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a  b  s  t  r  a  c  t

A  new  ternary  lead-free  (0.67-x)BiFeO3-0.33BaTiO3-xLa(Mg1/2Ti1/2)O3 ferroelectric  ceramic  exhibited  an
obvious  evolution  of  dielectric  relaxation  behavior.  A  significantly  enhanced  energy-storage  property
was  observed  at room  temperature,  showing  a good  energy-storage  density  of 1.66  J/cm3 at  13  kV/mm
and  a relatively  high  energy-storage  efficiency  of  82%  at x = 0.06.  This  was  basically  ascribed  to the  for-
mation  of  a slim  polarization-electric  field  hysteresis  loop,  in  which  a high  saturated  polarization  Pmax
eywords:
ismuth ferrite
ead-free ceramics
elaxor  ferroelectrics
nergy-storage capacitors

and  a rather  small  remnant  polarization  Pr were  simultaneously  obtained.  Particularly,  its  energy  stor-
age  properties  were  found  to  depend  weakly  on  frequency  (0.2 Hz–100  Hz),  and  also  to  exhibit  a good
stability  against  temperature  (25 ◦C–180 ◦C). The  achievement  of  these  characteristics  was  attributed  to
both  a  rapid  response  of  the  electric  field  induced  reversible  ergodic  relaxor  to  long-range  ferroelectric
phase  transition  and  a typical  diffuse  phase  transformation  process  in the  dielectric  maxima.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Dielectric capacitors were believed to provide effective techni-
al solutions for energy-storage applications because they can offer
uch higher power density based on extremely high discharge

peeds. Compared with linear dielectric polymer materials, non-
inear dielectrics exhibit many advantages in terms of maximum

orking voltage, charge/discharge rate, output power, cycling life,
eakage current and ease of the fabrication [1,2]. A normal ferro-
lectric material with large remnant polarization Pr should not be
uitable for the energy-storage application because the charges
annot be effectively released. Relatively large energy loss from
omain reorientation in ferroelectrics has restricted their practical
pplications. For antiferroelectric ceramics, the switching between
he antiferroelectric and ferroelectric states occurs at low fields
ear room temperature, leading to smaller energy-storage density
nd temperature-sensitive energy-storage properties. In general,
he energy-storage density (W) and efficiency (�) of a dielectric
∗ Corresponding author.
E-mail addresses: piezolab@hfut.edu.cn, rzzuo@hotmail.com (R. Zuo).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2016.08.021
955-2219/© 2016 Elsevier Ltd. All rights reserved.
capacitor could be estimated according to a polarization-electric
field (P-E) loop using the following formula:

W =
∫ Pmax

Pr

EdP and Wloss =
∫

PdE (1)

� = W/ (W + Wloss) (2)

where  Pmax is the saturated polarization, and Wloss is the area of
hysteresis loops. Thereby, a large polarization difference �P = Pmax-
Pr would be definitely essential for achieving obviously enhanced
energy-storage properties, apart from high dielectric breakdown
strength allowing the application of an extremely high elec-
tric field. From this point of view, relaxor ferroelectrics might
have large potentials against normal ferroelectrics and even
antiferroelectrics for many energy-storage applications [3]. A cou-
ple of lead-based relaxor ferroelectric materials exhibited good
potentials in the application of energy-storage capacitors [4–7].
However, widespread applications of lead-based materials would
be restricted in future due to the toxicity of lead. Endeavors to
develop lead-free alternatives have been made all over the world.

In  recent years, extremely large W values were reported in

BiScO3-BaTiO3 (BT) (15 J/cm3) [8], Bi(Mg1/2Ti1/2)O3-BT (37 J/cm3)
[9] and (Bi1/2Na1/2)TiO3 (BNT)-BT (154 J/cm3) [10] lead-free thin
films, but their limited thickness has restricted the overall stored
energy. Some lead-free bulk ceramics have been also investigated,

dx.doi.org/10.1016/j.jeurceramsoc.2016.08.021
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2016.08.021&domain=pdf
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Fig. 1. (a) Powder XRD patterns of (0.67-x)BF-0.33BT-xLMT ceramics as indicated,
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uch as Bi0.5Na0.5TiO3 (BNT)-based and BT-based systems with W
alues of rarely larger than 1 J/cm3 [11–15]. BiFeO3 (BF) has been
ecognized as a potential lead-free ferroelectric material owing
o its excellent intrinsic polarization (P > 100 �C/cm2) [16], which
ffers the greatest scope for enhancing energy storage proper-
ies. BF-SrTiO3 (ST) thin film was reported to have a good energy
torage density of 18.6 J/cm3 at 972 kV/cm [17]. Solid solutions of
1-x)BF–xBT exhibited a high Pmax at a rhombohedral to pseudocu-
ic structural phase boundary (x = 0.33) [18], but their W values
ere very limited because of large energy loss from an obvious
ysteresis and a large Pr value.

