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ABSTRACT: Multilayer  ceramic  capacitors  (MLCCs)  play  a
crucial  role  in  pulsed  power  applications  because  of  their
rapid  charge/discharge  capabilities.  However,  the
combination  of  high  energy  density  and  high  efficiency  is
the  main  challenge  in  practical  applications.  This  study
presents  barium  titanate-based  (BaTiO3-)  lead-free  relaxor
ferroelectric  (RFE)  MLCCs  formulated  with  0.84BaTiO3–
0.16Bi(Mg0.2Ni0.2Zn0.2Zr0.2Nb0.2)O3 (0.84BT–0.16BMNZZN)  and
platinum  inner  electrodes  via  a  tape-casting  method.  The
introduction  of  the  high-entropy  component  BMNZZN
effectively  enhances  the  relaxation  behavior  and  local
nanodomains while promoting grain refinement, resulting in
a  comprehensive  improvement  in  insulation  performance
and energy storage performance. As a result,  MLCCs exhibit
excellent  recoverable  energy  density  (Wrec =  15.7  J∙cm−3)  and  ultrahigh  efficiency  (η)  of  96.4%  (@1614  kV∙cm−1),  simultaneously
showing good temperature stability over a range of −120‒100 °C (Wrec ≈ 8.9 J∙cm−3 with a variation of less than ±4.85%, @1078 kV∙cm−1)
and  excellent  fatigue  resistance  (Wrec ≈  9.2  J∙cm−3 with  a  variation  of  less  than  ±0.82%  over  107 cycles,  and η greater  than  95%,
@1078  kV∙cm−1).  These  findings  indicate  that  BT–BMNZZN  RFE  MLCCs  offer  a  viable  solution  for  high-power  energy  storage
capacitors.
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1    Introduction
The diverse  applications  in  various  industries,  such as  aerospace,
electric  vehicle,  and  microwave  communications,  are  driving  an
urgent  demand  for  sustainable  and  efficient  energy  storage
systems  [1–5].  Multilayer  ceramic  capacitors  (MLCCs)  are
engineered  to  store  electrical  energy  via  an  electrostatic  field,
providing  the  highest  power  density,  rapid  charging/discharging
capabilities, superior cyclability, and the highest operating voltage
among  existing  energy  storage  devices.  They  are  essential  in
contemporary  electrical  and  electronic  systems  [6,7].  However,
compared with those of electrochemical systems, the relatively low
energy storage density of dielectric capacitors limits their broader
application.  Additionally,  to  ensure  reliability  in  varying
temperature  environments,  there  is  a  heightened  demand  for
improved  energy  efficiency  and  temperature  stability.
Consequently,  ongoing  efforts  are  focused  on  enhancing  energy
density  and  efficiency  to  support  ongoing  trends  toward

miniaturization,  integration,  and  the  development  of
environmentally friendly advanced devices [8–10].
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r Pmax

0 EdP Wrec =
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According  to  electrostatics,  the  overall  energy  storage  density
(Wtotal),  recoverable  energy  density  (Wrec),  and  efficiency  (η)  of
dielectric  capacitors  can  be  determined  via  the  following
equations: , ,  and 

,  where E, Pmax,  and Pr represent  the  applied
electric  field,  the  maximum  polarization,  and  the  remnant
polarization,  respectively.  Consequently,  high  maximum
polarization,  high  breakdown  strength  (Eb),  and  minimal
hysteresis are advantageous for achieving high Wrec and η. Relaxor
ferroelectrics have superior potential  and appear to be promising
alternatives  for  energy  storage  applications  because  of  their
synergistically  high  saturated  polarization  (Ps),  low  remnant
polarization,  high  breakdown  strength,  and  ultraslim P‒E loops.
Numerous  studies  have  focused  on  environmentally  friendly
BaTiO3–Bi(Me)O3 compositions, where Me can be a single or two
cations with an average valence of +3. Bi(Me)O3 is selected as an 
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additive  to  destroy  the  long-range  ferroelectric  order  and  form
polar  nanoregions  (PNRs)  to  improve  its  relaxation
characteristics.  Relaxor  ferroelectrics  typically  exhibit  a
temperature-insensitive dielectric constant plateau, which is highly
important  for  achieving  thermally  stable  energy  storage.  For
example, the 0.9BaTiO3–0.1Bi(Mg1/2Hf1/2)O3 ceramics prepared by
Liu et  al.  [11]  demonstrated Wrec of  3.38  J∙cm−3 and η of
approximately 87% at an electric field of 240 kV∙cm−1. Li et al. [12]
obtained  0.88BaTiO3–0.12(1−x)Bi(Li0.5Nb0.5)O3–0.12xBi(Mg0.5
Ti0.5)O3 MLCCs  with Wrec of  4.42  J∙cm−3 and η of  98.6%  at
500  kV∙cm−1.  Zhao et  al.  [13]  obtained  0.87BaTiO3–0.13Bi
(Zn2/3(Nb0.85Ta0.15)1/3)O3 MLCCs with Wrec of 10.12 J∙cm−3 and η of
89.4%  at  1046  kV∙cm−1 and  further  improved  the  energy  storage
performance  by  introducing  SiO2 to  construct  a  core‒shell
structure with Wrec of 18.2 J∙cm−3 and η of 94.5% at 1755 kV∙cm−1

