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storage performance in (Bi0.5Na0.5)
TiO3-based lead-free relaxor ferroelectrics for
dielectric capacitor application via multiscale
optimization design†

Chongyang Li,a Jikang Liu,a Wangfeng Bai, *a Shiting Wu, a Peng Zheng, *a

Jingji Zhang,b Zhongbin Pan c and Jiwei Zhai *d

Developing environmentally friendly lead-free dielectric ceramics with ultrahigh energy storage

performance is fundamental to next-generation high-power capacitors but challenging as well. Herein,

a record-breaking ultrahigh energy efficiency h of 97.8% and high energy density Wrec of 5.81 J cm�3 are

simultaneously achieved in (Bi0.5Na0.5)TiO3 (BNT)-based relaxor ferroelectric ceramics by introducing

linear dielectric CaTiO3 in order to synergistically manipulate the domain structure and microstructure

evolution at the multiscale, generating the existence of stable and highly-dynamic polar nanoregions,

fine grain size, suppressed leakage current density, and a large band gap Eg concurrently. More

excitingly, the designed ceramic shows a remarkable thermal endurance (Wrec z 3.7 � 0.2 J cm�3, h z

96% � 3%, 30–160 �C), frequency stability (Wrec z 3.9 � 0.2 J cm�3, h z 98% � 2%, 5–200 Hz), cycling

reliability (Wrec z 3.5 � 0.1 J cm�3, h z 95% � 2%, 1–105 cycles) at 350 kV cm�1, and superior discharge

performance (power density PD z 96.2 MW cm�3, discharge speed t0.9 z 37.6 ns). This study explores

high performance lead-free relaxor ferroelectrics for energy storage capacitors and offers an effective

strategy to tailor the dielectric of relaxor ferroelectrics.
1. Introduction

Energy storage devices are vital for the development of
contemporary electronic techniques and electrical power
systems.1 In comparison to lithium-ion batteries and electro-
chemical supercapacitors, dielectric capacitors have received
growing attention and research interest due to the highest
power density, rapid charge–discharge capability and long
lifetime,2 which endows them with wide prospects in pulsed
power systems.3 However, the unsatisfactory energy storage
density (Wrec) and efficiency (h) seriously impede potential
applications of dielectric capacitors.2 In general, Wrec and h are
two signicant physical characteristics to assess the practica-
bility of dielectric materials, which can be calculated by using
ngineering, Hangzhou Dianzi University,

cxj@126.com; zhengpeng@hdu.edu.cn

ing, China Jiliang University, Hangzhou,

ngineering, School of Physical Science and

jiang, 315211, China

School of Materials Science Engineering,

ay, Shanghai, China. E-mail: apzhai@

tion (ESI) available. See DOI:

f Chemistry 2022
polarization–electric eld (P–E) hysteresis loops:Wrec ¼
Ð Pm
Pr

EPd

and h ¼ Wrec

W
, where Pm, Pr and E represent the maximum

polarization, remnant polarization, and electric eld, respec-
tively.3–5 Clearly, high dielectric breakdown strengths (Eb), large
Pm and low Pr are all necessary to achieve excellent energy
storage performance (ESP). A high Eb value can be obtained by
rening the grain size,6 reducing eld-induced strain,7 intro-
ducing high band gap Eg materials,8 and optimizing process
conditions.9 The Pm value is closely associated with the species
of material,10 and Pr can be tailored by domain engineering,11,12

and introducing defect engineering or a nonpolar phase.13–15 In
consequence, multiscale optimization design should be adop-
ted to explore dielectric materials with excellent ESP for
capacitors applications.

Compared to linear dielectrics and ferroelectrics, relaxor
antiferroelectrics (AFEs) and relaxor ferroelectrics (RFEs)
exhibit great potential in the energy storage eld because of
a good combination of large DP (Pm � Pr), high h and Eb.16–18

Breakthroughs in ESP were recently achieved in lead-free relaxor
AFEs including AgTa0.55Nb0.45O3 (Wrec �6.3 J cm�3) and
0.76NaNbO3-0.24BNT (Wrec �12.2 J cm�3) by nanodomain
engineering.5,19 Yet, a relatively low h (large energy consump-
tion) is still a common issue in AFEs because of the high
polarization hysteresis caused by the eld-induced AFE-FE
J. Mater. Chem. A, 2022, 10, 9535–9546 | 9535
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phase transition.20 Especially, an inferior h means that most of
the energy will be transformed into thermal energy and thus
produces a dramatic increase of heat, shortening the service life
of dielectric capacitors.1,2 By comparison, the polar nanoregions
(PNRs) in ergodic RFEs are much smaller than the nano-
domains in relaxor AFEs, which show a faster response to the
applied electric eld.21,22 This can greatly reduce the Pr of
ergodic RFEs while maintaining a high Pm, leading to a favor-
able h. Therefore, lead-free RFE ceramics have been extensively
investigated in the last few years.17,18,23 Nonetheless, the ach-
ieved Wrec and h values for most reported RFEs are commonly
lower than 5 J cm�3 and 90%, respectively, which basically
results from the relatively low Eb values and fast polarization
saturation.20,21,24–27 Thus, the exploration of a good balance
between different functional parameters with Wrec, h and
stabilities in lead-free RFEs has been an inevitably increasing
trend. (Bi0.5Na0.5)TiO3 (BNT)-based lead-free RFEs have been
always the focus of investigation on energy storage materials
due to highly spontaneous polarization and strong dielectric
properties derived from the A-site lone pair effect.15,28,29 Never-
theless, poor ESP (Wrec < 5.5 J cm�3 and h < 95%) has been
gained, although the performance of BNT-based RFEs has been
signicantly enhanced aer extensive optimization in recent
years.30–33 Therefore, further enhancements on ESP of BNT-
related RFEs are still required.

