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ABSTRACT: The development of environmentally friendly energy storage dielectrics with high energy storage density has attracted
increasing attention in power electronics. The combination of antiferroelectric ceramics with relaxor characteristics proves to be an
efficient way to greatly improve energy storage properties. In this work, a novel (Na,_,,La,/,)(Nb, . Ti,)O; lead-free bulk ceramic
exhibits excellent energy storage properties of a giant recoverable energy storage density W, ~ 6.5 J/cm?, a relatively high efficiency
n & 66%, and an ultrafast discharge speed t;5 &~ 50 ns at x = 0.18, showing outstanding potential for pulsed power capacitors. The
Rietveld structural refinement and Raman spectra suggest a relaxor antiferroelectric orthorhombic R phase at room temperature as x
> 0.16. Obviously enhanced breakdown strength can be ascribed to ultrafine grains of ~0.21 ym and largely improved resistivity after
BaCu(B,0;) doping. The detailed analysis of high-resolution transmission electron microscopy and in situ field Raman spectra
clearly discloses the existence and rapid response feature of antipolar nanoregions and the resulting high driving field (~30 kV/mm)
for the antiferroelectric-to-ferroelectric phase transition, laying a solid foundation for the achievement of desirable energy storage
characteristics. These results would provide a reliable strategy and a good understanding for designing new energy storage capacitor
dielectrics.

KEYWORDS: energy storage, lead free, relaxor antiferroelectric, NaNbOs, breakdown strength

I. INTRODUCTION

Dielectric capacitors are expected to be used in advanced pulse

it is necessary to develop ceramic capacitors with high energy

35—
storage density.”” ™’

systems, such as power distribution, transportation devices,
and medical devices, due to their high power density and fast
charge and discharge rate.”” Ceramic dielectrics with good
mechanical properties, thermal and chemical stability, and
fatigue resistance have been widely used in industry.”™ For
dielectric capacitors during one electric cycle, the total energy
density (W = [¢™EdP), recoverable energy density (W, =

/ i:““EdP), and energy storage efficiency (7 = %) are the main

parameters, where P, is the maximum polarization and P, is
the remanent polarization. The relatively low W, as one of the
main drawbacks for most of ceramic dielectrics limits the

lightweight feature and miniaturization of electronic devices, so
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Up to now antiferroelectric (AFE) ceramics have been
widely reported to exhibit good energy storage properties due
to their relatively large AP values (AP = P, — P,), mainly
including PbZrO;-based,'’”"” AgNbO;-based,"*”"> and
(BigsNag5) TiO4-based™'®'” material systems. However, ex-
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tremely large polarization hysteresis during the first-order
AFE—ferroelectric (FE) phase transition usually accompanies
significant energy loss, which not only leads to the reduction of
W, and 7 values but also results in an increase in heat loss,
making the materials easier to be disrupted in service.”'’”"
Moreover, the large polarization current during the AFE-to-FE
phase transition would also increase the probability of the
ceramic being electrically broken.

NaNbO; (NN) has an AFE structure over a very wide
temperature range and shows a P—R phase transition (AFE P:
orthorhombic Pbma space group; AFE R: orthorhombic Pnma
space group) at Tpp & 360 °C on heating.lg’19 Owing to field-
induced irreversible AFE—FE phase transition, poor energy
storage properties are usually obtained in pure NN ceramics, as
indicated in Figure la. After the substitution of some ABOj;
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Figure 1. Sketch of the evolution of P—E loops and energy storage
properties with enhancing the AFE phase stability and introducing
relaxor features in NN-based ceramics: (a) pure NN, (b) enhancing
the AFE phase stability, and (c) introducing relaxor features.

