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Abstract 

Dielectric capacitors are highly attractive for advanced power electronics owing to their ultrafast 

charge–discharge rate, high power density, and excellent reliability. Yet their application is hindered 

by the persistent trade-off between high recoverable energy density (Wrec) and high efficiency (η) 

owing to the inherent coupling in single-phase dielectrics, where stronger polarization generally comes 

at the expense of higher hysteresis and limited breakdown strength. Here, we present a polar-nonpolar 

hierarchical phase architecture design in BaTiO3–BiMg0.5Ti0.5O3-based ceramics to overcome this 

limitation by modulating thermodynamic spinodal decomposition. The polar Ba-rich phase provides 

large maximum polarization, while the non-polar Cd-rich precipitation with a large bandgap acts as a 

high-resistivity barrier that isolates polar regions and enhances the breakdown field. Atomic-scale 

electron microscopy analysis reveals that the nanoscale polar regions (~1–3 nm) with locally 

disordered configurations emerge in the ceramic, which lowers the energy barrier for domain switching 

and enables near-zero hysteresis losses. As a result, the optimized hierarchical composition achieves 

an ultrahigh efficiency of 92.8%, a high recoverable energy density of 9.7 J cm-3, an outstanding high 

figure of merit WF of 135 at 460 kV cm-1, along with excellent stability against temperature, frequency, 

and cycling, and fast discharge with a power density up to 185 MW L-1. This work demonstrates a 

robust design paradigm based on complementary dual-phase coexistence, offering fundamental 

insights and a practical pathway toward high-performance, lead-free dielectric capacitors. 

Key words: Hierarchical phase architecture design; Relaxor ferroelectric; Dielectric capacitor; Energy 

storage  

Page 1 of 19 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
7:

14
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SC00039H

file:///D:/WeChat/微信/xwechat_files/wxid_8ridep1uaky722_fd81/msg/file/2025-11/tianyuli@ustb.edu.cn
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00039h


1. Introduction 

Dielectric capacitors are indispensable for modern electronic and electrical systems due to their 

ultrafast charge–discharge speed, high power density, and long-term reliability.1-4 Their energy storage 

performance is primarily determined by the recoverable energy density (Wrec) and efficiency (η), which 

can be defined as follows:5-8 Wtotal=∫ EdP
Pmax

0
,Wrec=∫ EdP

Pmax

Pr
, η=

Wrec

Wtotal
, where Wtotal, Pmax, Pr and E 

represent the total energy density, maximum polarization, remnant polarization and applied electric 

field, respectively. In this case, achieving excellent overall energy storage performance requires 

dielectrics with a high breakdown strength (Eb) and a large polarization difference (ΔP = Pmax − Pr). 

However, the widely developed single-phase ferroelectrics face an intrinsic conflict: enhancing 

polarization tends to increase remanent polarization and hysteresis, while improving breakdown 

strength typically requires suppressing polarization.9-12 This trade-off has become the major bottleneck 

restricting the practical deployment of high-energy-density, high-efficiency capacitors. 

In recent years, significant efforts have been devoted to overcoming this limitation in single-phase 

relaxor ferroelectrics through structural and compositional engineering. Typical strategies include 

chemical substitution to tune ionic size and valence, domain engineering to manipulate switching 

dynamics, high-entropy design to stabilize multiple configurations, and the construction of 

superparaelectric states to suppress long-range order.13-19 These approaches have successfully 

improved energy storage density and efficiency in various BaTiO3-,
20-24 (Bi0.5Na0.5)TiO3-,

25-27 

BiFeO3-,
28-31 and NaNbO3-

32-35 based systems. Nevertheless, most of these strategies involve 

increasingly complex multi-component chemistries, which not only raise processing costs but also 

compromise phase stability and reproducibility, hindering large-scale practical application. Against 

this backdrop, the introduction of a secondary phase into perovskite ceramics has emerged as a 

promising alternative design route. By combining phases with distinct functionalities, dual-phase 

systems can simultaneously regulate polarization and breakdown behavior, leveraging the combination 

of advantages from different dielectric phases, offering a new pathway beyond the limitations in single-

phase ferroelectrics and dielectrics.36-39 Traditional two-phase composites or core–shell structures 

employ components that do not react with each other and do not form solid solutions, (e.g., perovskite 

ferroelectrics with SiO2 or MgO),40, 41 leading to limited phase selection, structural discontinuities, and 

complex interfacial effects, while requiring delicate control of microstructure (core size, shell thickness) 

and coating/sintering process. By contrast, the polar–nonpolar hierarchical phase architecture forms in 

situ via thermodynamically driven phase separation, producing stable microstructures that enable 

complementary dielectric response rather than simple superposition. 

