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ABSTRACT: The escalating demand for energy-related devices has prompted an intensive study on materials for energy harvesting
and storage. Recently, due to the toxicity of lead-based materials, researchers have drawn their attention to lead-free ferroelectrics.
However, it is indisputable that commercially lead zirconium titanate (PZT) has gained an irreplaceable position as an actuator. In
the present work, we specifically compare microwave-sintered PbZr0.52Ti0.48O3 and BaZr0.20Ti0.80O3 ceramics based on their energy-
storage capacity. The structural, optical, electrical, ferroelectric, and energy storage properties of microwave-sintered Zr-modified
lead titanate (PbZr0.52Ti0.48O3, PZT) and Zr-modified barium titanate (BaZr0.20Ti0.80O3, BZT) ceramics are investigated and
addressed. The temperature-dependent dielectric property analysis suggests high transition temperature and dielectric properties for
PZT ceramic, whereas the near-room temperature transition is observed in the case of BZT. Furthermore, the band-gap energy value
of BZT and PZT from UV−vis spectroscopy indicates the possible use of these ceramics in optoelectronic devices. The ferroelectric
properties of PZT and BZT are discussed, and the maximum energy storage capacities are found to be 30.5 and 21 mJ/cm3 for PZT
and BZT, respectively. It is found that microwave-sintered PZT’s characteristics make it an attractive option for use in filters, phase
shifters, sensors, actuators, and energy-related devices. On the other hand, BZT finds its suitability in biomedical devices and
underwater applications.

■ INTRODUCTION
The presence of ferroelectricity in any system is mainly due to
the structure of the system, in other words, the symmetry of
the unit cell. Some dielectric materials do not possess a center
of symmetry. As a result, these materials exhibit piezoelectric
properties. Piezoelectricity is a physical phenomenon that
arises when stress causes charge separation in the material.
Also, when a material is exposed to an electric field, it
undergoes mechanical strain.1 Materials with ferroelectricity
have several useful properties such as permittivity, high
piezoelectric coefficient, field varying polarization high
electro-optic effect, and pyroelectric coefficients. Based on
the applications, ferroelectric materials can be made in various
forms such as thin-film, bulk ceramics, and polymer
composites. Technologically significant ferroelectrics are
oxide compounds with the structure of perovskite. This
distortion of perovskite cubic structure leads to ferroelectricity
in materials. Ferroelectric distortion leads to a small displace-
ment of cations with respect to anions, which results in a net

dipole moment for each unit volume.2 It is well known that,
perovskite structures when left undistorted above Curie
temperature results in non-ferroelectric materials. On the
other hand, below Tc (Curie temperature), the distorted
perovskite cubic structure gives rise to the ferroelectric
capabilities of the materials. Based on this, ferroelectric
materials are classified according to the structural modification
at the transition temperature.3 Recently, the scientific
community has been focusing on the order−disorder “eight-
site model”.4 According to this model, the cubic phase
comprises a random distortion along cubic diagonals or [111]
direction. The tetragonal phase has displacement with
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polarization in the [100] direction, the orthorhombic has two
occupied sites and polarization along [110], and the
rhombohedral phase along [111]. So far, the piezoelectric
and ferroelectric characteristics of dielectric ceramics are being
extensively researched due to their energy storage density.
Given their long lifespan, rapid charge-discharging ability, and
high power density, dielectric capacitors are crucial in
industries that deal with energy conversion. From day-to-day
life to the military industry, dielectric ceramics with high
storage density are of great importance. An appropriate
dielectric capacitor that can replace the current storage devices
is the state of art.
In spite of the toxic environmental effects, lead-based

ferroelectric perovskite materials attracted many researchers
due to their high piezoelectric properties. PbZrxTi1−xO3 (lead
zirconium titanate, PZT) is a perovskite structured material,
having a general chemical formula ABO3. It is the combination
of the antiferroelectric phase of PbZrO3 with a rhombohedral
structure and the ferroelectric phase of PbTiO3 with a
tetragonal structure.5 The formation of PZT can be enhanced
depending upon the sintering temperature.6 PZT finds its
application in sensors, transducers, transformers, bandpass
filters, and non-volatile memory devices.7 PZT with high Zr
concentrations has R3m and R3c space groups of which R3m is
a high-temperature phase, whereas R3c is a low-temperature
phase. PZT exhibits rhombohedral R3m and tetragonal P4mm
space group. Various researchers have synthesized PZT in
different routes such as Cho et al. synthesized PZT through the
sol−gel technique8 and Geetika et al. and Nayak et al. prepared
PZT using a normal solid-state reaction technique.9,10

Furthermore, Wang et al. synthesized thick films of PZT
through the hydrothermal route.11

Recent studies indicate that the scientific community is
looking for alternate lead-free ferroelectric materials with
enhanced dielectric constant, and low dielectric loss. This led
to perovskite-structured BaTiO3-based materials with good
dielectric and ferroelectric attributes,12 high electromechanical
couplings, and a high d33 value.

13 The addition of Zr in BTO
leads to more chemical stability which results in a high
dielectric constant and high ferroelectric properties.14

Furthermore, on enhancing the concentration of Zr, Tc
decreases. From the literature, it is known that lead-free
ferroelectrics like BZT can be used as energy harvesters15 and
ferroelectric relaxors.16

Ferroelectricity in both Zr-modified BaTiO3 (BZT) and
PbTiO3 (PZT) perovskite-structured materials arises essen-
tially due to hybridization between the 3d states of titanium
and 2p states of oxygen. Barium and oxygen interaction in
BTO-based ferroelectric is ionic and favors the rhombohedral
phase. On the other hand, the hybridization of lead and oxygen
in PTO-based ferroelectrics results in the stabilization of the
tetragonal structure. In BTO ceramics, Ba does not have a 5p
hybridization and valence band, whereas in the case of PbTiO3,
there is a strong interaction between lead and oxygen. The
small size of Pb+2 and large strain in PTO results in the
stabilization of the cubic phase. In lead titanate, the dipolar
electron density around lead results in increased ferroelectric
distortion, while in barium-titanate, barium does not polarize
along with ferroelectric distortion.2

