Particuology 115 (2026) 174-191

4

ELSEVIER

Contents lists available at ScienceDirect

Particuology

journal homepage: www.elsevier.com/locate/partic

Sustainable glass-phase engineering via photovoltaic waste glass for R

Check for

enhanced energy storage in BNT ceramics

Truong Bach Chien, Le Phong Phu, Nguyen Chi Bao, Nguyen Ngoc Thien, Tran Thi Phuong Nghi,
Thach Nguyen Phuc Khuong, Nguyen Hoc Thang

Faculty of Chemical Engineering, Ho Chi Minh City University of Industry and Trade, 140 Le Trong Tan street, Tay Thanh ward, Ho Chi Minh City, 700000, Viet Nam

HIGHLIGHTS

e Photovoltaic waste glass enables sus-
tainable BNT ceramic engineering.

e Dual role of glass phase controls con-
duction and microstructure.

e Grain boundary modification enhances
dielectric breakdown strength.

o High energy density of 1.76 J/cm® ach-
ieved at 220 kV/cm.

e Improved efficiency via reduced rema-
nent polarization.

ARTICLE INFO

Keywords:

Big.sNag sTiO3 (BNT)

Lead-free ferroelectric ceramic
Piezoelectric

Energy storage

Photovoltaic waste glass (PVWG)
Glass-phase engineering

* Corresponding author.

GRAPHICAL ABSTRACT

Sustainable Glass-Phase Engineering via Photovoltaic Waste Glass for
Enhanced Energy Storage in BNT Ceramics
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ABSTRACT

Developing sustainable dielectric ceramics with high energy storage performance under a moderate electric field
is still a great challenge for the next generation pulse power capacitors. Herein, recycled photovoltaic waste glass
(PVWG) was added into Bip.5Nag.5TiO3 (BNT)-based lead-free ceramics via a conventional solid-state route and
sintered at 1120 °C for 2 h. The PVWG additive facilitated liquid-phase sintering, reduced porosity, promoted
grain-boundary homogeneity and improved the dielectric breakdown strength. Therefore, the optimized BNT-08
ceramic exhibits a high relative density of 97.04 + 0.15 %, a reduced remanent polarization (P,) of
9.4 + 0.3 pC cm ™2, an increased breakdown strength (Ep ~220 + 5 kV cm™?) and a significantly slimmer P-E
hysteresis loop. Hence, a recoverable energy density (W) of 1.76 & 0.07 J cm™ and an energy storage effi-
ciency of 78 + 2 % were obtained under a moderate electric field at 220 kV cm ™. The enhanced energy storage
performance was ascribed to the synergistic effects of structural stabilization, defect-regulated charge transport,
and PVWG-induced microstructural refinement. This simple, low cost and environmentally friendly method
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demonstrates PVWG as a promising multifunctional additive for electroceramic applications in line with the

circular strategy.

1. Introduction

Electrostatic energy storage ceramics have gaining popularity for
advanced pulsed power systems, electric vehicles, wearable electronics,
and high-temperature capacitors because they can charge and discharge
very quickly, have a high-power density, and are more stable at high
temperatures than electrochemical energy storage technologies (Khan
et al., 2025; Supriya, 2022). Ferroelectric and relaxor-based dielectrics
are especially promising because their nonlinear polarization response
lets them store a lot ofenergy (W) even when there are strong electric
fields (Zubairi et al., 2024). Nevertheless, high-performance ferroelec-
trics ceramics remain predominantly influenced by Pb-based systems,
exemplified by Pb(Zr,Ti)O3 (PZT), whose exceptional characteristics
derive from morphotropic phase boundary engineering (Zhang, Han,
et al., 2025). Concerns about lead effects of toxicity on health and the
environment, along with stricter rules, have led to a lot of work on
findings sustainable and lead-free alternatives (Njema et al., 2026; Unsal
et al., 2026). Big sNag 5TiO3 (BNT) is widely regarded as one of the most
promising lead-free ferroelectric materials owning to its significant
spontaneous polarization, comparatively elevated Curie temperature
(~320 °C), and pronounced ferroelectric distortion (Zhong et al., 2026).
These inherent traits make BNT a good choice for storing dielectric
energy. However, pure BNT has some built-in problems that make it less
useful in real life (Kaarthik et al., 2026). When Bi and Na vaporize
during high temperature processing, it causes non-stoichiometry and
oxygen vacancy to form, which makes the leakage current go up (Ecebas
et al., 2026). Also, the moderate breakdown strength (Ep) limits the
energy density that can be reached because Wy, increases the square of
the applied electric field (Xie et al., 2026). And, the remanent polari-
zation (P;) is relatively high, which causes wide hysteresis loops. This
lowers the efficiency () of energy storage and the ability to reverse
polarization (Guan et al., 2024). Because of this, unmodified BNT usu-
ally does not store energy as well as the best relaxor ferroelectrics
(Soheli et al., 2024). Consequently, formulating efficient strategies to
concurrently mitigate leakage conduction, augment breakdown
strength, and refine polarization behavior continues to be a significant
challenge for BNT-based ceramics (Ecebas et al., 2026; Guan et al., 2024;
Soheli et al., 2024; Xie et al., 2026).

To mitigate these constraints, significant endeavors have been
focused on the compositional and microstructural engineering of BNT
ceramics. Researchers have looked into solid-solution modification, like
making binary or ternary systems with BaTiOs, KosNagsNbO3, and
other perovskites to make relaxor behavior and phase coexistence
happen. This improves polarization dynamics and energy storage per-
formance (Ravinshu et al., 2025; Zhang, Chen, et al., 2025). However,
these kinds of methods often require complicated compositional design
and could make thermal and structural stability worse (Zhang, Wei,
et al., 2025). Rare-earth doping has also been used to control defect
chemistry and local structural heterogeneity (Zheng et al., 2022). Dop-
ants such as La®", Nd®", or Sm®* have led to a lower concentration of
oxygen vacancies and a better dielectric response (Azizi et al., 2025;
Zheng et al., 2022). However, too much doping can make thecrystals less
stable and add unwanted secondary phases, which can lower the
dielectric breakdown strength (Chen et al., 2026). More advanced
methods, like core-shell architechtures, have been suggested to con-
duction pathways and polarization switching, which greatly increases
energy storage density (Yan et al., 2020; Zhang et al., 2026). However,
these methods usually need complicated synthesis routes and exact
control over the composition, which make them hard to scale up.

Glass-phase engineering has become a straightforward yet efficient
method for modifying the microstructure and electrical characteristics
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of ferroelectric ceramics (Shi et al., 2023). Adding an amorphous
intergranular phase can help liquid-phase sintering, make things denser,
and improve the microstructure (Tang et al., 2023). More importantly,
insulating glassy phases at grain boundaries can stop the flow of charge
carriers, even out the local electric field, and slow down dielectric
breakdown (Shi et al., 2023; Tang et al., 2023). This makes energy
storage more efficient (Yang et al., 2022). Even though these are good
things, most of the studies that came before this one used glass systems
that were made for commercial use (like borosilicate or alkali silicate
glasses) and focused more on improving densification than on basic
structure-property relationships. Recent study of Ouaha et al. (2024)
showed that adding Nb-Bi-Ti-P-based glass to BNT ceramics can improve
their dielectric properties and energy storage performance by changing
the way the grains interact with each other (Ahmed et al., 2024).
Nonetheless, these studies continue to depend on engineered glass
compositions and fail to explore the potential of waste-derived multi--
component glass systems. More importantly, how complex glass chem-
istry affects defect states, grain boundary potential barriers, and
breakdown mechanisms which still do not know enough. Also, the sus-
tainability part of glass-phase engineering has mostly been ignored.

As the photovoltaic industry grows quickly, the problem of too many
old solar panels is becoming a major environmental issue (Nguyen et al.,
2024). Photovoltaic waste glass (PVWG), which makes up a large part of
the waste from solar panels, is mostly made up of SiO., but it also has a
lot of CaO, Al;03, Nay0O, and small amounts of functional oxides that
were added during the glass-making process (Nguyen et al., 2024).
PVWG is a complex multi-component system that can change defect
chemistry, grain boundary characteristics, and interfacial electrical
behavior. This is different from regular commercial glass additives.
Although the waste glass recycling has been investigated in construction
materials and traditional ceramics, its use as a functional additive in
advanced ferroelectric energy storage materials is still largely unexam-
ined (Chakrabarti et al., 2022; Nguyen et al., 2024). There is currently
no comprehensive study examining the use of photovoltaic waste glass
as a glass-phase engineering agent to concurrently regulate micro-
structure, defect chemistry, and energy storage performance in BNT
ceramics. Current research primarily concentrates on either enhancing
densification or optimizing electrical performance, failing to develop a
holistic structure-property-performance relationships (Ahmed Althu-
mairi et al., 2025; Gao et al., 2025; Li et al., 2024). Additionally, the
relationship between mechanical robustness and dielectric reliability,
which is critical for practical capacitor applications, has not been
adequately explored in BNT-based systems (Wu et al., 2025; Zhou et al.,
2023). These gaps show that the studies need a long-term and mecha-
nistically informed plan that combines waste valorization with func-
tional material design (Rehman et al., 2025; Weinmann et al., 2025).

In this context, the present study suggests a sustainable glass-phase
engineering methodology by integrating photovoltaic waste glass (2-
10 wt%) into BNT ceramics. PVWG is expected to do two things that
regular glass additives do not: (i) speed up liquid-phase sintering and
microstructural densification, and (ii) change the chemistry of grain
boundary and distribution of defects because it is made up of more than
one component. This study seeks to clarify the correlation among
amorphous phase fraction, grain boundary structure, defect-mediated
conduction, and dielectric breakdown behavior through systematic
variation of the PVWG content. A specific focus is placed on compre-
hending the impact of the amorphous intergranular phase on leakage
suppression, electric field homogenization, polarization reversibility,
and ultimately the recoverable energy density. By combining structural,
microstructural, mechanical, and electrical analyses, this study shows a
possible way to make good use of photovoltaic waste and also gives new
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information about how glass-phase-regulated energy storage works in
lead-free ferroelectric ceramics. The results are anticipated to aid in the
advancement of high-efficiency, sustainable dielectric materials for
next-generation electronic and pulsed power applications.