[14]. Despite these advancements, achieving both high Wrec and η
in the BaTiO3–Bi(Me)O3 system remains challenging in MLCCs.
In the past decade, the application of the high-entropy strategy in
energy storage ceramics has attracted widespread attention. High-
entropy  compounds  usually  have  more  than  four  cations
occupying  the  same  site  in  an  equal  molar  ratio.  Owing  to  the
mismatch of  mass,  radii  and bonding states  of  multiple  ions,  the
lattice is  severely distorted, and the atomic arrangement is highly
disordered,  resulting  in  strong  relaxation  behavior  and  high
breakdown strength [15,16]. Qiao et al. [17] achieved giant Wrec of
7.16  J∙cm−3 and  high η of  93.3%  by  introducing  a  high-entropy
component,  Ba(Zr0.2Ti0.2Sn0.2Hf0.2Nb0.2)O3,  into  a  0.65Bi0.5Na0.5
TiO3–0.35SrTiO3 matrix.  Inspired  by  this,  the  use  of  a  high-
entropy  strategy  to  construct  Bi-based  high-entropy  components
instead  of  traditional  Bi(Me)O3 components  is  expected  to
broaden  the  composition  design  range  of  the  BaTiO3–Bi(Me)O3
material  system  and  further  improve  its  energy  storage
performance.

Guided  by  this  strategy,  a  new  high-entropy  component,
Bi(Mg0.2Ni0.2Zn0.2Zr0.2Nb0.2)O3 (BMNZZN),  was  introduced  into
BaTiO3 (BT)  to  form  a  solid  solution  by  considering  charge
balance  and  ionic  radius  compatibility.  Compared  with  binary
systems,  such  as  Bi(Mg2/3Nb1/3)O3 and  Bi(Mg1/2Hf1/2)O3,
BMNZZN results in greater disparities in terms of local chemical
disorder and ionic size, inducing strong relaxor behavior in the BT
matrix.  This  integration  results  in  an  exceptional  recoverable
energy density  of  15.7  J∙cm−3 with high efficiency of  96.4% and a
substantial breakdown strength of approximately 1580 kV∙cm−1 in
the  0.84BT–0.16BMNZZN  MLCCs.  Notably,  the  energy  storage
properties  exhibit  excellent  thermal  stability,  with  variations
within  ±4.85%  across  a  temperature  range  of −120–100  °C  at
1078  kV∙cm−1,  underscoring  the  potential  of  the  BT–BMNZZN
MLCCs for high-energy storage applications.

2    Experimental
(1−x)BaTiO3–xBi(Mg0.2Ni0.2Zn0.2Zr0.2Nb0.2)O3 (abbreviated  as
(1−x)BT–xBMNZZN; x = 0.08, 0.12, 0.16, and 0.20) powders were
prepared  through  a  conventional  sintering  method.  The  starting
materials,  including  BaCO3 (98.06%),  TiO2 (99.8%),  Bi2O3
(99.9%), MgO (99.968%), NiO (98%), ZnO (99.9%), ZrO2 (99%),
and  Nb2O5 (99.99%),  were  mixed  and  subjected  to  ball  milling
with ZrO2 balls for 4 h in anhydrous ethanol. The resulting dried
powders  were  calcined  at  950  °C  for  2  h.  The  powders  were
further  milled  using  smaller  ZrO2 balls  (1  mm  diameter)  to
achieve  a  fine  particle  size.  The  calcined  powders  were  then
pressed  into  pellets  with  a  diameter  of  13  mm  and  sintered  at
temperatures  ranging  from  1130  to  1200  °C  for  2  h  to  achieve
densification.

