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With the increasing demand of high-power and pulsed power electronic devices, environmental-friendly potassium sodium
niobate ((Na,sK,5)NbO;, KNN) ceramic-based capacitors have attracted much attention in recent years owning to the boosted
energy storage density (W,..). Nevertheless, the dielectric loss also increases as the external electric field increases, which will
generate much dissipated energy and raise the temperature of ceramic capacitors. Thus, an effective strategy is proposed to
enhance the energy storage efficiency () via tailoring relaxor behavior and bad gap energy in the ferroelectric 0.9(Na, 5K s)-
NbO;—0.1Bi(Zn,5(Nb,Ta,_,),3)O; ceramics. On the one hand, the more diverse ions in the B-sites owing to introducing the Ta
could further disturb the long-range ferroelectric polar order to form the short-range polar nanoregions (PNRs), resulting in the
high 7. On the other hand, the introduction of Ta ions could boost the intrinsic band energy gap and thus improve the E;. As a
result, high W, of 3.29 J/cm? and ultrahigh # of 90.1% at the high external electric field of 310 kV/cm are achieved in x = 0.5
sample. These results reveal that the KNN-based ceramics are promising lead-free candidate for high-power electronic devices.

Keywords: Lead-free dielectric ceramic capacitor; KNN-based ceramics; energy storage efficiency; band gap energy; relaxor

behavior.

1. Introduction

Energy storage technologies and corresponding materi-
als have attracted much attention in recent years due to the
energy crisis and environment problems.!> Compared with
the common batteries, fuel cells and supercapacitors, the
dielectric ceramic capacitors exhibited high-power density
(~10% W/kg), fast charging—discharging rate (~ns), and high
operating temperature (>200°C), which have great potential
for high-power or pulsed power systems.>-¢ However, their
energy storage density could not be comparable to these
chemical storage devices, which severe restricts their prac-
tical application and industrial development.” As an elec-
trostatic energy storage, whose energy storage density and
efficiency of the dielectric ceramic capacitors can be calcu-
lated by polarization-electric field (P—E) hysteresis curves,
as shown in Fig. 1. The total charged energy storage den-
sity (W) is determined by the area between the y-axis and
the charge polarization curve, while the recoverable energy
storage density (W,..) is calculated by the area between the
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y-axis and the discharge polarization curve, according to the
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following equations®?:

Pmax
W= j EdP, )
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W, = | " Eap, @
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where E is applied electric field, P is the polarization inten-
sity, P, and P, represent the maximum and remnant polar-
ization, respectively. W—W,.. is the dissipated energy. The
dissipated energy would be transformed into heat. It would
raise the temperature of dielectric capacitor and increase the
risk of electrical breakdown.!? Therefore, the lower the dis-
sipated energy, the better for the practical application. The
dissipated energy could be assessed by the energy storage
efficiency (n), which is expressed by the following formula:

ﬁZ%XIOO%. 3)

The low dissipated energy means the high . Considering
that the large breakdown electric field (E;) is necessary for

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 4.0
(CC BY) License which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

2242001-1


https://dx.doi.org/10.1142/S2010135X22420012

L. Hou et al.

J. Adv. Dielect. 13, 2242001 (2023)

Integrated Strategy
N /\ PNRs = N\
AT Y m——r
2 2 !
E Low P .E 7 :
= P — i - meq
Tl . [ = == = 5 :
= 7 | 3 - . !
s 7 low g 1 LowE, E, [ I I ‘ E, 'g S High E ,
VB VB

Electric Field (kV/cm)

low W,,.; low y

Fig. 1.

the high W,.., the construction of novel dielectric ceramic
capacitors with ultrahigh 7 at high electric field becomes the
urgent issues at present.