In order to construct good comprehensive ESP based on BNT
RFE ceramics for practical applications, multiscale optimiza-
tion design (including atomic and grain scales) was proposed,
as illustrated in Fig. 1. On the 10�9 m (atomic scale),
Fig. 1 Schematic diagram of realizing remarkable ESP via a multiscale o

9536 | J. Mater. Chem. A, 2022, 10, 9535–9546
Ba(Al0.5Ta0.5)O3 (BAT) was incorporated into BNT to generate
non-ergodic relaxor and ergodic relaxor state (NR-ER) coexis-
tence,34 which can maintain a high Pmax in a low electric eld
and a relatively small Pr. More importantly, the addition of BAT
and CaTiO3 (CT) into BNT can produce enhanced composi-
tional disorder and promote strong random electric eld
formation.21 This will break the long-range polar coupling of
ferroelectrics and induce small-sized and highly dynamic PNRs
with a fast response to the external eld, thereby leading to
a large Pm value, a negligible Pr, and high h.29,35,36 Considering
that linear dielectric CT has an ultrahigh Eb predicted to be 4200
kV cm�1 and a near-zero Pr, and Ta2O5 has a wide bandgap Eg
(�4 eV),37,38 the addition of BAT and CT into BNT would tend to
reduce Pr and increase Eb. On the 10�6 m (grain scale), intro-
ducing CT into lead-free ceramics can rene the grain size to
greatly enhance Eb due to the correlation between Eb and
average grain sizes (Ga): Eb f (Ga)

�a,8 which will be benecial to
the improvement of ESP.

On basis of the above multiscale optimization design, (1� x)
[0.955(Bi0.5Na0.5)TiO3-0.045Ba(Al0.5Ta0.5)O3]-xCaTiO3 (BNT-
BAT-xCT) RFE ceramics were especially constructed and fabri-
cated in this study. As expected, it is encouraging that superior
comprehensive ESP of a high Wrec of 5.81 J cm�3 and a record-
breaking ultrahigh h of 97.8% is synchronously achieved in the
BNT-BAT-0.4CT ceramic under 440 kV cm�1, together with
excellent thermal endurance, frequency stability, and cycling
reliability. These features outperform most reported energy-
storage ceramics and reveal the effectiveness of the multiscale
optimization strategy in tailoring overall ESP in dielectric
ptimization strategy.

This journal is © The Royal Society of Chemistry 2022
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ceramic capacitors. The potential origin of improving Eb and
the exceptional ESP was probed in terms of a phase-eld
breakdown model and ex/in situ multiscale structure charac-
terization studies.
2. Experimental procedures

The experimental preparation process, characterization details,
and computational method for BNT-BAT-xCT ceramics are
provided in the ESI.†
3. Results and discussion

Fig. 2(a) shows X-ray diffraction (XRD) patterns for the BNT-
BAT-xCT ceramics. Characteristic perovskite structures without
any impurity can be found in all ceramics, indicating that CT
has dissolved into the BNT-BAT lattices. A typical pseudo-cubic
phase is veried by the single (200) diffraction peak with no
splitting other than Ka2, which is oenmisapprehended as non-
cubic distortion,39 as shown in Fig. 2(b). Given the fact that Ka2

reection is usually difficult to discern in the presence of
rhombohedral or tetragonal symmetry, this observation of Ka2
Fig. 2 (a) XRD patterns, (b) enlarged (200) peaks, and (c) Raman spect
properties under different frequencies: (d) x¼ 0.1 and (e) x¼ 0.4; (f) temp
measured at 100 kHz; (g) Frequency-dependent dielectric properties fo

