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Abstract

V-doped barium titante ceramics were prepared by conventional solid state reaction method. XRD patterns show that V5+ ions have entered into

the tetragonal perovskite structure of solid solution to substitute for Ti4+ ions on the B sites. Addition of vanadium accelerates grain growth of BTO

ceramics and there is abnormal grain growth of barium titanate ceramics with higher vanadium concentration. Vanadium doping can increase the

Curie temperature and decrease the dielectric loss of barium titanate ceramics. As vanadium concentration increases, the remnant polarization of V-

doped BTO ceramics begins to increase and reaches the maximum and then decreases. The coercive electric field for V-doped barium titanate

ceramics decreases with the increasing of vanadium concentration. As temperature rises, the remnant polarization and the coercive electric field of

V-doped barium titanate ceramics decrease simultaneously.
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1. Introduction

Barium titanate (BaTiO3, short for BTO) is one of the

important ferroelectric materials with perovskite structure,

which has been used as multi-layer ceramic capacitor (MLCC),

ferroelectric random access memories (FRAM), piezoelectric

sensors, optoelectronic devices, actuators, and so forth because

of its excellent dielectric, piezoelectric and ferroelectric

properties.

It is well known that the microstructure, dielectric and

ferroelectric properties of barium titanate can be modified by a

wide variety of substitutions possible at Ba2+ on A sites or Ti4+

on B sites independently or simultaneously in perovskite

structure. These dopants can be isovalent or heterovalent.

Effects of isovalent substitutions such as Zr4+, Hf4+, Mn4+ for

Ti4+ and Pb2+, Ca2+, Sr2+ for Ba2+ on microstructure, dielectric

properties and phase transition of BTO ceramics have been

done [1–5]. The heterovalent substitutions such as Mg2+, Dy3+,

Tb3+, Eu3+, Nd3+, Gd3+, Yb3+, Sm3+, Er3+, Ho3+, Sb3+, Sc3+,

La3+, Nb5+, Al3+, Bi3+, Cu2+, Cr3+, Fe3+, and so forth for Ti4+ or
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Ba2+ cause charge imbalance and require creation of vacancies

in A sites or B sites or oxygen sublattice or generation of holes

to maintain electrical charge neutrality [6–20]. Li et al. [8]

found that Tb-doped BaTiO3 not only obtained the large

dielectric constant (70,000–80,000) and the small dielectric

loss (less than 4%), but also obtained good capacitance-

temperature coefficient. Rejab et al. [9] found that addition of

Nd can cause phase transformation from tetragonal to cubic and

inhibit grain growth of barium titanate ceramics. Cernea et al.

[12] prepared Ho-doped BaTiO3 ceramics by sol–gel combus-

tion method and found that the ceramics prepared from

nanopowder exhibit good dielectric properties (dielectric

constants of 4400–2500 at 10 Hz to 100 kHz, respectively,

and at the Curie temperature TC = 132 8C). Liu and co-workers

[17] found that the doping with Ga3+ or tiny Al3+ ions shows the

clear aging effect, while the high-level Al3+-doping suppresses

the aging effect and the suppression is mainly attributed to the

kinetically limited migration of oxygen vacancies due to the

lattice shrinkage. It is implied that proper doping can improve

the microstructure and dielectric properties of BTO ceramics.

Vanadium is one of important dopants. Noguchi and Miyayama

[21] and Zeng et al. [22] reported that the B-site substitution by

V5+ could increase the remnant polarization of Bi4Ti3O12 and

CaBi4Ti4O15 ferroelectric ceramics, respectively. Vanadium
d.
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Fig. 1. XRD patterns of V-doped BTO ceramics at room temperature.
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doping effects on dielectric properties of strontium bismuth

niobate and barium strontium titanate have been studied by

Nguyen and co-workers [23] and Newman and co-workers

[24,25]. Cavalcante and co-workers found that addition of

vanadium can reduce and broaden the maximum dielectric

constant of BaZr0.1Ti0.9O3 ceramics [26]. However, little

information on the microstructure and dielectric properties of

V-doped barium titanate ceramics is available. In this paper, V-

doped barium titanate ceramics were prepared by conventional

solid state reaction method and vanadium doping effects on

microstructure, dielectric and ferroelectric properties were

investigated.

