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Dielectric capacitors with high energy storage performance are highly desired
for advanced power electronic devices and systems. Even though strenuous
efforts have been dedicated to closing the gap of energy storage density
between the dielectric capacitors and the electrochemical capacitors/bat-
teries, a single-minded pursuit of high energy density without a near-zero

energy loss for ultrahigh energy efficiency as the grantee is in vain. Herein, for
the purpose of decoupling the inherent conflicts between high polarization
and low electric hysteresis (loss), and achieving high energy storage density
and efficiency simultaneously in multilayer ceramic capacitors (MLCCs), we
propose an interlaminar strain engineering strategy to modulate the domain
structure and manipulate the polarization behavior of the dielectric mediums.
With a heterogeneous layered structure consisting of different antiferro-
electric ceramics [(Pbg.oBag.04La0.04)(Zro.655N0.3Ti0.05)03/(Pbo.osBag.02La0.02)
(Zro.65N0.4)03/(Pbg.92Ca0.06L.80.02) (Z10.65M0.4)0.99503], our MLCC exhibits a
giant recoverable energy density of 22.0 J cm™ with an ultrahigh energy effi-
ciency of 96.1%. Combined with the favorable temperature and frequency
stabilities and the high antifatigue property, this work provides a strain engi-

neering paradigm for designing MLCCs for high-power energy storage and
conversion systems.

Storing electric energy in the form of electrostatic fields against elec-
tric displacement, the unmatched high-speed charge-discharge cap-
ability makes dielectric capacitors indispensable for high/pulsed
power electronic systems'™. Nevertheless, the low energy storage
density of dielectric capacitors in comparison to that of electro-
chemical capacitors and batteries is blamed for limiting the miniatur-
ization and lightweight of power devices*. The recoverable energy
density is determined by the polarization behavior of the dielectric
materials of capacitors, i.e., W .= [ E"EdP, where P, is the electric

polarization stimulated by the applied electric field £, and P, is the
remanent polarization, and thus large polarization and high break-
down strength are pivotal to achieving desirable energy storage
density* S, The spontaneous polarizability enables ferroelectrics (FEs)
and antiferroelectrics (AFEs) to exhibit much higher polarization
compared with that of linear dielectrics, which have been extensively
used as energy storage mediums for capacitors®’. Concerning E, the
breakdown strength of dielectrics is found to increase sharply with the
decrease in the thickness of dielectric ceramics (the Gerson-Marshall
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theory)'®". For high energy density, capacitors with a multilayer
structure (MLCC) have been designed, in which FE or AFE ceramics
with high polarization are laminated with thin thicknesses ranging
from several to several tens micrometers for high breakdown
strength* ™,

Even though improved energy storage capacity has been achieved
in MLCCs, their energy density is still miles off that of other energy
storage devices such as batteries and supercapacitors, forcing stren-
uous efforts to be continuously dedicated to enhancing the polariza-
tion and breakdown strength of the FE and AFE materials. However,
from the practical point of view, a single-minded pursuit of high energy
storage density without a near-zero energy loss for ultrahigh energy
efficiency [n=Wec/ (WiectWioss)X100%, where W5 is the energy loss
generated by the electric hysteresis and leakage current] as the grantee
is in vain, which, unfortunately, has not been fully recognized. The
energy loss could generate colossal heat and elevate the temperature
of MLCCs pronouncedly due to their compact size and low heat dis-
sipation ability°. Taking strontium titanate-based MLCC (4.5 mm x
3.2 mm x 1.6 mm) with an energy storage density of -2 J cm™, only one-
tenth that of the state-of-art value reported in MLCCs, for example, an
energy loss of 0.4 ) cm™ (r - 80%) could result in a temperature rise of
~80 °C[ref. 20]. It is noted that the energy loss increases proportionally
to the energy storage density with the same efficiency, and thus the
overheating issue could be significantly amplified in MLCCs with high
energy density, further confirming the paramount importance of
energy efficiency. According to the energy conservation law (Supple-
mentary Note SI1)*?, even with a decent efficiency of 85%, the heat
generated by the energy loss (-2) cm™) of an MLCC with an energy
density of ~15] cm™ could lead to a temperature rise as high as 200 °C,
severely exceeding the temperature range for a stable energy storage
performance®. To restrict the rise of temperature below 50°C in
MLCCs with an energy density beyond 20 ] cm™, the energy efficiency
must be greater than 95%. Thus, near-zero energy loss becomes the
precondition for MLCCs to enjoy high energy storage density.

However, a high polarization generally concomitants with a large
electric hysteresis in FEs and AFEs, and the disharmony could be
ascribable to the domain switching thermodynamics®. Indeed, large
polarization is the macroscopic representation of the high compliance
of dipoles with electric fields, the essence of which involves a series of
processes of new domain nucleation, domain wall movement, domain
growth and eventually the formation of large single domains with huge
electric hysteresis®**. Smashing large single domains into nanodo-
mains could decrease the hysteresis, while the large content of
domain walls for nanoregion separation hinders the saturation
polarization®*% The inherent correlation between the polarization
and the hysteresis makes high energy density and ultralow energy loss
inaccessible simultaneously®*~*. For instance, a linear behavior like
hysteresis can be achieved in BaTiO; by breaking the long-range tet-
ragonal phase ordering with the incorporation of aliovalent double
ions, yielding a superb energy efficiency of 97% [ref. 33]. Whereas, the
compromise of polarization limits the energy storage density to a
mediocre level of 8.6 ) cm™. In contrast, alloying with BiMg,sNb; 303,
the thermodynamic free energy density profile of the BiFeOs-based
ceramics is flattened to promote a high polarization, allowing the
corresponding MLCC to store electric energy with a preferred density
of 15.8) cm [ref. 10]. Nonetheless, the large electric hysteresis con-
sumes 25% of the charged energy, leading to the detrimental energy
efficiency of 75%. In addition to manipulating phase structure and
polarization behavior of dielectric materials with composition and
doping designs, the unique multilayer structure and special fabrication
process of MLCCs provide more sophisticated means to improve
energy storage performance. Texturing grains with <111>-oriented
SrTiO; templates during the tape casting process, the breakdown
strength of the sodium bismuth titanate MLCCs increases dramatically
while the high polarization of the dielectric matrix is maintained, which