The same powder was employed in the production of MLCCs.
The  weighed  powders,  along  with  the  dispersant,  binder,  and
plasticizer, were subjected to milling with ZrO2 balls for 10 h. The
slurry  was  subsequently  used  to  create  continuous  0.84BT–
0.16BMNZZN tapes with a thickness of approximately 10 μm via
tape casting. The same powder was employed in the production of
MLCCs. The weighed powders, along with dispersant, binder, and
plasticizer,  were  subjected  to  milling  with  zirconia  balls  for  10  h.
The  slurry  was  subsequently  used  to  create  continuous
0.84BT–0.16BMNZZN  tapes  with  a  thickness  of  approximately
10  μm  via  tape  casting.  Ceramic  tapes,  screen-printed  with  Pt
paste  as  the  inner  electrode,  were  stacked  and  aligned  with
precision via hot isostatic lamination. The resulting MLCCs were
sintered at 1100 °C for 3 h.

The crystal structures of the bulk ceramics were analyzed via a
powder  X-ray  diffractometer  (XRD;  D/max-2550  V,  Rigaku,
Japan)  with  Cu  Kα  radiation  (λ =  1.5406  Å),  and  Rietveld
refinement  analyses  were  conducted  with  the  GSAS-II  software.
Raman  spectra  were  acquired  via  a  Raman  spectrometer
(Renishaw  in  Via,  UK).  The  microstructures  and  elemental
distributions of the ceramics and MLCCs were characterized via a
field  emission  scanning  electron  microscope  (FE-SEM;  Magellan
400,  FEI,  USA).  Transmission  electron  microscopy  (TEM)  was
performed via  a  field-emission  transmission  electron  microscope
(FE-TEM;  JEM-2100F,  JEOL,  Japan).  High-angle  annular  dark-
field  (HAADF)  imaging  was  carried  out  on  a  Cs-corrected
microscope  (HF5000,  Hitachi,  Japan).  The  domain  response  was
investigated  via  a  commercial  atomic  force  microscope  (AFM)
system  (Jupiter  XR,  Oxford,  UK).  The  temperature- and
frequency-dependent  dielectric  properties  and  complex
impedance  were  examined  with  a  broadband  dielectric
spectrometer  (Concept  80,  Novocontrol  GmbH,  Germany). P–E
loops  were  obtained  via  a  ferroelectric  measuring  system  (TF
Analyzer  2000E,  aixACCT,  Germany).  The  size  of  the  ceramic
sample was approximately 0.05 mm (thickness) × 0.636 mm2 (Au
electrode  area).  The  size  of  the  MLCCs  sample  is  approximately
7.4  μm  (thickness)  ×  3.24  mm2 (Pt  electrode  area).  The
underdamped and overdamped charge‒discharge data of MLCCs
were  collected  from  a  commercial  charge‒discharge  platform
(CFD-001, Gogo Instruments Technology, China).

3    Results and discussion

3̄

3̄

Figures  1(a)  and 1(b)  show the  X-ray  diffraction (XRD) patterns
of  the  (1−x)BT–xBMNZZN  ceramics.  All  the  samples  show  the
main  perovskite  structure  of  BaTiO3, with  trace  amounts  of  the
secondary  phase  Ba2Ti5O12 (PDF#17-0661)  detected  at  very  low
intensities, as indicated by (※). With increasing BMNZZN, all the
XRD  peaks  shift  to  lower  angles,  which  is  related  to  the  larger
compound  ion  (Mg0.2Ni0.2Zn0.2Zr0.2Nb0.2)  (R(Mg2+)  =  0.72  Å,
R(Ni2+) = 0.69 Å, R(Zn2+) = 0.74 Å, R(Zr4+) = 0.72 Å, and R(Nb5+) =
0.64  Å)  replacing  Ti4+ (0.605  Å)  in  the  B-site  lattice  [18].  The
enlarged (200) peaks shown in Fig. 1(b) have no signs of splitting,
indicating  a  high  degree  of  symmetry  in  the  solid  solution  [19].
Rietveld refinements of XRD patterns for x = 0.08, 0.12, 0.16, and
0.20 using the tetragonal phase (T-phase, P4mm space group) and
cubic  phase  (C-phase, Pm m space  group),  with  the  results
depicted in Fig. 1(c) and Fig. S1 in the Electronic Supplementary
Material (ESM). The refinements exhibit good agreement with the
experimental  data,  with  low Rwp, Rp,  and χ2 values  of  less  than
7.12%,  4.75%,  and  7.27,  respectively  [20,21].  The  refinement
indicates that within the range of x = 0.08‒0.20, both the T- and C-
phases  coexist.  For x =  0.16,  the  T-phase  (P4mm)  and  C-phase
(Pm m)  contents  are  27.02%  and  72.98%,  respectively.

