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Abstract

In this paper, the (1—x)BaTiOs—xBi(Zn,;,Zr,,,)O; (x=0.04-0.20) solid solutions were prepared using conventional solid-state
reaction method. The X-ray diffraction results showed that all samples were crystalized as the perovskite structure, and there
was no secondary phase in whole compositional range. For x=0.04, the ceramics were in tetragonal phase, and transformed
to a pesudocubic phase for x> 0.08 at ambient temperature. Temperature-dependent dielectric measurements indicated a
crossover from ferroelectric behavior to relaxor-like characteristics. As the BZZ content increased, the polarization—electric
field (P-E) hysteresis loops became slimmer, and the discharge energy density increased firstly, but dropped. For x=0.12,
the maximum discharge energy density was 0.758 J/cm® at 100 kV/cm, and the corresponding energy efficiency was 98%,
indicating that (1-x)BaTiO3—xBi(Zn,,Zr,,,)O5 ceramics were promising candidates for energy storage applications.

1 Introduction

With the continuous development of modern information
technology, energy storage materials become increasingly
important for applications, such as novel pulsed power
devices, medical devices, and smart grid [1]. There are
many types of energy storage components, such as conven-
tional batteries, fuel cells, flywheels, and ceramics capaci-
tors [2—4]. In addition, capacitors in power electronics and
pulsed power system account for a signification proportion
(more than 25%). More specifically, ceramic capacitors
exhibit many advantages in terms of charging-discharging
rate and long cycle-life. Generally, the energy storage den-
sity of dielectric materials can be defined by the following
Equation:

U= / EdD. )

where E is the external electric field, U is the energy stor-
age density, and D is the electric displacement. In order
to obtain higher energy storage density, therefore, a large
dielectric polarization, a low dielectric loss, and a high
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dielectric breakdown strength (BDS) of dielectric materials
are required concurrently [5, 6]. In general, dielectric energy
storage materials can be classified into four types: linear die-
lectrics, antiferroelectrics, ferroelectrics, and relaxor ferro-
electrics. Linear dielectric including mica, glass, paraelectric
ceramics and polymers show advantages in their high BDS
and low energy loss, while their applications in high energy
storage fields are limited by their small polarization or low
dielectric constant. Ferroelectrics possess large dielectric
polarization and moderate BDS, but the high dielectric loss
or remnant polarization resulting in low energy density val-
ues and efficiency limits the utilization for energy storage
devices [7]. Antiferroelectrics may be used for high energy
storage as a result of their high dielectric polarization, small
remnant polarization and moderate BDS; nevertheless, most
of antiferroelectrics are Pb-based perovskite structures that
is known to be harmful to the environment, such as PbZrO,
[8] and Pb(l_X)Laer(l_y)TiyO3 [9] systems. In contrast,
relaxor ferroelectrics usually exhibit high dielectric polari-
zation, low remnant polarization, and so they have promising
potential for energy storage with fast discharge ability [10].

Previous studies have reported that the solid solutions
of BaTiO;-BiMeO; (Me=Sc, In, Mg, ,Ti,/, Zn,;3Nb, 3,
etc.) systems displayed remarkable relaxor characteristics
with particular properties including relatively high dielec-
tric constant, low dielectric loss, low temperature coefficient
of capacitance at elevated temperature, and high insulation
resistance in a wide range of temperature [11-13]. This
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means that the BaTiO;—-BiMeOj; systems hold potential for
high-temperature capacitors applications and high-perfor-
mance energy storage applications. During the past dec-
ade BaTiO;-BiMeO; systems have been extensively stud-
ied, such as BaTiO;-BiScO; [14], BaTiO3;-Bi(Mg sTi, 5)
O; [15], BaTiO;-BilnO; [16], BaTiO;-Bi(Mg,;;Nb,;3)
O; [17]. Recently BaTiO5-Bi(Zn, 5Ti;, 5)O; ceramics have
been reported to exhibit good energy density [18]. Due
to the more chemical stability and higher ionic size of
Zr**, the replacement of Zr** for Ti** could restrain the
conduction and decrease the leakage current of BaTiO,
systems. However, the energy storage properties of the
BaTiO;-Bi(Zn,,,Zr,,,)O5 ceramics has not yet been sys-
tematically addressed. Moreover, the Bi(Zn,,Zr,,,)O5 com-
pound, as one of the BiMeO; end-members, can also form
stable solid solutions with BaTiO;.

