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ABSTRACT: In this study, we present an indigenous approach to
enhancing the properties of Pb(Zr0.52Ti0.48)O3 by synthesizing it from β-
PbO obtained from spent lead-acid batteries. Initially, β-PbO,
orthorhombic massicot, was produced by two-step heating, and 99.9%
lead powder was derived from recovered lead-acid batteries at 700 °C. The
synthesized β-PbO was thoroughly analyzed using X-ray diffraction, field
emission scanning electron microscopy, Fourier-transform infrared spec-
troscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy.
Subsequently, the β-PbO precursor was utilized for the synthesis of PZT,
offering a cost-effective alternative. The morphology of the sintered sample
revealed the formation of homogeneous and uniform grains, indicative of
significant densification (∼99%) of the ceramic. The sintered PZT
exhibited an enhanced piezoelectric coefficient (d33) of 270 pC/N, a Qm
factor of 30.94, and a dielectric constant of 1590 at ∼10 kHz. This study highlights the feasibility of using β-PbO derived from
recycled lead ingots to synthesize materials, presenting a sustainable approach that contributes to technological progress and
environmental conservation.

1. INTRODUCTION
The escalation of industrialization and surging energy require-
ments has brought forth a series of pressing environmental
issues that demand urgent attention. Environmental degrada-
tion resulting from conventional fossil fuels and the inadvertent
pollution of soil and water from purportedly green alternatives
such as batteries, supercapacitors, and smart electronics
supported by piezoelectric materials have garnered widespread
concern.1−3 Effective resource conservation strategies are
imperative to mitigate the environmental impact associated
with sophisticated technologies reliant on advanced materials
like piezoelectric materials, and pyroelectric materials used in
sensors, actuators, transducers, and nanogenerators.4,5

Over the past few decades, there has been a significant
evolution in consumer electronics. Piezoelectric materials,
owing to their distinctive electromechanical properties, have
garnered considerable attention across various applications.
These materials possess the capability to convert mechanical
stress into electrical signals, as well as to convert electrical
energy into mechanical tension. Furthermore, the application
of an electric field can induce strain within these materials,
while external mechanical stress can lead to material
polarization. This phenomenon finds diverse applications,
including in electrical sensors and specific actuators. Examples

of such applications encompass electronic fuel injectors,
automotive airbag sensors, accelerometers, gyroscopes, mag-
netometers, camera zoom mechanisms and autofocus systems
in smartphones and cameras.6−8

In noncentrosymmetric unit cells, the manifestation of the
piezoelectric effect is intimately linked to the absence of charge
symmetry at the center of the unit cell. This lack of charge
symmetry distinguishes them from their centrosymmetric
counterparts. Within the realm of crystallography, such unit
cells are classified into 21 crystal classes that lack a center of
symmetry.9 Remarkably, with the exception of one class, all
these exhibit inherent piezoelectric characteristics. Perovskite
structures, notably, have emerged as commercially accessible
piezoelectric materials, frequently comprising solid solutions
like PbTiO3. Above its Curie temperature (Tc), PbTiO3 adopts
a nonpiezoelectric cubic unit cell configuration.10 However,
upon cooling below its Tc, a structural phase transition occurs,
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transforming the material from cubic to tetragonal symmetry,
thereby inducing spontaneous polarization. This phenomenon
underscores the pivotal role of structural dynamics in dictating
the piezoelectric behavior of materials.11

The coexistence of phases near the MPB, materials often
exhibit their enrichment in piezoelectric capabilities. At the
rhombohedral/tetragonal phase region, where titanium Ti is
present in a 0.48 molar ratio, has been demonstrated to
enhance the piezoelectric effect. Furthermore, incorporating
dopants into an MPB composition creates ceramics with
excellent piezoelectric properties.12−14 These material’s
composition at MPB has good electromechanical character-
istics, making them strong candidates for use as lead
piezoelectric materials.15 Lead-free piezoelectric materials
often exhibit temperature-dependent phase boundaries that
lead to insufficient piezoelectric properties, posing challenges
for the production of lead-free materials. Achieving genuine
MPB is crucial for attaining high performance and stability in
these materials. Strengthening the temperature stability of their
electrical characteristics is imperative to address this issue
effectively. The compositions near MBP have extraordinary
electromechanical properties. However, there is increasing
concern over the reuse and disposal of lead-containing devices
due to their toxicity.16 Due to lead’s potential to evaporate
during manufacturing and persist in the environment, stricter
regulations have been imposed by many nations. Despite this,
the remarkable piezoelectric properties of PZTs remain
invaluable, enabling crucial applications like medical imaging,
which plays a pivotal role in accurate diagnosis and potentially
saving lives.17