9221018-2 He B, Zhou B, Yan S, et al.

J Adv Ceram 2025, 14: 9221018
 



Additionally, throughout the studied range of x, the concentration
of  the  C-phase  gradually  increases,  as  shown  in Fig.  1(d).
Figure  1(e)  and  Fig.  S2  in  the  ESM  present  scanning  electron
microscopy (SEM) images of  the (1−x)BT–xBMNZZN ceramics.
All  the  ceramics  exhibited  a  dense  microstructure  with  distinct
grain  boundaries  and  no  apparent  porosity.  The  grain  size
distributions are shown in the inset figures of Fig. 1(e) and Fig. S2
in the ESM, indicating that the average grain size decreased from
1.22  μm  to  0.86,  0.69,  and  0.64  μm  for x =  0.08,  0.12,  0.16,  and
0.20,  respectively,  which  is  conducive  to  achieving  high
breakdown  strength  [22].  The  results  of  energy-dispersive  X-ray
spectroscopy  (EDS)  are  shown  in Fig.  1(e)  to  characterize  the
elemental  distribution.  The  elements  in  the
0.84BT–0.16BMNZZN ceramic, including Ba, Ti, Bi, Mg, Ni, Zn,
Zr,  and  Nb,  are  uniformly  distributed,  suggesting  the  successful
dissolution of BMNZZN into the BT matrix.

To gain deeper insights into the local structural variations in the
(1−x)BT–xBMNZZN  ceramics  as  a  function  of  the  BMNZZN
content,  Raman  spectra  were  acquired  and  are  presented  in
Fig. 2(a). The spectral features below 200 cm−1 are associated with
the  vibrational  modes  of  A-site  cations.  The  peaks  within  the
200–450  cm−1 range  are  attributed  to  B–O  bond  vibrations,
whereas  those  above  450  cm−1 correspond  to  the  vibrational
modes of BO6 octahedra [23–25]. Notably, there is no discernible
sharp peak at approximately 306 cm−1, which is typically indicative
of  a “silent” mode of  B1+E(LO+TO) and is  only observed in the
presence  of  a  long-range  ferroelectric  phase  [26].  Concurrently,
the v3 peak at approximately 257 cm−1 broadens with increasing x,
as depicted in Fig. 2(b). These findings suggest that incorporating
BMNZZN  enhances  structural  disorder  within  the  BT  matrix,
thereby  disrupting  long-range  ferroelectric  polarization.  In
Fig.  2(c),  an increase  in  the  BMNZZN concentration results  in  a
redshift of the v1 peak and a broadening of the Raman peak above

450  cm−1,  indicating  significant  local  disorder  due  to  valence
mismatches among multiple cations occupying the A and B sites,
resulting  in  smaller  polar  nanoregions  and  enhanced  relaxor
behavior [12,27,28].

