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The eco-responsible lead-free piezoelectric ceramics have been intensively searched for more than a
decade, however, the final goal to replace toxic ceramics like lead zirconate titanate (PZT) with lead-free
compounds, having comparable or even better performance has not yet been reached. In this road, the
lead-free ceramics Ba0.85Ca0.15Zr0.1Ti0.9O3 (BCZT), possessing excellent dielectric, ferroelectric, and
piezoelectric properties are regarded as serious candidates for the PZT replacement. Besides, nano-
structuring BCZT is of paramount importance to enhance these functionalities even more. Here, BCZT
multipodes are designed by template-growth hydrothermal synthesis using hydrogen zirconate titanate
nanowires. We demonstrate that the fabricated BCZT multipodes exhibit high dielectric permittivity of
5300 with a temperature stability coefficient of ±5.9% between 20 and 140 �C. A significant recovered
energy density of 315.0 mJ/cm3 with high thermal stability and high energy storage efficiency of 87.4%,
and enhanced large-signal piezoelectric coefficient d*33 (310 pm/V) are found. Compared to the tradi-
tional BCZT ceramics reported in the literature, relying on high-temperature processing, our sample
exhibits boosted energy storage parameters at a much lower temperature. These outcomes may offer a
new strategy to tailor eco-responsible relaxor ferroelectrics toward superior energy storage performance
for ceramic capacitor applications.

© 2022 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Today's piezoelectric devices market is dominated mainly by
ceramic materials based on lead zirconate titanate (PZT) systems
because of their excellent piezoelectric properties [1e3]. These
piezo-materials are primarily used in sensors, actuators, electronics
and non-volatile ferroelectric memory and transistor devices [4e7].
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Nevertheless, due to growing environmental concerns on the
toxicity of lead-based piezoelectrics, the replacement of Pb-based
materials by homologs with comparable piezoelectric properties
but without lead is an emergent task [2,8e13]. Since 2009,
Ba0.85Ca0.15Zr0.1Ti0.9O3 (BCZT) material has aroused considerable
attention for such replacement due to its excellent dielectric,
ferroelectric and piezoelectric properties [14]. BCZT ceramic is a
promising innovative material for energy storage and energy har-
vesting applications [15e21]. However, most published works are
based on BCZT 0D-particles due to their simple synthesis proced-
ures [16,20,22e24]. However, themost fascinating ferroelectric and
piezoelectric properties are typically found in 1D, 2D, and 3D
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nanomaterials with more complex morphologies [25e30]. Zhou
et al. prepared BCZT nanowires via two-steps hydrothermal pro-
cessing. They found that the peak power density could be enhanced
nine times using BCZT nanowires instead of BCZT nanoparticles
[31]. Previously, we reported BCZT ceramics with rod-like grains,
elaborated by surfactant-assisted solvothermal processing, having
excellent electrical properties and large electrocaloric effect [25].

To further tune the dielectric properties of BCZT ceramics, Chary
et al. reported the dielectric properties of large aspect ratio BCZT
nanofibers mat fabricated using electro-spinning technique [32].
The authors stated very low dielectric permittivity (εr z 200) and
relatively higher Curie temperature (TC ¼ 108 �C) in BCZT nano-
fibers compared to the bulk ceramics (TC ¼ 90 �C). Another attempt
to enhance TC was reported by Datta et al. in BCZT nanowires pre-
pared by porous template-assisted sol-gel synthesis [33]. A very
high TC of about 300 �C was reached, though thermally and fre-
quency unstable dielectric εr and moderate ferroelectric properties
were obtained.

Despite the high dielectric constant values obtained in BCZT or
other BaTiO3-based ceramics (εr � 10000), the thermal stability of
the dielectric properties over a wide temperature range still ques-
tioned due to the narrow peak of the dielectric permittivity around
the ferroelectriceparaelectric phase transition [34]. Tomitigate this
weakness, most researchers rely on the search for the appropriate
mixture, at high temperature, of BCZT with other stabilizing pow-
ders exhibiting the enhanced ferro-, piezo-, and paraelectric pa-
rameters. However, no reliable way of temperature stabilization of
the dielectric permittivity was suggested. Usually, the BCZT or even
BaTiO3-based ceramics are combined with other lead-free mate-
rials like Bi0.5Na0.5TiO3-based ceramics due to their high thermal
stability of the dielectric permittivity over a broad temperature
range. However, a dramatic drop of the dielectric permittivity
(εr < 1500) is usually observed [35,36].

