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HIGHLIGHTS GRAPHICAL ABSTRACT

e Successful preparation of
BaTig.95Z10.05s03 (BZT) based ceramics.
e This study shows how to improve the
energy storage properties of perovskite

materials.

e Pinched hysteresis loops with high Ppax
and small P, are observed at high Li-ion
content.

e The onset of defect dipoles induced by
acceptor ions improve the energy stor-
age density.

o Improving energy storage properties by
inducing defect dipoles is a new
approach.

ARTICLE INFO ABSTRACT
Keywords: Researchers seek the most optimal solutions to a worsening crisis and escalating energy demand. In light of this,
Acceptor dopants ferroelectric (FE) ceramics have become increasingly important. In perovskite oxides, defect dipoles can significantly

Oxygen vacancies

Defect dipoles

Remnant polarization
Enegy storag density
Energy storage efficiency

influence the dynamics of oxygen vacancies. The lithium ions were selected as acceptor ions doped Ba site of
BaTig.95Zr9,0503 (BZT) based ceramics. A systematic investigation of its effect on the structural, dielectric, ferroelectric,
and energy storage properties has been conducted. This study shows how to improve the energy storage density and
efficiency by creating defect dipoles on the (BZT) host lattice. The obtained results indicate that Li-doping plays an
essential role in changing the shape of hysteresis loops. Pinched hysteresis loops with high maximum polarization and
small remnant polarization were acquired when the doping content was raised due to increasing the defect dipoles.
Following the onset of defect dipoles induced by acceptor ions, the recoverable energy density increased from 0.191 J/
cm®t0 0.701 J/cm®. In contrast, the energy storage efficiency increased 12th times compared to pure one, i.e., from 7%
to 81%. The BLZT0.08 sample is also exceptionally stable over a range of temperatures and frequencies, making them a
good candidate for applications in the field of energy storage. Improving energy storage density and efficiency by
inducing defect dipoles in ferroelectric host-lattice may be one of the attractive approaches to developing ferroelectric
materials for energy storage applications.
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1. Introduction

Energy consumption rises as the global population increases, and
more connected devices are used, necessitating the development of en-
ergy storage systems. We cannot use renewable energies continuously
(e. g., wind energy is available primarily in the mornings, and solar in
the daytime). Providing electronic devices with readily available elec-
trical energy is a primary solution that converts harvested renewable
energy into electrical energy and stores it for any use. We can achieve
this by obtaining efficient electrical energy storage tuned to a specific
application. There are four main types of energy storage systems,
namely 1. Solid oxide fuel cells (SOFCs); 2. Lithium-ion batteries; 3.
Electrochemical capacitors; and 4. dielectrics capacitors [1-3]. In gen-
eral, energy density and power density are the two most important pa-
rameters to determine the suitability of any electric energy storage
devices for a specific application [4,5]. In this sense, dielectric capaci-
tors can deliver charges quickly, while traditional batteries are less
efficient due to their chemical reactions [6-8].

Additionally, dielectric capacitors usually have a longer lifespan for
the same reason batteries do not always have complete reversible
chemical reactions [9-13]. Based on that, ferroelectric perovskite ma-
terials are attractive materials with intense research interest in devel-
oping the electronic devices for multifunctional applications [14-17].
For example, with the rapid development of electronic device, advanced
materials with high dielectric constant, low loss, and good temperature
stability are in great demand for potential applications in advanced
energy storage [18-22]. In principle, the materials with high maximum
polarization (Ppax), small remnant polarization (P,), and higher elec-
trical breakdown strength (Ep) are the best promising materials for
enhancing energy storage performance [23-28]. High energy capacity
can be achieved using materials with high dielectric permittivity and
high breakdown voltage [29-32]. Due to bipolar polarization, high
dielectric materials are generally associated with ferroelectric materials
and are extensively used in electrostatic capacitors because of their high
k properties [33-35]. Based on this criterion, four types of materials,
especially antiferroelectric, dielectric glass-ceramic, relaxer ferroelec-
tric, and polymer-based ferroelectric materials, are likely to be used in
the subsequent developments of supercapacitors, and they have been
extensively studied [36-40]. Recently, several studies have reported
that the breakdown strength and dielectric constant can be enhanced in
BT by a single or co-doping process [41-44]. In acceptor doping, the
valence state of the dopant is smaller than that of doping ions, while in
donor doping, the valence state of the dopant is more significant than
that of the substituted ions [45-48]. For example, lithium’s valence state
of dopant is smaller than that of Ba%+ and Ti** ions. As per the literature,
the Li * has been possible to occupy the Ba2* site, Ti*" site, and inter-
stitial sites in either an order or disorder manner resulting in the creation
of oxygen vacancies on the BaTiO3 matrix [49,50]. The lithium ions also
were used as additives to decrease the sintering temperature of BaTiO3
[51-53]. Also, it is interesting to note that the grain size of dielectric
ceramics significantly impacts their energy storage performance [54].
According to the grain size effect, ceramic materials with fine grains can
achieve high breakdown strength, ultralow Pr, and low coercive electric
field [54]. Also, Zr ions doped in the Ti site of BaTiO3 resulted in the
thermal stability of the maximum dielectric permittivity over a tem-
perature range [55], an essential requirement in energy storage
capacitors.