2. Experimental procedures

BaTiO3 ceramics, pure and doped with 0.5–1.5 at.% V2O5,

were prepared by conventional solid state reaction method. The

starting raw chemicals were high purity BaCO3 (�99.9%,

Sinopharm Group Co. Ltd.), TiO2 (�99.9%, Sinopharm Group

Co. Ltd.), and V2O5 (�99.9%, Sinopharm Group Co. Ltd.)

powders. BaCO3, TiO2 and V2O5 were weighed respectively in

stoichiometric proportions and were added into ball milling jar,

then milled for 2 h in distilled water and zirconia media. After the

slurry was dried, the mixture consisting of BaCO3, TiO2 and

V2O5 was calcined in an alumina crucible at 1100 8C for 4 h in air

and BaCO3, TiO2 and V2O5 reacted to form V-doped BaTiO3

powders. The calcined powders were remilled for 2 h and then
Fig. 2. SEM micrographs of BTO ceramics with different vanadium 
dried. The powders added with 7 wt.% binder were compacted

into disk-shaped pellets with a diameter of 10.0 mm and

thickness of 1.0 mm at 20 MPa pressure. The green pellets of both

pure and V-doped BaTiO3 were sintered at 1350 8C for 6 h in air.

The crystal structure of the ceramic samples was examined

at room temperature by X-ray diffraction (XRD, DX-2700,

Dandong Fangyuan). Surface morphology of the sintered

samples was examined by scanning electron microscope (SEM,

S-3700 N, Hitachi).

In order to measure the dielectric and ferroelectric proper-

ties, silver paste was painted on the polished samples as the

electrodes and fired at 830 8C for 15 min. The capacitances of
concentrations: (a) 0 at.%, (b) 0.5 at.%, (c) 1.0 at.%, (d) 1.5 at.%.



Fig. 3. The temperature dependence of dielectric properties of V-doped BTO

ceramics measured at 1 kHz (a) dielectric constant-T (b) dielectric loss-T.
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the ceramics were determined by LCR (Agilent HP 4980A) at

1 V/mm from �60 8C to 150 8C with 0.5 8C/min. The dielectric

constant was calculated from the capacitance using the

following equation:

e ¼ Cd=e0A (1)

where C is the capacitance (F), e0 the free space dielectric

constant value (8.85 � 10�12 F/m), A the capacitor area (m2)

and d the thickness (m) of the ceramics. The polarization–

electric field (P–E) hysteresis characteristics were performed

out using a ferroelectric test system (TF2000e, aixACCT).

3. Results and discussion

3.1. Crystal structure

Fig. 1 illustrates the XRD patterns of V-doped BTO ceramics

at room temperature. It is observed that the pure and V-doped

BTO ceramics are only single phase perovskite structure

without the evidence of the second phase. It implies that V5+

ions have entered into the unit cell maintaining the perovskite

structure of solid solution. According to Fig. 1, it can be seen

that there are two diffraction peaks about 458 and 758
diffraction angles corresponding to (0 0 2)/(2 0 0) and (1 0 3)/

(3 0 1) crystal faces for V-doped BTO ceramics, respectively. It

indicates that the pure and V-doped BTO ceramics belong to the

tetragonal system based on the X-ray diffraction pattern of

barium titanate (JCPDS file no.05-0626). According to the

tolerance factor equation t ¼ RA þ RO=
ffiffiffi

2
p
ðRB þ ROÞ (where

RA, RB and RO are ionic radii of an A-site cation, a B-site cation,

and an oxygen ion, respectively), when V5+ ions ðRV5þ ¼
0:054 nmÞ are assumed to occupy the Ba2+ ions ðRBa2þ ¼
0:135 nmÞ on the A sites, t is about 0.684. When V5+ ions are

assumed to occupy the Ti4+ ions ðRTi4þ ¼ 0:0605 nmÞ on the B

sites, t is about 1.002. Therefore, it is suggested that the V5+

ions tend to occupy B sites of the perovskite structure.

3.2. Surface morphology

Fig. 2 shows SEM micrographs of V-doped BTO ceramics. It

can be found that all the sintered ceramic samples are dense.

The grain size of V-doped BTO ceramics is larger than that of

the pure BTO ceramics and the average grain size increases

with the increasing of vanadium concentration. Addition of

vanadium can accelerate grain growth. The grains of the BTO

ceramics with 0.5 at.%V are homogeneous. However, when

vanadium concentration is above 0.5 at.%, there is coexistence

of small and large grains in V-doped BTO ceramics. It indicates

that addition of vanadium leads to abnormal grain growth. As

vanadium concentration increases, the number of large grain

increases. The smallest and the largest grain of BTO ceramics

with 1.5 at.%Vare 5 mm and 68 mm, respectively. According to

Fig. 2(c), there are strip-shaped grains in BTO ceramics with

1.0 at.%V. The observed behavior is believed to be caused by

vanadium as sintering aid. Since the melting point of vanadium

pentoxide is low (�690 8C), vanadium pentoxide can form

liquid phase in this multiple oxide system during sintering
process. When vanadium concentration is more, more liquid

phase around grain can accelerate transportation of substance

and finally leads to abnormal grain growth.