In the current investigation, microwave sintering is used to
sinter the ceramics by using microwave radiation, which lowers
the power consumption and sintering time. The interaction
between material and microwave radiation results in dipole
oscillation which leads to the self-heating of the materials.
Microwave sintering has more advantages compared to the
conventional way of sintering. The microwave sintering
technique not only reduces the processing time and sintering
temperature but also improves the electrical properties,
density, and microstructure of the material. Therefore, in this
work, microwave sintering is utilized to synthesize PZT and
BZT. So far, there is no literature available for microwave
sintered BZT and PZT in terms of energy storage capacity.
Figure 1 illustrates the schematic diagram of the microwave
furnace and the pictorial representation of the working
principle self-heating process.16 Previously, there are several
reports of microwave-sintered modified PbTiO3

16−18 and
BaTiO3.

19,20

The present article gives a detailed comparison of zirconium
modified PTO and BTO for the benefit of design engineers to
select appropriate materials according to applications. This
kind of comparative study is the first of its kind. Furthermore,
this work checks the feasibility and efficiency of lead-free and
lead based titanates for energy storage applications. Fur-
thermore, very little literature is available on microwave-
sintered titanates and their energy storage properties.

■ EXPERIMENTAL SECTION
Synthesis of Lead Zirconium Titanate. Lead zirconium

titanate (PbZr0.52Ti0.48O3) is prepared through the conven-

Figure 1. (a) Schematic illustration of microwave furnace and (b) working principle of microwave sintering.
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tional ceramic method that involves double sintering. The
starting materials are Pb(NO3)2 (lead nitrate), ZrO2
(zirconium oxide), and TiO2 (titanium oxide) (AR grade
purity, Sigma-Aldrich). These are measured in a definite
stoichiometric ratio and powders are grinded in a high energy
ball mill using a planetary ball milling system (PULUERI-
SETTE p-6, Fritsch GmbH, Germany). Nitrates are more
reactive than oxides and promote densification at relatively low
sintering temperatures. The milling is done at 300 rpm for 8 h.
The powders so obtained are pressed into pallets with the help
of a uniaxial hydraulic press and the prepared pallets are pre-
sintered at 500 °C for 20 min using a microwave furnace. The
calcined pellet is grinded. To obtain fine particles, the grinded
powder is milled for another 8 h in a wet milling medium.
Furthermore, the slurry is dried in a hot air oven. The powder
is pressed into pellets of a diameter of 10 mm and thickness of
1.2 mm using a hydraulic press at 0.5 ton pressure. These
pellets undergo final sintering in the Pb atmosphere and the
microwave furnace. The final sintering temperature of 935 °C
is maintained for 22 min.
Synthesis of Barium Zirconium Titanate. A regular

solid-state technique is used to synthesize barium zirconium
titanate (BaZr0.2Ti0.8O3). Barium carbonate, [Sigma-Aldrich
(99.9%)], zirconium oxide, [Sigma-Aldrich (99%)], and
titanium oxide, [Alfa Aesar (99.5%)] are weighed in the
required stoichiometric ratio using an electronic weighing
instrument and the measured materials are wet milled using
tungsten carbide balls at 300 rpm for 8 h. The slurry so
obtained is dried in a hot air oven at 85 °C for 45 min. The
obtained dry powder is pressed into pellets through a stainless
steel dye set using a hydraulic press. These pallets are calcined
at 800 °C for 20 min using a microwave furnace. The green
pellets are again ball milled at 300 rpm for 8 h. PVA is added to
the dry powder as a binding agent and pressed into pellets of
diameter 10 mm and thickness of 1.2 mm using a uniaxial
hydraulic press at 0.5 tons. These pellets are finally sintered at

1200 °C for 22 min using a programmable microwave furnace
(VBCC, Pvt. Ltd, India). A schematic representation of the
above experimental method is illustrated in Figure 2.
With the use of a powder X-ray diffractometer (X’pert,

Panalytical, Netherland), the structural features are identified.
To ensure the phase transition temperature, thermal analysis of
the ceramics is performed at a heating rate of 5 °C/min under
an argon atmosphere using TA SDC 650. Scanning electron
microscopy (SEM, Thermo Fisher Scientific FEI Quanta 250
FEG, Carl Zeiss, EDX�Oxford-INCx-act) is used to examine
the morphology and microstructure of the synthesized PZT
and BZT. Furthermore, a UV−vis spectrometer (V. JASCO V-
750 PC) is used to estimate the absorption intensity and band
gap energy of both samples. To determine the existence of
particular groups in BaZr0.2Ti0.8O3 and PbZr0.52Ti0.48O3, FTIR
spectroscopy (Fourier transform infrared region) (IR Affinity-
1, Shimadzu) is utilized. The sintered pellets are covered on
both sides with silver electrodes. The dielectric attributes
concerning the temperature of BZT and PZT are studied using
an LCR bridge instrument (N4L PSM 1735 and Agilent
E4980). To study the electrical characteristics, a high-
performance Alpha A frequency analyzer from Novocontrol
Technologies (Germany) is used. TF Analyzer 2000,
manufactured by aixACT system GmbH (Germany) is used
at room temperature to measure the ferroelectric evaluation of
BaZr0.2Ti0.8O3 and PbZr0.52Ti0.48O3 utilizing a triangle wave-
form at 0.1 Hz frequency.

