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Abstract: NaNbO3-based ferroelectric composites are regarded as a highly promising typical energy
storage material. In this work, 0.02xMnO2−(1−x)NaNbO3−xBi0.5Na0.5TiO3 composites were pre-
pared by the solid-state sintering method and their microstructure, energy storage performance, and
temperature stability were analyzed. As observed by the SEM images, the addition of Bi0.5Na0.5TiO3

to NaNbO3 in appropriate amounts can effectively suppress grain growth, which is beneficial for
improving the breakdown field strength. When x = 0.3, an optimal value of 210 kV/cm is achieved.
Meanwhile, as 2θ = 33.2◦, the most intense XRD peak can be observed, indicating excellent solid
solubility between the phase components. Consequently, 0.006MnO2–0.7NaNbO3–0.3Bi0.5Na0.5TiO3

composites demonstrated an impressive discharging storage density of 2.464 J/cm3 and a consider-
able energy storage efficiency of 85.8%. In addition, within the temperature range of 30–80 ◦C, the
fluctuation in energy storage density remains below 10%. All the above performances indicate that
this type of material exhibits excellent practicality in the field of pulse power supply.

Keywords: ferroelectric composites; NaNbO3-based; energy storage performance; discharging
performance

1. Introduction

As the core component of pulse high-voltage power supplies, ferroelectric energy
storage ceramic materials exhibit promising application prospects in the field of power
electronics, particularly in areas such as electric vehicles, high-voltage ionization and
bacterial inactivation, owing to their exceptional fast charging and discharging capabilities,
as well as their temperature stability [1,2]. Currently, lead-containing perovskite ceramics
remain the most extensively researched ferroelectric materials [3,4]. However, given lead’s
toxicity as a metal, it poses a significant threat to human health [5,6]. As a result, researchers
are focused on seeking lead-free alternatives as a means of circumventing this issue [7].

It is widely recognized that the charging density (Wc), discharging density (Wd), and
charging/discharging efficiency (
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=
Wd
Wc

× 100% (3)

where E stands for electric field, P denotes polarization, Pr represents residual polarization
and Ps signifies saturation polarization. The formulas demonstrate that high breakdown
strength (Eb), large Ps, and small Pr are the keys to improving energy storage performance.
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Currently, the forefront of research in lead-free energy storage ceramics encompasses
AgNbO3 (AN)-based, Sr0.7Bi0.2TiO3 (SBT)-based and NaNbO3 (NN)-based materials. The
AN-based ceramics demonstrate large Wd; however, to prevent alterations in the valence
state of silver ions during the sintering process, a specific sintering atmosphere is neces-
sary [8,9]. As for the SBT-based materials, praiseworthy ferroelectric relaxation behavior is
readily achievable, but their low Eb constrains the improvement of energy density [9,10].
In comparison to the aforementioned types, NN-based ceramics exhibit outstanding en-
ergy storage capabilities, lower production costs, and straightforward manufacturing
processes [11,12]. Nevertheless, their application in energy storage still faces limitations of
high Pr and small Eb [13,14]. A careful analysis of the scientific literature on energy storage
ceramics reveals that ionic doping has the potential to disrupt the long-range order of
ferroelectrics, thereby significantly diminishing the remnant polarization and bolstering the
energy storage performance [15]. As an example, the incorporation of manganese ions into
AgNbO3 effectively decreased the Pr of the ceramic to 0.8 µC/cm2, compared to 4.4 µC/cm2

for the unadulterated counterpart. This is due to the replacement of manganese ions with
niobium ions at site B, which triggers a change in lattice constants and increases internal
stress, thereby elevating the ferroelectric polarization barrier and reducing the residual
polarization strength [16]. It is foreseeable that incorporating an appropriate amount of
manganese ions into ferroelectric energy storage materials will result in a narrower hys-
teresis loop, ultimately enhancing energy storage efficiency. Furthermore, multi-phase
composite modification is also an effective method to enhance the energy storage perfor-
mance of materials [6,17]. According to reports, in some NaNbO3-based composites, the
incorporation of bismuth ions facilitates a reduction in sintering temperature. This reduc-
tion is beneficial for improving structural defects caused by the volatilization of sodium
ions and strengthening the Eb [18,19]. Furthermore, the replacement of Bi and Na ions can
cause fluctuations in local components, thereby contributing to the reduction in the Pr of the
composite [20]. From this, it can be inferred that introducing other bismuth-containing fer-
roelectric phases into NaNbO3 can also improve the energy storage performance. Notably,
(Bi0.5Na0.5)TiO3 (BNT), as a prototypical expected material, demonstrates an impressive Ps
value of 43 µC/cm2, rendering it highly appealing [21].

