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As the development of electronic components has become highly integrated and diversified, dielectric
ceramic energy storage capacitors have attracted wide attention due to their high-power density, low
cost and ability to operate at high temperatures. In this work, we have designed (0.8 — x)BigsNagsTiOz—
0.2BaZrg 3Tig703—xNaNbOz (abbreviated as (0.8 — x)BNT-0.2BZT-xNN) lead-free relaxor ferroelectric
ceramics and successfully optimized the energy storage performance by synergistically modifying critical
factors affecting energy storage properties. The 0.7BNT-0.2BZT-0.1INN ceramic achieved high maxi-
mum polarization (Pmax = 42.1 pC cm™2), extremely low remnant polarization, recoverable energy sto-
rage density (Wiee = 3.53 J cm™3), efficiency (y = 93.5%) and Wec/E = 160.45 J (kV m~2) under a
medium—low electric field (E = 220 kV cm™3). The simultaneous achievement of high energy storage
density and efficiency under lower electric fields is due to the expansion of the octahedral framework

Received 29th February 2024, facilitated by Ba%* and Zr**, which promotes ion displacement. NaNbOsz can further improve relaxor

Accepted 4th April 2024 behaviors, compensating for polarization losses caused by relaxation and enhancing breakdown field
strength. Furthermore, it also exhibits excellent electric field stability (30-220 kV cm™, Ay < 0.7%), ther-
mal stability (20-140 °C, AW, < 7.2%), and frequency stability (1-100 Hz, AW,ec < 5.3%). This work

provides an option for the selection of dielectric capacitors under limited electric field conditions.
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1. Introduction capacitors can be evaluated using the following formulas:*>”’
Energy storage technologies have been an indispensable topic
for social development and progress. With the trend of electro-
nic devices moving towards portability, miniaturization, and Poax
stabilization, the development of energy storage devices with Wiee = J EdP
small volume, low cost, wide operating temperature, and
excellent performance is crucial. Ceramic-based dielectric capa-
citors, characterized by high power density, a wide operating n=—
temperature range, controllable and coordinated performance,

Pmax
Wtot = J EdP
0

and long cycle life, have become ideal for future pulse power
systems." ™

The energy storage density of dielectric capacitors remains
relatively low, still exhibiting a certain gap compared to bat-
teries and electrochemical capacitors. Therefore, enhancing the
energy storage density of dielectric capacitors has become an
important challenge. The energy storage properties of dielectric
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where Wiy, Wiee, and n represent the total energy density,
recoverable energy density, and efficiency, respectively. Ppax,
Py, and E represent the maximum polarization, remnant polar-
ization, and electric field, respectively. From the above formulas,
it can be inferred that achieving high energy storage density in
dielectric ceramic materials requires high P,.,, low P;, and high
breakdown field strength (E). For instance, Chen et al® intro-
duced CaTiy5Zry50; into the BiysNajsTiO;—NaNbO; matrix,
which significantly altered the grain size and conductivity,
leading to an increase in the Ep. Ultimately, BNT-NN/xCZT
composites with x = 7wt% achieved optimal energy storage
properties (Wye. = 4.93 ] cm™?, 5 = 93.3%) at 410 kV cm™ ', Zhang
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et al’ induced defect dipoles and reduced oxygen vacancy
concentrations in Sr,NaNbsO,s through the doping of CuO. A
high Wi of 4.17 J em™2 and an 1 of 89.5% are achieved under a
medium electric field (~350 kv em ™). Li et al.'® introduced La**
and Ta’" ions into the A/B sites of antiferroelectric AgNbO;, which
shifted the electric field-induced antiferroelectric-ferroelectric
phase transition to higher fields. The Agpo4La0.02NbggTa0203
ceramic achieved a Wy of 6.73 J em ™ and an # of 74.1% under
an electric field of 540 kv cm™'. Although higher Wi can be
achieved at higher electric field strengths, the contribution of the
electric field to polarization is low. It typically requires Py, at
400 kV cm™" to achieve 40 uC ecm™>. This limitation not only
increases the energy loss during the charging process of dielectric
capacitors, but also raises the risk and breakdown probability
when operating under high electric fields. Additional insulation
protection devices and driving instruments need to be applied
to the capacitors, anticipating higher working electric field
strengths. Therefore, it is necessary to develop dielectric energy
storage materials capable of simultaneously achieving high energy
density and energy storage efficiency under moderate to low
electric fields (< 250 kv em™").