From the energy storage view, BaTiO3-based ceramics are the
most attractive candidates for high energy density storage appli-
cations. Particularly, combining BaTiO3 (BT) with Bi(Mg0.5Ti0.5)O3
[37], Bi(Mg2/3Nb1/3)O3 [38], Bi2/3(Mg1/3Nb2/3)O3 [39] and
Na0.5Bi0.5TiO3 [40] is a common strategy to induce high dielectric
breakdown strength and phase transition from ferroelectric to
relaxor ferroelectric in BT. For instance, Liu et al. designed Bi(Mg2/
3Nb1/3)O3-modifed BT ceramics with improved temperature and
frequency stability, high recoverable energy density (Wrec) of ~1.89
J/cm3, an relatively high efficiency (h) of ~83% [38]. Besides, Yang
et al. reported lead-free relaxor BaTiO3e0.06Bi2/3(Mg1/3Nb2/3)O3
ceramics with Wrec of ~4.55 J/cm3 with h ~90% at ~520 kV/cm [39].
Unfortunately, despite achieving enhanced energy storage proper-
ties, high temperatures (>1000 �C) are required during the fabri-
cation of these materials [41,42]. Accordingly, obtaining improved
energy storage parameters at lower temperatures (<200 �C) is a
challenging task. Recently, we reported the hydrothermal growth
of lead-free BCZT nanostructured multipods using H2(Zr0.1Ti0.9)3O7
(HZTO) inorganic template at 180 �C, where no single-phase BCZT
was obtained, and HZTO and Zr-doped CaTiO3 (CZTO) phases were
always found next to BCZT one [43]. Such an approach is favorable
because one can couple the well-known properties of BCZT with
those of CaTiO3. Indeed, it was reported that the linear dielectric
ceramics CaTiO3 exhibit very promising energy storage perfor-
mances [44,45]. Particularly, Zr-doped CaTiO3 (CZTO) ceramics own
high-thermal stability of the dielectric permittivity and the energy
storage density [46e48].

In this paper, we suggest a conceptually innovative strategy to
tune the electrical properties of BCZT by nanostructuring. We used
the low-temperature hydrothermal synthesis and demonstrated its
effectiveness to design complex morphologies like wires, cubes,
and multipods for energy storage applications. Notably, we found
2

that the co-existence of the ferroelectric BCZT multipods and the
paraelectric Zr-doped CaTiO3 cubes enhanced the relaxor behavior
of the fabricated nanosystem and resulted in the desirable
thermally-stable dielectric permittivity and improved energy
storage performances compared to other reported BCZT ceramics.

2. Experimental procedures

2.1. Preparation of BCZT multipods

To design nanostructured lead-free BCZT multipods, Zr0.1Ti0.9O2
(ZTO) powder was synthesized by the sol-gel method as reported in
[22]. Then, two-steps hydrothermal processing was used. The first
step involves the elaboration of the H2(Zr0.1Ti0.9)3O7 nanowires
(HZTO-NWs), which serve as an inorganic template for BCZT
preparation. For this purpose, 5 g of ZTO powder, was dispersed in
100 mL of 10 M NaOH aqueous solution for 1 h, then the slurry was
transferred to a 150 mL-Teflon-lined stainless-steel autoclave. After
sealing and heating at 240 �C for 48 h, the autoclave was cooled
down to room temperature, and the resulting white suspension
(Na2(Zr0.1Ti0.9)3O7, NaZTO) was collected by filtration and soaked in
0.2 M HCl for 10 h to convert NaZTO to HZTO. The obtained product
was washed several times with deionized water and ethanol using
repeated centrifugation at 4000 rpm for 10 min, filtered, then
freeze-dried for 48 h to obtain a fluffy product. For the BCZT mul-
tipods preparation,150mg of HZTO-NWswas dispersed in 35mL of
barium acetate (50 mM) and calcium nitrate tetrahydrate (8.8 mM)
and 0.1 M of potassium hydroxide solution. Subsequently, the
suspension was sonicated for 10 min to break the agglomeration,
purged with N2, transferred into a 50 mL-Teflon-lined stainless-
steel autoclave, sealed and heated at 180 �C for 24 h. After the
hydrothermal reaction was completed, the sealed autoclave was
cooled down to room temperature. The resulting white precipitate
was collected by centrifugation at 5000 rpm for 10 min, soaked in
0.2 M HCl for 4 h, and washed several times with 0.2 M HCl,
deionized water and ethanol, and finally dried at 80 �C for 12 h. The
prepared sample is designated as 50B24h.

