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ABSTRACT: Sr0.775Bi0.15TiO3 ceramics  with  linear-like  relaxor
ferroelectric behavior are promising dielectric energy storage materials.
Improving  breakdown  strength  (BDS)  is  key  to  optimizing  its  energy
storage  performance  and  expanding  its  application.  Herein,  a  multi-
scale synergistic optimization strategy is employed by introducing Cd2+

in  Sr0.775Bi0.15TiO3 ceramics  to  improve  the  BDS  and  energy  storage
performance,  and  the  underlying  mechanism  of  performance
optimization  is  systematically  investigated.  At  the  nanoscale,  first-
principles  calculations  combined  with  electrical  testing  and  structural
characterization  reveal  that  Cd2+ doping  increases  the  ionic  disorder,
A–O bond strength, and the formation energy and migration barrier of
oxygen  vacancies.  This  inhibits  oxygen  vacancy  transport  and
enhances  electrical  insulation.  At  the  microscale,  numerical  simulations  verify  that  the  composition  with  appropriate  doping
exhibits a small and uniform local electric field. This decreases the breakdown probability. Meanwhile, Cd2+ doping enhances relaxor
ferroelectricity.  Consequently,  the  BDS  is  improved  while  maintaining  low  remnant  polarization,  and  the  optimized
Cd0.05Sr0.725Bi0.15TiO3 ceramic exhibits excellent comprehensive energy storage performance with a high recoverable energy density
of  5.16  J/cm3 and  an  efficiency  of  92.65  %  under  490  kV/cm.  The  performance  possesses  outstanding  stability  over  a  broad
temperature  range  (21–150  °C),  a  wide  frequency  range  (10–1000 Hz),  and  up  to  105 charge–discharge  cycles.  This  sample  also
shows a high-power density of 115.02 MW/cm3 and an ultrafast discharge time of 0.046 μs. Therefore, Cd0.05Sr0.775Bi0.15TiO3 ceramic is
promising  for  advanced  pulsed-power  capacitor  applications,  and  this  work  provides  additional  mechanisms  and  strategic
guidance for improving BDS and energy storage performance of linear-like relaxor ferroelectrics.
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1    Introduction
With  the  rapid  development  of  modern  society,  environmental
pollution  and  energy  scarcity  have  become  increasingly  severe,
making the development of renewable energy and energy storage

particularly important [1]. Among various energy storage devices,
dielectric  capacitors  offer  distinct  advantages,  including  ultrafast
charge–discharge  kinetics,  extended  cycle  life,  and  high  power
density  [2].  These  characteristics  render  them  indispensable  in
applications  ranging  from  medical  devices  and  exhaust 
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purification systems to  defense  technologies  [2−4].  The dielectric
energy storage performance, including the energy storage density
(W), recoverable energy storage density (Wrec), and energy storage
efficiency  (η),  can  be  quantitatively  evaluated  using  established
theoretical equations (Eqs. (1)–(3)):

W =
w Pmax

0
EdP (1)

Wrec =
w Pmax

Pr
EdP (2)

η =
Wrec

W × 100% (3)

where Pmax is  the  maximum  polarization; Pr is  the  remanent
polarization; E is the electric field. Therefore, the combination of a
large  polarization  difference  (Pmax−Pr)  and  a  high  breakdown
strength  (BDS)  is  beneficial  for  obtaining  high Wrec and η in
dielectric materials.  Among them, the BDS is  the core parameter
that  determines  the Wrec,  power  output  capability,  and  high-
voltage service boundary of  dielectric  energy storage materials.  A
higher  BDS  value  is  more  conducive  to  achieving  higher  energy
storage  performance  and  to  meeting  more  demanding  high-
voltage application scenarios.

Dielectric  materials  can  be  categorized  into  four  main  types:
linear  dielectrics,  ferroelectrics,  anti-ferroelectrics,  and  relaxor
ferroelectrics  [5−9].  Among them, relaxor  ferroelectrics  possess  a
higher  BDS  than  conventional  ferroelectrics  and  anti-
ferroelectrics, a higher Pmax than linear dielectrics, a lower Pr than
ferroelectrics, and excellent fatigue resistance compared with anti-
ferroelectrics, making them highly promising for advanced energy
storage applications [10].  Relaxor ferroelectrics  typically  originate
from  conventional  ferroelectrics  (such  as  Bi0.5Na0.5TiO3,  BiFeO3,
and  BaTiO3)  doped  with  aliovalent  ions.  This  induces  polar
nanoregions  (PNRs),  thereby  achieving  relaxor  ferroelectric
properties.  However,  excessively  high Pr in  ferroelectrics  often
makes  it  difficult  to  achieve  high η,  which  is  detrimental  to
obtaining  excellent  comprehensive  energy  storage  performance
and  the  operational  stability  and  reliability  of  energy  storage
devices.

(Sr,Bi)TiO3 is  a  kind  of  lead-free  relaxor  ferroelectric  system
derived  from  Bi-doped  linear  dielectric  SrTiO3 and  exhibits
distinctive  quasilinear  polarization  behavior  characterized  by  low
dielectric  loss,  low Pr,  high η,  suitable  relative  dielectric  constant,
and  polarity  [11].  These  factors  give  (Sr,Bi)TiO3 ceramics
significant  application  potential  in  high-frequency  and  high-
voltage environments of advanced pulse power systems. However,
compared  with  other  relaxor  ferroelectrics,  (Sr,Bi)TiO3 ceramics
have a relatively low BDS, which directly limits Wrec and the upper
limit  of  its  tolerance  to  the  operating  electric  field.  Therefore,
improving  the  BDS  of  (Sr,Bi)TiO3 ceramics  by  controlling  the
microstructure  through  ion  doping  is  a  key  approach  to
overcoming the performance limit and expanding the application
of high-voltage pulse power.