In this paper, we focused on the (1-x)
BaTiO;—xBi(Zn,,,Zr;,)O5 (x=0.04-0.20) (BT-BZZ)
solid solution ceramics. Their crystal structure, dielectric
properties, relaxor behavior, and energy storage properties
were studied and analyzed. Moreover, excellent discharge
energy density with high energy efficiency was successfully
obtained.

2 Experimental procedure

A series of (1-x)BaTiO;—xBi(Zn,;,Zr, ;)05 (x=0.04-0.20)
ceramics were fabricated by conventional solid-state
reaction route, using staring reagents: BaCO;(>99.5%),
Ti0,(> 99.0%), ZnO(>99.0%), ZrO,(>99.5%),
Bi,04(>99.0%). The raw materials were weighed based
on chemical formula and mixed in deionized water using
stabilized zirconia balls as milling media for 6 h. After
drying, the mixed powder was calcined in alumina cruci-
ble at 900-1000 °C for 5 h, and the parameters for growth
depended on the doping content of BZZ. The calcined pow-
der was milled again in the same way mentioned above for
6 h to obtain fine particles and dried at 110 °C. The resultant
powder was granulated with polyvinyl alcohol (PVA) binder
and uniaxially pressed at 20 MPa to form disks 12 mm in
diameter and about 1 mm in thickness. Later, the pellets
were embedded with calcined powder of the same composi-
tion to compensate for the loss of volatile Bi and then sin-
tered at 1180-1300 °C for 2 h.

Powder X-ray diffraction (XRD) patterns were collected
at ambient temperature using an X-ray diffractometer (PAN-
alytical, Netherlands) with Cu K, radiation (A=0.15406 nm)
operated at 45 kV and 40 mA. Rietveld refinement of the
XRD data was performed using the GSAS-EXPGUI pro-
gram [19]. The microstructural observation of the sam-
ples was investigated using a scanning electron micros-
copy (SEM, Phenom, Netherlands). With the purpose to

predict the average grains size of the BT-BZZ ceramics,
the analysis of grains size distribution is performed using
the “Nano Measurer” software. The density of the ceramic
samples was measured by the Archimedes’ method. Raman
spectroscopy was carried out at ambient temperature in the
range of 100—1000 cm™! by a Thermo Fisher Scientific DXR
(Renishaw, U.K.) with a 6 mW laser. For electrical measure-
ments, the as-sintered ceramics were polished and coated
with Ag paste, which co-fired at 800 °C for 3 min. The
dielectric properties of the ceramic samples were measured
from — 55 to 200 °C at 1 kHz, 10 kHz, 100 kHz, and 1 MHz
using a precision LCR Meter (Agilent 4284A, U.S.A.) and
an automatic temperature controller. Ferroelectric hysteresis
loops were recorded under an electric field of 100 kV/cm at a
frequency of 10 Hz at room temperature using a ferroelectric
tester (RADIANT Precision, U.S.A.).

3 Results and discussion

Figure 1 shows the XRD patterns of (1-x)
BaTiO;—xBi(Zn,,Zr,,;)O5 (x=0.04-0.20) ceramics. The
obtained results indicate that whole compositions show a
perovskite structure without secondary phase, indicating that
the solubility limit for BZZ in BT is more than 20%. When
we zoom in the 20 range of 44.6—46°, it is clear to observe
the split (200) peaks for x=0.04, and this finding indicates
the tetragonal perovskite structure (P4mm), Fig. 1b. How-
ever, for x> 0.08, the sample is considered as pseudocubic
structure, which can be characterized by the merging of
peaks (200) and (002) into the single peak (200). This result
means that the crystalline structure of samples transforms
from a tetragonal structure to a pseudocubic structure. Simi-
lar phase transitions have been reported in the other systems
of the BaTiO;-BiMeO; ceramics [20, 21]. Moreover, with
an increasing BZZ concentration, the (200) diffraction peaks
shift towards lower degrees, and it indicates the changes in
crystal lattice parameters and the volume of unit cell.