exhibits an extremely high energy density exceeding 20 J cm™ for the
first time*®. However, the inferior energy efficiency of 80% may still
challenge the viability of practical applications.

In this work, we proposed a heterogeneous layer structure to
optimize the comprehensive energy storage performance of MLCCs.
We chose three different AFE compositions (PbgoBagoslagos)
(Zro.655n0.3Ti0‘05)03 (PBLZST, abbreviated as S1), (Pbo.gsBao.ozLaO.oz)
(Zro.6Snp.4)03 (PBLZS, abbreviated as S2), and (Pbgg,Cag oelag.02)
(Zro.6SN0.4)0.99503 (PCLZS, abbreviated as S3) as the dielectric med-
iums because of their complementary features among polarization,
electric hysteresis, and breakdown strength (Fig. 1, Supplementary
Table S1 and Note S2). The three AFEs were laminated and stacked
periodically and their ceramic layers were connected parallelly to
assemble the MLCCs (Fig. 1a). Due to the electrostrictive effect, we
capitalized on the in-plane mismatch strain between the dielectric
layers during the charging process to tune the domain size, domain
switching behavior and the polarization characteristic of the AFEs
(Fig. 1b), and remarkably, the MLCC exhibits an exceptionally low-
hysteresis polarization-electric field (P-E) loop with a colossal polar-
ization exceeding 70.0 nC cm?, simultaneously, which is inaccessible
before. We rationalized the special polarization behavior of the MLCC
with the phase-field simulations. As a result, stunning energy storage
characteristics, i.e., a giant recoverable energy density of 22.0J cm™
with an ultrahigh energy efficiency of 96.1% are achieved in our MLCCs.
This is the highest recoverable energy density achieved in MLCCs with
an efficiency surpassing 95%. Combined with the marvelous tempera-
ture and frequency stabilities as well as the antifatigue property, this
work defines clear interlaminar strain engineering guidelines for
designing MLCCs with supreme overall energy storage performance.

Results

Dielectric and polarization behaviors of MLCCs with the het-
erogeneous layer structure

Our MLCC (S4) with a periodical heterogeneous layer structure
(Fig. 1a) was fabricated with a typical tape-casting process. Meanwhile,
MLCCs with S1, S2 and S3 homogeneous dielectric layers were fabri-
cated as the experimental control group. The dimensions of the
MLCCs are shown in Supplementary Fig. S1. As presented in the
scanning electron microscopy (SEM) images, the MLCCs are com-
posed of dense ceramic layers (thickness: 8 um) that connect parallelly
with Ag-Pd internal interdigital electrodes, featuring the clear metal-
ceramic interfaces (Fig. 2a and Supplementary Fig. S2). The energy-
dispersive X-ray spectroscopy (EDS) mappings (cross-section view) for
the metal elements of Ag and Pd corroborate that no diffusion of
internal interdigital electrode penetrating the dielectric layers occurs
(Fig. 2b). Moreover, the homogeneous distribution of Pb, Ba, La, Ca, Zr,
Sn and Ti elements in their corresponding ceramic layers [revealed by
the submicrometer-scale and atomic-scale elemental mappings (Sup-
plementary Figs. S3 and S4) via the aberration-corrected scanning
transmission electron microscopy (STEM)] permits all of the samples
to have a pure perovskite phase, as verified by X-ray diffraction (XRD,
Supplementary Figs. S5 and S6 and Table S2) and the electron-
diffraction patterns along the [110] zone axes (insets of Fig. 3a-c).
Specifically, as indicated by the XRD patterns, S1 shows a tetragonal
phase at room temperature as identified by the splitting of (200) and
(002) peaks at -44°, while S2 has an orthorhombic phase implied by
the split (200) peak and asymmetric (111) peak®”’®. The appearance of
(012) and (212) peaks located at ~32° and ~39° infer the orthorhombic
phase of S3 [ref. 39].

