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Abstract Bi;Ti;0;, (BTO) materials were prepared by the
sol-gel method via the acetic acid method (AAM) or the
ethylene glycol method (EGM). BTO powders prepared by
EGM are composed of the main phase without purity phases
when annealed at 650 °C. BTO powders prepared by AAM
are composed of the main phase without secondary phases
when annealed at 625 °C. BTO ceramics prepared by AAM
have denser microstructure and greater grain size than those
prepared by EGM. BTO ceramics prepared by two methods
exhibit well typical P-E loops for ferroelectrics. The rem-
nant polarization of BTO ceramics prepared by AAM is
greater than those prepared by EGM. And the coercive field
and dielectric loss of BTO ceramics prepared by AAM are
smaller than those prepared by EGM. BTO ceramics pre-
pared by AAM have better ferroelectric and dielectric
properties than those prepared by EGM.

1 Introduction

Lead-based ferroelectric materials, such as Pb(Zr, Ti)Os,
have been widely used as actuator, sensor, and transducer
due to their excellent ferroelectric and piezoelectric prop-
erties [1, 2]. However, it is generally accepted that lead is
hazardous to environments and human health [3-7].
Therefore, it is urgent to develop lead-free ferroelectric
materials with good dielectric and ferroelectric properties
[8-12]. The main lead-free materials are BiFeO5 [13, 14],
BaTiO; [15-18], (K, Na) NbOj [19, 20] and BiyTiz0;,
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[21-24] based materials. BiFeO5 based materials have high
Curie temperature and high Neel temperature. However,
high electric leakage in bulk BiFeO; based materials was
observed due to the existence of multivalent Fe ions and
oxygen vacancies [15]. BaTiO; based materials have low
Curie temperature (120 °C) and modest piezoelectric
properties which are greatly inferior to PZT [25-27]. And
dielectric properties of them undergo tremendous changes
around Curie temperature [28]. K Na,_,NbO; (KNN)
based materials have high Curie temperature and good
ferroelectric and piezoelectric properties. The main disad-
vantage of KNN based materials is low value of d;3. And
another disadvantage is difficulty in maintaining stoi-
chiometry due to high volatilization of Na and K, which
lead to the formation of impurity phases [29]. BisTi30,
based materials is one of the most promising ferroelectric
materials for their high dielectric constant, low sintering
temperature, significant ferroelectric properties and high
piezoelectric properties [30-32]. Peng [33] and Chen [34]
prepared BisTi; W 0sNbg 05012 ceramics by the solid-
state reaction method. Bokolia et al. [35] also prepared
Biy_Er,Ti30, (x = 0.0, 0.05, 0.1, 0.2 and 0.3) ceramics
by the conventional solid-state reaction method. Up to date,
Bi4Ti30,, ferroelectric materials were mainly prepared by
the solid-state reaction method. The conventional solid-
state reaction method has some disadvantages, such as
higher sintering temperature, longer sintering time, larger
grain size [36-38]. However, the sol-gel method has sev-
eral advantages such as the precise control of chemical
composition, better homogeneity, low processing temper-
ature, low cost, very fine particle sizes. [37-39]. Very few
literatures have reported on the synthesis of BisTi30,
materials via the sol-gel method. Furthermore, the resear-
ches about the influence of different solvents on the fer-
roelectric properties of BiyTi3O, materials are lacking. In
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this study, BisTi3O;, materials were prepared by the sol-
gel method via two methods (EGM and AAM). Impact of
different solvents on the phase constitution, microstruc-
tures, ferroelectric and dielectric properties of BiyTizOq,
materials systematically was investigated.

2 Experiment details

Bi4Ti30;, (BTO) materials were prepared by sol-gel
method using analytical reagent (AR) grade chemicals
(purity >99 %). The mole ratio of Bi** and Ti*" is 4.4:3.
10 mol% excess Bi is required to compensate for volatile
of Bi during annealing progress. Two methods to prepare
BTO materials were adopted via different solvents.