Furthermore, it is well known that when ceramics are doped with
acceptor atoms, oxygen vacancies are introduced by valence compen-
sation [55]. The acceptor atoms and oxygen vacancies then combine to
create electric dipoles, also known as complex defects [55-58], which
are parallel to the polar direction of the domains in the pure state [59].
Low remnant polarization values result from these defects acting natu-
rally as pinning sites for the domain rotation [60].

Furthermore, complex defects have been demonstrated to diminish
the remnant polarization compared to the defect-free situation [61].
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However, it is also believed that when an external electric field is
switched, ferroelectric domains have the propensity to reorient, pushing
defects to realign perpendicular to the polar direction of domains and
thereby initiating a depinning process of the switchable domains [55].
These highly intriguing characteristics motivate us to investigate the
dynamics of pinching the hysteresis loops in polycrystalline materials in
depth, taking into account the impact of this phenomenon on the
effectiveness of energy storage performance. In this study, we used
hysteresis loop measurements to examine the energy storage perfor-
mance in Lit-doped BZT ceramics to describe the defect dipoles in
ferroelectric bulk ceramics comprehensively and to discover the impact
of defects on the performance of energy storage. The results show that
incorporating Li™ ions on the BZT lattice affects the hysteresis loop
caused by the defect dipoles along the spontaneous polarization direc-
tion. The defect dipoles remain in the original orientation since defects
have a low migration rate, thus restoring the switched polarization and
causing a big difference between P, and Py, The detailed study per-
formed in this work can help open the door for researchers to develop
energy storage applications.

2. Experimental

Polycrystalline of (BajyLiy)Tig 952190503 ceramics abbreviated as
(BLZTx) where (0 < x < 0.08) were synthesized by using the solid-state
reaction method. The starting materials used to make this composition
were BaCOs, Li;CO3, ZrOy (Sigma-Aldrich, 99.99% purity), and TiO»
(Sigma-Aldrich, 99.98% purity). Initially, the materials were weighed,
then ball-milled in acetone using zirconia balls for 8 h and calcined at
1100 °C with a dwell time of 6 h using a conventional furnace. Once the
powders were calcined, they were ball-milled for another 8 h and sieved
to ensure particle homogeneity, Following the addition of 1 wt% Poly-
vinyl Alcohol (PVA) as a binder, green pellets 10 mm in diameter and 1
mm thick were fabricated. The grain pellets are showily heated (2 'C/
min) to 500 °C and kept at this temperature for 1 h to evaporate the
binder. Consequently, the green pellets were sintered using a conven-
tional furnace at 1400 °C for 8 h in the air with a heating and cooling
rate of 5 C/min. The X-ray diffraction pattern of all investigated sam-
ples was recorded using a Bruker D8 powder XRD at room temperature
with a scanning rate of 2°/min over the angular range 20 of 10°-80°.
Rietveld refinement was used to examine the XRD data further using the
Fullprof software. The Micro-Raman spectrometer was equipped with a
532 nm s harmonic Nd: YAG laser excitation source. The microstructure
study of the sintered samples was carried out using SEM and Trans-
mission electron microscopy (TEM). The grain size was estimated using
ImageJ software. X-ray Photoelectron Spectroscopy (XPS) for the
BLZT:0.08 sample was carried out using the Scienta Omicron ESCA +
spectrometer with monochromatic X-ray source Al-Ka (1486.7 eV, with
a power of 280 W and a constant pass energy mode of 50 eV). The
sintered samples were polished for electrical measurements, reduced the
thickness to 0.45 mm, and fabricated the electrodes using silver paste.
The temperature dependence of dielectric permittivity was measured
over RT-300 °C at 1 kHz using an impedance analyzer (Agilent E4294A).
The ferroelectric study was carried out at room temperature and a fre-
quency of 10 Hz using a homemade setup based on a sawyer-tower
circuit. The energy storage properties are theoretically estimated from
the integration of the P-E hysteresis loop.