Here, we propose a hierarchical polar-nonpolar phase architecture in BaTiO3–Bi(Mg0.5Ti0.5)O3-

based ceramics, in which polar and non-polar phases, formed by spinodal decomposition, play 

complementary roles to promote energy storage. The polar Ba-rich phase provides large reversible 
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polarization, while the non-polar Cd-rich phase acts as a high-resistivity barrier that enlarges the 

bandgap, suppresses leakage, and reduces hysteresis (Fig. 1a). To achieve this configuration, CdZrO3 

was incorporated into the 0.5BT–0.5BMT matrix. The smaller ionic radius of Cd2+ (1.31 Å, CN = 12) 

relative to Bi3+ (1.38 Å) and Ba2+ (1.61 Å), combined with the chemical potential difference and limited 

mutual solubility between CdZrO3 and the matrix, drives thermodynamically favored phase separation 

at the grain level. This synergistic dual-phase structure overcomes the intrinsic trade-off between 

energy density and efficiency, enabling the optimized 0.5BT–0.3BMT–0.2CdZrO3 composition to 

achieve an ultrahigh η of 92.8% at 460 kV cm-1, a high Wrec of 9.7 J cm-3, a record high figure of merit 

WF, an excellent temperature/frequency/cycling stability, and rapid discharge with a power density of 

185 MW L-1. These results establish a robust design paradigm based on in situ dual-phase coexistence, 

providing mechanistic insight and a practical route toward high-performance, lead-free dielectric 

capacitors. 

2. Results and discussion 

 

Fig. 1 (a) Design a polar-nonpolar hierarchical phase architecture in a relaxor oxide via modulating 

spinodal decomposition to achieve dual-high energy-storage capability. (b) XRD patterns of 

0.5BT−(0.5−x)BMT−xCZ ceramics. (c) A typical SEM morphology and element mappings of x = 0.2 

ceramics. (d) Polarization–electric field (P–E) hysteresis loops of 0.5BT−(0.5−x)BMT−xCZ ceramics. 

 

To verify the feasibility of the proposed dual perovskite-phase design, ceramics were synthesized 
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according to the designed molar ratios using conventional solid-state reaction. X-ray diffraction (XRD) 

analysis (Fig. 1b and Fig. S1) revealed a transformation from a single tetragonal phase to two sets of 

perovskite diffraction patterns, with no detectable impurity peaks. The phase with the larger lattice 

parameter corresponds to the BT-BMT matrix phase, whereas the smaller-lattice phase is identified as 

the Cd-rich secondary phase, confirming successful formation of a dual-phase structure. Compared 

with physical composite based on insoluble and non-reactive constituents, as well as chemical 

substitution that introduce random fields to enhance relaxation,40, 42, 43 the present approach enables 

the spontaneous formation of two phases with distinct dielectric responses from a single perovskite 

parent lattice, driven by intrinsic differences in ionic radius, diffusion kinetics, and chemical potential 

among constituent ions. Scanning electron microscopy (SEM) coupled with elemental mapping further 

revealed a dense microstructure without obvious pores or impurities (Fig. 1c and Fig. S2 and S3). Two 

distinct grain types were observed: the Cd-rich grains, outlined in white, are randomly embedded and 

interconnected within the matrix phase, forming a 3–3-type composite structure that directly influences 

electrical breakdown performance. Elemental maps and energy dispersive spectroscopy (EDS) 

analysis show clear compositional segregation: Ba is concentrated in the primary perovskite phase, Cd 

in the secondary phase, while Ti, Mg, Zr, and Bi are homogeneously distributed. This segregation 

drives grain-level-separated dual perovskite-phase formation, consistent with XRD results. SEM and 