For the first method, the appropriate portions of Bismuth
nitrate pentahydrate (Bi (NOj3)3;-5H,0), was dissolved in
acetic acid, stirred at 60 °C for 30 min. Tetrabutyl titanate
((CsHy0),) was dissolved in ethylene glycol methyl ether.
Acetic acid was added to prevent the formation of pre-
cipitation. Two solutions were mixed and stirred at 45 °C
for 6 h to obtain a stable precursor sol of BTO. This
method was named the acetic acid method (AAM)
according to the solvent, acetic acid.

For the second method, the appropriate portions of Bi
(NO3)5-5H,0 was dissolved in ethylene glycol, stirred at
60 °C for 30 min. Tetrabutyl titanate (Ti (CsHoO)4) was
dissolved in ethylene glycol methyl ether. Acetic acid was
added to prevent the formation of precipitation. Two
solutions were mixed and stirred at 45 °C for 6 h to obtain
another stable precursor sol of BTO. This method was
named the ethylene glycol method (EGM).

The precursor sols of BTO prepared by above two
methods were annealed at different temperatures to
investigate the impact of annealing temperatures on phase
constitutions of BTO powders. Two precursor sols of BTO
prepared by the two methods were dried at 120 °C for 48 h
and ground to obtain two kinds of powders. The powders
were annealed at 650 °C to obtain pure two kinds of BTO
powders. The polyvinyl alcohol (the mass fraction is 3 %)
was then added to obtain two kinds of mixtures. Then the
two mixtures were ground evenly and compressed into two
kinds of flakes with thickness 1 mm and diameter 10 mm.
Lastly, the flakes were caked at 900 °C to obtain two kinds
of ceramic samples.

The thermal behavior of powders was explored by dif-
ferential scanning calorimetry and thermal gravimetric
analyzer (STA449F3, Netzsch, Germany). Phase constitu-
tions of the powders were characterized by X-ray diffrac-
tometer (XRD, D/MAX2500 V, Rigaku, Japan) with CuKa
radiation. The microstructures of BTO powders were
determined by transmission electron microscope (TEM,
HS800, Hitachi, Japan). The size distributions of particles
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were surveyed by laser particle size analyzer (MS-2000,
Malvern, Unite Kingdom). The Raman spectrum of the
powders was characterized by microscopic confocal laser
Raman spectrometer (HR Evolution, Horiba Jobin—Yvon,
France). The surface morphologies of BTO ceramics were
assessed by field emission scanning electron microscopy
(FE-SEM, SU8020, Hitachi, Japan). In order to measure
electric properties, BTO ceramic samples were polished
and painted with silver pastes on the two sides and then
fired at 600 °C for 10 min. BTO ceramic samples were
poled at a dc field of 40 kV/cm for 30 min. The ferro-
electric hysteresis loops of the samples were measured at
room temperature using a multiferroic tester system
(MultiFerroic100 V, Radiant Technology, USA). The
dielectric loss of BTO ceramic samples were characterized
by the capacitance resistance meter (4980A, Agilent,
USA).

3 Results and discussion

The curves of differential scanning calorimetry (DSC) and
thermal gravimetric (TG) analyzer of BTO powders pre-
pared by two methods were shown in Fig. 1. From Fig. 1a, it
can be seen that there exists the exothermic peak at about
210 °C in BTO powders prepared by EGM, indicating the
volatilization of ethylene glycol. And there is a small weight
loss (—8.36 %) ranging from room temperature to 210 °C.
The sharp exothermic peaks at 238 and 271 °C are attributed
to the thermal decomposition of nitrate and organic com-
bustion, along with a sharp weight loss (—15.68 %). The
exothermic peak at 397 °C, with a small weight loss
(—4.95 %), indicates the decomposition of the remaining
nitrate. And there is no significant weight loss above 505 °C,
which implies that there is no significant phase transforma-
tion above 505 °C. From the Fig. 1b, it is clear that there
exist peaks at 85 and 200 °C in BTO powders prepared by
EGM which are due to the loss of water in Bi (NO3);-5H,0
and the volatilization of the organic solvents (acetic acid and
ethylene glycol methyl ether), respectively, along with a
5.99 % weight loss from room temperature to 200 °C. There
are two sharp exothermic peaks near 298 and 320 °C cor-
responding to the thermal decomposition of nitrate and
organic combustion, with a significant weight loss
(21.39 %). The peak at 505 °C may be attributed to the
crystallization of precursor.