Lead zirconate (PbZrO3) lacks piezoelectric properties due
to its antiferroelectric nature. Similarly, pure PbTiO3 has
limited utility as a piezoelectric material. However, the solid
solution Pb(Zr1−xTix)O3 exhibits exceptional piezoelectric
characteristics.18 On-going proposals for modifications to its
composition−temperature phase diagram indicate the current
exploration of its complex nature, even five decades after its
discovery, emphasizing the intricate complexity of PZT and
related ferroelectric materials.19,20

Several techniques,19,20 including solid-state reaction,21,22

semiwet approach,23,24 molecular precursor pathway, oxide
coprecipitation sol−gel,25 mechanochemical synthesis, hydro-
thermal process,26 and spray drying27 have been used to create
PZT ceramic powders. PbO, TiO2, and ZrO2 are frequently
used as precursors in solid-state reactions to produce PZT.
The reactions’ sequences are now well characterized, with
multiple studies providing detailed descriptions.
In the 1970s and 1980s, energy and environmental

challenges were largely overlooked, but their significance
emerged in the 1990s, expanding significantly in the 2000s and
2010s. Notably, research areas addressing these issues
experienced substantial growth, with topics related to energy
and the environment contributing to over 50% of the increased
publication output on piezoelectric materials in the 2010s.26

Despite advancements, the development of piezoelectric
materials continues to face challenges such as excessive

consumption of high energy and lower ecological compatibility
in contract compared to other electronic materials.27−35 The
development of piezoelectric materials confronts challenges
such as excessive energy consumption and lower environ-
mental friendliness when compared to other electronic
materials. Conversely, the inadequate recycling of spent
piezoelectric materials contributes significantly to the eco-
logical footprint of the piezoelectric industry. Therefore, there
is an urgent necessity for efficient recycling methodologies that
afford discarded piezo materials in the form of precursors a
second lease of life at minimal energy expense, thereby
reducing both energy consumption and environmental impact
before their ultimate disposal.36

There is little to no substantial research evidence available in
the recycling of toxic materials employed for the synthesis of
piezoelectric materials from spent lead-acid batteries. Accord-
ing to our knowledge, the utilization of lead oxide sourced
from lead acid batteries in PZT synthesis has not been
previously documented. Exploration of the production of
nanosized alpha and beta forms of PbO particles via the
decomposition of lead citrate has been previously synthesized.
These particles were then successfully incorporated into lead-
acid battery paste as a precursor material. Their study
highlighted the significant influence of oxygen presence in
the synthesis medium on particle size and crystal structure.37

Utilizing a sonochemical technique, a Pb(II) coordination
polymer was synthesized, yielding pure alpha-lead oxide (α-
PbO) nanoparticles with an average size of 70 nm. This study
prompts inquiry into the recyclability of lead oxide derived
from lead ingots, offering significant environmental benefits
and enhancing the production of lead-based devices.38 The
method not only conserves energy and reduces toxic gas
emissions but also yields exceptionally pure, desirable, and
high-performance lead oxide at a reduced cost.39

This study focuses on formulating PZT powder comprising
Pb(Zr0.52Ti0.48)O3 using a PbO precursor derived from
recycled lead acid batteries. Investigating synthesis mechanisms
of lead oxides in ambient atmospheric conditions was
conducted. The study investigates into analyzing the micro-
structure and piezoelectric properties, as well as examining the
structural characteristics of the synthesized materials. Addi-
tionally, electromechanical testing of the ceramic material was
explored to further understand its performance.

2. EXPERIMENTAL SECTION
2.1. Materials. Lead oxide (PbO) has two crystal forms:

red tetragonal (α-PbO) and yellow orthorhombic (β-PbO). α-
PbO is formed at lower temperatures, whereas β-PbO is
produced at temperatures above 486 °C. The synthesis of PbO
was carried out utilizing a lead ingot 99.9% pure from a
recovered lead acid battery. To synthesize Pb(Zr0.52Ti0.48)O3,
β-PbO (yellow color) was combined with TiO2 (>99% purity,
Aldrich Chemical) and ZrO2 as starting materials.
2.2. Synthesis of Lead Oxide. The lead ingot from spent

lead-acid batteries was crushed into lead powder. Table 1
shows composition of different elements in lead ingot. To

Table 1. Composition of Different Elements in Refined Lead Ingot

Elements Pb Bi Ag Fe Zn Cd Ca Al S
Conc % 99.98 0.012 0.00119 0.00015 0.00019 0.00001 0.000012 0.00007 0.00023
Elements Sn As Cu Sb Se Ni Te P
Conc % 0.0001 0.00005 0.00064 0.00016 0.00020 0.00016 0.00017 0.00030
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synthesize lead oxide β-PbO, lead (Pb) powder was calcined in
two steps in a tube furnace at 700 °C for 6 h illustrated in
Figure 1(a).

2.3. Synthesis of PZT. Utilizing a solid-state method,
reagent-grade oxides were used to create the piezoelectric
ceramic. β-PbO from recycled Pb from batteries was mixed

Figure 1. Synthesis of lead oxide (PbO) nanopowder (a); schematic of the experimental procedure of PZT (b).

