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� Akadémiai Kiadó, Budapest, Hungary 2010

Abstract In this article, mechanochemical synthesis of

barium titanate from different raw materials was studied.

The prepared nanodispersed powders were investigated by

means of XRD, DTA-TG, DSC, FTIR, Raman, UV–VIS,

ESR spectroscopy, and low-temperature adsorption of

nitrogen. Barium titanate possessing high specific surface

area was produced directly during dry milling from the

mixtures of barium oxides and titanium dioxide low-tem-

perature forms (amorphous and anatase).

Keywords Cubic and tetragonal barium titanate �
Mechanochemical synthesis � Phase transitions �
–OH defects

Introduction

Barium titanate, BaTiO3 (BT), is one of the most prevalent

and popular electroceramic materials. It is used in the

preparation of multilayer capacitors, thermistors, sensitive

elements of gas and water vapour sensors, catalyst sup-

ports, and photocatalysts [1–5]. Its preparation at low

temperature in the nanocrystalline powder form, possessing

higher specific surface area S, is of great interest. Mecha-

nochemical treatment (MChT) is one of the most promising

methods used for this purpose. However, only a few works

are devoted to address mechanochemical synthesis (MChS)

of BT [6–8] and therefore this process has been insuffi-

ciently studied. Besides, the presence of defects in the BT

structure is also important for its application. These

structure defects increase catalytic (including photocata-

lytic) and adsorption activities of BT. On the contrary,

availability of the surface –OH groups or oxygen vacancy

strongly impairs ferroelectric properties of BT.

The aim of this study is to synthesize BT in the nan-

odispersed state and investigate some of its structure

characteristics.

Experimental procedure

Mechanochemical synthesis of barium titanate was carried

out in the planetary ball mill Pulverisette 6 (Fritsch Gmbh)

in air atmosphere for 2–10 h. The amount of milled reagent

or mixture of reagents was equal to 10 g. Ten silicon

nitride balls with a diameter of 15 mm (total mass was

130 g) and the silicon nitride vessel (250 mL) were used.

Two pathways of mechanochemical BT preparation

were used: MChT of barium titanyl oxalate (BTO) pro-

duced by ‘‘Ferro’’ company and milling of the mixture of

barium and titanium oxides. In the latter case, different

compounds of titanium oxide with the specific surface area

S = 4–360 m2 g-1 were used: anatase, rutile, brookite, and

their mixtures, metatitanic acid, and amorphous oxide. For

comparison, BT powders were also synthesized via

hydrothermal (HTT) and microwave (MWT) treatments.

HTT was carried out in 45-mL steel autoclaves at 250 �C

and under autogeneous pressure for 5 h. For MWT, a high-

pressure reactor ‘‘NANO 2000’’ (Plazmatronika, Poland)

with power of 650 W was used. The experimental condi-

tions used in this case are as follows: the treatment tem-

perature, 250 �C; pressure, 4.5 MPa; and time, 0.5 h. Then,
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all kinds of treatment products were calcined in air at 300–

800 �C for 2 h.

The phase composition (XRD) of the obtained samples

was determined with a PW 1830 diffractometer (Philips)

using CuKa radiation. Thermogravimetric analysis was

performed using Derivatograph-C (MOM, Budapest) in air

with the heating rate of 10 �C/min in the temperature range

of 20–800 �C (sample weight, 50 mg). The FTIR spectra in

the range of 4000–450 cm-1 were registered using Perkin-

Elmer spectrometer ‘‘Spectrum One’’ (pellets with KBr

with the mass ratio sample/KBr = 1:20). The specific

surface area S was calculated using the BET method from

the adsorption–desorption isotherms of nitrogen (‘‘NOVA-

1200’’, Quantochrome Instruments). DSC measurements

were performed using the thermal analysis system (Dif-

ferential Scanning Calorimeter, Perkin-Elmer Instruments

PYRIS Diamond) at the heating and cooling rate of 50 �C/

min from 0 up to 200 �C. The Raman spectra were recor-

ded using RENISHAW Raman Microscope equipped with

microscope optical functions. The excited laser line is

514 nm of Ar laser. The electron spectra of the samples

were obtained using a UV–VIS SPECORD M 40 spec-

trometer (Standard, MgO). Electron spin resonance (ESR)

was performed using a Bruker ESP 300 spectrometer

operating at X-band frequency and 100 kHz field

modulation.

Results and discussion

In accordance with XRD data, it was established that after

2 h of MChT of BTO, the complete destruction of initial

compound crystalline structure takes place. Simultaneously,

the appearance of some reflexes of cubic BaTiO3 was

observed (diffractograms not shown). The increase of

treatment time up to 5–10 h insignificantly changes the

intensity of all reflexes on the diffractograms. The complete

absence of the reflex corresponding to (101) plane of cubic

BT (d = 0.284 nm) and some other reflexes of this com-

pound can be due to a defective structure of formed BT.