In this work, we introduced NaNbO; (NN) into the 0.8Bi, 5-
Nay 5sTiO3-0.2BaZr, 3Tiy ;O3 (BNT-BZT) matrix to construct the
(0.8 — x)BNT-0.2BZT-xNN relaxor ferroelectric ceramics for
achieving excellent energy storage behaviors. The design ideas
of this work are shown in Fig. 1. The roles of the ferroelectri-
cally active ions Bi**, Na‘, and Ti*" are to generate locally
correlated electric dipoles. The presence of Ba>* and Zr*" with
larger ionic radii can expand the [AO;,] cube-octahedral and
[BO¢] octahedral main frameworks, providing space for ion
displacement while partially disrupting the long-range ordered
ferroelectric domains.''> The BNT-BZT ceramic exhibits high
Phax, but the energy storage efficiency is still low due to the large
P.. Upon the introduction of NN, the macroscopic ferroelectric
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domains will be further disrupted, leading to significant reduc-
tions in P, and the coercive field (E.). The lone electrons in the
outer 5s orbitals of Nb°" and Na" can compensate for the
polarization loss caused by relaxation.”® In addition, the large
bandgap of NN (~3.58 eV) can enhance the insulation perfor-
mance of the system, thus improving the Ey,."* Based on the above
composition design, the 0.7BNT-0.2BZT-0.1NN ceramic exhibits
weak local correlation but highly extendable unit polarization
vectors, demonstrating high Py, extremely low P, and excellent
energy storage performance. It achieves Wy, = 3.53 J cm™>, 5 =
93.5%, and W/E = 160.45 J (kv m~?) under medium-low electric
fields (220 kv em™ ™).

2. Experimental

Materials preparation: (0.8 — x)BNT-0.2BZT-xNN (x = 0, 0.1,
0.2, and 0.3) ceramics were prepared via the conventional solid-
state reaction method using Bi,03(99%), Na,C0;(99.8%),
BaCO03(99%), Ti0,(99%), Zr0,(99%), and Nb,05(99.5%) as raw
materials. The raw materials were first weighed according to
the stoichiometric ratio. They were then milled in an attrition
mill using anhydrous ethanol as the milling medium for 12 h in
a planetary ball mill and dried. Subsequently, the mixed
powders were sintered at 850 °C for 4 h, subjected to secondary
milling for 12 hours, and dried again. After drying, the powders
were thoroughly mixed and ground with a 5 wt% polyvinyl
alcohol (PVA) solution. The resulting powder was pressed into
discs with a diameter of 8 mm and a thickness of 0.5 mm,
followed by sintering. The sintering process involved two steps: 1.
Holding at 650 °C for 2 h to remove PVA with a heating rate of
4 °C min~". 2. Upon completion of removing PVA, ramping up to
1090 °C and holding for 2 h for the final sintering, with a heating

rate of 5 °C min~ .
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Fig. 1 The design strategy for improving energy storage behaviors of (0.8 — x)BNT-0.2BZT-xNN ceramics.
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Characterization: The crystal structure and phase composi-
tion information of (0.8 — x)BNT-0.2BZT-xNN ceramics were
obtained through X-ray diffraction (XRD, D8 Advanced, Bruker,
Germany). The surface morphology images of the samples were
photographed using a field emission scanning electron micro-
scope (FESEM, SU8220, Japan). The dielectric properties of the
ceramics were measured at different temperatures and frequen-
cies using a Wayne Kerr 6500B system. The room temperature
ferroelectric properties (1 Hz, 20 °C), thermal stability (1 Hz,
20-140 °C) and frequency stability (1 Hz-100 Hz, 20 °C) were
recorded with a ferroelectric analyzer (TF Analyzer 3000E,
Germany).

3. Results and discussion

Fig. 2(a) shows the XRD patterns of (0.8 — x)BNT-0.2BZT-xNN
ceramics. All ceramic compositions exhibit a single perovskite
structure without observable secondary phases, indicating that
NN enters the BNT-BZT matrix to form a stable solid solution.
As shown in Fig. 2(b), the peak position of the (200) diffraction
peak gradually shifts to lower angles with increasing NN con-
tent. It is due to the lattice expansion caused by the substitution
of Ti** (0.605 A, CN = 6) with Nb®* (0.64 A, CN = 6) with a larger
ionic radius.'®'® The tolerance factor, which measures the
stability of the perovskite system, can be calculated using the

Ra + Ro
V2(Rg + Ro)
represent ionic radii of the A-site, B-site, and oxygen ions,
respectively.'” The tolerance factors of (0.8 — x)BNT-0.2BZT-
XNN ceramics are 0.9848, 0.9845, 0.9842, and 0.9839, respec-
tively. A decrease in the tolerance factor will cause a change in
the direction of close-packed crystal planes for ¢ < 1. The larger
interstitial sites in the lattice facilitate the occurrence of ion
displacement, relaxation behaviors and antiferroelectric
distortion.