Fig. 3 shows the temperature dependence of dielectric

properties for V-doped BTO ceramics measured at 1 kHz. The

three structural transitions (cubic to tetragonal TC–T or TC,

tetragonal to orthorhombic TT–O, orthorhombic to Rhombohe-

dral TO–R) can be apparently observed for V-doped BTO

ceramics (shown in Fig. 3(a)). Observed temperature peaks for

all structural transitions and dielectric constant values at 1 kHz

for all samples are given in Table 1. Addition of vanadium leads

to slight increase of TC and TT–O and has no effect on TO–R. The

increase of TC with vanadium doping can be explained by

cation vacancy. V5+ has higher valence than Ti4+, the

substitution of V5+ for Ti4+ introduces cation vacancy on A-

site to meet the requirement of charge neutrality. The cation

vacancies on A-site could lead to an enhancement of

ferroelectric structure distortion, thus resulting in a higher

TC [27]. From Table 1, it is also found that the maximum of

dielectric constant initially decreases and then increases with

the increasing of vanadium concentration. According to

Fig. 3(b), the dielectric loss of V-doped BTO ceramics is

lower than that of the pure BTO ceramics when the temperature

is �60 8C to 120 8C, and the dielectric loss decreases with the

increasing of vanadium concentration when the temperature is

40–120 8C. It indicates that addition of vanadium can decrease



Table 1

Phase transition temperatures and dielectric constant values for V-doped BTO ceramics at 1 kHz.

Vanadium concentration (at.%) TC–T or TC (8C) TT–O (8C) TO–R (8C) emax (TC)

0 125 25 �25 8705

0.5 130 35 �25 7459

1.0 135 30 �25 7191

1.5 130 25 �25 10356
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the dielectric loss of BTO ceramics. It may be due to charge

compensation effect of vanadium. Ti4+ is chemically less

stable. Ti4+ ion easily change into Ti3+ as follows:

Ti4þ þ 1
2

OX
O! Ti3þ þ 1

2
V
��
O . When V5+ ion diffuses into

BTO ceramics, the reaction is as follows:

V5++Ti3+! V4++Ti4+, V5+ ion restrains the reaction of Ti4+

to Ti3+, which makes oxygen vacancy concentration less. The

decrease of oxygen vacancy concentration can make the

dielectric loss lower.

Fig. 4 shows dielectric constant as a function of temperature

at different frequencies for V-doped BTO ceramics. The peaks

of dielectric constant of the pure and V-doped BTO ceramics

slightly decrease with the increasing of frequency. There is no

obvious frequency dispersion around the peaks of the dielectric

constant for the pure and V-doped BTO ceramics.

Fig. 5 shows hysteresis loops of BTO ceramics with different

vanadium concentrations at 1 kHz. The remnant polarization
Fig. 4. Dielectric constant as a function of temperature at different frequencies for BT

1.0 at.%, (d) 1.5 at.%.
(2Pr) of V-doped BTO ceramics begins to increase and reaches

the maximum (vanadium concentration = 0.5 at.%) and then

decreases as vanadium concentration increases. There are two

opposite effects on remnant polarization. On the one hand,

oxygen vacancies act as space charge, which causes strong

domain pinning. Decrease in defect concentration leads to an

increase in the remnant polarization [28]. So the restraint of

oxygen vacancies due to vanadium doping brings about the

increase of the remnant polarization. On the other hand, the

ionic radius of V5+ is smaller than that of Ti4+, an increasing

amount of V5+ would lead to a reduced electronic polarization

so that the remnant polarization decreases [23]. The variation of

the remnant polarization with vanadium concentration may be

determined by the competition of the decrease of oxygen

vacancy concentration and the reduced electronic polarization.

When vanadium concentration is 0–0.5 at.%, the mechanism of

restraint of oxygen vacancies is dominant, so the remnant
O ceramics with different vanadium concentrations: (a) 0 at.%, (b) 0.5 at.%, (c)



Fig. 5. Hysteresis loops of BTO ceramics with different vanadium concentrations at 1 kHz (a) 0 at.%, (b) 0.5 at.%, (c) 1.0 at.%, (d) 1.5 at.%.
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polarization increases. While vanadium concentration is higher