Dielectric spectra were characterized to identify the phase tran-
sition behavior of the specimens, and the results are shown in Fig. 2c
and Supplementary Fig. S7. S1 MLCC has a flat dielectric constant-
temperature curve at the low-temperature range and shows a broad
dielectric plateau with a dielectric constant of ~1170 in the temperature
span from 150°C to 250°C corresponding to the diffusive AFE
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Fig. 1| Strategy for enhanced energy storage performance of MLCCs with
interlaminar strain engineering. a Schematic of the MLCC (S4) with a periodical
heterogeneous layer structure. b Comparative display of domain structures and
polarization-electric field (P-E) loops of S1, S2 and S3 with high electric fields. With
small domains, S1 and S3 show slim loops with near-zero hysteresis and remanent
polarization, while their polarization is also low. In contrast, S2 with large FE

domains possesses high polarization but obvious hysteresis. With strain engi-
neering (S4), the in-plane tensile strain decreases the domain size of S2 to depress
its hysteresis while the in-plane compressive strain increases the polarization of S1
and S3. With the domain engineering, S4 is expected to exhibit a high polarization
like S2 and a near-zero hysteresis similar to S1 and S3 for achieving high energy
storage density and efficiency, simultaneously (the P-E loop of S4).

tetragonal (AFEr)-paraelectric cubic (PEc) phase transition (Fig. 2c and
Supplementary Fig. S7a). S3 MLCC has a stable dielectric constant in
the whole temperature range from —60 °C to 400 °C with a diffused
dielectric anomaly at ~100°C corresponding to the partial AFE
orthorhombic (AFEp)-PEc phase transition®. The full AFEy-PEc phase
transition of S3 MLCC occurs at a higher temperature, as denoted by
the small hump of the dielectric constant-temperature curve at ~320 °C
(Supplementary Fig. S7c). Distinct from the diffusive phase transitions
with flat dielectric constant spectra of S1 and S3 MLCCs, the multistage
phase transitions of S2 MLCC are signified by the dielectric constant
steps at 7;~80 °C, T,~-160 °C, and T5~300 °C, corresponding to the
AFEq, (orthorhombic structure with space group of Pbam)-AFEqy
(orthorhombic structure with space group of Bmm?2), AFEoy-PEyvicc
(paraelectric multicell cubic), and PEycc-PEc phase transitions,
respectively (Supplementary Fig. S7b)***°. By integrating the dielectric
features of S1, S2 and S3 MLCCs, S4 MLCC exhibits a very broad
dielectric constant peak in a large temperature span with a moderate
relative dielectric constant (-500--700), indicating the high tem-
perature stability for the polarization behavior and energy storage
performance (Supplementary Fig. S7d). The overlap of the dielectric
constant curves of each sample tested with various frequencies reflects
the nonrelaxation nature of the components. In addition, all of the
samples have a low dielectric loss (below 0.03) in the whole tem-
perature and frequency ranges, as shown in Supplementary Fig. S7. We

attribute the preferred dielectric losses to the high and stable resis-
tivity of the samples. As shown in Supplementary Fig. S8, all of the
samples have resistivity beyond 1 x 10" Q m at room temperature with
a DC field of 100 kV cm™, and even when the temperature increases to
a high level of 160 °C, no obvious decrease in resistivity is observed.
Owing to the favorable insulating characteristic, all of the MLCCs have
a high breakdown strength beyond 450 kV cm™, especially S3 MLCC
exhibits an ultrahigh breakdown strength of 810kVcm™ (Supple-
mentary Fig. S9). S4 MLCC possesses a preferred breakdown strength
of 750 kV.ecm™ that is close to the level of S3 MLCC. The high break-
down strength is essential to stimulate the energy storage potential
of MLCCs.

Presented in Fig. 2d and Supplementary Fig. S10 are the
polarization-electric field (P-E) loops of the samples at room tem-
perature, in which the complementarity of the polarization behavior of
S1, S2 and S3 MLCCs can be clearly identified. For example, with a
flattening effect of a free-energy profile caused by the local lattice
distortion (smaller cations La** ions occupy A-sites of the perovskite
lattices with the formation of Vy, vacancies), S MLCC possesses a very
slim P-E double loop with a near-zero remanent polarization and a
minimal electric hysteresis*-*%. However, the saturate polarization of S1
MLCC (~55pC cm™, Fig. 2d, e) is relatively low. Figure 3d-f shows the
atomic-scale high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) lattice polarization vectors along
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Fig. 2 | Microstructures, dielectric properties, and polarization behaviors of
the MLCCs. a Cross-section SEM images of S1-S4 MLCCs. b EDS mappings of Pb and
Zr in the dielectric layers, and Ag and Pd in the internal interdigital electrodes (S4
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d Room-temperature P-E loops of the samples measured at 10 Hz. e Polarization of
S1-S4 MLCCs as a function of electric field.

the [110] zone axes (the magnitudes of the arrows represent the
deviation displacements of B-site ions relative to the lattice center of
their four nearest neighboring A-site ions), and the average displace-
ment of S1 MLCC is only -3.9 pm (Fig. 3g, accounting from the dis-
placement magnitude mapping in the inset of Fig. 3g), which results in
the low polarization of S1. In contrast, a giant polarization of
~77uCcm™ is observed in S2 MLCC with a low electric field of
480 kV cm™, which is one of the highest values in MLCCs with different
FE or AFE mediums. The colossal polarization of S2 could be attributed
to its large ion displacement. As shown in Fig. 3h, the average dis-
placement is ~4.7 pm, which is 1.2 and 1.5 times those of S1 and S3,
respectively. However, the electric hysteresis, i.e., the gap between the
electric fields for the AFE-FE and FE-AFE phase transition, is also large,
which arises from the structure and switching behavior of domains. As
shown in Fig. 3b, large-size domains could be observed in the bright-
field TEM (BF-TEM) micrographs. Also, as observed in the HAADF-
STEM images (Fig. 3d-f), the domain size (circled with white lines) of
S2 is larger than those of S1 and S3, since the vector angles of S2 are
distributed more closely to a narrower range, while the orientation of
the vectors in S1 and S3 are more random (Fig. 3j-1). As a result, large
area domains that consist of ion displacement vectors aligning along
the same direction could be observed in S2 (Fig. 3e). It is believed that
switching large domains consumes more energy compared with that
for small-domain switching, leading to the larger polarization hyster-
esis of S2. Besides a high breakdown strength exceeding 800 kV cm™
(Supplementary Fig. S9), S3 MLCC derives a linear-like double P-F loop