In order to investigate the crystallographic information
of BT-BZZ ceramics further, Rietveld refinement was per-
formed on the XRD data. For x=0.04, we used the perovs-
kite tetragonal phase (space group: P4mm) as the crystal
model to conduct the Rietveld analysis. For 0.08 <x <0.20,
the XRD data was refined based on the crystal model of a
centro-symmetric space group Pm-3m. It is clear that experi-
mental patterns and the theoretical calculation are well fit-
ted, as shown in Fig. 2. The final pr, Rp’ and y2 value (reli-
ability factors) are less than 8%, 6%, and 2.4%, respectively,
indicating that these refined results and structure model are
reliable [22]. Table 1 lists the structural parameters of (1—x)
BaTiO;—xBi(Zn,;,Zr,,)O; ceramics obtained from Rietveld
refinements. The lattice parameter (a) was found to increase
with x from 4.0175 to 4.03337 for x=0.08-0.12. As shown
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in Fig. 2f, cell volume increases monotonically with increas-
ing BZZ content. According to the principles of crystal
chemistry and radius-matching rule, the A-site of Ba** ions
is substituted by Bi®* ions, and B-site of the BT host lat-
tice is replaced by the Zn** and Zr ** ions. The radius of
Bi** (1.36 A) is smaller than that of Ba2* (1.61 A) based on
coordination number of 12, while the average ionic radius of
(Zny sZrys)** (0.73 A) is larger than that of Ti** (0.605 A).
The change in cell volume is attributable to the substitution
of Ti** ions at B-site with larger size (Zn, sZr,5)>" ions,
which suggests that the unit cell volume is dominated by the
B—Og octahedra in the BT-BZZ perovskite structure [23].

Figure 3 illustrates the SEM micrographs of (1—x)
BaTiO5;—xBi(Zn,,,Zr,,,)O5 ceramics sintered at the optimal
temperature for 2 h. All samples present dense microstruc-
tures, and there is an evident grain growth with increas-
ing BZZ content. The relative density of all the sample
sintered at various temperature are displayed in Fig. 4. It
can be observed that increasing the BZZ content could
decrease the sintering temperature. Figure 5 exhibits the
statistical results of the grain size distributions of (1—x)
BaTiO;—xBi(Zn,,Zr,,,)O; ceramics for different values of
x. It is apparent that the average grain size increases con-
tinuously from 1.06 to 6.03 um with increasing BZZ con-
centration. It is likely that the creation of oxygen vacancies
resulting from sublime of Bi** element at A-site inevitably
enhances the mass transportation during sintering [24-27].
The oxygen vacancies make the transfer of atoms easier than
in a perfect lattice and reduced activation energy for grain
growth [28], thus it improving the sintering behavior and
including an increase in grain size continually [29]. In these
micrographs, there is no evidence of the second phase, and
this result is also in accordance with the XRD pattern.

@ Springer

Raman spectroscopy is an excellent technique for charac-
terizing material structural distortions or phase transitions
and probing the local structure and symmetry [30-32]. Fig-
ure 6 displays the Raman spectra of the BT-BZZ ceramics
in the spectral region from 100 to 1000 cm™! recorded at
ambient temperature. For pure polycrystalline BT ceram-
ics, it is usually characterized by the three phonon modes at
about 270 cm™' [A,(TO)], 520 cm™! [A,(TO)] and 720 cm™!
[A,(LO)] [33]. The sharp mode at 307 cm™! [E(TO)] is com-
monly identified as a “signature” of the BT in tetragonal
phase [34, 35]. For x=0.04, tetragonal phase structure can
be characterized by the resonance dip at 180 cm™! and the
sharp peak at 307 cm™!. For x>0.08, the absence of these
features in the spectra and a shifting and broadening of the
[A,(TO)] mode suggests the long-range ferroelectric order-
ing in these samples weakens and disappears [36—38]. The
Raman shift of the [A;(TO)]for x=0.04 is 277 cm™! and
for x=0.20 is 315 cm™'. The similar phenomenon was
also observed for other BaTiO;-BiMeO; system (such as
BaTiO5;-BaAlO; [39], BaTiO5-BiGdO; [30]), demonstrat-
ing that the presence of lone-pair electrons from Bi** in
the BT-BZZ system hardens this vibration mode, which is
believed to be associated with BO, octahedra, particularly
to the bending or of the Ti—O bonds. The phase transition
from tetragonal phase to pseudocubic phase can be veri-
fied by the disappearance of the [E(TO)] mode at 307 cm™!,
which related to the tetragonal-pseudocubic phase transition
[40-43].