2. Materials and methods
2.1. Raw materials and photovoltaic waste glass processing

This study used high-purity Bi;O3 (>99.9%), TiO5 (anatase phase,
>99%), and NaOH (>98%) from Sigma-Aldrich as starting materials for
synthesizing Big sNag 5TiO3 (BNT). NaOH was chosen instead of Nay;CO3
as sodium source in traditional solid-state routes to improve reaction
homogeneity and make solid-state diffusion easier. Using NaOH also
stops CO2 from coming out during calcination, which lowers carbonate-
related porosity and makes phase purer (Ecebas et al., 2026). After the
metal frames and polymeric encapsulants were taken off, photovoltaic
waste glass (PVWG) was collected from end-of-life solar panels. The
recovered glass was cleaned with ultrasound in deionized water, dried at
100 °C, and then ground into fine powder with particle size smaller than
45 pm. The chemical composition of PVWG, determined by X-ray fluo-
rescence (XRF) using S2 PUMA (Brucker, German) to find out what
chemicals were in PVWG. Table 1 shows that PVWG is mostly made up
of SiO9 (about 70.1 wt%), with large amounts of NayO (~11.3 wt%) and
CaO (~11.4 wt%), and small amounts of Al;03, MgO and Fe,O3 as re-
ported in (Nguyen et al., 2024). Because it has more than one type of
silicate, PVWG can be both a low-melting glass-phase former and
intergranular insulating additive.

It is important to note that PVWG is expected to have two functions,
unlike regular single-purpose glass additives. First, it will help with
liquid-phase sintering because it has a relatively low softening temper-
ature (about 700-800 °C). Second, it will change the chemistry of grain
boundaries and the distribution of defects because it is made up of
multiple oxides. The dual functionality is the main focus of this study,
where PVWG is used as a controllable amorphous phase engineering
agent instead of just a way to make things denser.

2.2. Sample preparation

BNT-based ceramics were prepared with different amounts of PVWG
using a standard solid-state reaction method. Stoichiometric amounts of
Bi»03, NaOH, and TiO5 were mixed with PVWG powders (0-10 wt%),
and then ball-milled in ethanol for 12 h using zirconia milling media to
make sure the mixing was even. The compositions were labeled BNT-00,
BNT-02, BNT-04, BNT-06, BNT-08, and BNT-10, which stand for 0, 2, 4,
6, 8, and 10 wt% PVWG addition, respectively as shown in Table 2.

After drying the powders were pressed into cylindrical pellets with a
diameter of about 18 mm and a thickness of around 2 mm. This was done
with a pressure of 10 MPa. The green compacts were first heated in air at
temperature of 800 °C for 4 h to help the perovskite BNT phase form as
shown in Fig. 1. After that, the calcined powders were ground lightly,
pressed again, and sintered at 1120 °C for 2 h, with a heating rate of
5 °C/min and natural cooling to room temperature. It is worth to
mention that PVWG, although it can soften at temperatures around 700-
800 °C, is present in low concentrations (<10 wt%) and solid-state re-
action kinetics dominate, so that the formation of the perovskite phase is
not impeded during calcination. PVWG plays a role in liquid phase
assisted densification primarily in the later stage of sintering process.
Finally, the samples of BNT and PVWG-doped BNT ceramics were tested
for engineering properties such as electrical and mechanical properties,

Table 1

Chemical composition of photovoltaic waste glass (PVWG).
Oxides Si0, Na,O CaO Al,03 MgO Feo03 Others L.O.I
wt % 70.1 11.3 11.4 1.6 3.2 1.9 0.2 0.3
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and characterized for microstructure.

2.3. Structural and microstructural characterization

The phase composition and crystal structure of the synthesized BNT-
PVWG ceramics were studied using X-ray diffraction (XRD) (D2 Phaser,
Brucker AXS, Germany) with Cu Ka radiation (1 = 1.5406 10\) operating
at 30 kV and 10 mA. Diffraction patterns in the 20 range of 5°-80° with a
scanning step of 0.02° were recorded. The crystalline index (CI) from the
X-ray diffraction (XRD) patterns was employed to calculate the crys-
tallinity of the BNT-PVWG ceramics. The CI was calculated as the ratio
of the integrated intensity of crystalline peaks to the total diffracted
intensity, including contributions from both crystalline and amorphous
phases. The crystallinity index was calculated by using the following
equation (Gilmore et al., 2019):

A
Cl= <

100%
A A,

where A, represents the integrated area of crystalline diffraction peaks
and A, corresponds to the integrated area of amorphous background.

The XRD patterns were imported into Origin software (OriginPro,
OriginLab Corp.) for quantitative analysis. Baseline correction was
applied to eliminate background noise and overlapping diffraction peaks
were deconvoluted by peak fitting with Gaussian or pseudo-Voigt
functions. The crystalline peak areas (A.) were determined from the
integral of all fitted Bragg reflections corresponding to the perovskite
phase. The amorphous contribution (A,) was determined from the broad
diffuse scattering hump with observation in the 20 range of ~5°-80°,
which is assigned to the glassy PVWG phase. The baseline was removed
and the area under the XRD curve was computed and the CI value was
calculated from the ratio of crystalline area to the total area. To ensure
reproducibility, the fitting procedure was consistently performed on all
samples with identical fitting parameters and peak selection criteria.
The calculated CI gives a semi-quantitative measure of relative crystal-
linity and allows to assess the effect of PVWG addition on the evolution
of amorphous and crystalline phases in the BNT matrix.

Prior to crystallite size and lattice strain calculations, instrumental
broadening was determined using a standard silicon reference and
subtracted from the measured peak widths. The crystallite size was
calculated by Scherrer equation and the lattice strain was determined
from the peak broadening analysis. The values given are mean values
from several diffraction peaks and errors were taken into account to
ensure the reliability. It is reported BNT has a rhombohedral or pseudo-
cubic structure at room temperature. For simplicity, the diffraction
patterns in this study were analyzed in terms of an average pseudo-cubic
perovskite symmetry, although local structural distortions are possible.

2.3.1. Crystallite size
The average crystallite size, D was estimated using the Scherrer
equation (Cao Hien et al., 2025; Khoi & Thang, 2026):

K4
D=
pcosf

where K is the Scherrer constant (K = 0.9); 4 is the X-ray wavelength
(A = 1.5406 A); B is the full width at half maximum (FWHM) of the
diffraction peak (in radians); and 6 is the Bragg diffraction angle.

2.3.2. Lattice strain
The microstrain (¢) present in the crystal lattice was estimated from
peak broadening using (Cao Hien et al., 2025):

e = b
4tan@

This parameter reflects local lattice distortions caused by defects or
compositional heterogeneity.
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Table 2
Composition and processing conditions of PVWG-doped BNT ceramics.

Particuology 115 (2026) 174-191

No. Samples NaOH (%) Biy03 (%) TiO5 (%) PVWG (%) Calcination conditions Sintering condition
01 BNT-00 9.24 53.84 36.92 0.00 800°C,4h 1120°C,2h
02 BNT-02 9.06 52.76 36.18 2.00 800 °C, 4 h 1120°C, 2 h
03 BNT-04 8.87 51.69 35.44 4.00 800 °C,4h 1120°C,2h
04 BNT-06 8.69 50.61 34.70 6.00 800°C,4h 1120°C,2h
05 BNT-08 8.50 49.53 33.97 8.00 800 °C, 4 h 1120°C, 2 h
06 BNT-10 8.32 48.45 33.23 10.00 800 °C,4h 1120°C,2h
100
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Fig. 1. Changes in the composition of photovoltaic waste glass (PVWG) in the mixing ratios of the samples (a) and the first stage of calcination curve for BNT and

PVWG-doped BNT samples (b).

2.3.3. Dislocation density

The dislocation density (5), representing the amounts of crystallo-
graphic defects in the lattice, was calculated from the crystallite size
using (Cao Hien et al., 2025; Gilmore et al., 2019):

1

(3:ﬁ

where D is the crystallite size obtained from the Scherrer equation.

2.3.4. Crystal plane indexing
For cubic systems, the interplanar spacing dpy; is related to the lattice
parameter a and the Miller indices (hkl) by (Gilmore et al., 2019):

a

h+ k4P

The lattice parameter a can therefore be calculated from the
measured dyy values as (Gilmore et al., 2019):

a:dhkl\/ h2+k2+12

The interplanar spacing, dp was determined using Bragg's law
(Gilmore et al., 2019):

dhk[ =

nA = 2dsinf

where n is the diffraction order (typically n = 1), 1 is the X-ray
wavelength (1 = 1.5406 A), and 0 is the Bragg diffraction angle.

2.3.5. Atomic packing factor (APF)

For an ideal cubic perovskite structure, the atomic packing factor
(APF) describes the fraction of the unit cell volume occupied by atoms
and can be estimated as (Gilmore et al., 2019):

Z Vamms

APF =
Veenr

For the cubic perovskite structure ABOs, the unit cell volume is,

Veen = @, with a is the lattice constant.

2.3.6. Bond length calculations

For the cubic perovskite structure ABO3 (Pm3m), the bond lengths
between the A-site cation and oxygen (La_o) and between the B-site
cation and oxygen (Lp_o) can be calculated geometrically from the lat-
tice parameter.

The B-O bond length is Ls_o = § and the A-O bond lengthisLy_o =

a

V2
These parameters provide insight into octahedral distortion and
structural stability within the perovskite lattice.

2.3.7. Goldschmidt tolerance factor
The structural stability of the perovskite lattice was evaluated using
the Goldschmidt tolerance factor (Gilmore et al., 2019):

ra +ro

\/Z(VA'F"O)

where ra is the ionic radius of the A-site cation; rg is the ionic radius of
the B-site cation; rg is the ionic radius of oxygen. For an ideal cubic
perovskite structure, the tolerance factor typically lies within the range
of 0.9 < t < 1.0. These values close to unity indicate a stable cubic
structure.

2.3.8. Theoretical density
The theoretical density (pu) of the perovskite unit cell was calculated
using (Gilmore et al., 2019):

_ZxM
P = Na X
where Z is the number of formula units per unit cell (Z = 1 for cubic
perovskite ABO3); M is the molar mass of the formula unit; Ny is Avo-
gadro's number; and a is the lattice constant.