from the highly diffused AFE-PE phase transition with the A-B sites
substitution doping (Pb** and Zr** ions of the perovskite lattices are
replaced by Ca® and Sn* ions, respectively)*>**, while the polarization
of which is inferior (-46 uC cm™). The low hysteresis and polarization
of S3 are owing to its low degree of ion displacement vector (ultra-
small domains, -2 nm) and small ion deviation displacement, as indi-
cated by the findings of the HAADF-STEM image (Fig. 3f, i, I). It is noted
that the domain morphology and ion displacement of S1-S3 in S4 are
identical to those observed in S1-S3 MLCCs (Fig. 3), demonstrating
that S1-S3 in S4 MLCC laminated with the periodically heterogeneous
layer structure have the same lattice and domain microstructures to
those in their corresponding S1-S3 MLCCs with a homogeneous layer
structure (Supplementary Fig. S13). The polarization behavior of S1-S3
is further analyzed via the piezoresponse force microscopy (PFM)
measurement. As shown in Supplementary Fig. S14, applied with
positive and negative voltages (+15 V) in the middle and the two sides
of the sample surfaces, respectively, it can be seen that the domains of
S2 can be aligned with the relatively low voltage, while those in S1 and
S3 orientate randomly (Supplementary Fig. Sl4a-c). The high polar-
izability of S2 gives rise to the highest polarization, as revealed by the
P-E loops (Fig. 2d). The domains of S1 can be aligned with an increased
voltage (+25V) (Supplementary Fig. S14d), whereas no significant dif-
ference in domain orientation is observed in S3 with the increase of
voltage (Supplementary Fig. S14f) for its linear-like polarization beha-
vior indicated by the P-E loop (Fig. 2d). It is also clear that the size of
domains in S2 is larger than that of S1 and S3 (Supplementary Fig. S15).
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show the corresponding atomic displacement magnitude mappings. Vector angle
distribution histograms of j S1, k S2, and 1 S3. The insets show the corresponding
atomic displacement angle mappings.

We then compared the relaxation features of the domains in S1-S3. As
shown in Supplementary Figs. S14d-1 and S15d-1, after withdrawing the
voltage, domains in S1 and S3 get back to the original random orien-
tation state in a period of 10 min, while those in S2 can maintain the
alignment for a long time of 20 min. The results demonstrate that the
domain orientation of S2 is stable after being subjected to an electric
field poling process, producing the large hysteresis of the P-E loop as
relatively high energy is consumed to recover the domain orientation
(Fig. 2d), leading to the inferior energy storage efficiency of S2. Thus,
the intuitive motivation toward high energy storage performance is to
laminate and stack these three AFE ceramic layers in MLCC (S4) for the

combination of their respective advantages. Interestingly, the polar-
ization characteristic of S4 MLCC with the periodical heterogeneous
structure far outstrips the expectations, e.g., applied with a high
electric field of 750 kV cm™, the polarization of S4 MLCC reaches the
same high level as that of S2 MLCC and concurrently the hysteresis is
even smaller than that of S1 MLCC, negating the noncompatibility of
high polarization and low hysteresis loss in AFE materials.

The polarization behavior of S1-S4 MLCCs is insensitive to fre-
quency, as signified by Supplementary Fig. S16. Moreover, the polar-
ization and the hysteresis of S1 and S3 MLCCs change marginally as the
temperature increases from -60°C to 160°C (Supplementary
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Fig. S17a, ¢), the trend of which is in line with their dielectric constant
(Fig. 2c and Supplementary Fig. S7). Differently, with the multistage-
phase transitions, the polarization of S2 MLCC decreases with the
increase of temperature, especially when the temperature is higher
than 120 °C (Supplementary Fig. S17b, e). It is noted that S4 MLCC
maintains the high temperature stability of S1 and S3, whose polar-
ization is almost independent of temperature in the wide range
(=60 ~160 °C, Supplementary Fig. S17d, e). In addition, S4 MLCC shows
no indication of fatigue in the long-term measurement, as evidenced
by Supplementary Fig. S18 that the polarization and hysteresis remain
steady after being subjected to 100,000 cycles of charge-discharge
process.