La(Mg1/2Ti1/2)O3 (LMT) is a typical low-loss microwave dielec-
ric material [19]. It is characterized by a distorted cubic perovskite
tructure and thus expected to be an appropriate end member to
odify the dielectric relaxation and domain switching behavior

f BF-BT binary system [20,21]. In this work, we reported a new
0.67-x)BF-0.33BT-xLMT lead-free relaxor ferroelectric ceramic for
nergy storage applications. The influence of the substitution of
MT for BF on the structure, dielectric, ferroelectric and energy
torage properties was explored, clarifying the mechanism of
enerating good energy-storage properties. An excellent energy
torage property (W = ∼1.66 J/cm3, � = ∼82%) was attained in the

 = 0.06 sample together with a desirable temperature stability from
5 to 180 ◦C and a weak frequency dependence from 0.2 Hz to
00 Hz.

.  Experimental

The (0.67-x)BF-0.33BT-xLMT (x = 0–0.08) ceramics were
repared by a conventional solid-state reaction method
sing high–purity oxides: Bi2O3 (≥99.0%), Fe2O3 (≥99.0%),
aCO3 (≥99.0%), TiO2 (≥99.0%), La2O3 (≥99.0%) and
MgCO3)4·Mg(OH)2·5H2O (≥99.0%) as raw materials. The powders
ere weighed at stoichiometric ratios and then ball-milled in

thanol using zirconia balls for 4 h. After calcination at 800 ◦C
or 2 h, the mixture was ball-milled again for 6 h together with
.5 wt% PVB as a binder. The granulated powder was uniaxially
ressed into discs with a diameter of 10 mm and a thickness of

 mm.  The green sample discs were sintered in the temperature
ange of 990–1030 ◦C for 2 h. To minimize the vaporization of
ismuth, all samples were buried in a sacrificial powder of the
ame composition during sintering. For electrical measurements,
wo major surfaces of the sample discs were completely covered
ith silver paste and then fired at 550 ◦C for 30 min.

The  relative densities were evaluated by the Archimedes
ethod. The crystal structure of crushed ceramics was determined

sing a powder X-ray diffractometer (XRD, D/Max-RB, Rigaku,
okyo, Japan). The grain morphology was observed by using a
led-emission scanning electron microscope (FE-SEM, SU8020,

EOL, Tokyo, Japan). Before the SEM observation, the samples were
olished and thermally etched at ∼900 ◦C for 30 min. Dielectric
roperties of virgin samples were measured as a function of tem-
erature (25–550 ◦C) and frequency (1–1000 kHz) using an LCR
eter (Agilent E4980A, Santa Clara, CA). P-E hysteresis loops were
easured using a ferroelectric measuring system (Precision multi-

erroelectric, Radiant Technologies Inc., Albuquerque, NM). For the
-E measurement, the thickness and diameter of the samples were
iced into ∼0.5 mm and ∼8 mm,  respectively.

.  Results and discussion
Fig.  1(a) shows XRD patterns of (0.67-x)BF-0.33BT-xLMT ceram-
cs. Apparently, all compositions showed a single perovskite
tructure without trace of secondary phases. No splitting of both
111) and (200) diffraction peaks was identified regardless of the
(b)  locally magnified (111) and (200) diffraction peaks and (c) lattice parameters
and  cell volume as a function of x.

LMT  content, indicating that all samples have a pseudocubic sym-
metry. Moreover, the (111) and (200) diffraction peaks were found
to shift to higher angles (Fig. 1(b)), suggesting that there is a slight
lattice shrinkage. It can be seen form Fig. 1(c) that the lattice param-
eter and the unit cell volume were found to become smaller with
an increase of the LMT  content. This is probably due to relatively
small ionic radii of La3+ compared with Bi3+ at A sites (CN = 12,
RLa

3+ = 1.22 Å and RBi
3+ = 1.42 Å), although the B-site average ionic

radius of ((Mg1/2Ti1/2)3+ (CN = 6, R(Mg1/2Ti1/2)
3+ = 0.65 Å) are slightly

larger  than that of Fe3+ (CN = 6, RFe
3+ = 0.645 Å) [22].

Fig. 2 shows SEM micrographs of polished and thermally etched
surfaces of (0.67-x)BF-0.33BT-xLMT ceramics sintered at optimum
temperatures. It can be seen that all compositions have been well
densified. Uniform grains with an average grain size of 2–3 �m
were closely compacted, indicating a high relative density of >97%
as confirmed by the Archimedes method. The substitution of LMT
for BF was found to have little influence on the grain morphology.