EDS analyses for the x = 0.2 ceramic subjected to high-temperature aging for 3 hours further show that 

the Cd distribution remained consistent with the as-prepared state, with no evidence of additional 

precipitation or phase separation, confirming the robustness of the designed polar–nonpolar two-phase 

architecture (Fig. S4). Ferroelectric measurements (Fig. 1d) show that the 0.5BT–0.5BMT material 

exhibits typical ferroelectric behavior with relaxor features, resulting from ionic size differences at the 

A and B sites. Upon CdZrO3 incorporation, the P–E loops become slimmer and more linear, indicating 

a pronounced reduction in hysteresis and nonlinearity. At x = 0.2 under 80 kV cm-1, the maximum 

polarization reaches 12.4 µC cm-2, while the hysteresis is reduced to below 5%. These changes 

simultaneously demonstrate the non-polar nature of the grain-level-separated Cd-rich secondary phase, 

which could suppress energy loss, stabilize polarization, and mitigate the intrinsic nonlinear response 

to electric field, thereby suggesting an enhanced energy storage performance, especially for the x = 0.2 

system. 

To clarify the polarization configurations and local structural features of the coexisting phases, we 

carried out a detailed atomic-scale scanning transmission electron microscopy (STEM) investigation 

on the x = 0.2 dual-phase ceramic. Fig. 2b, c shows high-angle annular dark-field STEM (HAADF-

STEM) along the [001]pc zone axis. No superlattice reflections are observed in the corresponding fast 

Fourier transformation patterns of the BT-BMT matrix and Cd-rich phases (inserts in Fig. 2b, d). This 

indicates the absence of long-range oxygen-octahedral tilting and concurrent ferroelectric ordering in 
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both phases (Fig. 2b, d), consistent with the characteristic of relaxor ferroelectrics. The measured 

crystal-plane spaces further confirm the pseudo-cubic nature of both phases. The Cd-rich nonpolar 

phase exhibits a noticeably smaller lattice parameter (a = 4.027 Å), whereas the polar matrix phase 

shows a larger value (a = 4.238 Å), highlighting the lattice mismatch between the two coexisting 

phases and agreeing with the XRD characterizations. Quantitative c/a ratio mapping further reveals 

values very close to unity in Cd-rich phase (c/a~1, see Fig. S5, confirming that it adopts pseudo-cubic 

symmetry rather than developing a tetragonal distortion. This structural homogeneity provides a stable 

framework in which local polar heterogeneity can be accommodated.44 

 

 

Fig. 2 (a) EDS mapping images; (b, d) HAADF-STEM images of phase and Cd-rich phase in x = 0.2 

ceramic along [001]c zone axis. (c) and (e) is atomic displacement vector mappings of x = 0.2 ceramic. 

The insets in (b) and (d) represent the FFT diffraction patterns; [001]pc Polarity angle distribution 

diagram and statistical diagram: (c1, c2) main phase, (f1, f2) Cd-rich phase; Polarity amplitude 

distribution chart and statistical chart: (c3, c4) main phase, (f3, f4) Cd-rich phase. 

 

Quantitative polarity-vector mapping (Fig. 2c, e) provides further insights into the distribution of 
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polarization and its differences between the two phases. The arrows denote the orientations of local 

polarization vectors, while their lengths correspond to the magnitudes. Within the polar main phase, 

island-like clusters with sizes of 1–3 nm are observed, which correspond to ultrafine polar nanoregions 

(PNRs). These PNRs are spatially confined yet polymorphic in orientation, resulting in a broad 

distribution of polarization angles (Fig. 2(c2, f2)). Such polymorphic PNRs are highly dynamic, which 

weakens the anisotropy of polarization orientation, lowers the energy barriers for domain-wall 

movement, and thereby facilitates smoother and more reversible domain reorientation under applied 

electric fields. In contrast, the Cd-rich nonpolar phase remains free of long-range polarization, 

effectively acting as a structural matrix that accommodates polar clusters without imposing rigid 

constraints. This coexistence of nonpolar and polar regions gives rise to markedly different polarization 

amplitudes. In the polar regions, the average polarization amplitude reaches 1.6 pm, whereas the 

stronger matrix-like regions show a significantly larger value of 18.0 pm very close to the background 

signal (Fig. 2(c4, f4)). The combination of strongly and weakly polarized regions introduces both 

stability and flexibility into the system. According to Landau theory,30, 45, 46 nanoscale domains with 

weak inter-domain interactions yet strong polarization strength can readily relax back to their initial 