Rationalization with the phase-field simulation

To shed light on the mechanisms of the stunning findings, i.e., the
coexistence of high polarization and near-zero hysteresis of S4 MLCC,
we performed the phase-field simulation to rationalize the impact of
interlaminar strain on the domain evolution and polarization behavior
in MLCCs. Figure 4a shows the z-direction (out-of-plane) strain-electric
field (S-E) loops of the MLCCs measured by the electrostriction system.
With an electric field of 400 kV cm™, S2 MLCC has a significantly larger
strain of 0.31% than those of S1 and S3 MLCCs (0.19% and 0.11%,
respectively). The large electric field-induced strain of S2 is ascribed to
its unique multiphase transition behavior (Supplementary Fig. S11) and
large lattice deformation (Supplementary Fig. S19 and
Tables S3 and S4) induced by the electric field. The volume of AFEs
changes with an applied electric field, and the out-of-plane strain along
the z-axis direction is typically accompanied by the transverse dis-
placement along the x-axis direction**. Thus, the different out-of-
plane strains generate various in-plane strains among S1-S3 when the
dielectric layers are periodically stacked as S4 (Supplementary
Figs. S20-S24 and Supplementary Note S3). As revealed by the in-situ
Raman spectroscopy of S4 (Supplementary Fig. S25), the applied
electric field shifts the Raman scattering peaks of S1 and S3 in S4 from
68.2cm™ and 67.8 cm™ towards the low wavenumber, e.g., 67.3 cm™
and 66.0 cm™, respectively, while moves the peak of S2 toward the
opposite direction, e.g., from 64.3 cm™ to 67.0 cm™. The results indi-
cate that the interlaminar strain created by the periodical lamination
structure design distorts the lattices of S2 and shortens their intera-
tomic distance. In contrast, the strain prolongs the interatomic dis-
tance of S1 and S3. Furthermore, as the amplitude of the wavenumber
shift of S2 is more pronounced than that of S1 and S3, it is suggested
that the interlaminar strain generates larger lattice distortion in S2
[ref. 48]. As schematically illustrated in Fig. 4b, the S2 layer thus is
subjected to an in-plane tensile strain while the neighboring S1 and S3
layers have compressive strains in S4 MLCC. It is noted that the influ-
ence of electrodes on the strain of the ceramic layers is limited (Sup-
plementary Notes S3 and S4 and Figs. S28 and S29). The strain can
affect the hysteresis and polarization behavior of AFE ceramics (Sup-
plementary Note S5 and Table S6)*~.

We leverage the phase-field simulation to illustrate how the strains
optimize the polarization behavior of S4 MLCC with a control group
that assumes noninteraction exists between the ceramic layers for
comparisons (Fig. 4c-e). With the confinement (in-plane tensile strain)
under ~400 kV cm™, the compliance of dipoles of S2 with the electric
field is decreased as compared to that without constraint, as revealed
by the simulated domain structures. As shown in the case of S2 without
strain confinement (S2 of Fig. 4¢), large single domains in which the
dipoles highly orientate along the out-of-plane direction can be
induced by the applied electric field, whereas the tensile strain caused
by the layer interaction makes the dipoles in S2 tend to lie in-plane,
forming small domains (S2 of Fig. 4d). The three-dimensional Landau
free energy density surface points out that the in-plane tensile strain
shifts the free energy minima points from 12 values to 4 in-plane values
(Fig. 4f), which pushes the out-of-plane polarization in S2 to a high-

energy state, impeding dipoles to be aligned with the applied electric
fields’>. The decrease in domain size imparts S2 low hysteresis to
reduce the energy consumption for domain switching. The strain-
engineered domain also scarifies the polarizability of S2. Figure 4e
shows the continuously varying P, components across the out-of-plane
direction of each dielectric layer. With the in-plane tensile strain, the P,
of S2 is depressed. Intriguingly, in contrast to the tensile strain, the in-
plane compressive strain repels the dipoles of S1 and S3 to be orien-
tated with the applied field, yielding increased P, (Fig. 4e) that could
make up for the impairment of polarization in S2. Moreover, the
domains in S1 and S3 are small, as exhibited in Fig. 3d, f, and it is
believed that the in-plane compressive strain has limited impact on the
domain size of S1 and S3 when applied with a high electric field
(Fig. 4d), allowing S1 and S3 to retain their minimal hysteresis. As
rationalized by the phase-field simulation, S4 exhibits giant polariza-
tion and near-zero hysteresis simultaneously via the interlaminar strain
engineering design.

The energy storage feature of the MLCCs

The energy storage density, loss and efficiency of the samples were
evaluated by integrating the area between the polarization axis and the
P-E loops applied with their corresponding breakdown strength fields.
As shown in Fig. 5a, due to the high polarization, S2 MLCC shows a high
recoverable energy density of 18.9 ] cm™ with a relatively low electric
field of 480 kV.cm™, even surpassing those of S1 and S3 with higher
electric fields of 610 kV cm™ and 810 kV cm™, respectively. However,
the large electric hysteresis of S2 generates a high energy loss of
3.7) cm?3, yielding a poor energy efficiency of 83.6%. The large energy
loss may convert into heat during the high-speed charge-discharge
process and lead to a serious overheating problem, damaging the
MLCCs themselves and the surrounding circuits and components. On
the contrary, S1 MLCC possesses a relatively high energy efficiency of
92.5%, which is attributable to the low hysteresis reflected by its slim P-
E loop, whereas the low polarization limits the energy storage density,
which is only 60% of that of S2 MLCC. Also because of the low polar-
ization, even stimulated with a high electric field of 810 kV.cm™, the
recoverable energy density of S3 MLCC only reaches 15.4 ) cm with an
undesirable energy efficiency of 84.6%. Figure 5a, b shows the com-
parison of the recoverable energy density and energy efficiency of S1-
S4 MLCCs under electric fields up to their corresponding breakdown
strength. The marvelous energy storage performance is attained in S4
MLCC due to their unique polarization behavior tuned via the inter-
laminar strain, as rationalized by the phase-field theory. By decoupling
the mutual restriction between high polarization and low electric
hysteresis, S4 MLCC shows a colossal recoverable energy density of
22.0] cm™ with an ultrahigh energy efficiency of 96.1% simultaneously
under an electric field of 750 kV cm™. As summarized in Fig. 5c, Sup-
plementary Fig. S30, and Supplementary Tables S7 and S8, the reco-
verable energy density and the energy efficiency are the highest
compared with those achieved in reported MLCCs, and the recover-
able energy density is more than 5 times that of the second-best value
obtained previously with an energy efficiency beyond 95%. It is noted
that both the recoverable energy density and the energy efficiency of
S4 MLCC transcend those of MLCCs with a single component, for
example, the recoverable energy density is 20% higher than that of S2
MLCC and the energy efficiency is 104% that of S1 MLCC (Fig. 5b),
further confirming the significance of strain engineering between the
S1, S2 and S3 layers in S4 MLCC.