2.2. Characterizations

The room-temperature crystalline structure of the prepared
powder was determined by X-ray diffraction (XRD, Rigaku Smar-
tLab) using a step angle of 0.012� in the 2q range from 5 to 80� and
Cu-Ka radiation (l z 1.54059 Å). The morphology observations
were analyzed using a scanning electronmicroscope equippedwith
an electron gun (FESEM, JEOL JSM-7600F). Transmission electron
microscope (JEOL - ARM 200F Cold FEG TEM/STEM) operating at
200 kV coupled with an energy-dispersive X-ray spectrometer
(EDX) was used to confirm the composition of the nanowires, cubes
and multipods. To gain insight into the structural, morphological,
and electrical properties, 50B24h powder was sintered at 1250 �C
for 10 h in air. Raman spectroscopy was employed to determine the
structural properties change in 50B24h ceramic from 0 to 200 �C.
For this purpose, the 50B24h sample was excited using an argon
laser's polarized radiation (l ¼ 514.5 nm), and the Raman spectra
were recorded using a Renishaw inVia Reflex spectrometer. More-
over, a well-calibrated Linkam heating-cooling stage with temper-
ature stability of 0.1 K was utilized to control sample temperature.
To compare the spectra obtained at various temperatures, a Bose-
Einstein correction has been performed. The sintered pellet's sur-
face morphology and composition ere characterized by field
emission scanning electron microscope (FESEM, JEOL JSM-7600F)
equipped with a backscattered electrons (BSE) detector under
10 kV. The semi-quantification elemental analysis to identify the
weight percentage of major and minor elements present in the
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sintered ceramic was done using the OXFORD INCA energy
dispersive X-ray spectrometer. The dielectric properties of gold-
sputtered 50B24h pellet in the frequency range of 20 Hz to
1 MHz were measured using a precision LCR Meter (HP 4284A,
20 Hz to 1 MHz) from 20 to 200 �C. The polarizationeelectric field
(PeE) and straineelectric field (SeE) hysteresis loops of the 50B24h
sample, with a thickness of 300 mm, were measured using a
ferroelectric test system (AiXACCT, TF Analyzer 2000) equipped
with a high-voltage amplifier (TREK model 609E-6) in a silicone oil
bath. The PeE loops were performed using triangular voltage
waveforms at a frequency of 10 Hz at room temperature at different
electric fields (10e60 kV/cm) and in the temperature range of
20e160 �C with a 20 �C step at 60 kV/cm.

3. Results and discussions

3.1. Structural, morphology and composition properties of 50B24h
sample

As seen in Fig.1a, the 50B24h powder is composed of nanowires,
cubes and multipods. Meanwhile, the EDX analyses of the 50B24h
powder prove that the nanowires, cubes and multipods are HZTO,
CaZryTi1�yO3 (CZTO) and BCZT phases, respectively (Fig. 1b, c). The
XRD pattern of 50B24h powder is illustrated in Fig. 1g, where the
Fig. 1. Structural, morphology and composition properties of 50B24h sample. (a) FESEM and
spots. (d) BSE-FESEM micrograph of the surface of the sintered ceramic. (e) Magnified BS
showing the Mole fraction (%) of Ba, Ca, Zr and Ti elements at different spots. (g) Room tempe
E(TO2) Raman mode of 50B24h ceramic.
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presence of BCZT, HZTO, and CZTO and Ca3(ZryTi1�y)2O7 (C3(ZT)2O7)
phases is observed. The XRD pattern can be indexed to monoclinic
(C2/m), orthorhombic (Pbnm), orthorhombic (Ccm21) and tetrag-
onal (P4mm) for HZTO, CZTO, C3(ZT)2O7 and BCZT phases, respec-
tively. The amounts of BCZT, HZTO, CZTO and C3(ZT)2O7 phases
were determined using the Rietveld quantification tool in High-
Score Plus software and reference structure data from the Crys-
tallography Open Database (COD) 2020 and were found to be 58, 7,
18, and 17%. Further structural, morphology and composition ana-
lyses can be found in [43].