Figure 2. XRD pattern of β-PbO synthesized at 700 °C (a). Particle size distribution of lead oxide (β-PbO) synthesized at 700 °C (b). SEM and
EDX images of the β-PbO powders (c).
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with precursors TiO2 and ZrO2 to produce Pb(Zr0.52Ti0.48)O3
i.e., PZT. The oxide mixture was milled with ethanol for 24 h.
The resulting slurry was dried in a drying oven at 90 °C for 12
h. The powder was calcined at a temperature of 800 °C for 2 h
at 5 °C/min. The calcined powder was milled with ethanol for
12 h. The resulting mixture was dried in a drying oven at 90 °C
for 12 h. The powder was mixed with 20% PVA binder and
pressed into a pellet, of a diameter of 12 mm, by applying 3
tons of pressure (Uniaxial Press). The pellets were sintered at a
temperature of 1200 °C for 4 h at 5 °C/min. Figure 1b
represents the schematic of synthesis and sintering of PZT.
2.4. Characterization. X-Ray diffraction (XRD) analysis

for PbO and PZT was conducted over the 20° to 80° range
using a STOE diffractometer. Structural parameters were
determined through Rietveld refinement of the powder
patterns, utilizing CASAS software, while refined crystal
structures were visualized with VESTA software. Micro-
structural details were examined via a JEOL JSM-6490LAM
Scanning Electron Microscope. Raman spectroscopy was
performed with an i-RAMAN setup at a 40 mW laser power,
covering the spectral range of k = 150−4000 cm−1. FTIR
spectra for both samples were recorded using a PerkinElmer
(Spectrum 100) instrument. Thermal analysis, including TGA
and DSC, was conducted with TA’s SDT650 system. Particle
size distribution was assessed with a laser particle size analyzer
Horiba LA-920. Dielectric and electrical properties of the PZT
materials were measured with an Agilent LCR meter. X-ray
photoelectron spectroscopy (XPS) measurements were
obtained using Thermo Fisher Scientific’s k-alpha+ system.
Finally, the Polarization vs Electric Field characteristics were
recorded using a Radiant Precision HVI-SC Analyzer.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis and Particle Size Determi-

nation of β-PbO. Figure 2a demonstrates the XRD pattern of
high-temperature synthesis of lead oxide massicot β-PbO at
700 °C. The major diffraction peaks (111), (200), (020),
(021), (112), and other peaks are the characteristic peaks for

the orthorhombic phase of the β-PbO massicot that perfectly
befits JCPDS # 01−088−1589, and show an orthorhombic
phase structure.40 No litharge (α-PbO) was observed which
means that the phase of massicot was predominant in the PbO
powder was massicot. No additional peaks were observed that
could indicate the intermediate phase, such as lead(II) oxide
hydrates (3PbO·H2O). The sharp and intense peaks associated
with β-PbO suggest that the material has achieved excellent
crystallinity. In the β-PbO unit cell, two lead sublayers are
positioned with two oxygen sublayers, forming staggered Pb−
O chains with lead atoms in an asymmetric square pyramidal
coordination. The orthogonal lattice structure of massicot, a
naturally occurring mineral form of lead(II) oxide, has the
lattice parameters of a = 5.4921 Å, b = 5.8931 Å, and c =
4.7553 Å.41 The particle size of the β-PbO was estimated using
Debye−Scherer method. The particle sizes were determined as
0.5−2 μm.
Figure 2b depicts the size distribution plot for beta lead

oxide (β-PbO) particles measured using a laser particle size
analyzer. It shows that the particles had an average diameter of
0.38 μm. These results are quite close to those obtained from
the XRD measurements. Figure 2c shows electron microscopic
pictures and EDX, indicating the production of β-PbO flakes.
By using Image J software on SEM images, it shows 2D β-PbO
flakes with micron-sized widths. The thickness is less than 2
μm and the breadth spans from tens to several hundred
micrometers. These agglomerates were made from numerous
sheet-shaped particles with varying sizes and morphologies.
The agglomeration phenomena might be attributed to the high
condensation temperature and heat created during the impact
and amalgamation processes in the development stage.42 The
composition of β-PbO was determined using the EDX method,
showing the presence of lead (Pb) and oxygen (O).
3.2. Thermal Stability Analysis of β-PbO Using TGA

and DSC. The FTIR was explored for the chemical bond and
multiple strong bands in the 3000−450 cm−1 range in Figure
3a, which are likely due to the metal−oxygen vibrations
(possibly Pb−O) in ceramic samples, with distinct bands

Figure 3. FTIR pattern of β-PbO (a); Raman spectra of β-PbO
powder (b). Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) of β-PbO powder (c).