3. Results and discussion

Fig. 1(a) exhibits the XRD patterns of BLZT:x (0% < x < 8%) ce-
ramics. The observed peaks reveal the single tetragonal phase with no
detection of any secondary phase. XRD patterns matched the powder
diffraction standards (JCPDS file no #83-1880) of perovskite BaTiO3
ceramics [62]. Rietveld refinement has been applied to validate the
lattice constant variation, unit cell volume, bond lengths, and bond
angles. The obtained result is exhibited in Fig. 1(b). We used the
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pseudo-Voigt function for the peak fitting. The obtained parameters,
such as lattice constants, unit cell volume, theoretical density, and
R-factors of the investigated samples, are recorded in Table 1. Ry, Ryy,
Rp, and ;(2 are below 10% in all fitted data, which indicates the lattice
constant is believable. The lattice constants (a) and (c), bond length, and
tetragonality (c/a) are shown in Fig. 2(a)-(c); it is clear from Fig. 2(a)
that the lattice parameter (a = b) decreases with rising Li* concentra-
tion. Accordingly, reduce the unit cell. The decrease in unit cell volume
could be ascribed to the fact that the Li*-ions Li*(0.73 A) with 12-coor-
dination is a smaller ionic radius than Ba®*(1.43 [o\) [63], occupied the
Ba?"site. Based on this analysis, it can be assumed that Li* enters into
the Ba-site of the BZT host-lattice. A similar observation was reported by
Lou, Q et al. [64] in Li-doped BaTiOg ceramics. These phenomena lead
tetragonality to decrease when x increases, as shown in Fig. 2(c). The
crystal structure of BZT is designed as shown in Fig. 1(b). The crystallite
size of the investigated sample in the nano-range from high-resolution
TEM in Fig. 1(c). The irregular crystallite shape is observed in the
TEM image in Fig. 1(c). The tetragonality of BZT decreases with
increased Li" concentration and is significantly correlated with
decreasing remnant polarization, as discussed in the ferroelectric sec-
tion. Hence, it is reported that the tetragonal distortion, i.e., c/a ratio,
significantly affects the switching behaviours of ferroelectrics [65].
Fig. 2(a—c) shows the variation of unit cell parameters, bond length, and
tetragonality with dopant concentration (see Table 1).

In addition to X-ray diffraction, Raman spectroscopy was used to
discover eventual low concentrations of impurities not visible in X-ray
diffraction, crystal structures in the host material, evaluate the relaxer-
like behaviour, and distortions involving ionic radius differences be-
tween the dopants [66]. Raman spectra of BLZT:x ceramics detected at
wavenumbers range of (200-900) cm’l, measured at room temperature,
are shown in Fig. 3. A group theory analysis indicates that there are
three fundamental O modes for BaTiO3 (BT) - 260 cm ! for A1(TOY),
520 cm~! for A1(TO3), and 720 cm~ ! for A1(LO) - and a mode at 307
em~! for E(TO3) [67]. In addition to the BT similar modes, BZT,
BLZT0.02, BLZT:0.04, and BLZT:0.08 present additional methods in the
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Table 1
Calculated parameters from Rietveld Refinement of X-ray Diffraction for BLZT:x
(0 < x < 0.08) ceramics at room temperature.

