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ABSTRACT: Thermal-stable dielectric capacitors with high
energy density and power density have attracted increasing
attention in recent years. In this work, (1 — x)Bi,NayTiO;—
x¥NaTaO; [(1 — x)BNT—xNT, x = 0—0.30] lead-free relaxor
ferroelectric ceramics are developed for capacitor applications.
The x = 0.20 ceramic exhibits superior thermal stability of
discharged energy density (Wp) with a variation of less than
10% in an ultrawide temperature range of —50 to 300 °C,
showing a significant advantage compared with the previously
reported ceramic systems. The Wy, reaches 4.21 J/cm?® under
38 kV/mm at room temperature. Besides, a record high of
power density (P, ~ 89.5 MW/cm®) in BNT-based ceramics
is also achieved in x = 0.20 ceramic with an excellent
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temperature insensitivity within 25—160 °C. The x = 0.20 ceramic is indicated to be an ergodic relaxor ferroelectric with
coexisted R3¢ nanodomains and P4bm polar nanoregions at room temperature, greatly inducing large maximum polarization,
maintaining low remnant polarization, and thus achieving high Wy, and Pp,. Furthermore, the diffuse phase transition from R3¢
to P4bm phase on heating is considered to be responsible for the superior thermal stability of the high Wy, and Pp,. These results
imply the large potential of the 0.80BNT—0.20NT ceramic in temperature-stable dielectric capacitor applications.

KEYWORDS: thermal stability, energy storage, charge—discharge, BiysNa,sTiO;—NaTaO; ceramic, polar nanoregions

1. INTRODUCTION

Energy storage devices are essential to power electronic
systems.' ~° Dielectric capacitors have apparent benefits of high
power density (Pp), pulse discharge, and excellent endurance,
which are especially applicable for weapons, hybrid electric
vehicles, and power electronics. However, dielectric capacitors
usually show inferior energy density, which cannot meet the
needs of integration and miniaturization and severely limits the
further applications.” Generally, the energy storage parameters
of dielectrics can be obtained by the electric displacement—
electric field (D—E) loops, as shown below®

Dm
Energy storage density W = / E dD
0

(1)
Dm
Discharged energy density Wy, = f E dD
D, ()
W
Energy efficiency # = — X 100%
gy efficiency 7 W 6 3)

where D, D,, and E denote the maximum electric displace-
ment, remnant electric displacement, and applied electric field,
respectively. Accordingly, a slim D—E loop with large D, low
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D,, and high breakdown strength (Ejg) is beneficial for energy
storage performance.

Therefore, relaxor ferroelectrics are promising energy
storage materials because of the large induced D,,, small D,
and slim D—E 100ps.7_12 BiysNa, sTiO5 (BNT), a typical lead-
free relaxor ferroelectric, possesses a large D, because of the
similar electron configuration of Bi** (lone 6s* electron) to that
of Pb*"."* However, the square D—E loop of pure BNT with a
high D, is not conducive to energy storage. Through
compositional modulation, such as heterovalent or isovalent
ionic substitutions, the long-range ferroelectric order could be
broken, and polar nanoregions (PNRs) are generated because
of the large local random fields resulting from structural or
charge inhomogeneities in a nanoscale. As a result, the ergodic
relaxor state with PNRs and a slim D—E loop can be achieved
in BNT-based ceramics. In the past decade, many studies
focused on the energy storage behaviors of BNT-based ceramic
systems.M_20 A record-high Wy, of 7.02 J/ cm® was obtained in
0.78BNT—0.22NaNbO, ceramic.'” Moreover, BNT-based
ergodic relaxor ferroelectric ceramics are also attractive in
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pulsed charge—discharge performance. By applying an electric
field, the ergodic relaxor ferroelectrics with PNRs are
converted into unstable ferroelectrics with long-range polar
structures, which will quickly collapse after removing the
electric field. The stored energy releases in a short time,
generating a large Pp,. Li et al. obtained a high current density
(Cp) of 606 A/cm® and a P, of 18.2 MW/cm? in 0.62BNT—
0.06BaTiO3—0.32(Sr,,Big,[1y1)TiO5 ceramics in the ergodic
relaxor state.”’ Despite the achievements made so far, it is still
challenging to achieve a large Wy, in BNT-based bulk ceramics
as most of the reported Wy is less than 3 J/ cm®, and
investigations on the charge—discharge performance are
limited at present, which is essential for applications.'>*"