perovskites, the stabilized AFE P phase accompanies the
achievement of repeatable double P—E loops, leading to
gradually ogtimized energy storage properties, as indicated in
Figure 1b.”7** However, large polarization hysteresis can still
be found in NN-based ceramics with an AFE P phase. A slim
double-like P—E loop with relatively high driving field (E,p)

for AFE-to-FE phase transition, low polarization hysteresis, and
sluggish phase switching process can be also obtained in
relaxor AFE (RAF) ceramics (Figure 1c),”>™ as usually
observed in relaxor FEs.>**™*°

(Na,M)(Nb,Ti)O; is a typical lead-free relaxor system with
compositional disorder at both A and B sites, where the
valence of M can be +2 or +3.27***'73% However, the local
symmetry of (Na,M)(Nb,Ti)O; ceramics is strongly depend-
ent on the kind and amount of M ions. An RFE phase with
tetragonal symmetry can be achieved when M is Ba,”" while a
stabilized AFE phase has been found when M is Ca, Sr, and
Bi.”***»** The formation of the AFE phase in NN originates
from the displacement of both A- and B-site cations as well as
oxygen octahedral tilting.”* Ba?* with larger radii and smaller
electronegativity (Ba’*: 1.61 A and 0.89 A% Na*: 1.39 A and
0.93 A% would tend to inhibit oxygen octahedral tilting and
A-site displacement, while the effect of Ca** (1.34 A and 1 A3),
Sr** (1.44 A and 0.95 A%), and Bi** (1.36 A and 2.02 A%) is
opposite. In addition to the stabilization of AFE phases, the
substitution of trivalent ions in NN should effectively enhance
the dielectric relaxation behavior compared with that of most
of divalent ions. The end member of (Na,,,M*,,)-
(Nb,_,Ti,)O; (x = 1) corresponds to a rhombohedral R3c
perovskite structure with antiphase octahedral tilting
((LagsNag5)TiO5), where M>* is La** (1.36 A and 1.1 A%).*
It is expected that the AFE phase in NN can be stabilized after
complex substitution of La>" and Ti*" together with enhanced
dielectric relaxor characteristics. In combination with the
optimization of dielectric breakdown strength (Eg) through
further adding sintering aids, a giant W,,. ~ 6.53 J/cm? a
desirable 17 & 66%, and an ultrafast discharge speed of ¢,y ~ 50
ns can be achieved, showing attractive prospects for practical
applications in advanced pulse systems.
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Figure 2. (a) Dielectric permittivity as a function of temperature at 10 kHz—1 MHz for NLNT, ceramics. (b) Rietveld refinement of conventional
XRD. (c) Raman spectra of NLNT, ceramics. The inset of (a) shows the low-temperature dielectric permittivity of NLNT, 4 ceramics. The inset of

(c) shows the local amplification of Raman spectra in a range of 200—300 cm™".
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Table 1. Refined Structural Parameters by Using the Rietveld Method for NLNT, Ceramics

x space group volume fraction lattice parameters vV (A%) R, (%) R, (%) ¥
0.05 Pbma 100% a=255564(1) A, b =15.5670(2) A, ¢ = 5.5028(1) A, a = =y =90°  475.970(6) 8.18 587 166
0.1 Pbma 100% a=255478(1) A, b = 15.5823(2) A, ¢ = 5.5025(1) A, a = =y =90°  475.681(5) 8.17 634 153
0.15 Pbma 100% a=55398(1) A, b =155920(2) A, c = 55018(1) A, a = f =y =90°  475.226(5) 8.32 6.55 1.58
0.16 Pbma 15% a=55394(1) A, b =15.5894(2) A, c = 5.5008(1) A, a = p =y =90°  475.021(8) 9.68 7.43 1.79

Pnma 85% a=77958(4) A, b =7.8030(4) A, c =23.4382(3) A, a = f=y=90° 1425.745(24)
0.18 Pnma 100% a=78104(2) A, b =77973(2) A, c =23.3985(6) A, a = f=y=90° 1424.981(20) 9.23 6.95 1.74
0.2 Pnma 100% a=7.8053(3) A, b =77996(3) A, c =23.3982(8) A, a = =y =90° 1424.435(22) 9.85 7.80 1.62

