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Abstract 
High-performance dielectric energy-storage ceramics are beneficial for electrostatic capacitors 

used in various electronic systems. However, the trade-off between reversible polarizability and 

breakdown strength poses a significant challenge in simultaneously achieving high energy 

density and efficiency. Here we present a strategy to address this issue by constructing a dual-

phase structure through in-situ phase separation. We develop (Bi0.5Na0.5)TiO3-BaTiO3-based 

relaxor ferroelectric ceramics, creating a grain-separated dual perovskite phase structure using 
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a facile solid-state reaction method. These ceramics feature two interactive relaxor phases with 

diversified nanoscale polar structures and heterogeneous grain boundaries, synergistically 

contributing to high polarization with low hysteresis, substantially increased resistivity, and 

suppressed electrostrain. Remarkably, we achieve a record-high 3 

with a high efficiency of 92% under 99 kV mm-1 in the bulk ceramic capacitor. This strategy 

holds promise for enhancing overall energy-storage performance and related functionalities in 

ferroelectrics. 

1. Introduction 

Dielectric energy-storage ceramic capacitors can store electrical energy through electrostatic 

field, enabling ultrafast charge-discharge rates. [1-4] They serve as essential components in 

advanced high-power systems, finding application in various fields, such as electric vehicles, 

electronic gadgets, and smart power grids. [5-7] As technological advancements forge ahead, 

there is an increasing need to develop the next generation of dielectric ceramic capacitors with 

high energy density (Wrec) to facilitate device miniaturization and integration in cutting-edge 

applications. [8, 9] Simultaneously, these capacitors must maintain high efficiency ( ) to 

minimize energy dissipation and ensure operational reliability. [10-13] 

The energy-storage performance of a dielectric is determined by the electric-field induced 

polarization behavior and breakdown strength (EB). To achieve high energy density and 

efficiency, a dielectric material should ideally exhibit a combination of high maximum 

polarization (Pm), minimal hysteresis (H), and high EB. Perovskite-structured relaxor 

ferroelectric (RFE) ceramics, renowned for their high reversible polarizability due to nanoscale 

domain structures, have been extensively studied for energy-storage applications. [5] Chemical 

compositional design to regulate the heterogeneous polar structure is the most prevalent strategy 

for developing RFE solid solution ceramics with improved energy-storage performance. [14-16] 

Additionally, various strategies based on electrical characteristics and preparation technologies 

have been employed to enhance EB. [17-19] Consequently, numerous RFE ceramics have been 

explored, leading to significant energy density advancements in recent years. However, owing 

to the inherent trade-off between critical parameters, such as Pm vs. EB, and Pm vs. H, the energy 

density of conventional dielectric bulk ceramic capacitors is limited (< 15 J cm 3) if a high 

efficiency (> 90%) is pursued. Currently, the highest Wrec value of 18.5 J cm 3 has been 

achieved in NaNbO3 (NN)-based bulk ceramic, while its  is below 80% at maximum electric 
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field of 99.5 kV mm-1. [20] Simultaneously achieving high energy density and efficiency remains 

a significant challenge in bulk ceramic capacitors. 

Composite structures that leverage the unique properties of different constituents to address the 

inverse correlation between properties and enhance overall performance have been widely 

utilized in polymers, metals, and other materials. [21] For example, dielectric polymer 

composites can effectively balance the trade-off between Pm and EB, leading to improved 

energy-storage performance. [22] However, designing perovskite ceramic composites presents 

challenges. Traditional methods of introducing foreign substances can result in intercalation 

into the lattice matrix due to the high chemical flexibility of the perovskite structure. This often 

results in a degradation of the electric properties, causing a reduction in overall polarization and 

increased loss. Unexpected composition segregation has been observed in some 

compositionally complex solid-solution perovskite ceramics due to the considerable difference 

in ion characteristics. [23, 24] We refer to this process as in-situ phase separation, which involves 

the simultaneously reaction and separation of different components. For instance, core-shell 

structures and precipitate phases have been reported in some BiFeO3-BaTiO3 (BF-BT)-based, 

(Bi0.5Na0.5)TiO3 (BNT)-based, and BaTiO3 (BT)-based ceramics prepared through traditional 

solid sintering method. [17, 25-27] Interestingly, these composite structures formed naturally via 

in-situ phase separation often exhibit enhanced macroscopic electrical properties. Therefore, 

in-situ phase separation would be a feasible method for constructing perovskite ceramic 

composites to enhance the overall energy-storage performance. 