■ RESULTS AND DISCUSSION
Structural Analysis. The X-ray diffraction (XRD) patterns

of microwave-sintered PZT and BZT samples are illustrated in
Figure 3 The XRD profile of BaZr0.2Ti0.8O3 and
PbZr0.52Ti0.48O3 indicates that both the samples have a pure
perovskite phase without any secondary phases or impurity.
PZT sintered at 935 °C has a tetragonal crystal structure with a
P4mm space group. Gonçalves et al.17 also reported a similar

Figure 2. Schematic representation for the synthesis of microwave-sintered PZT and BZT.
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structure. It is noticed that 935 °C is the perfect sintering
temperature for PZT using microwaves to obtain the perfect
phase, which is attributed to the high diffusion of Zr4+ ions.
BZT ceramics sintered at 1200 °C have a tetragonal phase with
a P4mm space group. The obtained structural peaks are in
good agreement with Cai et al.21 and Binhayeeniyi et al.22

reports. The XRD patterns are matched with JCPDS file no.
32-0784 and 75-0461 for PbZr0.52Ti0.48O3 and BaZr0.2Ti0.8O3,
respectively. To verify and complete the analysis of XRD,

Rietveld refinement of the XRD data is performed to confirm
the phase composition of PZT and BZT by fitting the XRD
pattern with Pseudo-voigt structural model using FULL-
PROOF software. It can be observed that the best fit in
refinement for the microwave-sintered BZT ceramic is the
tetragonal phase since the lowest goodness of fit is obtained.
For microwave-sintered PZT, the best fit in refinement is the
tetragonal phase. The summary of the lattice parameters,
volumes, and goodness of fit for PZT and BZT obtained by

Figure 3. XRD profile of (a) BaZr0.2Ti0.8O3 (1200 °C) and (b) PbZr0.52Ti0.48O3 (935 °C), (c) Rietveld refined XRD pattern of BZT, and (d)
Rietveld refined XRD pattern of PZT.

Table 1. Structural Physical Parameters of Microwave-Sintered PZT and BZT

sample
molecular
wt. (g)

sintering
temp. (°C)

sintering time
(min)

avg. grain
size (nm)

space
group

avg. crystallite size
(Å) (%) lattice parameters (Å)

density
(g/cm3)

relative
density (%)

PZT 325.60 935 22 417 P4mm 148.9 ± 0.1 a = b = 4.06 ± 0.5%;
c = 4.109 ± 0.9%

7.7 99.7

BZT 241.86 1200 22 762 P4mm 340.86 ± 0.1 a = b = 3.988 ± 0.5%;
c = 3.994 ± 0.9%

5.48 89.7
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Rietveld refinement are listed in Table 2. The reliability
parameters are listed in Table S1 of the Supporting
Information.
The average crystallite size (D) is calculated using the

Scherer equation [eq 1]. Lattice parameters are calculated with
the help of Miller indices (h, k, l) and tabulated in Table 1. It is
observed that the characteristic peaks in PZT shifted toward a
lower angle (2θ) value as compared to the peaks in the case of
BZT due to the substitution of Pb2+ with Ba2+ at the A site of
the ABO3 perovskite structure. Such an observation is due to
the difference in the ionic radius of Pb2+ and Ba2+; the ionic
radius of Pb2+ (129 pm) is less than that of Ba2+ (142 pm).23

Therefore, the substitution of Pb2+ at the A site replaces Ba2+
which can lead to shrinkage in the lattice. The lattice is not
able to compensate for the shrinkage which results in the
shifting of peaks, which is in agreement with Figure 3. Table 1
also gives the measured densities and relative densities of the
samples. The densities of the samples are measured using
Archimedes’s principle in xylene. While the relative density is
the ratio of experimental density to theoretical density
estimated from the lattice parameter.

D
k

Crystallitesize ( )
cos

=
(1)

The crystallite size of PZT and BZT is estimated through
the Williamson−Hall method as well. The W−H plot depends
on peak size broadening and strain. The W−H method is an
integral breadth technique that determines crystallite size and
strain-related line broadening by evaluating the peak width as a
function of 2θ.24 In addition to the crystallite size, lattice strain
(ε) which is experienced by the ceramics during the sintering
process is estimated. It is observed that the PZT has a higher
microstrain as compared to that of BZT. The higher strain in
lead based ferroelectrics can be explained on the basis of the
smaller ionic radius of Pb2+ and lead-oxygen hybridization.
Table 3 depicts the crystallite size and lattice strain obtained
through the W−H method.
Thermal Analysis. The thermal behavior and temperature-

dependent phase transition of PZT and BZT ceramics are
represented in Figure 4. It is well established that the
crystalline phase formation is an exothermic reaction and the
heat flow as a function of temperature for PZT and BZT shows
an exothermic reaction peak at the transition temperature.
From the figure, it is evident that the BZT has a phase
transition temperature near the room temperature, 34 °C,
whereas PZT has a phase transition temperature of 330 °C.
These phase transition temperatures are in good agreement
with the dielectric studies (as shown in Table 4).
Microstructure Analysis. Images produced with the aid of

a scanning electron microscope show the well-grown grains of
BZT and PZT. In Figure 5, the microstructure of both
ceramics are displayed. It is known that ceramics’ grain size has
a significant impact on the dielectric constant, polarization,
resistivity, and Curie temperature. Higher mobility of BZT
ions has resulted due to larger grains. Larger grains of BZT is
attributed to influence the electrical resistivity of the
ceramics.25 BZT seems to be more porous than PZT as is
evident from the SEM images. Such an observation can also be
found in XRD results.
The surface morphology of the two samples shows that the

materials are more densely packed and that the grains are
tightly spaced and regularly arranged. The polycrystalline
nature of the samples is reflected by the consistent grain size
with apparent grain boundary, resulting in better electrical

Table 2. Rietveld Refinment Parameters of PZT and BZT

PZT BZT

space group P4mm P4mm
a (Å) 4.06 3.988
b 4.06 3.988
c 4.109 3.994
α (deg) 90 90
β 90 90
γ 90 90
cell volume (Å3) 67.73 63.54
goodness of fit 3.67 2.89

Table 3. Crystallite Size and Lattice Strain Obtained
through W−H Method

crystallite size (Å) (%) lattice strain (ε) (10−2) (%)

PZT 118.9 ± 0.1 30.115 ± 0.1
BZT 393.12 ± 0.1 0.113 ± 0.1

Figure 4. Temperature-dependent heat flow and phase transition of (a) PbZr0.52Ti0.48O3 and (b) BaZr0.2Ti0.8O3.
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characteristics. Using ImageJ software, the grain size
distribution curve is depicted in Figure 6 along with the
estimates of the grain size distribution for BZT and PZT.
Table 1 shows the typical average grain size of BZT and PZT.
Furthermore, the energy-dispersed spectra for PbZr0.52Ti0.48O3
and BaZr0.2Ti0.8O3 assured that all required components are
present in the materials without any contaminants. The EDS
spectrum demonstrates that the solid state reaction is complete
for the formation of the perovskites (shown in Figure 7). The
EDS technique is only a qualitative analytical method, which
confirms the existence and distribution of the desired elements
(as illustrated in Figure 7a,b in microwave-sintered PZT and
BZT).