The  dark-field  transmission  electron  microscopy  (DF-TEM)
pattern  of  the  sample  of x =  0.16  is  recorded  in Fig.  2(d)  to
understand  the  evolution  of  the  local  structure.  Long-range
ferroelectric domains with large lamellar-shaped structures cannot
be  observed.  High-angle  annular  dark-field  (HAADF)  STEM
images acquired from the [100] direction were used to investigate
specific  atomic-scale  effects  of  the  BMNZZN  composition,  as
shown in Fig. 2(e). The A-site and B-site cations appear as bright
and  dark  spots,  respectively,  in  the  STEM  images.  The  relative
displacement of the central B-site cation concerning the corner A-
site  cations  indicates  the  local  polarization  state,  as  indicated  by
the  yellow  arrows.  The  results  indicate  the  formation  of
polarization  nanoregions  with  dimensions  of  approximately
2–5  nm.  To  delve  deeper  into  the  PNRs  and  their  dynamic
response to an applied electric field, local poling experiments were
performed  via  piezoelectric  response  force  microscopy  (PFM).
Figure  2(f)  and  Fig.  S3  in  the  ESM  show  the  out-of-plane  PFM
images of the x = 0.08, 0.12, 0.16, 0.20 ceramics after polarization
treatment  with  ±20  V  on  a  2  μm  ×  2  μm  square  surface  at
different relaxation times. Upon removal of the external field, the
PFM signals decay more rapidly with increasing x, suggesting that
the  domains  revert  more  easily  to  their  initial  state,  which  is
consistent with the characteristic behavior of relaxors [29,30]. The
rapid reversibility of nanosized domains (such as PNRs) results in
minimal Pr,  thereby  increasing  the  energy  storage  density  and
efficiency.

The  unipolar P‒E loops  of  (1−x)BT–xBMNZZN  ceramics
measured at 200 kV∙cm−1 are shown in Fig. 3(a). As the x content
increases,  the saturation polarization experiences a delay, and the

 

Fig. 1    (a, b) XRD patterns of (1−x) BT–xBMNZZN ceramics; (c) Rietveld refinement pattern of 84BT–16BMNZZN ceramics where Rwp is the weighted profile R-factor,
Rp is the profile R-factor, and χ² is the Chi-squared; (d) T-phase and C-phase contents of (1−x) BT–xBMNZZN ceramics; (e) SEM images and EDS mapping images of
0.84BT–0.16BMNZZN ceramics.
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P‒E loops  exhibit  a  nearly  linear  form,  suggesting  the  disruption
of long-range order in the ferroelectric state. Figure 3(b) shows the
unipolar P‒E loops of (1−x)BT–xBMNZZN ceramics measured at
their  respective  maximum  applied  electric  fields,  with  the  results
for Wrec and η presented  in Fig.  3(c).  Both Wrec and η increase
with  increasing x. At  an  electric  field  of  649  kV∙cm−1,  the
0.84BT–0.16BMNZZN ceramic has the highest Wrec of  7.0 J∙cm−3

and η of  87.3%.  The  breakdown  strength  is  a  key  parameter

Xi = lnEi Yi = ln {ln(1/ (1− Pi))}
Pi = i/ (n+ 1)

for determining the energy storage density of  ceramic capacitors.
The  critical Eb value  and  its  reliability  can  be  evaluated  via
the  following  formula: , ,

,  where Ei represents the breakdown field value of
the ith sample, and n is the total number (n = 10). As depicted in
Fig. 3(d), all  samples exhibit good linear fit,  with β values greater
than  8,  indicating  reliable  Weibull  distribution  results  and  stable
sample  quality  [31].  Additionally, Eb increases  gradually  from

 

Fig. 2    (a)  Raman  spectra  of  (1−x)BT–xBMNZZN  ceramic  samples  at  room  temperature;  (b)  FWHM  for ν3 peak  and  (c)  variation  in  peak  site;  (d)  DF-TEM
micrographs  for  0.84BT–0.16BMNZZN  sample;  (e)  atomic-resolution  HAADF-STEM  polarization  vector  image  along  [100]  direction  of  0.84BT–0.16BMNZZN
sample; (f) PFM phase pictures of x = 0.08 and 0.16 ceramics above a voltage of 20 V.