Post-annealing of this BT at 550 �C results in improvement

of its structure and appearance of all reflexes characteristic

of BaTiO3 with the intensities corresponding to those

reported in literature [9]. The XRD patterns of this sample

demonstrate no difference with the same BT prepared by

conventional thermodestruction of BTO at 800 �C.

The results of thermogravimetric analysis of BTO

samples are shown in Fig. 1a and b. The endothermal

effects concerned only with BTO thermodestruction are on

the DTA-TG curves of the initial sample. At the same time,

one can see that the course of DTA-TG curves for milled

BTO essentially differs from that for the initial sample.

Thus, the exothermal effect at 540 �C on the DTA curve of

milled samples can be related to crystallization of the

amorphous part of BT formed during MChT.

The FTIR spectra shown in Fig. 2 also confirm the

formation of BT after milling of BTO. As can be seen, the

spectrum of the product obtained by MChT for 5 h (Fig. 2,

curve b) differs drastically from that of the starting spec-

trum of BTO (Fig. 2, curve a): all absorption bands of BTO

(wide bands 560, 859, and 1056 cm-1) are absent in the

spectrum of the obtained product. At the same time, in the

spectrum of milled sample, the absorption bands charac-

teristic of BT, i.e., 488, 527, and 908 cm-1, are present

[10]. Thus, the results obtained from XRD, DTA-TG, and

FTIR spectroscopy can indicate the fact that part of

amorphous BT is present in the products of MChT of BTO.

MChT of mixtures of BaO with various modifications of

TiO2 also led to the formation of cubic BT in all cases;

however, if the brookite, rutile, or rutile–anatase mixtures

were used as the initial TiO2-containing compounds, the

presence of these oxides in the treated samples was also

observed (see, for example, Fig. 3, curve d and Table 1).

The use of anatase, amorphous TiO2, or anatase–brookite

mixture results in the formation of BT only (Fig. 3, curves

a–c, and Table 1).

BT that is formed during milling and following

annealing (up to 800 �C) is cubic. However, study of the
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samples prepared from the mixtures composed of barium

oxide and titanium dioxide (anatase and brookite) by

means of Raman spectroscopy indicates following.

Spectrum contains absorption bands corresponding

stretching modes 303 B1, E(LO ? TO), 517–520 E(TO),

A1(TO) and 717–722 E(LO), A1(LO) cm-1 (Fig. 4) which

are assigned to tetragonal BT [11, 12]. Thermal treatment

leads to diminution of the amount of cubic phase and

increasing of the tetragonal phase content. Appearance of a

wide band 245–248 cm-1 which correlates with the mode

TO of A1 symmetry is the confirmation of that tendency.

The bands *520 and 717 cm-1 appear in the spectra of

both cubic and tetragonal modifications. Thus, during

MChS, cubic BT with inclusion of tetragonal BT and lat-

tice defects namely, centers of local symmetry of tetrago-

nal phase is formed.

The XRD data indicate that cubic BT appeared as a

result of hydrothermal and microwave treatments of BaO

mixtures with different kinds of TiO2, which is in agree-

ment with literature data [13–15]. However, analogous to

the milled BT powders, Raman spectra of these samples

are composed of absorption bands assigned to both cubic

and tetragonal modifications. The XRD diffractograms and

Raman spectra of the samples prepared via HTT and MWT

are similar to those for milled BT and therefore are not

presented here.

It is known [10] that cubic BT is metastable at 25 �C.

The presence of defects, for example –OH groups, causes

its existence under such conditions. The DTA-TG (Fig. 5)

and FTIR (Fig. 6) data confirm this supposition. One can

see that on the DTA curve in the range of 400–600 �C

endothermal effect accompanied by mass loss equal to

1.8% w/w on the TG curve. This mass loss corresponds to

removal of surface and lattice –OH groups, which is in

agreement with literature data [12, 16].

The FTIR analysis of BT powders also shows, as a rule,

a broad resonance for the –OH stretching vibration in the

range of 3000–3600 cm-1. In the spectrum of the sample

prepared via milling of the samples produced using the

mixture containing TiO2 in the anatase and brookite forms,

a broad band with the maximum at 3490 cm-1 appears

(Fig. 6, curve a). It is assigned to the surface-adsorbed –

OH groups because of their adsorption on many surface

sites [17]. Annealing of such milled BT at 600–800 �C

results in disappearance of this band (Fig. 6, curves b, c).

At the same time, intensity of the band at 1447 cm-1

sharply decreases; however, it appears in the spectrum after

calcinations up to 800 �C. This band relates to the vibration

of CO3
2- groups [18] which are always contained in BT

synthesized in air and aqueous solutions as impurity. The

absorption band of CO3
2- groups is also present in the

Raman spectra (1059 cm-1). Therefore, annealing of BT

powders promotes elimination of the defects such as –OH

and CO3
2- groups.