Furthermore, the thermal stability of Wi, and Py, is also a
significant concern of researchers,”'”**7*” which is critical for
the reliable operation of dielectric capacitors in complex
environments. For example, the power systems of hybrid
electric vehicles may operate over the temperature range of
—40 to 140 °C.*” Thermal-stable dielectric capacitors in this
temperature range will steadily work without the additional
heating/cooling systems, which will be beneficial to improving
the reliability and reducing the weight, volume, and cost. BNT-
based relaxor ceramics are considered to be promising for
thermal-stable dielectric capacitor applications because of their
diffuse phase transition behaviors.”*™>' However, in the
previously reported ceramics, the temperature range with
stable energy storage and charge—discharge performance is
usually limited within the room temperature (RT) = 200 °C. A
wider operational temperature range, including lower temper-
ature below RT and higher temperatures above 200 °C, is
necessary for the widespread applications of dielectric
capacitors.

In this paper, the energy storage and charge—discharge
performances of the (1 — x)BNT—xNaTaO; [(1 — x)BNT—
x«NT, x = 0—0.30] ceramic system were studied for the first
time. N'T is an incipient ferroelectric.**** The introduction of
Na* in the A sites and Ta*" in the B- sites can effectively break
the long-range polar ordering to generate PNRs, leading to
enhanced ergodic relaxor behaviors and inducing diffused
phase transitions. Thus, the high Wy, and P with superior
thermal stability were realized in BNT—NT ceramics. Finally, a
high Wy, of 4.21 J/cm?® and an ultrahigh Pj, of 89.5 MW/cm?
are obtained in the 0.80BNT—0.20NT ceramic at RT. Besides,
the Wy, shows excellent thermal stability over an ultrawide
temperature range of —50 to 300 °C, and the Py, is also stable
within 25—160 °C. The superior thermal stability results from
the diffuse phase transition on heating, which is revealed by the
high-resolution transmission electron microscopy (HR-TEM)
observation and in situ X-ray diffraction (XRD) results with
changing temperature.

2. EXPERIMENTAL SECTION

(1 — x)BNT—aNT (x = 0—0.30) ceramics were fabricated by a solid-
state reaction method using Bi,O; Na,CO; TiO,, and Ta,Oq
powders with 99.9% purity. The preparation processes are similar
to those reported in our previous work.****> The calcination of
ceramic powders was performed at 800 °C for 2 h. The pressed
ceramic pellets were sintered at 1160 °C for 2 h. The ceramics were
crushed and ground into powders for crystal phase characterization.
The XRD patterns at RT were tested by using a D8 ADVANCE X-ray
diffractometer (Bruker AXS, Germany, Cu Ka radiation) with a step
of 0.02° and a counting time of 2.5 s. Temperature-dependent XRD
patterns were measured by using a SmartLab X-ray diffractometer
(Rigaku, Japan, Cu Ka radiation) with a step of 0.02° at a speed of

2°/min. The ceramic powders were cooled or heated to a given
temperature and held for 30 min. The temperature stability was
controlled within 1 °C. The characterization of grain morphology,
ferroelectric domains, and nanostructures is also similar to those
reported in our previous work.***

Ag electrodes with a diameter of 2 mm were prepared on both sides
of the ceramics with a thickness of 0.2 mm by annealing at 550 °C for
30 min. The D—E loops were measured at the frequency of 10 Hz by
using a ferroelectric tester (TF Analyzer 2000, AixACCT systems,
Germany). A precision impedance analyzer (4294A, Agilent
Technologies, USA) was used to determine the dielectric properties.
The charge—discharge properties were investigated by using a
commercial charge—discharge platform (CFD-001, Gogo Instruments
Technology, China) (see Figure S1).

