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Abstract
Antiferroelectric (AFE) ceramics hold great promise for high energy density capacitors, though their
energy storage properties (ESPs) are fundamentally limited by a relatively low breakdown electric field
(Eb). Hence, the dual-phase composite ceramics were designed by incorporating a pyrochlore phase into
the perovskite matrix to enhance ESPs. Composite ceramics of Y2Zr2O7 modified
Pb0.94La0.04Zr0.99Ti0.01O3- x wt% Y2O3 were fabricated and investigated. The introduction of Y2Zr2O7

serves to reduce the overall dielectric permittivity (εr) and enhance insulation, which collectively raise the

Eb from 420 kV/cm to 850 kV/cm. A maximum recoverable energy density (Wrec) of 14.5 J/cm3 with an

energy efficiency (η) of 85.7% are achieved in the ceramic with x = 4 under 570 kV/cm. In addition, a
current density (CD) as high as 2369.4 A/cm2, a power density (PD) of 462 MW/cm3, and an ultrafast
discharge rate of 22.6 ns are achieved. This work establishes the construction of dual-phase composites
as a viable and novel approach to improving ESPs in PbZrO3 (PZ) -based ceramic systems.

1. Introduction
Ceramic capacitors exhibit broad application prospects in electric vehicles, pulse power systems, and
other fields due to their excellent charge-discharge rates and high power density (PD)[1–3]. However, the

relatively low energy storage density remains a key bottleneck limiting their miniaturization and
integration. Therefore, improving energy storage properties (ESPs) is of significant scientific importance
and practical value. In general, the total energy storage density (Wtot), recoverable energy storage density
(Wrec) and energy storage efficiency (η) of dielectric ceramic capacitors can be calculated using the
following formulas[4]:

where E, Pr, and Pmax denote as the applied electric field, remanent polarization, and maximum
polarization, respectively. The formulas reveal that achieving a high Wrec necessitates concurrently high
Pmax, low Pr and high breakdown field (Eb). Among these, pursuing Eb optimization emerges as a
particularly effective strategy, as the improvement from polarization enhancement alone is intrinsically
constrained[5].

PbZrO3 (PZ) -based antiferroelectric (AFE) ceramics are considered one of the most promising energy
storage dielectric ceramics for achieving high Wrec due to their unique double hysteresis loops and high
Pmax and near-zero Pr[6]. The ESPs of PZ-based AFE materials are primarily constrained by their low Eb.

Consequently, rare-earth ion doping has been widely adopted as a feasible strategy to enhance Eb and
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thereby improve ESPs[7]. For example, Yang et al. demonstrated that Nd3+ doping stabilized the AFE
phase in a Pb0.98Sr0.02Zr0.75Sn0.25O3 (PSrZS) ceramics, increasing its Eb from 350 kV/cm to 540 kV/cm

and resulting in a high Wrec of 14.21 J/cm3 with η of 87.35%[8]. In addition to ion doping, constructing
dual-phase composite ceramics is also an effective strategy to improve the breakdown characteristics of
dielectric ceramics[9]. For example, Pan et al. introduced the pyrochlore Sm2Sn2O7 into a Bi0.5Na0.5TiO3

(BNT) -based perovskite matrix, raising the Eb from 220 to 700 kV/cm and achieving a Wrec of 9.91 J/cm3

with η of 87.01%[10]. Such enhanced ESPs are attributed to the existence of pyrochlore phase in
perovskite matrix, which possesses a low dielectric constant (εr), wide bandgap (Eg), low dielectric loss
(tanδ), and high stability[11–13]. Therefore, constructing a composite structure by introducing a
pyrochlore phase (Y2Zr2O7) into perovskite dielectric ceramics is a promising strategy to significantly
enhance ESPs, offering broad application prospects.

Y2Zr2O7 is a pyrochlore phase transparent ceramic with a low εr (~ 27), wide Eg (~ 4.5 eV), low tanδ (~ 
0.001), and high thermal resistance (1.2 ~ 1.3 W/(m·k)). While currently utilized mainly in phosphors and
photochromism applications, distinctive dielectric properties also render it a promising candidate for
energy storage applications[14–18]. Previous studies indicate that doping Y3+ into the A-site can induce
local chemical disorder, disrupt the original long-range ferroelectric order of the PZ-based ceramics, and
promote a transition to a diffuse relaxor state. Simultaneously, it helps to reduce oxygen vacancy
concentration, refine grain size, and enhance Eb[19]. In this work, a series of Pb0.94La0.04Zr0.99Ti0.01O3

(PLZT) - x wt% Y2O3 ceramics were designed by introducing x wt% Y2O3 at the initial mixing stage. This
non-equivalent doping strategy promotes the directional formation of a secondary phase within the PLZT
matrix. Consequently, it enhances the stability of the AFE state and simultaneously improves the Eb,
leading to excellent overall ESPs. This work offers a promising composite ceramic candidate for pulsed
power systems.