The  temperature and frequency dependence of dielectric per-
mittivity (εr) of (0.67-x)BF-0.33BT-xLMT ceramics is shown in
Fig. 3(a) using the x = 0, x = 0.03 and x = 0.06 samples as examples.
It can be seen that the temperature (Tm) at the dielectric max-
ima (�m) decreased with increasing the LMT  content. Moreover,
the dielectric anomaly became more and more diffuse and more
frequency-dependent. Similar phenomenon was also observed in
some other perovskite relaxor ferroelectrics [23–25]. The observed
relaxor characteristics of (0.67-x)BF-0.33BT-xLMT ceramics can be
described by a modified Curie-Weiss law 1/ε-1/εm = (T-Tm)� /C at
T > Tm, where � is the indicator of the diffuseness degree [26]. In
addition, the parameter �Trelax defined as the difference between
two Tm values measured at 1 MHz  and 1 kHz is a rough estimation of
the relaxation degree. Both parameters (� and �Trelax) were found
to increase obviously with increasing the LMT  content, as shown in
Fig. 3(b). The enhancement of dielectric relaxation behavior would
be ascribed to the increase of the random local fields as a result
of the disordered distribution of different ions at A- and B-sites of
ABO3 lattices, accompanying a gradual increase of the dynamics of
polar nanoregions (PNRs) as well as a decrease of the size of PNRs.

As a result, the dielectric relaxation behavior of the samples should
follow an empirical Vogel-Fulcher relation [27], which can be also
employed to determine the value of the freezing temperature (Tf ) of
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Fig. 2. SEM micrographs of (0.67-x)BF-0.33BT-xLMT ceramics sintered at their optimum temperatures: (a) x = 0, (b) x = 0.03, (c) x = 0.06 and (d) x = 0.08.
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ig. 3. (a) Dielectric permittivity εr with changing temperature and frequency for a
s  a function of x, and (c) P-E loops of (0.67-x)BF-0.33BT-xLMT ceramics as indicate

he nonergodic state transforming into the ergodic state upon cool-
ng. The Tf value was found to gradually decrease with increasing

 and arrive at the proximity of room temperature approximately
t x = 0.06. This indicates that the x = 0.06 sample should exhibit a
oexistence of ergodicity and nonergodicity at room temperature.
s x > 0.06, samples should enter into a complete ergodic relaxor
hase zone.

Fig.  3(c) shows P-E hysteresis loops of (0.67-x)BF-0.33BT-xLMT
eramics  at room temperature. In case of 0.67BF-0.33BT (x = 0),

 square P-E loop was observed, which was characterized of a

onergodic relaxor phase owing to the irreversible nonergodic-

erroelectric phase transformation under a strong external electric
eld [28]. As x increased, P-E loops were found to become slimmer
nd slimmer. As shown in Fig. 3(d), both Pmax and Pr decayed rapidly
0.67-x)BF-0.33BT-xLMT ceramics, (b) the variation of two parameters �Trelax and �
 (d) Pmax, Pr and �P values as a function of x.

as  a result of the increase of ergodicity and a reversible field forced
ergodic to long-range ferroelectric phase transition. The �P = Pmax-
Pr value was found to firstly increase and then reach a maximum
value of ∼24 �C/cm2 at x = 0.04–0.06, and finally decrease rapidly
upon increasing the LMT  content, which would be definitely bene-
ficial to the increase of the energy-storage density.

Fig. 4(a) illustrates the effect of the applied electric field
magnitude on the evolution of P-E hysteresis loops for (0.67-x)BF-
0.33BT-xLMT ceramics. It is obvious that the characteristic of P-E
loops was  significantly dependent on the LMT  content and the

applied electric field. Pmax and Pr exhibited a different variation
tendency with increasing the field magnitude for different com-
positions. In particular, for x ≥ 0.06 samples, Pmax was found to
continuously increase with increasing the electric field, however Pr
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Table 1
Comparison of ferroelectric and energy storage properties between (0.67-x)BF-0.33BT-xLMT (x = 0.06) ceramics and other lead-free ceramics.

Compounds E (kV/mm) Pmax (�C/cm2) Pr (�C/cm2) W (J/cm3) � (%) Ref.

