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Note S1. Heat generation in MLCCs.

In multilayer ceramic capacitors, heat generated during the charge-discharge process originates mainly
from dielectric losses (i.e., polarization hysteresis loss and leakage loss)!. According to the energy
conservation law, the rate of heat storage determined by the heat generation and dissipation effects can
be expressed as’:

46 = Gout = pVCS (1)
where g and §., are the heat generation and dispassion rates, respectively, p is the density, ¢ is the
specific heat, and v is the volume of the dielectric material. The heat generation rate §g can be
expressed as*:

4c = ufve 2
where u is the hysteresis loss per unit volume per driving cycle, fis the driving frequency, and v. is the
effective volume (the dielectric material covered with electrodes). The heat dissipation rate g, is the
sum of the radiation heat transfer rate §, and the convection heat transfer rate ¢, [Ref. 2]:

Gout = Gr + qc (©))
According to the Stefan-Boltzmann radiation law?:

qr = geA(T* — T§) 4)
where o is the Stefan-Boltzmann constant [5.67x1078 W/(m?K%)], ¢ is the emissivity of the material and
A is the total surface area of the sample. T is the temperature of the material and 7p is the temperature of
the fluid or gas surrounding the material surface. According to the Newton's law of cooling?:

e = hA(T —To) O]
where h is the average convective heat transfer coefficient. Thus, {,,; can be expressed as:

Jour = 0€A(T* — T¢) + RA(T — Tp) (6)



Hence,
. . T dr
6 — Gout = Ufve — Aloe(T* = Tg) + h(T — To)| = pve— (7
Equation (7) can be written as:
dr
ufve — Ak(T)(T —To) = pve— ®)
k(T) = oe(T? + T§)(T+ To) + h )
where k(7) is the overall heat transfer coefficient. Finally, the temperature rise (A7) as a function of

time (¢) can be calculated as:

k(T)A

AT =T =Ty =ge(1—e ) (10)
As t —> oo,
AT =k{;’§Au (11)



Note S2. The reasons for choosing lead-based antiferroelectrics for the research.

Compared with linear dielectrics, nonlinear dielectrics including ferroelectric (FE) and
antiferroelectric (AFE) materials have higher polarization, endowing them with much higher energy
storage density. Moreover, due to the double hysteresis loops, AFEs always have lower remanent
polarization and superior energy efficiency in comparison to that of FEs. Besides, AFEs possess a large
electrostriction effect that enables the polarization behavior and the energy storage performance of the
MLCCs to be manipulated via strain engineering. Thus, in this work, we investigated the energy storage
feature of MLCCs with AFE dielectrics.

Although strenuous efforts have been dedicated to improving the properties (e.g., dielectric,
piezoelectric, pyroelectric and electrostriction properties) of lead-free FE and AFE ceramics in the last
twenty years, the performances of the lead-free materials, especially AFE ceramics, are still inferior to
that of lead-based compositions. Taking two typical lead-free AFE ceramics, AgNbO; and NaNbOs3, for
example, AgNbO3 possesses high polarization close to that of lead-based AFE materials such as
(Pbo.94Lao.04)(Zro.99Ti0.01)O3 and Pbo.o7La0.02(Zr0.93Sn0.05Tio.02)O3*°, however, the remanent polarization of
AgNbOs3 is also high, which can be ascribed to its orthorhombic (Pmc21) lattice structure with
uncompensated ion displacement (FIE phase) that is distinct from the typical the centrosymmetric Pbcm
structure (AFE phase)’. Even though the remanent polarization of AgNbO; can be depressed with
elements doping, e.g., La ions, the remanent polarization is still significantly higher than that of
(Pbo.osLao.02)(Zro.s5Sn0.45)0.99503%. For NaNbO3, owing to the minute difference between the free energy
barriers of AFE and field-induced FE phases, the AFE and FE phases are in a metastable state, making
the typical AFE double hysteresis loops unobvious. Although the AFE phase could be stabilized with

composition designs!®!!, the hysteresis of NaNbOs is large, which means the energy consumed for the



AFE-FE phase transition is high, resulting in an unfavorable energy storage efficiency!>!4.

Different from the lead-free antiferroelectrics, a stable AFE phase could be obtained in PbZrO3 with
La**, Sn**, and Ti*" doping. In addition, the polarization behavior and the electrostriction effect of the
PbZrOs-based materials can be tuned by composition design effectively. As we demonstrated,
(Pbo.9sBao.o2Lao.02)(Zro.sSno.4)O3 (PBLZS) possesses high polarization and electric field-induced strain,
while (Pbo.oBao.oaLao.04)(Zro.65Sn0.3Tio.05)O3 (PBLZST) and (Pbo.92Cao.06La0.02)(Zro.6Sn0.4)0.99503 (PCLZS)
possess near-zero remanent polarization. Furthermore, even with different polarization and
electrostriction characteristics, the sintering temperature, e.g., the temperature for the stimulation of the
solid-state mass transfer of most lead-based AFE ceramics are similar, matching the fabrication process
requirement for MLCCs well. Thus, we fabricated MLCCs with lead-based antiferroelectric materials
and explored their energy storage potential with the interlaminar strain engineering strategy.

It is believed that with further efforts, breakthroughs could be achieved in lead-free FE and AFE
ceramics. We thus anticipate expanding the strain engineering strategy available to lead-free AFE

MLCC:s for high energy storage performance in the future.
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Fig. S1 | Dimension of the sintered MLCCs. The dimensions of the sintered MLCCs are: length L=4
mm, width W=4 mm, thickness 7=0.17 mm (including the passive layers). Each MLCC consists of 15
active layers (thickness of ~8 um) and 2 sacrificial layers (top and bottom passive layers with thickness
of ~16 um). The printed electrode area is 3 mmx3 mm (overlap part). Taking the shrinkage rate of 22%
during the sintering process into consideration, the effective eclectrode area is 3 mmx3
mmx(1-22%)=5.48 mm?. The total thickness of the active layers is 8 umx15 layers=120 um, which is
much larger than that of the top and bottom passive layers (32 um), and thus it is believed the influence
of the passive layers on the stress engineering is limited. The active part of the MLCC has a volume of
5.48 mm?x8 um (thickness of single layer)x15 layers=0.66 mm?, and the passive part has a volume of 4
mmx4 mmx0.17 mm-0.66 mm? = 2.06 mm?. Thus, the ratio of the active part to the passive part of the

MLCCs is 0.66 mm? : 2.06 mm3~1 : 3.12.
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Fig. S2 | The SEM surface morphology and grain size distribution of the samples. a-c Surface SEM
images of S1, S2, and S3. d-f Grain size distribution of S1, S2, and S3. The average grain sizes of S1,

S2, and S3 are 2.3 um, 2.2 um, and 2.8 um, respectively.
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Fig. S3 | Submicrometer-scale EDS mapping. HAADF-STEM images and the corresponding EDS

elemental mappings of a S1, b S2, and ¢ S3.
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Fig. S4 | Atomic-scale EDS mapping. HAADF-STEM images and the corresponding

atomic-resolution EDS elemental mappings of a S1, b S2, and ¢ S3 along the [100] zone axes.
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Fig. S5 | XRD patterns of S1, S2, and S3.
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Fig. S6 | XRD refinement results. a XRD refinement result of S1. S1 exhibits a tetragonal phase with
the P4mm space group. b XRD refinement result of S2. S2 consists of two phases: the Or phase with an
orthorhombic structure in the Pbam space group, and the O phase with the Bmm?2 space group. ¢ XRD

refinement result of S3. S3 is identified to be the orthorhombic phase with the Pbam space group.
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Note of Fig. S6.