2. Experimental Section
Antiferroelectric ceramics with the composition of Pb0.94La0.04Zr0.99Ti0.01O3- x wt%Y2O3 with x = 0, 2, 4, 6,
and 8 were prepared by a tape-casting. These samples are accordingly designated as Y0, Y2, Y4, Y6 and
Y8. The starting materials are lead tetroxide (Pb3O4, 95.0%), yttrium oxide (Y2O3, 99.9%), zirconium
dioxide (ZrO2, 99.0%), titanium dioxide (TiO2, 99.5%), lanthanum oxide (La2O3, 99.9%). PLZT
(Pb0.94La0.04Zr0.99Ti0.01O3) were weighed according to the stoichiometric ratio, but yttrium oxide is doped

in proportion to the mass of the corresponding powder. All raw materials ball milled in alcohol for 24 h.
The mixture was calcined at 900 oC for 2 h, followed by grinding and a second 24 h ball-milling. After
drying and sieving, the powder was shaped via tape-casting, subsequently air-dried, and densified
through sequential hot pressing and cold isostatic pressing. Organic components were removed at 600
oC for 5 h. The samples were sintered at 1160 oC for 3 h, polished to a thickness of ~ 70 µm, and coated
with 1 mm-diameter gold electrodes via ion suppering for electrical properties.
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The crystal structure was characterized using X-ray diffraction (XRD; Bruker D8 Advance) with Cu Kα
radiation. The obtained diffraction patterns were refined using the Rietveld method in GSAS-II software.
Microstructure analysis was conducted using a scanning electron microscope (SEM; Thermo Fisher
MIRA3) operated in backscattered electron (BSE) mode. The impedance spectrum was measured using
an impedance analyzer (Agilent E4990A). The polarization-electric field (P-E) hysteresis loops and
current-electric field (I-E) curve loops were measured using a ferroelectric testing system integrated with
a temperature-controlled probe station (Radiant Technologies) at 10 Hz. The charge-discharge
performance was evaluated using a dedicated pulse power platform (Gogo Instruments CFD137005)
connected to a DC power supply (ENTAI ET2671A).

3. Results and Discussion
Figure 2(a) presents the XRD pattern of the PLZT- x wt% Y2O3 ceramic. The main crystalline phase
corresponds to a typical perovskite structure (PDF# 97-016-6843) with an orthorhombic symmetry. With
increasing Y2O3 content, diffraction peaks corresponding to the cubic pyrochlore phase Y2Zr2O7 (PDF#
97-015-3818) gradually emerge, and their intensities progressively increase. The results indicate that
excessive Y2O3 doping exceeds the solid solubility limit in the PLZT matrix, leading to the precipitation of
the secondary phase[20]. To quantify the relative content of the perovskite and pyrochlore phases, the
Rietveld refinement was conducted. As shown in Fig. 2(b), the Rietveld refinement results of Y0 and Y4
ceramics indicate that all samples exhibit a typical perovskite structure, and the content of pyrochlore
phase monotonically increases with the increase of Y3+ content. The refinement was carried out
simultaneously based on two spatial group models: orthorhombic phase Pba2 and cubic phase Fd-3m.
All the samples exhibit low R-factors (Rwp < 10%), and unit cell parameters for Y4 ceramics are provided
in Fig. S1. These results confirm the validity of the structural models and the reliability of the refinement,
with the calculated patterns showing excellent agreement with the experimental data[21]. The XRD
Rietveld refinement patterns for ceramics Y2, Y6 and Y8 are provided in Fig. S2. It can be seen that the
formation of the Y2Zr2O7 pyrochlore phase increases the cubic phase fraction to 8.8% in Y2 sample. With
further increase in Y2O3 addition, it reaches 48% in Y4 and eventually rises nonlinearly to 60.4% in Y8
(Fig. 2(c)). This evolution is attributed to the limited solubility of Y2O3 in the PLZT lattice. This limited
solubility disrupts the long-range ferroelectric order, thereby enhancing the relaxor behavior of the
materials [22].

