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Abstract

Barium titanate submicrometric particles were synthesized at 180 8C in a closed PTFE-lined stainless steel reactor with continuous stirring.

Precursors used for titanium were Degussa P25 TiO2 or titanium isopropoxide (TIP). Barium hydroxide (Ba(OH)2) was added in a Ba/

Ti = 1.1 molar ratio and KOH was used as mineralizer. The obtained powders were characterized by XRD and Raman spectroscopy. Powders were

uniaxially pressed into discs and sintered at 1250 8C. The resulting microstructures were characterized by XRD, SEM, and Raman spectroscopy.

Electrical measurements were carried out in order to characterize the ferroelectric behavior. The Ti precursor determined the sample density and

grain size distribution and, consequently, the electrical response.
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1. Introduction

Barium titanate, a perovskite type oxide, is the most popular

ferroelectric material used in capacitors, piezoelectric and

positive temperature coefficient devices. It is known that its

ferroelectric behavior is associated with the displacement of Ti

from its body-centered position in the lattice that causes a change

in crystal symmetry, and that polycrystalline BaTiO3 ceramics

possess high dielectric constants when grains are bigger than

1 mm. However, the trend towards miniaturization and nanos-

tructured devices made it necessary to evaluate the electrical

response of barium titanate based on submicrometric and

nanometric grains. A great deal of research has been carried out

in order to determine the ultimate grain size that preserves this

property, which strongly depends on crystalline structure [1,2].

In large grain (10 mm) ceramics, ferroelectric domains form

to relieve the stress associated with the cubic to tetragonal

transformation [3,4]. In order to explain the influence of grain
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size on the ferroelectric response, it was proposed that the

dielectric constant of submicron (0.5–1 mm) grain-sized

devices decreases because of substantial untwinning of the

grains [5]. On the other hand, Clark et al. minimized the

dependence of tetragonality with particle size [3]. Based on

Raman studies, the authors showed that particles as small as

20 nm were tetragonal rather than cubic, contradicting the idea

of a ‘‘critical’’ particle o grain size for the occurrence of

asymmetry of TiO6 octahedra [3]. Nevertheless, several studies

based on X-ray diffraction also showed that the crystalline

structure tends to cubic symmetry with crystallite size

reduction. Recent reports showed that with decreasing grain

size, the crystal structure at room temperature becomes

progressively less tetragonal and the heat of the tetragonal to

cubic transition is gradually reduced [6].

Solvothermal synthesis is considered an ideal method for low-

cost production of ceramic powders at low temperatures, which

yields ultrafine single crystals without any need for grinding,

unlike many high-temperature techniques [7]. The key factors

governing the chemical reactions in solvothermal processes have

been recently reviewed by Demazeau [8]. Concerning the

hydrothermal synthesis of BaTiO3, the effects of temperature,

time, pH, precursors andBa/Ti ratiohave been intensively studied
d.
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Fig. 1. XRD patterns of samples BT-TIP and BT-TiO2 obtained by hydrother-

mal synthesis at 180 8C (assigned to BaTiO3 according to the JCPDS 79-2263

file).
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during the last years [9–20]. For instance, Clark et al. suggested

that amorphous titanic acid (H2TiO3) is an excellent precursor

even though extended heating at 180 8C is needed for reaction

completion [3]. Using TiO2 and Ti(OH)4, Chen and Chen found

that particle size and morphology are strongly influenced by the

Ti precursor [21]. They also observed morphology changes from

clusters to spheres or cubes with increasing temperature.

Titanium chloride (TiCl4) has also been employed [22,23] and

Komarneni and Katsuki recently used TiO2 in microwave-

assisted hydrothermal synthesis with very good results [24].

Barium precursors such as BaCl2 [22,25–29], Ba(OCOCH3)2

[29–31], Ba(NO3)2 [26,29,32], and Ba(OH)2 [3,21,33–37] have

been evaluated. Dutta et al. determined that the amount of

tetragonal content varies with the type of counterion in the order

I� > Br� > Cl� > CH3COO� > NO3
� > OH�, which coin-

cides with the solubility order of the barium salts at 100 8C.

