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Abstract 

In the present day the increasing demand of environmental protection and human health concerns are motivating the 

researchers to develop lead-free ceramics for various applications. Barium Calcium Zirconium Titanate (BCZT) is a lead-

free ceramic which is recently studied for energy storage applications. The present work demonstrates the structural, micro 

structural and electrical behavior of BCZT perovskite ceramic. The BCZT ceramic with chemical composition 

Ba0.85Ca0.15Zr0.1Ti0.9O3 is prepared by the high temperature solid state diffusion method. A phase pure polycrystalline 

compound is obtained after calcination at 1300℃. The phase formation is confirmed by X ray diffraction (XRD) and 

Raman spectroscopic studies which confirm the tetragonal phase of the crystals. Scanning electron microscopy (SEM) 

image indicates the formation of well- developed grains having grain size of 3.3 µm. The electrical behavior of the prepared 

sample is studied and discussed in terms of dielectric and ferroelectric properties. The dielectric study of BCZT showed 

normal phase transition behavior from ferroelectric to paraelectric phase at 83℃. The diffusivity analysis was used for 

better comprehension of the electrical processes in the materials. The ferroelectric hysteresis loops were obtained at 

different temperatures and voltages. The energy storage efficiency of the ceramic was increasing with temperature and the 

maximum efficiency was 44.3% at 125℃ for an electric field of 15kV/cm.  

Keywords: Solid state reaction method; XRD; SEM; Dielectric studies; Ferroelectric studies 

1. INTRODUCTION

The development of lead-free piezoelectric ceramics has drawn great attention these days due to growing 

environmental concerns. Study of ferroelectric materials is of significant importance for various useful applications 

such as Multilayer ceramic capacitors, dynamic random-access memories, transducers, optical waveguides, micro-

sensors and actuators etc. [1–5]. Oxide perovskites with general formula ABO3 are best known ceramic materials for 

these applications. In ABO3 structure, A and B both are cations of different ionic radius and charge states and O is 

oxygen. BaTiO3 (BT) is a commonly known perovskite with Ba atoms as A-site cations and Ti atoms as B-site cations. 

A complex perovskite system like 𝐴𝑥
′ 𝐴(1−𝑥)

" 𝐵𝑦
′ 𝐵(1−𝑦)

" 𝑂3 can be obtained by the substitution of suitable cations both at

A and B sites.  The solid solution of Barium Zirconate (BaZrO3)- Barium titanate (BaTiO3) known as Barium Zirconate 

Titanate (BaZrTiO3) represents a promising class of dielectric materials [6-8]. The phase diagram of Barium Zirconate 
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Titanate (BZT) shows a cubic structure above the Curie temperature [9, 10]. Below the Curie temperature it crystallizes 

to tetragonal phase or rhombohedral phase depending upon the Zr/Ti ratio in the BZT system. The region between 

these rhombohedral and tetragonal phases of the sample is called the morphotrophic phase boundary (MPB). In this 

region, the material has high dielectric, ferroelectric and piezoelectric properties [11-14]. In attempts to improve the 

physical properties of BZT, dopants are generally added to the Ba or Zr or Ti sites of the material. Ca2+ doped BaTiO3 

ceramics known as Barium Calcium Titanate (BCT) have been used to make multilayer capacitors, memory devices, 

electro-optic modulators, dielectric antennas, multiplexers, resonators, and dye decolorization through piezocatalytic 

and photocatalytic activities [15-18]. The BCT composition possesses three incongruities related to rhombohedral (R), 

tetragonal (T), orthorhombic (O), and cubic (C) transitions, and the phase transition temperature from rhombohedral 

to orthorhombic decreases remarkably with doping concentration. Similarly, the BZT system possesses compositional 

dependence for the improved dielectric and ferroelectric properties. For the Zr/Ti ratio less than 15/85 normal 

dielectric behaviour is seen whereas for the compositions with higher percentage of Zr possesses relaxor behaviour. 

