTiO3 powder synthesized with the Ba:Ti ratio
f 1.0 and the heating rate of 5 ◦C/min.

The crystallite grows slowly up to 600 ◦C and then increases
ubstantially. The dependence of the crystallite size and temper-
ture can be fitted with the equation:

= 18.8 + A e[−(E/k(T+273.15))] (3)

here A = 9.37 × 104 nm, E = 1.60 × 10−19 J and k is the Boltz-
ann’s constant. We know in the powder the crystallite growth

s dependant on the mass transport rate. The mass transport can
e controlled either by surface diffusion along a surface when
articles are separated from each other, or by volume diffusion,
ither along the grain boundaries or through the lattice disloca-
ion if the particles contact with each other by formation of a
eck. The diffusion coefficient (D) is dependent on the temper-
ture (T). According to Arrhenius equation, there exists such a
elation between them:

= D0 e[−(ED/k(T+273.15)] (4)

here ED is the activation energy of diffusion and D0 is a
onstant. The curve of the crystallite size in Fig. 9 reflects
herefore a diffusion controlled growth process. E in Eq. (3)
an be defined as the activation energy of the particle growth
nd is 1 eV. At low temperatures, the slow particle growth is
ealized through evaporation–condensation. From 600 ◦C, the
rain-boundary diffusion is dominant after the neck formation
etween particles, and the particle growth becomes therefore
ast.

.7. Sintering of the powder

The shrinkage behaviour of the prepared BaTiO3 powder
Ba:Ti = 1.0, washed with ammonia solution) was investigated
y means of dilatometry. The cylindric sample with a diame-
er about 5 mm was formed at 400 MPa by isostatic pressing.
he green density of the powder pellet is 2.88 g/cm3 (47.8% of

he theoretic density). The linear shrinkage curve of the sample

s presented in Fig. 11. It can be seen that the sintering of the
ample begins at about 1000 ◦C and ends around 1300 ◦C.

In the temperature range of 1000 and 1300 ◦C, the pellets
ith a dimension of Ø 10.7 mm × 2.7 mm pressed isostatically

F
1
a

ig. 12. SEM micrograph of BaTiO3 ceramic sintered at 1250 ◦C for 1 h. The
ample was thermally etched at 1150 ◦C for 30 min.

t 400 MPa were sintered for 0.5 h. A sintered sample with 94.7%
f the theoretic density was obtained at 1250 ◦C. The ceramic
annot be further densified just by increasing the sintering tem-
erature. The optimal sintering duration at 1250 ◦C was found to
e 1–2 h. The ceramics with a high density of 5.77 g/cm3 (95.8%
f the theoretic density) is obtained at sintering at 1250 ◦C for
h.

The micrograph of the BaTiO3 sample sintered at 1250 ◦C
or 1 h is shown in Fig. 12. The grain size varied from 0.3 to
�m indicating an abnormal grain growth. Redispersing the
anoparticles to their primary size could be a possible way to
imit the abnormal grain growth of particles at high temperatures.

The temperature dependence of the dielectric properties of
ig. 13. Dielectric constants and dielectric losses of BaTiO3 ceramics sintered at
250 ◦C for 1 h depending on the temperature of measurement for measurements
t 10, 100 kHz and 1 MHz.
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n frequency. This is comparable to the results described in
iterature.3,55–57 Dielectric constants up to nearly 33,000 were
bserved near the Curie temperature of 120 ◦C. However, the
ielectric loss of the ceramics with values of 0.021–0.037 at
oom temperature is high.

. Conclusions

BaTiO3 particles with a size of 5–25 nm and a large specific
urface area of 60–75 m2/g have been prepared by coprecipitat-
ng of a titanium ester and a Ba(OH)2 solution under refluxing
onditions. The concentration of Ba(OH)2 affects the particle
ize and the surface area. A higher Ba(OH)2 concentration
ill lead to an increase in the agglomeration and aggregation
egree of the particles. The addition of isopropanol at the start-
ng solution for replacing water has been found to be effective
or increasing the surface area and lowering the particle size.
ts optimal concentration lies at the volume rate of water to
sopropanol = 1.0. When excess barium ions or amorphous tita-
ium oxide exist in the as-prepared powder, they could react
ith BaTiO3 at high temperatures, form undesired phases and

ffect the tetragonality of BaTiO3. The leaching of the barium
ons during processing at low pHs has also been found in the pre-
ared nanoscaled powders. It leads to the formation of BaTi2O5
round 1000 ◦C and promotes the formation of a liquid phase
round 1310 ◦C, which will be negative to the powder sinter-
ng. The barium ions can nevertheless be fixed in the powder by
ashing with ammonia solution to pH 10.2. The surface area of

he powder decreases linearly with increasing in calcining tem-
erature. The sintering of the samples begins around 1000 ◦C
nd a dense BaTiO3 ceramic (95.8% of the theoretic density)
as been obtained by sintering at 1250 ◦C for 2 h. The ceramic
ith a grain size of 0.3–2 �m exhibits a high dielectric constant
ut also a high dielectric loss.
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