The XRD patterns were refined with the Rietveld method by using the Generalized Structure and
Analysis Software (GSAS)'S, and the results are exhibited in Fig. S6, where the observed and fitted
curves are represented by “x” and red solid line, respectively. The difference in the intensity between
the observed and fitted data is represented by the blue solid line, and the small difference indicates that
the refined structural parameters are in good agreement with the actual diffraction pattern of the
samples. This difference can be evaluated using the reliability factors of patterns (R,) and the
goodness-of-fit indicator (%?). Specifically, the refinement is regarded as reliable when R, and ? are in
the reasonable ranges of 5.56%-6.39% and 1.249-1.455, respectively'¢. The R, and y? listed in Table S2
demonstrate the high reliability of our refinement. The purple vertical lines represent the theoretically
calculated diffraction angle positions (i.e., allowed peak positions) based on Bragg's law, reflecting the
crystal symmetry and space group of the materials. With the refinement, the lattice parameters of S1-S3
are listed in Table S2. The results revealed that S1 and S3 have the pure tetragonal phase belonging to
the PAmm space group and the orthorhombic phase of the Pbam space group, respectively, while S2 is
composed of two orthorhombic phases, e.g., 80.8% Or phase belonging to the Pbam space group and

19.2% O phase of the Bmm?2 space group.
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Fig. S7 | Dielectric constant and loss of S1-S4 MLCCs. Temperature-dependent dielectric constant

and loss of a S1, b S2, ¢ S3, and d S4 MLCCs. e,f Frequency-dependent dielectric constant and loss of

S1-S4 MLCCs at room temperature.
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Fig. S8 | Electric resistivity of S1-S4 MLCCs. a Resistivity of S1-S4 MLCCs at room temperature
with an electric field of 100 kV cm™!. b Resistivity of S1-S4 MLCCs at different temperatures with an

electric field of 100 kV cm™.
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Fig. S10 | P-E loops

MLCCs.

Note of Fig. S10.

measured at different electric fields. P-£ loops

of aS1,b S2, ¢ S3, and d S4

The polarization behavior of ferroelectric and antiferroelectric materials, such as electric polarization
and hysteresis, is determined by the chemical and phase composition, lattice structure, domain
morphology, internal stress, and so on.

In (Pbo.sBao.oaLao.os)(Zro.6sSno.3Tio.0s)O3 (S1), due to the larger ion radius of Ba?* ions, the substitution
of Ba?" for Pb?" increases the tolerance factor of the lattices, which decreases the stability of the

antiferroelectric phase of S1. On the other hand, smaller La*" ions replace the Pb?* ions, stabilizing the

19



antiferroelectric phase. Meanwhile, the replacement of A-site ions in the perovskite lattices (smaller
La’** cations occupy A-sites of the perovskite lattices with the formation of V;b vacancies) flattens the
free-energy profile caused by the local lattice distortion and lowers the barrier of the
ferroelectric-antiferroelectric phase transition, depressing the hysteresis of the material. The synergetic
effects of the substitution of Ba** and La*" for A-site Pb?>" enable S1 favorable polarization with a slim
P-E loop (Fig. 2d).

The high polarization (~77 pC cm2) of S2 originates from its multiphase transition and large ion
displacement. As analyzed by the XRD result (Fig. S6), two orthorhombic phases, e.g., the Or phase
belonging to the Pbam space group and the On phase of the Bmm?2 space group coexist in S2. As
revealed by the P-E loop (Fig. S11), the two inflection points of the charge curve of the P-E loop at 200
kV cm™! and 270 kV cm! indicate the AFE-FE; and FE-FE; multiphase transitions of S2, promoting
the high polarization. In addition, as revealed by the HAADF-STEM (Fig. 3), the average displacement
of B-site ions of S2 is larger than that of S1 and S3, which also contributes to the high polarization.
Moreover, as verified by the PFM (Fig. S13,S14), the domains with a large size of S2 can be highly
aligned with electric fields, the recovery of which to the original random orientation needs to consume
more energy. As a result, S2 has a relatively large hysteresis and an inferior energy efficiency.

In S3, the Ca®" and Sn*" ions replace the A- and B-sites Pb?>" and Zr*" ions, respectively, and induce a
highly diffused AFE-PE phase transition. As a result, S3 shows a linear-like slim P-E loop with a very
low hysteresis (Fig. 2d). Also because of the diffused phase transition, the polarization of S3 is
significantly depressed.

Interestingly, with the periodically heterogeneous lamination structure, S4 shows a high polarization

and low hysteresis simultaneously. As rationalized by the phase-field simulation (Fig. 4), with the

20



interlaminar strain engineering, the tensile stress decreases the domain size of S2 and depresses its

hysteresis, while the compressive stress increases the displacement of the B-site ions and enhances the

polarization of S1 and S3. Eventually, S4 possesses both high energy storage density and efficiency.

21



80

40

P (UC cm™)
o

-40

_80 1 1 1 1
-600 -400 -200 0 200 400 600
E (kV cm™)

Fig. S11 | The P-E Loop of the antiferroelectric with multiphase transitions.

Note of Fig. S11.

It is accepted that phase transitions induced by electric fields generate large electrostrain in
ferroelectric (FE) and antiferroelectric (AFE) materials!®2!. Different from S1 and S3 has only a simple
AFE-FE phase transition during the charging process, the two inflection points of the charge curve of
the P-E loop at 200 kV cm™' and 270 kV ¢cm™! indicate the AFE-FE; and FE;-FE; multiphase transitions
of S2. It is believed that the multiphase transition behavior contributes to the large strain of S2. The

multiphase transition behavior is also observed in S4 (Fig. S12).
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Fig. S12 | The 0P/OE curve of S4 extracted from its corresponding P-E loop during the charging

process. In S4 MLCC, S1 and S2 layers have different AFE-FE phase transition ficlds, and especially,

the two inflection points of the charge curve of the P-E loop at 200 kV cm™! and 270 kV ¢cm™! indicate

the complex AFE-FE; and FEI-FE; multiphase transitions of S2. As S4 MLCC is composed of S1, S2

and S3 ceramic layers, it should exhibit multiple field-induced phase transition behavior. The hump at

150 kV cm™! (cycled by the dashed line) and the peak at 253 kV cm™! signify the multiple-phase

transition behavior of S4.
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Fig. S13 | Domain structures of the materials in S4 MLCC. BF-TEM images of a S1, b S2, and ¢ S3
in S4 MLCC. The insets show the corresponding SAED patterns along the [110] zone axes.
Atomic-scale HAADF-STEM images of d S1, e S2, and f S3 in S4 MLCC along the [110] zone axes.
Displacement magnitude distribution histograms of g S1, h S2, and i S3 in S4 MLCC. The insets show
the corresponding atomic displacement magnitude mappings. Vector angle distribution histograms of j

S1, k S2, and 1 S3 in S4 MLCC. The insets show the corresponding atomic displacement angle

mappings.
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Fig. S14 | Out-of-plane PFM phase images under different voltages and relaxation times for S1-S3.
a-c PFM phase images under =15 V. d-f PFM phase images under £25 V. g-i PFM phase images after a
10-minute relaxation time following the removal of the £25 V voltage. j-1 PFM phase images after a

20-minute relaxation time following the removal of the £25 V voltage.
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Fig. S15 | Out-of-plane PFM phase images and domain evolution under different voltages and

relaxation times for S1-S3. a-c PFM phase images under 15 V. d-f PFM phase images under 25 V. g-i

PFM phase images after a 10-minute relaxation time. j-1 PFM phase images after a 20-minute relaxation

time.