To gain insight into themorphological properties of these mixed
morphologies at high temperature, 50B24h powder was sintered at
1250 �C for 10 h (Fig. 1d). We recall that before sintering, the
powder was composed of nanowires, cubes, and multipods. Hence,
backscattered electrons (BSE) detector was used to visualize the
composition fluctuation and gain intuitions of the nature of the
observed regions after the sintering process (Fig. 1e, f), and an EDX
spectrometer was employed to have a semi-quantitative analysis of
the composition of each phase. As a result, it was found that the
darkest regions correspond to CaZryTi1�yO3 (CZTO) and/or Ca3(Z-
ryTi1�y)2O7 (C3(ZT)2O7) phases, and the brightest ones correspond
to the BCZT phase. The bulk density of 50B24h ceramic was
measured by Archimedes method and found to be 5.15 g/cm3,
corresponding to a relative density of 90%.
(b) TEM images of the 50B24h powder, and (c) results of the EDX analyses at different
E-FESEM image showing the contrast difference for EDX analysis and (f) EDX results
rature XRD pattern, (h) thermal evolution of the Raman spectra, and (i) 2D color map of
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To further investigate the structural properties of the 50B24h
sample, Raman spectroscopy was used. It was stated that Raman
modes are highly affected by temperature; hence, their thermal
evolution could provide ideas about the structural changes upon
sample heating. Accordingly, the structural properties of 50B24h
ceramic were thoroughly investigated by temperature-dependence
Raman spectroscopy from 0 to 200 �C, and the results are depicted
in Fig. 1h. At low temperatures, the most intensive Raman peaks are
140, 190, 255, 300, 520, and 720 cm�1, which correspond to E(TO1),
A1(TO1), A1(TO2), E(TO2), A1(TO3), and A1(LO2)/E(LO), respectively.
These peaks are considered as the peak characteristics of perovskite
oxides [49]. Besides, the triple modes E(TO1), A1(TO2) and A1(TO3)
are observed and associated with the ferroelectric phase [50]. With
the temperature increasing, E(TO1), A1(TO2), A1(TO3) and E(TO2)
modes are progressively decreasing, which indicates the approach
to the ferroelectriceparaelectric phase transition [20,51]. This
structural change was revealed through the 2D color map in the
wavenumber around 292e296 cm�1, and temperature between
0 and 200 �C is plotted in Fig. 1i. It is observed that the low-
temperature data has a much greater signal and lower back-
ground than the high-temperature data. Besides, the intensity of
E(TO2) mode decreases with increasing temperature, and an abrupt
intensity change in this mode has occurred between 90 and 130 �C
(marked by the dashed rectangle) due to the structural change from
ferroelectric (tetragonal) to paraelectric (cubic) phase [15,20,52].
3.2. Dielectric properties of 50B24h sample

The temperature-dependence of the dielectric permittivity (εr)
and the dielectric loss (tan d) of 50B24h sintered ceramic, between
Fig. 2. Dielectric properties of 50B24h ceramic. (a) Temperature-dependence of εr and tan d

εr at 1 kHz and E(TO2) mode peak position, plots of (c) the inverse εr as a function of tempe
(T�Tm) determining the degree of diffuseness g of the 50B24h ceramic.

4

20 and 200 �C at various frequencies, are plotted in Fig. 2a. A non-
usual behavior of the dielectric permittivity is noticed, where εr

exhibits slightly constant values from room-temperature to TC,
especially at low frequencies, then gradually decreases due to the
tetragonalecubic (TeC) phase transition [53,54]. This behavior
could be due to the presence of CZTO and C3(ZT)2O7 phases in
50B24h powder, which could generate two locally coexisting polar
nanoregions (PNRs) of different phases, similar to Bi0.5Na0.5TiO3-
based lead-free relaxor ferroelectrics [55]. Besides, the bump
around 40 �C corresponds to orthorhombicetetragonal (OeT)
phase transition. Furthermore, the detailed analysis of temperature
dependence Raman spectroscopy can evidence the OeT and TeC
phase transitions [56,57]. Fig. 2b presents the dielectric permittiv-
ity's thermal evolution at 1 kHz with the peak positions of the
E(TO2) Raman mode. The three apparent Raman shift plateaus
correspond to the O, T and C phases, respectively, and the two drops
match the OeT and TeC phase transitions. It is worthy to note that
with increasing frequency, the maximum of εr decreases, and Tc
shifts toward higher temperatures (Fig. 2a), indicating a relaxor
behavior with strong frequency dispersion [58,59].

The ferroelectric materials follow the Curie-Weiss law in the
paraelectric phase, as given in Eq. (1) [60]. The thermal evolution of
the inverse of εr at 1 kHz was fitted using the Curie-Weiss law and
plotted in Fig. 2c. Where εr is the dielectric permittivity, T0 is the
Curie-Weiss temperature, and C is the Curie-Weiss constant.