The appearance of the modes at 113 cm™' (labeled as
1) and 180 cm™' (labeled as 2) are associated with A—O
vibrations, indicating the existence of Ba?* or Bi®* cations
enriched nano-size areas (clusters) [44, 45]. In other Bi-base
perovskite modified BT ceramics [39], it can also find the
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Fig. 2 Rietveld refinement plots
of (1-x)BaTiO;—xBi(Zn,,Zr, )
O; for ax=0.04, b x=0.08,
cx=0.12,d x=0.16, and e
x=0.20, f Rietveld refined cell
volume as a function of BZZ
content
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Table 1 Refined structural parameters for (1—x)BaTiO;—xBi(Zn,,,Zr,,,)O5 ceramics obtained from Rietveld refinements

Composition Space group Lattice parameters (A) Cell volume (/3.3) Theoretical den- Ry, (%) R, (%) 7
sity (g/cm’®)

x=0.04 P4mm a=b=4.0019 c=4.0362 64.6406 6.096 7.22 5.49 2.36

x=0.08 Pm-3m a=4.0175 64.8437 6.182 6.80 5.10 2.20

x=0.12 Pm-3m a=4.0232 65.1201 6.260 6.40 4.87 1.87

x=0.16 Pm-3m a=4.0284 65.3729 6.339 6.90 5.24 2.05

x=0.20 Pm-3m a=4.0337 65.6313 6.417 6.59 5.08 2.16
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Fig.3 SEM images of the (1—x)
BaTiO;—xBi(Zn,;,Zr,,)O4
ceramics sintered at the optimal
temperature for 2 h: a x=0.04,
bx=0.08, cx=0.12,d x=0.16,
and e x=0.20

similar spectral signatures. The broad mode at ~307 cm™!
shifts towards higher frequencies, which is caused by the
emergence of a lone-pair of electrons from Bi** [46]. In
the high-wavenumber region, the modes at 514 cm™! and
718 cm™! are suppressed and broadened with x value, sug-
gesting an increase in the degree of disorder in the system
[47]. Obviously, we can find an extra weak broad mode
(A, octahedral breathing mode) at ~774 cm™ for x>0.08,
resulting from the substitution of B-site. It is noted that an
extra broad mode (A,,) appears at ~774 cm™! for x=0.08.

@ Springer
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This can be assigned to the B-site substitution. The symmet-
rical A}, mode of the BOg octahedra in pure or A-site doped
BT became asymmetry with two or more cation occupying
the B-site resulting from their different ionic radius, and
thus Raman active. This finding further confirms substitution
of (Zn, sZr, 5)** ions for Ti*" ions, which will result in the
local structure deformation. On the contrary, the intensity
of peak at 718 cm™! was found to decrease with increasing
BZZ content, and it reveals a clear signature of the relaxor
behavior [48].
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Fig.4 Relative density of the(1-x)BaTiO;—xBi(Zn,,Zr,;,)O; ceram-
ics at various temperatures