Among the most investigated dielectric ceramic materials,
the linear dielectrics and relaxor ferroelectrics usually exhib-
ited higher n compared with the antiferroelectrics.!!=!3> The
first-order induced-field phase transitions in antiferroelec-
trics could greatly reduce the 7 and increase the heat loss.!*
Nevertheless, the ultralow polarization of linear dielectrics
(such as SrTiO;, CaTiO;) severely limits the enhancement of
W,e..'® As a result, the lead-free relaxor ferroelectrics (such as
(BiysNay 5)TiO;, BaTiO5 and (K, sNay 5)NbO;) become one
of the most promising ceramic capacitors in order to protect
the human health and environment.'®!7 In recent years, the
Ky sNa, sNbO; (KNN)-based relaxor ferroelectrics attracted
much attention owing to the boosted E,. For instance, Du
et al. boosted the E, from ~200 kV/cm to ~870 kV/cm by tai-
loring the doping component Bi(Ni, sZr, ;)O5 in KNN ceram-
ics.!® However, the nis lower than 90%. The common process
to enhance the 7 is to construct the short-range ordered polar
nanoregions (PNRs), which could quickly response to the
external electric field."” Additionally, the aligned PNRs along
the external electric field direction will rapidly recover to
the original disorder state, thus generating the small P, and
high 7 once the external electric field is removed.?’ Many
researchers verified that doping the appropriate secondary
solid solution in the ferroelectrics can effectively reduce the
ferroelectric order size.?!

In this work, an integrated strategy to improve n under
the high electric field is proposed, as sketched in Fig. 1.
The perovskite oxide Bi(Zn,;(Nb,Ta,_,),;3)O; is introduced
into (Nay 5K, 5)NbO; matrix to form binary solid solution
ceramics  0.9(Naj ;K s)NbO;—0.1Bi(Zn,;(Nb,Ta,_,),;3)O4
(0.9KNN-0.1BZT,N,_,), x = 0, 0.25, 0.5, 0.75, 1) ferroelec-
tric ceramics based on following consideration. On the one
hand, the more diverse ions in the B-sites owing to introduc-
ing the Ta could further disturb the long-range ferroelectric
polar order to form the short-range PNRs, i.e., enhance the
dielectric relaxor behavior, which would result the small P,
and high 7. On the other hand, the introduction of Ta ions
could boost the intrinsic band energy gap and thus improve

Electric Field (kV/em)

high W,,; high n

Schematic diagram of optimization strategy in this work.

the E,. As a result, high W, of 3.29 J/cm? and ultrahigh n
of 90.1% at the high external electric field of 310 kV/cm
were achieved in x = 0.5 sample. These results reveal that the
KNN-based ceramics are promising lead-free candidate for

high-power electronic devices.

2. Experimental Section

A series of 0.9KNN-0.1BZT,N,_,, were fabricated by con-
ventional solid state reaction method using the oxides and
carbonate of K,CO; (99.9%), Na,CO; (99.9%), Nb,Os
(99.99%), Bi,05 (99.9%), ZnO (99.9%), Ta,05 (99.5%). All
the raw materials were purchased from Shanghai Macklin
Biochemical Co. Ltd. First, the raw materials were dried
to remove the absorbed water, weighted according to the
designed stoichiometric formula, and then ball-milled with
ethanol and ZrO, ball for 12 h in a planetary ball mill. Next,
the mixed chemicals were dried to remove ethanol and subse-
quently were calcined twice at 800°C for 3 h in alumina cru-
cibles. Subsequently, the calcined powders were ball-milled
again for 12 h. After drying, the mixed powders were pressed
into disks with polyvinyl butyral (PVB) as binder. The diam-
eter and thickness of the green disks were about 10 mm and
0.8 mm, respectively. Finally, the disks were sintered at
1090-1120°C for 3 h according to their composition. Before
electrical measurement, the ceramics were polished to about
0.05 mm with Au electrode with the diameter of ~3 mm.
The crystalline structure of 0.9KNN-0.1BZT,N,_,
ceramics was analyzed by X-ray diffraction (XRD, SmartLab,
Rigaku, Tokyo, Japan) with Cu K, radiation (A = 0.15406
nm). The surface microstructure of as-sintered ceramics was
measured by the field-emission scanning electron microscopy
(SEM, LEO-1530, OberkoChen, Germany). The transmission
electron microscopy (TEM, JEOL2100, Japan) was carried
out to observe the microstructure of the sample. The band-gap
energy of the ceramics was measured using an ultraviolet—
visible (UV-Vis) spectrophotometer (UV-2550; Shimadzu,
Tokyo, Japan). The temperature-dependent dielectric prop-
erties were determined by the LCR meter (Keysight E4980,
Santa Rosa, CA). The polarization versus electric field hyster-
esis (P-E) curves were measured by a ferroelectric analyzer
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Fig. 2. (a) XRD patterns of 0.9KNN-0.1BZT,N,_,, ceramics at