The high frequency, temperature, and cycling stabilities of
polarization behavior endow S4 MLCC with stable energy storage
performance. As shown in Fig. 5d, the variation range of the recover-
able energy density and energy efficiency with different frequencies is
less than +3%. Moreover, the recoverable energy density and energy
efficiency change less than +13% in the temperature range between
-60 °C and 160 °C (Fig. Se), meeting the X8R industrial standard for
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energy storage performance of our MLCC with strain engineering (S4) with those of
representative MLCCs. Detailed information for the MLCCs is listed in Supple-
mentary Table S8. d Frequency stability, e temperature stability, and f cycling
stability of recoverable energy density and energy efficiency of S1-S4 MLCCs.

MLCCs (the performance changing within +15% over a temperature
range of =55 °C to 150 °C). Also, S1-S4 MLCCs display excellent energy
storage cycling stability over 100,000 high-field charge-discharge
cycles, as shown in Fig. 5f, as the polarization behavior (P-E loops,
Supplementary Fig. S18) of the samples changes marginally in the
cycling measurement.

Charge/discharge capability to meet practical applications

The charge-discharge measurement with a resistance-capacitance (RC)
circuit was carried out to evaluate the practicability of the energy
storage and release features of the MLCCs*. The electric field-
dependent overdamped discharge current density (Cp) curves of SI-
S4 MLCCs at room temperature are exhibited in Fig. 6a and Supple-
mentary Fig. S31. The stored energy of the samples can be discharged
within a short period of ~20 ps, validating their fast discharge cap-
ability for high/pulsed power electronics. The discharge energy den-
sity (Wgis) of the samples increases nonlinearly with the increase of
electric fields, which shows the same trend as that evaluated by the P-E
loops. As shown in Fig. 6b, S4 MLCC possesses a high discharge cap-
ability with a Wy of ~19.2) cm™, which agrees well with the value
derived from the P-E loop with the same applied electric field of
750 kV cm™. Again, the variation of the discharge energy density of S4
MLCC tested by the charge-discharge measurement is within +15% in
the wide temperature span ranging from —60 °C to 160 °C (Fig. 6c, d
and Supplementary Fig. S32), double confirming the high temperature
stability of our design. In addition, since no obvious changes in the
current density-time curves are observed when S4 is subjected to the
cycling charge-discharge process, the decay of discharge energy
density is lower than 1% (Supplementary Fig. S33).

Discussion

In summary, we propose a strain engineering strategy capitalizing on
the electrostrictive effect of AFE ceramics to modulate the domain
structure and manipulate the polarization behavior of the dielectric
mediums of MLCCs. With the design of the heterogeneous layer
structure, the in-plane tensile strain that impedes domain growth and
compressive strain that spurs dipoles to be aligned with the fields can
distribute precisely to the corresponding dielectric layers, decoupling

the inherent conflicts between high polarization and low electric hys-
teresis. As a result, unrivaled energy storage characteristic, i.e., a
colossal recoverable energy density of 22.0) cm™, the highest value in
MLCCs with an efficiency surpassing 95% (96.1% of our specimen), is
achieved in our design. Combined with the high temperature and
frequency stabilities and the remarkable antifatigue property, this
work defines clear interlaminar strain engineering guidelines for
MLCCs to pursue supreme overall energy storage performance.
Moreover, we would like to raise the awareness that ultrahigh energy
efficiency is the essential prerequisite for MLCCs to be applied as
energy storage components for power electronics.

Methods

Fabrication of the MLCCs

(Pbo.9Bap.04L0,04)(Zro.65SN0.3Tio.0s)03 (PBLZST), (Pbg9sBao.o2La0.02)
(Zro6Snp4)03 (PBLZS), and (Pbg9,Cap.06l20.02)(Zr0.65N0.4)0.99503
(PCLZS) ceramic powders were prepared by the solid-state reaction
method. High-purity PbO (=99%), La;03 (299.99%), ZrO, (=99%), SnO,
(299.5%), TiO, (299%), BaCO3 (=99.77%) and CaCO; (=99%) (Sino-
pharm Chemical Reagent Co. Ltd., China) were used as the starting
materials, and excessive PbO (6 wt.%) was added to compensate the
volatilization of lead during the sintering process. The stoichiometric
powders were planetary ball-milled with alcohol for 6 h and dried at
100 °Cfor 3 h and then calcined at 850 °C for 3 h to form the perovskite
phase. The calcined bulks were crushed and ball-milled for 6 h again.
Subsequently, the as-synthesized powders were refined and dispersed
evenly by the sanding method.