Il. EXPERIMENTAL PROCEDURES
The (Na,,)La,;,)(Nb,,Ti,)O; (NLNT,, 0.05 < x < 0.2) solid-

solution ceramics, BaCu(B,0;) (BCB), and the x = 0.18 ceramic
doped with 1 mol % sintering aids (CuO, ZnF,, and BCB) were
prepared by a conventional solid-state reaction method. Nb,Og
(>99.0%), Na,CO;3 (>99.0%), La,0; (>99.0%), TiO, (>99.0%),
ZnF, (>99.0%), CuO (>99.0%), Ba(OH),-8H,0 (>99.0%), and
H;BO; (>99.0%) powders were used as raw materials. The raw
powders were weighed according to the chemical formula and
dispersed by ball milling in ethanol with zirconia balls for 8 h. The
mixed powders including NLNT, and BCB were calcined at 850 and
810 °C for 4 h, respectively. Various sintering aids were added apart
from calcined NLNT|, 4 powder. The powders were remixed for 24 h
and then pressed into disk samples with a diameter of 10 mm under
100 MPa. The sample disks of NLNT, and the x = 0.18 samples with
different sintering aids were sintered at 1285—1310 °C and 1050—
1165 °C for 2 h, respectively. The ceramic disks were polished and
coated with silver electrodes for testing electrical properties.

The crystal phases of the NLNT,, ceramics were determined using a
powder X-ray diffractometer (XRD, D/Max-RB, Rigaku, Tokyo,
Japan) with Cu Ka radiation. The density was estimated by the
Archimedes method. Temperature- and frequency-dependent dielec-
tric permittivity and impedance were measured using an LCR meter
(Agilent E4980A, Santa Clara, CA). The P—E hysteresis loops were
measured by using a ferroelectric testing system (Precision Multi-
ferroelectric, Radiant Technologies Inc., Albuquerque, NM). The
grain morphology was observed by field emission scanning electron
microscopy (FE-SEM, SU8020, JEOL, Tokyo, Japan). Before the
SEM observation, the samples were polished and then thermally
etched at 1000 °C for 15 min. The Eg value was measured using a
voltage breakdown tester (BDJC-S0 kV, Beijing Beiguang Jingyi
Instrument Equipment Co. Ltd., Beijing, China). The energy release
properties were measured using a commercial charge—discharge
platform (CFD-001, Gogo Instruments Technology, Shanghai,
China). The samples with a thickness of 0.1 mm and an electrode
diameter of 1.5 mm were used for electrical measurements, including
P—E loops, dielectric breakdown, and the pulsed charge—discharge
test. A field-emission transmission electron microscope (FE-TEM,
JEM-2100F, JEOL, Japan) with a double-tilting stage was used to
observe the domain morphology and high-resolution (HR) atomic
image at 200 kV. Samples for the TEM examination were Ar-ion
milled in a Precision Ion Polishing System (PIPS, Model 691, Gatan
Inc., Pleasanton, CA, USA). Electric field-dependent Raman spectra
were collected on the side surface of the pellets by 532 nm laser
excitation using a Raman spectrometer (LabRam HR Evolution,
HORIBA JOBIN YVON, Longjumeau Cedex, France), while external
electric fields were applied simultaneously on two major sides of the
samples perpendicular to the direction of the laser beam.