room temperature. (b) Enlarged XRD patterns in the 26 range of
43.5-48°.

(Radiant Technologies Inc., USA). The charge—discharge
properties were conducted by a commercial charge—discharge
platform (PK-CPR1701, PolyK Technologies, PA, USA).

3. Results and Discussion

Figure 2(a) depicts the room temperature XRD patterns of
0.9KNN-0.1BZT N;_,, ceramics. All the samples exhibit a
pure perovskite structure without any secondary phase, indi-
cating the sintered ceramics could well form solid solutions
because the tolerance factor of the doping BZT N;_,, (~0.93)
is similar to that of KNN matrix (~0.94). The enlarged (200)
diffraction peak in the 26 range of 43.5-48° for all composition

J. Adv. Dielect. 13, 2242001 (2023)

is shown in Fig. 2(b). It can be obviously observed that all
the (200) diffraction peaks are unimodal with symmetrical
structure for all the compositions, suggesting all the ceramics
are dominated by pseudocubic phase structure. The approx-
imate symmetrical phase structure is beneficial to facilitate
the energy storage performance.?? In addition, all the peaks
locate the nearly same angle, owing to the almost the same
ion radius of Ta** (R, = 0.64, CN = 6) and Nb>* (R’ =
0.64, CN =6).7

Temperature-dependent dielectric constant (g,) and loss
(tand) of all ceramics are shown in Figs. 3(a)-3(e). At room
temperature, the tané of all the ceramics exhibits the value
lower than 0.15 over all the testing frequencies. Meanwhile,
the tané of all ceramics keeps a low value at a wide tempera-
ture range from room temperature to 300°C, which demon-
strates that the excellent insulating properties. The low tané is
beneficial to reduce the dissipated energy and thus improve
the E,.”*? Only one dielectric anomaly featuring can be
seen, which should be ascribed to the ferroelectric—paraelec-
tric phase transition. Additionally, the dielectric anomaly
featuring of all the ceramic locates at the almost same tem-
perature (room temperature to 100°C). The results coincide
well with the XRD patterns. The dielectric peaks are very
broad and flattened, which indicates the thermal stability in
dielectric behavior of the ceramic samples. The temperature
corresponding to the maximum dielectric constant (g,), i.e.,
T, increases with increasing frequencies. The two charac-
teristics are the typical feature of the relaxor ferroelectrics.?®
To assess the relaxor behavior, the diffusion coefficient () is
fitted by the modified Curie—Weiss equation?’:

Ve, =1, =(T-T,)/C, 4)
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100 nm

Fig. 4. TEM image of x = 0.5 sample.

where C is Curie constant. The In(1/5—1/¢,)) versus In(7-T,,)
curves and relaxor coefficient are plotted in Fig. 3(f). The ~
value first increases and then decreases, achieving the max-
imum when x = 0.5. It demonstrates that the x = 0.5 sample
exhibited the distinct relaxor behavior, which should be cor-
related with the more complicated ion species in B-site on
account of the replacement of Nb>* by Ta>*. The enhanced
relaxor behavior could improve the energy storage efficiency
of the dielectric ceramics.