The BZT system with Zr/Ti ratio in between 10/90 to 20/80 possesses one dielectric irregularity related to R-C above 

the room temperature with a very less frequency dispersion effect. To date, considerable research efforts have been 

devoted to improving the dielectric and ferroelectric properties of BT based ceramics. Studies have been carried out 

for co-doping of Ca and Zr in the BT resulting in a solid solution with the general formula Ba1-xCaxTi1-yZryO3 (BCZT) 

[18-23]. The morphotrophic phase boundaries found in the BCZT system have improved the dielectric, ferroelectric 

and piezoelectric properties which are evident in the earlier work. It is found from the literature that the composition 

Ba0.85Ca0.15Ti0.9Zr0.1O3 (BCZT) is one of the potential candidates as lead-free piezoelectric ceramics which have a high 

piezoelectric coefficient and high planar electromechanical coefficient [24]. Orlik et al. found that the 

Ba0.85Ca0.15Ti0.90Zr0.10O3 ceramic with a phase coexistence structure exhibits a giant piezoelectricity (d33 = 330 pC/N) 

[25]. Wu et al. obtained excellent piezoelectric properties (d33=540 pC/N, kp=0.42) in BaZr0.2Ti0.8O3-

0.2Ba0.7Ca0.3TiO3-0.3Ba0.7Sr0.3TiO3 leadfree material by constructing R-T phase boundary [26, 27]. Among this 

family, x[Ba(Zr0.2Ti0.8)O3]-(1-x)[(Ba0.7Ca0.3)TiO3] (BZT-xBCT, BCZT) system has been reported by Liu and Ren [26, 

28] to exhibit interesting dielectric, ferroelectric, and piezoelectric properties at the morphotropic phase boundary 

(MPB) which is comparable to those of PZT ceramics. The high piezoelectric properties of this system are due to the 

coexistence of two ferroelectric phases at the MPB [29].  

 

2. EXPERIMENTAL 

Ba0.85Ca0.15Zr0.1Ti0.9O3 ceramic was prepared by the conventional solid-state reaction route. The starting materials as 

BaCO3 (99.8%), CaCO3 (99.5%), ZrO2 (99.5%) and TiO2 (99.8%) (all Merck) were weighed in stoichiometric 

proportion. BaCO3 and CaCO3 were provided by S.D. Fine Chem., Mumbai, TiO2 and ZrO2 were provided by E. 

Merck India Ltd. and Loba Chem., Mumbai, respectively. The stoichiometric quantities were wet mixed in acetone 

and distilled water and dried with agate mortar. The homogeneous mixture was calcined in air at 1300℃ for 5 hours 

in a high temperature furnace. After calcination the structural properties were studied by X-ray diffraction and Raman 

spectroscopy. For the electrical property measurements, the calcined powder was compacted in the form of discs with 

1.0 cm in diameter by uniaxial pressing at 200 MPa with 5 wt% PVA (Polyvinyl Alcohol) solution added as a binder. 

The discs were then sintered at 1350℃ for 5 hours. Silver electrodes were applied to the opposite disc faces and heated 

at 700℃ for 5 min. The reaction taking place between the different reagents can be expressed by the following relation: 

 

0.85𝐵𝑎𝐶𝑂3 + 0.15𝐶𝑎𝐶𝑂3 + 0.1𝑍𝑟𝑂2 + 0.9𝑇𝑖𝑂2 → 𝐵𝑎0.85𝐶𝑎0.15𝑍𝑟0.1𝑇𝑖0.9𝑂3 +  𝐶𝑂2(↑)        (1) 

The synthesized powder was characterized with respect to phase identification and lattice parameter measurements, 

using Cu-Kα (λ=1.541 Å) X-ray diffraction (XRD) with the help of Pananalytical X'pert Pro Diffractometer. The lattice 

parameters were calculated using X’pert Highscore software. The surface morphology was observed and the average 

grain size was measured through scanning electron microscope (Zeiss Make EVO 18 scanning electron microscope). 