lll. RESULTS AND DISCUSSION

Figure 2a shows the temperature- and frequency-dependent
dielectric permittivity of NLNT, ceramics. A sharp dielectric
peak related to the P—R phase transition can be seen in the x =
0.05 sample at Tpp ~ 295 °C,"®'”*” which decreases sharply
with further increasing x. A weak dielectric anomaly at about
150 °C as well as a significant improvement in room-

temperature dielectric permittivity can be seen simultaneously
in the x = 0.16 ceramic, indicating that this composition at
room temperature is dominated by a relaxor AFE R phase in
addition to a tiny amount of residual AFE P phase. As x > 0.16,
a single AFE R phase can be obtained at room temperature. An
obvious dielectric relaxation behavior around the low-temper-
ature phase transition peak can be observed for the AFE R
phase compositions (for example, x = 0.18), as shown in the
inset of Figure 2a. According to the previous study,”” this low-
temperature dielectric peak at Ty should correspond to the
transformation between the FE rhombohedral N phase and the
AFE orthorhombic R phase. This low-temperature dielectric
anomaly peak shifts toward lower temperature with further
increasing «x, thus leading a gradual decrease in room-
temperature dielectric permittivity. The abovementioned
phase transition process can be manifested by the Rietveld
refinement results of the XRD patterns, as shown in Figure 2b
and Table 1. The reliability factor of weighted patterns (R,,),
the reliability factor of patterns (R,), and the goodness-of-fit
indicator (i) are in the ranges of 8.17—9.85%, 5.87—7.80%,
and 1.53—1.79, respectively, indicating that the agreement
from the selected models is satisfactory.

The refinement results indicate that the complex sub-
stitution of A-site La** and B-site Ti*" in NN can cause the
disappearance of the AFE P phase and simultaneously stabilize
the high-temperature AFE R phase at room temperature. From
the local structure point of view, typical multiple-peak features
in a range of 100—300 cm ™' can be seen on the Raman spectra
for 0.05 < x < 0.16 samples in Figure 2¢, which should be
related to the unique structure of the AFE P phase with a
complex octahedral tilting system and the large difference in
B—O bond length.'”** From locally enlarged Raman spectra in
the inset of Figure 2c, an obvious shift to a lower wavenumber
as well as a decreased peak intensity can be found for ¥4 and
vS. The same feature can be also found for the v1 mode,
indicating the decreased polarity of the basic perovskite unit
cells, which is in favor of stabilizing the AFE P phase.”"*
Moreover, the split 24 modes become vague at x = 0.16 and
then merge together as a shoulder when x > 0.18 as a result of
smaller difference between Nb—O bonds in the AFE R phase
than AFE P phase.””*®

The gradually weakened intensity, decreased wavenumber,
and increased width in Raman peaks with increasing x in the
AFE R phase zone suggest a gradually decreased polarity, a
weakening bond between B-site cations and oxygen, and an
increased structural disorder, respectively. These features
should be compatible with the appearance of the macroscopic
relaxor behavior, as observed in Figure 2a.

The P—E loops of NLNT, ceramics during the second
electric cycle were measured under their maximum testable
electric fields, as shown in Figures 3a—c. A square-like
hysteresis loop in the x = 0.05 ceramic suggests an irreversible
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Figure 3. P—E loop of NLNT, ceramics: (a) x = 0.05; (b) x = 0.1;
and (c) x = 0.15, x = 0.16, x = 0.18, and x = 0.2. (d) W, and 7 values
of NLNT, ceramics as a function of x.

AFE—FE phase transition, leading to poor energy storage
properties. An increase in the AFE P phase stability with
increasing x is responsible for the typical repeatable double
hysteresis loop at x = 0.1. However, unsatisfactory energy

storage properties of W,,. &~ 0.69 J/cm® and 57 ~ 13% can be
obtained owing to the large polarization hysteresis and the low

E,r value. Because of higher E,p than the maximum testable
electric field, a nearly linear hysteresis-free polarization
response was obtained in the compositions of x > 0.16.
Moreover, room-temperature dielectric permittivity rapidly
increases with the entrance of the composition into the R
phase zone (see Figure 2a). As a result, not only # but also W,
can be simultaneously improved starting at x = 0.16, as shown
in Figure 3d. A maximum W, =~ 2.16 J/cm® as well as a
relatively high # ~ 82.6% was obtained in the x = 0.18 ceramic.