Figure 7 presents the temperature dependences of die-
lectric constant and dielectric loss for compositions with
x=0.04-0.20 at various frequencies (1 kHz, 10 kHz,
100 kHz, 1 MHz). In this system, the dielectric charac-
terization shows the crossover from ferroelectric behavior
to relaxor behavior with a highly diffuse and frequency-
dependent dielectric response. A dielectric peak at ~ 115 °C
can be observed for x=0.04, and this result is related to
ferroelectric behavior. In contrast, a clear frequency depend-
ence of the dielectric constant below the temperature of
maximum permittivity (7},) observed at x > 0.08. For exam-
ple, the dielectric constant of 0.96BT-0.04BZZ ceramic at
room temperature decreases from 2414 at 1 kHz to 1949 at
1 MHz. At this composition, T,, of different frequency
begins to shift towards higher temperatures as the measure-
ment frequency increases, according to the Vogel-Fulcher
law [49]. The emergence of the relaxor in the BT-BZZ

Fig.5 Grain size distribu- 50 50
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ceramics is considered to relate with heterogeneous cation
substitution of Ba?* by Bi** and Ti** by Zn>* and Zr**, and
the replacement finally increases cation disorder of crystal
structure. The disorder can destroy the long-range dipolar
interaction and form random fields by the differences in
radius and valence state of these cations [5]. Consequently,

isolated clusters of polar nano-regions(PNRs) that are only
weak coupling between the adjacent clusters are formed due
to random fields generated [50]. Normally, PNRs have an
essential impact on relaxor behavior [51]. The variation in
size and dipolar strength of PNRs and random interactions
bring about a wide distribution of relaxation times lead-
ing to the dielectric peak broaden [52]. The characteristic
relaxor-like behavior observed in this material system was
also found in BaTiO;-BiScO; [53], BaTiO;-Bi(Zn,, 5Ti, 5)
O; [18], BaTiO3-Bi(Mg, sTi(, 5)O5 [54] perovskites. As the
BZZ content increases, this dispersive behavior becomes
dominant, and it will result in flattening and broadening of
the temperature-dependent permittivity. The temperature
stability of dielectric materials can be effectively charac-
terized by the temperature coefficient of permittivity (TCe)
which can be estimated as follow,

1/ 6¢e
TCe = - (52) @)

The calculated results reveal that the TCe gradually
increases to near-zero values for the BT-BZZ ceramics
with high BZZ additives, and tolerance factor decreases
monotonously with increasing BZZ concentration, as shown
in Fig. 8. A lower (higher) tolerance factor is highly cor-
responding to a smaller (larger) TCe value, which is an

Fig.7 Temperature depend- 4000 2500
ences of dielectric constant
and dielectric loss for the(1—x) g 3000 E 2000
BaTiOs—xBi(Zn, ,Zn )05 Z & % 1s00f S
ceramics at various frequencies: S 2000 5 S )
ax=0.04,bx=0.08, ¢ x=0.12, £ 5 £ 1000} g
dx=0.16, and e x=0.20 § 1000 1 E S
2 [a) L 500 [a)]
a —_— a
0 00 0
-50 0 50 100 150 200 -50 0 50 100 150 200
2000 Temperature (°C) 0.4 Temperature (°C) 0.4
(c).__ 12001(d) ~—
= 0.3 = 0.3
g 1500 - | .
g 3 B
2 —1kHz {0.2 S — 2
% 1000 10kHz E % 600 100kHz E
E 100kHz ol 3 = — 1MHz o 3
3 —1MHz {0.1 g 3 15
[a] a —
0 0.0 0 0.0
-50 0 50 100 150 200 -50 0 50 100 150 200
Temperature (°C) Temperature (°C)
1000 0.4
800
= 0.3
g 2
£ 600 Q
—
8 0.2 S
g 400 3
3 013
L 200 [a)
A
0 0.0
-50 0 50 100 150 200

Temperature (°C)

@ Springer



Journal of Materials Science: Materials in Electronics (2019) 30:2772-2782 2779
0 1.06
Y
— —" 1 1 (T - Tm)
‘\ —-— = “)
22000 | e {1.05 € En

o g
= Q
=i / &
£ 4000 / \ {104 g
@ =)
2 / g
/ z
/ =

-6000 |- / a 103

y
-8000 S 1.02
0.04 0.08 0.12 0.16 0.20

x value

Fig.8 Compsition dependent 7Ce and tolerance factor

100

120 -

100 ./° 180

(°C)
S
3

60

N o g
§ r 440 :;
s 40 =
=5 r

20 s 120

[ X ./
ol ; \./ 1
20 1 1 1 1 L
0.04 0.08 0.12 0.16 0.20
mol% BZZ

Fig.9 T, and AT, as a function of BZZ content

empirical law to improve the temperature stability of die-
lectrics [55]. In other words, it is promising for the (1—x)
BaTiO;—xBi(Zn,,Zr,,,)O5 ceramics with high BZZ concen-
trations to be utilized in such fields.