The X-ray diffractions (XRD) of BTO powders prepared
by two methods were shown in the Fig. 2. Figure 2a
illustrates that BTO powders (prepared by EGM) when
annealed at 550 °C contain more amount of impurity phase
(TiO,) besides the main phase (BiyTiz0;,) with perovskite
structure. With the increase of annealing temperatures, the
relative amounts of impurity phase decreases remarkably.
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Fig. 2 XRD patterns of BTO powders, annealed at different temperatures, prepared by a EGM; b AAM

And there is still a small amount of impurity phase when
annealed at 625 °C. And no impurity phases can be
detected within the sensitivity of XRD when the annealing
temperature reaches 650 °C. Figure 2b shows that there is
much more amount of impurity phase (TiO,) besides the
main phase (Bi4Ti30;,) with perovskite structure in BTO
powders (prepared by AAM) annealed at 550 °C. With the
increase of annealing temperatures, the relative amounts of
impurity phase decreases gradually. And no impurity phase
can be found when annealing temperature reaches 625 °C.
Therefore, BTO powders with pure BTO can be obtained at
the lower annealing temperature by AAM not EGM.
Figure 3 illustrated the TEM micrographs of BTO powders
prepared by EGM. The powders with fine particle sizes can be
seen. With the increase of annealing temperatures, the particle
grain sizes increase. The average particle size of BTO

powders prepared by EGM, which are annealed at 650 °C, is
about 30 nm. Figure 4 illustrates the TEM micrographs of
BTO powders prepare by AAM. Itis indicated that coarse size
particles and agglomeration exist in BTO powders prepared
by AAM. And average particle size of BTO powders prepared
by AAM, which are annealed at 650 °C, is about 1.2 pm. Itis
clear that the particle sizes of BTO powders prepared by EGM
are smaller than those of BTO powders prepared by AAM at
the same annealing temperature.

The size distributions of particles of two kinds of
powders, annealed at 650 °C, were showed in Fig. 5.
Particle sizes of powders prepared by the two methods
were listed in Table 1. It can be seen that the powder
prepared by AAM have larger particle size than that
prepared by AAM, which is consistent with above-men-
tioned TEM results.
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Fig. 3 TEM micrographs of BTO powders, prepared by EGM,
annealed at different temperatures a 550 °C; b 600 °C; ¢ 650 °C;
d 700 °C

The Raman spectra of BTO powders prepared by two
methods were exhibited in the Fig. 6. It is clear that the two
powders have similar peaks. Strong interactions between
atoms, which mainly arise from the stretching and bending
of the shorter metal-oxygen bonds within the anionic
groups, will form stronger Raman peaks [40]. According to
data of BiyTi3O;, [41], the Raman phonon peak observed
at 849 cm™ ! is ascribed to the symmetric Ti-O stretching
in TiOg octahedra, which originates mainly from the
vibrations of atoms inside the TiOg octahedra. The peaks at
537 cm™ ' (TO) and 618 cm™' (LO) are ascribed to O—Ti—
O stretching vibrations. They split into a longitudinal (LO)
and transverse (TO) components due to the long-range
electrostatic forces that might be associated with lattice
ionicity [42]. The 267 and 231 cm™! peaks are ascribed to
the O-Ti—O bending vibrations. The peak at 310 cm™" is
attributed to a combination of stretching and bending
vibrations. The peak at 194 cm ™' is observed due to the
distortion of TiOg octahedra. The distortion may result
from the strain or oxygen vacancies, which are commonly

@ Springer

(b)

70nm 70nm

Fig. 4 TEM micrographs of BTO powders, prepared by AAM,
annealed at different temperatures a 550 °C; b 600 °C; ¢ 650 °C;
d 700 °C
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Fig. 5 Size distribution of BTO powders, annealed at 650 °C,
prepared by a EGM; b AAM

accepted as the cause of fatigue behaviour in Bi layered
perovskite. The peak at 116 cm™' is attributed to the
vibrations between Bi and O atoms. The existence of the
peaks at 267, 537, and 849 cm™~! confirms the presence of
perovskite structure. This is consistent with XRD results of
BTO powders.