This journal is © The Royal Society of Chemistry 2022
reections at such a small diffraction angle smaller than 50� is
a forceful support for the absence of non-cubic distortion
within the detection limit of the present the X-ray apparatus.
Moreover, the reection peaks gradually move to a higher
degree with increasing CT content, implying a lattice shrink due
to the introduction of Ca2+ with a smaller ionic radius at the A-
site.33 In order to more deeply identify the local structural
evolution with CT addition, Raman spectroscopy (100–
1000 cm�1) was performed at ambient temperature, as shown in
Fig. 2(c). Distinctly, similar to other BNT-based ferroelectric
ceramics,40–42 four main vibration modes appeared in the
Raman spectra, that is, A-site cations (<200 cm�1), B–O bond
(200–400 cm�1), BO6 octahedra vibrations (400–650 cm�1), and
A1 + E (>700 cm�1) overlapping bands. The increase of the CT
content can shi Raman peaks to lower wavenumbers and
produce a reduction in the intensity, which is associated with
the augmentation of structure disorder and decline of unit cell
polarity.16,19,20,43 As a result, the long-range ferroelectric order
was broken and PNRs with a decreased size were induced with
CT incorporation,3,15 which will generate a high Pm and a nearly
negligible Pr during the charging-discharging process.
ra for the BNT-BAT-xCT ceramics; temperature-dependent dielectric
erature dependence of dielectric properties of BNT-BAT-xCT ceramics
r BNT-BAT-xCT ceramics measured at room temperature.

J. Mater. Chem. A, 2022, 10, 9535–9546 | 9537
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Temperature-dependent dielectric constant and loss for
BNT-BAT-xCT ceramics at various frequencies are shown in
Fig. 2(d), (e), and S1.† Double abnormal peaks (Ts and Tm),
corresponding to the thermal evolution of rhombohedral and
tetragonal discrete PNRs and to the transformation of PNRs
from rhombohedral to tetragonal,44–46 appeared in the x ¼ 0.1
sample. No dielectric peak has been found for x $ 0.2. With
increasing CT content, the Tm moves towards a lower temper-
ature and becomes invisible when x $ 0.2 (see Fig. 2(f)), sug-
gesting reinforced site disorder, destroyed the original long-
range FE order, diminished the coupling effect of the BO6

octahedron, and enhanced the relaxation behavior,28,47,48 which
is in line with the Raman spectral analysis. Moreover, one can
see that the introduction of CT produces a declined dielectric
constant and loss in the whole test temperature range. In
particular, BNT-BAT-0.4CT exhibits a stable dielectric constant
and ultralow loss over the wide temperature range, which are
conducive to improving thermal stability and Eb. Frequency-
dependent dielectric properties from 100 Hz to 1 MHz are
tested, as shown in Fig. 2(g). For x ¼ 0.1 and 0.2, the dielectric
constant and loss show a decreasing and increasing trend with
increasing frequency, respectively. By contrast, a stable dielec-
tric constant (�503, 102–106 Hz) and ultralow loss (<0.0067, 102–
106 Hz) over the broad frequency range can be observed for x ¼
0.4 sample, which conforms to the temperature-dependent
dielectric curves in Fig. 2(f). According to the empirical
formula (Eb f 3�1/2

r ) and previous reports,12,49 a suitable
dielectric constant and ultralow dielectric loss are more likely to
achieve not only a relatively high Pm but also a high Eb value. In
short, for the designed BNT-BAT-0.4CT ceramic, a suitable
dielectric constant, ultralow loss, improved relaxor character-
istics, and wide temperature and frequency stabilities are
particularly crucial to achieve superior ESP.

The bipolar P–E loops and current–electric eld (I–E) curves
for BNT-BAT-xCT ceramics were tested at 150 kV cm�1 and
10 Hz to characterize the phase structure evolution, as shown in
Fig. 3(a). Increasing the CT content produces an obvious tran-
sition from the pinched loop with high Pm and Pr to a nearly
linear one with relatively high Pm and nearly zero Pr, indicating
the interruption of ferroelectric macrodomains and the forma-
tion of PNRs.29,30 Interestingly, a negligible Pr obtained in x $

0.2 samples reveals the enhancement of ER behavior induced by
the PNRs. Four current peaks can be observed for the x ¼ 0.1
sample, which corresponds to the reversible NR-ER phase
transition.50 Notably, there was no detectable current peak for
the ceramics with x $ 0.2, suggesting the complete ER states
due to reduced PNRs sizes. The PNRs in ER ferroelectrics have
high dynamic characteristics and preserve a large Pm while
decreasing Pr,12 thereby allowing for a faster response to electric
eld stimuli and higher h. With the addition of CT, the current
intensity decreases (Fig. 3(a)), which is mainly associated with
the phase transition in BNT-BAT-xCT ceramics. In detail, for the
x ¼ 0.1 ceramic, a relatively large current should be the result of
the NR-ER phase coexistence evidenced by the four current
peaks. With further addition of CT (x ¼ 0.2, 0.3 and 0.4), the
current intensity continues to decrease, which is caused by the
gradual reduction in NR states and the emergence of the
9538 | J. Mater. Chem. A, 2022, 10, 9535–9546
dominated ER states resulting from the decreased PNR sizes.
Similar I–E behavior has been perceived in numerous BNT-
related systems.51–53