UV−Vis Spectroscopy. The behavior of both ferroelectrics
is studied in the UV−vis region. The absorbance coefficient
and scattering coefficient are estimated from diffused
reflectance spectra. Both the ferroelectric materials show
maximum absorbance between 330 and 335 nm which
corresponds to the near UV region. The band gap of PZT
and BZT is determined by extrapolating the straight-line
portion onto the photon energy (hν) axis as shown in Figure 8.
The directly allowed energy band gap (Eg) of these
ferroelectrics has been estimated from the correlation between
the incident photon energy (hν) and the coefficient of
absorption (α) as given by eq 2. The band gap energy is
estimated through the Kubelka−Monk function f(R) using the
DRS values.26

h B h E( ) ( )n
g= (2)

where B is a constant quantity, the exponent n = 1/2 for the
direct band gap, and n = 2 for the indirect band gap. The
presence of lead in PbZr0.52Ti0.48O3 (PZT) at the A site and
higher doping concentration of Zr results in a minutely lower
band gap energy value in comparison to BaZr0.2Ti0.8O3 (BZT).
The band gap value obtained for PZT is 3.08 eV and for BZT
is 3.14 eV. PZT and BZT energy band gaps are determined
from linear optical absorption spectra and found to be well
within the UV region, allowing them to be employed as filters
in optoelectronic devices in the blue region.
FTIR Spectroscopy. Energy absorption and the presence

of constituent bond stretching are indicated by the FTIR
profile. Figure 9 shows the Fourier transformation IR spectrum
of BZT and PZT. The BO6 octahedron of the ABO3 perovskite
structures, such as BaTiO3, PbTiO3, ZrTiO3, etc., comprises a
variety of vibrations, at high-frequency ν1 (Ti−O or Zr−O),
low-frequency ν2 (Ti−O3 or Zr−O3), and bending ν3 (Ti−O3
or Zr−O3) (O−Ti−O, O−Zr−O). All the corresponding
peaks related to ν1, ν2, and ν3 are observed in both ceramics.
The BO6 octahedra found inside the perovskite structure are

Table 4. Dielectric and Electrical Parameters of Microwave-Sintered PZT and BZT

sample
Tc (°
C) Tc (°C) room temperature

εr at
1 MHz

tan δ at
1 MHz tan δ at 1 kHz

σac (S/cm) at
1 MHz

σac (S/cm) at
1 kHz

|Z| (ohm) at
1 MHz

εr at
1 MHz tan δ at 1 kHz

PZT 341 3429 0.069 0.027 46.81 × 10−5 5.053 × 10−7 66.6 × 106 802.5 0.021
BZT 31 12,200 0.75 0.026 26.11 × 10−5 3.02 × 10−7 37.07 × 104 445 0.211

Figure 5. Scanning electron microscopy images of (a) BaZr0.2Ti0.8O3
(BZT) at 15k× magnification and (b) BZT at 10k× magnification, (c)
PbZr0.52Ti0.48O3 (PZT) at 50k× magnification, and (d) PZT at 50k×
magnification (PZT).

Figure 6. Grain size distribution plots of (a) BaZr0.2Ti0.8O3 and (b) PbZr0.52Ti0.48O3.
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evident from the broad peaks in both samples. This represents
metal−oxygen linkage. Narrow peaks can be seen in the FTIR
profile when Ba is substituted for Pb at site A of the ABO3
perovskite structure. It is known that the shortest Ti−O (186
pm) and Ba−O (279 pm) lengths in BZT are longer than the
shortest Ti−O (178 pm) and Pb−O (253 pm) distances in
PZT. This discrepancy could explain the peak narrowing.27

FT-IR spectra of BZT sintered at 1200 °C exhibit peaks from
400 to 600 cm−1, which corresponds to Zr−O and Ti−O
stretching vibrations. The Ti−O absorption band (bending
vibration) and the BaCO3 fingerprint are correlated with the
stretching of 439.77 cm−1. The Zr−O6 octahedral connection
and the Ti−O octahedra’s vibration cause a vibrational
stretching at 503.42 cm−1. As per the XRD data, the shifting
of peaks in the FT-IR spectra of both PZT and BZT ceramics
exhibits modest changes in lattice parameters. The existence of
vibrational peaks around 790 cm−1 in both BZT and PZT

supports the creation of a perovskite structure which is also
supported by XRD results.
Dielectric Property Analysis. Temperature and Fre-

quency-Dependent Dielectric Properties. The dielectric
behavior of the ceramics is investigated in terms of dielectric
constant and dielectric loss, which is temperature- and
frequency-dependent. The temperature dependence of relative
permittivity, ϵr (dielectric constant), and dielectric loss factor
(tan δ) of BZT and PZT, in the frequency range 1 kHz to 1
MHz, as shown in Figure 10 (1 kHz, 10 kHz, 100 kHz, 1
MHz). In the temperature range of 30 to 400 °C for
PbZr0.52Ti0.48O3 and 27 to 100 °C for BaZr0.2Ti0.8O3, the
frequency dependency of ϵr and tan δ is investigated. Table 4
represents the dielectric parameters of PZT and BZT. The
relative permittivity or dielectric constant of PZT progressively
rises with the temperature at a given frequency, as seen from
the ϵr−T curve (Figure 10). The ϵr value has a very modest rise