Figure 4a presents the SEM images of NLNT 4 ceramics
with and without 1 mol % sintering aids. It can be seen that all
samples display a uniform and dense microstructure with a
high relative density of >97%. Clearly, the addition of sintering
aids can significantly suppress the grain growth, yet the
mechanisms are different for these additives. In the case of
acceptor dopant CuO, the accumulation of formed oxygen
vacancies at grain boundaries would hinder the grain growth
during sintering, which might be responsible for a slight
decrease in average grain size (G,), as shown in Figure 4b.%
However, the formation of defects would also activate the
lattice, leading to a decrease in sintering temperature. By
comparison, a drastic decline in average grain size was
observed in ZnF,- and BCB-doped samples (~1.36 pm and
~0.21 pm, respectively), probably because of obviously
reduced optimal sintering temperature from low-melting-
point sintering aids. ZnF, has a low melting point of ~872
°C and promotes sintering through particle rearrangement,
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Figure 4. (a) SEM images of different ceramic samples ((a;) NLNT, 4, (a,) NLNT, 5-CuO, (a;) NLNT, ¢-ZnF,, and (a,) NLNT,,5-BCB)
sintered at respective optimum sintering temperature (T;) and the insets show the corresponding distribution of grain size. (b) G, and T, changing
with different sintering aids. (c¢) Complex impedance data of different NLNT, 5 samples. (d) Dielectric permittivity (¢,) and (e) dielectric loss
(tand) of different NLNT, ;¢ samples. (f) Weibull distribution of the Eg and (g) determined Ej of the x = 0.18 samples with different sintering aids.
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Figure 5. (a) P—E loops of the NLNT,;,—0.01BCB ceramic measured under different electric fields and the J—E curve under S5 kV/mm. (b)

Evolution of W,

rec

and 7 values with applied electric field. (c) Electric field-dependent discharge current waveforms of NLNT ;3—0.01BCB in the

overdamped circuit. (d) Relationship between Wy, and time (t) of NLNT,, ;3—0.01BCB under different electric fields. (e) Electric field dependence
of underdamped discharge waveforms of NLNT,, ;s—0.01BCB at room temperature. (f) I..., Cp, and Py, as a function of electric field. The inset of

(c) is the variation of I_,, and Wy, as a function of electric field.

dissolution—precipitation mass transfer, and a grain growth
process. Differently, the phase of BCB tends to fill in the grain
boundaries and prevents the grain growth but enhances
densification through viscous flow at a relatively low
temperature, as shown in Figure 4b. As a result, BCB-doped
samples own even smaller grain sizes than ZnF,-doped
samples. Moreover, a significant increase in total resistivity
can be detected after doping. Particularly, the BCB-doped
ceramic sample owns a total resistivity value twice as much as
that of the undoped sample, as shown in Figure 4c. According
to the fitting results by the equivalent circuit shown in the inset
of Figure 4c, the conduction mechanism for the studied
samples should be dominated by grain boundary. That is to
say, the increased total resistivity after doping should be mainly
related to the increased grain boundary fraction (i.e., reduced
grain size).*

At the same time, the improvement in sintering behavior
after adding sintering aids accompanies a low dielectric loss of
less than 0.5% as well as a slightly decreased dielectric
permittivity, as shown in Figures 4d,e. The main conduction
mechanism of ceramics is the movement of the charge carriers
along the direction of electric field. The defects caused by
adding acceptor CuO would tend to form stable defect dipoles
with the oxygen vacancies, thus inhibiting long-range migration
of oxygen vacancies. The obviously increased grain boundary
fraction after adding ZnF, and BCB tends to increase the
amount of depletion space charge layers. At the same time, the
low-loss and high-resistivity BCB phase at grain boundaries
would also decrease the possibility of electric breakdown. The
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breakdown strength Ep can be estimated by the Weibull
distribution™’