The calculated structural parameters provide important insight into
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the structural evolution of BNT ceramics with PVWG incorporation. In
particular, variations in lattice constant, crystallite size, and lattice
strain reflect subtle modifications in the perovskite framework. Addi-
tionally, the tolerance factor and bond length calculations help to
evaluate the structural stability of the BNT lattice and the influence of
compositional modification on octahedral geometry. These structural
features are closely related to the observed electrical conduction
behavior and energy storage performance discussed in subsequent
sections.

The bonding configuration and local structural vibrations in the
BNT-PVWG ceramics were further analyzed by Fourier transform
infrared spectroscopy (FTIR) (FT/IR-6X FTIR spectrometer, JASCO,
Japan). FTIR spectra were recorded in the wavenumber range of 400-
4000 cm ™! at a resolution of 4 cm™! with 32 scans per sample. The
powdered ceramic samples were mixed with KBr and pressed into pel-
lets. The characteristic vibrational bands related to Ti-O and Ti-O-Ti
bonds were analyzed to confirm the perovskite structure and Si-O
bands were used to evaluate the incorporation of the glass phase.

The microstructural characteristics of the sintered ceramics were
analysized using scanning electron microscopy (SEM) (JEOL JSM-IT200,
Japan) at an accelerating voltage of 10 kV. The ceramic samples were
mechanically polished and coated by a super-thin gold layer corre-
sponding to good observation and obtain high quality images. Grain size
distribution was quantified by measuring more than 200 grains using
image analysis software (ImageJ), and the results are reported as mean
grain size + standard deviation.

2.4. Physical and mechanical property measurements

The physical properties of the sintered BNT-PVWG ceramics were
evaluated through bulk density and apparent porosity measurements
using the Archimedes method. Prior to measurement, the ceramic
samples were cut into rectangular specimens and their surfaces were
carefully polished to remove irregularities. The bulk density (pp ) was
determined by measuring the dry mass, suspended mass in distilled
water, and saturated mass of the samples. The apparent porosity and
water absorption were subsequently calculated according to standard
Archimedes equations. The relative density of the ceramics was obtained
by comparing the measured bulk density with the theoretical density of
the BNT-based perovskite structure. Statistical reliability was ensured by
testing each composition with a minimum of three specimens (n > 3).
The Vickers hardness of the ceramics was measured using a micro-
hardness tester (HMV-G21, Shimadzu, Japan) with a constant load of 1
kgf and a dwell time of 15 s. The Vickers hardness (H,) was calculated
from the diagonal lengths of the indentation marks using the standard
relation between applied load and indentation area. At least five indents
were made for each sample and the average value with standard devi-
ation was reported.

Fracture toughness (Kj¢) was calculated using the indentation frac-
ture method based on the Anstis model:

E
K,c =0.016 (ﬁ)

1/2 P
R

where P is the applied load, c is the crack length, E is Young's modulus
and H is the hardness. This method allows us to reliably evaluate the
crack resistance of brittle ceramics.

This method provides a convenient approach to evaluate the resis-
tance of the ceramics to crack propagation. The combined analysis of
density, porosity, hardness, and fracture toughness allowed for the
evaluation of the densification behavior and mechanical integrity of the
BNT-PVWG ceramics. In particular, the influence of PVWG addition on
liquid-phase-assisted sintering and microstructural consolidation was
assessed by correlating the physical and mechanical parameters with the
microstructural observations obtained from SEM analysis.
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2.5. Electrical characterization and conduction analysis

The electrical properties of the PVWG-doped BNT ceramics were
investigated using temperature-dependent conductivity measurements.
Electrical contacts were formed by coating both sides of the sintered
pellets with silver paste (SPI Supplies), followed by firing at 500 °C for
30 min. The electrical conductivity was measured using an LCR meter
(Agilent E4980A) in a temperature range 300-600 K at a frequency of
1 kHz with an AC voltage amplitude of 1 V. The temperature was
controlled using a programmable furnace with a heating rate of 2 °C/
min to ensure enough time for stabilization at each temperature. The
temperature dependence of conductivity was analyzed by Arrhenius
relation (Petrowsky & Frech, 2009):

Ell
0 = 0pexp (_ﬁ>

where o is the electrical conductivity, o is the pre-exponential factor, E,
is the activation energy for electrical conduction, k is the Boltzmann
constant (k = 8.617 x 10> eV/K), and T is the absolute temperature. By
plotting Inc as a function of the reciprocal temperature (1000/T), the
activation energy associated with charge transport processes was
determined from the slope of the linear Arrhenius plots.

This analysis provides insight into the dominant conduction mech-
anisms in the BNT-PVWG ceramics. In particular, the influence of PVWG
addition on grain boundary characteristics, defect concentration, and
charge carrier mobility was evaluated. The resulting activation energies
were compared among different compositions to understand how the
incorporation of the glass phase modifies electrical transport pathways
within the ceramic matrix.

2.6. Energy storage and ferroelectric measurements

The energy storage properties of the PVWG-doped BNT ceramics
were evaluated through polarization-electric field (P-E) hysteresis loop
measurements at room temperature by a ferroelectric analyzer (Preci-
sion Premier II, Radiant Technologies, USA). A triangular wave with a
frequency of 10 Hz was applied to record ferroelectric hysteresis (P-E)
loops. The sample thickness was carefully measured so that the applied
electric field could be accurately calculated. The applied electric field
was increased stepwise to a maximum value of 220 kV/cm. Each
composition was tested in at least five samples (n > 5) for reproduc-
ibility. Prior to measurement, the ceramic pellets were polished and
coated with silver electrodes on both surfaces to ensure uniform electric
field distribution across the sample. The polarization behavior was
analyzed in terms of key ferroelectric parameters, including maximum
polarization (Ppqy), remanent polarization (P;), and coercive field (E.).
The integrated area of the P-E loops was used to calculate energy storage
density (Wy,.) and efficiency (1).

The energy storage performance of the ceramics was calculated
directly from the measured P-E loops. The calculated recoverable energy
density (Wye) corresponds to the area enclosed between the discharge
curve and the polarization axis and can be expressed as (Li et al., 2020):

Prax
Wiee = / EdP
Py

while the total stored energy density (Wioq) is determined from the
integral of the entire charging curve. The energy storage efficiency (1)
was subsequently calculated using (Li et al., 2020):

n:%xloo%

total
These parameters provide a quantitative measure of the capability of
the material to store and release electrical energy. In addition, the
dielectric breakdown strength (Ep) of the ceramics was defined as the
maximum electric field that the sample could withstand before electrical
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breakdown. Measurements were performed in silicone oil to avoid sur-
face flashover and to enable the intrinsic dielectric breakdown. The
influence of PVWG incorporation on the energy storage behavior was
analyzed by correlating the ferroelectric parameters with the structural,
microstructural, and electrical characteristics of the ceramics. In
particular, the reduction in remanent polarization, improvement in
breakdown strength, and modification of grain boundary characteristics
were examined as key factors contributing to the enhanced recoverable
energy density and energy storage efficiency observed in the optimized
compositions.

3. Results and discussion

3.1. Structural evolution and crystal-lattice modulation of PVWG-doped
BNT ceramics

The crystallographic evolution of Big.sNag.sTiO3 (BNT) ceramics
with increasing content of photovoltaic waste glass (PVWG) was sys-
tematically studied by X-ray diffraction (XRD) as shown in Fig. 2. All
compositions display well-defined diffraction peaks that are character-
istic of a perovskite-type structure and no secondary crystalline phases
related to bismuth oxides, sodium titanate, or silicate crystalline phases
are detected within the resolution limit of the instrument. This obser-
vation confirms that the introduced PVWG does not crystallize into
separate phases, but is predominantly retained as an amorphous inter-
granular component, in line with the behavior of silicate-based glass
additives in oxide ceramics. The diffraction patterns can be indexed by a
cubic perovskite model (Pm3m), but a more rigorous interpretation is
required. It is known that BNT at room temperature is usually rhom-
bohedral (R3c) or mixed rhombohedral-tetragonal. In the present case,
the lack of apparent peak splitting around the characteristic reflections
(200) or (211/213), combined with the obvious peak broadening, in-
dicates the long-range symmetry distortion is suppressed or averaged
out. As such, the structure is more appropriately described as pseudo-
cubic, which is a commonly used description for BNT-based systems
exhibiting structural disorder or compositional heterogeneity (Rehman
et al., 2025; Wu et al., 2025; Zhou et al., 2023). This clarification
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removes the ambiguity of the assignment of a purely cubic phase and is
in agreement with established crystallographic understanding. The
characteristic reflections observed at approximately 20 ~ 22.8°, 32.4°,
40.1°, 46.6°, and 57.9° correspond to the typical (100), (110), (111),
(200), and (210) crystallographic planes of the perovskite BNT lattice.

For the quantitative description of the structure evolution detailed
analysis of the most intense (110) reflection was performed (Fig. 3(a)).
The broadening and the position of maximum are gradually varied with
increasing PVWG content which implies the simultaneous variation in
the crystallite size and lattice strain. The instrumentalbroadening was
calculated with a standard silicon reference and subtracted from the
measured full width at half maximum (FWHM) for reliability of these
calculations. The corrected FWHM values were then plugged into the
Scherrer equation and strain calculations. The inclusion of instrumental
correction and error estimation greatly enhances the robustness and
reproducibility of the structural parameters obtained.

Quantitative phase analysis based on the integrated intensity ratio
was performed to determine the relative proportion of crystalline and
amorphous phases in the BNT-PVWG ceramics. Crystalline peaks were
separated from the amorphous halo by fitting the diffraction profiles to
pseudo-Voigt functions in Origin software after baseline subtraction.
The results summarized in Fig. 3(b) demonstrate that the crystalline
fraction decreases progressively as the PVWG content increases. The
crystalline index shows a gradual decrease in crystallinity from 98.48%
for BNT-00 to 95.28%, 94.81%, 92.36%, 90.63%, and 87.57% for BNT-
02, BNT-04, BNT-06, BNT-08, and BNT-10, respectively corresponding
to increase in amorphous content from 1.52% to 12.43% (Fig. 3(b)). This
method is a semi-quantitative evaluation and not a full Rietveld
refinement. However, the same fitting parameters were used for all
compositions to get reliable comparative information. These results
confirm the progressive formation of an intergranular glassy phase as
increasing amounts of PVWG are added. The formation of such an
intergranular amorphous network is expected to influence both micro-
structural evolution and electrical behavior by modifying grain bound-
ary chemistry and charge transport pathways.