To estimate the full potential of the BNT-BAT-xCT ceramics
for energy storage, statistical Eb via Weibull distribution tting
was carried out, as shown in Fig. 3(b). Weibull modulus b is
greater than 11 for all ceramics, demonstrating the high reli-
ability of Weibull analysis. The Eb values of the ceramics
increase monotonically along with the CT concentration-e.g.,
from �252.1 kV cm�1 (x ¼ 0.1) to �444.6 kV cm�1 (x ¼ 0.4),
indicating that the addition of CT is in favor of enhancing Eb.
Then we derived the evolutions of Wrec and h of the BNT-BAT-
xCT ceramics (Fig. 3(g)) from the unipolar P–E loops at elds of
near their Eb and 10 Hz (Fig. 3(c)–(f)). The Wrec values exhibit
a nearly linear increase with the application of an electric eld,
meaning that a greater Wrec value can be obtained under
a higher Eb. As compared to other samples (x¼ 0.1–0.3); the h of
the x ¼ 0.4 sample exhibits an almost electric eld-insensitive
feature and maintains an ultra-high value (>97%) even at high
driving elds, which is attributed to its nearly linear hysteresis
response due to the small-sized PNRs. The corresponding
variations of Wrec and h at elds approaching Eb following CT
content enhancement are plotted in Fig. 3(h). The maximum
Wrec (5.81 � 0.16 J cm�3) and h (97.8 � 0.7%) were simulta-
neously achieved in the x ¼ 0.4 sample, as a result of the
combined effects of high polarization, ultralow hysteresis, and
high Eb (Fig. 2(b) and (f)). More importantly, the marked
improvement of h to >97% is extremely pivotal in addressing the
energy loss of dielectrics for high-power applications,
promoting reliable operation and guaranteeing service life. To
verify the repeatability of ESP for BNT-BAT-xCT bulk ceramics,
the P–E loops and resultingWrec and h values of six samples are
summarized in Fig. S2–S5,†measured at elds approaching the
respective Eb. Distinctly, all six samples for each component
exhibited a similar shape of the P–E loop and thus little differ-
ence in ESP. Especially, for the optimal composition with x ¼
0.4, the Wrec and h uctuate within �2.7% and �0.7%,
respectively, reecting the reliable and valid ESP. A comparison
of Wrec and h between BNT-BAT-0.4CT and other recently re-
ported lead-free bulk ceramics are shown in
Fig. 2(i).11,15,19,30,35,40,41,43,54–95 More strikingly, the combined high
Wrec and ultrahigh h in the BNT-BAT-0.4CT ceramics designed
by the above multiscale optimization strategy are competitive
with those of the state-of-the-art lead-free AFE ceramics (Wrec of
6.3 J cm�3 and h of 90%),19 showing great prospects in the eld
of environment-friendly energy-storage capacitor applications.

The charge/discharge performance is also indispensable for
dielectric capacitors in practical applications. To assess the
feasibility of the BNT-BAT-0.4CT sample in a pulse power
capacitor, underdamped and overdamped discharge properties
under various electric elds are tested, as shown in Fig. 3(j) and
(k), respectively. Similar to other lead-free energy storage
materials,8,21,96,97 the applicable maximum electric eld for
charge–discharge measurement is generally smaller than that
for P–E loop measurement. This difference in applied electric
eld range may be associated with the different voltage attri-
butes of the two methods (P–E loop, AC voltage; discharge
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Bipolar P–E loops and I–E curves measured at 150 kV cm�1 and room temperature and (b) Weibull distributions for BNT-BAT-xCT
ceramics; unipolar P–E loops measured at 10 Hz: (c) x ¼ 0.1, (d) x ¼ 0.2, (e) x ¼ 0.3, and (f) x ¼ 0.4; (g) electric field-dependent variation of Wrec

and h; (h) change of Wrec and h under respective Eb for BNT-BAT-xCT ceramics; (i) a comparison of ESP among the x ¼ 0.4 ceramic and other
recently reported dielectric ceramics; (j) underdamped and (k) overdamped discharge waveforms in different electric fields for the x ¼ 0.4
sample, insets show the variation of Imax, CD and PD values and the calculated Wd curves.
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measurement, and DC voltage). Following electric eld
enhancement, the maximum current (Imax), current density

(CD ¼ Imax

S
, S is the electrode area), and power density�

PD ¼ EImax

2S

�
exhibit a linear increasing trend, reaching the

maximum values of 27.45 A, 874 A cm�2, and 96.2 MW cm�3 at
220 kV cm�1, respectively. As shown in Fig. 3(k), the energy

density Wd (Wd ¼ R
Ð
i2ðtÞdt
V

, where R and V are load resistor

(200 U) and the effective volume, respectively8) increases
monotonically up to 0.72 J cm�3 at 220 kV cm�1, and the
discharge speed t0.9 (the time released 90% of all energy)
maintains a small value (�37.6 ns) in a wide electric eld range.
It should be noted that theWd is determined to be 0.72 J cm�3 at
220 kV cm�1, lower than that calculated from P–E loops. This
variation in values is thought to be linked with the different
mechanisms of the quasistatic P–E loop (10�1 s) and dynamic
discharge measurement with different frequencies (10�5 s).7,96,97