The surface microstructure images of (0.8 — x)BNT-BZT-
xNN ceramics are shown in Fig. 3(a)-(d). The grain boundaries

following equation: ¢ = , where R,, Rz and R,
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Fig. 2 (a) XRD pattern of (0.8 — x)BNT-BZT-xNN ceramics. (b) Partial
enlargement of 45.8-46.6°.
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of all samples are clear, and the grains are regular and compact
with almost no visible pores. Approximately 100 grains are
selected for the statistical analysis of the mean grain size,
determined using the intercept method, as shown in Fig. 3(e).
Initially, with the increase in x, the grain size decreased from
1.09 um at x = 0 to 0.79 pm at x = 0.1. It is explained that the
substitution of larger ionic radius and atomic weight Nb>* for
Ti*" increases the lattice strain energy, and the diffusion
coefficient of Nb>" is low, which inhibits crystal growth.'®"?
However, as the NN content further increases, the average grain
size increases from 0.79 um at x = 0.1 to 1.23 um at x = 0.3. This
phenomenon is closely associated with the defect structure
within the ceramic material. The volatilization of Na’ and
Bi*" introduces oxygen vacancies. During the high temperature
sintering process, these vacancies facilitate mass transport
within the ceramic, resulting in an enlargement of the grain
size.”® High density and low porosity are beneficial for improv-
ing the breakdown field strength of the ceramics.

Fig. 4(a)-(d) show the temperature-dependent behaviors
of the dielectric constants (g;) and dielectric losses (tand) of
(0.8 — x)BNT-BZT-xNN ceramics in the frequency range of
1 kHz to 1 MHz. All samples exhibit characteristics of relaxor
behaviors, including diffuse phase transitions and frequency
dispersion. In undoped NN samples, two distinct dielectric
peaks (Ts) and (Ty,) are observed. T corresponds to the thermal
evolution of discrete polar nanoregions, while T, corresponds to
the phase transition from rhombohedral to tetragonal phases.*'
With the addition of NN, the T peaks significantly shift towards
lower temperatures, corresponding to approximately 87.6 °C,
51.5 °C, and 20 °C, while the T, peaks disappear. This phenom-
enon can be attributed to the stabilization of the P4bm polar
nanoregions (PNRs) at high temperatures, leading to the obser-
vation of only low-temperature 7; anomaly transition peaks
in the &,-T curves.?* Similar features were also observed in other
BNT-based ceramics modified with NaNbO;, CaZrO;, and
NbTa0;.>*% It is noteworthy that the weak peaks (T.) appear
in the high-temperature region [Fig. 4(b)-(d)], which is attributed
to the contribution of the NN antiferroelectric phase.>® The &,
gradually decreases with the increase in NN content. It can be
explained by the increased compositional disorder, diffusion of
polar nanoregions, and reorientation of ferroelectric domains,
resulting in a dilution effect.”” Furthermore, all samples exhibit
relatively low dielectric losses (<0.15) from 20 °C to 450 °C,
indicating their strong insulation capability over a wide
temperature range.

In order to evaluate the ferroelectric properties of (0.8 — x)
BNT-BZT-xNN ceramics, Fig. 5(a) and (b) illustrate the
biaxial P-E loops and variations of important parameters at
100 kV em™". The sample with x = 0 exhibits the highest Py
and AP. However, this composition exhibits strong hysteresis
and saturation polarization tendencies, which are not suitable
for energy storage. After the introduction of NN, the P-E loops
exhibit a more elongated and linear shape. These elongated P-E
loops can reduce polarization losses during charging
and discharging processes, thereby increasing energy storage
density. Both Py, and AP (Ppax-P;) gradually decrease with
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Fig. 3 (a)-(d) SEM images and (e) mean grain size with the increase of content x of (0.8 — x)BNT-BZT-xNN ceramics.
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Fig. 4 (a)-(d) Temperature dependence of ¢ and tand of (0.8 — x)BNT-BZT-xNN ceramics at different frequencies.

increasing x content, while P, decreases initially and then
stabilizes. These results are consistent with the observations
from the ¢-T curves, attributed to the disruption of partial
long-range order in the system by A-site Na* and B-site Nb*",
thereby increasing the relaxor behaviors of ceramics. The
formation of polar nanoregions is facilitated by the presence
of local disorder, and the recovery of ferroelectric domains to
their initial orientations upon the removal of external electric
fields is made easier by the existence of local random electric

6482 | J Mater. Chem. C, 2024, 12, 6479-6486

fields. Furthermore, the gradual increase in the content of the
weakly polar P4bm phase, along with these factors, collectively
contributes to the decrease in both P, and P,.