Though the exact mechanism is not clear, the authors suggested

that the most soluble salts promote the dissolution of BaTiO3

perturbing the dissolution–recrystallization process [26].

In this work, BaTiO3 was synthesized by a hydrothermal

method with barium hydroxide and two sources of Ti: titanium

isopropoxide and titanium dioxide. The obtained powders were

pressed into discs and sintered resulting in samples with

retention of the submicrometric grain size as in the as

synthesized powders. Microstructural and electrical properties

of powders and sintered samples were characterized.

2. Materials and methods

An alcoholic dispersion of 8.3 mmol of TiO2 (Degussa P25)

was added to an aqueous solution of 9.1 mmol of

Ba(OH)2�8H2O (Ba/Ti = 1.1) inside a PTFE-lined stainless-

steel reactor. The pH was fixed at 14 by the addition of 100 ml

of a 1 M KOH aqueous solution. The same procedure was also

carried out using titanium isopropoxide (TIP) instead of TiO2.

Titanium isopropoxide (97%, Aldrich) was dissolved in

absolute ethanol and stabilized with anhydrous acetic acid

(Cicarelli, 99.5%); the Ba/Ti ratio was also equal to 1.1. The

closed reactor was heated at 180 8C, with constant stirring, in a

silicon oil bath. After 24 h, the heating was stopped and the

reactor was left to naturally cool to room temperature inside the

oil bath. The resulting dispersions were washed with acetic acid

in order to remove barium excess, possibly in the form of

hydroxide and carbonate [38]. After washing several times with

water, powders were left overnight at 60 8C for drying. Samples

obtained from TiO2 and TIP Ti-precursors will be referred to as

BT-TiO2 and BT-TIP, respectively.

The powders were characterized by X-ray diffraction (XRD,

PANalytical X’Pert) and scanning electron microscopy (FE-

SEM; Zeiss Supra 35). Powder patterns were registered under Cu

Ka radiation from 10 to 808 2u with a step of 0.028 2u and data

acquisition time of 0.5 s. In order to gain better resolution in the

44–478 2u range scans with 0.018 2u step size and acquisition

times of 5 s were carried out. Raman spectra were acquired at

room temperature with a Renishaw inVia microscope by means

of the 514 nm Ar-ion laser line (50 mW nominal power) with a

diffraction grating of 2400 lines/mm.
Afterwards, powders were uniaxially pressed into disks of

5 mm in diameter and 1 mm thick, approximately, and sintered

at 1250 8C in a Carbolite furnace (equipped with an Eurotherm

2404 controller) with heating and cooling rates of 5 8C/min.

The microstructural characterization of sintered and polished

samples was completed by scanning electron microscopy

(SEM; Jeol JSM-6460LV). The apparent density was measured

by the Archimedes method. The crystalline phases present were

assessed by XRD and Raman spectroscopy. In order to evaluate

the electrical properties, measurements of capacitance were

carried out at different temperatures with an HP 4284A

impedance analyzer in the 20 Hz to 1 MHz frequency range

using a Novocontrol BDS1200 sample cell. Polarization versus

electric field hysteresis loops were obtained in a silicone oil

bath at room temperature by applying an electric field of

sinusoidal waveform at a frequency of 50 Hz by means of a

modified Sawyer–Tower bridge.

3. Results and discussion

3.1. Powder characterization

The white powders found in the reactor after the syntheses

consist in BaTiO3 and are free from secondary or unreacted

phases as shown by the X-ray diffraction patterns in Fig. 1.

Independently of the Ti-source used, no traces of BaCO3, TiO2

or BaTiO-based phases (such as Ba6Ti17O40) were detected.

Regarding the crystalline structure, the cubic symmetry seems

to dominate the XRD patterns. This is in agreement with the

observations of Dutta and Gregg who demonstrated that using

Ba(OH)2 instead of BaCl2 as source of Ba reduces the

tetragonality of the final product [39]. On the other hand, it is

known that chlorine ions are very difficult to rinse off and

persist on the particles surface inhibiting densification during

sintering.



Fig. 2. Raman spectra of samples obtained by hydrothermal synthesis at

180 8C. Modes due to BaTiO3 (*) and anatase ($) are indicated.

