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ABSTRACT

Dielectric capacitors own great potential in next-generation energy storage devices for their fast charge-discharge time, while low energy stor-
age capacity limits their commercialization. Enormous lead-free ferroelectric ceramic capacitor systems have been reported in recent decades,
and energy storage density has increased rapidly. By comparing with some ceramic systems with fashioned materials or techniques, which
lacks repeatability, as reported latterly, we proposed a unique but straightforward way to boost the energy storage capacity in a modified con-
ventional ferroelectric system. Through stoichiometric ratio regulation, the coexistence of the C-phase and T-phase was obtained in 0.85
(Ba1-xCax)(ZryTi1-y)O3-0.15BiSmO3-2 wt. % MnO ceramics with x¼ 0.1 and y¼ 0.15 under the proof of the combination of Rietveld XRD
refinement and transmission electron microscope measurement. The Wrec of 3.90 J/cm

3, an excellent value for BCZT-based ceramic at the
present stage, was obtained because of the co-contribution of the optimization of electric field distribution and the additional interfacial
polarization triggered at the higher electric fields. The finite element simulation and physical deduction, which fits very well with our experi-
mental result, were also performed. As to the practical application, stable performance in a long-time cycle and frequency stability was
obtained, and excellent discharge behaviors were also achieved.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0156119

Dielectric energy storage capacitors show great potential in mod-
ern electronic products, such as power systems due to their
microsecond-level ultrafast charge–discharge time and megawatt-level

ultrahigh power density.1–5 However, by comparing with chemical
energy storage devices, such as Li batteries and fuel cells, their energy
storage capacity is relatively small, which hinders their miniaturization
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and integration development in cutting-edge technologies.6 Therefore,
developing dielectric energy storage capacitors with high energy stor-
age capacity and fast charge-discharge speed is becoming increasingly
urgent. Typical lead-based ferroelectric materials, such as
PbLaZrTiO3-based systems, show great potential in energy storage
capacitors. At the same time, the harm of Pb to both human-being
and the environment will inevitably limit their applications,7,8 leaving
the chance for the development of lead-free ferroelectric systems. The
energy storage capacity of a dielectric capacitor under a specific
applied electrical field (E) can be represented by the following
formula:9

W rec ¼
ðPm
Pr

EdP: (1)

where P is the generated polarization under E as well as Pm and Pr are
the maximum polarization upon charging and the residual polariza-
tion when the electrical field returns to zero, respectively. Hence, to
achieve a high energy storage density (Wrec), it is necessary to have
both a high dielectric breakdown strength (Eb) and a large (Pm–Pr). In
this case, most strategies are usually focused on two aspects: (1) fabri-
cating relaxor ferroelectrics with both large-spontaneous-polarization
and small domain size to achieve high (Pm–Pr);

10,11 (2) optimizing the
preparation technology and refining the grain size to improve the Eb.

12

After decades of exploration, lead-free energy storage ceramic
now owns enormous systems like NBT-based,13 KNN-based,14 and
BiFeO3-based

15 systems, which significantly widen the application
area of dielectric energy storage capacitors. Recently, AgNbO3-based

16

antiferroelectrics and high entropy17,18 relaxor ferroelectrics have
attracted much attention. Though the Wrec has reached as high as
6.519 and 10.06 J/cm3,20 the difference in crystallization temperature of
the former one and the high cost of the raw materials of the latter one
make them far from commercial application. BaTiO3-BiMeO3 (BT-
BiMeO3)

21 is an excellent relaxor ferroelectric system with both large
(Pm–Pr) and small coercive field (Ec), where theMe can be a single tri-
valent cation or two cations with an average of þ3. It has been exten-
sively studied due to its high energy efficiency (g) and Wrec. Yuan
et al.22 introduced Bi(Zn0.5Zr0.5)O3 into BT ceramics, and the Wrec of
the ceramics reached 2.46 J/cm3 due to the formation of nano-sized
ferroelectric domains. Li et al.23 reported that a high Wrec of 2.032
J/cm3 and g of �88% at 270 kV/cm could be obtained in 0.88BaTiO3-
0.12Bi(Li0.5Nb0.5)O3 ceramics through component regulation. A high
Wrec of 2.41 J/cm