For Raman spectroscopic studies, Jobin Yvon Horiba, France make spectrometer (model T64000) with argon–krypton 

mixed ion gas laser (Spectra Physics Make, USA, model 2018 RM) was used. An LCR Meter (N4L-NumetriQ LCR 

meter, model PSM1735) was used to measure the dielectric properties of silver pasted BCZT pellets in the frequency 

range of 1 Hz to 1 MHz. The ferroelectric hysteresis loops were determined by using a ferroelectric test system (Marine 

India make P–E loop tracer). 
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3. RESULTS AND DISCUSSION 

3.1 Structural Study 

The phase formation of the BCZT ceramic and its structure was verified through X-ray diffraction characterization 

technique. Fig. 1 displays the XRD data obtained in the angular range of 10° < 2θ < 80°. The XRD pattern of BCZT 

ceramic at room temperature exhibits pure perovskite phase which is calcined at 1300 °C for 5 hours. The XRD peaks 

obtained are analyzed using X’pert high score plus software. The sharp intense and well-defined diffraction peaks 

indicate that the ceramic material has a tetragonal phase with “P4mm” space group as confirmed by JCPDS No. 79-

2265. The presence of any deleterious phase is not witnessed that confirms the formation of single-phase compound 

with long range crystallinity. The highest intensity peak is observed at 31.9° which is indexed as (110). The obtained 

peaks are further analyzed using “Checkcell” software to determine the cell parameters. All the reflection peaks of 

the X-ray profile are indexed and lattice parameters are determined using a least-squares method with the help of 

“Checkcell”. Good agreement between the observed and calculated interplanner spacings (d-values) is seen. The 

observed and calculated d-values are listed in Table 1.  The calculated values of cell parameters are; a=b=4.0023 Å, 

c=4.0092 Å; α=β=γ= 90°; and cell volume V=64.22 Å3. In Perovskite compounds, the tetragonality is measured in 

terms of c/a ratio. The tetragonality in the samples can also be measured in terms of tolerance factor (t). In the 

perovskite structure, the tolerance factor is often used to determine the structural stability, which can be calculated 

from Eq.  

 

𝑡 =
𝑅𝑜+𝑅𝐴

√2(𝑅𝑂+𝑅𝐵)
                                                          (2) 

Where RA, RB and RO are the ionic radii of A-cation, B-cation and Oxygen ion. For an ideal perovskite structure with 

cubic symmetry, the value of ‘t’ is unity. However, stable perovskite structures with noncubic symmetry can be 

obtained when ‘t’ deviates from unity. The tolerance factor of a complex system like 𝐴𝐵𝑥
′ 𝐵(1−𝑥)

′′ 𝑂3 is given by the Eq. 

𝑡 =
𝑅𝑜+𝑅𝐴

√2(𝑅𝑂+𝑥𝑅𝐵′ +(1−𝑥)𝑅
𝐵")

                                                    (3) 

The tolerance factor of Ba0.85Ca0.15Zr0.1Ti0.9O3 perovskites is theoretically calculated using the following formula: 

𝑡 =
𝑅𝑜+0.85𝑅

𝐵𝑎2++0.15𝑅
𝐶𝑎2+

√2(𝑅𝑂+0.1𝑅𝑍𝑟4++0.9𝑅𝑇𝑖4+)
                                                 (4) 

where, RO, RBa
2+, RCa

2+, RZr
4+ and RTi

4+ are the ionic radii of O, Ba, Ca, Zr and Ti ions and the corresponding values 

are RO=1.40 Å, RBa
2+=1.60 Å, RCa

2+=0.9 Å, RZr
4+=0.72 Å and RTi

4+=0.6 Å. The calculated value of ‘t’ for BCZT is 

1.02 (using relation (4)) it confirms the nonsymmetric perovskite structure in the sample. Since the ionic radii of Zr 

and Ti are different, a distortion in ZrO6/TiO6 octahedra takes place. As a result of which a disorderness as well as 

lattice strain develops in the ceramic.   
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Fig. 1 X-ray diffraction patterns of BCZT ceramic calcined at 1300 ℃ 

 