Fig. 3. Illustrative representation of (a) the in situ and (b) the dissolution precipit

conditions (reproduced from Ref. [41]) including the agglomeration of particles o

H.A. Ávila et al. / Ceramics International 37 (2011) 2383–2390 2385
However, XRD is not as sensitive as to detect subtle

variations in the structure of small crystalline regions. In fact,

Raman spectroscopy led to different complementary conclu-

sions. The spectra in Fig. 2 show the presence of BaTiO3 in both

samples and, interestingly, the peaks at 639, 396 and 144 cm�1

observed in the spectrum of sample BT-TiO2 correspond to the

anatase phase of TiO2. This observation confirms that the

reaction between Ba(OH)2 and TiO2 was not complete after

24 h and, the fact that anatase was not revealed by XRD,

denotes that the unreacted TiO2 amount must be very low and

near the detection limit of the X-ray diffractometer. Traces of

barium phases, other than BaTiO3, were not detected neither by

XRD or Raman spectroscopy. Furthermore, the Raman spectra

in Fig. 2 clearly show the tetragonal distorsion of the BaTiO3

structure. As it was pointed out by Robins et al., the narrow

peaks at about 714 cm�1 and 308 cm�1 are specific to the

tetragonal phase [40]. It can be concluded that in the BT-TiO2

powder, both cubic and tetragonal phases of BaTiO3 coexist

along with traces of unreacted anatase.

The most accepted mechanisms for the hydrothermal or

solvothermal synthesis of BaTiO3 consist in the in situ
ation reaction mechanisms that lead to BaTiO3 under hydrothermal synthesis

r secondary nucleation stage.
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transformation and dissolution–precipitation processes [41].

The former implies the reaction between TiO2 and Ba ions or

soluble complexes to form a BaTiO3 layer through which

barium must diffuse until the TiO2 particle has completely

reacted. According to the dissolution–precipitation mechanism,

Ti–O bonds must be broken to form soluble Ti complexes that

readily react with barium species to form BaTiO3 [41]. Then,

when P25 TiO2 is used, there exists a homogeneous distribution

of 30–40 nm crystalline particles (70% anatase, 30% rutile)

well dispersed in the reaction medium since the beginning of

the synthesis. Upon heating, OH� ions promote the hydrolysis

of Ti–O bonds on the particles surface followed by Ba+2

migration into the TiO2 lattice and barium titanate crystal-

lization on the surface of TiO2 particles [39]. At a certain

thickness, the layer may constitute a barrier to the diffusion of

barium decreasing the BaTiO3 crystallization rate and leaving

unreacted anatase as detected by Raman spectroscopy and

shown in Fig. 2. In addition crystalline titanium dioxide reacts

slower than amorphous gels because of its lower solubility.

Fig. 3a, which is based in the scheme proposed in the

outstanding article by Eckert et al. [41], illustrates the

transformation via the in situ mechanism.

On the other hand, when the KOH solution is added to

titanium isopropoxide at room temperature, titanium hydroxide

or oxyhydroxide gels precipitate from the solution. Upon

heating, the gel is dispersed into primary particles such as

Ti(OH)4 or Ti(OH)6
2�, among others, which condense with

soluble Ba species in the medium. In this respect, Ba2+ and

BaOH+ have been suggested to be the most important species

for barium in aqueous media at pH > 12 [42,43]. The higher

reactivity of amorphous gels with respect to crystalline

particles, leads to the rapid nucleation and growth of BaTiO3

nuclei by means of dissolution–precipitation processes [3,41].

The scheme in Fig. 3b, as suggested by Eckert et al., illustrates

the dissolution–precipitation mechanism [41].

Park and Park proposed that in the final stage the reaction is

controlled by the solidification of aggregated particles [19].