 

Fig. 3    Unipolar P‒E curves of (1−x)BT–xBMNZZN ceramics at (a) 200 kV∙cm−1 and (b) maximum applied electric fields; (c) Wrec and η as a function of x; (d) Weibull
distribution of (1−x)BT–xBMNZZN ceramics; (e) change in Eb and grain size vs. content of x; (f) impedance data of (1−x)BT–xBMNZZN ceramics at 600 °C.
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361.7  kV∙cm−1 (x =  0.08)  to  652.6  kV∙cm−1 (x =  0.20),  suggesting
that  the  incorporation  of  BMNZZN  enhances  the  breakdown
strength,  primarily  because  of  the  ability  of  BMNZZN  to  refine
grains. Figure 3(e)  illustrates  the relationship between Eb and the
grain  size.  A  smaller  grain  size  inhibits  the  formation  of  a  space
charge  layer  at  the  grain  boundary,  leading  to  a  higher Eb
[22,32,33]. Figure  3(f)  shows  the  impedance  data  of  the
(1−x)BT–xBMNZZN ceramics, where all samples exhibit a single
semicircle  in  the  complex  impedance  plot.  Owing  to  grain
refinement,  the  density  of  the  grain  boundaries  increases
significantly,  resulting  in  a  substantial  increase  in  resistance.  The
increased  resistance  after  BMNZZN  modification  indicates
enhanced  insulation  performance  and  improved  breakdown
strength.

(1/εr)− (1/εm) = (T− Tm)
γ/C

The  temperature-dependent  dielectric  constant  (εr vs. T)  and
loss  (tanδ vs. T)  over  a  temperature  range  of −100–200  °C  are
illustrated  in Figs.  4(a)  and 4(b)  and  Fig.  S4  in  the  ESM.  As  the
BMNZZN  content  increased,  the  dielectric  peak  broadened  and
diminished  significantly.  The  room  temperature  dielectric
constant at 1 kHz decreases from 1709 to 1422, 958, and 892 for
x =  0.08,  0.12,  0.16,  and  0.20,  respectively.  Below Tm,  all  the
compositions  exhibit  frequency  dispersion,  characteristic  of
relaxor  ferroelectric  behavior.  The  diffusivity  coefficient  (γ)  was
fitted  at  100  kHz  via  the  modified  Curie‒Weiss  equation:

,  where εm is the maximum εr at
Tm , and C is the Curie‒Weiss constant, as shown in Fig. S4 in the
ESM.  The  relaxation  coefficient  of  all  the  samples  exceeded  1.7,
indicating  strong  relaxation  properties  in  the
(1−x)BT–xBMNZZN  ceramic  system. Figure  4(c)  depicts  the
temperature  coefficient  of  capacitance  (TCC)  variations  for  the
(1−x)BT–xBMNZZN  ceramics.  Notably,  TCC  of  the  (1−x)
BT–xBMNZZN  ceramics  (x =  0.16  and  0.20)  remains  within
±15% across the temperature range of −55−200 °C, conforming to
the  X9R  capacitor  standard  for  temperature  stability  and
demonstrating  promising  potential  for  multilayer  ceramic
capacitor applications.

To  further  improve  the  energy  storage  performance,  a
0.84BT–0.16BMNZZN  composition  with  superior  polarization
compared  with  0.80BT–0.20BMNZZN  was  chosen  for  the
fabrication  of  MLCCs.  Consequently,  five-layer
0.84BT–0.16BMNZZN  MLCCs  were  produced  via  tape  casting,
and  an  optical  image  of  a  0.84BT–0.16BMNZZN  MLCCs
measuring 2.8 mm × 2.8 mm × 0.4 mm (length × width × height)
is  depicted  in Fig.  5(a).  SEM  and  EDS  images  of  the
0.84BT–0.16BMNZZN  MLCCs  are  presented  in Figs.  5(b)  and
5(c),  revealing  a  layer  thickness  of  approximately  7.4  μm.  The
distinct  interface  between  the  0.84BT–0.16BMNZZN  layer  and
the  Pt  layer  is  evident,  with  the  Pt  electrode  appearing  flat  and
continuous. The unipolar P–E loop of the 0.84BT–0.16BMNZZN