Meantime, defects of different nature appear in the

temperature range of 400–600 �C due to dehydroxylation
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processes. Thus, the signal with g-factor equal to 1.96630

is registered in ESR of milled BT samples. Intensity of this

signal depends on temperature following the thermal

treatment: its value decreases for the samples annealed at

300–400 �C, rises after calcination at 600 �C, and again

diminishes for the samples calcined at 800 �C. Appearance

of ESR signal is obviously associated with formation of

Ti3?–oxygen vacancy pair [19]. Reduction of its intensity

can be related with relaxation of these defects.

It should be noted that parameters such as permittivity e
and band gap Eg presented in Table 2 change in coordi-

nation with the intensity of ESR signal. It is clear since the

value of e is very sensitive to availability of structure

defects in BT [1]. On the other hand, the value of band gap

calculated from the absorption edge k also varies. The

latter parameter was determined from the UV–VIS spectra

[20]. In accordance with these spectra, shift of absorption

edge toward the visible region is observed for the milled

and annealed samples at 400–600 �C which leads to nar-

rowing of band gap. At the same time, calcination at

800 �C accompanied by relaxation of defects results in

formation of BT powders possessing Eg approximate to

that for monocrystalline BT.

Origination of BT tetragonal directly on the milling

stage is also verified by DSC [12, 21, 22]. Phase transition

of BT tetragonal-cubic occurs at Curie temperature

Table 1 Properties of some BT powders prepared by MChT

Sample no. Treatment STiO/m2 g-1 PhCaT I101/I002 D101/nm S/m2 g-1 DS/nm

1 BTO thermodestruction (700) 0.1 BTO ? BT 100/31 15.7 6.8 147

2 BTO thermodestruction (800) BT 100/26 16.8 5.3 208

3 BTO MChT 5 h BT 0/100 – 23.1 43

4 BTO MChT 5 h ? annealing (550) BT 100/29 15.0 19.6 51

5 BTO MChT 5 h ? annealing (700) BT 100/31 16.5 17.5 57

6 BTO MChT 5 h ? annealing (800) BT 100/36 18.5 14.2 70

7 Mixture MChT 5 h, TiO2 = B ? A 54 BT 100/28 18.0 48.0 21

8 Mixture MChT 10 h, TiO2 = B ? A BT 100/32 13.2 49.0 20

9 Mixture MChT 5 h, TiO2 = A ? R 65 BT ? R 100/40 7.8 79.0 13

10 Mixture MChT 5 h, TiO2 = amorphous 380 BT 100/37 12.0 65.0 15

11 Mixture MChT 5 h, TiO2 = A 103 BT 100/36 15.1 45.0 22

STiO specific surface area of initial Ti-containing reagents, PhCaT phase composition of the samples after treatment, D101 crystallite size

calculated from XRD data, SBaTiO3 specific surface area of treatment products, DS effective particle size calculated from SBaTiO3, B brookite, A
anatase, R rutile
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(130 �C) for the sample obtained via milling of mixture

containing anatase and brookite (Fig. 7). The calculated

enthalpy DH of this transition equals to 3 mJ g-1. Mean-

while, DH = 550 mJ g-1 for monophase BT [12]. The

comparison of these values also indicates that only the

inclusions of tetragonal phase are formed in the stage of

milling.

The data presented in Table 1 show that the samples

prepared by MChT in both ways have the higher values of

specific surface area and simultaneously smaller size of

particles Ds and crystallites Dhkl than the sample obtained

as a result of conventional calcination (Table 1, sample no.

2). The increase of annealing temperature for the milled

samples causes lowering of specific surface area and par-

ticle dimensions (Table 1, samples nos. 4–6) but their

values remain much larger and smaller, respectively, than

for the sample prepared by the traditional solid-state

technique. At the same time, powders synthesized from

oxide mixtures possess the maximal specific surface area.

Some correlation between the values of specific surface

area of formed BT and the initial TiO2 is found. Besides,

the comparison of D101 and Ds indicates the weak aggre-

gation of crystallites in the case of milling of oxide

mixtures.

On the other hand, BT powders produced through HTT

and MWT possess relatively not large values of specific

surface area, namely, 10–20 m2 g-1 that can be explained

by hydrothermal conditions of recrystallization processes.

Conclusions

It is established that chemical interaction of barium and

titanium oxides with formation of nanocrystalline barium

titanate possessing high specific surface area takes place

during dry mechanochemical treatment of oxide mixtures.

Milled products represent cubic BT with inclusions of

tetragonal modification, which is proved by means of XRD,

Raman spectroscopy, and differential scanning calorimetry.

The presence of structure defects in the form of –OH and

CO3
2- groups and Ti3? ions which was studied by means of

DTA-TG, FTIR, UV–VIS, and ESR spectroscopy influences

on some important characteristics of prepared powders.
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Table 2 Some properties of the sample prepared by MChS from BaO

with TiO2 (anatase with brookite) and calcined at different temperatures

Temperature/�C

As received 300 400 500 600 700 800

S/m2 g-1 48 42 38 35 31 26 21

Eg/eV 2.70 2.87 2.79 – 2.75 2.80 2.93

e 11 18 20 16 12 21 29
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Fig. 7 DSC data of BT prepared via MChT of the mixture containing

anatase and brookite
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