To further elucidate the influence of Y2O3 on the structural characteristics, room-temperature Raman

spectra were collected (Fig. S3). A detailed Gaussian-Lorentzian fitting analysis was conducted on the
Raman spectra of the Y0 and Y4 samples, as shown in Fig. 2(d). The spectral features are systematically
divided into three distinct regions: A-site ion vibrations (50 ~ 150 cm− 1), B-O bond vibrations (150 ~ 450
cm− 1), and BO6 octahedral vibrations (450 ~ 800 cm− 1). The Y4 sample exhibits significant spectral

alterations in the low-frequency region (< 150 cm− 1) compared to Y0, resulting from the perturbation of

A-site vibrational modes by Y3+ doping. Concurrently, the Raman peak near 220 cm− 1 shifts in position
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and exhibits a reduced full width at half maximum (FWHM), indicating enhanced lattice distortion [23].
Furthermore, in the region of 450 ~ 800 cm− 1, the absence of a characteristic J-fitting peak in Y4 sample
suggests that the precipitation of the secondary phase enhances the structural stability of the BO6

octahedra.

As shown in Fig. 2(e) and (f), both Y0 and Y4 ceramics exhibit well-defined grain with sharp boundaries
and a dense microstructure, indicating the suitability of the sintering temperature. The BSE images
(Fig. 2(f)) reveal the stable coexistence of pyrochlore phase Y2Zr2O7 and perovskite phase PLZT in the
Y4 ceramic, which has been consistently reproduced in repeated experiments. This indicates that the
significant enhancement in Eb is not due to grain size effects[22]. To identify the composition of the
second phase, energy-dispersive X-ray spectroscopy (EDS) was conducted on all samples, as shown in
Fig. S4. The results demonstrate a distinct co-enrichment of Y3+ and Zr4+ ions in Y4 samples, confirming
the formation of the Y2Zr2O7 secondary phase[23].

The breakdown reliability was evaluated using Weibull distribution analysis, as shown in Fig. 3(a). All the
PLZT- x wt% Y2O3 ceramics exhibit a Weibull modulus (β) higher than 10, indicating excellent consistency

and high reliability of the Eb[24]. The Eb of Y0, Y2, Y4, Y6, and Y8 ceramics are 440 kV/cm, 490 kV/cm,
570 kV/cm, 720 kV/cm, and 850 kV/cm, respectively. The current-voltage (I-V) characteristics of all
samples (Fig. S4) reveal consistently low leakage currents across the measured bias range. In addition,
according to previous studies, modifications in the band structure contribute to the enhancement of
Eb[25]. To further elucidate the underlying mechanism for the improved Eb, UV-Vis spectroscopy was
conducted (Fig. 3(b)). The optical Eg increases from 2.65 eV for Y0 to 2.73 eV for Y4, indicating that
charge carrier migration must overcome a higher energy barrier. This widening of the Eg raises the
activation energy for carrier transport, effectively suppressing electrical conduction and allowing the
ceramic to withstand higher applied electric fields, thereby leading to superior ESPs[26]. Figure 3(c)
shows the impedance spectra, revealing that the Y4 ceramics has a significantly higher total resistance
than Y0 ceramics. The Y0 ceramics exhibits two capacitive arcs, corresponding to grains and grain
boundaries responses, whereas the Y4 ceramics displays a single capacitive arc[27]. This behavior
results from the formation of a high-resistance pyrochlore phase in the Y4 ceramics. The resistance of
this phase exceeds the combined resistance of the grains and grain boundaries of Y0 ceramics, thereby
dominating the overall impedance response [28]. To elucidate the intrinsic correlation between the
dielectric breakdown behavior and the composite microstructure of PLZT- x wt% Y2O3 ceramics, phase-

field simulations were conducted [21, 24–26, 29, 30].The experimentally measured SEM grain
morphology from Fig. 3(d) and (f) was used as the input microstructure for the phase simulations. In
contrast to the single-pole concentration of electric potential in the pure perovskite Y0 ceramics
(Fig. 3(e)). When the breakdown path encounters the Y2Zr2O7 grains, it hinders the electrical breakdown
process (Fig. 3(f)). This uniform distribution originates from the dual-phase grains characterized by low
εr and weak polarization. These features effectively impede the propagation of conductive pathways and
suppress the localization of high electric fields. Consequently, under identical voltage conditions, the Y4
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ceramics exhibits superior breakdown resistance, and reduced susceptibility to failure, thereby achieving
a higher Eb[31, 32].