Taking into account the impact of the above ions and phase composition, in this work,
we fabricated 0.02xMnO2−(1−x)NaNbO3−xBi0.5Na0.5TiO3 composites and studied their
sintering characteristics, microstructure, energy storage and discharging performance.

2. Materials and Methods
2.1. Preparation of M–NN–xBNT Samples

Polycrystalline ceramic samples of 0.02xMnO2−(1−x)NaNbO3−xBi0.5Na0.5TiO3
(M–NN–xBNT, x = 0, 0.2, 0.3, 0.4, 0.5 and 1) were prepared by solid-state sintering method.
The components used were weighed based on the formula provided, which included
Na2CO3 (99.5%), Nb2O5 (99.9%), TiO2 (99.0%), Bi2O3 (99.9%), and MnO2 (99.5%), and
all raw materials used are produced by Aladdin Reagent Co., Ltd. (Shanghai, China).
After ball milling, the mixture was dried and then heated at 700 ◦C for 3 h, followed by
a second ball milling. After drying, the powder was pressed into compact green bodies
under 200 MPa and kept sintering at 1050–1180 ◦C for 3 h. Finally, after polishing, the
obtained ceramics were coated with high-temperature silver electrode and heat treated at
550 ◦C.

2.2. Characterization

The XRD curves were examined using X-ray diffraction (XRD, D8-Advance, Bruker
AXS Inc., Madison, Germany). The grain surface images were captured via scanning
electron microscope (SEM, SU8010, Hitachi Ltd., Tokyo, Japan). The P-E loops were
analyzed with a ferroelectric tester (RTI-LC Π-100V, Radiant Technologies Inc., Burbank,
CA, USA). The discharging behavior was evaluated using charging/discharging testing
instrument (CDTS-10, JYJS Technology Co., Wuhan, China).
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3. Results

Figure 1 displays the XRD patterns of M–NN–xBNT composites, revealing that all
samples possess perovskite structures, as inferred from the peak characteristics. The most
intense diffraction peak is noted at x = 0.3, indicating excellent solid solubility between the
phase components. As illustrated in the enlarged view of Figure 2b, the (110) diffraction
peak of ceramic exhibits an initial shift toward a low angle followed by a move towards a
high angle with the addition of manganese content and BNT phase. This behavior means
that the lattice of the samples initially expands and then contracts. The lattice expansion of
ceramics for x = 0.2 or 0.3 should be primarily attributed to the replacement of larger Bi3+

(1.45 Å) for Na+ (1.39 Å) at site A, with the replacement of larger Mn2+ for Nb5+ (0.64 Å)
and Ti4+ (0.605 Å) at site B also playing a role [14]. It is noteworthy that the valence states
of manganese ions exhibit varied behavior across different preparation temperatures [22].

Coatings 2024, 14, x FOR PEER REVIEW 3 of 8 
 

 

and kept sintering at 1050–1180 °C for 3 h. Finally, after polishing, the obtained ceramics 
were coated with high-temperature silver electrode and heat treated at 550 °C. 

2.2. Characterization 
The XRD curves were examined using X-ray diffraction (XRD, D8-Advance, Bruker 

AXS Inc., Madison, Germany). The grain surface images were captured via scanning elec-
tron microscope (SEM, SU8010, Hitachi Ltd., Tokyo, Japan). The P-E loops were analyzed 
with a ferroelectric tester (RTI-LC Π-100V, Radiant Technologies Inc., Burbank, CA, USA) 
. The discharging behavior was evaluated using charging/discharging testing instrument 
(CDTS-10, JYJS Technology Co., Wuhan, China). 