Figure 4. (a) XRD pattern of PZT. (b and c) Representative Rietveld
fits to room temperature XRD patterns of polycrystalline PZT
samples. The experimental, calculated, and varied patterns are shown
by black dots, red solid lines, and pink solid lines, respectively. Bragg
peaks’ locations are depicted as solid bars. (d) Schematics of the
crystal structure of PZT showing the arrangement of Pb2+, Zr4+, Ti4+,
and O2− ions.
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observed at 444, 552, 1054, 1393, 2901 cm−1. The FTIR
spectra show two prominent peaks at 466.74 cm−1 and 557.39
cm−1, indicating the presence of lead and oxide.43 The
emergence of the transmission peak at 444 cm−1 denotes the
presence of the (Pb−O) stretching vibration mode, whereas
the transmission peak at 1057.03 cm−1 is associated with the
(C�O). The stretching vibration modes represent a minimal
influence of CO2 suspension from air containment, respec-
tively. The second peak at 1390 cm−1 represents the stretching
vibration of the Pb−O Figure 3a.44
The vibrational properties of the synthesized beta lead oxide

were studied using Raman spectroscopy. The Raman spectra
were recorded in the range of 50 cm−1 to 500 cm−1. The Pb-
related crystal exhibits faint Raman bands near 65 cm−1 to 85
cm−1, although they are not present in every tested region. In
orthorhombic β-PbO, the first mode is triggered, resulting in a
sharp absorption band at 140 cm−1, which corresponds to the
antisymmetric stretching vibration. The Pb-related materials
frequently exhibit substantial stretching bands (due mostly to
Pb−O). As Pb-related materials do not exhibit significant
bands above 700 cm−1, fundamental vibration bands are absent
in this region. Figure 3b shows that the prominent band at 140
cm−1 indicates the presence of β-PbO massicot phase. The

obtained spectra are also compatible with previous massicot
spectra reported in the literature.45

In order to investigate thermal stability, the β-PbO sample
was tested by TGA and DSC up to 720 °C at a heating rate of
10 °C/min, as presented in Figure 3c. Clearly, the synthesized
PbO powder is highly stable up to 120 °C. Thermo-
decomposition started at approximately 120 °C and passed
through a maximum degradation at approximately 230 °C. The
weight loss was very small, about 0.3%, thereby indicating the
transformation of lead oxalate into lead oxide.46 It is expected
because in thermal decomposition, the lead does not go with
any change in its oxidation state. In this way, the formation of
lead oxide is already realized at the relatively low temperature
of 500 °C. The DSC curve in Figure 3 clearly states that β-
PbO is stable up to 120 °C discussed above, and then water
molecules are released due to coordination. This has caused an
endothermic peak at 123 °C with a heat enthalpy of 0.193 J/g.
The two exothermic peaks can be seen, indicating that the
material is releasing heat to maintain the same temperature as
its reference material. The sample’s DSC analytical result
indicates a melting point of 320.7 °C, consistent with the β-
PbO powder.44,47

3.3. Exploring the Morphotropic Phase Boundary in
PZT. Figure 4a shows XRD patterns of PZT ceramic for the 2θ
range of 20°−80°. The ceramic has a pristine perovskite
structure with no evidence of any secondary phase. The
diffraction peaks of PZT have been indexed using the standard
JCPDS card (No. 01-088-1589) and (No. 00-033-0784). A
strong reflection (110) occurs at 31.14°, which is quite similar
to the value reported in the literature for the pure PZT ceramic
phase.48,49 It is owing to high crystallite development caused
by the lowest energy at (110). The (111), (002) and (201)
patterns correspond to the tetragonal phase. Figure 4b is an
expanded 2θ range of 43°−46°, and it reveals that the
composition is positioned at the MPB between R and T
phases. A broad and overlapping peak has deconvoluted three
peaks: a peak at position (002), followed by a peak of T phase
at position (200), and a peak of R phase at position (200), by
multipeak Gaussian−Lorentzian fitting. While Figure 4c is a
zoom onto a restricted 2θ range, from 30.5° to 32.5°, a
multipeak Gaussian−Lorentzian fit could give fine resolution
to the broad overlapping peak and resolve it into four peaks
formed by the (110) and (101) peaks of the T phase and by
the (110 and 1−10) peaks of the R phase.48,49 In Figure 4d, a
unit cells are shown schematically as tetragonal (P4mm) and
rhombohedral (R3m). The structural characteristics of room
temperature XRD patterns were derived using Rietveld
refinements. In Table 1, the optimized structural characteristics
are provided. Table 2 shows the structural parameters of
PbZrxTi1−xO3 at room temperature obtained from Rietveld
refinements of XRD data.
Figure 5a shows the FTIR spectrum of the PZT ceramic.