Sample BLZTO BLZT0.02 BLZT0.04 BLZT0.08
Crystal System Tetragonal Tetragonal Tetragonal Tetragonal
a=b(A) 4.0219 4.0187 4.01136 4.00808
cA) 4.0379 4.03033 4.0207 4.01019
c/a 1.00398 1.00289 1.00233 1.00053
v (A 65.31578 65.08963 64.69712 64.42252
Space group P4mm P4mm P4mm P4mm
SG No. 99 99 99 99
(Ti/Zr-01) (A) 1.9854(4) 1.9817(4) 1.9770(4) 1.9718(4)
(Ti/Zr-01) (A) 2.0525(4) 2.0486(4) 2.0437(4) 2.0384(4)
(Ti/Zr-02) (A) 2.02093(15) 2.01432(15) 2.01064(15) 2.00898(15)
(01-Ti/Zr-01) 180 180 180 180
@]
(02-Ti/Zr-02) 171.957 + 171.958 + 171.948 + 169.622 +
© 0.016 0.017 0.011 0.011
(01-Ti/Zr-01) 4.021 + 4.020 + 4.025 + 5.188 +
Tilting angle 0.0055 0.0027 0.0017 0.0011
(@]
Density g/cm® 5.214 6.125 5.531 5.564
R; (%) 3.92 8.30 8.19 6.74
Rup (%) 5.95 10.2 11.3 9.94
Rex (%) 4.12 9.53 8.37 9.74
P 2.08 1.15 1.82 1.04

spectra that can be summarized as follows: E(TO3) mode located at
around 199-200 cm ™! which is related to the displacement of Li * ions in
Ba-O vibrations; A1(TO5), E(TO3), and E(LO3) modes located in the
wavenumber range of around 258-350 cm ™! related to the displacement
of Ti/Zr-O vibrations modes, A1(TO3) and E(LO4) modes related to a
mixture of bending and stretching (Ti/ZrOg) octahedral, A;(LO3) mode
located at around 720 cm™! associated with octahedral distortion in
ferroelectric phase. According to Refs. [68-70], the peak at 300 emtis
indicative of tetragonal behaviour in BT. The decrease of intensity of this
peak indicates a reduction in the tetragonality with an increase in the
Li-content, which agrees with XRD results. The incorporation of Li into
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Fig. 1. (a) XRD pattern of BLZT:x ceramics investigated at room temperature, (a) Rietveld analyses of the BLZT0.08 sample exhibit excellent matching between the
observed and calculated intensities, the inserted graph in (b) is a schematic structure diagram of tetragonal BLZT, (c) Transmission electron microscopy (TEM)
images, and (d) their respective selected area electron diffraction (SAED) patterns of the BLZT0.08 ceramics.
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Fig. 2. (a) Variation of the lattice parameters (a and ¢) with Li concentrations, (b) variation of bonds length with Li content, and (c) a graphical represented the
variation of tetragonality with Li concentrations in Li doped BZT ceramics.
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Fig. 3. (a) Raman spectra of all investigated samples, and (b) Deconvolution of Raman spectra, the black and red lines correspond to the experimental and
deconvoluted curves, respectively.. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

various B site species at the center of octahedra [75]. The appearance of
this peak in the BLZT0.04 and BLZT0.08 samples may indicate
relaxer-like behaviours, which may be attributed to the Ti vacancies
created at B sites due to Li doping at A sites, which agrees with the

the Ba-site caused most Raman modes to shift towards lower wave-
number, possibly due to octahedron distortion or Ti cation displacement
[71-74]. It is easy to predict Raman mode shifting when an ion with a
smaller/larger ionic radius, like Li*-ions Li"(0.73 [o\) with 12- coordi-

nation replaces Ba2". One extra peak (A;g) is detected at 800-820 cm ™!
in the BLZT0.04 and BLZT0.08 samples, which is associated with the
stretching mode of BOg octahedra, which becomes Raman active due to

literature reported by Kumar et al. [76,77].
The SEM micrographs of the sintered BLZT:x ceramics (x = 0, 0.02,
0.04 and 0.08) are summarized in Fig. 4. It can be observed that the
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average grain size of BZT ceramics decreases with increasing Li* con-
centration. The average grain size of BLZTO0, BLZT0.02, BLZT0.04, and
BLZTO0.08 is about 2.788 pm, 2.579 pm, 1.763 pm, and 1.078 pm,
respectively. As the Li* content increased to 8%, the average grain size
decreased to 1.078 pm, indicating that the Li* dopants can inhibit the
growth of BZT ceramic grains. This inhabitation may be suggested that
the Li* ions can incorporate with the BZT lattice and produce more
oxygen vacancies by doping Li" with lower valence onto the Ba site. As a
result of the formation of oxygen vacancies, defects were caused in the
lattice. The defects interfere with the assembly of grains, thereby
inhibiting crystal growth. Also, the decrease in grain size may be due to
the grain growth restriction by resisting the grain boundary’s mobility
under the effect of Li" doping. We guess that the average grain sizes
decreased also may be due to accumulated defects induced by Li doping
along grain boundaries and impede grain growth. These observations
are relevant to the previous literature work, where a strong Li enrich-
ment over a wide range of GB widths is systematically observed for the
GBs in the LLZO compound [78]. The decline could also be due to the
variations in ionic mobility and increased crystal structure’s deforma-
tion during the sintering process. The Defect induced via doping the Li*
is beneficial for inhibiting grain growth and improving breakdown
strength (Eb), as seen in the energy storage study section. In general, the
E}, of a ceramic dielectric is highly correlated with its grain size (G), and
it is also considered to follow an inverse power law (Ep  G~1/2) [79,80].
Substantial effort has been put into reducing grains in dielectric ce-
ramics so that the Ej, can be improved.