Figure 7. EDS spectrum and elemental mapping of (a) PbZr0.52Ti0.48O3 and (b) BaZr0.2Ti0.8O3.
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from 40 to 250 °C and is nearly constant. This is due to weak
and constant feedback of the charge carriers at this range of
temperatures.28 Beyond 250 °C, a steep rise of ϵr is noticed. At
1 MHz, PZT has a maximum ϵr value of 3796, which is higher
than previously reported values.29 The Curie transition
temperature is found to be 341 °C, beyond which the
dielectric constant decreases. The Curie transition temperature
is established owing to the phase transition of ceramics from
the ferroelectric phase to the paraelectric phase. In the case of
PZT, a diffused transition is noticed. This is due to the

complex occupation of the A site and the B site in the ABO3
structure by Pb2+, Zr4+, and Ti4+ ions. The dielectric loss
corresponding to microwave sintered PZT at 1 kHz is 0.06.
Similarly, BZT exhibits an almost constant ϵr value from 27

to 30 °C attributed to weak reaction from the charge carriers.
A maximum ϵr value of 12,200 is observed at 31 °C at 1 MHz
owing to sharp ferro to para phase transition at this
temperature, beyond which the dielectric constant decreases
(as shown in Figure 10). Similar results are observed in
previous reports.22,30 The decrease in ϵr value after Curie
transition temperature in ferroelectric ceramics attributes to
the disorientation of the thermally agitated dipoles from the
applied electric field.15,31 The microwave sintered BZT exhibits
a similar trend for tan δ versus temperature and a relaxation
peak is noticed at Tc. Both BZT and PZT ceramics exhibits
dielectric relaxation which is attributed to the thermally
activated ferroelectric dipoles.
Figure 11 indicates the frequency dependence relative

permittivity and dielectric loss of BZT and PZT in the
frequency range of 1 Hz to 1.5 MHz. In the lower frequency
range, both permittivity and dielectric loss have a higher value
which gradually decreases with the increase in frequency. At
lower frequencies, all types of polarization contribute to the
dielectric constant of the ceramics. With the gradual increase in
frequency, the contribution of dipolar polarization and atomic
polarization vanishes, respectively, and at higher frequency
regions only electronic polarization contributes to the
dielectric constant of the ceramics. Therefore, the dielectric
constant decreases with an increase in frequency.32 A plateau
behavior of ϵr noticed in the lower and high-frequency range of
both BZT and PZT is attributed to the extrinsic offering from
grain as well as the grain boundary effect.33 At low frequencies,
the space charge and the diploes oscillate and follow the
applied field. Furthermore, according to Maxwell−Wagner
theory, conducting grains are separated by insulating grain
boundaries. This results in a large local polarization of grains
leading to a higher ϵr at lower frequencies.34 As frequency
increases, due to inertia, dipoles cannot respond to the applied
field and do not contribute to the net polarization. Hence, the
dielectric constant decreases exponentially only as electronic
polarization contributes to net polarization.
Confined charge carriers of ferroelectric ceramics absorb

energy and break the grain boundary resulting in higher
conductivity. A similar trend is observed in tan δ as a function
of frequency (Figure 11). The presence of d.c. conductivity is
indicated by the quick increase in the dielectric loss at a lower
frequency. The loss factor is produced at lower frequencies by
the ion mobility within the material. Dielectric loss occurs at
moderate to high-frequency range as a result of ion jump, ion
polarization loss, conduction loss due to ion migration, and,
accordingly, ion vibration.35,36 Dielectric breakdown and
conduction mechanisms are strongly related. In the case of
PZT and BZT, both lattices are modified by introducing Zr.
The unit cell has enlarged as a result of the Zr addition, which
increases further net polarization. Additionally, it is noted that
the dielectric loss factor ceases to depend on frequency from
10 kHz onward, which is evident from Figure 11.
The ferroelectric distortion involves cation displacement

relative to anions, which leads to a net dipole moment per unit
volume. As a result of Pb−O hybridization [6s of (Pb) and 2p
of (O)], Ti−O [3d (Ti) and 2p (O)], and Zr−O
hybridization, a larger ferroelastic strain is required in PZT
to sustain the tetragonal phase than that of BZT because as

Figure 8. Tauc’s plot for (a) BaZr0.2Ti0.8O3 and (b) PbZr0.52Ti0.48O3.

Figure 9. FT-IR spectra for (a) PZT and (b) BZT.
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compared to Ba2+, Pb2+ has a smaller ionic radius.2 An ordered
tetragonal phase in PZT was stabilized at higher temperatures
by substantial strain. BZT features a low-temperature transition

with an unstable tetragonal phase due to tiny strain and
ferroelectric distortion. Higher strain in PZT compared to
BZT is evident from the XRD results. This strain modifies the

Figure 10. Temperature dependence of relative permittivity of (a) PbZr0.52Ti0.48O3, (b) BaZr0.2Ti0.8O3, and tan δ (dielectric loss) of (c)
PbZr0.52Ti0.48O3 and (d) BaZr0.2Ti0.8O3.

Figure 11. Frequency dependence of permittivity and dielectric loss (tan δ) at room temperature of (a) BaZr0.2Ti0.8O3 and (b) PbZr0.52Ti0.48O3.
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equilibrium phase diagram and disturbs the local fluctuation in
ferroelectric phases.37 Zr-substituted BaTiO3 has the dielectric
and ferroelectric transition from the cubic phase to tetragonal
in low temperature, whereas Zr-modified PTO has cubic to

tetragonal phase at a higher temperature range. It is observed
that the Curie transition temperature (Tc) of BTO and PTO
decreases to a lower value upon doping of Zr at the B site of
perovskite structured PbTiO3 and BaTiO3. Tc is known to

Figure 12. AC conductivity (σac) and impedance |Z| as a function of frequency (a) BaZr0.2Ti0.8O3 and (b) PbZr0.52Ti0.48O3.

Figure 13. Real part (Z′) and imaginary part (Z″) of complex impedance as function of frequency (a) BaZr0.2Ti0.8O3 and (b) PbZr0.52Ti0.48O3.