Herein we employ the in-situ phase separation strategy to generate dual perovskite phase RFE 

ceramics, thereby mitigating the inverse correlation between reversible polarizability and 

breakdown strength. We demonstrate that an ultrahigh Wrec 3 accompanied with 

high  of 92% under electric field of 99 kV mm-1, can be obtained in BNT-BT-based dual 

perovskite phase relaxor ferroelectric ceramics, surpassing the state-of-the-art bulk dielectric 

ceramics. This work provides a new strategy, beyond the prevalent chemical composition 

design approach, for designing perovskite-type RFE ceramics for advanced energy-storage 

applications. 

2. Results and Discussion 

2.1 Microstructure of dual perovskite phase relaxor ferroelectric ceramics 
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Calculated volume fraction of C2 phase. (f) Polarization–electric field (P-E) hysteresis loops. 

(g) Dielectric spectrum of CZ10 ceramic. 

To investigate the microstructure and chemical composition of dual-phase ceramics, we utilized 

electron microscope equipped with element analysis (Figure 1b-d, Figure S2-S3). Two types of 

grains were identified - the larger polyhedral grains corresponding to the C1 phase, and the 

smaller square-shaped grains belonging to the C2 phase. The C1 and C2 phase grains exhibit a 

random distribution, with isolated C2 grains initially embedded in the C1 matrix, forming 0-3-

type composites at low CZ content. As the C2 phase fraction increases, the isolated C2 grains 

are gradually connected with each other, forming 3-3-type composite. These two types of 

assemblies exhibit distinct grain boundaries, which will influence their electrical breakdown 

characteristics. Based on the recorded element distribution and energy dispersive spectrum 

(EDS) (Figure 1b and Figure S3), the main element separation is observed for the Cd and Ba. 

The C1 phase contains a higher concentration of Ba, while C2 phase contains a higher 

concentration of Cd. The rough chemical compositions of the C1 and C2 phases in dual-phase 

ceramics with varying CZ content, determined through EDS and SXRD profile fitting, are 

presented in Table S1. The occurrence of the chemically complex composition of the C2 phase 

would be due to the entropy stabilization effect. Notably, the A-site configurational entropy of 

C2 phase is as high as 1.3R, much higher than the 1.0R that in the C1 phase. This increased 

entropy serves to decrease the free energy, thereby rendering the phase insoluble in the mixture 

and leading to the macroscopic phase separation. The perovskite structure of both phases was 

also confirmed by electron diffraction patterns (Figure S4). Notably, ½(ooe) superstructure 

spots were detected in C2 phase while not in the C1 phase. This could be attributed to the long-

range oxygen octahedral tilting or the A-site chemical ordering, caused by the large size 

differences between Ba, Bi, Cd, and Na ions in the C2 phase. We used the 3  and 3 

cubic model respectively for the C1 and C2 phase to fit the SXRD patterns (Figure S5), and 

yielded a good fit (Figure S6). The volume fractions of the C2 phase were calculated to be 7%, 

18%, and 27% for CZ5, CZ10, and CZ15, respectively (Figure 1e). These values align with the 

results quantified by the area ratio of different phases in the SEM images (Figure S3). Thus, 

grain-separated dual-phase ceramics featuring two pseudocubic perovskite phases can be 

obtained through a conventional solid-state reaction method without any specialized treatments, 

owing to in-situ phase separation. We measured the ferroelectric and dielectric properties of the 

dual-phase ceramics (Figure 1f-g, and Figure S7-S8). The BNT-40BT exhibits ferroelectric 

behavior with relaxor features due to its highly disordered A-site cations. The incorporation of 
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The domain structures of the dual-phase ferroelectric ceramic of CZ10 were probed using high-

resolution transmission electron microscopy (Figure 2). Despite the absence of long-range 

ferroelectric domains structure, a light and shade contrast indicative of a nanoscale domain 

structure was observed in both types of grains (Figure 2a-b). Ordered lattices were observed in 

both phases, with the C2 exhibiting significantly stronger lattice distortions than the C1 phase 

which is due to its stronger size mismatch. We performed high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) to examine the polar structures 

of both phases along the [001]c zone (Figure 2c-d). The C1 and C2 grains can be clearly 

distinguished by the lattice spacing directly measured from the HADDF images and the 

corresponding FFT patterns. The C2 phase is characterized by a smaller lattice parameter of 

3.79 Å in comparison to the 3.96 Å observed in the C1 phase, and it displays ½(ooe) 

superstructure spots. The polar displacement vector is considered by the deviation of the B/A-

site atoms with reference to the nearest four A/B-site atoms in the HADDF images (Figure S9). 