The MLCCs were prepared by the tape-casting method. The
ceramic powders were ball-milled with the solvent (ethanol and
xylene), dispersant (phosphate ester and fish oil), and defoamer (sili-
cone oil) for 8 h. And then, binder (polyvinyl butyral) and plasticizer
(dibutyl phthalate) were added to the mixture and ball-milled again for
another 10 h. The prepared slurries were cast on a film-belt substrate
with a tape-casting machine to produce uniform green tapes with a
thickness of ~15 um. The green tapes were screen-printed with 70Ag-
30 Pd paste as internal electrodes and stacked layer by layer with a hot-
pressed process (2 MPa at 70 °C). Especially, S4 consisted of a peri-
odical layered structure that S2 layer was sandwiched with S1 and S3

Nature Communications | (2025)16:1300


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56605-3

a
s4
9t ——100 kV cm™
200 kV cm™’
& 300 kV cm”’!
5 6 —— 400KV om”!
< ——500 kV cm™”
o 600 kV cm™’'
O 3t 700 kV cm”’!
——750 kV cm™
0
0 20 40 60
Time (us)
C s
S4 @400 kV cm™” -60°C
—~ 4t
<
1]
o
<
a 21
(¢
0
0 20 40 60
Time (us)

Fig. 6 | Charge-discharge performance of S4 MLCC. a Current density-time curves
under various electric fields at room temperature. b The discharge behaviors of S4
MLCC with different charged fields. ¢ Current density-time curves of S4 MLCC

b 2
19.2 J cm™
18+ 18.2dcm’
& 16.7 J-cm?
g .
S 12} 13.4Jcm?
3 9.5Jcm?®
T .l
2.8Jcm?
0.4 Jcm®
0
0 20 40 60
Time (us)
d
S4 @400 kV cm™
20
IE Variation <+15%
o P S
2 T g _
T e -9 -
=
0 L
80 40 0 40 80 120 160

Temperature (°C)
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layers. The stacked samples were cut to square with a dimension of
5mm x 5 mm. The MLCCs were heated at 600 °C for 2 h to burn all the
organic additives out and then sintered at 1120 ~ 1150 °C for 5 h. Finally,
silver pastes were used as termination electrodes for electrical
measurement.

Characterizations

The microstructure of the MLCCs was observed by using a scanning
electron microscope (SEM, GeminiSEM300, Carl Zeiss, Germany) in
combination with energy dispersive spectroscopy (EDS). The average
grain size and grain distribution were analyzed by the software Nano-
Measurer. The crystal structures were characterized using X-ray dif-
fraction (XRD, 7000S/L, Shimadzu Corp., Japan) with Cu Ka radiation.
Transmission Electron Microscopy (TEM) specimens were prepared by
a dual-beam Focused lon Beam (FIB, Helios 5 UC, ThermoFisher Sci-
entific, USA). The target cutting areas in ceramics were first coated with
tungsten protection layers with a thickness of 2 pm, and then the sur-
rounding regions were removed by accelerated Ga ions. The specimens
were extracted using a Tungsten micromanipulator and subsequently
attached to commercial copper grids. For the initial lamella preparation,
Ga ion acceleration was set to 30 kV and the beam current to 2.5nA.
These values were then gradually reduced to achieve precise thinning
down. To remove the ion-damaged surface layers, a voltage of 2 kV and
a current of 9 pA were applied. The TEM lamellae were thinned to a final
range of approximately 30 ~ 40 nm in thickness. TEM bright field images
and selected area electron diffraction (SAED) patterns of TEM lamellas
were obtained by a transmission electron microscope (TEM, Talos
F200X, ThermoFisher Scientific, USA) operated at 200 kV. The atomic-
scale structures and chemical compositions were investigated by a
double spherical aberration (C;) corrected scanning transmission elec-
tron microscope (STEM, Spectra 300, ThermoFisher Scientific, USA)
equipped with probe and image correctors and operated at 300 kV. The
probe convergence angle and high-angle annular dark-field (HAADF)
acceptance angles were 25 mrad and 39 ~200 mrad, respectively. The
atomic-scale elemental analysis was performed using an energy-
dispersive X-ray spectroscopy (EDXS) detector attached in the Cs-

corrected TEM, and quantification was automatically carried out in
ThermoFisher Velox software. Piezoresponse force microscopy (PFM)
measurement was conducted by atomic force microscopy (CYPHER,
Oxford Instruments, England) to evaluate the domain switching beha-
vior under different voltages and relaxation times. In-situ XRD was
measured at room temperature by using the D8 Advance diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany). The adhesion strength
between the electrodes and ceramic layers was measured using a uni-
versal test machine (XLW (PC)-500N, Sumspring Experimental Instru-
ments Co. Ltd, China). The Young’s moduli were obtained by a universal
test machine (E45.105, MTS Systems Corporation, USA). The specific
heat capacities were obtained by a differential scanning calorimeter
(Diamond DSC, PerkinElmer Instruments, USA). The thermal expansion
measurements were carried out using a thermal dilatometer (DIL,
Netzsch DIL 402 Expedis Supreme, Germany). In-situ Raman spectra
measurement was performed with a laser confocal Raman micro-
spectroscope (LabRAM HR800, Horiba Jobin Yvon, France. Laser
wavelength: 520 nm. Wave number range: 50 cm™ to 1000 cm™). The
MLCCs were sectioned along the red dash line, as schematically shown
in Supplementary Fig. S26a. The transverse sections were then ground
and polished for analysis. In the Raman measurement, a laser spot with a
diameter of 1pum was focused on the dielectric layer of the exposed
transverse section of the MLCC connected to a high-voltage power
supply (MS2671AN, Nanjing Minsheng Electronic Instrument Co., Ltd,
China), as shown in Supplementary Fig. S26b, c.
Temperature-dependent and frequency-dependent dielectric
properties were measured by a dielectric property test system (DPTS-
RT-600, Wuhan Yanhe Technology Co., Ltd., China) connected with a
high-precision LCR meter (6630, Microtest Corp., China). The elec-
trical resistivity was evaluated via a high resistance meter (6571B
Electrometer, Keithley Instruments, Inc., USA). The strain-electric field
(S-E) curves were measured by aix ACCT TF 2000 analyzer FE mea-
surement system (aix ACCT Co., Aachen, Germany). The polarization-
electric field (P-E) hysteresis loops were tested by a precision ferro-
electric analyzer (PK-CPE 1701, PolyK Technologies, USA). The charge/
discharge properties were characterized by a PK-capacitor discharge
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test system (CPR1601-D612, PolyK Technologies, USA). A variable
temperature comprehensive test platform (VTMP400, Wuhan Yanhe
Technology Co., Ltd., China) was employed to control the sample
temperature during the measurements.