Figure 14. Cole−Cole plots of (a) BaZr0.2Ti0.8O3 and (b) PbZr0.52Ti0.48O3.
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decrease with the addition of Zr due to the wider radius of Zr4+
(72 pm). Zr4+ substitution for Ti4+ (60 pm) may reduce the
extent of the B site ion’s displacement in oxygen octahedral
structures. As a result, the Tc of the perovskite falls and the
interaction between B site ions and O2− becomes weak.35

Electrical Properties. Figure 12 represents the variation of
AC conductivity and absolute impedance as a function of
frequency for BZT and PZT. The electrical parameters at room
temperature are tabulated in Table 4. The AC conductivity is
measured through the following equation.38where

i
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jjj y

{
zzzZ

t
A

1
ac = ×
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Z Z Z R
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( ) s
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* = =
(4)

Here, Cs and Rs are the series capacitance and resistance, and ω
= 2πf is the angular frequency. 1/Z represents admittance (Y)
at a given frequency, and t and A indicate the thickness and
electrode area, respectively. For AC conductivity of ferro-
electric materials like PZT and BZT, the fundamental
mechanism involves a short-range charge carrier moving back
and forth between oxygen vacancy traps, separated by various
energy barrier heights.39 The effect of space charge polarization
gradually diminishes with the increase in frequency, and the
overall contribution of electric polarization rises. As a result,
the AC conductivity rises with the increase in frequency. It is
clear from Figure 12 that the AC conductivity decreases when
the frequency is lowered. Conductivity becomes frequency-
independent after 10 kHz. PZT has a larger AC conductivity
value as compared to BZT. The presence of irregular-shaped

Figure 15. Polarization as a function of electric field plot for (a) PbZr0.52Ti0.48O3 and (b) BaZr0.2Ti0.8O3.

Table 5. Ferroelectric and Energy Storage Properties of Microwave-Sintered PZT and BZT at an Applied Voltage of 2.3 kV
(Applied Electric Field = 19.1 kV/cm)

sample
max. polarization (2Pm)

(μC/cm2)
remanent polarization (2Pr)

(μC/cm2)
coercive field (2Ec)

(kV/cm)
curve squareness

(Rsq)
Wrec

(J/cm3)
Wloss

(J/cm3)
η (%)

(efficiency)

PZT 18.73 9.26 15.42 0.795 0.035 0.095 24.4
BZT 14.21 8.22 18.03 0.721 0.021 0.087 19.31

Figure 16. Current density as a function of electric field for (a) BaZr0.2Ti0.8O3 and (b) PbZr0.52Ti0.48O3.
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grains evident from SEM images (Figure 5) and the difference
in ionic radius of Pb2+ and Ba2+ could be responsible for less
AC conductivity in BZT. Improved ion mobility due to
prominent grain boundary in PZT enhances the AC
conductivity and impedance as compared to BaZr0.2Ti0.8O3.
The electrical properties of the ferroelectric ceramics are

investigated using the complex impedance spectroscopy (CIS)
method at room temperature. CIS helps in analyzing the
electrical properties to establish the correlation between the
electrical behavior of ceramics and their microstructures. The
electrical parameters like AC conductivity and complex
impedance (Z′ and Z″) of both the electro-ceramics BZT
and PZT are examined in the frequency range of 1 Hz to 5
MHz. The complex impedance is measured using eq 4.39

Figure 13 illustrates the real part (Z′) and the imaginary part of
impedance (Z″) as a function of frequency for both the
ceramics. It is assured from the plots (in Figure 13) that the Z′
has a higher value in the low-frequency range. With an increase
in frequency, Z′ decreases gradually and attains an almost
constant value beyond a certain frequency. Z″ shows a similarly
gradual decreasing trend as a function of frequency. Due to the
impedance’s dependence on capacitance and inductance, and
also the change in capacitance with respect to frequency, Z′ is
larger at low frequencies and decreases at higher frequencies.
The inductance is frequency-dependent and constant. So, like
permittivity (as shown in Figure 11), impedance shows a
similar change with frequency. As displayed in Table 4, lead-
based PZT ceramics sintered in the microwave have a higher
impedance value when compared to the impedance of
microwave-sintered lead-free BZT. This is due to the
difference in a lattice structure and higher-order distortion in

Figure 17. Log J as a function of log E for (a) BaZr0.2Ti0.8O3 and (b) PbZr0.52Ti0.48O3.

Figure 18. Energy density as a function of applied electric field (a) PbZr0.52Ti0.48O3 and (b) BaZr0.2Ti0.8O3 and (c) energy storage efficiency for
PZT and BZT.

Table 6. Efficiency and Energy Density of Microwave-
Sintered (a) PZT and (b) BZT

electric field
(kV/cm)

charge density
(mJ/cm3)

discharge density
(mJ/cm3)

efficiency
(η) %

(a) PZT
19.1 30.5 95.3 24.24
18.3 28.3 85.4 24.89
17.5 26.2 76.5 25.51
16.6 24.2 68.2 26.19
15.8 22.3 60.4 26.96
15 20.4 52.9 27.83

(b) BZT
27.5 42.7 154.9 21.60
26.6 40.1 143.9 21.79
19.1 21 87.7 19.31
18.3 19.5 80 19.59
17.5 18.1 72 20.08
16.6 16.9 65.1 20.60
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the ABO3 structure as a consequence of Zr doping in PbTiO3.
The grain and grain boundary effect plays a major role in
complex impedance.
Further complex impedance Cole−Cole plot for BZT and

PZT at 300 K is shown in Figure 14 to analyze the electronic
transport process. The dielectric relaxation experiment is
carried out in the frequency domain, and the values are
represented on the complex impedance plane with the aid of
the Cole−Cole function. The Cole−Cole establishment can be
used to explain the circuit’s impedance function (eq 5). Here, τ
= RC, and α stands for the relaxation time distribution.40

Z R
1 (i )

=
[ + ] (5)