Moreover, the loss of discharged energy is also related to the
equivalent series resistor, domain wall movement and
measurement frequency.19,96 Furthermore, high PD (>44.5 MW
cm�3) and ultrashort t0.9 (<37 ns) can be well maintained from
30 to 160 �C at 160 kV cm�1 (Fig. S6†), demonstrating good
temperature stability of charge/discharge characteristics. Also,
the PD and t0.9 remain in the vicinity of 50 MW cm�3 and 36 ns
This journal is © The Royal Society of Chemistry 2022
over wide cycle numbers (1–5000) (see Fig. S7†), respectively,
which proves excellent cycling reliability. These results endow
the BNT-BAT-0.4CT ceramic with good promise for pulsed-
power applications under harsh eld conditions.

The internal and external factors affecting the Eb value are
investigated to clarify the evolution law of Eb with CT addition.
As shown in Fig. 4(a) and Fig. S8,† all BNT-BAT-xCT ceramics
present dense and uniform microstructures with few visible
pores and thus the formation of compacted grains. Based on the
surface morphology of the as-sintered ceramics (Fig. S8(A)),†
the Ga reduces obviously as the CT content increases (1.34 mm
for x ¼ 0.1 vs. 1.06 mm for x ¼ 0.4). For reliable microstructure
and grain size characterization, the micrographs of polished
and thermally etched cross-sections of the ceramics are also
shown in Fig. S8(B).† Similar to the observations of surface
morphology, there is also a decline in the Ga with increasing CT
content in the microstructures of the cross-sections, reaching
the minimum (�0.86 mm) for x ¼ 0.4. The reduction of grain
size can greatly produce more depletion regions due to the
increased density of high resistance grain boundaries,98 which
prevents charge carrier migration, thus favoring the enhanced
Eb. Furthermore, suppressed leakage current density is gained
with increasing CT content, with values changing from �5.38 �
10�7 A cm�2 (x ¼ 0.1) to �1.7 � 10�8 A cm�2 measured in a low
electric eld of 60 kV cm�1 (Fig. 4(b)). The smaller leakage
current density will generate fewer charged carriers,12,99 which
J. Mater. Chem. A, 2022, 10, 9535–9546 | 9539
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Fig. 4 (a) SEM micrograph and grain size distribution of the x ¼ 0.4 sample; (b) leakage current density as a function of the electric field with
different CT contents; (c) the changes of Eb, average grain sizeGa and leakage current density under 60 kV cm�1 with respect to the CT content;
phase-field simulations of the final breakdown paths for samples with various grain sizes: (d) x ¼ 0, (e) x ¼ 0.1, and (f) x ¼ 0.4; the contour lines
denote the equipotential lines of the then-current electric field. (g) The nominal electric field vs. nominal charge density for the indicated
ceramics; (h–l) the nominal electric field distribution at various moments during the breakdown path growth for the x ¼ 0.4 sample.
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contributes to a higher Eb. Fig. 4(c) gives the correlation
between Eb and Ga/leakage current density with CT addition. It
is clear that the reductions of the Ga/leakage current density
following CT content enhancement perfectly interpret the
increased Eb shown in Fig. 3(g). Moreover, a high Eg ofz3.02 eV
(Fig. S9†), large electrical resistivity, a high activation energy
value (Fig. S10†), low oxygen vacancy concentration (Fig. S11–
S13†), and a high degree of chemical uniformity (Fig. S14†) also
serve as the main intrinsic and extrinsic contributors for
signicantly boosted Eb value in BNT-BAT-0.4CT ceramic. It is
clear that the designed materials show large potential in the
achievements of intrinsic and extrinsic factors for improving Eb,
9540 | J. Mater. Chem. A, 2022, 10, 9535–9546
which are comparable to state-of-the-art reported lead-free
ceramic systems, such as BNT-based (electrical resistivity
�150� 103U cm at 500 �C),48 BF-based (Ga�0.7 mm, Eg�2.8 eV,
electrical resistivity (400 �C) �0.2 MU cm),8 NN-based (Ga �1
mm),5,20 and AN-based (Ga �1.5–2 mm, Eg�2.76–2.95 eV, Ov/(Ov +
OL)�0.12)19,100 ceramics. These achieved good parameters are
thought to be responsible for the high Eb value, as conrmed
from Fig. 3(b).