3. RESULTS AND DISCUSSION

Figure la presents the XRD patterns of (1 — x)BNT—aNT (x
= 0—0.30) ceramics measured at RT. All the ceramics
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Figure 1. (a) XRD patterns of the (1 — x)BNT—«NT ceramics.
Enlarged patterns in the 26 ranges of (b) 38—41 and (c) 45.75—
47.75°.

exhibited a single perovskite phase. The enlarged patterns in
the 20 ranges of 38—41 and 45.75—47.75° are given in Figure
1b,c, respectively. Regardless of the contribution from Cu Ka,
radiation, the BNT ceramic exhibited a doublet {111} peak, a
single {200} peak, and an obvious superstructure reflection at
around 26 = 38.3° indexed as 1/2(311), which are the evident
features of the rhombohedral R3¢ symmetry.*>*” With the
increase of the NT content from 0.00 to 0.10, the {111} peak
became increasingly symmetrical, and the 1/2(311) peak
gradually weakened. Moreover, an apparent splitting of the
{200} peak was noticed for x = 0.10, indicating the tetragonal
structure.’® With the further increase of the NT content, the
1/2(311) peak was hard to be detected, and the (002); peak
was enhanced significantly. The results indicate the decreased
rhombohedral phase and the enhanced tetragonal phase with
the introduction of NT. In order to quantify the phases,
Rietveld refinement was conducted by GSAS software. The
optimal fits were obtained using the R3¢ and P4bm space
groups (see Figure S2 and Table S1). The analysis results show
that the P4bm phase was gradually enhanced with the
introduction of NT. Besides, it was found that the unit cell
volumes gradually increased, which was attributed to the
substitution of bigger ions (Na®: 1.39 A, Ta’*: 0.64 A) for
smaller ions (Bi**: 1.36 A, Ti**: 0.605 A). The addition of NT
had little effect on the grain size and morphology, as
characterized by scanning electron microscopy (SEM). The
SEM image of the x = 0.20 ceramic can be found in Figure S3,
showing an average grain size of ~3 ym.
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Figure 2. (a—e) Temperature-dependent &, and (f) tan & of the (1 — x)BNT—xNT ceramics.

Figure 2a—e presents the variation of dielectric constant &,
with temperature and frequency for the (1 — x)BNT—xNT
ceramics. All the studied ceramics exhibited obvious dielectric
relaxation.*® For pure BNT ceramic, two dielectric anomalies
can be detected. The first dielectric anomaly was a frequency-
dispersive hump located at the lower temperature of T, which
was reported to arise from the thermal evolution of R3¢ and
P4bm PNRs.”” The dielectric maximum (e,,) located at T,, was
the second dielectric anomaly. It can be seen that both ¢, and
T, decreased with the addition of NT, accompanied by the
obvious broadening of the dielectric peak. The T, also
gradually decreased and dropped below RT when x = 0.20.
The introduction of NT was believed to induce diffuse phase
transitions and lead to apparently enhanced ergodicity at RT.
The A-site substitution by Na* and B-site substitution by Ta*"
improved the chemical disorder because of the difference in
radius and valence state of various cations, which could disrupt
the long-range ferroelectric order and lead to a high random
field in the ceramics. Moreover, it was noticed that the
improved thermal stability of &, was achieved with the addition
of NT. The x = 0.20 and 0.30 ceramics exhibited temperature-
stable €, versus T curves. Figure 2f shows that the dielectric
loss tan 6 at RT for all the ceramics was below 0.05 and
gradually decreased with the addition of NT.