In the measurement, voltages of 15 V and 25 V were applied to the specimens in the red cycled

region, and the out-of-plane phase images are presented in Fig. S15. With a relatively low voltage of 15

V, no obvious domain switching can be observed in S1 and S3, while the domains in S2 are aligned

with the field (Fig. S15a-c). We then increased the voltage to 25 V, and it can be seen that small

domains begin to align with the voltage in S1 and S3 (Fig. S15d,f), and large domains with a high

degree of orientation are formed in S2 (Fig. S15e). The high compliance of the domain with applied

fields enables S2 a higher polarization compared with that of S1 and S3, as evidenced by the P-E loops

(Fig. 2d). Moreover, with a larger size, the domains in S2 have a longer relaxation period. As shown in

Fig. S15d-1, the orientation of the domains in S2 can be maintained longer than 20 mins after
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withdrawing the voltage (Fig. S15k), while the domains in S1 and S3 began to get back to their original

orientation after 10 mins (Fig. S15g,i). The large domain size results in the high hysteresis of S2 as

evidenced by its P-E loop (Fig. 2d), leading to its inferior energy storage efficiency.
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Fig. S17 | Temperature stability of S1-S4 MLCCs. a-d P-E loops of S1-S4 MLCCs at different

temperatures. e Polarization of S1-S4 MLCCs as a function of temperature.

Due to the diffused partial AFE orthorhombic (AFEo)-paraelectric cubic (PEc) phase transition

indicated by the flat dielectric constant-temperature curve (Fig. 2c¢), the polarization of S3 is almost
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independent of temperature (Fig. S17¢). With a diffusive AFE tetragonal (AFET)-PEc phase transition at

~150 °C and the multistage phase transitions [AFEor (orthorhombic structure with space group of

Pbam)-AFEon (orthorhombic structure with space group of Bmm2), AFEon-PEmcc (paraelectric

multicell cubic), and PEmcc-PEc phase transitions], respectively, the polarization of S1 and S2 decrease

moderately with the increase of temperature. When laminated as S4 (Fig. 1a), the MLCC has a stable

polarization as a function of temperature with the interlaminar strain engineering, as shown in Fig.

S17d,e. Moreover, the hysteresis of S4 is low in the whole temperature range. The stable polarization

with the low hysteresis allows S4 to exhibit high energy storage stability. As shown in Fig. Se, the

recoverable energy density and energy efficiency of S4 MLCC change less than +13% in the

temperature span ranging from —60 °C and 160 °C, meeting the X8R industrial standard for MLCCs

(the performance changing within £15% over a temperature range of =55 °C to 150 °C).
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Fig. S18 | Cycling stability of S1-S4 MLCCs. a-d P-E loops of S1-S4 MLCCs with the cycling

measurement. e Polarization of S1-S4 MLCCs in the cycling measurement.

It is clear that the polarization and hysteresis of all of the MLCCs change marginally over 100,000

cycles. For example, as shown in Fig. S18e, the polarization of S4 is ~60 uC cm™ after being subjected
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to 100,000 charge-discharge cycles, which maintains the same value as that tested at the original state.
Therefore, all of the MLCCs, including S1-S4, show no obvious decay of energy storage density and
efficiency calculated with the P-E loops in the cyclability measurements. For instance, as shown in Fig.
5f, S4 shows a fatigue-free energy storage density of 14.3 + 0.3 J cm and an efficiency of 95.4 + 0.4%

in the cycling measurement.
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Fig. S19 | XRD patterns of S1-S3 under different electric fields. The XRD patterns and enlarged

characteristic peaks at 260 = 29.7°-30.6° of a S1, b S2, and ¢ S3 under electric fields ranging from 0 kV

cm! to 400 kV cm™.
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Microscopically, the deformation of lattices under electric fields plays an important role in the
macroscopic strain. To evaluate the lattice deformation induced by electric fields, we performed an
in-situ X-ray diffraction (XRD) measurement on S1-S3 applied with various electric fields. As shown in
Fig. S19, the characteristic peaks of S1-S3 located at ~30° shift toward the low degree with the increase
of the electric field, indicating the lattice volume of the ceramics increases with the increased field.
Calculated with the Rietveld refinement method and the Generalized Structure and Analysis Software
(GSAS) based on XRD data'’, the lattice parameters of S1-S3 under 0 kV cm™! and 400 kV ¢cm™' are
listed in Table S3. It can be seen that with an electric field of 400 kV c¢cm™!, the lattice volume of S2
increases by 0.53% in comparison with that without an electric field, the deformation is significantly
larger than that of S1 and S3. Thus, S2 possesses a significantly larger strain than that of S1 and S3.
Moreover, as verified by the PFM (Figs. S14 and S15), the domains of S2 are highly aligned with

electric fields, the switching of which also contributes to the large strain.
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Fig. S20 | Transverse displacement of S1, S2, and S3.

To investigate the stress direction of the dielectric layers in the S4 MLCC, besides evaluating the
strain along the longitudinal direction (z-axis direction, paralleled to the applied electric field, Fig. 4a of
the main text), we measured the displacement of S1, S2 and S3 bulks along the transverse direction
perpendicular to the applied field (Fig. S21). As shown in Fig. S20, the negative displacements signify
that all of S1, S2, and S3 constrict along the transverse direction (perpendicular to the applied field)
with the applied field. Moreover, the absolute value of displacement of S2 is larger than that of S1 and
S3, indicating that S2 is subjected to a tensile stress while S1 and S3 are subjected to compressive

stresses in S4 under electric fields with the electrostrictive effect.
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Fig. S21 | Schematic diagram of transverse displacement measurement. The applied electric field is
along the z-axis direction, while the displacement is measured along the x-axis direction. The

displacement change of the sample is measured by an external laser interferometer.
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Note S3. Comparison of interlaminar stress of the heterogeneous layered structures
without and with internal electrodes.

Fig. 2a exhibits the cross-section SEM images of the MLCCs, and it can be seen that the ceramic
layers with a thickness of 8 um were well connected with the internal 70Ag-30Pd electrodes (700 nm).
To enhance the binding force between the electrodes and the ceramic layers, and bridge the gap of the
coefficients of thermal expansion between the electrodes and the ceramics, 10 wt.% of ceramic powders
were added to the electrode slurry in our experiment. We then performed a pull-off measurement to test
the binding force between the electrodes and the ceramic layers. In the measurement, metal pins were
welded with the Ag/Pd electrodes on the surface of S1, S2 and S3 ceramics, and a tension force along
the normal direction was applied. Table S5 lists the adhesion strength (the minimum force for pulling
the electrodes off from the ceramic thick films) between the electrodes and ceramic layers. S1, S2 and
S3 have relatively high adhesion strengths of 12.2 MPa, 10.9 MPa and 10.7 MPa with the metal
electrodes, as compared with those of ceramics reported in the literature?’. The high adhesion strength
indicates that the influence of the metallic electrodes on the in-plane strain between the ceramic layers
of the MLCCs would be limited.