The surface and grain morphology of the prepared sample is studied by SEM. The SEM micrograph of the 

microcrystalline BCZT ceramic pellet sintered at 1350℃ is shown in the fig. 2 which is characterized by well-

developed grains with irregular shape. Here we observed that the grains are well developed along with sharp edges 

and well-defined borders. The surface of the sample displays a tight and condensed morphology with very less pores 

and distinct grain boundaries and seldom pores.  We observed uniformity in the grains are their size is in the order of 

few microns. The SEM also shows lamellar structures in BCZT (indicated with blue frame circle). A representative 

histogram of the grain size distribution of BCZT is shown in Fig. 2(b). The average grain size of the sample is about 

10µm. 
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Fig. 2(a) SEM micrograph of BCZT ceramic pellet sintered at 1350℃ (b) grain size distribution of BCZT pellet 

 

Raman spectroscopy is a non-destructive method used to identify the phase transitions of complex ferroelectric 

materials. Fig. 3 presents the Raman spectra of BCZT ceramic where the Raman bands (position and intensity) are 

noticed in the range of 200-800 cm-1. Here we witnessed two Raman active modes of BCZT as shown in the figure. 

Raman peaks are observed around 477 cm−1 and 697 cm−1. These are characteristic to the ferroelectric phases 

(rhombohedral, orthorhombic and tetragonal) of BCZT ceramic. Ba-O bonds produce two mixed modes, [A1/E(TO)] 

and [A1/E (LO)]. These results suggest the presence of tetragonal distortion in the BCZT ceramic. Also, these modes 

are broad which indicates the polycrystalline nature of the sample. 

 

 
 

(a) 
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Fig. 3 Raman spectra of BCZT ceramic at room temperature 

 

3.2 Dielectric studies 

The dielectric constant of the ceramic is measured using the eq. given below: 

𝜀𝑟 =
𝐶𝑑

𝜀0𝐴
                                                                (5) 

Where, C is the capacitance (F) of the ceramic, ε0 is the permittivity of the free space (8.855 × 10−12 F/m), A is the 

electrode area (m2) of the ceramic pellet, and d is the thickness (m) of the ceramic pellet made in the form of capacitor. 

The relative permittivity (dielectric constant) of BCZT ceramic as a function of temperature at frequencies 500kHz 

and 1MHz is displayed in fig. 4(a). The dielectric constant of BCZT ceramic has shown a traditional behaviour with 

temperature. For both the frequencies, dielectric constant at first increases to its maximum value (εm) and then 

decreases smoothly. This represents a structural phase transition in BCZT ceramic. The graph depicts structural phase 

transitions at 83℃ (Tc). The sharp peak at 83℃ (Curie temperature) represents the transition temperature (Tc), which 

is associated to polarized ferroelectric phase (tetragonal) to unpolarized paraelectric (cubic) phase transition. It has 

been claimed that the crystal structure and grain size had a significant impact on the solid solutions' dielectric 

characteristics [30-32]. In the entire process of dielectric measurement, the permanent dipole moment is affected by 

polarization. It is again noteworthy that εr value is significantly influenced by the dopant type, dopant ratio, and 

sintering temperatures. Additionally, there are other both intrinsic and external elements that can be affecting, 

including grain size, grain boundaries, density, pressure, and domain wall motion. In BCZT the Ca2+ ions at A-site 

and Zr4+ ions at B-site both influence the dielectric permittivity. The Ca2+ ions have smaller ionic radius and smaller 

electronic polarizability than Ba2+ ions and hence the Tc is expected to reduce as compared to the Tc of BaTiO3 which 

is ~137℃ [33]. However, the earlier reports mention that there is no significant change in the Tc with the substitution 

of Ca, this indicates Ca2+ ions have complex impact on the ferroelectric properties [34, 35]. On the other hand, when 