The calculated crystallite size increases from 19.36 nm for the
undoped BNT sample to 22.16 nm, 24.46 nm, 26.17 nm, 27.86 nm, and
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Fig. 2. XRD patterns of BNT samples with increasing PVWG content confirmed formation of pseudo-cubic perovskite crystal system with space group Pm3m.
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Fig. 3. XRD-derived structural parameters of BNT-PVWG ceramics with effects of PVWG to highest diffraction peak evolution of (011) plane (a); crystalline/
amorphous phase fraction (b); crystallite size and BNT crystal content (c); and lattice constant and lattice strain (d).

29.05 nm for PVWG contents of 2%, 4%, 6%, 8%, and 10%, respectively
(Fig. 3(c)). Importantly, error bars from multiple peak fittings have been
added and show that apparent monotonic increase has measurable
experimental scatter and is not an ideal linear trend. The increase in
crystallite size is ascribed to the liquid phase assisted sintering induced
by PVWG. The relatively low softening temperature of silicate glass and
the partial softening of the PVWG phase during sintering is conducive to
atomic diffusion and the coarsening of crystallites.

In addition to crystallite growth, the crystal content of the BNT phase
also exhibits a gradual decrease with increasing PVWG concentration,
declining from 98.48% to 60.94% as shown in Fig. 3(c). This reduction
reflects the progressive dilution of the crystalline network by the
amorphous glass phase. Nevertheless, the persistence of strong diffrac-
tion peaks across all compositions indicates that the perovskite frame-
work remains the dominant structural component even at the highest
PVWG loading. The evolution of the lattice constant and lattice strain
extracted from the XRD refinement is presented in Fig. 3(d). The changes
in lattice parameter and microstrain make the structural response of the
BNT lattice even clearer. The undoped BNT sample displays a lattice
constant of 3.8964 10\, which slightly increases to 3.9011 A for BNT-02,
indicating a minor lattice expansion at low PVWG concentration.
However, as the PVWG content increases further, the lattice parameter
gradually decreases to 3.8940 A (BNT-04) and 3.8192 A (BNT-06), fol-
lowed by a slight recovery to 3.8489 A (BNT-08) and 3.8566 A (BNT-
10). The initial lattice expansion may arise from local structural relax-
ation induced by the presence of glass-derived ions or interfacial stress
between the amorphous phase and the crystalline BNT grains. In
contrast, the subsequent lattice contraction observed at higher PVWG
concentrations suggests increased lattice distortion and strain relaxation
within the perovskite framework.
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There are several competing reasons why the lattice constant vari-
ation does not follow a monotonic trend as PVWG content increases.
Lattice distortion and contraction may be caused at low PVWG levels by
the addition of aliovalent ions (like Si* or A13+) and the creation of
oxygen vacancies. However, peak shifting and broadening in XRD pat-
terns can result in apparent lattice expansion at higher PVWG concen-
trations due to the existence of an amorphous glass phase and internal
residual stresses. Peak position determination may also be uncertain due
to the overlap between crystalline peaks and the amorphous back-
ground. Therefore, the lattice constant changes in a way that is not al-
ways predictable. This is because of the complicated interactions
between defect chemistry, interfacial stress, and partial amorphization.

More importantly, the lattice strain drops significantly from
12.91 x 1072 in BNT-00 to 11.28 x 1073, 10.22 x 1073, 9.55 x 1073,
8.97 x 1073, and 8.61 x 10~ for increasing PVWG content (Fig. 3d).
This shows that stress is effectively relaxing in the crystalline lattice. The
glassy phase located at grain boundaries acts as a compliant interfacial
layer that accommodates structural mismatch between neighboring
grains, thereby reducing local distortion and defect concentration. This
trend seems to be at odds with the FTIR results at first glance. The FTIR
results show that the peaks are getting wider (Section 3.2), which means
that there is more local structural disorder around the TiOg octahedra.
However, it can be explained this apparent difference by looking at the
different length scales that the two methods look at. XRD shows the
average strain of the lattice over a long distance, while FTIR shows how
sensitive it is to short-range local bonding environments. Incorporating
PVWG, therefore, decreases global lattice distortion while simulta-
neously introducing local structural heterogeneity, especially at grain
boundaries and amorphous-crystalline interfaces. This study also used
the Williamson-Hall method to figure out the size of the crystallites and
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the strain in the lattice, as shown in Table 3. The goal of this is to make
sure that the values found using the Scherrer method are correct.

To further separate the effects of crystallite size and lattice strain on
peak broadening, Williamson-Hall (W-H) analysis was done on several
diffraction peaks, such as (010), (011), (111), (020), (121), and (022).
To fix the instrumental broadening, a standard silicon reference was
used first. Then, the corrected FWHM values were used to fit the data
linearly using the Williamson-Hall equation. The calculation data were
linear for all compositions, which means that the peak broadening is
caused by a combination of the size of the crystallites and the strain in
the lattice. The W-H results show that the crystallite size goes from about
18.7 nm to 28.8 nm as the PVWG content goes up. This is in line with
what the Scherrer equation says, but the change is a little smaller
because the strain effects are separated. The lattice strain, on the other
hand, goes down from 13.2 x 1073 to 8.5 x 103, which shows that the
lattice is relaxing more and more. The agreement between Scherrer and
W-H trends confirms the accuracy of the structural analysis, while the
W-H method gives a more physically meaningful description by taking
into account broadening caused by strain. This study shows that adding
PVWG helps crystallites grow while also reducing lattice distortion. This
is probably because the liquid phase helps with sintering and stress
relaxation at grain boundaries.

It is also important to know the difference between the size of the
crystallites measured by XRD and the size of the grains seen in SEM
analysis. The first one shows coherent diffraction domains, usually at the
nanometer scale. The second one shows microstructural features at the
micrometer scale. Even though both parameters changed when PVWG is
added, their physical meanings are very different, and their relationship
should be looked at in a qualitative way rather than a quantitative way.

The structural parameters derived from the XRD data are summa-
rized in Table 4, which includes the dislocation density (§), atomic
packing factor (APF), bond lengths (Ls_o and Lg o), tolerance factor (t),
and theoretical density (pg). The decrease in dislocation density from
2.668 x 1072 nm~?2 for BNT-00 to 1.185 x 10~% nm~2 for BNT-10 that
comes with the decrease in lattice strain shows that the crystallinity has
improved and the number of defects has gone down.The calculated bond
lengths (A-O and B-O) show small differences, which means that the
TiOg octahedral framework may have been slightly changed. The A-O
bond length varies from 2.755 A in BNT-00 to approximately 2.727 A in
BNT-10, while the B-O bond length decreases from 1.948 A to 1.928 A.
Also, the tolerance factor (t), which is based on Shanon ionic radii (co-
ordination number CN = 12 for A-site and CN = 6 for B-site) and the
average of Bi>" and Na*, stay between 0.968 and 0.985. These values
confirm that the perovskite framework is stable, but they do not mean
that is has a strictly cubic symmetry. This supports the idea that it is
pseudo-cubic. Similar tolerance factor values have been reported in
previous studies on BNT-based ferroelectric ceramics (Li et al., 2020;
Rehman et al., 2025; Wu et al., 2025; Zhou et al., 2023), where struc-
tural stability is maintained even in the presence of various dopants or
compositional modifications.

Another important parameter obtained from the structural analysis is
the atomic packing factor (APF), which remains within the range 0.739-
0.748 for all samples. These values are typical for pseudo-cubic perov-
skite structures and indicate that the packing density of the lattice is only
slightly affected by PVWG addition. The relatively stable APF values

Table 3
Crystallite size (D, nm) and lattice strain (¢) determined by Williamson-Hall
method.

Sample Crystallite size, D (W-H) (nm) Lattice strain, & (x1073)
BNT-00 18.7 £ 0.7 13.2+ 0.3
BNT-02 21.3+0.8 11.6 £ 0.3
BNT-04 23.8 £ 0.8 10.5+ 0.2
BNT-06 25.9 £ 0.9 9.6 + 0.2
BNT-08 27.6 £1.0 9.0 + 0.2
BNT-10 28.8+1.0 8.5+ 0.2
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suggest that the glass phase primarily resides at grain boundaries rather
than substituting into the crystal lattice. The theoretical density (pg)
calculated from the unit cell parameters exhibits values ranging from
5.947 to 6.315 g cm >, which are consistent with previously reported
densities for BNT ceramics. Although the theoretical density slightly
increases at intermediate PVWG contents due to lattice contraction, the
overall variation remains moderate, indicating that the fundamental
crystal structure is largely preserved. The XRD analysis demonstrates
that photovoltaic waste glass acts primarily as a structural modifier
rather than a lattice-substituting dopant. The PVWG additive forms an
amorphous phase that gradually increases with composition while
maintaining the perovskite crystal structure of the BNT matrix. The
presence of this glassy phase promotes crystallite growth, reduces
dislocation density, and relaxes lattice strain without destabilizing the
cubic perovskite framework. These structural modifications play a
crucial role in determining the subsequent microstructural evolution
and functional properties of the BNT-PVWG ceramics.

The results obtained in this study are consistent with previous re-
ports on glass-modified ferroelectric ceramics, where the introduction of
a silicate glass phase has been shown to improve densification and
reduce structural defects (Shi et al., 2023; Zhang et al., 2024). The XRD
analysis shows that photovoltaic waste glass is mostly a glass-phase
engineering agent and not a lattice-substituting dopant. Its addition
causes a controlled rise in the amount of amorphous phase, encourages
crystallite growth through liquid-phase sintering, and effectively re-
lieves lattice strain without destabilizing the perovskite framework.
These changes to the structure are very important for understanding the
improved dielectric reliability and energy storage performance that will
be discussed in later sections.