configurations once the external field is removed. This spontaneous relaxor minimizes remanent 

polarization, suppresses hysteresis, and simultaneously preserves the capacity for high maximum 

polarization. Collectively, the results reveal that at x = 0.2 the ceramic develops a distinctive dual-

phase configuration, wherein a Cd-rich nonpolar phase is characterized by reduced lattice dimensions 

and the absence of spontaneous polarization, and a polar pseudo-cubic matrix possesses highly active, 

polymorphic PNRs at the nanometer scale. Such a hierarchical microstructure effectively suppresses 

long-range ferroelectric ordering while enabling localized polar activity, thereby reducing hysteresis 

losses and enhancing energy-storage efficiency under high electric fields. 

The energy-storage performance of different components was systematically investigated through 

comparative P–E loops measurements at their respective breakdown fields (Fig. 3a, d). With increasing 

CdZrO3 content, the loop shape evolves markedly. For the x = 0 single phase, the loop is characterized 

by a large Pr and a narrow maximum applied field, indicative of limited energy-storage capability. By 

contrast, at x = 0.2 the P–E loop becomes slim, with Pr values approaching zero across the entire 

applied field range. Of equal importance is that the maximum electric field that can be applied to the 

x = 0.2 ceramic is significantly higher (460 kV cm-1) than that of the pure x = 0 ceramic. This increase 

in withstanding field strength demonstrates that the introduction of the Cd-rich nonpolar phase 

effectively enhances the dielectric breakdown resistance of the system. Building upon these 

observations, the x = 0.2 ceramic exhibits markedly improved energy-storage performance (Fig. 3b, f). 

It achieves a large Pmax of 51.3 μC cm-2 while retaining an ultralow Pr of only 1.7 μC cm-2, compared 

with Pr = 7.36 μC cm-2 for the pure main phase (Fig. 3a, e). To reveal the inherent differences in the 
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dynamic polarization responses, we analyzed the P-E loops of different samples using the power-law 

relationship (<A> ∝  Ea).47, 48 <A> represents the energy dissipation within one cycle of polarization 

reversal, which is considered as a characteristic parameter of the dynamic behavior in FEs, while the 

exponent α is mainly controlled by the domain state and polarization switching mechanism. As shown 

in Fig. 3c, d, when x = 0, the lnE-lnA relationship clearly exhibits two stages: In the first stage, 

polarization rises rapidly owing to the domain switching, wherein the large hysteresis leads to a large 

α value. In the second stage, the linear extension happens, corresponding to a slow polarization growth 

and low hysteresis with small α value. These two stages thereby give rise to an evident non-linear P-

E loop and low Wrec. By comparison, the ceramic with x = 0.2 only shows a single linear relationship 

throughout the entire measurement field range. Such behavior is owing to a continuous polarization 

evolution by merging these two processes, indicating a highly dynamic nanodomain for dual-high Wrec 

and η. To further determine the dynamic evolution of under an external electric field, phase-field 

simulations were conducted on � = 0.2 ceramic (Fig. S6 and S7). The initial PNR morphology in the 

phase-field model was constructed based on the STEM observations, reproducing the ultrafine polar 

nanoregions with 1–3 nm size distribution. Upon increasing the electric field, the polarization within 

individual PNRs progressively aligns with the field direction and undergoes continuous growth and 

coalescence, leading to a macroscopic polarization response characterized by low hysteresis and 

relaxor behavior in the P–E loop. Therefore, the simulation result further supports our experimental 

observation, being consistent with the analysis based on the power-law scaling relationship (Fig. 3c, 

d). 

The energy storage performance was analyzed and compared. For x = 0.2 ceramic, its favorable 

polarization behavior, together with the improved voltage endurance, results in an outstanding Wrec of 

9.7 J cm-3 and an exceptionally high η of 94.1%, in stark contrast to the x = 0 ceramic with Wrec of 3.65 

J cm-3 and η of 72.5% (Fig. 3e, f). The multiple P-E loop measurements were performed on different 

ceramics, where the results show a good consistency with average Wrec = 9.7 J cm-3 and η = 92.8% 

(Fig. S8). In dielectric energy storage materials, Wrec and η of the material are usually described 

separately. Therefore, we use the figure of merit WF to comprehensively evaluate the ability of the 

dielectric capacitors to store and release electric energy, which is defined as: WF = Wrec/(1–η), where 