X, = In(E) 0
Y, = In(In(1/(1 = B))) )
P=i/(n+1) 3)

where E; is the specific breakdown strength of each measured
specimen, n is the sum of the measured samples, P; is the
breakdown probability, and i is the numerical order of the
sample. As shown in Figure 4f, the main parameter
representing the reliability of the statistical results is the
Weibull modulus (m), which is the slope of the fitting line. The
m value higher than 10 implies the credence of the statistic
results. The average Ejy value of each sample can be determined
by using the intersection of the fitted curve with the horizontal
axis, as given in Figure 4g. It is obvious that Eg values can be
increased after adding sintering aids. According to the above
analysis, this should benefit from the reduced grain size (Figure
4b), improved resistivity (Figure 4c), and declined dielectric
loss (Figure 4e). Especially, the BCB-doped sample with
submicron grains exhibits an ultrahigh EB ~ 59 kV/mm,
showing outstanding potential for improving energy storage
properties.

To further disclose the energy storage performance of the
NLNT,,3—0.01BCB ceramic, P—E loops were measured under
different electric fields, as shown in Figure Sa, together with a
polarization current versus electric field (J—E) curve under 55
kV/mm. A detectable polarization current peak can be
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Table 2. Comparison of Energy Storage Properties among Various Reported Lead-Free Ceramics

composition E (kV/mm) W, (J/cm?®) n (%) G, (um) phase ref
Nag ;Bis ;NbO, 25 344 85 6.75 RAF 25
0.93NaNbO;—0.07Bi(Mgy Zros) Os 25.5 231 80.2 6.14 RAF 26
0.86NaNbO;—0.14(Bi, Nag s HfO; 35 3.51 80.1 1.68 RAF 27
AgNbo ¢ Tag1s05 233 42 69 ~12 AFE 13
AgNbO, 17.5 2.1 - ~5 AFE 14
St 03Age9NDO, 29 52 68.5 212 AFE 15
0.9(Ky sNag ;) NbO,—0.1Bi(Mg, sNb, ;) O; 30 408 627 031 RFE 2
0.85BaTiO;—0.15Bi(Mgy ;Zr5)O5 30 2.9 86.8 3 REE 3
BaTiO;-Bi(Mg, ;Nb, ;) 0,—0.3 wt % MnCO, 21 17 90 ~2 REE 29
0.8SrTi0,—0.2(0.93Big {Nag s TiO;—0.07Bag 0,Lag 04Zr0 05 Tio 503) 32 2.83 85 172 REE 6
0.61BiFeO,—0.33BaTiO,—0.06La(Mgy s Tiys) Os 13 1.66 82 2~3 REE 28
0.65BiFe0;—0.3BaTi0;—0.05Bi(Zn,/;Nb, ;) O;—0.1 wt % Mn,0; 18 2.1 53 ~4 RFE 43
Bi <Ko s TiO3—0.06La(Mgy s Tig s O, 18 2.08 68 0.15 REE 44
0.78(Bip {Nag ) TiO;—0.22NaNbO, 39 7.02 85 05 RAF 5
0.6Big 5, Nag 47 TiO3—0.4BaZry 3 Tiy 05 28 3.1 91 17 RFE 8
(Nag sBio255ros) (Tio sSm62) 05 31 34 89.5 2.7 REE 7
NLNT, ,;,—0.01BCB 55 65 65.9 021 RAF this work
(d)— o kvimm ‘T‘E’sm’ R E 3
—tokvimm 100 L Lass
——20kvimm &4001 © 0 avEl s
Sokvimm S0[ 3 33 338
§ 383 33dd
‘Poled0 £10.70 30 40
V335 kvimm
40 kV/mm
——— Deconvolution (0 kV/mm)
——— Deconvolution (40 kV/mm)|
D | s, ST T | R S e ——
%’.11,1 % 200 400 60 1000