1
εr
¼ T � T0

C
ðT > T0Þ (1)

Here DTmðKÞ ¼ Tdev � Tm designates the degree of deviation of
the εr from the Curie-Weiss law above TC, where Tdev is the
(in the inset the thermal stability of εr between 20 and 150 �C), (b) thermal evolution of
rature determining the Curie-Weiss constant C at 1 kHz, and (d) the ln (1/ε�1/εm) vs ln
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temperature at which εr starts to deviate from the Curie-Weiss law
and Tm is the temperature at which εr reached the maximum. The
Curie constant value is in the order of 105 K, which indicates that
the high-temperature paraelectric phase of 50B24h ceramic is
driven by a displacive-type ferroelectric such as BaTiO3. These pa-
rameters are tabulated in Table 1. The diffuseness associated with
the ferroelectriceparaelectric phase transition could be deter-
mined via the fit of the modified Curie-Weiss law as written in Eq.
(2) [61]. The fitting results are plotted in Fig. 2d.

1
εr
� 1
εm

¼ðT � T0Þg
C

ð1 < g < 2Þ (2)

where εm denotes the maximum dielectric permittivity and g refers
to the degree of diffuseness of the phase transition. The limiting
values g ¼ 1 and g ¼ 2 characterizes the typical ferroelectric
behavior following the Curie-Weiss law and the ideal relaxor
ferroelectric, respectively. 50B24h ceramic exhibits a degree of
transition diffuseness of 2.13 and the considerable value of the
degree of deviation from Curie-Weiss law (DTm) of 68 �C, indicating
a strong diffused phase transition. These values are larger than
those reported in BCZT ceramics [16,54,62e64]. Note that g > 2 is
theoretically possible; it just means that the permittivity at higher
temperatures drops off faster than predicted by the power lawwith
g ¼ 2 [65]. These results prove the enhanced relaxor behavior and
strong diffuse phase transition of 50B24h ceramic [66].

To quantitatively evaluate the temperature stability of the
dielectric permittivity, the variation of εr at 1 kHz of 50B24h
ceramic between 20 and 140 �Cwas calculated, in the benchmark of
25 �C, by Eq. (3) [35]. While most of BaTiO3-derived ceramics
exhibit a narrow peak of the dielectric permittivity at TC with huge
Dεr/εr(25 �C) variation [34], a stable dielectric permittivity of
50B24h ceramic was observed. According to the X7R specifications,
where the temperature variation of capacitance is within ±15%
from �55 to 125 �C [67], the 50B24h ceramic can fulfil the X7R
specifications at least from 20 to 140 �C with �14.9% � Dεr/
εr(25 �C) � 5.9%. This induces a low Dεr/εr(25 �C) value of ±5.9% in
50B24h sample compared to other lead-free ceramics between 20
and 130 �C [68e70]. Indeed, the combination of BaTiO3-based ce-
ramics with other solid solutions like Bi(Mg2/3Ta1/3)O3 and
Bi0.5Na0.5TiO3 well recognized for their thermally-stable dielectric
permittivity over a broad temperature range, usually induce low
dielectric permittivity (<2000) [35,36]. On the other hand, Ma et al.
reported thermally stable BaTiO3eBi(Mg2/3Ta1/3)O3 ceramic in the
temperature range 30e150 �C but with εr of 2000 [68]. Besides,
Zhou et al. stated the temperature stability of (Ni1/3Nb2/3)4þ

complex-ion modified Ba0.85Ca0.15Zr0.10Ti0.90O3 between �55 to
160 �C but with very low dielectric permittivity of 600 [71]. In
addition, Dong et al. reported the thermal stability of
0.84BaTiO3e0.16Bi(Ni2/3Ta1/3)O3 between �77.1 and 156 �C, but
also a very-low εr of 900 was found [69]. Accordingly, the 50B24h
ceramic can operate efficiently from 20 to 130 �C by possessing
both high dielectric permittivity around 5300 and low dielectric
permittivity change of only ±5.9%.

Dεr
εrð25 �CÞ¼

εrðTÞ � εrð25 �CÞ
εrð25 �CÞ � 100 (3)

Here, εr(25 �C) and εr(T) represent the dielectric permittivity at
Table 1
Relaxor properties of 50B24h ceramic at 1 kHz.