However, Testino et al. had previously discarded the

aggregative mechanism. Instead, they proposed a secondary
Fig. 4. SEM image of BaTiO3 particles of a BT-TIP system synthesized at

130 8C showing how small particles aggregate into bigger particles.
nucleation process that explains the polycrystalline nature of

the final particles, with the number of crystallites per particle

increasing with the reaction time [43]. This gathering and

rearranging of nuclei, or secondary nucleation, is now

represented in Fig. 3a and b. A synthesis carried out at lower

temperature evidenced the occurrence of this stage in BaTiO3

formation. The image in Fig. 4, which corresponds to a SEM

image of BaTiO3 synthesized from titanium isopropoxide at

130 8C, shows how small particles agglomerate and solidificate

into big polycrystalline particles. Because the formation of

particles with narrow size distributions requires that the nuclei

form simultaneously and without subsequent nucleation of

smaller particles [44], there exists a compromise between

monodispersity and reaction completion. Longer reaction times

will lead to the formation of BaTiO3 without the presence of

anatase (when P25 is used) but will also lead to particle growth

and polydispersity via aggregation of small particles.

3.2. Microstructural properties of sintered samples

The powder XRD patterns of samples sintered at 1250 8C
shown in Fig. 5 demonstrate the sole presence of BaTiO3. As

observed in the XRD patterns of the as synthesized powders,

these difractograms seem closer to the cubic than to the

tetragonal phase. The inset in Fig. 5 shows that the diffraction

peak associated with the (2 0 0) plane has not splitted into the

(0 0 2) and (2 0 0) characteristic of tetragonal distorsion. It can

also be observed that the (0 0 2) and (2 0 0) peaks may not have

resolved due to the broadness of the peaks caused by the small

crystallite size.

Nevertheless, as it was pointed out before, XRD is not the

most appropriate technique to probe small crystalline regions.

The existence of a significant degree of tetragonality was

evidenced by micro-Raman spectroscopy. Two broad bands at
Fig. 5. XRD patterns of samples BT-TIP and BT-TiO2 sintered at 1250 8C
(assigned to BaTiO3 according to the JCPDS 79-2263 file). Inset shows the

profile of the diffraction corresponding to the (2 0 0) crystallographic plane of

the cubic phase.



Fig. 6. Raman spectra of samples sintered at 1250 8C.

H.A. Ávila et al. / Ceramics International 37 (2011) 2383–2390 2387
255 and 521 cm�1, one weak band at 715 cm�1 and a sharp

band at 309 cm�1 are clearly visible in the spectra of samples

BT-TIP and BT-TiO2 shown in Fig. 6. All the mentioned bands

have been assigned to the tetragonal phase and seen to fade on

heating above the Curie temperature of BaTiO3 (�120 8C) as

observed by several researchers [28,45,46]. Moreover, it was

suggested that the peak near 185 cm�1 is observed for single-

domain single-crystals of tetragonal BaTiO3 [5]. The low

intensity band at 650 cm�1 has been suggested to occur in small

particle size samples or with a high density of grain boundaries

such as in nanostructured polycrystalline films [45]. Other

features in the spectra, relevant to phase identification, include a

low intensity peak at 882 cm�1, which has been rarely reported

and has been assigned to a second order band of the mode at

440 cm�1 observed in SrTiO3 [47,48]. The condition under

which this mode appears is not clear.

A shoulder superimposed to the 521 cm�1 band at

490 cm�1, usually assigned to rhombohedral and orthorhombic

phases, can also be observed in Fig. 6 [45]. However, the

positive intensity peak at 193–195 cm�1, which would be

indicative of the presence of orthorhombic phase, is not visible

in the spectra of Fig. 6 [5]. In this case, as well as observed by

Frey and Payne, Raman spectroscopy showed the occurrence of

tetragonal distorsion in BaTiO3 sintered samples apparently

cubic according to XRD analyses [5].

The SEM images of sintered samples shown in Fig. 7 reveal

the retention of the submicrometric grain size after thermal

treatment and, therefore, the high density of grain boundaries as

expected from Raman spectroscopy analysis. Both samples

show porous microstructures with densities of 83% and 90% for
Fig. 7. SEM images and respective grain size distributions and cumulative curves for BT-TIP (a,c) and BT-TiO2 (b,d) samples sintered at 1250 8C.



Fig. 8. Curves of the real part of permittivity and loss tangent versus temperature measured at 1 kHz (a; b) and of the same parameters as function of frequency at

room temperature (c; d).