In addition, as shown in Fig. 9, T,,, was found to initially
drop from 115 °C (1 kHz) to -5 °C (1 kHz), but then increase
upon further increase in BZZ concentration. The frequency
dispersion is also evident by a parameter AT, which is cal-
culated from Equation,

AT, =T,(1MHz) - T, (1kHz) 3)

where T,, (1 kHz) and T, (1 MHz) are the temperature
corresponding to the maximum dielectric constant measured
at 1 kHz and 1 MHz, respectively. Figure 9 shows the value
of AT, calculated from Eq. (3) for all samples. It is clear that
AT, generally increases from 0 °C to 85 °C, which also sug-
gests the crossover from ferroelectric state to relaxor state.
As is well known, the dielectric characteristics of relaxor
ferroelectrics can be described by a modified Curie—Weiss
law [56],

where €, is the maximum value of the permittivity, and
T,, is the corresponding temperature. C is the modified
Curie—Weiss constant, and the value of y is the degree of
relaxation ranging from 1 to 2. y=1 corresponds to normal
ferroelectric behavior, whereas y=2 represents ideal relaxation
behavior. The plot of In(1/e-1/g,,)) as a function of In(7-7,)
for the (1-x)BT—xBZZ ceramics is shown in Fig. 10. The
value of y that was obtained by fitting the permittivity data
measured at | MHz with Eq. (4) was in the range of 1.50-1.77
with increasing x from 0.08 to 0.20, and this result manifests
an obvious relaxation behavior in (1—x)BT-xBZZ ceramics.

To investigate the energy storage behaviors of the BT-BZZ
ceramics, the P—E (polarization—electric field) hysteresis loops
was measured. The P—E loops record at 10 Hz for all the com-
positions is shown in Fig. 11. In case of x=0.04, we observe
the well-defined ferroelectric hysteresis loop with large rem-
nant polarization (7 uC/cm?) and high coercive field (8.3 kV)
at an applied electric field of 90 kV/cm. As x increases, how-
ever, the remnant polarization (P,) drops rapidly and the P-E
loops become slim, indicating that the long-range dipolar
interaction is disturbed because of the compositional fluc-
tuation and charge difference by the addition of BZZ. These
phenomena attribute to the domain wall motion. Compared
with macrodomains in ferroelectrics, the microdomains or
PNRs may exist in relaxor ferroelectrics. The response of
microdoamins to the applied electric field is faster than that
of macrodomains because of their quite small characteristic
size, which lead to slim P—FE loops [10]. As mentioned above,
BT-BZZ ceramics have a crossover from ferroelectric behav-
ior to relaxor-like behavior with x increasing. Hence, slim P—E
loops with small remnant polarization and coercive field can
be observed when x>0.08. There is a clear trend of decreasing
of the maximum polarization (P,) with the increase of BZZ
content. These findings are linked to the incorporation of BZZ
into the BT host, and the incorporation breaks the long-range
dipole interaction. It can be seen that the P, and coercive field
(E,) also present a decline trend with the increase in x value.
The low P, and E_ is generally related to low energy loss, and
it makes sense for energy storage.