3. Results 
Figure 1 displays the XRD patterns of M–NN–xBNT composites, revealing that all 

samples possess perovskite structures, as inferred from the peak characteristics. The most 
intense diffraction peak is noted at x = 0.3, indicating excellent solid solubility between the 
phase components. As illustrated in the enlarged view of Figure 2b, the (110) diffraction 
peak of ceramic exhibits an initial shift toward a low angle followed by a move towards a 
high angle with the addition of manganese content and BNT phase. This behavior means 
that the lattice of the samples initially expands and then contracts. The lattice expansion 
of ceramics for x = 0.2 or 0.3 should be primarily attributed to the replacement of larger 
Bi3+ (1.45 Å) for Na+ (1.39 Å) at site A, with the replacement of larger Mn2+ for Nb5+ (0.64 Å) 
and Ti4+ (0.605 Å) at site B also playing a role [14]. It is noteworthy that the valence states 
of manganese ions exhibit varied behavior across different preparation temperatures [22]. 

OnMOnMOnMOnM
2

1650
43

32
1080

32
3

535
2

4 +
°

++
°

+
°

+

 → → → CCC
，

 
(4) 

In this study, the sintering temperatures of all samples fell within the range of 1050–
1080 °C, enabling the reasonable coexistence of Mn2+ (0.83 Å) and Mn3+ (0.645 Å) in the M–
NN–xBNT composites. When x = 0.4, the lattice shrinkage in the ceramic can be explained 
by Ti4+ replacing Nb5+ at site B. At this point, excessive doping of manganese ions begins 
to diminish its impact on lattice changes [23]. 

  
Figure 1. (a) XRD curves of M–NN–xBNT composites and (b) the enlarged image of (110) diffraction 
peaks. 

Figure 2 shows the SEM pictures of different M–NN–xBNT. It is evident that the grain 
distribution of all samples is compact and dense. The appropriate addition of BNT com-
ponents and manganese elements is beneficial for refining grain size which reaches its 
minimum at x = 0.3. This suggests that the incorporation of BNT composition and manga-
nese elements notably improves the introduction of grain boundaries, establishing a firm 
foundation to attain exceptional breakdown strength. 

Figure 1. (a) XRD curves of M–NN–xBNT composites and (b) the enlarged image of (110) diffraction
peaks.

Coatings 2024, 14, x FOR PEER REVIEW 4 of 8 
 

 

   

  
Figure 2. The grain morphologies of the M–NN–xBNT composites: (a) x = 0; (b) x = 0.2; (c) x = 0.3; 
(d) x = 0.4, (e) x = 1. 

Figure 3 depicts the P-E loops and the corresponding energy storage properties of 
the M–NN–xBNT specimens. The introduction of appropriate amounts of BNT and man-
ganese ions can cause changes in the lattice constant of the NN phase, leading to an in-
crease in internal stress, which is not conducive to grain growth. As the grain size de-
creases, the grain boundaries increase, thereby enhancing the ferroelectric polarization 
barrier and making the hysteresis loop narrower [2]. Notably, the Eb reaches a maximum 
value of 210 kV/cm at x = 0.3, corroborating prior predictions derived from SEM patterns. 
Concurrently, Wd attains its peak value of 2.464 J/cm3, with a considerable energy storage 
efficiency of 85.8% achieved. The P-E loops of the samples under different external electric 
fields are displayed in Figure 3c. With the enhancement of the external electric field, both 
Pr and Pmax gradually increase. Figure 3d illustrates the correlation between Wc, Wd, and η 
of M–NN–0.3BNT composites. Through calculations, it is observed that the Wc increases 
from 0.723 J/cm3 to 2.464 J/cm3 while Wd elevates from 0.797 J/cm3 to 3.872 J/cm3, with the 
increase in the electric field from 110 kV/cm to 210 kV/cm. Conversely, as the electric field 
increases, the ŋ decreases from 90.7% to 85.8% due to the energy loss resulting from the 
increase in Pr. 

  

Figure 2. The grain morphologies of the M–NN–xBNT composites: (a) x = 0; (b) x = 0.2; (c) x = 0.3;
(d) x = 0.4, (e) x = 1.



Coatings 2024, 14, 1392 4 of 7

+4
MnO2

535◦C→
+3
Mn2O3

1080◦C→
+2,+3
Mn 3O4

1650◦C→
+2
MnO (4)

In this study, the sintering temperatures of all samples fell within the range of
1050–1080 ◦C, enabling the reasonable coexistence of Mn2+ (0.83 Å) and Mn3+ (0.645 Å) in
the M–NN–xBNT composites. When x = 0.4, the lattice shrinkage in the ceramic can be
explained by Ti4+ replacing Nb5+ at site B. At this point, excessive doping of manganese
ions begins to diminish its impact on lattice changes [23].