Figure 3a,b presents the D—E loops and current density (I—
E) curves measured under 10 kV/mm. The well-saturated D—
E loop was observed for pure BNT ceramic, which became
more and more pinched with the addition of NT. The BNT
ceramic showed two sharp I—E peaks, which can be attributed
to the reversal of ferroelectric domains at the coercive field
(E.), indicating the transition from the nonergodic relaxor state
to the stable long-range ferroelectric state. The appearance of
four I-E peaks at +E; and +E; when x = 0.05 implied the
coexisted nonergodicity and ergodicity. In this case, with the
removal of the electric field, the induced ferroelectric order
returned to the initial ergodic state, leading to the current peak
at —E;. On the other hand, the current peak at —Eg
represented the back switching of the induced ferroelectric
state from the initial nonergodic state. Moreover, no obvious
current peak was detected when x = 0.10, 0.20, and 0.30. The
results confirmed the enhanced ergodicity and suppressed
ferroelectricity with the addition of NT. Figure 3c gives the
evolution of D, D,, and D_,—D, with the increase of the NT
content. The D, and D, monotonously decreased, and high
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Figure 3. (a) D—E loops and (b) corresponding I—E curves of (1 —
x)BNT—xNT ceramics. Evolution of (c) D, D,, and D,,—D,, and (d)
Wp and 7 values with the addition of NT.

D,,—D, was obtained when x = 0.05—0.20. Besides, the x =
0.10 and 0.20 ceramics were found to exhibit large Wy, of 0.50
and 0.43 J/cm?, respectively, as shown in Figure 3d. However,
both outstanding Wy, and # are of importance in practical
applications. The x = 0.10 ceramic showed a hysteretic D—E
loop, leading to a low # of 48%. In contrast, a high # of 91%
was achieved when x = 0.20, attributing to its low hysteresis of
polarization response. Taking into account both Wy, and #, the
x = 0.20 ceramic is most promising in energy storage
applications. Furthermore, it was noticed that the x = 0.20
ceramic possessed moderate €, of ~800 and particularly low
tan 6 of ~0.006 at RT, which are favorable for high Ej. It
implies that the polarization of x = 0.20 ceramic would be
further enhanced by increasing electric field, resulting in a
larger Wy,

To thoroughly clarify the sources of excellent energy storage
performance in the x = 0.20 ceramic, contact mode
piezoresponse force microscopy (PFM) was used to study
the domain structures of (1 — x)BNT—aNT (x = 0.00—0.20)
ceramics at RT, as shown in Figure 4. The contrast in PFM
amplitude images exhibits the strength of piezoresponse, while
the polarization orientation is revealed by the PFM phase
images. The x = 0.00 ceramic showed long-range-ordered
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Figure S. (a) HAADF and EDS mapping images of a typical grain in the x = 0.20 ceramic, (b,c) Bright-field TEM images of nanodomains in the x
= 0.20 ceramic, and (d,e) SAED patterns along [110], and [111] . orientations and corresponding HR-TEM images.

lamellar ferroelectric domains with strong and clear contrasts.
The introduction of NT led to the smaller and blurred
terroelectric domains and the reduced piezoresponse ampli-
tude. Especially, no clear patterns of domain structures can be
observed when x = 0.20 because of the tiny nanodomains or
PNRs. It is proved that the introduction of NT can cause an
obvious decrease in size and increase in dynamics of domains,
in favor of the enhancement of energy storage properties. For
large-sized ferroelectric domains, a lot of energy will be
absorbed by domain aligning and switching in the charge—
discharge process and stored as remanence. In contrast, the fast
response to the external electric field of small-sized and active
PNRs will result in nearly hysteresis-free polarization responses
and high Wy, and 7.