00
Raman shift (cm™)

Figure 6. (a) TEM image and (b, c) HR-TEM images along the <110> direction for the BCB-doped NLNT, ;5 ceramic. (d) Evolution of Raman
spectra with changing external electric field and a representative spectral deconvolution into Gaussian—Lorentzian shape peaks for the NLNT ;s—
0.01BCB ceramic under electric fields of 0 and 40 kV/mm. The inset of (c) is the FFT of a selected nanosized pattern (the red square frame in
Figure 6¢) showing moiré fringes. The inset of (d) shows the variation of the wavenumber of Raman peaks with changing electric field.

observed in the J—E curve, which should originate from the
AFE—FE phase transition approximately at 28 kV/mm, below
which the current density remains almost unchanged. It can be
seen that P, monotonously increases but P, remains nearly
zero with increasing electric field. However, polarization
hysteresis increases evidently with increasing electric field,
probably because of the occurrence of the AFE—FE phase
transition and reversible domain switching under higher
electric fields. As a result, a monotonously increased W, as
well as an obviously declined # can be obtained, as shown in
Figure 5Sb. A giant W, of ~6.5 J/cm® and a relatively high 7 ~
66% were achieved under 55 kV/mm. In comparison with
other (Na,M)(Nb,Ti)O; dielectric relaxor systems, NLNT, ¢
shows a slightly smaller room-temperature ¢, value than
(Nag gsBig 12) (Nb 76Tig24) O3 and (NagsSrg,) (NbysTig,)Os
RAFs while a similar E,; value to (NagggBig 1) (Nby -6 Tig24)O;
and much higher than (Nay gSry,) (Nby ¢ Tiy,) 0.2 Owing
to the absence of the A-site lone pair effect, a smaller P, was
obtained in the NLNT,,; ceramic than in (NaggBiy;,)-
(Nbg~¢Tig4)O;, resulting in the decreased W,

rec
However, compared with other recently reported lead-free

value.
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ceramic materials, such as NN-, AgNbOj;-, (NayKys)NbO;-,
BaTiO;-, SrTiO;, (BigsKgs)TiOs-, (BigsNags)TiO;-, and
BiFeO;-based compositions (see Table
2), 73T the studied RAF sample in this work
exhibits obvious advantages for future energy storage
capacitors.

The pulsed charge—discharge measurements were used to
evaluate the performance of pulsed capacitors in service. Figure
Sc shows the room-temperature overdamped discharge
current—time (I—t) waveforms of NLNT,;;—0.01BCB under
various electric fields, in which the current reaches its peak
rapidly and then lasts for a very short time of ~200 ns. The
peak current value increases monotonously with increasing
applied electric field and reaches 16 A under 14 kV/mm, as
clearly illustrated in the I,,,,—E curve (see the inset of Figure
5c). The corresponding discharged energy density (Wp,) can
be calculated using the following equation:

W, = RfI(t)zdt/V @

where R of the total load resistor is 100  and V is the sample
volume. The discharged energy densities increase with
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increasing applied electric field, which are ~0.103 and ~0.991
J/em® under 4 and 14 kV/mm, respectively. The discharge rate
can be described by using the discharge time (t,o), which
represents the time needed for releasing 90% of all stored
energy. As shown in Figure 5d, a very short f9 of ~50 ns can
be found under the studied electric fields, indicating an
ultrafast discharging speed for the studied ceramic. According
to the electric field-dependent underdamped pulsed discharge
curves shown in Figure Se, it can be seen that I, current
density (Cp), and power density (Pp) values obviously
increase with increasing electric field magnitude. Under 14
kV/mm, excellent properties such as I, & 50.4 A, Cp, = 1023
A/cm?, and P ~ 71.8 MW/cm?® can be obtained, as shown in
Figure Sf. By comparing with other reported ceramics, the
studied ceramic exhibits an ultrafast discharging
speed,” 93740 Together with the giant Cp and Pp values,
the studied sample should have great potential in electrostatic
energy storage and high-power systems.