than 0.5 at.%, the reduced electronic polarization caused by

vanadium doping is dominant, so the remnant polarization

decreases. Moreover, the coercive electric field (2EC) for V-

doped BTO ceramics is significant lower than that of the pure

BTO ceramics and slightly decreases with the increasing of

vanadium concentration when vanadium concentration is 0.5–

1.5 at.%. The decrease of the coercive electric field could be

attributed to oxygen vacancy concentration and grain size of V-

doped BTO ceramics. On the one hand, oxygen vacancy may

affect domain wall motion by screening of the polarization

charge. A formation of mechanical barriers against the domain

walls by oxygen vacancies, so called domain wall pinning,

might also stabilize the domain configuration [29]. As

mentioned above, the addition of vanadium can decrease

oxygen vacancy concentration. It indicates that as vanadium

concentration increases, domain wall pinning reduces so that

domain wall moves easily so as to decrease the coercive electric

field. On the other hand, barrier for switching ferroelectric

domain must be broken through and energy barrier decreases as

grain size increases. So reversal polarization process of a

ferroelectric domain is more difficult inside a small grain than

in a large grain [30]. As mentioned above, the grain size of V-

doped BTO ceramics increases with the increasing of vanadium

concentration. Thus, the coercive electric field decreases as

vanadium concentration increases.
Fig. 6 shows hysteresis loops for V-doped BTO ceramics

measured at various frequencies. From Fig. 6(a)–(c), it is found

that the hysteresis loops of BTO ceramics with 0–1.0 at.%V

become slimmer with the increasing of frequency, which

indicates that the remnant polarization and the coercive electric

field decrease as frequency increases. Nevertheless, the

hysteresis loop of BTO ceramics with 1.5 at.%V has no

evident change as frequency increases from 100 Hz to 1000 Hz.

It may be attributed to the difference of polarization

mechanism. When vanadium concentration is 0–1.0 at.%, there

are electron and ion displacement polarization, turning-

direction polarization and space charge polarization caused

by oxygen vacancy in samples. When the frequency increases

from 100 Hz to 1000 Hz, the space charge polarization cannot

keep up with change of electric field so that the remnant

polarization and the coercive electric field decrease. As

mentioned above, addition of vanadium can restrain oxygen

vacancy. When vanadium concentration is 1.5 at.%, the

concentration of oxygen vacancy is minimum. Space charge

polarization caused by oxygen vacancy has no effect on

ferroelectric properties of samples. Hence, the remnant

polarization and the coercive electric field of BTO ceramics

with 1.5 at.%V are almost constant with the increasing of

frequency.

Fig. 7 shows hysteresis loops for V-doped BTO ceramics

measured at various temperatures. The remnant polarization



Fig. 7. Hysteresis loops of BTO ceramics with different vanadium concentrations at various temperatures (a) 0 at.%, (b) 0.5 at.%, (c) 1.0 at.%, (d) 1.5 at.% saturation

polarization.

Fig. 6. Hysteresis loops of BTO ceramics with different vanadium concentrations at various frequencies (a) 0 at.%, (b) 0.5 at.%, (c) 1.0 at.%, (d) 1.5 at.%.
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and the coercive electric field of the pure and V-doped BTO

ceramics decrease simultaneously as temperature rises. It is due

to phase transition from ferroelectric to paraelectric. The

paraelectric phase of V-doped BTO ceramics at higher

temperature is more so that the remnant polarization decreases.

The domain and domain wall can switch more easily when the

temperature is higher. Hence the coercive electric field

decreases. When temperature is 150 8C, the hysteresis loops

of BTO ceramics with 0.5–1.5 at.%V is close to straight line,

which indicates that relationship of P–E is linear. However, the

P–E of the pure BTO ceramics at 150 8C is nonlinear, which

indicates that there is coexistence of ferroelectric and

paraelectric phase when temperature is above the Curie

temperature (125 8C). It may be attributed to the smaller grain

size of BTO ceramics (shown in Fig. 2(a)).

4. Conclusions

BTO ceramics with different vanadium concentrations were

prepared by conventional solid state reaction method. V5+ ions

have entered into the unit cell maintaining the tetragonal

perovskite structure of solid solution to substitute for Ti4+ ions

on the B sites. Addition of vanadium can accelerate grain

growth of BTO ceramics. When vanadium concentration

exceeds a critical value, there is the abnormal grain growth of

V-doped BTO ceramics. The Curie temperature of V-doped

BTO ceramics is higher than that of the pure BTO ceramics.

Vanadium doping can decrease the dielectric loss of BTO

ceramics. There is no obvious frequency dispersion around the

peaks of the dielectric constant for V-doped BTO ceramics. The

remnant polarization of V-doped BTO ceramics begins to

increase and reaches the maximum and then decreases as

vanadium concentration increases. The coercive electric field

for V-doped BTO ceramics is significant lower than that of the

pure BTO ceramics and the coercive electric field slightly

decreases with the increasing of vanadium concentration when

vanadium concentration is 0.5–1.5 at.%. As temperature rises,

the remnant polarization and the coercive electric field of V-

doped BTO ceramics decrease simultaneously.
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