A phase-eld breakdownmodel is adopted on the grain scale
to deeply explore the breakdown behavior of BNT-BAT-xCT
ceramics with different grain sizes, using COMSOL Multi-
physics Soware. The detailed simulation process is provided in
This journal is © The Royal Society of Chemistry 2022
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the ESI.† The nal breakdown paths of the specimens with
different grain sizes are presented in Fig. 4(d)–(f). During the
breakdown process, the breakdown path branches at the grain
boundary, which possesses higher breakdown energy as
compared to the grain,101 yielding more energy dissipation and
hence improving the Eb. Generally, if ferroelectric ceramics have
more branches of breakdown paths, they will exhibit higher Eb.
For pure BNT-BAT ceramic with �1.5 mm (Fig. 4(d)), almost no
detectable branches are found, while for the x¼ 0.4 sample with
a small grain size (Fig. 4(f)), signicant branches of breakdown
paths are observed, leading to the highest Eb in the designed
ceramics. Fig. 4(g) shows a plot of the nominal breakdown
strength of samples with different grain sizes, which can be
dened by the largest nominal electric eld during the break-
down process.9 Obviously, the nominal breakdown strength is
signicantly promoted along with the decreased grain size.
Particularly, compared with the case of the pure BNT-BAT
sample, the nominal breakdown strength for the x ¼ 0.4
sample shows 84% enhancement, which theoretically explains
the great enhancement in Eb for CT-modied BNT-BAT
ceramics and thus substantially supports the effect of intro-
ducing CT on the improvement of Eb. Note that, similar to the
recent work on BTBZNT@SiO2 MLCCs,9 a difference between
the experimental results and theoretical calculations can be
found. This may be attributed to the following two factors: (1) in
the theoretical calculations, there is an ideal model of the
microstructure by COMSOL Multiphysics. (2) Defects are
present in the fabricated ceramics. Overall, this nding basi-
cally conforms to our Weibull distribution results (seeing
Fig. 3(b)).

The distributions of the nominal electric eld at different
moments along the breakdown path growth for the x ¼ 0.4
ceramic are shown in Fig. 4(h)–(l). It is clear that the local
electric eld is concentrated in the grain boundary region
(Fig. 4(h)), which can delay the fast propagation of breakdown
paths due to the higher breakdown energy.

Under the imposed electric eld, the breakdown initiates
from the grain region (Fig. 4(i)), and the growth of the break-
down path can be blocked when the breakdown path encoun-
ters the grain boundary, as marked by the white circles in
Fig. 4(j)–(l). Then, the electric eld concentration aggravates at
the end of the growing breakdown path (Fig. 4(k)). As the
applied electric eld increases, the local electric eld exceeds
the breakdown strength of the grain boundary, and then the
breakdown path runs through the entire grain and grain
boundary, producing complete breakdown (Fig. 4(l)).102,103

Overall, the number of grain boundaries plays a decisive role in
increasing the breakdown strength of ferroelectric ceramics,16,68

that is, more grain boundaries can greatly contribute to a higher
dielectric breakdown strength for ferroelectric ceramics with
smaller grain sizes.

To gain a deep insight into phase transformation and
polarization switching from amicroscopic perspective, the rst-
order reversal curve (FORC) distributions of the representative
compositions (x ¼ 0.1 and 0.4) are analyzed using a series of
asymmetric P–E loops (Fig. 5(a) and (c)), which can give
reasonable descriptions of the hysteresis feature based on the
This journal is © The Royal Society of Chemistry 2022
Preisach model.12,104 On the basis of the evolution of the
diagrams (Fig. 5(b) and (d)), the transition from NR-ER towards
a complete ER state with the incorporation of CT has been
illustrated. For the x ¼ 0.1 sample, the diagram shows
a distinctive image feature characterized by a high-intensity
distribution zone (Fig. 5(b)), implying strong polarization
nonlinearity with large total polarization owing to the intensive
switching of microdomains at a relatively low electric eld.105,106

In sharp contrast, the highly concentered areas are almost
undetectable over the entire electric eld for the BNT-BAT-
0.4CT ceramic, indicating signicantly weakened FE non-
linearly. This homogeneous distribution reects a shi toward
the complete ER state with an almost linear polarization
response, since ER features ultralow coercivity and a small
switching energy barrier.12,107