3 and an excellent g as high as �91.6% at 280 kV/cm
were achieved in 0.85BaTiO3-0.15Bi(Zn1/2Sn1/2)O3 ceramics24 that
accompany with a good power density of 30.3MW/cm3 because of the
disruption of long-range ordered ferroelectric domains. The majority
of research on such systems only focuses on optimizing the BiMeO3.
At the same time, little work has been done to improve the contribu-
tion of BT, which is the more important ingredient in BT-BiMeO3 sys-
tems. As a good solid solution of BT, (Ba1-xCax)(ZryTi1-y)O3 (BCZT)
shows typical relaxor ferroelectric behaviors due to its compositional
fluctuation. In addition, it also exhibits high voltage endurance at its
morphology phase boundary (MPB) for the optimization of electric
field distribution,25,26 which offers excellent potential in high-energy
storage capacitors. Motivated by this, we chose BCZT instead of BT as
our basis material, and BiSmO3 was added for the high bandgap of
Sm.27 Meanwhile, MnO was doped to introduce defect dipoles for

Pm’s further increasing
28 and 0.85(Ba1-xCax)(ZryTi1-y)O3-0.15BiSmO3-

2 wt. % MnO (BCZT-SM) ceramics were finally prepared via the
solid-state method. Considering the significant effects of lattice param-
eters on the ferroelectric properties, we modulate the BCZT basis
material by changing the Ca2þ/Zr2þ ratio to control the lattice param-
eters, and interestingly, the coexistence of tetragonal (T) phase and
cubic(C) phase was also observed with x¼ 0.1 and y¼ 0.15, which
shows a competitive Wrec among BCZT-based systems at this stage.
This work revealed a fancy but easy way to improve the energy storage
density in lead-free ceramics and offer a solid theoretical basis for opti-
mizing functional materials.

Room-temperature XRD patterns of the BCZT-SM ceramics
with different stoichiometric ratios (x¼ 0.05 and 0.10, y¼ 0.1 and
0.15), which abbreviate as BC5Z10T-SM, BC10Z10T-SM, BC5Z15T-
SM, and BC10Z15T-SM, are shown in Fig. 1(a1). All the ceramics
show pure perovskite structure, suggesting the dissolution of BiSmO3

andMnO into the BCZT lattice. Figure 1(a2) depicts a local magnifica-
tion around 45� to show the peak splitting at (002)/(200), which indi-
cates the presence of T-phase in all the ceramics. In addition, an
apparent lattice parameter variation can be judged by the peak shift
according to the Bragg equation:29–31

2d sin h ¼ nk; (2)

where n, d, k, and h are an integer multiple of the wavelength, the
spacing between parallel atomic planes, the incident wave wavelength,
and the angle between the incident light and the crystal plane, respec-
tively. The XRD data were driven by Rietveld refinement using the
Fullprof for deeper analysis, and the results are displayed in Figs. 1
(b1)–1(b4), and some details of the refinement process are seen in the
supplementary material. Interestingly, only T-phase exists in
BC5Z10T-SM, BC10Z10T-SM, and BC5Z15T-SM, while the coexis-
tence of both T and C-phases with a ratio of 54.16%/45.84% is detected
in BC10Z15T-SM, and the ball-stick model of each phase was inserted
in each figure. Figure 1(c) illustrates the Gaussian–Lorentz fitting
result around 45� of XRD patterns of BC10Z15T-SM. The red scatter
symbols are the experimental data, and the black lines are the fitted
curve, which consists of two summed components. The yellow peak
splits into two and represents the T-phase, and the blue one, which
shows a single peak, represents the C-phase, which has a smaller out-
of-plane lattice parameter (c).