3.2. Vibrational bonding characteristics revealed by FTIR spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was employed to
further examine the local bonding environment and short-range struc-
tural features of the BNT-PVWG ceramics. The corresponding spectra are
presented in Fig. 4, and Table 5 lists the main vibrational bands and their
structural assignments. The FTIR spectra obtained in the range of 400-
4000 cm ™! show characteristic absorption bands associated with both
the perovskite lattice and the silicate glass phase introduced by photo-
voltaic waste glass (PVWG), thus giving complementary information to
the long-range structural analysis from XRD mentioned in Section 3.1.

The strong absorption band in the range of 560-620 cm ™! is assigned
to the Ti-O stretching vibration of the TiOg octahedra, the fundamental
structural units of the ABO3 perovskite lattice. The persistence of this
band in all the compositions confirms that the perovskite framework of
BNT is retained after PVWG incorporation. This observation is in line
with the XRD results that indicate no formation of secondary crystalline
phases. This frequency range have been widely reported for BNT and
related perovskites such as BaTiO3 and Pb(Zr,Ti)O3 for similar Ti-O
vibrational modes. The Ti-O absorption band is significantly broad-
ened and slightly asymmetric with increasing the PVWG content.
Importantly, this behavior should not be interpreted as an increase in
long-range lattice strain, as XRD analysis shows clear reduction in
microstrain (Section 3.1). The FTIR band broadening however indicates
the increase of the local structural disorder on the short-range scale,
especially in the local environment of TiOg octahedra. This difference is
due to the different sensitivities of the two techniques, with XRD probing
the long-range periodicity and the average lattice distortion and FTIR
probing the local bonding heterogeneity. The presence of PVWG results
in the formation of an amorphous intergranular phase and heteroge-
neous interfaces, which can locally distort Ti-O bond angles and lengths
with no significant increase in the general lattice strain. The FTIR and
XRD results are therefore not contradictory but complementary,
describing the structural evolution at different length scales.

Another important feature is the broad absorption band appearing in
the region of 1000-1100 cm™!. The band gets stronger and stronger with
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Table 4
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Effect of PVWG doping ratio in BNT system on parameters of FWHM, dislocation density (), atomic packing factor (APF), bond length (Lo and Lp.o) in perovskite

structures, tolerance factor (t), and theoretical density ().

Sample FWHM (g, rad) 5(x10~3 nm~?) APF Lao (A) Ly o A) t pen (g/cm®)
BNT-00 0.00746 2.668 0.740 2.755 1.948 0.982 5.947
BNT-02 0.00652 2.036 0.739 2.758 1.951 0.985 5.926
BNT-04 0.00590 1.671 0.741 2.753 1.947 0.981 5.958
BNT-06 0.00552 1.460 0.748 2.701 1.910 0.968 6.315
BNT-08 0.00518 1.288 0.745 2.722 1.924 0.974 6.170
BNT-10 0.00497 1.185 0.744 2.727 1.928 0.976 6.133
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Fig. 4. FTIR spectra of BNT-PVWG ceramics illustrating the evolution of lattice vibrations and silicate glass bonding with increasing PVWG content.

Table 5
Characteristic FTIR vibration bands and their structural assignments in PVWG-
doped BNT ceramics.

No.  Wavenumber Vibration Sources
(em™)
1 ~3400 O-H stretching hydroxyl/water
adsorption
2 ~1630 H-O-H bending water adsorption
3 ~1400-1450 €03~ vibration carbonate
4 ~1000-1100 Si-O-Si asymmetric PVWG
stretching
5 ~800-850 Si-O bending silicate network
6 ~560-620 Ti-O stretching BNT perovskite

networks

increasing PVWG content. This band is assigned to the asymmetric
stretching vibration of Si-O-Si bonds in the silicate network. The pro-
gressive enhancement of its intensity is direct spectroscopic evidence for
the formation and growth of an amorphous glass phase in the ceramic
matrix. This trend is in good agreement with the phase analysis of XRD
where the amorphous fraction increases from 1.52% in BNT-00 to
12.43% in BNT-10 with increasing PVWG content. The absence of sharp
silicate-related peaks further confirms that the glass phase remains
mainly amorphous after sintering, rather than crystallizing to form
secondary silicate phases.

The additional weak absorption bands at ~3400 cm - and
1630 cm ™! are due to the O-H stretch and H-O-H bend, respectively,
because of adsorbed moisture on the surface of the ceramic. A weak
band at approximately 1400-1450 cm ™ is assigned to carbonate (CO%")
vibrations, mostly likely arising from adsorption of atmospheric carbon
dioxide during sample handling. These features are typical of oxide
ceramics and have little influence on the bulk structural properties.

The FTIR results provides strong evidence for the coexistence of a
crystalline perovskite phase and the amorphous silicate network in the
PVWG-doped BNT system. The increasing interfacial interaction

1

between the glass phase and the BNT grains is indicated by progressive
enhancement of Si-O-Si vibrations together with localized broadening of
Ti-O band. These interactions are expected to influence the grain
boundary chemistry, the distribution of defects and the local polariza-
tion behavior, which are critical factors for the electrical and energy
storage performance discussed in the following sections.

3.3. Microstructural evolution and quantitative grain size analysis

Fig. 5 shows the systematic investigation of microstructural evolu-
tion of the PVWG-doped BNT ceramics by scanning electron microscopy
(SEM). All the micrographs were taken with a JEOL JSM-IT200 micro-
scope at an accelerating voltage of 10 kV and a working distance of
~12 mm. The samples were coated a thin layer of conductive gold was
deposited to reduce the surface charging effects during observation. All
images are shown with the scale bar (1 pm) to facilitate quantitative
interpretation of grain morphology. The undoped BNT-00 sample (Fig. 5
(a)) shows a relatively heterogeneous microstructure with irregular
grains morphology and the presence of noticeable intergranular pores.
Such features are ascribed to volatilization of Bi and Na species during
sintering that results in incomplete densification and defect formation.
With the introduction of PVWG (BNT-02 and BNT-04, Fig. 5(b, c)), the
microstructure appears to be more compact with better grain packing
and less porosity. Such densification improvement is attributed to the
liquid-phase-assisted sintering caused by the silicate glass phase that
facilitates mass transport along grain boundaries.

Grain size distributions were quantified by ImageJ analysis of more
than 250 sizes of grain per sample and histogram fitting using Origin
software for statistical reliability. Fig. 6 shows the grain size distribu-
tions and Lorentzian fitting results, with the mean grain sizes and
standard deviations summarized below: BNT-00: 0.687 + 0.269 pm;
BNT-02: 0.641 + 0.275 pm; BNT-04: 0.638 + 0.221 pm; BNT-06:
0.635 + 0.297 pm; BNT-08: 0.636 =+ 0.291 pm; BNT-10:
0.654 + 0.302 pm. The results indicate that the average grain size for
all compositions is within a relatively narrow range (~0.63-0.69 pm)
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Fig. 5. SEM micrographs showing the microstructural evolution and grain morphology of PVWG-doped BNT ceramics with increasing photovoltaic waste glass
content of samples BNT-00 (a), BNT-02 (b), BNT-04 (c), BNT-06 (d), BNT-08 (e), and BNT-10 (f).
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Fig. 6. Histograms for particle size distribution of PVWG-doped BNT ceramics with increasing photovoltaic waste glass content of samples BNT-00 (a), BNT-02 (b),
BNT-04 (c), BNT-06 (d), BNT-08 (e), and BNT-10 (f) observed from SEM micrographs via ImageJ and Origin software with Lorentz fit.

with the standard deviation values suggesting a moderately broad size
distribution. It should be noted that the introduction of PVWG leads to a
slight refinement of the grain size at low doping levels (2-6 wt%) and a
marginal increase at higher concentrations (8-10 wt%). This behavior is
indicative of a competition between liquid-phase-enhanced densifica-
tion and inhibition of grain growth because of the accumulation of
intergranular glass.

The Lorentzian fitting curves also suggest that the grain size distri-
butions are more symmetric and slightly narrower for intermediate
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PVWG contents (BNT-04 to BNT-08), showing improved microstructural
homogeneity. However, at the highest PVWG content (BNT-10), the
distribution broadens again, indicating localized glass-rich regions that
partially impede grain coalescence. Observations of SEM images (Fig. 5
(d-f)) show that for intermediate PVWG contents (6-8 wt%) the grains
are more equiaxed and evenly dispersed with minimal residual porosity.
It suggests that the amorphous glass phase plays the role of a grain
boundary modifier that reduces the interfacial energy and stabilizes the
microstructure during sintering. At the highest PVWG concentrations
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(10 wt%) a small increase in intergranular glass accumulation is
observed which may lead to the formation of localized amorphous
pockets. It should be noted that the grain size obtained from SEM
(micrometer scale) is totally different from the crystallite site obtained
from XRD (nanometer scale, 19-29 nm). The crystallite size represents
the size of coherent diffraction domains. The size of agglomerated
polycrystalline grains (composed of multiple crystallites) is the SEM
grain size. So, there is a qualitative rather than quantitative relation
between these two parameters. Both parameters show a general trend of
structural coarsening with addition of PVWG but they reflect different
length scales of structural organization in the present study.

The SEM and statistical grain size analysis indicates that photovoltaic
waste glass has two roles in the BNT system: (i) helping in densification
by liquid-phase sintering, and (ii) change of the grain boundary struc-
ture through the formation of an amorphous intergranular phase. These
microstructural features are in accordance role in the electrical con-
duction behavior and energy storage performance discussed in the
following sections.