Fig. 6(a) displays the unipolar P-E loops of (0.8 — x)BNT-
BZT-xNN ceramic samples under critical electric fields, in
order to comprehensively evaluate their energy storage perfor-
mance. It is obvious that the curvature of the P-E loops
decreases with an increase in the NN content due to the delayed
saturation of polarization saturation. For samples with NN

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) The bipolar P—E loops at 100 kV cm~t of (0.8 — X)BNT-BZT-xNN ceramics and (b) Prax. Py and AP (Ppax—P;) as a function of x content.
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Fig. 6 (a) Unipolar P—E loops at critical electric fields of (0.8 — x)BNT-BZT—-xNN ceramics and (b) W, and 5 are calculated from (a).

content ranging from 0 to 0.3, the E}, is measured to be 170,
220, 230 and 250 kV cm™ ', respectively. As expected, NN
widened the bandgap of the system and improved its insulating
properties, resulting in an enhanced Ej,. The values for W, and
1 of (0.8 — x)BNT-BZT-xNN ceramics were calculated from the
unipolar P-E loops and are presented in Fig. 6(b). The Wy, and
# increased from 2.16 J cm > and 66.1% for x = 0 to 3.53 J cm >
and 93.5% for x = 0.1, respectively, resulting in a percentage
change of 63.4% and 41.5%, respectively. However, W and 5
slightly decreased with the further increase in x. This decrease
is primarily attributed to the enhancement of relaxor behaviors
and the merging of domain switching caused by the reinforce-
ment of antiferroelectric phases. The delay of polarization
saturation, the improvement of relaxation and the increase in
E, significantly enhance the energy storage capability of (0.8 —
x)BNT-BZT-xNN ceramics.

Fig. 7(a)—(f) show the unipolar P-E loops, Wi, and # of (1 —
X)BNT-BZT-xNN ceramics (x = 0-0.2) under different electric
fields. The overall shape of the P-E loops for all samples
remained unchanged as the electric field increased, while Wi

This journal is © The Royal Society of Chemistry 2024

almost linearly increased with the electric field. In the sample
with x = 0, Pp,ax increased from 11.6 uC cm ™2 at 30 kV em™* to
50.2 uC cm ™2 at 170 kV ecm™'. Owing to the presence of Ba**
and Zr"" with large ionic radii, the octahedral framework is
expanded and sufficient space is provided for ion displace-
ment, thus enabling a significant P,,x to be achieved even at
lower electric field. Although moderate W (~2.16 ] cm %) was
achieved in the 0.8BNT-0.2BZT ceramic, due to the low p
(~66.1%), it is still not suitable for energy storage in dielectric
capacitors. Consistent with the intended design of this work, the
incorporation of NN has enhanced relaxation and compensated
for polarization losses, while exhibiting high local polarity. Thus,
the sample with x = 0.1 exhibits a large Ppay (~42.1 pC cm?)
at 220 kv em™', a small P, (~1.1 puC cm ?), high Wi
(~3.53 ] cm™?), 51 (~93.5%), and Wieo/E (~160.45 J (kV m~2)).
Interestingly, # shows almost no dependence on the electric
field, with a variation rate of less than 0.7%. It indicates that the
n of 0.7BNT-0.2BZT-0.1NN ceramic has outstanding electric
field stability. In the sample with x = 0.2, due to the enhance-
ment of relaxation and antiferroelectricity, polar domains grow

J. Mater. Chem. C, 2024,12, 6479-6486 | 6483
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Fig. 7 (a)-(c) Unipolar P—E loops under different electric fields, and (d)-(f) electric-field dependence of W, and .

and merge under higher electric fields, leading to slightly lower
Wree and # compared to the sample with x = 0.1. Furthermore, a
comparison with recent reported work on lead-free ceramic
energy storage properties is presented in Table 1.22*?"37 Qur
work is very significant as it not only maintains higher W, and
1, but also has a leading W,../E under a low electric field. (1 —
X)BNT-BZT-XxNN ceramics will shine in future energy storage
components of power systems.