Fig. 9. Hysteresis loops of sintered samples at room temperature. Measuring

conditions: ac field, electric field of 24 kV/cm and frequency of 50 Hz.
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BT-TIP and BT-TiO2, respectively. The relatively low sintering

temperature led to low density values. However, at tempera-

tures above 1250 8C the microstructure was severely damaged

due to the formation of a liquid phase. From the histograms

shown in the same figure, almost the same average particle size

was determined for both samples; 0.40 mm for BT-TIP and

0.39 mm for BT-TiO2. However, sample BT-TiO2 showed a

narrower size distribution with a lower dispersion than that of

the BT-TIP sample.

3.3. Electrical properties of sintered samples

The BT-TIP sample showed a Curie–Weiss temperature Tc

slightly higher than the BT-TiO2 sample as seen in Fig. 8a,

which shows the variation of the real permittivity with

temperature. Interestingly, the permittivity curve for sample

BT-TiO2 is much broader than that for sample BT-TIP. Fig. 8b

shows that both samples displayed low loss tangents with

maximum losses around the Tc.

The real permittivity (Fig. 8c) showed higher values and lower

losses (Fig. 8d) in the whole frequency range for sample BT-

TiO2. This sample showed a slightly higher permittivity value

(er = 1050 at 1 kHz) than the BT-TIP sample (er = 950 at 1 kHz).

Many studies have been carried out in order to determine the

influence of the grain size on the dielectric properties of BaTiO3

[2,49,50]. The general conclusion is that the dielectric constant

decreases as the grain size is reduced from 10 mm to 1 mm [50].

However, if the grain size is further reduced (1 mm to 50 nm), the

permittivity decreases significantly [2]. That is the reason for

the low permittivity values measured for these samples. The

influence of sample density on the permittivity is another

parameter to be considered [51,52]. In fact, the introduction of

nanopores in the microstructure of BaTiO3 ceramics is an

effective way to manipulate the dielectric constant especially in

pyroelectric and piezoelectric applications where low dielectric
constants are required [51]. Since the dielectric permittivity tends

to decrease with increasing porosity, although the values

measured for both samples are quite similar, the lower density

of sample BT-TIP is responsible for the lower permittivity with

respect to sample BT-TiO2.

These results, specially the curves in Fig. 8a which show the

symmetry change, confirm the existence of the ferroelectric

tetragonal phase in both samples as predicted by Raman

spectroscopy. This is in agreement with several reports that

refuse the long accepted claim that the ferroelectric transfor-

mation is lost for grain sizes below 1 mm [3,5].

The studied samples exhibited ferroelectric behavior due to

spontaneous polarization under an external strong electric field.

Hysteresis loops of BT-TIP and BT-TiO2 ceramics at room

temperature under an ac electric field of Ep = 24 kV/cm at

50 Hz are shown in Fig. 9. The BT-TIP sample showed a

remnant polarization (Pr) of 1.73 mC/cm2, a higher value than
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that measured for the BT-TiO2 sample of 1.64 mC/cm2. This is

in agreement with the higher content of large grains (0.85 mm)

and tetragonal structure of the BT-TIP sample, because a

significant feature regarding the microstructures of ferroelectric

ceramics is that larger ceramic grains typically contain larger

and stable domains [53]. On the other hand, the higher

saturation values (Ps) showed by the BT-TiO2 sample (9.1 mC/

cm2) with respect to the 6.4 mC/cm2 for the BT-TIP sample, can

be attributed to the higher density or lower porosity content in

this sample, which correlates with the permittivity curves in

Fig. 8a and c.

4. Conclusions

Submicrometric BaTiO3 particles were obtained by hydro-

thermal synthesis at 180 8C using titanium isopropoxide (BT-

TIP) or titanium dioxide (BT-TiO2), and barium hydroxide as

precursors. Raman spectroscopy confirmed the crystallization

in the tetragonal phase. Uniaxially pressed powders were

sintered at 1250 8C retaining the submicrometric grain size.

Samples showed ferroelectric behavior and tetragonal to cubic

transition temperatures between 120 and 123 8C. The lower

dielectric constant and the higher remnant polarization

measured for sample BT-TIP are associated with the higher

porosity and higher tetragonallity, respectively, with respect to

the BT-TiO2 sample. The source of titanium selected for the

synthesis determined the microstructural properties of the

sintered samples and, consequently, the electrical response.
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