The value α ranges from 0 to 1 for non-ideal or non-Debye
behavior. From Figure 14a,b, it is evident that the complex
impedance curves do not exhibit a full semicircle; instead, the
semicircle arc is depressed. This indicates the relaxation in
BZT and PZT is not of the Debye type. The non-Debye
behavior is a result of ionic conduction hopping between fairly
random free energy barriers with a wide distribution of
relaxation time.40 This may be because of scattered elements
present in the material system.39 The creation of PbTiO3,
BaTiO3, and ZrTiO3 may lead to the development of a linkage
among Debye relaxors. The smaller radius of the arc (in Figure
14) in the case of BZT as compared to PZT suggests less
contribution from grains than the contribution from grain
boundaries. It is a result of the low density of BZT (Table 1)
and the existence of porosity that reduces connectivity in
grains and confirms the contribution from insulating grain
boundaries.41 This causes a substantial space charge to
accumulate at the grain boundaries, as shown by the strong
dielectric dispersion in low frequency range as shown in Figure
11.
Ferroelectric Properties. Polarization is monitored when

the electric field is changing to determine the ferroelectric
property. The ferroelectricity in PZT and BZT is caused by the
off-centering of Ti4+/Zr4+ ions in TiO6/ZrO6 octahedra, which

is in good agreement with results from FT-IR analysis. To
comprehend the ferroelectric properties of both ceramics,
ferroelectric hysteresis in different applied electric fields is
explored. Figure 15 shows for PZT and BZT the polarization
as a function of the electric field. It is evident from Figure 15
that PZT has larger maximum polarization (Pmax), remnant
polarization (Pr) value, and smaller coercive field (Ec) value
compared to Pmax and Ec of BZT and at the same applied
electric field. The internal stress and internal biasing of the
electric field, which have an impact on domain reorientation
and backflipping of domains, lead the actual polarization in
ceramics to be always lower than the expected values. It is well
known that the combination of macropolar and micropolar
regions considerably increased the diffused phase transition
effect, which is why the PZT exhibits a thin P−E hysteresis
loop compared to that of BZT.18 Furthermore, it is observed
that due to the uneven grain size and grain boundary in BZT,
proven by microstructural investigations, the P−E curve is not
saturated properly at 19.1 kV/cm. With an increase of the
applied electric field, the polarization curve of BZT as a
function of the electric field tends toward saturation. On the
other hand, the homogeneously distributed spherical grains
with uniform grain sizes and higher density in PZT result in a
sharp-edged P−E loop at 2.3 kV applied voltage.42 Due to low
density in BZT, the polarization versus electric field loop is not
saturated properly at 2.3 kV. It is well known that the P−E
curve for a perfect ferroelectric is a square loop. The
squareness of the loop is also related to the ferroelectric
ceramic’s constituents and homogeneity of grain size. The
squareness of the P−E curve and quantity of changes in the
hysteresis behavior of ceramics can be calculated using eq 6.43

R
P
P

P

P
E

sq
r

s

1.1

r

c= +
(6)

Here, Rsq is the squareness of the hysteresis curve, and P E1.1 C
is

the polarization at 1.1 times of coercive field. It is confirmed
from the increased value of squareness that the ferroelectricity

Table 7. Comparison of Properties of Conventional and Microwave-Sintered Lead-Based PZT and Lead-Free BZT
Ferroelectric Compositions

sintering condition
average grain

size
Tm
(°C) εr

Pr
(μC/cm2) energy storage references

BaZr0.2Ti0.8O3 1350°C/2 h (conventional
sintering)

7 μm 39 13,000 2.5 Cheng et al56

BaZr0.2Ti0.8O3 2.5 kW/20 min (microwave
sintering)

15−40 μm −10 2200 4.44 Cai et al21

BaZr0.3Ti0.7O3 1500°C/3 h (conventional
sintering)

6.9 μm 15,000 68% (40 kV/cm) Liu et al57

BaZr0.05Ti0.95O3 1200°C/4 h (conventional
sintering)

7 μm 1550 1.15 44% (20 kV/cm) Badapanda et al58

BaZr0.2Ti0.8O3 1200°C/22 min (microwave
sintering)

762 nm 31 12,200 4.82 21.79%
(26.6 kV/cm)

present work

PbZr0.52Ti0.48O3 1100°C/20 min (microwave
sintering)

0.5 μm 375 2593 Venugopal Reddy et
al29

PbZr0.52Ti0.48O3 1000°C/30 min (microwave
sintering)

7 μm 400 14,000 13 Venkata Ramana et
al44

PbZr0.52Ti0.48O3 1200°C/45 min (microwave
sintering)

400 20,000 26.69 40 mJ/cm3

(30 kV/cm)
Samanta et al26

Pb0.92La0.08Zr0.52Ti0.48O3 1200°C/45 min (microwave
sintering)

0.5 μm 353 10,000 38.45 24% (35 kV/cm) Samanta et al59

PbZr0.52Ti0.48O3 850°C/5 min (Spark plasma
sintering)

17 nm 335 1500 3.5 26.1% (25 kV/cm) Gupta et al60

PbZr0.52Ti0.48O3 935°C/22 min (microwave
sintering)

417 nm 341 3429 3.21 27.8% (15 kV/cm) present work
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is increasing from BZT to PZT due to improved domain
alignment in the direction of the applied field.
The P−E plot confirmed that the microwave sintered PZT is

a soft ferroelectric ceramic with less coercive field, whereas the
microwave-sintered BZT has higher Ec as compared to PZT.
Such an observation is similar to the results reported by
Venkata Ramana et al.44 Smaller coercive field makes the
ferroelectric ceramics suitable for switching applications. The
ferroelectric parameters investigated are tabulated in Table 5.
Large polarization in microwave sintered Zr modified PTO
(PZT) is due to Pb2+ occupying the A site. This distorts the
structure, and furthermore, the presence of lead vacancy in the
system makes domain wall motion easier.45 This notable low
coercive field is beneficial for device applications due to less
power loss and low switching voltages.
The leakage current density characteristic measurements