The dielectric temperature spectra of PLZT- x wt% Y2O3 ceramics measured at 100 kHz are presented in
Fig. 4(a). All compositions exhibit distinct dielectric peaks. With increasing Y2O3 content, the dielectric

response evolves from three well-defined peaks in the Y0 ceramics to a single broadened peak[33],
which is observed across the Y2 to Y8 ceramics. The progressive broadening of the dielectric peaks
reflects characteristic diffuse phase transition behavior, which can be attributed to enhanced ionic
disorder resulting from the random distribution of cations within the solid solution[34]. At elevated
temperatures, the tanδ of PLZT- x wt% Y2O3 ceramics shows a marked decrease. This improvement is
likely due to the enhanced high‑temperature stability and the reduced high-temperature dielectric loss of
the matrix imparted by the secondary phase [35]. The P-E loops characteristics of PLZT- x wt% Y2O3

ceramics under 400 kV/cm are shown in Fig. 4(b). A marked decrease in the polarization intensity of
PLZT- x wt% Y2O3 ceramics can be observed, and the reduction is similar to the proportional increase of

the second phase. For example, the Pmax values of Y0, Y2, Y4, Y6, and Y8 ceramics are 52.7 C/cm2, 40.8

C/cm2, 25.2 µC/cm2, 15.9 µC/cm2, and 14.8 µC/cm2 under 400 kV/cm, respectively. Therefore, the
decrease in Pmax can be attributed to the incorporation of the cubic Y2Zr2O7 phase, which possesses a
highly symmetric structure and exhibits neither FE nor AFE ordering, thus contributing no spontaneous
polarization. Furthermore, in Fig. 4(c), the current peak in the I-E loops shifts toward higher electric fields,
accompanied by a decrease in dielectric peak intensity and a broadening of peak width. These changes
indicate that increasing the Y2Zr2O7 content modulates the phase behavior, suppresses intense strain
generation, and delays polarization saturation [36]. Figure 4(d) and (e) present the P-E loops and ESPs of
PLZT- x wt% Y2O3 ceramics. This improvement arises from the synergistic effect between enhanced

relaxation behavior and increased Eb, resulting in a high Wrec of 14.5 J/cm3 and an η of 85.7%. A
comparative analysis with other ceramics systems (Fig. 4(f)) confirms the superior overall ESPs of Y4
ceramics, further supported by a comprehensive evaluation of its efficiency and ESPs [1, 3–6, 9, 19, 20,
37, 38].

For dielectric ceramic capacitors, the ability to withstand harsh operating conditions is critically
important in practical applications. The temperature, frequency, and cycling stability of the Y4 ceramics
were systematically evaluated through P‑E loops measurements, as shown in Fig. 5(a) ~ (c). It can be
seen that the Y4 ceramics exhibits pronounced temperature dependence over the range from 30 oC to
150 oC. With increasing temperature, this accumulated thermal energy facilitates electric domain
switching, promoting the AFE-to-FE phase transition and resulting in a continuous rise in Pmax from 19.4

µC/cm2 (30 oC) to 31.4 µC/cm2 (150 oC). Accordingly, the Wrec increases from 5.03 J/cm3 at 30 oC to

7.61 J/cm3 at 120 oC (Fig. 5(d)). This demonstrates that Y4 ceramic can deliver enhanced ESPs at

elevated temperatures (90–150 oC). The Y4 ceramics also exhibits excellent stability over a broad
frequency range from 1 Hz to 1000 Hz, with only an 8% variation in its Wrec, as shown in Fig. 5(e). The
ESPs remains highly stable, which is a critical advantage for high-frequency pulse power systems. To
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assess the cycling stability of the Y4 ceramics, Fig. 5 (f) presents the evolution of the Wrec and η

calculated by P-E loops after 104 cycles under an applied electric field of 300 kV/cm. The Y4 ceramic

exhibits excellent cycling stability after 104 cycles with 12.6% variation in Wrec.