The nanostructure details in the x = 0.20 ceramic were
further analyzed by the HR-TEM. Figure Sa gives the high-
angle annular dark-field (HAADF) image and energy
dispersive spectrometer (EDS) mapping images of a typical
grain in the x = 0.20 ceramic. The constituent elements Na, Bi,
Ti, Ta, and O were uniformly distributed in the grain. It
directly indicates the complete diffusion of Ta into the lattice
matrix. Figure Sb,c shows the bright-field TEM images of
nanodomains in the x = 0.20 ceramic at RT. The clear contrast
change demonstrates the presence of tweedlike nanodomains
(10—20 nm) and PNRs (~§ nm), which cannot be detected by

PEM. Figure 5d,e presents the selected area electron diffraction
(SAED) patterns along [110]pc and [001]PC orientations,
respectively. The insets give the corresponding HR-TEM
images. The clear lattice fringes indicate the excellent
crystallinity of the ceramic. The SAED patterns exhibited the
1/2{oo00} and 1/2{0oe} superlattice reflections (where o and e
stand for the odd and even values of Miller indices,
respectively). It was known that the 1/2{oo0o} spots result
from the antiphase a”a™a™ oxygen octahedral tilting and are
indicative of a R3c phase, while the 1/2{ooe} spots represent
the in-phase a%’c* oxygen octahedral tilting and a P4bm
phase.40 Therefore, we can conclude that R3¢ and P4bm
symmetries were both involved in this composition. These
nanodomains and PNRs can help to induce large D, maintain
low D,, and achieve high D —D, in the x = 0.20 ceramic when
applying an external electric field.

The energy storage behaviors of the x = 0.20 ceramic were
studied carefully in this study. High Eg is essential to obtain
advanced energy storage properties. The electric-field-depend-
ent D—E loops of the x = 0.20 ceramic were presented in
Figure 6a. Figure 6b,c summarizes the variation of D, D,, D,—
D,, Wp, and 5 with electric field. The D,,—D, increased from
4.5 to 27.2 uC/cm?® with raising the electric field from 5 to 38
kV/mm. Accordingly, the Wy, increased from 0.12 to 4.21 J/
cm®. However, the 7 visibly deteriorated from 94.5 to 77.8%.
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0.20 ceramic and recently reported

The strong electric field would induce enhanced domain
switching and cause large polarization loss, which is
responsible for the reduced 7. The nearly linear D—E loops
were obtained under lower electric fields, proving that there is
no noticeable domain switching or phase transition. A more
hysteretic D—E loop was formed under the electric field of
more than 25 kV/mm, accompanied by the apparent reduction
of 5. It was supposed that a high enough electric field would
induce the formation of long-range polar ordering through
phase switching. Nevertheless, a high Wy, of 4.21 J/cm® and a

desirable 7 of 77.8% were obtained simultaneously in this
work. The energy storage properties of the x = 0.20 ceramic
were compared with the recently reported ceramic sys-
tems,”” " 7194 7% 45 shown in Figure 6d. We noticed that
large Wy, can be obtained in antiferroelectrics (AFEs).
However, their # is usually low because the AFE-ferroelectric
phase transition under electric field also brings evident
hysteresis and large energy loss. It is highly desirable to
improve the Wy, and # simultaneously. By comparison, the x =
0.20 relaxor ferroelectric ceramic reaches a superior balance
between Wy, and 7.

Temperature stability is also crucial in ensuring the reliable
operation of dielectric capacitors in harsh environments. The
temperature-dependent ¢, and tan 6 of the x = 0.20 ceramic
were measured from —100 to 500 °C, as given in Figure 7a. It
can be seen that the T, was located at about —50 to —30 °C
and T, was located at about 150 °C with a highly broadened
dielectric peak, which can be attributed to its large local
random field, highly-dynamic and small-sized PNRs, as
discussed before. Excellent dielectric temperature stability
was achieved. Figure 7b gives the temperature-dependent Ag,/
€, y50c- Significantly, the observed change of &, was within 10%
over an ultrawide temperature range of —50 to 350 °C for all
measured frequencies, accompanied by a low tan J. It implies
that the x = 0.20 ceramic could be an ideal candidate for
temperature-stable dielectric capacitor applications.