εr (at Tm) tan d (at Tm) C � 105 (K) T0 (�C)

5300 0.03 3.39 65.3
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25 �C and a given temperature, respectively.
3.3. Piezoelectric and energy storage properties of 50B24h sample

A large, temperature-stable dielectric permittivity combined
with low electric loss is necessary to develop high-energy-density
capacitors [72]. To evaluate the energy storage performances of
50B24h ceramic, the room-temperature polarizationeelectric field
(PeE) hysteresis loops were recorded (Fig. 3a). 50B24h ceramic
shows a slim and non-saturated hysteresis loop, where the
remnant polarization (Pr), the maximal polarization (Pmax) and the
coercive field (Ec) are found to be 3.08 mC/cm2, 17.68 mC/cm2 and
1.61 kV/cm, respectively. The slimmest hysteresis loop is charac-
teristic of relaxor ferroelectric with fine-grained microstructure
[73]. The obtained values are excellent compared to other BCZT
ceramics [16,64,74,75]. Besides, the low Ec demonstrates that
50B24h ceramic is soft concerning the electric field because the free
energy profile for polarization rotation is anisotropically flattened
at the morphotropic phase boundary; hence the very low field is
required to align the domains easily [76].

The ability of 50B24h ceramic to generate mechanical de-
formations from electrical power was investigated. When an elec-
tric field is imposed on the crystal, stress on its structure is induced;
this property is mostly used in actuators [77]. The piezoelectric
effect in 50B24h ceramic was evaluated indirectly using the
straineelectric field (SeE) hysteresis loop, as presented in Fig. 3a. A
symmetric butterfly-like shape is observed due to the lattice
distortion and the electric field's switching and movement of
domain walls [9,75,78]. Besides, a high maximum strain (Smax)
value of 0.093% is obtained in 50B24h ceramic, which corresponds
to a large-signal piezoelectric coefficient (d*33 ¼ Smax=Emax) of
310 pm/V, where Emax is the maximum electric field. At room
temperature and under 25 kV/cm, Merselmiz et al. reported Smax

and d*33 of 0.062% and 234 pm/V, respectively, in Ba0.85Ca0.15Zr0.1-
Ti0.9O3 [23]. Besides, at room temperature and under 30 kV/cm,
Praveen et al. stated that BZTe52BCT ceramic exhibits d*33 value of
250 pm/V [18]. Using the same conditions, Chaiyo et al. reported a
comparable d*33 value of 312 pm/V in Ba0.90Ca0.10Zr0.15Ti0.85O3

ceramic [79]. Furthermore, Merselmiz et al. reported Smax and d*33 of
0.055% and 218 pm/V, respectively, in Ba0.80Ca0.20Zr0.02Ti0.98O3
ceramic under 25 kV/cm [9]. Accordingly, these results make
50B24h ceramic a suitable eco-friendly material for actuators
applications.

The energy storage density can be easily deduced from the
registered PeE hysteresis loop (Fig. 3a) by integrating the area be-
tween the polarization axis and the P�E curve [20]. As shown in
Fig. 3b, the green area is equal to the recoverable energy density
(Wrec), the red area is equivalent to the dissipated energy density
(Wloss), and the overall area of the two parts equals the total energy
density (Wtot). Besides, to evaluate the energy storage perfor-
mances, it is required to estimate energy efficiency (h). Thus, Wtot,
Wrec and h could be estimated by employing Eqs. (4)e(6), respec-
tively [80].
Tm (�C) Tdev (�C) DTm (�C) g

92.6 160.6 68.0 2.13



Fig. 3. Piezoelectric and energy storage properties of 50B24h ceramic. (a) Bipolar PeE and SeE hysteresis loops and (b) a schematic representation of the relevant energy storage
parameters determined via PeE hysteresis loop.

Table 2
Comparison of the room-temperature energy storage properties of 50B24h ceramic with other BCZT ceramics reported in the literature.

Ceramic Synthesis conditions Wtot (mJ/cm3) Wrec (mJ/cm3) h (%) E (kV/cm) Ref.