The bright-field TEM image of the NLNT,;;—0.01BCB
ceramic is shown in Figure 6a. The dirty domain morphology
corresponding to the AFE nanodomains can be observed. If
one further looks into the HR-TEM image along the <110>
direction (Figures 6b,c), periodic parallel stripes of ~1 nm in
width can be seen, as marked in Figure 6c. Because the
orientation of these stripes is random and deviates from both
the <001> and < 110> directions, these nanoregions might
conform to the feature of moiré fringes, as can be further
confirmed by the periodicity inside these patterns according to
the superlattice diffraction dots in the fast Fourier transform
(FFT) image in the inset of Figure 6c. The appearance of
moiré fringes in AFEs/FEs is generally ascribed to the
interference of two overlaid lattice patterns with mismatched
orientations,*” indicating the existence of short-range ordered
dipoles in the sample. The size of antipolar nanoregions
(APNRs)** in RAFs can be determined by the size of these
mismatched regions, which is ~5—10 nm in radius. The size of
APNRs found in the BCB-doped NLNT 4 ceramic is slightly
smaller than that in the (NaggsBig 15)(Nbg-¢Tig24)O; ceramic
(30—50 nm), probably owing to ultrafine grains obtained in
the studied sample.*” The large random electric field, which is
responsible for the disruption of long-range AFE ordering into
APNRs, would increase the E,p value through hindering the
growth of APNRs into long-range ordered AFE domains.”*
This process can be further confirmed by in situ Raman results
under different electric fields, as shown in Figure 6d. The
Raman spectra remain almost unchanged till 25 kV/mm. With
further enhancing electric field, a gradual increase in Raman
intensity around vS and v1 modes can be seen, apart from a
gradual change in the peak shape, which can be clearly
reflected on the deconvolution results in the inset of Figure 6d.
The Raman modes at ~170 and ~250 cm™ (i.e., 26 and v4
vibrations, respectively)®” gradually decrease in intensity above
30 kV/mm and disappear at 40 kV/mm, indicating the
reconstruction of a long-range ordered FE phase.”” A good
coincidence of the poled sample with the virgin sample in the
Raman spectrum proves to be a reversible electric field-induced
AFE—FE phase transition from the local structure point of
view. As known, the APNRs exhibit zero macroscopic
polarization under zero field, yet an FE state with large
macroscopic polarization can be achieved under a strong
external electric field. Owing to the highly polarizable APNRs
as well as the existence of a large random field, the repeatable
double-like P—E loop with a large E,r of ~30 kV/mm and a

high P, value was achieved in the NLNT, ;3—0.01BCB RAF
ceramic, providing the solid base for achieving excellent energy
storage properties.

IV. CONCLUSIONS

The complex substitution of La** and Ti* in NN was found to
not only effectively stabilize the high-temperature AFE R phase
but also induce an obvious dielectric relaxor behavior, as
evidenced by the Rietveld structural refinement of XRD
patterns, frequency- and temperature-dependent permittivity
vs temperature curves, Raman spectra, and P—E hysteresis
loops. As a result, obviously enhanced energy storage
properties can be obtained in the composition range of x =
0.16—0.20 for (Na,_,/,La,,)(Nb, Ti,)O; ceramics. In combi-
nation with the improvement in Ey values as a result of
reduced grain size, enhanced resistivity, and declined dielectric
loss after doping sintering aids, energy storage properties were
further improved. Particularly, the BCB-doped x = 0.18
ceramic with submicron grains exhibits a giant W, = 6.5 J/
cm?® and a large n ~ 66%, Cp, ~ 1023 A/cm?, Py ~ 71.8 MW/
cm®, and t; ~ 50 ns. The analysis of HR-TEM and in situ
Raman spectra demonstrates the existence and rapid field-
polarization response of APNRs as well as the resulting high
E,p value up to 30 kV/mm, providing a good understanding of
the achievement of excellent energy storage properties in this
work.
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