XPS is an approach that can determine the different oxidation states
of elements in their local chemistry. High-resolution XPS spectra of Ba
3d state, Zr 3d state, Ols state, Ti 2p state, and the Li 1s state of the
Bag 92Lig.08Ti0.95210.0503 (BLZT:0.08) ceramic is represented in Fig. 5
(a), (b), (c), (d), and (e) respectively. Ba 3ds 2 and Ba 3d3,, have binding
energies of 778.14 and 793.42 eV, respectively, which agree well with
other results [81]. Fig. 5(b) shows the Zr 3d XPS spectrum.

It is generally assumed that the peak at the lower binding energy,
around 182.87 eV, is related to Zr 3ds/2, and the peak at the higher
binding energy, around 185.33 eV, is related to Zr 3d3,,. The difference
between Zr 3ds,2 and Zr 3ds,» is approximately 2.46 eV, consistent with

1pm EHT = 500KV
Mag= 30.00KX

‘Signal A = InLens
WO = §8mm
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the literature reports [82]. Fig. 5(c) shows that the O 1s peaks contain
two main peaks at around 529.23 eV, corresponding to oxygen in BZT,
and a broad peak at 531.22 eV, which may represent chemical reaction
between the surface and the adsorbate or oxygen vacancy [83] In Fig. 5
(d), you can see the XPS spectrum of Ti 2p. Peak spectra of Ti*" 2p3 /5
and Ti*" 2p, , indicate that binding energies are found at 456.11 and
461,95 eV, respectively, and this is consistent with the binding energies
reported for TiOy [84]. Further confirmation of the oxidation state of
Ti** comes from the spin-orbital splitting energies between the Ti**
2p3/s and Ti*" 2p;,5 peaks being 5.84 eV. Two other signals were
observed at binding energies of 455.33 and 460.11 eV, referred to as
Ti®* 2ps/s and Ti®t 2p, 9, respectively [84]. Ti>" concentration [85]
was estimated with the following formula and was found to be 49%
Ti3+

Ti3+ — Area 1
[ Tiyh  + Tit )

Area Area

As a result, it can be concluded that a significant amount of Ti%" is
present in Li doped BZT ceramics. In addition, this illustrates the impact
of oxygen vacancies and Ti>* defects on the ferroelectric properties of
BLZT ceramics. This leads to defects dipoles [86], which pin domain
walls and cause the hysteresis loop pinching, which leads to an
improved energy storage efficiency, as we will see in the next section. As
shown in Fig. 4(e), the peak associated with the Li 1s state is at 59.23 eV,
associated with Li,CO3 [87].

Fig. 6 shows the dielectric constant and dielectric loss as a function of
temperature for Li-doped BLZT ceramics measured at three different
frequencies, namely 1 kHz, 100 kHz, and 1 MHz over the temperature
range from 40 to 200 °C. From this figure, as the Li" ions increase the
dielectric constant decreased and the Curie temperature shifted toward
high temperatures with increase in frequency, which may indicate to
their relaxor-like behaviours. Diffused phase transition has been
observed in pure and Li doped BZT based ceramics. A possible expla-
nation for this phenomenon may be related to the inhomogeneous dis-
tribution of ZrOg clusters at sites of Ti*t [88]. According to literature the
long-range polar ordering is disrupted by the size and charge differences
caused by cation disorder [89]. Also, it can be seen in Table 2 and Fig. 6