Method Calcination Sintering

50B24h Hydrothermal No 1250 �C/10 h 171.6 135.6 78.9 30 This work
50B24h Hydrothermal No 1250 �C/10 h 344.5 262.0 76.0 60 This work
Ba0.85Ca0.15Zr0.10Ti0.90O3 Hydrothermal No 1280 �C/18 h 60.7 45.6 75.1 20 [96]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Solid-state 1250 �C/4 h 1350e1500 �C/10 h 113.8 38.6 33.9 20 [75]
Ba0.98Ca0.02Zr0.02Ti0.98O3 Solid-state 1200 �C/3 h 1380 �C/3 h 159.0 82.0 51.5 20 [90]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Solid-state 1300 �C/12 h 1350 �C/7 h 202.0 75.0 37.0 25 [23]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Hydrothermal No 1250 �C/10 h 227.5 161.4 70.9 30 [20]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Solid-state 1250 �C/10 h 1500 �C/4 h 166.0 133.0 79.8 30 [81]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Solid-state 1250 �C/2 h 1400 �C/2 h 130.7 67.2 51.4 30 [71]
Ba0.88Ca0.12Zr0.12Ti0.88O3 Solid-state 1000 �C/2 h 1250 �C/3 h 132.0 93.7 71.0 30 [89]
Ba0.95Ca0.05Zr0.20Ti0.80O3 Solid-state 1200 �C/4 h 1350 �C/2 h 100.8 78.3 77.7 30 [82]
Ba0.95Ca0.05Zr0.20Ti0.80O3 Citrate precursor 650 �C/2 h 1250 �C/2 h 97.1 78.3 80.6 30 [82]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Sol-gel 1000 �C/4 h 1300 �C 232.5 128.8 55.4 40 [83]
Ba0.90Ca0.10Zr0.10Ti0.90O3 Solid-state 1200 �C/2 h 1150 �C/2 h 1086.7 106.5 9.8 45 [88]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Solid-state 1200 �C/3 h 1400 �C/3 h 281.9 210.0 74.5 50 [87]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Sol-gel 1000 �C 1100e1300 �C/2 h 240.3 130.0 54.1 55 [86]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Hydrothermal No 1250 �C/10 h 546.1 367.2 67.2 60 [20]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Solid-state 1200 �C 1350 �C 235.2 121.6 51.7 60 [84]
Ba0.85Ca0.15Zr0.10Ti0.90O3 Solid-state 1100e1150 �C/2 h 1300e1380 �C/5 h 345.3 126.4 36.6 70 [85]
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Wtot ¼
ðPmax

0

EdP; (4)

Wrec ¼
ðPmax

Pr

EdP; (5)

h ð%Þ ¼ Wrec

Wtot
� 100 ¼ Wrec

Wrec þWloss
� 100 (6)

Table 2 compares the room-temperature energy storage prop-
erties of 50B24h ceramic with other BCZT ceramics, elaborated by
different conditions of synthesis and methods, reported in the
literature. In 50B24h ceramic,Wtot andWrec are 188.2 and 140.3 mJ/
cm3, which corresponds to h of 74.5%. These values are comparable
to those obtained in Ba0.85Ca0.15Zr0.10Ti0.90O3 (BCZT) ceramics
elaborated by hydrothermal processing, where Wrec and h reached
161.4 mJ/cm3 and 70.9%, respectively, under 30 kV/cm [20]. Puli
et al. observed an enhanced Wrec of 133 mJ/cm3 with h of 79.8% at
room temperature and under 30 kV/cm in BCZT ceramics
6

elaborated by conventional solid-state reaction method [81].
Furthermore, under 25 kV/cm, Merselmiz et al. reportedWrec and h

of 75 mJ/cm3 and 37%, respectively, in BCZT [23]. Besides, under
30 kV/cm, Zhan et al. compared the energy storage performances of
Ba0.95Ca0.05Zr0.20Ti0.80O3 prepared by solid-state reaction and cit-
rate method and stated higher h of 77.7 and 80.6%, respectively.
However, two-times lower Wrec values were reported compared to
our sample [82]. Moreover, Chen et al. reported enhanced energy
storage parameters (Wrec ¼ 128.8 mJ/cm3 and h ¼ 55.4% under
40 kV/cm) in BCZT ceramic elaborated using the sol-gel method
[83]. More interestingly, from energy consumption view, 50B24h
ceramic was elaborated at very low temperature of 180 �C, which is
about 1000e1200 �C lower when compared to solid-state reaction
and 500e850 �C lower when compared to sol-gel methods,
respectively. Among the big advantage of the “calcination-free” in
the hydrothermal processing, 50B24h exhibits enhanced energy
storage properties compared to other BCZT ceramics [71,82e90].