Using a Fourier transform infrared (FTIR) spectroscope,

Table 2. Structural Parameters Obtained from Rietveld Refinements of XRD Data of PbZrxTi1−xO3 at Room Temperature

101 002

center peak center peak Rwp χ2 a c α

Tetragonal 101T 31.2785 002T 43.9663 3.3104 1.5708 3.9958 4.1153 90
110T 31.7434 200T 45.3523

Rhombohedral 110R 31.1398 002R 44.8133 4.08393 4.0839 89.60
110R 31.2133

Average particle size 5.313 μm 6.206 μm

Figure 5. (a) FTIR spectra after calcination PZT. (b) Raman spectra
of massicot (β-PbO) and PZT.
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molecular structures in the solid phase were examined between
400 cm−1 and 4000 cm−1. The O−H groups’ stretching
vibration is caused by their hydrogen bonding to vibrate at a
broad absorption band of 3405 cm−1. The peaks at the 1629
cm−1 and 1406 cm−1 bands relate to the symmetric and
asymmetric stretching vibration of −COO groups, respectively.
The peak at ∼608 cm−1 is present which is attributed to Zr/Ti
octahedral vibrations. This confirmed the formation of the
tetragonal phase of PZT.50

Figure 5b shows the Raman spectra of PZT using a 532 nm
laser source. The spectra can conveniently be divided into two
frequency regions: namely, the Slater band in the frequency
range of 100−400 cm−1 and the Ax band between 400 and 800
cm−1. It is assigned to coupled oscillations of Zr/Ti within the
O6 framework while the Ax band is related to the bending
motions of the oxygen octahedra. At first glance, the spectra
are similar and identical to those described in previous
literature.50 The significant Raman peaks at 138, 197, 285, 334,
544, 606, and 718 cm−1 are assigned to the tetragonal PZT
phase.51,52 The modes between 150 cm−1-350 cm−1 are due to
A-site and B−O vibrations. The modes (E(3TO) and
A1(3TO)) represents BO6 octahedral vibrations. The
A1(2TO) mode, appearing around ∼340 cm−1, serves as a
valuable indicator for tracking the structural properties of the
PZT (lead zirconate titanate) system. This vibrational mode
reflects the motion of Zr/Ti atoms along the c-axis, in an
antiphase relationship with Pb and O atoms. This behavior
signifies the coexistence of tetragonal and rhombohedral

phases, distinguishing these from other ferroelectric phase
configurations. Furthermore, the existence of mode B1 + E
near ∼285 cm−1 without any splitting indicates the lack of a
monoclinic phase, which would split the peak into two halves.
These additional modes, the intensities of A1(1TO), E(2TO),
and other modes with lower intensities, act as direct evidence
for the existence of tetragonal and rhombohedral structures in
PZT ceramics. In these modes, Zr/Ti atoms and the apical
oxygen vibrate along the a- or b-axis, whereas the equatorial
oxygen and Pb atoms exhibit motion in the opposite
direction.50

The lead zirconate titanate (PZT) particle size and size
distribution plot, as depicted in Figure 6d, were also measured
using a laser particle size analyzer. The average diameter of the
particles was 8.81 μm. Powders produced using this approach
were analyzed based on particle size distribution. This
investigation indicates that roughly 64% of particle sizes vary
from 5 to 10 μm, 16% from 2 to 4 μm, and 20% from 11 to 14
μm at calcination temperatures of 700 °C, respectively.
However, the particles were agglomerated as shown in FE-
SEM (see Figure 6a, b), so the size range obtained is associated
with the agglomeration rather than the isolated particles.
Figure 6b demonstrates that the microstructure analysis of

sintered pellet (cross-section) was done using FE-SEM. The
PZT powder images are shown having spherical particles with
dimensions ranging from 0.5 to 5 μm. It was observed, that the
particles are well dispersed and uniformly distributed with no
agglomeration.53 In Figure 6, the micrographs reveal a

Figure 6. SEM images of pure PZT ceramic and sintered pellet (a, b) along with the EDS analysis of PZT ceramic (c). Particle size distribution of
PZT (d).
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relatively dense and homogeneous microstructure with the
theoretical density of the sintered sample above 95%. To assess
chemical compositions following sintering, energy-dispersive
spectroscopy (EDS) was used in Figure 6c, It is confirmed to
contain lead (Pb), zirconium (Zr), titanium (Ti), and oxygen
(O) in the sample.
Figure 7 shows XPS (X-ray Photoelectron Spectroscopy)

data of recycled PbO powder and PZT powder fabricated from
recycled PbO. The XPS data were calibrated using the C 1s
core level peak at 284.8 eV. In the survey spectra in Figure 7a
of PbO and PZT powder, core level peaks of Pb 4f, O 1s, Zr
3d, and Ti 2p can be observed.54 The presence of a C 1s peak
indicates that carbon contaminants are on the surface due to
exposure to air, with no other elements found in both powders.
For Figure 7b and c, the O 1s data were fitted using a Pseudo-
Voigt profile under Shirley-type background conditions. The O
1s spectrum of the PbO powder is decomposed into two peaks:
the PbO lattice peak at 529.0 eV and the hydroxyl oxygen peak
at 530.0 eV, whereas the PZT powder shows peaks for PZT
lattice, hydroxyl oxygen, and oxygen vacancy.55 Figure 7d
shows the Pb 4f spectrum of recycled PbO, with two peaks
observed for both Pb 4f 7/2 and Pb 4f 5/2. Previous studies
suggest that PbO peaks at 136.8 eV and Pb2+ peaks at 137.8
eV. The measured peaks at Pb 4f 7/2 are at 137.8 and 136.7
eV, confirming the presence of Pb2+ and PbO. Figure 7e
presents the Pb 4f spectrum from PZT powder, where the
binding energy around 136.9 eV for Pb 4f 7/2 is related to
network modifiers, and the Pb ions are in states of Pb2+ and
Pb4+. The peaks between Pb 4f 7/2 and Pb 4f 5/2 are
separated by a difference of 4.8 eV, resembling the “shoulder”
peaks observed.56