The thermal stability of Wp and 7 was subsequently
measured. Figure 7c presents the temperature-dependent D—
E loops within —50 to 300 °C under 25 kV/mm. Notably, the
D—E loops at —50 and —25°C show visible hysteresis, while
extremely low hysteresis was observed within 0—300 °C.
Moreover, the D, and D, first decreased with temperature
raising from —50 to 50 °C and then remained almost stable
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until 300 °C. In the low-temperature region (lower than 0 °C),
the local random fields could be overcome under 25 kV/mm,
causing the domain switching and phase transition, which
resulted in a larger polarization hysteresis, D, and D, In
contrast, the linearlike D—E loops within 0—300 °C imply that
no visible domain switching occurred under 25 kV/mm owing
to the increase of the random field upon heating. The
evolution of Wy, and 7 with the increase of temperature is
summarized in Figure 7d. Because of the lower dynamic of
PNRs at —50 and —25 °C, the 7 was relatively lower, that is, 68
and 73%, respectively. However, the # can be kept within
84.5—90% in a wide temperature range of 0—300 °C. A slightly
reduced 7 at high temperatures may result from the
conduction loss. Furthermore, the Wy within —50 to 25°C
was found to be slightly higher than that within 50—-300 °C
owing to the relatively larger D, —D,. Significantly, the
variation of Wp, was lower than 10% within —50 to 300 °C
(Wp: 2.22—2.45 J/ecm®). Figure 7e exhibits the temperature-
dependent W, and # of the x = 0.20 ceramic and recently
reported ceramics.”'”**~*” The previously reported ceramics
usually exhibited the thermal-stable energy density above RT
and below 200 °C, while the x = 0.20 ceramic in this work
showed much better stability over a wider temperature range of
—50 to 300 °C. Even though some AFE ceramics exhibited
larger Wp than the x = 0.20 ceramic, their hysteretic AFE-
terroelectric phase transition during the charge—discharge
process inevitably resulted in relatively low 7. These results
fully reflect the superiority of the x = 0.20 ceramic in
temperature-stable dielectric capacitor applications.

The phase evolution of the x = 0.20 ceramic with the
increase of temperature was examined in this work. Figure 8
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Figure 8. Magnified XRD patterns in the 26 ranges of 38—41 and
45.75—47.75° of the x = 0.20 ceramic measured from —50 to 300 °C.

displays the magnified XRD patterns in the 26 ranges of 38—41
and 45.75—47.75° of the x = 0.20 ceramic measured from —50
to 300 °C. In the temperature range of —50 to 0 °C, a distinct
1/2(311) superlattice peak and a weak (002); peak were
detected, revealing the presence of R3¢ and P4bm phases. With
the increase of temperature, the (002); peak was intensified
significantly, suggesting an increase in the tetragonality of the
lattice. Besides, there was no detectable 1/2(311) superlattice
peak in the temperature range of 25—300 °C. Considering the
TEM results shown in Figure S, it was believed that the R3¢
and P4bm phases coexisted within —50 to 25 °C, and a pure
P4bm phase was obtained at 50 °C and kept until at least 300

°C. For clarifying the phase constitution at various temper-
atures, the Rietveld refinement was also carried out (see Figure
S4 and Table S2). The fitting analysis shows that the P4bm
phase fraction monotonously increased from 47.3 to 92.5%,
while the R3¢ phase fraction decreased from 52.7 to 7.5% with
temperature raising from —50 to 25 °C. The hysteretic D—E
loops with large D, and D, at =50 and —25 °C could be
attributed to the relatively high content of larger-sized PNRs or
nanodomains with the R3¢ phase in these cases. The enhanced
content of smaller-sized P4bm PNRs was responsible for the
decreased hysteresis, D,,,, and D, with increasing temperature,
as given in Figure 7c. Furthermore, the stable low-hysteresis
linearlike polarization response in the temperature range of
50—300 °C could be attributed to the pure P4bm PNRs.
Consequently, the diffused phase transitions significantly
contributed to the stable polarization and dielectric responses
with the variation of temperature. Therefore, the superior
thermal-stable energy storage property was achieved in the x =
0.20 ceramic.