have been carried out for microwave sintered lead-based and
lead-free ferroelectric ceramics. The current density (J) as a
function of electric field (E) curves for BZT and PZT
measured at room temperature in an applied field of 0 to ±
16.6 kV/cm are illustrated in Figure 16. Both forward and
reverse bias conditions are used to measure the current density
characteristics of PZT and BZT. The leakage current density is
found to be relatively low and symmetric on applying both
negative and positive electric fields (J < 10−5 A/cm2). It is
observed from the J−E curves that the leakage current in BZT
is higher than that of PZT. It is attributed to higher porosity in
BZT (as shown in Table 1). It is previously reported that, in
ferroelectric ceramics, pores play a key role in the dielectric
breakdown and leakage current.46,47 The electric field is
substantially enhanced when the pores interact with the side of
the grains, and if the pores are perpendicular to the field, the
electric field between them is increased when they are close to
each other. The larger quantity of pores causes a decline in
insulation and dielectric breakdown strength which leads to an
increase in leakage current density.48,49 It is well known that in
ferroelectric systems, the current density increases with the
increase of the electric field.50 The intrinsic characteristics of
ceramics, such as their band gap energies are accountable for
the increase in leakage current. Two alternative models,
namely, the ohmic conduction model and the space charge
limited current model, have been proposed previously to
explicate the conduction mechanism in these systems.51 It is
established that there is a direct relation between current
density and power law, i.e., J ∝ En. For n = 1, the conduction is
due to the ohmic conduction mechanism, and for n = 2, the
conduction mechanism shifts to space charge limited current.
To understand PZT and BZT conduction mechanism, the
logarithmic relation between current density J and field E is
illustrated in Figure 17. From the slopes of PZT n = 0.9 and
BZT n = 1.1 that both microwave sintered ceramics follow
ohmic conduction mechanisms. The increased n is attributed
to the defects and porosity present in the ceramics.52

The P−E curve is used to determine the energy storage
density of microwave sintered BZT and PZT ceramics.
According to Figure 15, the curve’s shape is determined by
the change in polarization due to the applied electric field
which results in domain switching. Due to the reorientation of
the ferroelectric domain, typical ferroelectrics show consid-
erable hysteresis. This causes significant energy loss and
reduces the density of recovered energy. Information about
energy loss and recoverable energy is obtained from the P−E
curve. Wherein the region between Pr to Pmax branch of the

loop and the y-axis represents the recoverable energy (Wrec).
The closed region under the P−E loop’s curve represents
energy loss (Wloss). The values ofWrec,Wloss, and efficiency (η)
are measured at an applied voltage of 2.3 kV (electric field =
19.1 kV/cm) using eqs 7 and 8. Here, Pmax and Pr represent the
maximum polarization value and remnant polarization
respectively. η indicates the efficiency of energy density.53,54

W E pd
P

P

rec
m

s
= ·

(7)

W
W W

rec

loss rec
=

+ (8)

The difference between maximum polarization (Pmax) and
remnant polarization (Pr), as well as the high breakdown field
strength, could explain the larger charge and discharge energy
densities. Similar to this, it was observed that the efficiency (η)
of ceramics varied depending on the electric fields applied.
Although the ceramics charging and discharging energy
densities rise linearly as applied electric fields increase, their
efficiency gradually decreased due to comparatively bigger Pr
and higher leakage current at high electric fields, as shown in
Figure 18.
The substantial hysteresis loss in ceramic capacitors causes

microwave sintered lead-based and lead-free ceramics to have a
limited energy storage density. Bulk ceramics have a low
energy storage density as a result of their low squareness of the
loop and density breakdown strength. Nonetheless, ferro-
electric ceramic capacitors benefit from a high relative
permittivity.55 The recoverable energy density and energy
efficiency of PZT is higher than the recoverable energy density
and energy efficiency of BZT. The microstructures, grains, and
grain boundaries of the ferroelectric play a crucial role in it.
Table 6 lists the parameters relating to the density of energy
storage. The microstructural, dielectric, ferroelectric, and
energy storage properties of microwave sintered BZT and
PZT ceramics are compared with other BZT and PZT
ceramics and represented in Table 7.

■ CONCLUSIONS
PbZr0.52Ti0.48O3 and BaZr0.2Ti0.8O3 ceramics with a single
phase are synthesized using high energy mechanical milling
and microwave sintering. Microwave-assisted sintering reduces
processing time (22 min) as well as phase forming temper-
ature. XRD patterns of PZT and BZT concluded the formation
of a pure perovskite phase and structural parameters are
studied. The thermal property investigation estimated the
phase transition temperature for both the ceramics as 34 and
330 °C. Microstructural investigation revealed the well-grown
grain structure for both ceramics. UV−vis spectroscopy
revealed that the band gap energies of PZT and BZT as 3.08
and 3.14 eV. FT-IR spectroscopy confirms the octahedral
metal oxide vibrational frequencies at 503 and 790 cm−1 for
both ceramics. Temperature-dependent dielectric behavior
studies revealed a dielectric constant of 3429 and 12,200 for
PZT and BZT at the Curie transition temperature of 341 °C
(diffuse) and 31 °C (sharp), respectively, for PZT and BZT.
These results are in good agreement with the thermal analysis
results. From the complex impedance spectroscopy, it is
evident that the microstructures of PZT play a key role in
enhancing its electrical properties as compared to BZT. The
P−E characterizations revealed the soft ferroelectric nature of
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the ceramics. High leakage currents noticed for BZT over PZT
are attributed to the high porosity of BZT. Higher energy
efficiencies of 24.24 and 19.3% and recoverable energy
densities of 35 and 24.3 mJ/cm3 at an applied voltage of 2.3
kV are noticed for PZT and BZT, respectively. The
experimental results indicate that both BZT and PZT are
useful for optoelectronic devices and high-frequency applica-
tions. In practice, microwave-sintered PbZr0.52Ti0.48O3 can be
employed as capacitors, sensors, and energy-related devices.
The near-room-temperature phase transition makes micro-
wave-sintered BZT a suitable material for biomedical and
underwater applications like SONAR and hydrophone as well
as defense applications like acoustic sensors and torpedo
detection systems.
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