MLCCs  is  shown  in Fig.  5(d).  As  the  applied  electric  field
increases  from  644  to  1614  kV∙cm−1, Pmax of  0.84BT–
0.16BMNZZN  MLCCs  increases  from  20.8  to  29.4  μC∙cm−2,
whereas Pr remains  low (<  1  μC∙cm−2).  The  reduction  in Pmax
compared with ceramics  can be attributed to the clamping effect
[34] and challenges in precisely determining the electrode area or
dielectric thickness for buried electrodes [35]. The energy storage
properties  are  illustrated  in Fig.  5(e).  As  the  applied  electric  field
intensifies, Wrec of 0.84BT–0.16BMNZZN MLCCs increases from
4.9  J∙cm−3 (@644  kV∙cm−1)  to  15.7  J∙cm−3 (@1614  kV∙cm−1),
maintaining an efficiency above 95% across the entire electric field
range. The Weibull distribution fitting lines and Eb values for the
0.84BT–0.16BMNZZN  MLCCs  sample  are  shown  in Fig.  5(f),
where the shape parameter β exceeds 19, confirming the statistical
reliability and stability of the sample. Figure 5(g) compares the Eb,
Wrec,  and η values  among  the  0.92BT–0.08BMNZZN  ceramics,
0.84BT–0.16BMNZZN  ceramics,  and  0.84BT–0.16BMNZZN
MLCCs. The incorporation of BMNZZN notably enhances Eb in
ceramic samples. Reducing the dielectric layer thickness to 7.4 μm
yields  an Eb value of  1580 kV∙cm−1 in  the 0.84BT–0.16BMNZZN
MLCCs, representing a 155% increase over that of bulk ceramics.
Thus, Wrec of  0.84BT–0.16BMNZZN  MLCCs  is  substantially
increased  by  approximately  125%  compared  with  that  of  the
0.84BT–0.16BMNZZN ceramics.  Additionally,  the increased η of
the  0.84BT–0.16BMNZZN  MLCCs  may  be  attributed  to  its
multilayer  structure  design  and  the  low  applied  voltage  during
testing. Figure  5(h)  contrasts  the  0.84BT–0.16BMNZZN MLCCs
with  other  lead-free  MLCCs  [12–14,34,36–44],  demonstrating
ultrahigh Wrec of 15.7 J∙cm−3 and ultrahigh η of 96.4% for lead-free
BT-based  MLCCs,  underscoring  the  significant  application
potential of 0.84BT–0.16BMNZZN MLCCs.

The development of MLCCs capable of reliable operation over
a  broad  temperature  range  and  exhibiting  high  energy  storage
performance  is  essential  for  meeting  the  requirements  of
environments  with  fluctuating  temperature  conditions.  The
unipolar P‒E loops  of  the  0.84BT–0.16BMNZZN  MLCCs
subjected  to  an  electric  field  of  1078  kV  cm−1 at  various
temperatures  are  depicted  in Figs.  6(a)  and 6(b).  The  0.84BT–
0.16BMNZZN  MLCCs  demonstrates  excellent  temperature
stability  within  the  temperature  range  of −12–100  °C,  with
variations  in Wrec and η being  less  than  4.85%  and  9.33%,
respectively.  Furthermore,  in  situ  Raman  spectroscopy  was
conducted  on  0.84BT–0.16BMNZZN  ceramics  to  elucidate  the
underlying mechanism of their superior temperature stability.  As
illustrated in Fig. 6(c), a continuous Raman peak is observed from
−120  to  200  °C,  with  no  emergence  of  new  peaks  as  the
temperature  increases,  suggesting  that  the  ceramic  does  not
undergo a  structural  phase transition and retains  its  structure up
to 200 °C [24,45,46]. With increasing temperature, the intensity of

 

Fig. 4    Temperature-dependent  dielectric  constant  and  tanδ curves  of  (a) x =  0.16  ceramics  at  different  frequencies,  (b) x  = 0.08–0.20  ceramics  at  1  kHz,
and (c) temperature coefficient of capacitance values of (1−x)BT–xBMNZZN ceramics.
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the  BO6 modes  decreases  and  shifts  to  a  lower  wavenumber,
indicating a reduction in the vibration and relaxation of the B‒O
chain motion, which is consistent with the behavior of most RFE
ceramics.  The broadening of the Raman peak is attributed to the
high  activity  of  PNRs,  which  contributes  to  the  temperature
stability of the energy storage performance of the RFE ceramics [43].

The  frequency  and  cycle  reliability  of  the  0.84BT–
0.16BMNZZN  MLCCs  were  assessed  by  measuring  its  unipolar
P–E loop  at  1078  kV∙cm−1 and  room  temperature  across  various
cycles and frequencies.  Figure S5 in the ESM shows that the P‒E

loop  remains  consistent  under  different  conditions,  highlighting
the  excellent  fatigue  resistance  and  frequency  stability  of  the
material.  The variations in Wrec and η concerning the number of
cycles and frequency are depicted in Figs. 7(a) and 7(b). Over 107

cycles and frequencies ranging from 10 to 250 Hz, the fluctuations
in Wrec were  0.82%  and  0.92%,  respectively,  underscoring  the
broad applicability of 0.84BT–0.16BMNZZN MLCCs.