From a practical point of view, the charge—discharge
behaviors of the x = 0.20 ceramic were also evaluated. Figure
9a presents the electric-field-dependent underdamped dis-
charge curves at RT. With the increasing electric field, the x =
0.20 ceramic showed similar discharging behaviors, whereas
the first peak was gradually enhanced. The stored charge was
released rapidly (<0.2 us). Besides, some important discharg-
ing parameters can be obtained from these underdamped
discharge waveforms, including

densi _ e
Current density Cp, = S @)

Power density P, = Elis
28 ()

where I, and S, respectively, represent the peak current and
electrode area, and E is the electric field.” The variation of C,
and Pp, with electric field was given in Figure 9b. The Cp
monotonously increased from 372 to 1278 A/cm? Signifi-
cantly, a record high of Py (~89.5 MW/cm®) in BNT-based
ceramics was achieved in the x = 0.20 ceramic. The charge—
dischar%e erformance of the recently reported ceramic
systems ™77 ywas summarized in Table S3.
Considering the equation**

1 _ dQ—max _ dp,

max max

S S dt dt (6)

where the large Cp, of the x = 0.20 ceramic should be attributed
to the high induced polarization and short release time.
Besides, the large working electric field of 14 kV/mm is also
responsible for the large Pp, which is a distinct advantage of the
x = 0.20 ceramic compared with traditional lead-based AFE
ceramics. The x = 0.20 ceramic was proved to be an ergodic
relaxor ferroelectric at RT and possesses coexisted R3¢ and
P4bm phases with nanodomains and PNRs, leading to its large
working electric field, high induced polarization, and fast
charge—discharge rate. Furthermore, we investigated the
temperature-dependent underdamped discharge properties
under 10 kV/mm, as shown in Figure 9¢,d. The x = 0.20
ceramic exhibited thermal-stable underdamped discharge
waveforms over 25—160 °C. Both Cp and Pp, changed slightly
in the studied temperature range. The x = 0.20 ceramic
deserves more attention and consideration for application in

the pulsed power technology.
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Figure 9. (a) Underdamped discharge waveforms of the x = 0.20 ceramic over 4—14 kV/mm. (b) Variation of Cp, and Py, with electric field. (c)
Underdamped discharge waveforms over 25—160 °C. (d) Variation of Cp, and Pp, with temperature.

4. CONCLUSIONS

In summary, the lead-free (1 — x)BNT—xNT ceramics were
studied for dielectric capacitor applications. The introduction
of NT into BNT led to the nonergodic—ergodic relaxor phase
transition. The lamellar microdomains also evolved to PNRs.
Owing to the fast response of R3¢ nanodomains and P4bm
PNRs in the x = 0.20 ceramic, a high Wy, of 4.21 J/cm® was
generated under 38 kV/mm at RT. More significantly, the x =
0.20 ceramic possesses excellent thermally insensitive Wy, with
a variation of less than 10% over an ultrawide temperature
range of —50 to 300 °C. Besides, an ultrahigh Py, of 89.5 MW/
cm® was also achieved in the x = 0.20 ceramic at RT,
accompanied by favorable temperature stability within 25—160
°C. The diffuse phase transition from R3c to P4bm PNRs was
considered to be the origin of the superior of high Wy, and Py,
These outstanding energy storage and charge—discharge
properties make the 0.80BNT—0.20NT ceramic an attractive
material in temperature-stable dielectric capacitor applications.
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