Ti4+ ions are replaced by Zr4+ ions producing BaZryTi1-yO3 ceramic, a shift from normal ferroelectric to relaxor 

ferroelectric behaviour is seen for y> 0.2. Also, a significant reduction in the Tc with good dielectric tunability is also 

observed [6]. For low concentration of Ca the BCZT ceramic show excellent ferroelectric properties because of the 

off-centered Ca2+ ions and hence the temperature of maximal permittivity shows an increasing trend. However, in the 

present composition of BCZT (Ba0.85Ca0.15Zr0.1Ti0.9O3) a CaTiO3 phase occurs and Ti4+ ions being replaced by Zr4+ 

ions decrease the temperature of maximal permittivity. Additionally, the negatively charged O2- ions and the positively 
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charged Ti4+ ions are slightly displaced from their symmetrical positions which result in upward displacement. So, the 

distortion along c-axis results in tetragonal phase in the crystal at room temperature. The dielectric behaviour of the 

sample is in agreement with our XRD data. The dielectric constant has significantly decreased with temperature above 

Tc. It means the tetragonal phase (non-centrosymmetric) at low temperature has been transformed into cubic 

(centrosymmetric) phase at high temperature. Thus, above Tc the crystalline phase is paraelectric which has no 

permanent dipole moment. The dielectric loss (tanδ) of BCZT ceramic as a function of temperature at frequencies 

500kHz and 1MHz is shown in fig. 4(b). The results show that the dielectric loss change a little in the temperature 

range of 30–200 °C.  The tanδ curves have slight fluctuations and confirm that the dielectric loss is less than 0.1 in the 

wide temperature range which indicates that tanδ is not sensitive to temperature. The variation of dielectric constant 

with frequency is shown in fig. 5 which shows a normal trend i.e. higher at low frequencies and keep on decreasing 

with increasing frequencies. 

In order to describe the dielectric relaxation behavior of ceramics, several models have been proposed, among which 

the popular one is the modified Curie–Weiss law given as: 

 
1

𝜀ʹ
−

1

𝜀𝑚𝑎𝑥
, =

(𝑇−𝑇𝑚)𝛾

𝐶
                                          (6) 

where 𝜀𝑚𝑎𝑥
ʹ , C and γ are the dielectric permittivity at Tm (the dielectric-temperature curve reaches maxima at Tm), the 

Curie-like constant, and the degree of dielectric relaxation (1≤γ≤2), respectively. γ=1 corresponds to a normal 

ferroelectric while, γ=2 is labeled as perfect relaxor. In this study the diffusivity in the sample is obtained by plotting 

a graph between log(1/ 𝜀ʹ - 1/𝜀𝑚𝑎𝑥
ʹ ) and log(T-Tm) for 500 kHz frequency, presented in fig. 6. The graph follows Curie-

Weiss law showing a linear relationship between plotted quantities. In this study, the value of diffuseness coefficient 

(γ) is found to be 1.7, which indicates the dielectric properties are tending towards diffuse ferroelectric behavior. The 

broadness or diffuseness occurs mainly due to compositional fluctuation and structural disordering in the arrangement 

of cation at one or more crystallographic sites of the structure.  
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Fig 4(a) Dielectric constant and (b) dielectric loss of BCZT ceramic as a function of temperature at 500kHz and 

1MHz 
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Fig. 5 Dielectric constant of BCZT ceramic as a function of frequency at different temperatures  
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Fig. 6 Dielectric permittivity data fitted to the modified Curie–Weiss law for BCZT ceramic at 500 kHz 

 

3.3 Ferroelectric studies 

The ferroelectric properties (PE loops) of a ceramic are important for investigation of phase evolution. In BCZT 

ceramic the off-centering of Ti4+/Zr4+ ions within the TiO6/ZrO6 octahedra are responsible for the ferroelectric 

properties. The PE loops of BCZT ceramics are shown in fig. 7 where the effect of temperature can be seen. The 

hysteresis loops between polarization (P) and electric field (E) are exhibited (fig. 7) with increasing temperatures from 

25℃ to 125℃ at an electric field of 15kV/cm. The sample exhibit a well visible hysteresis loop. All the ceramics have 

a typical characteristic i.e. the ferroelectric properties increase with increasing temperature also representing the 

ferroelectric to paraelectric phase transition. It is observed that the PE loops are slimmer at higher temperatures 

gradually tending towards linearity but do not completely become linear even after phase transition temperature (83 