The  underdamped  charge‒discharge  characteristics  of  the
0.84BT–0.16BMNZZN  MLCCs  are  illustrated  in Figs.  7(c)  and
7(d).  As  the  electric  field  intensifies,  the  initial  current  peak

 

Fig. 5    (a) Optical photo of 0.84BT–0.16BMNZZN MLCCs; (b) SEM images and (c) EDS mapping images of 0.84BT–0.16BMNZZN MLCCs; (d) unipolar P‒E curves
for  0.84BT–0.16BMNZZN  MLCCs  under  different  applied  electric  fields;  (e) Wrec and η of  0.84BT–0.16BMNZZN  MLCCs;  (f)  Weibull  distribution  of
0.84BT–0.16BMNZZN MLCCs; (g) comparison of Eb, Wrec, and η values between 0.92BT–0.08BMNZZN/0.84BT–0.16BMNZZN ceramics and 0.84BT–0.16BMNZZN
MLCCs. (h) Wrec and η of 0.84BT–0.16BMNZZN MLCCs compared with those of other lead-free MLCCs.

 

Fig. 6    (a) Unipolar P‒E curves of 0.84BT–0.16BMNZZN MLCCs measured at different temperatures (−120–100 °C), (b) Wrec and η values of 0.84BT–0.16BMNZZN
MLCCs as functions of temperature, and (c) temperature-dependent Raman spectra of 0.84BT–0.16BMNZZN ceramic.
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PD = EImax/ (2S)

Wdis = R
r
(I2 (t)dt/V)

progressively  increases.  At  863  kV∙cm−1,  the  maximum  current
(Imax), current density (CD), and power density ( ;
where S represents the electrode area of the tested sample) reached
16.5  A,  507.7  A∙cm−2,  and  219  MW∙cm−3,  respectively.  The
discharge  energy  density  (Wdis)  was  calculated  via  the  equation

 [46].  According  to Figs.  7(e)  and 7(f),
Wdis of 5.3 J∙cm−3 was achieved at 863 kV∙cm−1. Additionally, at an
electric field strength of 863 kV∙cm−1,  the time required to release
90% of the stored energy, denoted as t0.9, is approximately 76.4 ns,
indicating  an  extremely  fast  discharge  rate.  Additionally,
0.84BT–0.16BMNZZN  MLCCs  demonstrated  excellent  stability
in terms of charge‒discharge performance across the temperature
range  of  25−130  °C,  as  illustrated  in  Fig.  S6  in  the  ESM.  In
summary, 0.84BT–0.16BMNZZN MLCCs demonstrates extensive
application  potential  in  advanced  high-power/pulse  power
systems  because  of  its  superior  fatigue  resistance,  frequency
stability, high power density, and rapid discharge rate.

4    Conclusions
In  this  study,  we  simultaneously  achieved  ultrahigh Wrec of
15.7 J∙cm−3 and ultrahigh η of 96.4% in BT-based MLCCs through
the  integration  of  a  high-entropy  strategy  and  a  multilayer
structure  in  the  0.84BT–0.16BMNZZN  MLCCs.  The
incorporation of the high-entropy component BMNZZN into the
BT matrix not only facilitates the formation of polar nanoregions
to enhance the relaxation performance but also reduces the grain
size,  thereby  improving  the  breakdown  strength.  Furthermore,  a
multilayer ceramic structure with a reduced dielectric layer thickness
(~7.4 μm) was fabricated via a tape casting process, which further
increased Eb.  Notably,  the  0.84BT–0.16BMNZZN  MLCC
demonstrated excellent temperature stability (< ±4.85%) over the
range  of −120–100  °C,  frequency  stability  (<  ±0.82%)  across
10–250 Hz, and fatigue resistance (< ±0.92%) for up to 107 cycles.
These  findings  underscore  the  potential  of  the  BT–BMNZZN
system  as  a  promising  lead-free  alternative  for  energy  storage
applications.
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