Mag= 3000KX  WD=S8mm

Fig. 4. Scanning Electron Microscopy (SEM) of BLZT:x ceramics.
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signals are fitted with the Lorentzian equation.

that the dielectric permittivity decreases with increasing Li" concen-
tration, which could be decrease in grain size. As we observed from the
SEM images that the grain size decreases with the increase of the Li*
content, which may be the reason for the decrease in dielectric
permittivity. Jiang and Bursill et al. [90] proposed that the decrease in
dielectric permittivity takes place as the grain size decrease due to the
suppression of dipole polarization. To investigate the diffuseness of the
phase transition in Li doped BZT the modified Curie-Weiss law can be
used [91]:

1 1

£ &,

(T —Tn)
Ci

@

Where vy is the degree of diffuseness that gives the information about the
diffused phase transition of the investigated samples. The inserted
graphs in Fig. 6, exhibits the relationship between the In(1/¢-1/¢p) and
In(T-T,) above the Curie temperature region at 1 kHz. The degree of
diffuseness is estimated from the slope of the plotted curves.

The y varies from 1 to 2, suggesting that the samples are somewhat a
typical relaxor-like behaviour. The relaxor-like behaviour in the
BLZTO0.08 sample may affect by several factors, such as changes in the
microscopic composition, the merging of micro- and macro-polar re-
gions, and the coupling of order parameters and local disorder modes via
local strain [92,93]. Also, because of the inhomogeneous distribution of
Li *ionsin Ba?* and Zr** ions in Ti** sites, the doped BLZT bulk ceramic

exhibit high diffused around the phase transition temperatures. On the
other hand, a higher value of diffusiveness may be attributed to the small
grain size and large grain boundary numbers. The delicate balance be-
tween the long-range and short-range forces, which determines the
relaxor state, is therefore thought to be changed by a reduction in grain
size [94]. Essentially, diffuse phase transitions (relaxor-like behaviour)
exhibit slim ferroelectric loops that can play an essential role in
improving energy storage properties, as seen in the following sections.
Impedance spectroscopy measurements for BLZTx ceramics are
shown in Fig. 7. A semi-circular is observed in doped samples to indicate
that the doped samples electrically behave as an RC circuit network and
present a single relaxation process and was used to estimate the
behaviour of bulk resistivity. A sample was prepared in the shape of
pellets with a thickness of 0.5 mm and a surface area around A = 65
mm?. Silver was used for the preparation of electrodes. Based on the
grain resistance obtained from Cole-Cole plots and geometric parame-
ters mentioned above, the bulk resistivity of BLZTx samples was esti-
mated using the formula [95]:
=k ®)
The obtined parameters are listed in Table 2. It is noted that there is
an apparent decrease in bulk resistivity with an increase in the Li-doping
concentration, which could be due to an increase in the defects. The
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Table 2

Dielectric constant at Curies temperature, Curie temperature, Curie constant,
Cole-Cole plot output data, Remnant polarization, maximum polarization,
breakdown voltage, recoverable energy.

Sample BLZTO BLZTO0.02 BLZT0.04 BLZT0.08
Dielectric constant @ Tc 2753 2303 2106 1947
Curie Temperature (°C) 134.8 132 132 121
Rg x 10°Q 10.99 10.25 09.05 08.25
p x 10° (2 cm) 1.4287 1.3325 1.1765 1.0725
Cg x 107° (F) 10 13.71 14.562 17.35
Prax (1C/cm?) 14.81 13.88 12.55 13.22
P, (uC/cm?) 8.30 2.89 1.60 0.754
E;, (kV/cm) 97.5 117.64 124.2 138.25
Wiee (J/cm®) 0.191 0.452 0.593 0.701
7 (%) 7 51 57 81

semicircle impedance spectrum may refer to relaxor-like behaviour
[96]. The relaxor-like behaviour in the investigated sample has been
evaluated using the Raman study, as seen in the Raman discussion.

Capacitors in electronic equipment are designed to store electric
energy. Capacitance, defined by the capacitor’s physical geometry and
the dielectric materials’ permittivity, is the capacity to store energy. The
charging process occurs at the electrodes of dielectric capacitors when
they are exposed to an external electric field and have opposite signs and
equal magnitude charges. In opposition to the external electric field, the
charges create a local electric field. The accumulated charge builds up as
the internal electric field grows. The charging process is complete when
the internal electric field produced by the built-up charges equals the
external field. The charges drift under the externally provided electric
field during the charging process. The energy-storage density (W) is
essential for examining dielectric capacitors’ energy-storage
performance.