°C) indicating hysteresis loss in the sample. From the PE loops analysis some diffuseness in phase transition behavior 

of BCZT sample is seen where the similar behaviour is observed in dielectric vs. temperature studies too. 
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Fig. 7 P–E loops of BCZT ceramics at different temperatures sintered at 1350℃ 

 

Fig. 8 shows the variation of remnant polarization (Pr) and coercive field (Ec) with temperature. Remnant polarization 

and coercive field both found to decrease when the temperature is increasing. The thermal fluctuations significantly 

effect the ferroelectric interaction between the dipoles and also the lattice distortion. As a result of which the Pr values 

decrease. However, the reduction in Ec indicates the softening of sample on heating [36]. As per the earlier discussion 

the area under the hysteresis loops is decreasing when the temperature is increasing, this is certainly because the area 

under the loop is directly proportional to the domain wall motion. At low temperatures the domain wall motion is slow 

and hence the area under the loops is large further with increasing temperature the domain wall motion becomes fast 

and hence the loop area decreases. Even some polarization is still witnessed beyond the transition temperature. The 

remnant polarization is largely influenced by the grain size. Larger the grain size better is the ferroelectric property. 

The SEM results of BCZT ceramic confirms the larger grain size which is in agreement to better ferroelectric 

properties. Further, the decreasing coercive field with increasing temperature indicates that the ferroelectric domains 

of the sample are easier to switch with temperature. The physical properties of ceramics like grain size, density and 

phase homogeneity are correlated to Ec, Ps, Pr and the squareness of the hysteresis loops. Ideally, the squareness 

parameter is equal to 2. Since larger grain size improves the ferroelectric properties the squareness of P–E loops also 

improve with the grain size. According to Haertling and Zimmer, the squareness of a P-E loop is determined by the 

following relation- 

 

𝑅𝑠𝑞 =
𝑃𝑟

𝑃𝑠
+

𝑃1.1𝐸𝑐

𝑃𝑟
                                                     (7) 

Where, Rsq is the squareness of hysteresis loop, Ps is saturation polarization, Pr is remnant polarization and P1.1Ec is the 

polarization at an electric field equal to 1.1 times the coercive field (Ec). The calculated values of Rsq for BCZT sample 

is 1.516, 1.38, 1.498, 1.347, 1.163 respectively at 25℃, 50℃, 75℃, 100℃, 125℃ of PE loops. For all the 

temperatures the respective 𝑅𝑠𝑞 values are approximately near 1.5 indicating a better homogeneity and uniformity in 

grain size of the sample. 
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Fig. 8 Variation of remnant polarization (Pr) and coercive field (Ec) for BCZT ceramic at 

different temperatures and measured at 15kV/cm electric field 

 

The hysteresis loops of BCZT ceramic plotted at different electric fields at 100℃ (close to phase transition 

temperature) are shown in fig. 9. When the electric field is increased up to 20kV/cm the maximum polarization, the 

saturation polarization and the remnant polarization also found to increase. Since all the ferroelectric materials exhibit 

dipole reorientation and the domain growth, this type of typical behavior is quite expected. When the electric field 

intensity is less, the domain motion is driven slowly as the energy is not enough. When the intensity of electric field 

is slowly increased the overlapped domains start migrating and switching. Further on significantly increasing the 

electric field the domains are transformed and aligned directionally at 180° to the existence of domain wall resistance. 

Further, increasing the electric field leads to the domain reorientation in the path of the applied field. And finally, the 

conventionally saturated hysteresis loops are formed.  
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Fig. 9 P–E loops of BCZT ceramics at different voltages  

 

In order to measure the energy storage performances, the charge storage density (Qc), the recoverable energy density 

(Wrec), loss energy density (Wloss), the total energy density (Wtotal) and the energy storage efficiency (η) of the ceramic 

are determined with the help of P-E loops. Here Wrec is equal to the area enclosed by the discharge polarization curve 

and the y-axis and Wloss is the energy density loss due to domain reorientation and leakage conduction, shown by the 

enclosed area of the charge and discharge polarization curve. The fig. 10 gives an idea about the Wrec (shown in 

yellow) and the Wloss (the green area). The energy storage efficiency is estimated using the following relations: - 