To evaluate the effect of the electrodes on the interlaminar strain more intuitively, we calculated and
compared the interlaminar stresses between the ceramic layers of S4 MLCC with and without metal
electrodes via finite element analysis (FEA). In the model (Fig. S22), C3D8R mesh was used to ensure
that each layer of the ceramic has at least 3 grids along the thickness direction (Fig. S22b,c). With a
rigid contact between the layers, the model defines the interaction relationship between each layer
through a tie constraint. According to the results of quasi-static compression experiments, the model

sets the properties of each layer of material by the linear elastic model. For the simulation, Young’s
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moduli of S1, S2, and S3 ceramics are measured (16.35 GPa, 22.86 GPa and 19.65 GPa, respectively).
The Young’s modulus of the metal electrodes is 86.8 GPa [Ref. 23]. The Poisson ratios of S1, S2, S3
and the metal electrode are 0.27, 0.33, 0.27, and 0.48, respectively?*?3. With a total strain of 0.16%
along the z direction (the thickness direction) with an electric field of 400 kV cm™' as we tested in S4
MLCC (Fig. 4a), we applied strains of 0.19%, 0.31% and 0.11% (equally scaled with the strain values
we tested in S1, S2 and S3 MLCCs) on S1, S2 and S3 of S4 for the simulation (the equivalent
displacements of S1, S2 and S3 are 0.061 um, 0.042 um, and 0.011 pum, as shown in Fig. S23a,b). As
shown in Fig. S23c,d, the simulation result indicates that the stresses on the ceramic layers with and
without electrodes have little difference. For example, the maximum stress between the ceramic layers
in S4 with and without electrodes are 44.5 MPa and 46.2 MPa, respectively. Therefore, it is believed
that the favorable performance of S4 including the high energy storage density and the efficiency could

be attributed to the interlaminar strain engineering as rationalized by the phase-field simulation.
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Fig. S22 | Finite element model and schematic diagrams of heterogeneous layered structures. a

Finite element model of the heterogeneous layered structure. b,e Schematic diagrams of heterogeneous

layered structures without and with internal electrodes.
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Fig. S23 | Mechanical response of the heterogeneous layered structures without and with internal
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electrodes. a,b z-direction displacement distribution and c¢,d stress distribution across local

cross-sections.
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Fig. S24 | Stress on the ceramic layers of S4 MLCC along the x-axis direction induced by the

electrostrictive effect.

Note of Fig. S24.
The FEA simulation results shown in Fig. S23 represent the equivalent stress calculated with the

formula2:

00 =45 |G = T) + Oy = 0207 + (0 = 02a)? + 6(Thy + T + 72 (12)
where ox, Gy, and o.: are the normal stresses along the x, y, and z directions, respectively, and 7y, 7,
and 7,. are the shear stresses.

To examine the in-plane stress of the ceramic layers induced by the electrostrictive effect in MLCCs,
the stress along the x direction of S4 MLCC simulated using FEA is presented in Fig. S24. The results
indicate that S1 and S3 layers are subjected to compressive stress (denoted by the negative value of a,,)
while S2 layer is subjected to tensile stress (signified by the positive value of o,,). The ceramic layers
of the MLCC are subjected to a similar y-direction stress as that along the x direction due to the

symmetry of the model.
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Fig. S25 | In-situ Raman spectra of the S1-S3 layers in S4 MLCC. Raman measurements were
performed on the S1, S2, and S3 layers in S4 MLCC to determine the shift of the Raman peak positions.
The Raman spectra were collected at the dielectric layer under electric fields of 0 kV ¢cm™! and 400 kV

cm .

Note of Fig. S25.

Raman spectroscopy is an effective technique to analyze the microstructure of a material by
measuring the inelastic scattering (Raman scattering) of incident photons interacting with the molecules
in materials?’. Raman scattering is caused by the inelastic collision of photons with molecules, leading
to a frequency shift of the scattered light. The frequency (wavenumber) shifts reflect the change of

lattice vibrational modes in the material. For ferroelectric/antiferroelectric ceramics, Raman
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spectroscopy is utilized to evaluate the interatomic spacing and lattice distortion originating from
doping or internal stress, as the vibration frequencies of the Raman spectroscopy shift with the change
of lattice parameters. For example, the scattering peak shifts toward low frequency (low wavenumber)
as the interatomic spacing increases?’. Therefore, we performed the in-situ Raman measurement on S4
applied with an electric field of 400 kV ¢m™!, and compared the Raman spectroscopies of S1, S2 and S3
layers that make up the S4 MLCC without and with electric fields. The schematic diagram of in-situ
Raman measurement is shown in Fig. S26.

The stress (o) induced by the electric field in MLCCs can be evaluated using Aw = [1;;0;;, where
Aw 1is the Raman frequency shift, and II;; is a second-rank tensor defined as the piezospectroscopic
(PS) coefficient, representing the shift in the Raman peak wavenumber per unit stress?®?°. The PS
coefficient for lead zirconate titanate (PZT)-based ceramics is ~0.028 cm™' GPa™! [Ref. 30,31]. As Aw
of S1, S2, and S3 in S4 are 0.9 cm™!, 2.7 cm™', and 1.8 cm™ under an electric field of 400 kV cm,
respectively (Fig. S25), the calculated stresses of S1, S2, and S3 are 32.1 MPa, 96.4 MPa, and 64.3 MPa,
respectively. The stresses calculated by the in-situ Raman agree with the stresses calculated with the

FEA (~45 MPa, Fig. S23d) in the same order of magnitude.
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Fig. S26 | Schematic diagram of in-situ Raman measurement. a A MLCC sample cut along the red
dash line for the in-situ Raman measurement. b Schematic diagram of the in-situ Raman measurement.

¢ Photos of the instrument for the in-situ Raman measurement.
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Note S4. The impact of thermal expansion on the interlaminar strain engineering.

The stress/strain plays an important role in tuning the ferroelectric/antiferroelectric properties and
energy storage performance of the materials. For example, the compressive stresses with different
directions, e.g., in-plane and out-of-plane, shift the field for the antiferroelectric-ferroelectric phase
transition and change the polarization of the ceramics®?. Hydrostatic pressure could transit the
ferroelectric (Pb,La)(Zr,Ti)Os to the antiferroelectric phase, and meanwhile, decrease the maximum and
remnant polarizations®3. Moreover, the compressive stress depresses the hysteresis of ferroelectric and
antiferroelectric ceramics. Different from compressive stress, the out-of-plane tensile stress increases
the dielectric constant and polarization of ferroelectric and antiferroelectric ceramics®#-38,

In MLCCs, the internal stress between the metal electrodes and the ceramic layers is generated
during the high-temperature cofiring process due to their different coefficients of thermal expansion
(CTE). To evaluate the influence of the stress produced by the mismatch of CTE in S4 MLCC on the
interlaminar strain engineering, the FEA simulation was carried out. In our experiment, 10 wt.% of
ceramic powders were added in the 70Ag-30Pd electrode slurry to enhance the binding force between
the electrodes and the ceramic layers and reduce the difference of CTE between the electrodes and the
ceramics. The method of introducing ceramic powders into the electrode slurries has been widely used
in the MLCC fabrication process to enhance the thermal expansion matching rate of internal electrodes
and dielectric layers®*°. In the FEA model (Fig. S22), C3D8R mesh was used to ensure that each
ceramic layer has at least 3 grids along the thickness direction (Fig. S22b,c). With a rigid contact
between the layers, the model defines the interaction relationship between each layer through a tie
constraint, while the face center of the heterogeneous layered structure is fixed. For the simulation,