Figure 2 shows the SEM pictures of different M–NN–xBNT. It is evident that the
grain distribution of all samples is compact and dense. The appropriate addition of BNT
components and manganese elements is beneficial for refining grain size which reaches
its minimum at x = 0.3. This suggests that the incorporation of BNT composition and
manganese elements notably improves the introduction of grain boundaries, establishing a
firm foundation to attain exceptional breakdown strength.

Figure 3 depicts the P-E loops and the corresponding energy storage properties of the
M–NN–xBNT specimens. The introduction of appropriate amounts of BNT and manganese
ions can cause changes in the lattice constant of the NN phase, leading to an increase in
internal stress, which is not conducive to grain growth. As the grain size decreases, the grain
boundaries increase, thereby enhancing the ferroelectric polarization barrier and making
the hysteresis loop narrower [2]. Notably, the Eb reaches a maximum value of 210 kV/cm
at x = 0.3, corroborating prior predictions derived from SEM patterns. Concurrently, Wd
attains its peak value of 2.464 J/cm3, with a considerable energy storage efficiency of 85.8%
achieved. The P-E loops of the samples under different external electric fields are displayed
in Figure 3c. With the enhancement of the external electric field, both Pr and Pmax gradually
increase. Figure 3d illustrates the correlation between Wc, Wd, and η of M–NN–0.3BNT
composites. Through calculations, it is observed that the Wc increases from 0.723 J/cm3 to
2.464 J/cm3 while Wd elevates from 0.797 J/cm3 to 3.872 J/cm3, with the increase in the
electric field from 110 kV/cm to 210 kV/cm. Conversely, as the electric field increases, the
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The temperature dependence of energy storage performance is an important character-

istic for evaluating the comprehensive performance of energy storage materials. Figure 4a
describes the hysteresis loops at different temperatures. To prevent sample breakdown dur-
ing temperature changes, an appropriate and reasonable testing electric field of 160 kV/cm
was chosen. As observed, with the increase in ambient temperature from 30 ◦C to 100 ◦C,
the
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slowly decreases. It is worth noting that within the temperature range of 30–80 ◦C,
the energy storage density fluctuates by less than 10%, and the energy storage efficiency
consistently remains above 80%. However, once the temperature surpasses 80 ◦C, the Wc
of the composite ceramics exhibits a swift upward trend, leading to a swift decline in the
value of
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.
The capacitance discharge test is another crucial method for evaluating the compre-

hensive application performance of energy storage ceramics, alongside the hysteresis loop
test. During the application process, the load impedance value always remains at a low
level; thus, the underdamped oscillation curves were tested, as illustrated in Figure 5a.
The image demonstrates that the released current diminishes to approaching zero in a
consistent manner after a few oscillation cycles. In addition, the initial peak current shows
a consistent trend with the external electric field. The relevant charge and discharge charac-
teristic parameters, including maximum current (Imax), power density (Pd = EImax/2S) and
current density (j = Imax/S), are shown in Figure 6, with S representing the electrode area
of the specimen. Notably, when a 100 kV/cm external electric field is applied, the sample
achieves a maximum current of 34 A, with j and Pd attaining their respective peak values
of 361 A/cm2 and 18 MW/cm3. In light of these outstanding discharging capabilities, the
potential of M-NN-0.3BNT ceramics in the pulse power field is demonstrated.



Coatings 2024, 14, 1392 5 of 7Coatings 2024, 14, x FOR PEER REVIEW 5 of 8 
 

 

  

  
Figure 3. (a) The hysteresis loops and (b) corresponding energy storage performance of the M–NN–
xBNT composites; (c) the hysteresis loops corresponding to x = 0.3 and (d) corresponding energy 
storage performance under various electric fields. 