Island-like coherent regions, approximately 1-2 nm in size and exhibiting diverse symmetries 

occur in the C1 phase (Figure 2e). In contrast, the C2 phase contains relatively larger and 

elongated island-type clusters, around 3-5 nm in size, with R symmetry (Figure 2f). Therefore, 

both perovskite phases exhibit a nanoscale heterogeneous polar structure, a prominent 

characteristic of RFEs. It is recognized that small-sized polar clusters typically reduce 

polarization anisotropy, resulting in a more flattened domain-reorientation pathway that 

effectively minimizes hysteresis loss. [1, 13, 14] The grain-separated dual-phase structure provides 

additional polarization diversity compared with that in single phase, further lowering the 

domain switching barrier. 

2.2. Energy-storage properties in bulk ceramic capacitors 

We evaluated the energy-storage performance of CZ10 bulk ceramic by conducting unipolar P-

E loops measurements. Slim P-E loops were observed under various electric field amplitudes 

(Figure S10). Specifically, a large Pm -2 along with small Pr -2 were 

obtained at an ultrahigh electric field of 99 kV mm-1 (Figure 3a-b). The obtained EB was much 

higher compared to other bulk ceramics (Figure 3d). It is generally believed that EB is inversely 

related to the thickness of the dielectric materials, [31] with higher values observed in thinner 

electrodes of 1 mm in diameter. Remarkably, the EB in CZ10 is comparable to that of MLCCs 

with much thinner single ceramic layers (~5– Wrec of 23.6 

J cm 3 with an excellent efficiency of 92% (Figure 3b), outperforming the recently extensively 
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energy density and efficiency after up to 106 cycles. Additionally, the CZ10 bulk ceramic 

exhibits a high discharge energy density (WD) of 7.0 J cm 3, a fast discharge rate (t0.9  25 ns), 

a high current density (CD) of 3280 A cm-2, and an ultrahigh  power density (PD) of 820 MW 

cm-3 at 50 kV mm-1 (Figure S12). Besides, it exhibits excellent mechanical property with a high 

Vickers hardness of 11 GPa (Figure S13). Overall, the CZ10 dual-phase ceramic surpasses 

currently reported bulk ceramics in terms of comprehensive energy-storage properties (Figure 

3f), and shows high potential for use in the dielectric capacitors. 

2.3. Origins of dual-phase structure to overcome polarizability and breakdown strength 
trade-off 

To understand the role of the dual-phase structure in generating reversible high polarizability, 

and thus contributing to the high energy-storage performance, we utilized in-situ electrical 

biasing high-energy synchrotron X-ray diffraction (SXRD) to investigate the structural changes 

in the CZ10 dual-phase ceramic (Figure 4a-d). Facilitated by the high-energy X-rays, the 

transmission mode in this technique can provide the intrinsic information in bulk ceramics 

while minimizing surface effects. A dual-phase structure can be obviously detected from the 

bulk ceramic. Under a bipolar cyclic electric field, the peak positions and intensities of both 

phases undergo fully reversible changes (Figure 4a-c). As the electric field increases, the 

positions of the (200) and (210) reflections shift to lower angles, indicating electric field-

induced lattice strain. Interestingly, a broadening of the (200) reflection occurs under high 

electric fields (Figure S14), suggesting a transformation from pseudocubic symmetry with 

highly dynamic PNRs to long-range FE ordering featuring with lattice distortion. Additionally, 

the peak intensity of the (210) reflection increases, akin to the phenomenon observed in BNT-

based materials during electric-field induced RFE-to-FE transformation. [34] This suggests that 

both phases actively respond to the electric-field and contribute to macroscopic polarization. 