WF represents the energy that the material can store under the unit loss and (1–η) represents the energy 

loss rate.6 The higher WF, the more energy the dielectric materials can store under the same loss. The 

high Wrec and η lead to high figure of merit WF of 135. By comparing the comprehensive performance 

of representative lead-free dielectric ceramics and dual-phase/composite ceramics, it is evident that the 

designed dual-phase ceramic exhibits high performance level among them (Fig. 3g, Table 1 and Table 

S1).20, 49-56 Taken together, these results highlight the designed dual-phase ceramic as a promising 

candidate for high-performance dielectric energy-storage applications. 
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To understand the dielectric characteristics closely correlated to the polarization behavior and 

energy-storage performance, we then measured the temperature-dependent dielectric spectra of the 

BT–BMT–xCdZrO3 composites multiple times (Fig. 3h and Fig. S9). It can be noted that all samples 

exhibit pronounced frequency dispersion, with the peak dielectric constant (εm) decreasing and the 

corresponding maximum temperature (Tm) shifting to higher temperatures as the measurement 

frequency increases. Increasing the CdZrO3 content leads to a diffuse ferroelectric–paraelectric phase 

transition and shifts Tm to lower temperatures relative to the pure BT-BMT ceramics. These are typical 

relaxor features that originate from not only the presence of highly dynamic polar nanoregions in the 

main phase but also the contribution from the nonpolar secondary phase. The relaxor behavior of the 

materials was further evaluated using the modified Curie-Weiss law, expressed as:22, 57, 58 γ = (T − 

Tm)/C, where C is a Curie-like constant, T is the measurement temperature, and γ quantifies the degree 

of diffuseness (The values of γ range from 0 to 1 corresponds to classical ferroelectrics, 1 to 2 for 

relaxor ferroelectrics and and 2 corresponds to ideal relaxor ferroelectrics). As shown in Fig. 3i, the x 

= 0.2 ceramic exhibits the highest γ value of 1.91, exceeding 1.50 for the x = 0 single phase. The larger 

γ reflects stronger relaxor behavior and reduced hysteresis. Stronger relaxor allows PNRs to reorient 

more rapidly under an external electric field, which plays a crucial role in reducing Pr while 

maintaining high Pmax. As evidenced by the repetitive measurements, the dielectric properties of the 

ceramic are stable, which also supports this conclusion (Fig. S10). These dielectric measurements 

therefore provide direct evidence that the coexistence of polymorphic PNRs and the nonpolar Cd-rich 

phase underlies the exceptional energy-storage performance observed in the x = 0.2 ceramics. 
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Fig. 3 Comparative analysis of dielectric energy-storage performance between x = 0 and 0.2 ceramics. 

(a, d) Unipolar P–E loops under breakdown field. (b, e) Wrec and η of x = 0 and 0.2 ceramics as a 

function of external electric field. (c, f) Wrec and η of x = 0 and 0.2 ceramics as a function of external 

electric field. (g) Comparison between the figure of merit WF and η values for the representative lead-

free bulk ceramics. (h) Temperature dependence of the dielectric constant of x = 0 and 0.2 ceramics. 

(i) Relaxor degree γ of x = 0 and 0.2 ceramics determined by Curie-Weiss fitting in (h). 

 

Since high Eb and excellent insulating properties play a key role in supporting superior energy-

storage performance, electrical breakdown tests were therefore conducted for each sample and 

statistically validated using the Weibull distribution method (Fig. 4c). Consistent with previous 

unipolar P−E loop measurements, the maximum Eb of 460 kV cm-1 is achieved for the x = 0.2 

composition, and the Weibull modulus β of 9.35 further confirms high reliability and consistency for 

59Eb. To elucidate the factors influencing Eb, bandgap (Eg) and electrical resistance were evaluated, as 

they directly affect dielectric breakdown (Fig. 4d).49, 58 According to the empirical relationship for 

intrinsic breakdown strength ( g

b

E
E e ), a larger Eg hinders electron transitions from the valence 

band to the conduction band, contributing to higher Eb.
16, 60 As shown in Fig. 4a, the x = 0.2 sample 
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exhibits the largest Eg of 2.82 eV among all compositions. Impedance measurements and 

corresponding Nyquist plots recorded at 550–630 ℃ show that x = 0.2 has the largest Debye semicircle 

radius at 630 ℃, indicating the highest electrical resistance (Fig. 4b and Fig. S11). 