Figures S1(a)–S1(d) display the scanning electron microscope
(SEM) images of the top surface of these four ceramics. Though only a
slight change in grain size is observed with component variation,
BC10Z15T-SM exhibits a much better density and lower porosity than
the others according to the morphology, which predicts a high electri-
cal breakdown endurance. The corresponding energy dispersive x-ray
spectroscopy (EDS) elemental mappings of are shown in Figs. 1(d1)–1
(d4). Ba, O, Mn, and Sm elements disperse uniformly in BC10Z15T-
SM and can be confirmed through Ba-L, O-K, Mn-K, and Sm-L map-
pings, respectively. Transmission electron microscope (TEM) images
of the BC10Z15T-SM are shown in Figs. S1(e) and S1(f), and the ferro-
electric domains with different orientations can be seen in the areas
marked with white dashed lines, which demonstrates the diffusion of
the normal-sized ferroelectric domain in polar nanoregions (PNRs).
Figure 2(a1) shows the atom-resolved high-angle annular dark field
scanning transmission electron microscope (HAADF-STEM) image of
BC10Z15T-SM ceramic. Since the local polarization in the ABO3
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lattice can be determined by the displacement of the B-site cation con-
cerning the nearest four A-site cation center,30–32 polar regions can be
observed according to the Ti-displacement or Zr-displacement in this
work. Figures 2(a2)–2(a5) are the enlarged views of areas 1–4 of Fig. 2
(a1), and the spontaneous polarization orientation can be judged by
the arrows. Areas 1 and 4 and areas 2 and 3 belong to the C-phase and
T-phase, respectively. Figure 2(b1) shows the fast Fourier transform
(FFT) image of BC10Z15T-SM, and the well-arranged patterns, which
correspond to different lattice planes, can be observed. Figure 2(b2) is
the enlarged view of the (101) plane of the FFT image, in which two
patterns with close in-plane lattice parameters (a) but distinct c, which
correspond to the T-phase and C-phase, can be seen. In Fig. 2(b3),
with the FFT image of a higher angle of (301) plane, the value differ-
ence of a can be recognized by the included angle of h. Figures 2(c2)–2
(c4) illustrate the atomic-EDS mappings of Ba-L, Ti-L, and Sm-L of
the HAADF-STEM image from BC10Z15T-SM shown in Fig. 2(c1).
The precise atom arrangement of Ba in the A-site can be seen in Fig. 2
(c2). Due to our sample’s poor conductivity, the slice’s ion-milled area
kept jiggling under the hit of the electron beam without staying stable
during the measurement. Not enough signals for forming the atomic
EDS mappings can be collected. Despite this, we can still see the B-site

substitution of Ti and both A- and B-site substitution of Sm according
to the position of the bright spots in Figs. 2(c3) and 2(c4). The TEM
observations are consistent with the results of the two-phase coexis-
tence in Rietveld refinement.

Figure S2 shows the temperature dependence of dielectric con-
stant (e) and dielectric loss (tan d) of all these samples from �160 to
400 �C at different frequencies with the fitting result of the Curie-
Weiss law, and such e-T and tan d-T curves at 1 kHz are summarized
in Fig. 3(a). The presence of C-phase in BC10Z15T-SM leads to its
lowest e and tand, but the best dielectric thermal stability, which is due
to the limited displacement of Ti or Zr atom and shorter dipole
moment.33 The dielectric frequency stability of BC10Z15T-SM is also
much better than the others, and a variation of the dielectric constant
of only�20 is obtained from 100 to 106Hz, as seen in Fig. 3(b). Before
Wrec calculation, the Eb of each ceramic should be confirmed based on
theWeibull distribution as follows:34,35

Xi ¼ ln Ei; (3)

Yi ¼ ln � ln 1� Pið Þð Þ; (4)

Pi ¼ i
1þn

; (5)

FIG. 1. (a1) XRD patterns of BCZT-SM in the 2h range of 20�–80�; (a2) enlarged view of (a1) from 44.5�–46�; (b1)–(b4) Rietveld refinement of BCZT-SM; (c) the
Gaussian–Lorentz fitting around 45� of BC10Z15T-SM; (d1)–(d4) SEM EDS mappings of the BC10Z15T-SM.
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where Xi and Yi are the two parameters of the Weibull distribution, Yi
varies linearly with Xi with a slope of b, Ei and Pi are the sample’s
breakdown field and the electric field’s failure probability distribution,
respectively. However, n, i, and b are the total number of specimens,
the serial number of dielectric strength, and the slope of the linear rela-
tionship between ln(Ei) and ln(-ln(1-Pi)), respectively. After calculat-
ing, the highest Eb of 335 kV/cm is located in BC10Z15T-SM, and the
Eb of BC5Z10T-SM, BC10Z10T-SM, and BC5Z15T-SM is 270, 275,
and 305 kV/cm, respectively, as displayed in Fig. 3(c). Figure 3(d)
shows the unipolar hysteresis loops of all these ceramics performed at
Eb under 100Hz at room temperature, and the loop variations with
electrical fields are shown in Figs. S3(a)–S3(d). All these ceramics
exhibit super relaxor ferroelectric behavior with both higher Pm–Pr
and lower Ec in a slim loop, which is a result of the addition of MnO
in 0.85(Ba1-xCax)(ZryTi1-y)O3-0.15BiSmO3, as explained in the supple-
mentary material. The Wrec of BC5Z10T-SM, BC10Z10T-SM,
BC5Z15T-SM, and BC10Z15T-SM was calculated to be 3.19, 2.53,
3.15, and 3.90 J/cm3 by the integral of P with respect to Em. The excel-
lent performance of BC10Z15T-SM is attributed to the co-
contribution of both the highest Em and an optimistic polarization at a
higher electrical field. The former is caused by the existence of the C-
phase, which owns better high voltage endurance than the T-phase,

relying on its lower B-site atom displacement, as above-mentioned.
The summary of the energy storage performance of BC10Z15T-SM is
shown in Fig. S3(e).