3.4. Densification and stability of PVWG-doped BNT ceramics

3.4.1. Densification behavior and physical parameters

The densification behavior of the PVWG-doped BNT ceramics was
quantitatively evaluated by bulk density, apparent porosity, and relative
density as summarized in Fig. 7(a). All values are shown as
mean + standard deviation obtained from at least three independent
measurements (n > 3) to ensure statistical reliability. The bulk density of
undoped BNT-00 sample is approximately 5.92 + 0.03 g cm >, corre-
sponding to a relative density of 93.4 + 0.28 % and an apparent porosity
of 6.37 + 0.25 %. These values agree with the heterogeneous micro-
structure observed in Section 3.3, where the presence of irregular grains
morphology and residual porosity was identified. Such incomplete
densification is usually ascribed to volatilization of Bi and Na during
sintering, leading to pore formation and weak grain boundary cohesion.
The addition of PVWG leads to a steady improvement in densification.
The relative density goes up to 94.35 + 0.26% and 95.61 + 0.24%, while
the bulk density goes up to 5.98 + 0.02 g cm > (BNT-02) and
6.05 + 0.2 g cm > (BNT-04). At the same time, the apparent porosity
drops to 5.46 + 0.22 % and 4.25 + 0.20 %, respectively. This trend is a
direct result of the role of PVWG in promoting liquid-phase-assisted
sintering. In this process, the silicate-rich glass softens and form a
viscous intergranular phase that makes it easier for particles to move
and change shape.
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Adding more PVWG, up to 6-8 wt%, makes the densification work
best. The BNT-06 and BNT-08 samples have bulk densities of 6.09 + 0.02
and 6.12 + 0.03 g cm™3, respectively. Their relative densities are
96.48 + 0.23% and 97.04 + 0.21%. The apparent porosity is reduced to
3.64 + 0.18% (BNT-06) and 3.16 + 0.15 % (BNT-08). These results are
in excellent agreement with the SEM observations presented in Fig. 5,
which indicate that the microstructure becomes highly compact and
homogeneous, and with XRD results (Section 3.1), which demonstrate
reduced lattice strain and defect density. At the highest PVWG content
(10 wt%), there is a small drop in densification. The bulk density goes
down to 6.08 + 0.03 g cm >, the relative density goes down to
96.27 + 0.25%, and the porosity goes up to 3.88 £ 0.17%. This behavior
is related to the rise in the amorphous phase fraction (~12.43%, Section
3.1) and the localized glass accumulation seen in SEM images (Section
3.3). Too much glass phase can make it harder for grains to come
together and create amorphous areas that are weaker mechanically,
which can make the whole thing a little less compact. The densification
behavior shows a clear non-linear relationship with the amount of
PVWG, with an optimal glass-phase sintering and structural integrity.

3.4.2. Mechanical stability and hardness enhancement

The mechanical properties of the PVWG-doped BNT ceramics were
evaluated using Vickers indentation tests, and the corresponding results
are illustrated in Fig. 7(b). The measurements were taken with a
microhardness tester that had a load of 1 kgf and dwell time of 15 s. At
least five indentations were done for each composition (n > 5), and the
values given are the average with standard deviation. The undoped BNT-
00 ceramic sample has a Vickers hardness of 4.22 + 0.12 GPa and a
fracture toughness of 1.15 + 0.04 MPa m'/2. These comparatively low
values are ascribed to residual porosity and inadequate grain boundary
adhesion, as validated SEM analysis (Section 3.3). As the amount of
PVWG goes up, both hardness and fracture toughness go up a lot. The
hardness rises to 4.45 + 0.10 GPa (BNT-02), 4.81 + 0.11 GPa (BNT-04),
and 5.34 + 0.09 GPa (BNT-06), and the fracture toughness rises to
1.22 + 0.05, 1.35 + 0.06, and 1.41 + 0.05 MPa m'/?, respectively. This
improvement is mostly due to better densification and stronger grain
boundary cohesion caused by the glass phase.

The best mechanical performance is seen in BNT-08, which has a
hardness of 5.63 + 0.08 GPa and a fracture toughness of
1.48 + 0.06 MPa m'/2 This is because it has high relative density
(97.04%). The amorphous intergranular phase effectively strengthens
grain boundary while keeping the structure intact at this composition.
FTIR results (Section 3.2) provide additional support for this
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Fig. 7. Variation of bulk density, relative density and apparent porosity (a); correlation and evolution among relative density and Vickers hardness as well as fracture

toughness (b) of PVWG-doped BNT ceramics as a function of PVWG content.
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interpretation by demonstrating improved Si-O-Si bonding, which en-
hances interfacial strength. When the PVWG content is higher (BNT-10),
the hardness (5.25 + 0.10 GPa) and fracture toughness
(1.38 & 0.05 MPa m'/?) go down a little bit. This decrease is due to too
much glass building up, which makes some areas mechanically softer
and facilitate crack propagation. This trend is consistent with the XRD
results (Section 3.1), where the amorphous fraction went up, and in SEM
(Section 3.3), where the grain size distribution got wider. This study
used the Anstis equation to figure out the fracture toughness (Kj¢). This
equation connects indentation load, crack length, and hardness. This
method is widely used for brittle ceramics and gives a good estimate of
how well they can resist cracks. The mechanical properties are closely
linked to densification and changes in the microstructure. Adding PVWG
makes things harder and more resistant to breaking by: reducing
porosity; strengthening grain boundaries; and creating a flexible amor-
phous intergranular phase. But too much glass can cause local softening
effects that make the returns less valuable. These results show how
important optimized glass-phase engineering is for making BNT-based
ceramics that are strong and dense.

3.5. Defect-mediated charge transport and thermally activated conduction
in PVWG-doped BNT ceramics

3.5.1. Temperature-dependent electrical conductivity

The temperature-dependent electrical conductivity (c) of the PVWG-
doped BNT ceramics is shown in Fig. 8(a). All compositions display a
monotonic increase in conductivity with temperature (300-600 K),
which is the feature of a typical thermally activated semiconducting
behavior. Results are expressed as mean + SD (n > 3) and error bars
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indicate the statistic reliability of the measured values. The electrical
conductivity of the undoped sample (BNT-00) increases from
0.042 + 0.001 mS cm™! at 300 K to 7.373 + 0.131 mS cm ™! at 600 K.
This relatively low conductivity is consistent with its microstructural
features (Section 3.3), with significant porosity and poor grain connec-
tivity lead to high grain boundary resistance. Therefore, the activation
energy is relatively high (E, = 0.849 + 0.002 eV, Fig. 8(d)), indicating
that charge carriers require a significant amount of thermal energy to
overcome the barriers related to defects and boundaries.

A significant increase in conductivity is observed upon the intro-
duction of PVWG. The sample BNT-02 shows the highest conductivity of
19.832 + 0.313 mS cm ! at 600 K with lower activation energy

< = 0.793 + 0.002 eV. BNT-04 also has a relatively high conductivity
(13.882 + 0.146 mS cm™!) and the lowest activation energy of
0.783 + 0.002 eV. This improvement is directly correlated density
increased from 93.42 (BNT-00) to 96.48% (BNT-04) and the porosity
significantly decreased.

The increased conductivity at low PVWG content (<4 wt%) is
attributed to: improved grain packing and decreased porosity (Section
3.4), increased grain connectivity observed in SEM (Section 3.3),
decreased lattice strain and defect density from XRD (Section 3.1).
Together these factors reduce possible barriers to charge transport and
thus promote thermally activated hopping conduction. However, for
higher PVWG contents (>4 wt%), the conductivity decreases even at
further densification. For example: BNT-06: 9.612 + 0.131 mS cm ™},
E;=0.798 eV; BNT-08: 8.457 + 0.128 mS cm’l, E;=0.812eV; BNT-10:
7.994 + 0.124 mS cm ™}, E, = 0.826 eV. This non-monotonic behavior is
an indication of a change of the prevailing conduction mechanism. Still,
densification is improving, but the amount of amorphous glass phase at
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Fig. 8. Temperature-dependent electrical conductivity of PVWG-doped BNT ceramics illustrating the influence of photovoltaic waste glass on charge transport
behavior (a); Arrhenius plots (Inc vs 1000/T) of PVWG-doped BNT ceramics used to determine activation energy for electrical conduction (b); Correlation between
activation energy and electrical conductivity in PVWG-doped BNT ceramics (c); and Variation of activation energy with PVWG concentration in BNT ceramics (d).
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grain boundaries is too high, which results in the formation of electri-
cally insulating intergranular layers. These layers enhance the grain-
boundary resistance and partly inhibit the long-range charge
transportation.

Therefore, PVWG has two functions in electrical transport: (i) at low
content (<4 wt%), enhances conductivity via densification and con-
nectivity, and (ii) at higher content (>4 wt%), decreases conductivity
due to segregation of the insulating glass phase at grain boundaries. This
agrees with the microstructural evolution observed in the SEM where
excessive glass leads to localized amorphous regions. Importantly, the
observed improvement of insulation and breakdown strength reported
in later sections is not in contradiction with the observed increase in
conductivity at low PVWG content. Instead, it represents a de-coupling
between the DC conductivity and the dielectric breakdown behavior,
where: Enhanced carrier mobility leads to a moderate rise in conduc-
tivity; Breakdown strength is affected by defect distribution, uniformity
of grain boundaries, and local field homogenization.

3.5.2. Arrhenius analysis and conduction mechanism

The temperature dependent conductivity was analyzed by Arrhenius
equation (Petrowsky & Frech, 2009) to quantitatively evaluate the
conduction mechanism:

Ed
0 = 0pexp (7ﬁ>

where o is the electrical conductivity, o is the pre-exponential factor, E,
is the activation energy for conduction, k is the Boltzmann constant, and
T is the absolute temperature. The resulting Arrhenius plots (Inc versus
1000/T) are shown in Fig. 8(b), and the slopes of the linear fits were
used to determine the activation energies shown in Fig. 8(c) and (d).

The extracted activation energies are in the range of 0.783 eV (BNT-
04) to 849 eV (BNT-00). The range is typical of oxygen-vacancies-
mediated conduction (V) in perovskite oxides. The conduction mech-
anism can be explained by the defect reaction (Thang, 2026; Thang &
Hien, 2026):
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where oxygen vacancies (V) are mobile charge carriers that mediate
hopping conduction. Fig. 8(c) shows a clear inverse correlation between
activation energy and conductivity: lower activation energy leads to
higher conductivity. The optimized composition, BNT-04, shows the
lowest energy barrier (0.783 eV) with high conductivity suggesting
efficient charge transport pathways.