The relaxor behavior is again confirmed by TEM analysis.
TEM image of x = 0.5 sample is displayed in Fig. 4. The sub-
micron grains are closely arranged without any pores, as dis-
played in Fig. 4(a), demonstrating the compact morphology

of the ceramics. The typical stripped domains of KNN-
based ceramics are not found in the grains.?® Whereas, the
featureless PNRs could be obviously observed in the TEM
bright-field image in Fig. 4(b),?° which is consistent with the
relaxor behavior obtained by the temperature dependence of
the dielectric properties in Fig. 3. The PNRs could quickly
response to the external electric field, and recover to the orig-
inal disorder state, consequently achieving the low P, and
high 7.3%3! The formation of PNRs is related to the random
local electric and elastic field because Bi3*, Na*, K* occu-
pied the A-sites, and Nb>*, Zn?*, Ta>* occupied the B-site.2¢
In addition, the grain size is submicron-scale and these grains
are closely stacked without any pores, demonstrating the high
compactness of the as-sintered ceramics. It is also confirmed

98

98

94

92

relative density (%)

90

0.0 0.2 0.4 06 08 1.0

Fig. 5. Typical SEM morphologies of 0.9KNN-0.1BZT N,_,, ceramics: (a) x =0, (b) x=0.25, (c) x=0.5, (d) x=0.75, (e) x = 1. () Relative

density of 0.9KNN-0.1BZT N,_,, ceramics.
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by the SEM morphologies in Fig. 5. All the ceramics exhib-
ited a dense microstructure without any visible pores. The
relative density of the ceramics is plotted in Fig. 5(f). It can
be found that all the relative density values are higher than
98%. Besides, all the ceramics exhibit the similar small grain
with the average grain size <200 nm. The fine grain and high
compactness are beneficial to enhance the E,. Especially, the
highest relative density of x = 0.5 ceramic might generate the
highest E,.

The UV-Visible absorbance spectra of 0.9KNN-
0.1BZT,N;_,, ceramics are carried out to investigate the
influence of the Ta/Nb ions on the band-gap energy (E,),as
displayed in Fig. 6(a). The E, values are calculated according
to the following calculation formula:

(ahv)*(a.u.)

J. Adv. Dielect. 13, 2242001 (2023)
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(b)
(a) UV-Visible absorbance spectra of 0.9KNN-0.1BZT N,,_, ceramics. (b) Plots of (a/1/)? versus /v, and inset is the calculated E,.

where £ is Planck constant, « is absorption factor, A is a con-
stant, and v is photon frequency. (c/w)? versus hv curves are
plotted in Fig. 6(b) and the evolution of E, is depicted in the
corresponding inset. Notably, the E, value first increases and
then decreases, achieving the maximum value (3.144 eV) when
x=0.5. The large E, value means the high transition energy for
the electrons from valence band (VB) to conduction band (CB).
As a consequence, the x = 0.5 sample obtains the highest E
because intrinsic E, and E, obey the following relationship®*:

E 3
E, =1.36x107 x(ﬁ) (Vem™). (6)

Figure 7 displays room temperature unipolar P—E curves

(ahv)? = A(hy - E,), 5 of the 0.9KNN-0.1BZT,N,,_,, ceramics measured at various
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Fig. 7. Room temperature unipolar P—E curves of 0.9KNN-0.1BZT N,_,, ceramics at different electric fields, and insets are the correspond-
ing evolutions of W, and n values as function of electric field. (f) The evolutions of E;, W,.. and n values as a function of x.
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Fig. 8. The actual discharged energy density—time curves of 0.9KNN-0.1BZT N,_,, ceramics at various electric fields. (f) The variations

of Wy as a function of electric field.