For enhanced energy storage performances, the unipolar PeE
loops of the 50B24h sample were recorded at higher electric fields
(Fig. 4a). The maximal polarization and remnant polarization in-
creasewith the increasing electric field. At 60 kV/cm, Pmax and Pr are
23.6 and 6.3 mC/cm2, respectively. From equation (4), increasing the
applied electric field boosts the energy storage density. The electric



Fig. 4. Energy storage performances of 50B24h ceramic. Room-temperature (a) unipolar PeE loops at different electric fields and (b) the electric field dependence of the energy
storage parameters. (c) Unipolar PeE loops at different temperatures (each PeE curve was translated by 40 kV/cm for clear visibility) and (d) the temperature dependence of the
energy storage parameters at 60 kV/cm.
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field dependence of the energy storage properties of 50B24h
ceramic is illustrated in Fig. 4b. From 30 to 60 kV/cm, a linear
behavior of the Wtot and Wrec is observed, where Wtot and Wrec

increased from 171.8 and 135.6 mJ/cm3 to 344.5 and 262.0 mJ/cm3,
respectively, with a slight decline of h (from 78.9% to 76.0%). The
resulting energy storage properties are enhanced compared to
those reported in [84,85]. It was stated before that the non-
saturated PeE loops in BCZT ceramic allow to further increase the
applied electric field, hence, enhancing the energy density. How-
ever, due to the observed porosity (Fig. 1d) and the small relative
density (90%), and in order to avoid the electric breakdown at high
temperatures, the electric field was kept at 60 kV/cm.

The excellent temperature stability over wide operating tem-
perature is a vital factor for the practical application of energy
storage capacitors [84,91]. For this purpose, PeE hysteresis loops of
50B24h ceramic were registered from 20 to 160 �C at 60 kV/cm and
plotted in Fig. 4c. 50B24h sample always exhibits slim PeE loops in
the temperature range of measurement. As the temperature in-
creases, the PeE loops become slimmer, accompanied by the
continuous decrease of Pr and Pmax, due to the shift of the ferro-
electric domain direction. Above TC, the PeE loops do not show
strictly linear behavior, characteristic of the pure paraelectric
phase.

In contrast, very slim loops appeared corresponding to the ex-
istence of ferroelectric clusters or residual polar nanoregions (PNR)
[92e94] due to the relaxor behavior of the 50B24h sample [51].
Accordingly, the temperature dependence of the energy storage
performances of BCZT ceramic under 60 kV/cm was calculated and
presented in Fig. 4d. It is observed that Wtot, Wrec and h increase
7

gradually with temperature to reach a maximum around 120 �C
then decrease. The energy parameters at 120 �CWtot,Wrec and h are
360.6, 315.0 and 87.4%, respectively. Although the energy parame-
ters variate with temperature, a slight energy storage variation of
Wrec (ESV) in the temperature range of 20e160 �C of 14.9% is
observed. The above results indicate the excellent thermal stability
of 50B24h ceramic over a wide temperature range due to the
strengthened diffuse phase transition behavior [20]. These out-
comes are very promising compared to other ferroelectric mate-
rials, where a high ESV at the ferroelectric-paraelectric phase
transition is usually observed [23,75,89,95].

Generally, the enhancement in energy storage density can be
ascribed to the reduction in dielectric loss, an increase in dielectric
constant, and improvement of electric breakdown strength.
Furthermore, interfacial polarization is considered a universal
phenomenon in all heterogeneous dielectric materials [55]. In our
case, the differential polarization generated from the difference
between BCZT and CZTO-based phases contributes to the energy
storage density enhancement. Compared to the BCZT ceramics re-
ported in the literature, which rely on high-temperature process-
ing, 50B24h ceramic exhibits enhanced energy storage parameters
at a much lower temperature. These features may offer a new
strategy to tailor lead-free relaxor ferroelectrics toward superior
energy storage performance for ceramic capacitor applications.

4. Conclusions

A mixed powder of nanowires, cubes and multipods was pre-
pared using the sol-gel method followed by two-steps
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hydrothermal processing. The phase transitions in 50B24h ceramic
were investigated using the dielectric and Raman measurements.
We demonstrated that the 50B24h ceramic shows enhanced
dielectric properties with εr ¼ 5300 and tan d ¼ 0.03, low dielectric
permittivity variation with Dεr/εr of ±5.9% at 25 �C, and boosted
energy storage performances withWrec¼ 315.0mJ/cm3mJ/cm3 and
h ¼ 87.4%, and the improved piezoelectric properties with
Smax ¼ 0.093% and d*33 ¼ 310 pm/V. Besides, 50B24h demonstrated
excellent thermal stability with a slight variation ofWrec of 14.9% in
the temperature range of 20e160 �C. These results are transferable
to the synthesis of other complex perovskite oxides with different
nanostructured morphologies and present an innovative strategy
for exploring other nanostructured lead-free ceramics for energy
storage and energy harvesting applications.
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