To visually see the electric field redistribution, finite element sim-
ulation (FES) was carried out by driving the COMSOL Multiphysics
5.6. If we assume the adjacent T and C domains as capacitors with dif-
ferent e connected in series, as sketched in Fig. S3(f), and due to the
inversely proportional relationship between the e and applied voltage
(U) as we deduced in Eq. (S11), the mechanism of the electrical field
distribution optimization can be revealed, as explained in the supple-
mentary material. In this case, the electric potential in BC10Z15T-SM
under high voltage becomes disordered, and the C-phase in
BC10Z15T-SM attracts more voltage than T-phase, as seen in Figs. 4
(a) and 4(b). By comparing with the others, the T-phase in
BC10Z15T-SM suffers less partial voltage, and due to the better voltage
endurance of the C-phase at the same time, BC10Z15T-SM, thus,
shows the highest Eb. While just because of the existence of C-phase,
the polarization of BC10Z15T-SM should also be lower than all the
others because the polarization in a dielectric/ferroelectric material
under a certain electrical field should have a positive correlation with
both the dipole density and the dipole moment as we deduced Eq.
(S18) in the supplementary material. The hysteresis loops, however,

FIG. 2. (a1) Atom-resolved HAADF-STEM image of BC10Z15T-SM; (a2)–(a5) enlarged-view of area 1–4 in Fig. 2(a1); (b1) FFT image of BC10Z15T-SM; enlarged-view of
(b2) (101) plane; (b3) (301) plane of Fig. 2(a1); (c1) HAADF-STEM image of BC10Z15T-SM is used for atomic-EDS mappings; atomic-EDS mappings of (c2) Ba-L; (c3) Ti-L;
(c4) Sm-L, respectively, of 2 (c1).
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show a different result as we expected that the polarization of
BC10Z15T-SM is not the lowest under the electrical field from 0 to its
Eb. This phenomenon is believed to be attributed to the interfacial
polarization between T-phase and C-phase for their difference of
e,36,37 and such an extra interfacial polarization can only be triggered
when applying a higher voltage to the materials. That is why the

BC10Z15T-SM has the lowest e value in both e-T and e-f curves but
owns a much higher polarization in P-E loops. To clarify this, we
extracted the Pm, Wrec, and g of all the ceramics under 260 kV/cm
from Fig. S3 and plotted them in Fig. S4. The Pm of BC10Z15T-SM,
which has the lowest e, is higher than that in both BC10Z10T-SM and
BC5Z15T-SM. The values of Wrec, Wst, and g for all these ceramics at

FIG. 3. (a) The temperature-dependent; (b) frequency-dependent of e and tan d; (c) the Weibull distribution for calculating the Eb of BCZT-SM; the unipolar P-E loops (d); the
energy storage parameters (e) of BC10Z15T-SM measured at Eb/100 Hz at room temperature; (f) a comparison of the energy storage properties of BC10Z15T-SM with other
reported dielectric energy-storage systems in the latest literature.

FIG. 4. (a) Electric potential distribution; (b) electric field distribution of the BC10Z15T-SM ceramic; (c) P-E loops; (d) energy storage parameters of BC10Z15T-SM ceramic at
220 kV/cm/100 Hz during 1 000 000 circles; (e) P-E loops; (f) energy storage parameters of BC10Z15T-SM ceramic at 230 kV/cm under the frequency range from 20 to 800 Hz.
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Eb were calculated and summarized in Fig. 3(e). The difference value
of Wrec between the BCZT-SM ceramics with different stoichiometric
ratios is as high as 1.37 J/cm3, which means that an increment of
54.15% in Wrec was obtained by component regulation. Including this
work, Fig. 3(f) summarizes the energy storage performance of other
reported dielectric energy storage systems in the latest literature stud-
ies,38–58 and it can be seen that the BC10Z15T-SM ceramics have out-
standing advantages over others in terms of overall performance.