The importance of PVWG in the modification of defect chemistry can
be understood as follows: at low doping levels, PVWG reduces the
resistance of the grain boundaries and encourages hopping of carriers; at
high doping levels, amorphous silicate phases form potential barriers,
resulting in increased activation energy. The results are strongly sup-
ported by the structural and microstructural analysis: XRD analysis
shows the lower lattice strain and defect density; FTIR analysis presents
the higher local structural disorder; SEM characteristics show the better
grain uniformity and then glass segregation; Densification describes the
higher density at intermediate PVWG content. In this work, impedance
spectroscopy was not used but the single activation energy and the
systematic trends found are strong indications for a mixed grain-grain
boundary conduction mechanism, where the grain boundary contribu-
tion is predominant for higher PVWG concentrations. The results
demonstrate that PVWG serves as a microstructural and defect engi-
neering modifier that enables the tunability of electrical transport
behavior in BNT ceramics via controlled glass-phase incorporation.

3.6. Energy storage characteristics of PVWG-doped BNT ceramics

3.6.1. Polarization behavior and hysteresis characteristics

The energy storage properties of the PVWG-modified BNT ceramics
were systematically studied based on the polarization-electric field (P-E)
hysteresis loops at high electric fields. Fig. 9 shows representative P-E
hysteresis loops, and the extracted energy storage parameters are sum-
marized in Fig. 10 and Table 6 with mean values and standard deviation
from at least three independently prepared specimens (n > 3). The
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undoped BNT ceramic (BNT-00) shows a typical ferroelectric hysteresis
loop with relatively large remanent polarization and broad loop area,
indicating the significant irreversible domain switching. The sample
shows a maximum polarization (Pp,qy) of 29.4 + 0.3 pC cm’z, a rema-
nent polarization (P;) of 18.6 + 0.5 uC cm 2 and a coercive field (Eo) Of
42 + 1 kV em™! in quantitative terms. The relatively large remanent
polarization leads to a small recoverable polarization difference
(AP=Ppqx — P;) of only 10.8 pC cm ™2, thus limiting the recoverable
energy density (W) to 0.61 + 0.04 J cm ™2 with an energy storage ef-
ficiency () of ~52 + 2 % under a breakdown electric field (Ep) of
170 £ 5kV em™.

The P-E hysteresis loops progressively thinner and electrically more
reversible upon addition of photovoltaic waste glass, suggesting sup-
pression of irreversible ferroelectric domain switching. For the BNT-02
composition, the large decrease of the value of P, to
15.9 + 0.4 pC em ™2 is accompanied with an increase of the value of Py
t0 31.2 + 0.4 uC cm ™2, resulting in a much larger polarization difference
of 15.3 uC cm™2. Concomitantly, the coercive field increases slightly to
45 + 1 kV em ™}, indicating modified domain-wall dynamics associated
with PVWG-induced grain-boundary regulation. Consequently, the
recoverable energy density is remarkably increased to
0.85 =+ 0.05 J cm > with an energy storage efficiency of 65 + 2 % and a
breakdown strength of 185 + 4 kV cm ™!, Aa additional improvement of
the reversibility of the polarization is observed for the BNT-04 and BNT-
06 compositions. The remanent polarization decreases continuously
from 13.2 + 0.4 pC em 2t011.8+0.3 nC cm 2. The maximum polar-
ization increases to 32.8 + 0.5 pC em~2 and 33.5 + 0.6 nC cm 2,
respectively. Consequently, the polarization difference increases from
19.6 to 21.7 pC cm~2. The narrower hystereisis loops imply more
reversible polarization behavior, which is very desirable for the dielec-
tric capacitor applications because a larger portion of the stored elec-
trostatic energy can be released upon the discharge. Thus, the
recoverable energy density is improved to 1.12 4 0.06 J cm™> (BNT-04)
and 1.37 + 0.07 J cm 3 (BNT-06), and the energy storage efficiencies

Table 6

The energy storage parameters of BNT doping PVWG.
Samples  PVWG (Wt Py (RC/ P, (uC/ E. (kV/ Wiotar (J/

%) cmz) cmz) cm) cms)

BNT-00 0 29.4 £0.3 18.6 £ 0.5 42 +1 1.18 + 0.04
BNT-02 2 31.2+04 159+ 0.4 45+1 1.31 £ 0.05
BNT-04 4 32.8 £ 0.5 13.2+ 04 46 + 1 1.56 + 0.06
BNT-06 6 33.5+0.6 11.8 £ 0.3 48 +1 1.77 + 0.07
BNT-08 8 33.7 £0.6 9.4+03 47 £1 2.25 £ 0.07
BNT-10 10 325+ 0.6 10.2+ 0.3 46 £ 1 2.19 £ 0.07
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enhanced to ~72 and 77 %, respectively.

The evolution of the hysteresis behavior is strongly related to the
structural and microstructural changes induced by PVWG addition. The
XRD analysis (Scherrer and Williamson-Hall methods) in Section 3.1
indicated that the addition of PVWG decreased the lattice strain and the
dislocation density, and increased crystallite size. The structural relax-
ation diminishes the defect-assisted domain pinning and favors more
reversible polarization switching. On the other hand, FTIR results indi-
cated a gradual formation of an amorphous silicate phase via continuous
increase of the Si-O-Si vibrational band. The SEM results in Section 3.3
also observed the enhancement of liquid-phase-assisted densification by
PVWG, which resulted in a more homogeneous microstructure with
lower porosity and better grain connectivity. Quantitative grain-size
analysis of more than 250 grains per sample by ImageJ measurements
indicated that the average grain size was in the narrow range of 0.635-
0.687 pm, and that the grain-size uniformity was improved at inter-
mediate PVWG contents as revealed by the Lorentz fitting profiles. These
microstructural refinements directly contribute to the densification
behavior described in Section 3.4 where the relative density increased
from 93.42 + 0.15 % for BNT-00 to 97 + 0.18 % for BNT-08, with a
reduction in apparent porosity from 6.37 £+ 0.12% to 3.16 + 0.09%.

3.6.2. Recoverable energy density and efficiency enhancement

Among all the compositions investigated, the BNT-08 sample
exhibited the most optimized energy storage behavior. The P-E loop
becomes much thinner at the expense of a relatively high maximum
polarization. The sample exhibits P, 9.4 + 0.3 pC cm 2 and
Prax = 33.7 % 0.6 pC em ™2, corresponding to the highest polarization
difference of 24.3 pC cm™2. At the same time, the breakdown electric
field (Ep) is 220 4+ 6 kV cm’l, which is much higher than that of the
undoped BNT sample (170 + 5 kV ecm™!). The BNT-08 composition
exhibits the maximum recoverable energy density of 1.76 + 0.07 J cm >
and energy storage efficiency of 78 + 2 %. The improved energy storage
performance is due to several synergistic effects arising from the opti-
mized PVWG concentration. First, the reduced lattice strain and the
improved crystallinity in Section 3.1 allow stable polarization switching
under high electric fields. Second, the improved densification and
decreased porosity (discussed in Section 3.3 and 3.4) inhibit the local
electric-field concentration and avoid dielectric breakdown, leading to
increased dielectric breakdown strength. Thirdly, the electrical trans-
port analysis in Section 3.5 revealed that moderate addition of PVWG
decreases the activation energy from 0.849 eV (BNT-00) to 0.783 eV
(BNT-04), suggesting improved carrier mobility and grain-boundary
connectivity. Importantly, the optimized dense microstructure sup-
presses the excessive leakage pathways by reducing the pore related
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defects and intergranular scattering centers although the conductivity
increases at low PVWG concentrations. Therefore, the improvement of
breakdown strength is not in contradiction with the moderate increase
in conductivity, but reflects the balance between the improved grain
connectivity and the controlled grain-boundary insulation. This balance
results in an efficient polarization switching at intermediate PVWG
contents but also provides sufficient dielectric reliability under high
electric fields.

When the PVWG content is further increased to 10 wt%, the energy
storage performance is slightly deteriorated. The remanent polarization
is still relatively low (10.2 + 0.2 uC cm™2), while the maximum polar-
ization is slightly reduced to 32.5 + 0.5 uC cm™2, giving a polarization
difference of 22.3 pC cm™2. Simultaneously the breakdown electric field
decreases from 220 + 6 kV cm ™! to 205 + 5 kV cm™! which leads to a
decrease in recoverable energy density (W) to 1.58 + 0.07 J cm ™ and
a reduction in efficiency to 72 + 2 %. Such behavior was supported by
XRD and FTIR results, showing a significant increase of amorphous
phase fraction at high PVWG concentrations. A large glass accumulation
at grain boundaries can locally break the continuity of polarization and
form electrically heterogeneous regions that limit the dielectric
reliability.

3.6.3. Energy storage performance and structure-property correlation

The energy storage behavior of the PVWG-doped BNT ceramics is
closely related to the synergistic interaction of structural stabilization,
grain boundary engineering, densification enhancement, and defect-
regulated electrical transport as discussed in the previous sections.
Among the compositions, the optimized BNT-08 composition shows the
best balance of a high polarization difference (AP = Ppgc — Py ~
243 pC cm’z), enhanced dielectric breakdown strength (Ep
= 220 + 4 kV cm™! for BNT-08), reduced remanent polarization
(P, = 9.4 + 0.3 pC cm2), and improved microstructural homogeneity,
resulting in  the  highest recoverable energy  density
(Wree =1.76 £0.07 J cm3) and energy storage efficiency (n = 78 + 2 %)
among all the compositions studied. The improvements are correlated to
the structural and microstructural evolution induced by the PVWG addi-
tive. The addition of PVWG led to the reduction of lattice strain and
dislocation density, and also promoted liquid-phase assisted densification
and more uniform packing of grains, as shown in Sections 3.1 and 3.2. The
enhanced dielectric reliability and suppression of premature electrical
breakdown were attributed to the optimized densification behavior ach-
ieved in Section 3.4, where the relative density increased from
93.42 £ 0.31 % for BNT-00 to 97.04 £ 0.28 % for BNT-08. Meanwhile, the
conduction analysis in Section 3.5 revealed that moderate PVWG incor-
poration induced the reduction of activation energy and enhencement of
intergranular transport without excess leakage conduction, which
enabled stable polarization switching under higher applied electric fields.