The temperature dependence of energy storage performance is an important charac-
teristic for evaluating the comprehensive performance of energy storage materials. Figure 
4a describes the hysteresis loops at different temperatures. To prevent sample breakdown 
during temperature changes, an appropriate and reasonable testing electric field of 160 
kV/cm was chosen. As observed, with the increase in ambient temperature from 30 °C to 
100 °C, the ŋ slowly decreases. It is worth noting that within the temperature range of 30–
80 °C, the energy storage density fluctuates by less than 10%, and the energy storage effi-
ciency consistently remains above 80%. However, once the temperature surpasses 80 °C, 
the Wc of the composite ceramics exhibits a swift upward trend, leading to a swift decline 
in the value of ŋ. 

  
Figure 4. Temperature stability of (a) the hysteresis loops and (b) corresponding energy storage 
performance. 

The capacitance discharge test is another crucial method for evaluating the compre-
hensive application performance of energy storage ceramics, alongside the hysteresis loop 

Figure 3. (a) The hysteresis loops and (b) corresponding energy storage performance of the M–NN–
xBNT composites; (c) the hysteresis loops corresponding to x = 0.3 and (d) corresponding energy
storage performance under various electric fields.

Coatings 2024, 14, x FOR PEER REVIEW 5 of 8 
 

 

  

  
Figure 3. (a) The hysteresis loops and (b) corresponding energy storage performance of the M–NN–
xBNT composites; (c) the hysteresis loops corresponding to x = 0.3 and (d) corresponding energy 
storage performance under various electric fields. 

The temperature dependence of energy storage performance is an important charac-
teristic for evaluating the comprehensive performance of energy storage materials. Figure 
4a describes the hysteresis loops at different temperatures. To prevent sample breakdown 
during temperature changes, an appropriate and reasonable testing electric field of 160 
kV/cm was chosen. As observed, with the increase in ambient temperature from 30 °C to 
100 °C, the ŋ slowly decreases. It is worth noting that within the temperature range of 30–
80 °C, the energy storage density fluctuates by less than 10%, and the energy storage effi-
ciency consistently remains above 80%. However, once the temperature surpasses 80 °C, 
the Wc of the composite ceramics exhibits a swift upward trend, leading to a swift decline 
in the value of ŋ. 

  
Figure 4. Temperature stability of (a) the hysteresis loops and (b) corresponding energy storage 
performance. 

The capacitance discharge test is another crucial method for evaluating the compre-
hensive application performance of energy storage ceramics, alongside the hysteresis loop 

Figure 4. Temperature stability of (a) the hysteresis loops and (b) corresponding energy storage
performance.

Coatings 2024, 14, x FOR PEER REVIEW 6 of 8 
 

 

test. During the application process, the load impedance value always remains at a low 
level; thus, the underdamped oscillation curves were tested, as illustrated in Figure 5a. 
The image demonstrates that the released current diminishes to approaching zero in a 
consistent manner after a few oscillation cycles. In addition, the initial peak current shows 
a consistent trend with the external electric field. The relevant charge and discharge char-
acteristic parameters, including maximum current (Imax), power density (Pd = EImax/2S) and 
current density (j = Imax/S), are shown in Figure 6, with S representing the electrode area 
of the specimen. Notably, when a 100 kV/cm external electric field is applied, the sample 
achieves a maximum current of 34 A, with j and Pd attaining their respective peak values 
of 361 A/cm2 and 18 MW/cm3. In light of these outstanding discharging capabilities, the 
potential of M-NN-0.3BNT ceramics in the pulse power field is demonstrated. 

The temperature dependence of undamped discharge is displayed in Figure 6. The 
images reveal that within the 40–120 °C range, there is a slight decrease in Imax, j, and Pd 
values as the ambient temperature rises, while the variation rate remains below 10%. The 
degradation of discharging performance can be attributed to the reduction in capacitance 
caused by the decrease in dielectric constant when exposed to high-temperature environ-
ments. 

  
Figure 5. (a) Underdamped discharge waveforms and (b) Imax, j and Pd for Mn-NN-0.3BNT samples 
under various electric fields. 

  

Figure 6. Temperature dependence of (a) underdamped discharge waveforms and (b) Imax, j and Pd 
for Mn-NN-0.3BNT ceramics under 100 kV/cm. 