Figure 8a represents the temperature dependence of
dielectric constant (ε) and dielectric loss (tan δ) for the
PZT sintered sample as a function of temperature at elevated
temperatures. Figure 7a further plots the εr and tan δ variations
with temperature at different frequencies of 1 kHz, 10 kHz,
and 100 kHz. In Figure 8a, the Curie temperature (Tc) for
PZT is observed in the temperature range of 300 °C−310 °C.
At Tc, the dielectric constant (∼20,000) reaches a maximum
value in the PZT sintered at 1200 °C and decreases
significantly at higher temperatures. Such a response character-
izes the ferroelectric nature of PZT below Tc, where increases
in temperature lead to an increase in the dielectric constant.
Above Tc, the transition into a paraelectric phase occurs for
PZT, so the dielectric constant decreases with an increase in
temperature. PZT has experienced a structural phase transition
from rhombohedral and tetragonal to cubic across this
boundary of Tc. The dielectric permittivity at high temper-
atures deviates from the Curie−Weiss law while the temper-
ature Tm corresponding to maximum is approached from
higher temperatures.

= = T T C1/ 1/ ( ) /m m (1)

Where C represents a material-specific constant, ε =
dielectric constant, εTm = ε0; εm = maximum dielectric
constant, γ represents the degree of diffuseness. The parameter
γ indicates the degree of diffuseness in the phase transition.
Figure 8b shows the calculated γ for PZT, determined from the
slope, revealing a diffuse phase transition. This transition is
calculated using eq 1 and is likely influenced by the presence of
cations that introduce structural heterogeneities. For the
sintered PZT sample, γ is measured at 1.66, indicating a
predominantly ferroelectric behavior.
The dielectric constant (ε) and dielectric loss (tan δ) as a

function of frequency of the PZT sintered sample is shown in
Figure 8c at high temperature. It has been discovered that
when frequency increases, the dielectric constant, and the
dielectric loss both drop and exhibit a typical characteristic of
normal dielectrics. It may be seen that when frequency
increases, dielectric loss generally reduces. The reduction in
dielectric constant stems from space charge polarization, a
consequence of the presence of the space charge phenomenon.
Nevertheless, with increasing frequencies, the supplementary
dielectric loss remains relatively consistent, owing to the
frequency-independent correlation observed at higher frequen-
cies attributed to dielectric dispersion. Lower frequency
measurements reveal relatively minor dielectric losses, which
may be caused by both space charge polarization and structural
inhomogeneity. The obtained dielectric and piezoelectric
properties of the sample are discussed in Table 3. The density
of the sample was measured using Archimedes principle which
was 7.787 g/cm3.
Figure 8d depicts the impedance and frequency curve of

PZT ceramics. The overall system resistance is referred to as
the system’s impedance. The resistance’s magnitude (Z’) is
decreasing as frequency increases. The observation shows that
the compound’s ac conductivity increases as frequency
increases. Higher frequencies may have resulted in a reduction
in the compound barrier qualities. Due to the high impedance
of the materials, space charges are not responsive to applied
electric fields at lower frequencies.57 Figure 8e shows the
impedance vs frequency of the PZT. It was observed that the
resonance and antiresonance frequency emerged in the range
of ∼222−227 kHz ( f r ∼ 226.4 kHz and fa ∼ 222.8 kHz).

Figure 7. XPS survey spectra of (a) recycled PbO, PZT powder, and
high-resolution XPS spectra of O 1s for (b) recycled PbO, (c) PZT
powder, and Pb 4f for (d) recycled PbO, (e) PZT powder.
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Figure 8f shows the frequency that promotes the ac
conductivity. Frequency-dependent ac conductivity is due to
the charge carriers’ hopping process, which increases
conductivity as frequency increases. The Koops model was
used to explain why AC increases with frequency.58,59 This
model predicts that PZT material will have less conductivity at

lower frequencies. The development of potential barriers at the
grain borders, which prevent the movement of charge carriers
from one grain to another, may be the cause of the reduced
hopping mechanism that causes the conductivity to drop at
lower frequencies. According to the Maxwell−Wagner model,
charge carriers’ behavior.58,59

The dielectric behavior observed in the PZT ceramic is
closely linked to its structural characteristics. XRD patterns and

Figure 8. Dielectric and impedance characterization of the PZT sample: (a) Temperature-dependent dielectric constant and tangent loss measured
at 1 kHz (black), 10 kHz (blue), and 100 kHz (red). (b) Plot of ln(1/εr − 1/εm) as a function of ln(T − Tm) of PZT. (c) Frequency-dependent
dielectric constant and loss tangent. (d, e, f) Impedance magnitude and phase angle; and phase angle variation with frequency indicating dielectric
relaxation. (f) AC conductivity and frequency of PZT pellets.