 

 

Fig. 4 (a) Ultraviolet-visible (UV-vis) absorbance spectra of 0.5BaTiO3–(0.5–x)Bi(Mg0.5Ti0.5)O3–

xCdZrO3 ceramics. The inset displays an enlarged view of the (αhv)2-hv curves of 0.5BaTiO3–(0.5–

x)Bi(Mg0.5Ti0.5)O3–xCdZrO3 ceramics. (b) Impedance spectra for x = 0, 0.1, 0.15, 0.2, and 0.25 

ceramics measured at 630 ℃. (c) Weibull distribution of the breakdown electric field. (d) Eb and Eg 

with regard to x. (e) Breakdown path images based on phase-field simulations. 

 

To further verify the experimental observations of breakdown behavior, finite-element simulations 

for the 0.5BaTiO3–(0.5–x)Bi(Mg0.5Ti0.5)O3–xCdZrO3 ceramics were conducted based on SEM images 

and dielectric temperature spectra. It is well known that strong electric fields tend to concentrate at 

grain boundaries due to their lower dielectric constant compared with the grains.7, 10 In the x = 0 

composition, breakdown occurs rapidly, with electric dendrites propagating throughout the entire 

sample. By contrast, in the x = 0.15 and x = 0.2 ceramics, where the grain-separated dual-phase design 

is realized, the growth rate of the electric tree slows down. When in x = 0.2, the electric tree extends 

only about two-thirds of the sample thickness (Fig. 4e), consistent with the higher breakdown field 

observed experimentally. This demonstrates that the deliberate incorporation of the highly insulating 

Cd-rich nonpolar phase into the dual-phase structure effectively separates grains, enhances local 

resistivity, and suppresses the propagation of breakdown pathways. Collectively, these results indicate 

that the improvement of Eb, the increase in Eg, and the elevated electrical resistance all originate from 

the high insulation provided by the Cd-rich phase, confirming the effectiveness of the proposed grain-
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separated dual-phase design in supporting superior energy-storage performance. The improved 

breakdown performance of the x = 0.2 sample correlates with its smaller grain size, lower εr, and the 

presence of two-phase contact grain boundaries, which are less prone to failure than the boundaries in 

the BT-BMT single phase. These simulation results confirm the experimental finding that introducing 

a dual-phase coexistence system effectively enhances dielectric strength and supports the dual-phase 

design strategy. 

Considering the practical requirements for dielectric capacitors to operate under diverse 

environments and conditions, we evaluated the temperature stability, frequency stability, and cycle 

stability of the x = 0.2 ceramics at an electric field of 300 kV cm-1. The temperature stability was 

assessed from 25 ℃ to 200 ℃ (Fig. 5a, d), and the sample exhibits excellent performance, with the 

recoverable energy density and efficiency decreasing by less than 2% across the measured range. 

Frequency stability tests show minimal variation in recoverable energy density (4.96 ± 0.16 J cm-3) 

and an efficiency change of only 2% over a broad frequency range of 1-180 Hz (Fig. 5b, e). Remarkably, 

the ceramics also demonstrate exceptional cycle stability, with negligible variation in recoverable 

energy density (5.13 ± 0.11 J cm-3) and ultra-low efficiency change (0.2%) over 10 to 106 cycles, 

maintaining a recoverable energy density of 3.1 J cm-3 and efficiency of 97.1% even after 106 cycles. 

These results indicate that x = 0.2 ceramics possess excellent energy storage stability under various 

operational conditions, highlighting their suitability as high-performance dielectric capacitors. 

To investigate the pulse charging and discharging capabilities and power densities of the x = 0.2 

dual-phase ceramics, fast charging and discharging experiments were conducted. The slight decrease 

in efficiency at elevated temperatures is likely related to thermally induced conduction losses. Fig. 5g 

presents the room-temperature discharge energy density of x = 0.2 under different electric fields. As 

the applied electric field increases from 100 kV cm-1 to 420 kV cm-1, the discharge energy density 

(Wdis) rises from 0.2 J cm-3 to 2.17 J cm-3. The parameter t0.9, representing the discharge time required 

to release 90% of the charged energy, is only 65 ns, confirming rapid discharge capability. 