Notably, dual perovskite structures are preferable to conventional composite structures that 

incorporate non-perovskite phases such as simple oxides, nitrides, or Aurivillius phases with 

low susceptibility. [35, 36] The latter often reduces the macroscopic polarization and increased 

loss. 

To distinguish the different behavior in C1 and C2 phases under external electric field, the 

lattice strains ( ) were calculated, where the  in C2 phase is slightly higher compared to C1 

phase, leading to a matched interface at the grain boundary (Figure S15). Negligible hysteresis 

is observed in the calculated lattice strain curves, indicating the structural evolution is reversible. 
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Figure 

S2). By introducing the C2 phase that refines the average grain size, the proportion of grain 

boundary can be increased, thereby enhancing the overall breakdown strength. However, there 

is no significant difference in the overall grain size among these three dual-phase ceramics, 

indicating that the EB could also be related to the phase ratio of the two phases. 

We used impedance spectroscopy to probe the electrical characteristics of the ceramics (Figure 

S17). Impedance complex plane plots at 510 °C fitted with resistor–capacitor element are shown 

in Figure 5b. The total resistivity of the ceramics can be obtained from the low frequency 

intercept of the arc on the Z' axis. The dual-phase ceramics exhibit high total resistivity, 
-1, much higher than other bulk ceramics (Figure 5c), 

being conducive to a higher intrinsic breakdown strength. We further analyzed the impedance 

and modulus spectroscopy (Figure 5d and Figure S18) to evaluate the electrical homogeneity 

of dual-phase ceramics. For CZ10, the Z'' and M'' peaks appear at almost the same frequency, 

indicating an almost ideal Debye response, suggesting good electrical homogeneity. [17] In 

contrast, CZ15 shows a large gap in the spectrum, indicating a considerable electrical non-

uniformity within the ceramic. On the other hand, the M'' peaks of CZ0 and CZ5 exhibit varying 

degrees of non-ideal high-frequency tails, indicating the presence of larger volume fractions of 

C1 grains that act as more conductive pathways—an undesirable characteristic. This scenario 

is also supported by the electric tree simulated using phase-field simulation (Figure 5e). 

Compared with CZ10, CZ5 shows a higher likelihood of conducting within C1 grains, and 

CZ15 within C2 grains, leading to material breakdown. Essentially, the C1-C2 grain boundaries 

exhibit a superior intrinsic breakdown strength compared to the C1-C1 or C2-C2 grain 

boundaries. This indicates that constructing a dual-phase system with an appropriate phase ratio 

can effectively reduce the volume fraction of conductive pathways, thereby boosting the 

material's resistance to breakdown. Such enhanced breakdown resistance can be highly 

beneficial for high-voltage capacitors. Additionally, the dual-phase structure suppresses lattice 

strain, and reduces the probabilities of the crack-driven dielectric breakdown. The synergistic 

effect of the dual-phases produces a “1+1>2” effect for realizing high EB. 
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Characterization: The energy storage properties were measured on bulk ceramic samples with 

thickness in 50- 2. The 

discharge characteristics, with an overdamped 

(TG) technology (CFD-003, China). The dielectric temperature spectrum were measured by a 

dielectric spectrum measurement system (LDM-500, BALAB, China). The electrochemical 

impedance were tested by a precision impedance analyzer (4294A, Agilent, USA). 

In-situ high-energy SXRD measurements were performed at the P02.1 beamline of the PETRA 

III facility by using an X-ray wavelength of 0.2074 Å with a Varex XRD 4343CT 2D detector 

at a distance from the sample of 2200 mm. High-resolution SXRD of CZ10 ceramic were 

measured at BL02B2 beamline of SPring-8 with Debye-Scherrer camera (  = 0.42 Å) from 160 

K – 500 K. 

Surface topography images of acid etched ceramic sample were captured by a field-emission 

scanning electron microscope (LEO1530, ZEISS SUPRA 55, Germany). Atomic-scale high-

angle annular dark-field (HAADF) phase images were acquired by a STEM (JEM-F200, JEOL, 

Japan) equipped with probe and image aberration-correction operated at 200 kV. 

An electrostatic breakdown model was employed to dynamically simulate the breakdown 

process based on phase field theory. The details can be seen in the the Supporting Information. 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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