Components used for pulse energy storage inevitably generate
heat during operation and need to work in some harsh environ-
ments. Therefore, the temperature and frequency stability of
dielectric energy storage ceramics are crucial in practical applica-
tions. Fig. 8(a) shows the P-E loops of the 0.7BNT-0.2BZT-0.1NN
ceramic at different temperatures at 150 kv cm . Fig. 8(b)
summarizes the changes in energy storage parameters. As the

temperature increases, W, and # initially increase slightly and
then decrease. It can be attributed to the increase in weakly polar
phases, which leads to a slight increase in W;.. and 5 due to the
decrease in Pp,ax and P;. As the temperature continues to rise, Pyax
further decreases along with an increase in P, and leakage current,
causing W and » to decrease (see the inset of Fig. 8(a)). Within
the range of 20-140 °C, W, only decreases by 7.2%, and 5
remains above 90%. The energy storage performance of
0.7BNT-0.2BZT-0.1NN ceramics at different frequencies under
120 kV em™" is shown in Fig. 8(c) and (d). The shape of the P-E
loops remains unchanged at different frequencies. With increas-
ing test frequency, the ferroelectric domains cannot respond
in time, so Wy and # gradually decrease. The sample only
experiences a 5.3% decrease in Wi, and maintains 5 of over
85% at frequencies ranging from 1 to 100 Hz. In conclusion,

Table 1 A comparison of the energy storage behaviors between this work and other reported lead-free ceramics in recent years

Composition Wree (J em ™) 1 (%) E(kvVem ) Weeo/E J (kV m™?) Ref.
0.7Nag 5Big s Ti03-0.3NaNbO; : 7%CaZr, s Tig 505 4.93 93.3 410 120.24 8
0.8(0.94Nay_;Bi s Ti0;-0.06BaTiO;)-0.2Bi(Mg,/sNby 5)05 1.88 82.15 150 125.33 27
Big 305N 3255T0 245 TiO5~Cag s Lag , TiO5 8.30 80 660 125.76 28
0.94(Nag_g3Smy,0sNbO,)-0.06(BiFeO,) 4.00 80 460 86.96 29
0.875K,,5Nag sNbO;-0.125Bi(Sto 5Zr 5)O; 2.95 84 245 120.41 23
0.925(Ko sNag 5)NDO3-0.075Bi(Zny,5(Tae sNbg 5)1/305) 4.05 87.4 307 131.92 30
Mn-0.97AgNbO;-0.03Bi, sNag sTiO5 3.40 62 220 154.55 31
0.85K,,5Nag sNbO;-0.15Bi(Zn, ;Ta, 3)0; 6.70 92 600 111.67 32
0.925B20.g5Cag.15ZF0.1 Tip.005-0.025BiMg, sNb, 50, 3.81 90.5 405 94.07 33
0.7(Bio.47La0.03N.5)0.94B0,06TiO3-0.3SI T, 75Nbg 1 O 42 89.3 380 110.53 34
0.82NaNbO;-0.18Ba(Fe, sNby 5)05 3.55 84.1 450 78.89 35
0.8Nag_5Bio s TiO5-0.25M, 35t1 »(Mg1/3Nby/3) 05 7.3 78.2 480 152.08 36
0.9(0.6Biy sNa sTiO;-0.4Sr, ,Biy »TiO5)-0.1SmFeO, 7.2 86 430 167.44 37
0.7Biy sNag s TiO3-0.2BaZr, 5 Tig 05-0.1NaNbO; 3.53 93.5 220 160.45 This work
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Fig. 8 Unipolar P—E loops and energy storage properties of 0.7BNT—-0.2BZT-0.1NN ceramic at (a) and (b) different temperatures and (c) and (d) different

frequencies. The inset in (a) shows a localized magnified view of P

0.7BNT-0.2BZT-0.1NN ceramics exhibit excellent thermal/fre-
quency stability, making them an ideal candidate material for
high-performance ceramic capacitors.

4. Conclusions

In summary, we have successfully synthesized (0.8 — x)BNT-
0.2BZT-xNN relaxor ferroelectric ceramics with desirable
energy storage behaviors using a solid-state reaction method.
The regulation of key factors influencing energy storage proper-
ties, such as the dielectric relaxation behaviors and E; of
ceramics, has been significantly improved based on component
design. The addition of NN to BNT-BZT results in an unordered
polarization local structure with alternating weak and strong
polar clusters, resulting in high P, and low P, at the macro-
scopic level. The 0.7BNT-0.2BZT-NN ceramic exhibits excellent
Wiee (~3.53 ] em™?), ultra-high 5 (~93.5%) and leading Wy /E
(~160.45 J (kv m~2)) at 220 kV ecm ™. In addition, this ceramic
shows outstanding electric field stability (30-220 kV ¢cm™,
Ay < 0.7%), thermal stability (20-140 °C, AWiee < 7.2%),
and frequency stability (1-100 Hz, AW, < 5.3%). These results

This journal is © The Royal Society of Chemistry 2024

suggest that the 0.7BNT-0.2BZT-NN ceramic has great
potential for application in advanced pulsed power systems.
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