From a microscopic perspective, the shape evolution of P–E
loops is closely linked with the dynamic response of PNRs,
which has been observed in lead-free RFE materials.20,108,109 To
validate the domain evolution in the BNT-BAT-CT ceramics, out-
of-plane PFM phase, amplitude, and morphology characteriza-
tion studies in scanning areas of 5 � 5 mm2 at a voltage of 20 V
and different relaxation times are employed, as shown in
Fig. 5(e)–(j), S15 and S16,† respectively. A negative DC voltage of
�20 V was initially imposed on a 3 � 3 mm2 area and then the
same positive DC voltage was applied on a 1 � 1 mm2 area. One
can rst note that the x ¼ 0.1 ceramic has a stable retention of
polarization at 15 min aer it is poled with a voltage of 20 V
(Fig. 5(e)–(g)), which means a relatively strong ferroelectricity
with large Pm, high Pr, and high hysteresis, and is in accordance
with the observations in Fig. 3(a). As for the domain evolution in
x ¼ 0.4, the results suggest that a certain degree of the domain
can still be induced aer being poled with 20 V and 0 min,
which provides the basis for the realization of a relatively high
Pm. In stark contrast, the polarized domains revert quickly to
their original state only in 5 min with the removal of the applied
voltage, verifying the much improved domain switching
mobility and highly-dynamic PNRs in the BNT-BAT-0.4CT
ceramic.12,40,110 Based on the FORC and PFM measurements,
Fig. 5(k) vividly shows the schematic illustration of the evolu-
tion of domain conguration. Accordingly, the incorporated CT
into BNT-BAT drives compositional disorder in the BNT-BAT-
xCT system, destroying the NR-ER order of BNT-BAT and
transforming the large-sized FE domains and nanodomains
into nano-scale PNRs with high dynamics, which is thus
responsible for an ER state. It is the tailored domain engi-
neering induced by CT incorporation that has a decisive inu-
ence on the production of high ESP especially the substantial
augmentation in h.

In order to directly and deeply probe domain morphology for
achieving excellent ESP, high-resolution transmission electron
microscopy (HR-TEM) analysis was further conducted for the x
¼ 0.4 ceramic. As shown in Fig. 5(l) and (n), complex domain
patterns with randomly scattered PNRs are clearly observed
along [100]c and [110]c, suggesting a local-structure inhomoge-
neity.8 The randomly distributed elliptically shaped PNRs
exhibit a small size range of �1.2–2.8 nm, which are compa-
rable with those observed in other lead-free ceramics with high
J. Mater. Chem. A, 2022, 10, 9535–9546 | 9541
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Fig. 5 FORC loops [(a) and (c)] and their evolution [(b) and (d)] for the incorporated ceramics; (e–j) PFM phase images after poling treatment and
relaxation durations for x ¼ 0.1 and 0.4 samples; (k) schematic illustration of domain evolution resulting from CT incorporation. (l–o) HR-TEM
images of domain morphology and lattice fringes along [100]c and [110]c for the x ¼ 0.4 ceramic.
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energy-storage properties.8,20,21 The extremely small PNRs ob-
tained not only show a quick response to the imposed electric
eld due to low switching energy barriers and high dynamics, as
conrmed by the PFM measurements (Fig. 5(h)–(j)), but also
generate an extremely low Pr, thus further resulting in a slim P–
E loop and satisfactory h of the BNT-BAT-0.4CT sample. In
addition, as presented in Fig. 5(m) and (o), the HR-TEM images
of the lattice fringes reveal the good crystalline quality of the
ceramic.

In actual applications, the temperature stability, frequency
dependence, and cycling reliability of ESP are also key param-
eters to assess the potential of dielectric capacitors.1,19,111 With
9542 | J. Mater. Chem. A, 2022, 10, 9535–9546
increasing temperature, a slight decline in Pmax and nearly
negligible Pr can be detected, which are the results of a reduced
dielectric constant (see Fig. 2(e)) and highly-dynamic PNRs (see
Fig. 5). Accordingly, the Wrec and h under 350 kV cm�1 slightly
reduce on heating. Based on the P–E loops measured at
different temperatures and frequencies (Fig. S17†), three-
dimensional plots of Wrec and h for BNT-BAT-0.4CT are shown
in Fig. 6(a) and (b), respectively, where a linear-like and almost
hysteresis-free polarization response is involved over whole
temperature and frequency range. As a consequence, tempera-
ture- and frequency-insensitive ESP is achieved, featuring high
Wrec and h with minimal variations (Wrec z 3.7 � 0.2 J cm�3, h
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Three-dimensional plots of (a) Wrec and (b) h with respect to temperature and frequency for BNT-BAT-0.4CT. A comparison of
temperature-dependent (c) Wrec and (d) h between the BNT-BAT-0.4CT ceramic and recently reported energy-storage bulk ceramics; the
variation of Wrec and h as a function of the cycle number at (e) 30 �C and (f) 100 �C; (g) temperature-dependent PFM phase images after poling
treatment and relaxation durations for the x ¼ 0.4 ceramic; (h) Raman spectra and (i) the corresponding evolution at the evaluated temperature;
change in the wavenumber, peak intensity, and FWHM of (j) n1 and (k) n5 modes for the NN-0.3CT ceramic.
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z 96% � 3%, 30–160 �C,Wrec z 3.9 � 0.2 J cm�3, andhz 98%
� 2%, 5–200 Hz). In comparison with state-of-the-art thermally
stable lead-free energy storage ceramics,19,21,41,74,86,107,112,113 the
BNT-BAT-0.4CT ceramic can not only possess a high Wrec (z3.7
� 0.2 J cm�3) value but also show an ultrahigh h (z96% � 3%)
over a wide usage temperature range, as shown in Fig. 6(c) and
(d). Based on the P–E loops for various cycle numbers
(Fig. S18†), the cycling reliability measured at 30 and 100 �C are
presented in Fig. 6(e) and (f), respectively. At 30 �C, both Wrec