Table 3. Dielectric and Piezoelectric Properties of PZT
Ceramic Samples

Diameter (mm) 10.26 mm
Thickness (mm) 1.06 mm
Density 7.787 g/cm3

Cs 1.09 nF
Zm 15 Ω
f r 222.8 kHz
fa 226.4 kHz
k31 0.178
Qm 30.94
d33 270 pC/N
Ps 4.3 μC/cm2

εc 0.94 kV/mm
Pr 1.6 μC/cm2

Figure 9. Polarization versus electric field (P−E loop) plot illustrating
the hysteresis behavior of the material.
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Rietveld refinement in Figure 4 confirm the coexistence of
rhombohedral and tetragonal phases, indicating that the
material composition lies near the morphotropic phase
boundary (MPB). Raman spectroscopy further supports the
presence of dual-phase coexistence with no evidence of
monoclinic distortion, which facilitates easy domain wall
motion and polarization switching. This structural config-
uration enhances the dielectric constant by enabling higher
domain activity and polarization under an external electric
field. Furthermore, the density and absence of secondary
phases contribute to low dielectric loss. The observed diffuse
phase transition behavior, with a γ value of 1.66, is attributed to
slight structural disorder and phase coexistence, which is
typical in MPB compositions and beneficial for broad-
temperature dielectric stability.
Hysteresis loops of sample pellets were generated, poling at

3 kV/mm at 120 °C, and subsequent characterization of their
ferroelectric properties. In Figure 9, the P−E hysteresis loop
sample pellets were made, sintered at a temperature of 1200
°C, and poled at 3 kV/mm at 120 °C, and their characteristics

were examined. Although the loops exhibit ferroelectric
behavior, they do not display full saturation, which is a
common challenge observed in recycled PZT ceramics and
differs from typical commercial PZT behavior.60 Table 4
summarizes the dielectric and piezoelectric properties of
various compositions of PZT ceramic.
Figure 9 shows the polarization−electric field (P−E)

hysteresis loop of the piezoelectric ceramics. The P−E
hysteresis loop was measured at room temperature using an
electric field of 3 kV/mm at frequencies of 0.1, 1, 10, 100 Hz,
and 1 kHz. The piezoelectric ceramics have narrow hysteresis
loops, indicating the typical PZT piezoelectric behavior.
However, it should be noted that no saturation of the
polarization is observed in the loops. The inset of Figure 9
demonstrates the current density versus electric field (J − E)
and Table 3 demonstrate the dielectric and piezoelectric
properties of recycled PZT ceramic samples. It should be
noted that the powder exhibits a typical ferroelectric material
loop and remnant polarization of 0.039 μC/mm2. The Pr value
peaked at 0.039 μC/mm2 at 0.1 Hz and declined marginally as

Table 4. Summarize the Dielectric and Piezoelectric Properties of Various Compositions of PZT Ceramic

Materials d33 (pC/N) Pr (μC/cm2) Pmax (μC/cm2) Ec (kV/cm) εr kp Tc ref

Pb(Ni1/3Nb2/3)O3−Pb(Zr0.32Ti0.68)O3 + 0.6 wt % Sm2O3 738 13.03 - 2.8 6637 0.53 135 60
Pb(Ni1/3Nb2/3)0.5(Ti0.7Zr0.3)0.5O3 708 25.31 - 4 5770 0.59 - 61
0.36BiScO3−0.64PbTiO3 452 38 - 15 1455 0.52 400 62
0.955Pb(Zn1/3Nb2/3)O3−0.045PbTiO3 468 17.4 20.1 36.5 5132 - 263 63
0.955Pb(Mg1/3Nb2/3)O3−0.045PbTiO3 324 5.8 7.6 10.5 6043 - 412 63
0.462Pb(Zn1/3Nb2/3)O3−0.308Pb(Mg1/3Nb2/3)O3−
0.23PbTiO3