4. Conclusions 
In this paper, 0.02xMnO2−(1−x)NaNbO3−xBi0.5Na0.5TiO3 composites were fabricated 

by the solid-state sintering method. At x = 0.3, the composites exhibit optimal compact-
ness, with a corresponding maximum Eb valued at 210 kV/cm. Meanwhile, all components 
exhibit excellent solid solubility. Comprehensive analysis reveals that the M-NN-0.3BNT 
ceramic boasts an optimal Wd of 2.464 J/cm3, and attains an impressive ŋ of 85.8%. Further-
more, the M-NN-0.3BNT ceramic demonstrates considerable Pd (18 MW/cm3), substantial 

Figure 5. (a) Underdamped discharge waveforms and (b) Imax, j and Pd for Mn-NN-0.3BNT samples
under various electric fields.



Coatings 2024, 14, 1392 6 of 7

Coatings 2024, 14, x FOR PEER REVIEW 6 of 8 
 

 

test. During the application process, the load impedance value always remains at a low 
level; thus, the underdamped oscillation curves were tested, as illustrated in Figure 5a. 
The image demonstrates that the released current diminishes to approaching zero in a 
consistent manner after a few oscillation cycles. In addition, the initial peak current shows 
a consistent trend with the external electric field. The relevant charge and discharge char-
acteristic parameters, including maximum current (Imax), power density (Pd = EImax/2S) and 
current density (j = Imax/S), are shown in Figure 6, with S representing the electrode area 
of the specimen. Notably, when a 100 kV/cm external electric field is applied, the sample 
achieves a maximum current of 34 A, with j and Pd attaining their respective peak values 
of 361 A/cm2 and 18 MW/cm3. In light of these outstanding discharging capabilities, the 
potential of M-NN-0.3BNT ceramics in the pulse power field is demonstrated. 

The temperature dependence of undamped discharge is displayed in Figure 6. The 
images reveal that within the 40–120 °C range, there is a slight decrease in Imax, j, and Pd 
values as the ambient temperature rises, while the variation rate remains below 10%. The 
degradation of discharging performance can be attributed to the reduction in capacitance 
caused by the decrease in dielectric constant when exposed to high-temperature environ-
ments. 

  
Figure 5. (a) Underdamped discharge waveforms and (b) Imax, j and Pd for Mn-NN-0.3BNT samples 
under various electric fields. 

  

Figure 6. Temperature dependence of (a) underdamped discharge waveforms and (b) Imax, j and Pd 
for Mn-NN-0.3BNT ceramics under 100 kV/cm. 

4. Conclusions 
In this paper, 0.02xMnO2−(1−x)NaNbO3−xBi0.5Na0.5TiO3 composites were fabricated 

by the solid-state sintering method. At x = 0.3, the composites exhibit optimal compact-
ness, with a corresponding maximum Eb valued at 210 kV/cm. Meanwhile, all components 
exhibit excellent solid solubility. Comprehensive analysis reveals that the M-NN-0.3BNT 
ceramic boasts an optimal Wd of 2.464 J/cm3, and attains an impressive ŋ of 85.8%. Further-
more, the M-NN-0.3BNT ceramic demonstrates considerable Pd (18 MW/cm3), substantial 

Figure 6. Temperature dependence of (a) underdamped discharge waveforms and (b) Imax, j and Pd

for Mn-NN-0.3BNT ceramics under 100 kV/cm.

The temperature dependence of undamped discharge is displayed in Figure 6. The
images reveal that within the 40–120 ◦C range, there is a slight decrease in Imax, j, and
Pd values as the ambient temperature rises, while the variation rate remains below 10%.
The degradation of discharging performance can be attributed to the reduction in capac-
itance caused by the decrease in dielectric constant when exposed to high-temperature
environments.

4. Conclusions

In this paper, 0.02xMnO2−(1−x)NaNbO3−xBi0.5Na0.5TiO3 composites were fabri-
cated by the solid-state sintering method. At x = 0.3, the composites exhibit optimal
compactness, with a corresponding maximum Eb valued at 210 kV/cm. Meanwhile,
all components exhibit excellent solid solubility. Comprehensive analysis reveals that
the M-NN-0.3BNT ceramic boasts an optimal Wd of 2.464 J/cm3, and attains an impres-
sive
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of 85.8%. Furthermore, the M-NN-0.3BNT ceramic demonstrates considerable Pd
(18 MW/cm3), substantial j (361 A/cm2), and consistent discharging performance with fluc-
tuation less than 10% in the temperature range of 30–80 ◦C, all of which suggest promising
application prospects in the pulse power field.
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