To assess its viability for pulsed power systems, the charge-discharge performance of the Y4 ceramics
was investigated. Room-temperature tests were conducted under overdamped (200 Ω) and
underdamped circuit conditions. As shown in Fig. 6(a) and (b), the underdamped discharge current
increases with the applied electric field. The maximum current (Imax) of 18.6 A, current density (CD = Imax

/ S) of 2369.4 A/cm2, and a power density (PD = E × Imax / S) of 462 MW/cm3 are achieved in the Y4

ceramic at 390 kV/cm. Meanwhile, the overdamped discharge curves in Fig. 6(c) and (d) demonstrate an
exceptionally rapid energy release. The discharge speed is quantified by t0.9, the time to release 90% of
the total discharge energy density (Wdis), calculated as follows:[39–42]:

where V represents sample volume, and R represents load resistance (200 Ω). It can be seen that the
Wdis is 2.14 J/cm3 at 430 kV/cm, and a fast discharge time of t0.9 = 22.6 ns is obtained in Y4 ceramic.

These results indicate that rare earth-modified PLZT ceramics possess outstanding ESPs, positioning
them as a competitive candidate for pulsed powerapplications.

4. Conclusion
This work successfully developed a Pb0.94La0.04Zr0.99Ti0.01O3- x wt% Y2O3 (PLZT- x wt% Y2O3) composite

ceramics for dielectric energy storage. Increasing the Y2O3 content x systematically enhances the Eb of
the PLZT matrix and promotes the evolution toward a two-phase heterostructure composed of
perovskite (PLZT) and pyrochlore (Y2Zr2O7) phases. Y4 ceramic achieves a large Wrec of 14.5 J/cm3

under a high Eb of 570 kV/cm, together with excellent stability over a wide frequency range (1 ~ 1000 Hz)

and more than 104 charge-discharge cycles. It also delivers a high PD of 462 MW/cm3, a large CD of

2369.4 C/cm2, and an ultrafast discharge response (t0.9 = 22.6 ns). The rationally designed dual‑phase
heterostructure in Y4 ceramics enables exceptional integrated performance for pulsed‑power systems,
thereby paving the way for a new design paradigm in high‑performance energy‑storage ceramics.
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Figures

Figure 1

Schematic diagram of strategies for improving the comprehensive ESPs of PLZT by constructing
composite ceramics
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Figure 2

(a) XRD pattern of PLZT- x wt%Y2O3 ceramics; (b) The Rietveld refinement XRD patterns of Y0 and Y4

over 20o to 80o; (c) Phase proportion of PLZT- x wt% Y2O3 ceramics; (d) Raman spectra of Y0 and Y4
ceramics at room temperature; (e) BSE image and EDS image of Y0 ceramics; (f) BSE image and EDS
image of Y4 ceramics.
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Figure 3

(a) Weibull distribution of Eb for PLZT- x wt% Y2O3 ceramics; (b) Tauc plot of PLZT- x wt% Y2O3 ceramics;
(c) Impedance diagrams of Y0 and Y4 ceramics; (d) and (e) BSE image and EDS image of Y0 and Y4
ceramics; (f) and (g) Analog diagrams of Y4 ceramics.
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Figure 4

(a) dielectric temperature spectra of PLZT- x wt% Y2O3 ceramics; (b) P-E loops of PLZT- x wt% Y2O3

ceramics under the same electric field; (c) I-E loops of PLZT- x wt% Y2O3 ceramics at Eb; (d) P-E loops of
PLZT- x wt% Y2O3 ceramics at Eb; (e) Comparison of Wtot, Wrec and h of PLZT- x wt% Y2O3 ceramics; (f)

Comparison of Pmax, Pr and ΔP for PLZT- x wt% Y2O3 ceramics.
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Figure 5

(a) P-E loops of Y4 ceramics at different temperatures at 400kV/cm and variations in Wrec and h with
temperature; (b) P-E loops of Y4 ceramics at different frequencies under 400 kV/cm conditions and
variations of Wrec and h with frequency; (c) P-E loops of Y4 ceramics at 300 kV/cm with different cycles
and variations of Wrec and h with cycles.

Figure 6

(a) Pulse charge-discharge performance of Y4 ceramic under different electric fields in the underdamped
state; (b) Y4 ceramic Imax, PD, CD tests; (c) Pulse charge-discharge performance of Y4 ceramic under
different electric fields in overdamped state; (d) Calculate the variation of Wd and t0.9 over time by
integration
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