Figure 7 shows the FESEM images of the surfaces of
BTO ceramics prepared by two methods. It is seen from
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Table 1 Particle size of

powders prepared by the two Powders prepared by

Average size (nm) Peak width (nm) Main peak (nm)

methods EGM 37.44 9.153 37.44
AAM 76.23 18.36 80.35
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Fig. 6 Raman spectrum of BTO powders prepared by EGM or AAM,
annealed at 650 °C

Fig. 7a that BTO ceramics prepared by EGM have pores
and microcracks without obvious grain boundaries. How-
ever from Fig. 7b, it is clear that BTO ceramics prepared
by AAM have hexagonal grains and obvious grain
boundaries, which indicating relative complete crystal-
lization. It can also be seen that they also possess more
compact microstructure without obvious pores and micro-
cracks. The average grain size is about 1.3 pm. By com-
paring Fig. 7b with Fig. 7a, it is clear that BTO ceramics
prepared by AAM has denser microstructure and greater
grain size than those prepared by EGM.

The P-E loops of two kinds of BTO ceramics prepared by
two methods were shown in Fig. 8. It is clear that two
ceramics exhibit well typical P-E loops for ferroelectrics. The
values of remnant polarizations (Pr), saturation polarizations
(Ps) and coercive fields (Ec) drawn from Fig. 8 were listed in
Table 2. It is found that values of Pr and Ps of BTO ceramics
prepared by AAM are greater than those of BTO ceramics
prepared by EGM. And the value of Ec of BTO ceramics
prepared by AAM is smaller than that prepared by EGM. This
means that BTO ceramics prepared by AAM have better
ferroelectric properties. The enhancement of ferroelectricity
could be attributed to the following reasons. On one hand, the
polarization reversal process of ferroelectric domain in larger
grains is much easier than that in small grains [43-48].
Therefore, BTO ceramics prepared by AAM with larger
grains will possess better ferroelectricity. On the other hand,

SUB020 5.0kV 8.7mm x50.0k SE(U) 3/12/20

Fig. 7 FESEM micrographs of the surfaces of BTO ceramics,
annealed at 650 °C, prepared by a EGM; b AAM

better crystallization, more compact microstructure and fewer
defects will also help to improve the ferroelectricity of BTO
ceramics prepared by AAM. The value of Pr of BTO ceramics
prepared by AAM is much greater than that of BTO ceramics
prepared by other researchers (Pr = 13.0 pc/cm?® [31] and
Pr = 13.4 pc/em? [33)).

Figure 9 presents the dielectric loss (Tand) of BTO
ceramics prepared by two methods under different fre-
quencies. It is seen that, with the increase of frequency, the
values of Tand decrease sharply firstly, then decrease
gradually and remain almost unchanged. At the same fre-
quency, BTO ceramics prepared by AAM have lower
values of Tand, which may be due to greater grain size.
This implies that BTO ceramics prepared by AAM have
better dielectric properties.
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Fig. 8 P-E curves of BTO ceramics, annealed at 650 °C, prepared by
a AAM; b EGM

Table 2 The ferroelectric parameters of two powders

Prepared by Pr ( uc/cmz) Ps (uc/cmz) Ec (kv/cm)
EGM 18.89 8.0 100.12
AAM 24.15 12.2 88.23
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Fig. 9 Dielectric loss of BTO ceramics, annealed at 650 °C, prepared
by a AAM; b EGM
4 Conclusions
BTO materials were prepared by the sol-gel method via

two methods (EGM and AAM). With the increase of
annealing temperatures, the relative amounts of impurity
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phase decreases remarkably. BTO powders prepared by
EGM are composed of the main phase without secondary
phases when annealed at 650 °C. BTO powders prepared
by AAM are composed of the main phase without sec-
ondary phase when annealed at 625 °C. BTO ceramics
prepared by AAM have denser microstructure and greater
grain size than those prepared by EGM. BTO ceramics
prepared by two methods exhibit well typical P-E loops for
ferroelectrics. The value of Pr of BTO ceramics prepared
by AAM is greater than that of BTO ceramics prepared by
EGM. And values of Ec and Tand of BTO ceramics pre-
pared by AAM are smaller than those of BTO ceramics
prepared by EMG. BTO ceramics prepared by AAM have
better ferroelectric and dielectric properties.
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