There are two ways to describe the energy-storage density (W) of the
dielectric capacitors. Integrating the curve between the polarization axis
and the electric field axis (also known as P-E loops) is the most frequent
method, as shown in Fig. 8(a). The red-shaded area represents the
recoverable energy density (Wrec) or the released energy density during
the discharge process. The yellow shaded area represents the energy loss
(Wloss) that occurs throughout the charge-discharge process. (Wyec) plus

(Wioss) represents the overall energy density (Wiota) stored during the
charging process. Mathematically the energy storage parameters can be
described by the following equations [97]:

Pnax
W= / Edp 4
0
Prnax
Wiee = Edp %)
Py
Wioss =W — Wi (6)
Wiee
= e 7
1 Wrez‘ + Wlu:s ( )

where P, denotes the remnant polarization, Pp,,x denotes the maximum
polarization, and E is the applied electric field. The obtined parameters
are listed in Table 2. The above equations indicate that the high Py,
low Py, and high Ep can achieve higher energy storage density and en-
ergy storage efficiency in the dielectric materials. There are two alter-
native mechanisms to increase the energy storage density of BZT
ceramics for energy storage applications. The first boosts breakdown
strength (BDS), and the second creates a significant difference between
Pnax and P, [98]. To further explore the origin of the defects-induced
effect, the P-E hysteresis loop was investigated at a frequency of 10
Hz, as shown in Fig. 8(a). The as-doped BZT shows slim hysteresis loops
at room temperature (typical of relaxor-like behaviour). Upon
increasing the Li-concentration, the breakdown strength (BDS) of the
hysteresis loop increases from 98 kV ecm ™! at x = 0-138 kV em ! at x =
0.08. The significant rise of the breakdown electric field was believed to
have resulted from the decreasing in grain size with increase Li* content.
According to SEM images of the BLZTO0.08 sample, an exponential
decline relationship with grain size [99] suggests that the smallest grain
size considerably contributes to the enhanced breakdown strength Ep. A
change in the shape of hysteresis loops is apparent with an increase in
Li-content. A pinching appears in the hysteresis loops and becomes more
pronounced as the Li-content increased [Fig. 8(a)]. The pinching of the
hysteresis loops is the signature of the formation of defect dipoles (i.e.,
complex defects composed of point defects of opposite charge) in the



M.S. Alkathy et al. Materials Chemistry and Physics 294 (2023) 127032

10 10
BLZT0 Ce BLZT0.02 Cg
8 st
5 5
Z ¢
I I
7' (MQ) 7' (MQ)
10 10
BLZT0.04 C, BLZT0.08
8t w L
G Re g
2 s
b ;
0 2 4 6 8 10
7' (MQ) Z' (MQ)
Fig. 7. Cole-Cole plot of the BLZT:x ceramics measured at room temperature.
# ™
()15 (b) 92f—~———————
75F 69} - &_r/,,//""/ v 4
0.0 46 F Pad ' i
o // L
75 Bl ()
-15.0 0.60
7.5 0.45
00 0.30 Wrec (J/em?)
. 0.15 L A
E 75 140 ;
2-15.0 126f
= I a2y E, (kV/em)]
g A 98 " . . : :
~ 75F A
-11 50F A
19.0 25l P, (uC/em?) |
9.5} 4 !
0.0 / :fgg 5 Pm,lx (pC/cmz) ]
9.5} A 1 1332} )
. .0 1 1 1 1 12.58 S o — sl
-150 -100 -50 0 50 100 150 0.00 0.02 0.04 006 0.08
\ E (kV/cm) X. mol )

Fig. 8. (a) Displays the bipolar P-E loops of Li-doped BZT ceramics measured at room temperature and a frequency of 10 Hz, while (b) illustrates the relationship
between maximum polarization (Py,y), remnant polarization (P,), maximum applied field (Ep), recoverable energy density (Wye.), and energy storage efficiency (1)
with Li-doping concentrations ().