external electric fields with a fixed frequency of 10 Hz. The
W... and 7 as a function of external electric field are summa-
rized in the corresponding insets. Furthermore, the evolutions
of E,, n, and W, as a function of x are plotted in Fig. 7(f).
The maximum electric field, i.e., E, first increases and then
decreases, achieving the peak value when x = 0.5 (190, 200,
310, 300, 230 kV/em for x = 0, x = 0.25, x = 0.5, x = 0.75,
x = 1 samples, respectively). The boosted electric break-
down strength is ascribed to the compact microstructure and
enhanced band energy gap. The large E, could rapidly boost
the energy storage properties. It can be observed that W,
linearly increases as the external electric field increases as
shown in Figs. 7(a)-7(e). In addition, the » remains the high
value until the ceramic is electrical breakdown. The high 7 is
consistence with the slim profiles of the P-E curve, which
results from the relaxor behavior of the ceramics. Especially,
the x = 0.5 sample owns the high » of 90.1% at the high exter-
nal electric field of 310 kV/cm, which is better than the other
sample (87.13% at 190 kV/cm for x =0, 89.134% at 200 kV/
cm for x = 0.25, 83.94% at 300 kV/cm for x = 0.75, 85.19%
at 230 kV/cm for x = 1) as summarized in Fig. 7(f). The high
n at high electric field should be ascribed to the short-range
PNRs, which could quickly response to the external electric
field. The high n means the low dissipated energy and thus
small (W-W,,.). The improved E, and n generated the excel-
lent W, (3.29 J/cm?) for x = 0.5 sample, which is much better
than the other samples (1.68 J/cm? at 190 kV/cm for x = 0,
2.04 J/cm3 at 200 kV/cm for x = 0.25, 2.95 J/cm? at 300 kV/
cm for x = 0.75, 2.49 J/em? at 230 kV/cm for x = 1).

To evaluate the actual application performance, the over-
damped discharged properties of the 0.9KNN-0.1BZT N, _,,

ceramics under different electric fields with a load resistor
of 13 kQ are measured. The actual discharged energy den-
sity (W,) as a function of time is displayed in Fig. 8. The
stored energy could be completed released in a very short
time, indicating the great promising for pulsed power elec-
tronic devices. Figure 8(f) summarizes the variation of W, as
a function of electric field. The W, of all the ceramics exhib-
its a linear increased tendency as the external electric field
increases. The W, value is smaller than the W, value for the
same sample under the same electric field on account of the
difference in measuring time between the P—E method and
actual discharging method.?*3* Nevertheless, W, and W,
show the similar variation rule. Wy achieved the maximum
value of 2.01 J/cm? for x = 0.5 sample, which is higher than
the other samples (1.23 J/cm? at 150 kV/cm for x = 0, 1.42
J/em3 at 150 kV/cm for x = 0.25, 1.95 J/cm? at 210 kV/cm
for x = 0.75, 1.22 J/cm? at 150 kV/cm for x = 1). The high
actual discharged energy density and fast discharged rate
demonstrate that the as-prepared ceramics could be applied
for pulsed power electronic devices.

4. Conclusions

The lead-free 0.9(Na,sK,5)NbO;—0.1Bi(Zn,(Nb,Ta,_.);3)-
O; relaxor ferroelectric ceramics are successfully synthesized
and systematically investigated. All the ceramics exhibit the
pure pseudocubic perovskite structure and compact micro-
structure. Moreover, the introduction of Ta ions could boost
the intrinsic band energy gap and thus improve the transition
energy for the electrons from VB to CB, which is responsi-
ble for enhanced E,. In addition, the more diverse ions in the
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B-sites owing to introducing the Ta could further disturb the
long-range ferroelectric polar order to form the short-range
PNRs, enhance the dielectric relaxor behavior, resulting
in the high 7. As a consequence, high W, of 3.29 J/cm?
and ultrahigh 7 of 90.1% at the high external electric field
of 310 kV/cm are achieved in x = 0.5 sample. These results
reveal that the KNN-based ceramics are promising lead-free
candidate for high-power electronic devices.
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