Young’s moduli of S1, S2, and S3 ceramics were measured (16.35 GPa, 22.86 GPa and 19.65 GPa,

45



respectively). The Young’s modulus of the metal electrodes is 86.8 GPa [Ref. 23]. The Poisson ratios of
S1, S2, S3 and the metal electrode are 0.27, 0.33, 0.27, and 0.48, respectively?*?S. The thermal
conductivity of S1, S2, and S3 and the metal electrodes are set as 2.1 W m™! K! and 50 W m™! K,
respectively*!*2. The specific heat capacities of S1, S2, S3 and the metal electrode (500 J kg™! K1, 500
Jkg!' K1, 200 J kg! K! and 250 J kg! K') were measured with a differential scanning calorimeter
(DSC). The CTEs of the ceramics were measured with a thermal dilatometer, and the results are shown
in Fig. S27. Since the plasticity of the inner electrode increases and the rigidity of the ceramic material
decreases during the high-temperature sintering process, it is accepted that thermal stress at the high
sintering temperatures is low. The simulation result (Fig. S28) demonstrates that the maximum stress
caused by the thermal strain mismatch is 2.3 MPa, which is ~5% that of the interlaminar stress
generated by the electrostriction effect (~45 MPa, Fig. S23d). Therefore, the thermal stress caused by
the mismatch of CTE could affect the interlaminar strain engineering, the polarization behavior and the

energy storage performance of the S4 MLCC, nevertheless, the influence would be limited.
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Fig. S27 | Temperature-dependent coefficient of thermal expansion (CTE) of S1-S3 dielectric

layers, pure 70Ag-30Pd alloy*}, and ceramic-doped 70Ag-30Pd alloy*3.
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Fig. S28 | Stress distribution across local cross-sections in the heterogeneous layered structure

with internal electrodes.
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Fig. S29 | Stress on the ceramic layers of S4 MLCC along the x-axis direction caused by the

different thermal expansions of ceramics and electrodes.

Note of Fig. S29.
The FEA simulation results shown in Fig. S28 represent the equivalent stress calculated with the

formula2:

00 =45 |G = T) + Oy = 0207 + (0 = 02a)? + 6(Thy + T + 72 (12)
where ox, Gy, and o.: are the normal stresses along the x, y, and z directions, respectively, and 7y, 7,
and 7,. are the shear stresses.

The stress along the x direction simulated by the FEA is shown in Fig. S29, where positive stress and
negative stress indicate tensile and compressive stresses, respectively. The results reveal that S1 and S3
layers of S4 MLCC are subjected to tensile stresses, while S2 layers are subjected to compressive stress.
Due to the symmetry of the model, the stress along the y direction is identical to that along the x
direction. In addition, as no external clamping restriction is applied, it is believed that the MLCCs are in

a free state along the z direction.
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Note S5. The influence of stresses with different magnitudes on the domain structure and
electric properties of ferroelectric and antiferroelectric materials.

It is well-established that stress and strain significantly influence the microstructure, such as lattice
distortion and domain orientation, as well as the macroscopic properties, including phase transition
behavior, polarization, electric hysteresis, dielectric constant, piezoelectric coefficient, and
electrostrictive effect of ferroelectric and antiferroelectric materials. Table S6 lists the influence of
stresses with different magnitudes on the domain structure and electric properties of ferroelectric and
antiferroelectric materials.

For example, the longitudinal electrostrain of PZT-8 (hard PZT) and PZT-5H (soft PZT) ceramics
decreases from 0.011% to 0.009% and 0.05% to 0.048%, respectively when a compressive stress of 0.5
MPa is applied on the specimens*. Besides, the piezoelectric coefficient of PZT ceramics increases
from ~160 pC N7! to ~200 pC N! as an alternating pressure increases from 0.5 MPa to 7 MPa [Ref. 45].
When the compressive stress increases to 10 MPa, the crystal lattices of (Y, Nb)-doped BaTiO3 MLCCs
are distorted and the domains are enlarged along the perpendicular direction to the compressive stress,
leading to the increase of dielectric constant*®. As the stress could promote the domain switching, the
polarization of Bao.ssCao.i15Zro.1Tio9O3 (BCZT) ceramic increases from 8.5 uC cm™2 at 5 MPa to 15.2 uC
cm 2 at 40 MPa. However, as the stress increases further to a high level of 260 MPa, the polarization
decreases to 11.4 pC cm2, because the domains are clamped by the large stress*’. In antiferroelectric
ceramics, for instance, compressive stress (100 MPa) could regulate the non-180° domain switching
behavior of (Pbo.voBao 4L.ao.04)[ (Zro.68Sn0.32)0.86 Ti0.14] O3 (PBLZST), moving the
antiferroelectric-ferroelectric phase transition field from 14.92 kV cm™ to 19.32 kV cm! and

simultaneously, decreasing the polarization of the ceramic from 25.54 pC cm2 to 18.02 pC cm™2 [Ref.
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48]. In ferroelectric thin films, the compressive stress of ~3 GPa (1.7% strain) originated from the
clamping of the substrate could move the Curie phase transition temperature of BaTiOs; to 500 °C,
which is significantly higher than that of its ceramic bulk counterpart (~120 °C)*-%, In this work, as
rationalized by the FEA and the phase-filed method, moderate stresses of ~45 MPa generate in the
ceramic layers of MLCCs with the electrostrictive effect, which is utilized to manipulate the domain

switching behavior and optimize the energy storage performance.
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Fig. S30 | Comparison of the energy storage performance of the lead-based MLCCs. Detailed

information for the lead-based materials is listed in Table S7.

Note of Fig. S30.

Fig. S30 compares the energy storage density and efficiency of typical lead-based materials,
including bulks, thick films and MLCCs, and the corresponding detailed information of the materials
plotted in Fig. S30 is listed in Table S7. Due to the limit of the breakdown strength, the energy storage
density of most of the bulks is lower than 10 J cm™. As listed in Table S7, much higher electric fields
can be applied on the materials in the forms of thick films and MLCCs. For example, with a large
electric field of 760 kV cm™!, a high energy storage density of 15.9 J cm™ is obtained in PLCZS
MLCC?3!. Simultaneously, owing to the low remanent polarization, PLCZS has a high energy efficiency
of 90%. The energy storage performance of the PLCZS MLCC is similar to our S3 MLCC (Fig. 5a).
Interestingly, optimized with the interlaminar strain engineering strategy, our S4 MLCC exhibits an
energy storage density of 22.0 J cm™ and an efficiency of 96.1%, both of which exceed the reported

lead-based materials.
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Fig. S31 | Charge-discharge performance of S1-S3 MLCCs as a function of electric field. a,c,e
Current density-time curves of S1, S2 and S3 MLCCs, respectively. b,d,f The energy discharge

behaviors of S1, S2 and S3 MLCCs, respectively.
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Table S1. The complementary features of S1, S2, and S3 MLCCs. S1 and S3 MLCCs have near-zero

hysteresis and remanent polarization, but their polarization is also low. In contrast, S2 MLCC possesses

high polarization but relatively large remanent polarization.

Samples Prax (uC cm™?) P: (uC cm™) E» (kV cm™)
S1 55.5 0.4 610
S2 77.6 0.7 480
S3 46.0 0.1 810
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Table S2. Refined structural parameters by using the Rietveld method.