The charge and discharge paths are not uniform on account
of hysteresis or conduction loss. Therefore, from the practi-
cal application point of view, both the discharge energy den-
sity and energy efficiency should be considering. Commonly,
the discharge energy density W, energy loss density W,, and
energy efficiency # can be calculated from the P—E loops as
follow,

Plll
W, = / EdP )
P

14
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Fig. 10 Plot of In(1/e-1/¢,,) as (a) (b)

a function of In(7-T,,) for the Or y=1.50 9t 7=1.60

(1-x)BT—xBZZ ceramics at the -10F

frequency of 1 MHz; a x=0.08, 101 11k

bx=0.12, ¢ x=0.16,d x=0.20 ~ 11 ~

L L2t
S o2t S g3l
= st £ 14f
4l -15¢
1 1 1 1 - I 6 1 1 1 1
1 2 3 4 5 1 2 3 4 5
In(7-T )
© o @ or
y=1.67
-10t -10+
11 -11F
gE -12F igg 12F
& 3) L oasf
= -14f = 14}
-15F -15F
-16 L L L ! -16 L L ' L
1 2 3 4 5 1 2 3 4 S
In(7-7 ) In(7-7 )
004 Table 2 Discharge energy density W,, energy loss density W,, and
ol ﬁ ; 0:08 energy efficiency 5 of the (1-x)BaTiO;—xBi(Zn,,Zr,,,)O; ceramics
x=0.12 x=0.04 x=0.08 x=0.12 x=0.16 x=0.20
x=0.16 /

N’; 10 - x=0.20 W, (J/cm?) 0.383 0.700 0.758 0.523 0.321
S W, (J/cm?) 0.217 0.032 0.016 0.021 0.003
% 0 n (%) 63.9 95.6 98.0 96.2 99.1
2
B
N
g -0}
£ reorientation. Table 2 provides the calculated results of

220 - discharge energy density, energy loss density, and energy
efficiency of the BT-BZZ ceramics. It is apparent from

1 n 1 n 1 L 1
100 50 0 50 100 this table that energy efficiency of these relaxor behav-

Electric field(kV/cm)

Fig. 11 P-E loops for the (1—x)BaTiOs—xBi(Zn,,,Zr,,,)O; ceramics

measured at 10 Hz with a maximum applied field of 100 kV/cm

Pm
W, =/ EdP - W,
0

Wl
X 100%

LT

(6)

@)

where E and P is the applied electric field and
polarization, respectively. W, is caused by the domain

@ Springer

ior ceramics reached a high value larger than 95% at
100 kV/cm, which can be explained by the fast domain
back switching resulting from their weakly coupled
behaviors. The discharge energy density first increase to
a maximum value at x=0.12 but decrease with increasing
x value thereafter. On the one hand, for x=0.04, due to
the existence of obvious ferroelectric phase with large P,,
the discharge energy density is low. On the other hand,
the dielectric constant for x=0.12 is larger than that for
x=0.20 at the measured temperature, thus a lower dis-
charge energy density is observed for x=0.20. At last,
the 0.88BT-0.12BZZ ceramic shows excellent energy
storage properties: discharged energy density of 0.758 J/
cm?® and a high efficiency of 98% at 100 kV/cm. It can
be expected that higher discharge energy density can be
obtained at higher electric fields, if the breakdown strength
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is improved by further decreasing grain size, porosity and
other ways.

4 Conclusions

In summary, the (1-x)BaTiO3;—xBi(Zn,,,Zr,,,)O5 ceram-
ics have been successfully synthesized via the conven-
tional solid-state reaction route. The phase structure,
microstructure, dielectric properties, relaxor behavior
and energy storage properties were systematically inves-
tigated. A single perovskite-type structures and dense
samples were observed for all compositions. The (1—x)
BaTiO;—xBi(Zn,,,Zr,,,)O5 ceramics structure change
from a tetragonal phase to a pesudocubic phase at room
temperature. Dielectric measurement elucidated a crosso-
ver from ferroelectric behavior to frequency dispersion
relaxor-like characteristics for x > 0.08, which was dem-
onstrated by Raman studies. With an increase in the BZZ
content, the temperature dependences of dielectric permit-
tivity curve became flatter, especially for x=0.20. An opti-
mal discharge energy density of 0.758 J/cm® at 100 kV/
cm with fairly high energy efficiency of 98% is obtained
in 0.88BT-0.12BZZ ceramic, and the 0.88BT-0.12BZZ
ceramic has considerable potential in energy storage
applications.
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