Phase-field simulations

PbZrOs-based material is taken as an example by solving the time-
dependent Ginzburg-Landau (TDGL) equation for the temporal evo-
lution of the polarization vector field:

oP(r,ty _ , 6F (
ot T 6Pir,bt)

i=1,2,3) o)

where P;(r, t) is polarization, L is the kinetic coefficient, and F is the
total free energy of the system, which is expressed as:

F= / / / (f Land T fetas *fetec T, grad)d 4 @)

where Vis the system volume. The Landau free energy density f .nq can
be calculated by:

frana = (Pl2 +Py+ P32) +ay (P14 +Py* +P34) +ay, (P12P22 +P2P;?
+P P32 ) rayy [Pt (P2 +Ps?) + P (P24 P?) + P3* (P24 P2
+agy (P16 +Po+ P3"’) +ap3P 2P, Ps?
3

where P, P,, P; are polarization components. &;, &1, 02, Q111 012 and
a3 are Landau coefficients. The elastic energy density can be
expressed as:

1
Setas = 2 Ciil€5 — €))(Ex — Q) )

where Cyy is the elastic stiffness tensor, &; and sg- are the total local
strain, and the spontaneous strain, respectively®. The gradient energy
density can be expressed as:

towe Sl (2) () ()]
<)
So|lz2) * 0y? "oz

where i=1, 2, 3. Aq is a negative constant, which favors the stability of
the AFE phase. g is a positive constant, which drives the phase tran-
sition from AFE to FE. In this work, both Ay and go have been normal-
ized to eliminate dimension influence (1=-3.0, g=0.25, 0.20, and
0.23, respectively). The electrostatic energy density fejec is given by:

Fae= — PADEP(0) — 5 PADER () (6)

where E®" is the applied electric field, E™ is the internal electric field,
including the dipole-dipole interaction field, and the local electric field
caused by the random point defects. In the model, randomly distributed
points comprising 1% ~ 5% of the total are classified as defect dipoles and
are applied to these points”. The equation was solved by a semi-implicit
Fourier spectral method and the simulation size is 64 Ax x 64 Ay x 14 Az
(Ax is the number of grid points and equals 0.5 nm in this work). We use
Landau coefficients of the Pb(Zr;_,Ti,)O3 (x<0.1) system modified for
the calculation®. a;=-5.54x10"Jm C?, ay=560%x10%] m* C*
a=2.89%x10%) m* C*, oy =1.65%10°) m? C°, ay, =—8.66 x108) m’
C, a3 =319%x10°) m’ C%, ¢y =156 x10°Nm?, ¢,=9.6 x10°Nm?,

Cay=12.7x10°Nm?,
Q44 =0.047m* C2.

Q;=0.048m* C?% Qp=-0.015m* C?

Thermodynamic methods

To demonstrate the effect of interlayer-interactions on the free energy
of AFE MLCC, we performed a three-dimensional free energy surface
plotting of the Landau free energy. The thermodynamic free energy
density (AGpolar) is as follows™,

AGpoar = (Plz +P22+P32) +‘111(P14+P24+P34)
+ap (PP, + PP+ P2PS%) + [Py (P, Py
+Pz“('DlerPz'z) +P34(P12+P22)] +alll(P16+P26+P36)

1 1
+ a3 PP Py — 5511 (0.2 +0,2+05%) — 5544 (0,2 +05* +0¢?)

@)

— 81,(010, + 0,05+ 0,03) — Q (01P12 +0,P,? +03P32)

— Q44 (02P,P3 +05PP3 +0¢P1P,)

— (01 +0,+03) (T~ To) */lefprlz *Pzz)P306 + (Paz - P12)P205
+ (Pzz - P32)P1‘74] — Tef[(01 — 02)P306 + (03 — 01)P,05

+(0y — 03)P10,] — E\Py — EyP, — E3Ps

whereo;(i=1,2,3,4,5, 6) are the stress, Asr and 7 represent the high-
order electromechanical term. g is the linear thermal expansion
coefficient.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data supporting this study and its findings are available within this
paper and its Supplementary Information. The data corresponding to
this study are available from the corresponding authors upon request.
Source data are provided with this paper.
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