Samples  Space group (wt.%) Lattice parameters (A) R, (%) .
a=4.1181
S1 P4dmm b=4.1181 6.02 1.455
c=4.0973
a=5.8087
Pbam
b=11.6350
(80.8%)
c=8.1728
S2 5.56 1.249
a=5.8212
Bmm?2
b=4.0852
(19.2%)
c=5.8144
a=5.8220
S3 Pbam b=11.6676 6.39 1.439
c=8.1853
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Table S3. Lattice parameters of S1, S2, and S3 without and with the electric field of 400 KV cm™.

Lattice parameters Lattice parameters  Increase of lattice

Samples Electrostrain (%)
under 0 kV ecm™ under 400 kV cm™! volume (%)

a=4.1257 A a=4.1291 A
b=4.1257 A b=4.1291 A

S1 0.33 0.19
c=4.1007 A c=4.1073 A
V=69.80 A3 V'=170.03 A3
a=5.8240 A a=5.83336 A
b=11.7272 A b=11.7407 A

S2 0.53 0.31
c=8.1833 A c=82041 A
V=55891A3 V=561.88 A3
a=5.8126 A a=5.8160 A
b=11.6550 A b=11.6716 A

S3 0.25 0.11
c=28.1682 A c=8.1718 A
V=55336 A3 V=>554.72 A3
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Table S4. Electrostrain of typical ferroelectric and antiferroelectric ceramics.

Ferroelectric/ Lead-free/
Composition Strain (%) Ref.

Antiferroelectric Lead-based
0.96(Nao_49K0_49Li0,02)(Nbo_8Tao_2)O3—0.04CaZrO3 (KNN—CZ4) 0.17 [52]
(Ko.44Nao.52L10.04)(Nbo.ss Tao.10Sbo.04)O3 (KNN-LF4T) 0.15 [19]
0.92(Nag 5Ko.5)NbO3-0.02(Bio sLio5)Ti03-0.06BaZrOs+1.5 wt% MnO, (KNN-BLT-BZ-Mn) 0.18 [53]
Lead-free 0.67Bi1.0sFe03-0.33BaTiO3 (67BF-33BT) 0.21 [54]
(Nai2Bi1/2)0.935Bao.oss Ti0.975(Fe12Nb1/2)0.02503 (NBT-BT-0.025FN) 0.39 [55]
Ferroelectric 0.65BiFe03-0.3BaTi03-0.05Bi(Zn23Nb13)03+0.1 wt % Mn,O3 (BF-BT-0.05BZN) 0.46 [56]
Ag0.94Ko0.0sNbO3 (AKNO.06) 0.40 [57]
0.925[0.73Pb(Mg13Nb23)03-0.27PbTi03]-0.075Bi(Zn1,2Ti12)O3 (PMN-PT-7.5BZT) 0.27 [58]
0.4PbTi03-0.57PbZr03-0.03(Lao.1Sr0.80.1) TiO2.95 (0.4PT-PZ-LST) 0.30 [59]

Lead-based
0.1Bi(Mg12T112)03-0.6Pb(Mg13Nb23)03-0.3PbTiO; (0.1BMT-PMN-PT) 0.37 [60]
(Pbo.975Ce0.025)(Mg13Nb23)0.71Ti0.2003 (2.5Ce-PMNT29) 0.20 [61]
NaNbOs (NN) 0.27 [62]
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Antiferroelectric

0.84NaNbO3-0.16SrTiO; (0.84NN-0.16ST) 0.29 [63]
0.91NaNbO3-0.06BaZr0;-0.03CaZrOs (0.91NN-0.06BZ-0.03CZ) 0.35 [64]
Lead-free 0.88NaNbO3-0.12SrTi03+0.3 wt%MnO, (NNST-0.3Mn) 0.33 [65]
0.82(0.94B1¢.sNao sTi03-0.06BaTiO3)-0.18Ko.sNagsNbO3; (BNT-BT-18KNN) 0.15 [66]
90Bio.sNao sTi03-5SrTiO3-5K0.5Nao sNbO3; (BNST5KNN) 0.37 [21]
[(Pbo.s5Bao.15)0.9925L.a0.005](Zro.52Ti0.48)O3 (PZT4) 0.13 [19]
(Pbo.92Lao.0s)(Zr0.70Ti030)0.0803 (PLZT) 0.23 [67]
Pb[(Zr.57Sn0.43)0.94T10.06]O3 (PZST) 0.21 [68]
(Pbo.99Nbo.02)[(Zr0.52Sn0.48)0.955 Ti0.045]0.9803 (PNZST) 0.22 [69]
(Pbo.g7La0.02)(Zr0.85Sn0.08Ti0.07)O3 (PLZST) 0.40 [70]
Lead-based  (Pbo.gsLao.02)(Zro.70Hf0.30)0.9225Ti0.077503 (PLZHT) 0.20 [71]
(Pbo.94L.ag.03)[Nbo.03(Zro.85510.08Ti0.07)0.97]O3 (PLNZST) 0.47 [72]
(Pbo.915Bag.0alLao.03)(Zro.6sSno.3Ti0.05)O3 (PBLZST) 0.26 [73]
(Pbo.sBag.osLao.04)(Zro.65Sn0.3Tio.05)O3 (PBLZST) 0.19 This work
(Pbo.osBag.o2L.a0.02)(Zro.6Sno.4)O3 (PBLZS) 0.31 This work
(Pbo.92Ca0.06L.20.02)(Z1r0.6Sn0.4)0.99503 (PCLZS) 0.11 This work
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Note of Table S4.

The electrostrain of ferroelectric and antiferroelectric ceramics originates from the electric
field-induced phase transition, lattice distortion and domain switching, which can be enhanced with
various methods.

Table S4 lists the strain of typical ferroelectric and antiferroelectric ceramics. For example, in
0.67Bi1.0sFe03-0.33BaTiOs (BF-BT), with the volatilization of Bi during the high-temperature sintering
process, the Bi vacancies and the Fe ions form defect dipoles and generate a large internal bias field,
increasing the strain to a high level of 0.2% with a relatively low electric field®*. Constructing a
morphotropic phase boundary (MPB) consisting of ferrielectric Pmc2: and ferroelectric Pmc2: phases,
domain switching and phase transition of AgNbO3-KNbO; (AKN) solid solution can be easily induced
with electric fields, enabling the ceramic a high strain response of 0.4% [Ref. 57]. Moreover, by
enhancing the non-180° domain wall movement with the doping of CaZrOs, the electrostrain of
(Nao.49K0.49Li0.02)(Nbo 8T 2)O3-xCaZrO3 (KNN-CZ) can be increased from 0.11% to 0.17% [Ref. 52].

In antiferroelectric, high strain of 0.4% can be achieved in (Pbo.o7La0.02)(Zro.85Sn0.08Ti0.07)O3 (PLZST)
due to the coexistence of the orthorhombic AFE (AFEo) and the tetragonal AFE (AFET) phases, as the
electric field could induce a complex AFEo/AFEr-rhombohedra FE phase transitions’. Besides, an
ultra-high strain of 0.5% is observed in PboogNbo.o2[(Zro.ssSno.15)0.97Ti0.03]0.9803 (PNZST) with the
electric field-induced multistage phase transitions’.