and h retain nearly unchanged values at 350 kV cm�1 with cycle
numbers of up to 105, indicating outstanding cycling reliability.
This high reliability can be ascribed to the inhibition of fatigue
from the domain wall.111 At 100 �C, the Wrec and h are found to
exhibit a slight uctuation, i.e.,Wrecz 3.5� 0.2 J cm�3 and hz
96% � 3%, aer 105 charge/discharge cycles, respectively,
which suggests that BNT-BAT-0.4CT still has a satisfactory high-
temperature anti-fatigue character. These advantages endow
the BNT-BAT-0.4CT ceramic with bright development prospects
for future capacitor applications.

Then we performed in situ PFM and Raman measurements
in response to the temperature to uncover the microstructure
evolution for excellent stabilities of the BNT-BAT-0.4CT
This journal is © The Royal Society of Chemistry 2022
ceramic. Fig. 6(g) and S19† show the PFM phase and ampli-
tude images at different temperatures aer poling treatment at
60 V, respectively. At room temperature, the ceramic displays
a certain number of switched nanodomains (Fig. 6(g1)),
providing a guarantee for the production of relatively high Pm
values (Fig. 3(a) and S17†). As the temperature rises, no obvious
switching domains appear (Fig. 6(g2–g4)). Aer 10 min at
different temperatures, the ceramic exhibits a nanodomain
structure with no perceptible change in morphology (Fig. 6(g5)
and (g6)), showing signicant temperature-independent struc-
tural stability with a highly dynamic nanodomain. As shown in
Fig. 6(h), (i) and S20,† broadened and smoothed Raman peaks
are observed following the temperature increment from�120 to
250 �C. However, the number of Raman peaks remains nearly
constant, uncovering no variety in local structure symmetry
within a broad temperature range.21 Furthermore, the more
detailed changes in peak position, intensity and FWHM of n1
and n5 modes are presented in Fig. 6(j) and (k), respectively.
Both n1 and n5 exhibit a slight shi to lower wavenumbers, an
augmentation of FWHM, and a decrease of intensity with
increasing temperature, demonstrating the weakening of the
bonding between the A/B-site cations and oxygen. This can
J. Mater. Chem. A, 2022, 10, 9535–9546 | 9543
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generate enhanced local structural disorder and strengthened
activity of PNRs, reducing the potential barrier for domain
switching with an electric eld and thus offering a guarantee for
achieving high h on heating.20 In combination with stable PNRs
with highly dynamic, almost no change in local structure
symmetry, and strengthened structural disorder, a linear-like
polarization-eld response can be achieved in BNT-BAT-0.4CT
ceramic over a broad temperature range. In addition, as
shown in Fig. S21,† the BNT-BAT-0.4CT ceramic shows a small
leakage current density (<3 � 10�8 A cm�2) over a broad
temperature range from 30 �C to 160 �C, indicating the
suppressive hopping and concentration of thermally activated
charge carriers.114,115 This stable and low leakage current density
will guarantee a high Eb and low P–E hysteresis within a broad
temperature range. Moreover, stable change of the dielectric
constant within a broad electric eld and temperature range
(Fig. S21†) would allow the BNT-BAT-0.4CT ceramic to possess
high Eb and stable Pm at evaluated temperatures, which also
contributes to temperature-insensitive high ESP.

4. Conclusions

In summary, the ESP of BNT-BAT-xCT relaxor ferroelectric
ceramics designed by a multiscale optimization strategy is
investigated for dielectric capacitor application. Due to the
incorporation of CT and its synergistic effect with BNT-BAT,
features including the existence of stable and highly dynamic
PNRs, ne grain size, and suppressed leakage current density,
as well as large Eg are obtained. As a result, BNT-BAT-0.4CT
shows superior comprehensive ESP, achieving a record-
breaking ultrahigh h of 97.8% and high Wrec of 5.81 J cm�3

under a high driving eld of 440 kV cm�1. Encouragingly, the
remarkable energy storage thermal endurance (Wrec z 3.7� 0.2
J cm�3, h z 96% � 3%, 30–160 �C), frequency stability (Wrec z
3.9 � 0.2 J cm�3, h z 98% � 2%, 5–200 Hz), cycling reliability
(Wrec z 3.5 � 0.1 J cm�3, h z 95% � 2%, 1–105 cycles) at 350
kV cm�1, and superior discharge performance (PD z 96.2 MW
cm�3, t0.9 z 37.6 ns) are also realized in the ceramic. The
mechanism for the achieved stability is demonstrated to be the
temperature-insensitive local structural symmetry and high
activity PNRs are characterized by temperature-dependent PFM
and Raman measurements. These ndings demonstrate that
the BNT-BAT-0.4CT ceramic could serve as a high performance
lead-free ceramic material for future energy storage capacitors
in advanced pulsed power systems.
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