376 3.35 8.72 5.92 1925 - 318 63

0.49Pb[(Zn,Ni)Nb]O3−0.19Pb[(In,Yb)Nb]O3−
0.32Pb(Zr,Hf,Ti)O3

761 41.3 - 8 4557 0.63 169 64

0.58Pb(Zr0.41Ti0.59)O3−0.42Pb(Zn0.4Na0.6)1/3Nb2/3O3 825 37 41 7 3603 0.7 - 65
0.51Pb(Hf0.35Ti0.65)O3−0.49Pb(Nb2/3Ni1/3)O3 1124 20 32 5 7113 0.62 133 66
0.65Pb(Mg1/3Nb2/3)O3−0.35PbTiO3 452 4.96 - 4.93 20311 - 175 67
0.55Pb(Ni1/3Nb2/3)O3−0.135PbZrO3−0.315PbTiO3
(PNN−PZT)

986 21.69 - 3.22 9015 0.63 120 68

PMN-29PT + x mol % Nd2O3 (x = 0.02) 1230 32 37 3 6849 - 89 69
Sm-doped 0.15PMN−0.42PZ−0.43PT - 36 40 12 2780 - 298 70
0.05Pb(Mg1/3Nb2/3)O3−0.5Pb(Mn1/3Sb2/3)O3−
0.9Pb0.95Sr0.05(Zr0.48Ti0.52)O3

348 9 23 13 1795 0.53 270 71

0.49Pb(Ni1/3Nb2/3)O3−0.2Pb(In1/2Nb1/2)O3−
0.31PbTiO3 + x mol % LiNbO3 (x = 1.8)

1112 33 42 4 12092 0.53 107 72

0.69Pb(Mg1/3Nb2/3)O3−0.31PbTiO3 + x mol % Eu2O3
(x = 1)

770 30.7 - 5.3 3700 0.76
(k33)

127 73

0.71Pb(Mg1/3Nb2/3)O3−0.29PbTiO3 + x mol % Eu2O3
(x = 2)

1200 27.1 - 3.6 7870 0.77
(k33)

98 73

0.72Pb(Mg1/3Nb2/3)O3−0.28PbTiO3 + x mol % Eu2O3
(x = 2.5)

1420 22.1 - 3.5 12200 0.78
(k33)

83 73

0.73Pb(Mg1/3Nb2/3)O3−0.27PbTiO3 + x mol % Eu2O3
(x = 3)

1250 18.8 - 2.3 13520 0.64
(k33)

73 73

Pb(Ni1/3Nb2/3)0.5(ZrxTiy)0.5O3 + 0.4 mol % Ce 700 18.24 23 4.9 5300 0.62 127 74
Pb(Ni1/3Nb2/3)0.5(ZrxTiy)0.5O3 + 0.4 mol % Sm 620 16.6 22 4.8 5650 0.56 151 74
PMINT42/26/32 260 28 40 23 1700 - 264 75
PMINT42/26/32 − 1La4Sr 564 2.5 24 2 1900 - 265 75
PMINT42/24/35 + 1.5% Eu 462 35.09 31.92 21.34 3700 - 170 76
0.74PbTiO3−0.26 Bi(Zn2/3Nb1/3)O3 409 26.7 40 15.9 7500 - 467 77
0.39 Bi(Ni1/2Ti1/2)O3−0.20PbZrO3−0.41PbTiO3 496 23.47 26.46 16.13 900 - 290 78
0.39BNT−0.20PZ−0.41PT 500 22.25 27 16 800 - 293 79
24Pb(In0.5Nb0.5)O3−42Pb(Mg0.335Nb0.665)O3−34PbTiO3
+ 2 mol % Sm3+

420 15.18 19 13.54 2100 - 150 80

0.39 Bi(Ni0.5Ti0.5)O3−0.20PbZrO3−0.41PbTiO3:1BiPb 510 25.43 29 16.13 900 290 81
PZT-5A 390 - - - 1700 0.60 150 19,82

Pb(Zr0.52TiO0.48)O3 270 1.6 4.3 0.94 1985 0.20 307 This
work
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frequency increased. The decrease of Ec can be attributed to
the addition of the B-site (Zr, Ti) ions in PbTiO3, which can
lead to the lattice contraction and easy reversion of domains
thereby decreasing Ec.

4. CONCLUSION
This study focused on environmental stewardship by
developing and analyzing a soft piezoelectric PZT ceramic
material, incorporating a β-PbO compound synthesized from
recycled lead ingots sourced from lead-acid batteries. The
emphasis was on resource recycling and environmental
conservation. XRD analysis confirmed the coexistence of
tetragonal and rhombohedral phases in PZT ceramic, along
with the orthorhombic structure of β-PbO. The PZT sintered
sample at 1200 °C has a density of 7.787 g/cm3 with
piezoelectric coefficient d33 of 270 pC/N, a Qm factor of 1318,
and a dielectric constant of 1590 at 10 Hz. The P−E hysteresis
curves revealed that the engineered PZT ceramics are soft
piezoelectric materials with a high remnant polarization (Pr)
and low coercive field (Ec). The findings affirm the viability of
utilizing lead ingots from recycled lead-acid batteries as a PbO
source, offering a promising pathway for synthesizing PZT
materials with enhanced dielectric and piezoelectric properties.
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