 

𝑊𝑡𝑜𝑡𝑎𝑙 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

0
 = 𝑊𝑟𝑒𝑐 + 𝑊𝑙𝑜𝑠𝑠                                                             (8) 

𝑊𝑟𝑒𝑐 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

𝑃𝑟
                                                                                          (9) 

𝜂% =
𝑊𝑟𝑒𝑐

𝑊𝑡𝑜𝑡𝑎𝑙
𝑥100                                                                                          (10) 

For better energy storage performances reduced remnant polarization and large maximal polarization are required so 

that the recoverable energy density and energy storage efficiency are improved [37]. The larger energy storage 

efficiency is an indicative of small loss in the form of hysteresis. The energy storage density (Qc= Ps-Pr), of a 

ferroelectric capacitor is measured from P-E loop at zero electric field. It is also expected that Qc will increase with 

increasing electric field from zero to maximum. The increasing values of Qc with electric field for 100 ℃ (close to 

Tc) are presented in Table 2. The energy storage efficiency of the BCZT ceramic at various temperatures is tabulated 

in Table 3. It is seen that the energy storage efficiency (η) increases with temperature because of the reduction of 

energy loss as shown in Fig. 11. The minimum energy storage efficiency is 24.7% at 25℃ (room temperature) and 

the maximum is 44.3% at 125℃.  
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Fig. 10 Schematic diagram for calculation of energy storage efficiency from P-E loop 
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Fig. 11 Variation of energy storage efficiency (η) with temperature of BCZT ceramic measured 
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4. CONCLUSIONS

The present article reports the dielectric and energy storage performance of BCZT ceramic prepared using the solid-

state reaction method calcined at 1300 °C for 5 h. From the results of XRD and Raman spectroscopy, it is evident that 

BCZT is polycrystalline and of perovskite crystal structure with tetragonal phase. SEM micrograph has shown that 

average grain size of the ceramic is 3.3 µm which is considerably good to obtain the excellent ferroelectricity and 

dielectric properties. In the temperature-dependent dielectric studies, the dielectric anomaly pertaining to the phase 

transition was observed. The tetragonal to cubic phase transition is observed at 83℃. Modified Curie–Weiss law 

suggests that value of diffusivity is 1.7 which is approaching towards relaxor ferroelectrics. The results showed that 

dielectric permittivity and dielectric loss change little in the studied frequency range. The energy storage properties of 

lead-free BCZT ceramic are studied as a function of temperature. The highest energy storage efficiency is 44.3% for 

which the total energy density is 35.9 J/cm3 at 125℃. The BCZT ceramic is a promising lead-free material for energy 

storage capacitor application. 

Caption to the figures 

Fig. 1 X-ray diffraction patterns of BCZT ceramic calcined at 1300 ℃ 

Fig. 2(a) SEM micrograph of BCZT ceramic pellet sintered at 1350℃ (b) grain size distribution of BCZT pellet 

Fig. 3 Raman spectra of BCZT ceramic at room temperature 

Fig. 4(a) Dielectric constant and (b) dielectric loss of BCZT ceramic as a function of temperature at 500kHz and 

1MHz 

Fig. 5 Dielectric constant of BCZT ceramic as a function of frequency at different temperatures  

Fig. 6 Dielectric permittivity data fitted to the modified Curie–Weiss law for BCZT ceramic at 500 kHz 

Fig. 7 P–E loops of BCZT ceramics at different temperatures sintered at 1350℃ 

Fig. 8 Variation of remnant polarization (Pr) and coercive field (Ec) for BCZT ceramic at different temperatures and 

measured at 15kV/cm electric field 

Fig. 9 P–E loops of BCZT ceramics at different voltages 

Fig. 10 Schematic diagram for calculation of energy storage efficiency from P-E loop 

Fig. 11 Variation of energy storage efficiency (η) with temperature of BCZT ceramic measured at 15kV/cm 
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