In our experiment, the high strain response of S2 could be attributed to the special multistage phase
transitions, lattice deformation and domain switching behavior with electric fields. With the increase of
the electric field, the AFE phase of S2 transits to the FE; and then the FEy phase at 200 kV cm™! and

270 kV cm™, respectively, as implied by the two inflection points of the charge curve of the P-E loop
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(Fig. S11). Furthermore, as revealed by the in-situ XRD with electric fields (Fig. S19), the lattice

volume increases by 0.53%, which is significantly larger than that of S1 and S2. Moreover, as verified

by the PFM (Figs. S14 and S15), the domains of S2 can be highly aligned with electric fields, the

switching of which also contributes to the large strain. The special multistage phase transitions, lattice

deformation and domain switching behavior enable S2 a large strain of 0.31%.
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Table S5. Comparison of adhesion strength of the cofired interface between various Ag-Pd alloy

electrodes and materials.

Adhesion strength
Electrode Material Ref.
(MPa)
Pure 70Ag-30Pd Pb(Mg1/3Nb2/3)03-Pb(Zn1/3Nb2/3)03-PbTiO3 4.8 [22]
70Ag-30Pd+10 wt% BT Pb(Mg1/3Nb2/3)03-Pb(Zn1/3Nb2/3)03-PbTiO3 7.5 [22]
(Pbo.9Bao.o4Lao.04)(Zro.653n0.3Ti0.05)O3 (S1) 12.2
70Ag-30Pd+10 wt% This
(Pbo.9sBao.o2Lag.02)(Zro.6Sno.4)O3 (S2) 10.9
ceramic powders work
(Pbo.92Cao.06La0.02)(Zro.6510.4)0.99503 (S3) 10.7

63



Table S6. Comparison of stress levels and their effects on ferroelectric and antiferroelectric

materials.
Stress Material Influence on performance Ref.
0.5 MPa PZT The electrostrain decreases from 0.05% to 0.048% [44]
7 MPa PZT The piezoelectric coefficient increases from 160 to 200 pC N™! [45]
(Y. Nb)-doped Crystal lattice distortion and changes in domain structure lead to
10 MPa _ [46]
BaTiO; ) . .
an increase in dielectric constant
40 MPa BCZT The polarization increases from 8.5 to 15.2 pC cm™ [47]

The antiferroelectric-ferroelectric phase transition electric field
100 MPa PBLZST increases from 14.92 to 19.32 kV c¢cm™! and the polarization [48]

decreases from 25.54 to 18.02 uC cm™>

260 MPa BCZT The polarization decreases from 15.9 to 11.4 uC cm™2 [47]
BaTiOs; thin . .. .
3 GPa il The Curie temperature significantly increases to 500 °C [50]
ilm
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Table S7. Detailed information on the lead-based materials for the energy storage performance comparison (Fig. S30).

Ey Wree n
Composition Ref.
(kV em™) (Jem™) (%)

(Pbo.94L.ao.04)[(Zro.70Sn0.30)0.90Ti0.10]O3 (PLZST) 104 1.39 92 [75]
(Pbo.94La0.04)[(Zr0.6Sn0.4)0.92Ti0.0s]O3 (PLZST) 327 5.2 91.2 [76]
(Pbo.9ssLa0.03)(Zro.50Sn0.42Ti0.08)O3 (PLZST) 180 3.99 79.2 [77]
(Pbo.955S10.015L.80.02)(Z10.75SN0.195Ti0.055)O3 (PSLZST) 330 5.56 67.9 [78]
(Pbo.955Cdo.o015La0.02)(Zro.50Sn0.45Ti0.05)O3 (PCLZST) 290 6.48 87.1 [79]
(Pbo.o15Bao.o4lao.03)(Zro.65Sn0.3Tio.05)O3 (PBLZST) 170 4.44 88.8 [73]
(Pbo.s7Bao.1Lao.02)(Zro.65Sn0.3Ti0.05)03-0.0075Y (PBLYZST) 130 2.75 71.5 [80]
[Pbo.s1Lao.02(Li12Bi1/2)0.12S10.04](Zr0.57S10.34Ti0.00)O3 (PLLBSZST) 210 3.22 94 [81]
(Pbo.osLao.02)(Zro.5551n0.45)0.99503 (PLZS) 350 8.3 87.6 [82]
(Pbo.97S10.03)(Z10.5Sn0.5)03 (PSZS) 390 10.5 83.3 [83]
(Pbo.9sCao.02La0.02)(Zro.6Sno.4)O3 (PCLZS) 460 10.04 83.95 [84]
(Pbo.94La0.04)(Zro.65510.35)0.975Nb0.0203 (PLZSN) 400 8.26 90.31 [85]
Bulk ceramic  (Pby o;Bag 4sLao03)(Zro.6Sno4)Os (PBLZS) 340 8.16 92.1 [86]
(Pbo.9sBag02lLag.02)(Zro.6Sno.4)O3 (PBLZS) 450 12.8 84.2 [87]
(Pbo.9Bao.04Sr0.04L.20.02)(Z10.45S10.55)0.99503 (PBSLZS) 350 7.01 89.9 [88]
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(Pbo.91Lao.06)(Zro.552Sn0 3658 T10.08) O3@ 1 wt%PbO-B203-S10,-A1,03-Zn0O-MnO»

380 7.4 91.6 [89]
(PLZST@PBSAZM)
(Pbo.97La0.02)(Zro.3351n0.55Ti0.12)O3@0.05S10, (PLZST@S10,) 238 2.68 83 [90]
Pbo.9sLa0.02S10.02(Zr0.50S10.40Ti0.10)03-0.8 wt% Al O3 (PLSZST-Al>O3) 220 3.23 90 [91]
(Pbo.915Bao.o4Lao.03)(Zro.6sSn0.3Ti0.05)O3-1.0 wt% AIN (PBLZST-AIN) 290 5.6 88.1 [92]
(Pbo.93Bao.04La0.02)(Zr0.655n03 Tioes)03-0.1 wt% MgO (PBLZST-MgO) 246 5.02 76.8 [93]
0.7(Pbo.oBag.04l.a0.04)(Zr0.655n0.3Ti0.05)O03-0.3(Pbo.9ssLao.03)(Zro.s0Sno.19Ti0.01) O3

470 9.8 87.5 [94]
(PBLZST-PLZST)
0.99(Pbo97La0.02)(Z10.6S104)03-0.01 AgNbO3 (PLZS-AN) 400 10.81 85.05 [95]
(Pbo.91Bago15L.a0.05)(Zro.6Sno 4)03-0.4wt%Ba0-B,03-Al,03-Si0, (PBLZS-BBAS) 390 6.3 87 [96]
PbH{O3 (PH) 270 7.6 80.8 [97]
Pby 04sHfOs (PH) 250 7.29 73.18 [98]
0.95PbH{03-0.05Pb(Zn1,2W1,2)O3 (PH-PZW) 200 5.03 60 [99]
(Pbo.osLao.o4)(Zro.99Tio.01)O3 (PLZT) 395 11.38 79 [100]
(Pbo.o7L.a0.02)(Zr0.93Sn0.05Ti0.02)O3 (PLZST) 376 12.1 75.2 [6]
(Pbo.9sLao.02)(Zro.555n0.43Ti0.02)0.99503 (PLZST) 290 5.7 83 [101]
(Pbo.94LLao.04)(Zro.99Sn0Tio.01)O3 (PLZST) 400 13 78.1 [102]
(Pbo.9sLa0.04)(Zro.49Sm05Tio.01)O3 (PLZST) 400 9.6 90.2 [5]
(Pbo.osCao.02La0.02)(Zr0.93Sn0.05T10.02)O3 (PCLZST) 448 14.5 77.1 [103]
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(Pbo.97L.a0.02Ca0.01)(Zro.6Sno.4)0.97Tao.0203 (PLCZST) 300 7.93 93.9 [104]