To characterize its reliability, the polarization fatigue and energy
storage frequency stability of BC10Z15T-SM were tested. Figure 4(c)
shows its bipolar hysteresis loop of under 220 kV/cm/100Hz during
1 000 000 cycles, and the corresponding energy storage parameters are
summarized in Fig. 4(d). The fluctuations of Wrec, Wst, and g with a
variation of only 27%, 7.4%, and 33.7% were achieved, respectively,
which matches well with the excellent dielectric frequency stability.
Figure 4(e) depicts the unipolar P-E loops of the BC10Z15T-SM at the
frequency range of 20–800Hz under the electric field of 230 kV/cm,
and the corresponding parameters are displayed in Fig. 4(f). The Pm
decreases with increasing frequency because some relaxation polariza-
tions cannot keep up with the switching of the applied electrical field,
especially at higher voltages, which is consistent with the result in e-f
curves. Both the fatigue and frequency stability of energy storage indi-
cate the reliability of BC10Z15T-SM. The practical application perfor-
mance of the BC10Z15T-SM capacitor in terms of energy storage is
evaluated using a pulsed charge-discharge test. The underdamped dis-
charge curves of BC10Z15T-SM ceramic under different electrical
fields are determined using an R-L-C circuit, as shown in Fig. 5(a). It
can be seen that this capacitor exhibits highly similar discharge behav-
iors under different electric fields. As the electric field increases, the
peak value of the first current also increases continuously, and Imax

increases from 5.8 to 31.5A. The variation of their current density CD

and electric field density PD is accounted for in Fig. 5(b), as two
momentous parameters can be obtained by the following
formulas:59–62

CD ¼ Imax=S; (6)

PD ¼ EImax=2S: (7)

From the equation, the CD and PD keep the same trend as the peak
current, achieving the values of 1003.18A/cm2 and 100.32MW/cm3 at
200 kV/cm, respectively. Figure 5(c) shows the overdamped pulse dis-
charge current under different electric fields when the load resistance
is 100 X. The peak current increases similarly, with E varying from 50
to 200 kV/cm. The time dependence of the discharge energy density
[Wd, Fig. 5(d)] can be calculated from the overdamped discharge cur-
rent curve using the formula:

Wd ¼ R
ð
i2 tð Þdt=V: (8)

R is the load resistance, V is the sample volume, I is the discharge
current, and t is time. Based on this, the large current is conducive
to obtaining high Wd. As shown in Fig. 5(d), Wd increases from
0.130 J/cm3 at 50 kV/cm3 to 1.785 J/cm3 at 200 kV/cm3. Generally, the
t0.9 parameter is the time required for dielectric capacitors to release
90% of the total energy stored. It is apparent that the BC10Z15T-SM-
SM ceramic exhibits a speedy and stable discharge rate with a t0.9 of
26 ns. These results indicate that BC10Z15T-SM-SM ceramic is a
promising candidate for pulsed power capacitor applications.

Via the regulation of stoichiometric ratio in 0.85(Ba1-xCax)
(ZryTi1-y)O3-0.15BiSmO3-2 wt. % MnO ceramics fabricated through
solid-state reaction, the lattice variation was observed in XRD result.
By combining the Rietveld refinement with TEM, the co-existence of

FIG. 5. Underdamped discharge wave-
forms (a); Imax, CD, and PD (b); over-
damped discharge current curves (c); and
Wd depending on time (d) of BC10Z15T-
SM at different electrical fields. The
equivalent circuit of this test is insetted in
Fig. 5(a).
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T-phase and C-phase was obtained with x¼ 0.1 and y¼ 0.15, while
the others contain only T-phase. Due to the co-contribution of optimi-
zation of electric field distribution and the extra interfacial polarization
triggered at the higher electrical field, which is a result of the existence
of C-phase, the Wrec of 3.90 J/cm

3, which is quite a competitive value
for BCZT-based polycrystalline ceramic, was obtained. The finite ele-
ment simulation and significant physical deduction were also per-
formed, and both fit well with our experimental result. In addition,
good ferroelectric fatigue and frequency stability of energy storage
were also characterized, and a good discharge performance was
obtained. Our work offers a unique but simple way to achieve high
Wrec in ferroelectric capacitors.

See the supplementary material for the experimental procedure,
some additional discussions, the mathematical derivation, and some
additional figures.
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