Correspondingly, the power density reaches a maximum of 185 MW L-1 at 420 kV cm-1 (Fig. 5i). 

Overall, these measurements strongly confirm that the x = 0.2 ceramics combine high energy-storage 

density, exceptionally high efficiency, and excellent stability with ultrafast discharge capability, 

demonstrating considerable potential for practical dielectric capacitor applications. 
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Fig. 5 Stability performance of the x = 0.2 ceramics. (a-c) Dependence of energy density and efficiency 

with respective to unipolar P–E loops of x = 0.2 ceramic as a function of temperature, frequency, and 

cycling number, respectively. (d-f) Wrec and η with respective to (a), (d) temperature, (b), (e) frequency, 

and (c), (e) number of cycles extracted from (a-c). (g) Overdamped Wdis of x = 0.2 with a variation of 

the applied electric field. (h) Wdis and t0.9 as a function of electric field. (i) Power density as a function 

of time. 
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Table 1. A comparison of WF, Wrec and η between 0.5BT-0.3BMT-0.2CZ and other reported lead-free 

bulk ceramics.52, 55, 56, 59, 61-64 

Composition WF 
Wrec 

(J/cm3) 
η (%) 

Eb 

(kV/

cm) 

Temperature 

stability 
Reference 

0.92(Bi0.5Na0.5)0.7Sr0.3TiO3-

0.08Ca(Mg1/3Ta2/3)O3 
68.1 8.37 87.7 53 

△Wrec < 1.9% 

△η < 10.35% 
Ref. 61 

(Sr0.24Na0.1Bi0.26Ca0.2□0.2)TiO3(

□: Sr vacancies) 
75 6 92 44 

△Wrec < 15% 

△η < 15% 
Ref. 62 

0.82(0.5Bi0.5K0.5TiO3-

0.5Bi0.5Na0.5TiO3)-0.18NaTaO3 
75 15 80 74 

△Wrec < 4.1% 

△η < 3.10% 
Ref. 63 

0.65Na0.5Bi0.5TiO3-0.35SrTiO3 95 7.6 92 62 
△Wrec < 4% 

△η < 8% 
Ref. 64 

0.75Bi0.5Na0.5TiO3-

0.25K0.5Na0.5NbO3 
96.1 12.4 87.1 71.3 

△Wrec < 0.08% 

△η < 0.6 % 
Ref. 56 

[Ba0.7(Bi0.5Na0.5)0.3][Ti0.88(Zn1/3

Nb2/3)0.12]O3 
100.7 15.1 85 90 

△Wrec < 2.9% 

△η < 2.9% 
Ref. 55 

0.8(Bi0.5Na0.25K0.25)TiO3-

0.2BaZrO3 
109.1 12 89 56 

△Wrec < 5.4% 

△η < 5% 
Ref. 52 

(Bi1/3K1/6Na1/6Ba1/6Sr1/6)(Ti0.8Z

r0.2)O3 
124.6 18.7 85 77 

△Wrec < 5% 

△η < 10% 
Ref. 59 

0.5BaTiO3-0.3BiMg0.5Ti0.5O3-

0.2CdZrO3 
135 9.7 92.8 46 

△Wrec < 2% 

△η < 2% 
This work 

 

3. Conclusion 

In conclusion, taking 0.5BaTiO3–(0.5−x)Bi(Mg0.5Ti0.5)O3–xCdZrO3 ceramics as an example, the 

hierarchical polar-nonpolar phase architecture effectively tailors both microstructural and local 

polarization heterogeneity to achieve superior energy-storage performance. The BaTiO3–

Bi(Mg0.5Ti0.5)O3 polar matrix within nanoscale polar regions and diverse polar orientations not only 

provides high reversible polarization but also reduces domain-switching barriers and suppresses 

hysteresis. As a comparison, the Cd-rich nonpolar phase contributes high insulation, enlarged bandgap, 

and enhanced breakdown strength, enabling the material to operate under high electric fields with 

extremely low energy loss. Therefore, this hierarchical dual-phase design offers a robust route to lead-
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free dielectric capacitors that combine high energy density, ultralow losses, excellent stability, and 

rapid charge/discharge capability, providing both mechanistic insight and practical guidance for high-

performance energy storage applications. 
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