(Pb0,91Lao_o4Cao,o3)[Nbo,oz(ZI‘o_ggTio_o1)0_975]03 (PLCNZT) 420 12.15 85.4 [105]
Thick film  (Pbo.97Gd0.02)(Zr0.87Sn0.12Tio.01)O3 (PGZST) 447 12 78 [106]

(Pbo.97L.20.02)(Zr0.85Sn0.12Ti0.03) O3@0.5wWt%A1203 (PLZST@A1:03) 315 53 88.3 [107]

(Pbo.osLao.02)(Zro.45Sn0.55)0.99503 (PLZS) 400 7.09 88 [108]

(Pbo.9sLag.02)(Zro.55510.45)0.99503 (PLZS) 400 10.4 87 [9]

(Pbo.941.20.02S10.04)(Z10.9Sn0.1)0.99503 (PLSZS) 395 11.18 82.2 [109]

(Pbo.ssCdo.03L.a0.06)(Zr0.6Sno.4)O3 (PCLZS) 870 19.3 91 [110]

(Pbo.925Bag.045L.a0.03)(Hfo.65n0.4)0.992503 (PBLHS) 290 7.3 91 [111]

(Pbos7Laooz)HfOs (PLHT) 300 7.1 78.5 [112]

(Pbo.9sLao.02)(Hfo.45Sn0.55)0.99503 (PLHS) 380 7.63 94 [113]

PLZT 680 12.4 90 [114]

(Pbo.ogLao.02)(Zro.7Sn0.3)0.99s03 (PLZS) 560 12.6 80 [115]
Multilayer

(Pbo,92Lao_ozcao,oﬁ)(ZI‘o_ﬁsno,4)0,99503 (PLCZS) 760 159 92 [5 1 ]

ceramic
(Pbo.94La0.02Cao.04)(Zr0.7810.3)0.99s03 (PLCZS) 530 14.3 86.1 [116]
capacitor
Pbo.9Bag.osLao.04)(Zro.65Sn0.3Ti0.05) O3/ (Pbo.osBao.o2Lao.02) (Zro.6Sne.4) O3/
750 22.0 96.1 This work

(Pbo.92Ca0.06L.20.02) (Zr0.6S10.4)0.99503 (PBLZST/PBLZS/PCLZS)
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Table S8. Detailed information on the MLCCs for the energy storage performance comparison (Fig. Sc).

Internal Ey Wree n
Composition Ref.
electrode (kVem™')  (Jem?3) (%)
PLZT - 680 12.4 90 [114]
(Pbo.osLao.02)(Zro.7Sn0.3)0.99503 (PLZS) Pt 355 12.6 80 [115]
Lead-based
(Pbo.92LLao.02Ca0.06)(Zro.6310.4)0.99503 (PLCZS) Pt 760 15.9 92 [51]
(Pbo.94La0.02Cao.04)(Zr0.7Sn0.3)0.99503 (PLCZS) Pt 530 14.3 86.1 [116]
0.87BaTi03-0.13Bi(Zn23(NbossTao.15)13)03 (BTBZNT) Pt 1500 14.08 69.7 [117]
0.87BaTi03-0.13Bi(Zn23(Nbo.ssTao.15)1/3)03 (BTBZNT) 60Ag-40Pd 1000 10.5 93.7 [118]
0.87BaTi03-0.13Bi(Zn23(Nbo.ssTag.15)13)03 (BTBZNT) 60Ag-40Pd 750 8.13 95 [119]
0.87BaTi0;3-0.13Bi(Zn23(Nbo.ssTao.15)13)O03 (BTBZNT) 60Ag-40Pd 1047 10.12 89.4 [120]
BaTiOs-based
0.87BaTi03-0.13Bi(Zn23(Nbo.ssTag.15)13)03 (BTBZNT) 60Ag-40Pd 790 7.8 88 [121]
0.9BaTi03-0.1Bi(Lio.sNbo.5)O3 (BT-BLN) Pt 450 4.5 91.5 [122]
0.9BaTiO3-0.1Bi(Lio.sTao.5)O3 (BT-BLT) Pt 466 4.05 95.5 [123]
(Ba0,33Bi0,32Cao_1lsmo,o7Nao,o7SI'o_1)(Ti0,63Feo,3zzro,05)O3 (BBCSNSTFZ) 70Ag-30Pd 1094 20.8 97.5 [124]
0.65(Nao sBig.5)TiO3-0.35(Sro.7Bio2) TiO3 (NBT-SBT) Pt 1030 21.5 80 [125]
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0.62Nag 5Big.sTi03-0.3Sr0 7B1i0.2Ti03-0.08 BiMg23Nb1303 (NBT-SBT-BMN) Pt 1013 18 93 [126]
0.85(0.65Bi.sNao sTi03-0.35S1Ti03)-0.15La(Mg12Zr12)Os (NBT-ST-LMZ) Pt 1050 13.5 90  [127]
BiosNagsTiOs-based
0.55(Nao.sBig.5)Ti03-0.45(Sro.7Bio.2) TiO3 (NBT-SBT) Pt 720 9.5 92 [128]
0.6BiosNaosTi03-0.4S1TiOs (BNT-ST) 75Ag-25Pd 270 2.83 85  [129]
Nag.sBio.5Ti03-0.50Sr0.85B10.10TiO3 (NBT-SBT) Pt 420 4.9 72 [130]
0.65BiFe0;-0.3BaTi0s-0.05NaTaOs + 0.3 wt% MnO; (BF-BT-NT) Pt 780 9.1 80  [131]
0.5BiFe03-0.4SrTi03-0.03Nb20s-0.1BiMg»3Nb1,303 (BF-ST-Nb-BMN) Pt 1000 15.8 75.2  [132]
, 0.57BiFe03-0.30BaTi0s-0.13Bi(Lio sNbo.5)O3 (BF-BT-BLN) Pt 953 13.8 81 [133]
BiFeOs-based
0.62BiFe03-0.3BaTi0s3-0.08Nd(ZrosZno5)Os (BF-BT-NZZ) Pt 700 10.5 87  [134]
0.61BiFe03-0.33(BaosSro2) TiOs-0.06La(Mg3Nby3)03 (BF-BST-LMN) Pt 730 10 72 [135]
0.75(Bilo.ssNdo.15)Fe03-0.25BaTiO; (BNF-BT) Pt 540 6.74 77 [136]
Smo,osAgo_gsNbo_7Tao_3O3 (SANT) Pt 1450 14 85 [7]
AgNbO;-based
Ag(NbossTan15)0s + 0.25 wt% MnO, (ANT-Mn) Pt 1020 7.9 71 [137]
0.67NaNbO3-0.18(Bio.sNao.5)TiO3-0.15Bi(Mgo.sHfo.5)O3 (NN-BNT-BMH) 70Ag-30Pd 1100 12.65 88.5 [138]
NaNbOs-based
0.80NaNbO3-0.04CaZr03-0.16Bio sNag sTiO3 (NN-CZ-BNT) Pt 400 3.7 82.1 [139]
(Pbo.oBag.oslag.04)(Zro.65Sn0.3Ti0.05)O3/(Pbo.osBag.o2L.ao.02) (Zro.sSno.4) O3/ This
Lead-based 70Ag-30Pd 750 22.0 96.1 work

(Pbo.02Ca0.06.20.02)(Z10.65N0.4)0.99503 (PBLZST/PBLZS/PCLZS)
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