BLZTx, similar to effects observed in other polar systems [100-102]. pinching the hysteresis loop [100-102]. By increasing the Li ions, the
Remarkably, the doping of an acceptor ion can cause a defective dipole. defect dipoles increase, causing more pronounced pinching of the hys-
Literature suggests that these defect dipoles can create a dipole moment teresis loops. These defects can limit the rotation of spontaneous po-
(Pg), which may act as an internal field when an electric field is larization. According to the domain-wall effect model, defects, defect
removed, causing the domain to return to its original state resulting in dipoles, or oxygen vacancies "pin" the domain wall, which acts as an
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energy barrier to the domain-wall motion in ferroelectrics [102-105].
Defect dipoles (Pq) typically align in the polarization direction and act as
pinning centres for polarization switching in its host domain. When the
applied electric field decrease, the P4, which maintains its original
orientation, will provide a restoring force that forces Ps to return to their
original state [106,107]. As a result, the remnant polarization of BLZTx
ceramics would significantly decrease. Thus, the P-E loops get pinched,
as shown in the schematic diagram in Fig. 9. This phenomenon will
create a high difference between the Ps and P,. On another side, the
increase of Li-content leads to a decrease in the grain size, which results
in enhanced breakdown strength so that these two parameters (High
difference between P and P;) and high breakdown strength (Ep) will
lead to increased energy storage density and high energy storage
efficiency.

It is generally known that when ceramics are doped with acceptor
atoms, oxygen vacancies are introduced by valence compensation. The
oxygen vacancies and acceptor atom Li" then combine to generate
complex defects. These defects naturally serve as domain rotation
pinning sites, pinching the hysteresis loop in the end. These types of
complex defects and their effect on domain switching are discussed
earlier by our group [108,109]. Complex defects have been demon-
strated to have a smaller coercive field than the defect-free case. We
evaluated the P-E hysteresis loop of the BLZT0.08 sample before and
after immediate poling to acquire clear proof of the complex defects. The
resulting data are depicted in Fig. 10. After poling at a high applied field
(9 kV/mm) for 1 h, the sample showed an increase in its remnant po-
larization and coercive field, in contrast to what was observed for the
sample before poling. It has been confirmed that the sample BLZT0.08
without poling exhibited a pinching hysteresis loop that was consistent
with the reported behaviour given by Takahashi [55]. This fact is linked
to the complex defects that impede domain rotation [55,61].

The comparison shows that the energy storage density of BLZT0.08
ceramics is 0.701 J/cm® and the energy storage efficiency is 81%, which
is much better than other samples under investigation. Fig. 8(b) shows
that the high energy storage density is linked with high values of Ppax
and breakdown strength Ej,. Therefore, this sample was considered one
of the best samples in our study, so to investigate its stability, we
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subjected it to different temperatures and frequencies. It is well known
that one of the critical requirements for energy storage devices is tem-
perature stability. At f = 10 Hz and E = 130 kV/cm, the unipolar P-E
loops were measured over the temperature range of 30-100 °C, as shown
in Fig. 11(a). As can be seen, the Pp,x practically remains steady across
the examined temperature range. The corresponding W;.. and  values
are unchanged. Additionally, as demonstrated in Figures, 11 (b), both
Wree and 7 values exhibit good stability with frequency in the range of (5
Hz-1 kHz).

4. Conclusions

In summary, we have studied the effect of acceptor ions such as Li-
doped BZT ceramics on the structural, dielectric, ferroelectric, and en-
ergy storage properties. We consider the defect dipoles created on the
BZT lattice to be the reason for the hardening nature of the BZT ferro-
electric ceramics due to the pining effects on the ferroelectric domains.
This study showed one attractive approach to improving energy storage
density and energy storage efficiency by creating defect dipoles on the
(BZT) host lattice. The results showed that the defect dipole interacted
with the spontaneous polarization in its host domains, leading to
pinching the P-E loop. Accordingly, during a P-E loop measurement at
10 Hz frequency, the P4 will maintain its original orientation and pre-
vent the P from switching, resulting in higher electric fields in the
stabilized domain. This results in a significant reduction in remnant
polarization. Therefore, the polarization loops on acceptor-doped
piezoelectric ceramics have "pinched" shapes, affecting the energy
storage properties. The BLZT0.08 sample was shown thermal stability
over a range of temperatures, making them a good candidate for ap-
plications in the field of energy storage. Improving energy storage
density and efficiency by forming defect dipoles in ferroelectric host-
lattice is one of the attractive approaches to enhancing ferroelectric
materials for energy storage applications.
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