For a more complete evaluation of the importance of the present
results, the energy storage performance was compared with represen-
tative BNT-based ceramics reported in recent literature, as listed in
Table 7. In order to avoid misleading comparisons resulting from the
substantially different operating electric fields, the reported systems can
be reasonably grouped into three electric-field regimes: low-field sys-
tems (<150 kV cm’l), moderate-field systems (150-230 kV cm’l), and
ultrahigh-field systems (>450 kV cm™). In the low field region, pure
BNT ceramics usually exhibit very poor energy storage capability, which
is caused by the large remanent polarization and the relatively low
dielectric breakdown strength. For example, pure BNT ceramics
exhibited a recoverable energy density of only about 0.14 J cm ™ under
an electric field of ~150 kV cm ™! (Wang et al., 2025). This behavior has
been partially improved with compositional engineering strategies.
Modified (1-x)(BNT-BT)-xNT ceramics achieved Wy, ~1.20J em 3 with
an efficiency of 74.8 % under 100 kV em! for Xu et al. (Qietal., 2016),
and defect-engineered BNSBT ceramics reached about 1.80 J cm ™
under 110 kV em™! (Li et al., 2022). The results suggest that the
recoverable energy density can be significantly enhanced under
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Table 7
Comparison of energy storage performance of BNT-based ceramics reported in
recent literature.

Material system Electric field Wree (J/  Efficiency 5 Reference
(kV/cm) cm®) (%)
(1-x)(BNT-BT)-xNT 100 1.20 74.8 (Qi et al.,
ceramics 2016)
BNSBT defect- 110 1.80 (Lietal.,
engineered 2022)
ceramics
Pure BNT ceramic ~150 0.14 (Wang et al.,
2025)
0.48BNT-0.12BKT- 189 3.52 92.1 (Huang et al.,
0.4SST ceramics 2025)
BNT-ST-BBN relaxor 200 3.97 81 (Zheng et al.,
ceramics 2021)
0.7BNT-0.2BZT- 220 3.53 93.5 (Yang et al.,
0.1NN ceramics 2024)
0.65BNT-0.35STT 230 3.30 90.4 (Qiao et al.,
ceramics 2023)
BNT-BT-NMH ~450 7.82 93.1 (Long et al.,
ternary system 2025)
BNT-NN-SSN 515 7.22 95.3 (Liu et al.,
ceramic 2024)
BNST-0.08BMT 565 8.58 93.5 (Wang et al.,
ceramic 2021)
BNT-PVWG (this 220 1.76 78 Present work

work)

relatively low electric fields by appropriate defect and domain engi-
neering compared to the undoped BNT ceramics.

A more relevant comparison with the present work is possible in the
moderate electric field regime (150-230 kV cm’l), where some
advanced BNT-based relaxor systems have shown improved energy
storage performance by microstructural refinement and polarization
modulation. The BNT-ST-BBN relaxor ceramics exhibited W, =
3.97 J em > with 5 ~ 81 % at 200 kV cm ™! (Zheng et al., 2021). Like-
wise, 0.48BNT-0.12BKT-0.4SST ceramics have attained Wiy,
3.52 J cm™ and n =~ 92.1 % at 189 kV em™! (Huang et al., 2025).
0.7BNT-0.2BZT-0.1NN relaxor ceramics exhibited Wye ~ 3.53 J cm™>
with =~ 93.5 % at 220 kV em™! (Yang et al., 2024). Also, Qiao et al.
(Qiao et al., 2023) reported Wy ~ 3.30 J em™2 and 5 ~ 90.4 % for
0.65BNT-0.35STT ceramics under 230 kV cm ™. Relative to these highly
optimized relaxor systems, the present BNT-PVWG ceramics exhibit a
relatively modest recoverable energy density of 1.76 J cm™° at
220 kV cm™L. Nonetheless, the present system relies on a significantly
simplified compositional modification strategy combined with conven-
tional solid-state processing and sustainable incorporation of recycled
photovoltaic waste glass. Furthermore, the improvement observed in the
present work is mainly attributed to the microstructural densification,
reduction of remanent polarization and improvement of breakdown
strength induced by PVWG, instead of complex multicomponent relaxor
engineering.

By contrast, much higher recoverable energy densities have been
reported in multicomponent BNT-based ceramics operating under ul-
trahigh electric fields above 450 kV cm™!. For example, Wang et al.
(2021) reported an ultrahigh energy density of 8.58 J cm™> with an
efficiency of 93.5 % in BNST-0.08BMT ceramics under 565 kV cm™!
through simultaneous domain and bandgap engineering. Liu et al.
(2024) obtained Wyee =~ 7.22 J em ™ and n ~ 95 % for BNT-NN-SSN
ceramics at 515 kV cm’l, while Long et al. (2025) reported in multi-
component BNT-BT-NMH ternary ceramics with a recoverable energy
density of 7.82 J cm > and an efficiency of 93.1 % at 450 kV cm ™.
While these ultrahigh-field systems have substantially higher absolute
energy densities, direct comparisons to the present PVWG-modified
BNT ceramics must be made with caution because the energy density
highly field-dependent and scales approximately as E2. The moderate
but competitive performance attained in the present PVWG-doped BNT
ceramics with only 220 kV c¢m™! thus signifies that recycled

~
~
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photovoltaic waste glass can be effectively utilized to tailor the
structure-microstructure-property relationship of BNT ceramics
without the need for excessively high operating electric fields or highly
complex compositional engineering.

In general, the present results show that the photovoltaic waste glass
acts as a sustainable glass-forming additive for promoting liquid-phase
sintering and microstructural densification, but also as an effective
functional modifier for regulating the polarization reversibility, dielec-
tric breakdown strength and defect-assisted conduction behavior. Thus,
the use of recycled PVWG offers a cost-effective and environmentally
friendly way to enhance the energy storage performance of lead-free
BNT ceramics for capacitor-type dielectric applications.

4. Conclusion

The environmentally sustainable photovoltaic waste glass (PVWG)-
doped Big.5Nag.5sTiO3 (BNT) ceramics were successfully fabricated by
the conventional solid-state reaction route and sintering at 1120 °C for
2 h in this study. The effect of recycled PVWG on structural evolution,
microstructural features, densification behavior, electrical transport,
mechanical stability and energy storage performance of BNT ceramics
was systematically investigated. The results show that PVWG is an
effective glass-phase sintering additive to simultaneously tailor grain-
boundary properties and enhance the multifunctional properties of
lead-free ceramics. The XRD analysis confirmed that all compositions
maintained the single-phase perovskite structure of BNT with no evi-
dence of any secondary crystalline phases, suggesting that the incor-
poration of PVWG did not destabilize the host lattice. However, subtle
peak broadening and intensity variation revealed local structural
distortion and partial amorphous-phase formation induced by the glass
additive. FTIR analysis also confirmed the co-existence of Ti-O/Ti-O-Ti
vibrational modes related to the BO6 octahedral framework along
with Si-O related bands arising from the silicate glass network. These
observations suggest that PVWG induces a structurally altered grain-
boundary environment, affecting the distribution of defects and the
local polarization behavior. The densification and microstructure ho-
mogeneity were substantially improved by the addition of PVWG
through a mechanism of glass-assisted liquid-phase sintering. The rela-
tive density increased from 93.42 + 0.18 % for the undoped BNT to
97.04 £ 0.15 % for the optimized BNT-08 composition and the apparent
porosity was simultaneously decreased from 6.37 + 0.21 % to
3.16 + 0.14 %. SEM observations showed a more homogenous and
compact microstructure with improved grain packing and reduced re-
sidual pores at intermediate amounts of PVWG. These microstructural
features directly contribute to the enhanced mechanical stability, with
the Vickers hardness increased from 4.22 + 0.06 GPa to
5.63 £ 0.08 GPa, and the fracture toughness increased from 1.15 + 0.03
to 1.48 + 0.04 MPa m'/? for the BNT-08 ceramic.

Electrical conductivity measurements confirmed the prevalence of
thermally activated Arrhenius-type conduction driven by oxygen-
vacancy-mediated hopping transport. The activation energy was
decreased from 0.849 + 0.004 eV for BNT-00 to a minimum value of
0.783 + 0.003 eV for BNT-04, which suggests a reduced grain-boundary
resistance and an improved carrier mobility at moderate PVWG con-
tents. However, large amounts of PVWG addition resulted in larger
amorphous grain-boundary regions, which slightly increased activation
energy and suppressed long-range charge transport. This dual role of
PVWG accounts for the non-monotonic evolution of conductivity and
indicates that the optimized glass content can be used to balance the
enhancement of densification and electrical insulation. More signifi-
cantly, the energy storage performance of BNT ceramics was signifi-
cantly enhanced by adding PVWG. The optimized BNT-08 composition
exhibits a narrow P-E hysteresis loop with a large polarization difference
(ap 24.3 pC em ?), decreased remanent polarization
(P, = 9.4 + 0.3 pC cm™2) and improved dielectric breakdown strength
(Ep = 220 + 5 kV em™1). As a result, a recoverable energy density of
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1.76 + 0.07 J cm > was obtained with an energy storage efficiency of
78 + 2 %. This shows an increase of about 2.9-fold in Wy, and 1.5-fold in
efficiency compared to the undoped BNT ceramic (0.61 + 0.04 J cm™>
and 52 £ 2 %, respectively). The improved performance is attributed to
the synergistic effects of the enhanced densification, suppressed
porosity, optimized grain-boundary insulation, reduced conduction loss
and more reversible polarization switching induced by the PVWG phase.

A comparative analysis with previously reported BNT-based systems
also suggests that although the current BNT-PVWG ceramics do not
achieve the ultrahigh energy densities of complex multicomponent
relaxor systems operating at above 450 kV cm™!, they exhibit a
competitive energy storage performance under moderate electric fields
(<220 kV cm ™) based on a significantly simpler and more sustainable
compositional strategy. Therefore, recycled photovoltaic waste glass
offers a promising low-cost and environmentally responsible approach
for improving the dielectric and ferroelectric performances of lead-free
ceramics, while contributing to the photovoltaic waste valorization and
circular-economy-driven materials engineering. Future work should
involve detailed impedance spectroscopy analysis to separate the grain
and grain-boundary contributions, Weibull statistical assessment of the
dielectric breakdown strength, optimization of the glass-phase distri-
bution, and investigation of hybrid relaxor-engineering approaches to
further enhance the recoverable energy density and the long-term reli-
ability under cyclic electrical loading.
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