BNT-BT-KNN 5.6 ∼21 ∼8.9 0.59 / [11]
BNT-BCTZ  9.35 ∼26 ∼3.5 0.87 ∼81 [12]
BST  23 ∼6 ∼0.3 0.89 / [13]
BNT-ST  6.5 ∼30 ∼3.5 0.65 ∼73.6 [14]
BT-BZN  13.1 ∼8 ∼0.1 0.79 ∼93.5 [15]
BF-BT-Nb2O5 9 ∼25 ∼5.3 0.71 / [30]
BF-BT-LMT  13 ∼37.5 ∼4.2 1.66 ∼82 This study
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K0.5Na0.5)NbO3: KNN; Ba0.4Sr0.6TiO3: BST; (Ba,Ca)(Ti,Zr)O3: BCTZ; Bi(Zn2/3Nb1/3)O3

till remained small. This led to the different tendency of �P values
arying with the electric field for different compositions, as shown
n Fig. 4(b). For the x = 0.06 sample, �P still increased with the elec-
ric field even if a larger than 13 kV/mm was applied. For most of
ther samples, �P tended to be saturated under an electric field
maller than 12 kV/mm.  This difference might be correlated with
oth the insulation property and the dielectric relaxation behav-

or each sample owned. As a result, the electric field dependence
f W and � values is shown in Figs. 4(c and d), respectively. It is
ound that W and � of the x = 0.06 sample could reach as high as
.66 J/cm3 and 82%, respectively, under an applied electric field
f 13 kV/mm.  The enhanced energy-storage properties at x = 0.06
hould be ascribed to the improved dielectric breakdown strength
nd increased reversibility of domain switching, compared with
F-BT binary system [29]. A comparison of ferroelectric and energy
torage properties among several lead-free ferroelectric systems
as made in Table 1 [11–15,30]. It can be seen that the (0.67-x)BF-

.33BT-xLMT (x = 0.06) possessed a much higher W value together
ith an acceptable � value. It seems that a relatively large Pmax

alue (∼37.5 �C/cm2) of the current system made a dominant con-
ribution, in combination with a largely reduced Pr (∼4.2 �C/cm2)
wing to enhanced reversibility of domain switching.

To further evaluate the suitability of the studied materials for
ractical applications, the temperature and frequency dependence
f energy-storage properties of the x = 0.06 sample is shown in
ig. 5. It can be seen that P-E loops exhibited a weak frequency and
emperature dependence in the measuring frequency and temper-

ture range. It can be seen from Fig. 5(a) that P-E loops became
lightly fatter with increasing measuring frequency, indicating an
ncrease of the Pr value and the hysteresis loss. This small variation
is  mainly ascribed to the time effect of field induced long-range
ferroelectric state back to initial ergodic state or vice versa [31,32].
As a result, both W and � decayed very slightly with increasing
frequency, as shown in Fig. 5(b). Compared with a normal ferro-
electric, the frequency insensitivity of energy-storage properties of
the x = 0.06 sample in this study was basically attributed to larger
dynamics and smaller size of PNRs owing to large local random
fields.

Fig. 5(c) shows P-E loops of the x = 0.06 ceramic at different tem-
peratures from 25 ◦C to 180 ◦C. The size of PNRs becomes smaller
and the dynamics of ergodic PNRs increases with increasing tem-
perature, leading a smaller Pr and a slimmer P-E loop. It can be seen
from Fig. 5(d) that both W and � slightly increased with increasing
temperature up to ∼120 ◦C, and did not change almost afterwards.
In the measuring temperature range of 25–180 ◦C, the calculated
W values fluctuated between 0.77 and 0.93 J/cm3 and the � val-
ues changed from 69% to 88%. This result indicates that ergodic
relaxor phases should be at least capable of being transformed
into a long-range ferroelectric order within the required tempera-
ture range. The temperature stability of energy-storage properties
observed in the x = 0.06 sample should largely benefit from both the
diffuse phase transformation process (see Fig. 3) and the ergodic-
nonergodic phase coexistence in a wide temperature range [32].

4.  Conclusions
A new (0.67-x)BF-0.33BT-xLMT ternary lead-free solid-solution
ceramic was  manufactured by a solid-state reaction method. The
substitution of LMT  into BF induced an evolution of dielectric relax-
ation behavior from a nonergodic state to an ergodic state at room
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Fig. 5. (a) P-E loops of the x = 0.06 ceramic sample measured at room temperature in the frequency range of 0.2–100 Hz, and (b) the calculated W and � values as a function
o ture a ◦

a

t
W
s
i
a
h
t
(
m
r
t
t

A

o
S

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

f frequency; (c) P-E loops of the x = 0.06 ceramic sample measured at room tempera
s  a function of temperature.

emperature. A significantly enhanced energy storage density of
 = 1.66 J/cm3 at 13 kV/mm together with a relatively high energy-

torage efficiency of �=82% was obtained at x = 0.06 because of field
nduced reversible ergodic relaxor to ferroelectric phase transition,
nd improved insulation property allowing the application of much
igher electric fields. Moreover, the energy storage properties of
he x = 0.06 ceramic were found to depend weakly on frequency
0.2 Hz–100 Hz) and temperature (25 ◦C to 180 ◦C). The achieve-

ent of the above characteristics was mainly ascribed to a rapid
esponse of electric field induced ferroelectric phase back to ini-
ial ergodic phase or vice versa, and the extremely diffuse phase
ransformation process.
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