In  recent  years,  researchers  have  employed  a  variety  of
strategies  (grain  refinement,  resistance  increase,  volatilization
inhibition,  etc.)  to  improve  the  BDS  of  (Sr,Bi)TiO3 ceramics
[12−18].  Li et  al. [14]  prepared  Sr0.7Bi0.2Ti1−1.25xNbxO3 ceramics.
The insulation of the sample was improved by reducing the grain
size,  resulting  in  an  enhanced  BDS  and  achieving  a Wrec of
3.43  J/cm3 with  an η of  85.84%  at  385  kV/cm.  However,  since
heterovalent  doping  at  the  B  site  creates  structural  vacancies,
which  promote  the  formation  of  oxygen  vacancies  and  a  second
phase,  it  reduces  electrical  conductivity  and  limits  further
improvement  of  BDS.  Meanwhile,  the  vibrations  between  B-site

atoms  and  O  atoms  are  related  to  the  polarity  and  dynamics  of
PNRs  [19].  B-site  doping  with  non-ferroelectric  active  ions  in
(Sr,Bi)TiO3 can  easily  lead  to  a  significant  decrease  in Pmax.
Chen et  al.  [12,13]  replaced  Bi3+ with  rare  earth  ions  to
compensate  for  ion  vacancies  caused  by  elemental  volatilization,
which  improved  the  resistivity  and  BDS.  The  prepared
Sr0.7Bi0.15Re0.05TiO3 (Re:  Yb  and  Ho)  ceramics  exhibit  a Wrec of
2.16–2.32  J/cm3 with  an η of  92.2%–95.8%  at  300  kV/cm.
However, the excessive heterovalent ions and structural vacancies
at the A-site promote the formation of the second phase, limiting
further  improvements  in  resistivity  and  BDS.  The  existing
literatures largely focus on improving insulation to enhance BDS,
but  research  on  the  conductivity  mechanism  is  generally
insufficient. While a few studies have focused on oxygen vacancy-
dominated  conductivity  behavior,  only  the  regulation  of  oxygen
vacancy  concentration  has  been  emphasized,  neglecting  the
migration  characteristics.  This  results  in  an  incomplete  BDS
optimization  mechanism  based  on  oxygen  vacancy  transport
dynamics,  and there are few studies on (Sr,Bi)TiO3 ceramics that
combine  BDS  >  450  kV/cm, Wrec > 5  J/cm3,  and η >  90%.
Therefore,  precise  strategy  design  based  on  this  mechanism  is
crucial  and  necessary  for  optimizing  the  energy  storage
performance of (Sr,Bi)TiO3 ceramics.

In  this  work,  to  maintain  high  polarity  and  mitigate  element
volatilization  and  the  formation  of  oxygen  vacancies  and
secondary  phases  caused  by  high  Bi3+ content  (the  solid  solution
limit  of  Bi  in  (Sr,Bi)TiO3 ceramics  is  20  mol%  [20]),
Sr0.775Bi0.15TiO3 (SBT) is selected as the base material. Cd2+ is a non-
volatile  ion  with  a  small  radius  and  large  polar  displacement,
which  can  effectively  increase  local  ionic  disorder  to  hinder
oxygen  vacancy  migration  and  reduce  cell  volume  to  enhance
A–O bonds and reduce oxygen vacancy formation in the A-site of
perovskite ceramics [21−26]. Therefore, the isovalent substitution
of  Sr2+ by  Cd2+ in  SBT  is  expected  to  significantly  improve  BDS
while  maintaining  high Pmax and  low Pr by  optimizing  oxygen
vacancy  transport  and  microstructure,  thereby  achieving
comprehensive  energy  storage  performance.  Based  on  these
results,  a  multi-scale  synergistic  optimization  strategy  based  on
CdxSr0.775−xBi0.15TiO3 ceramics  is  proposed  to  improve  the  BDS
and  energy  storage  performance  and  elucidate  the  optimization
mechanisms.  At  the  nanoscale,  Cd2+ doping  decreases  the  lattice
volume  and  enhances  ionic  disorder  and  A–O  bond  strength.
These suppress the formation and migration of oxygen vacancies,
as  evidenced  by  characterization  tests  and  by  first-principles
calculations  of  the  changes  in  oxygen  vacancy  formation  and
migration  energy,  thereby  enhancing  electrical  insulation
properties.  At  the  microscale,  appropriate  doping  forms  pure-
phase ceramics with high electrical  homogeneity,  which exhibit  a
low,  uniform  local  electric  field  (LEF)  according  to  numerical
simulations.  The  relaxor  ferroelectricity  of  SBT  ceramics  is
enhanced  after  doping.  Consequently, Wrec is  significantly
improved by enhancing BDS while maintaining high Pmax, low Pr
and high η. As a result, the Cd0.05Sr0.775Bi0.15TiO3 ceramic achieves
a high Wrec of 5.16 J/cm3 and a high η of 92.65% at a high electric
field of 490 kV/cm. Meanwhile, this sample exhibits a high power
density of 115.02 MW/cm3 and excellent temperature,  frequency,
and  cycle  stability  in  energy  storage  performance.
Cd0.05Sr0.775Bi0.15TiO3 ceramics  demonstrate  great  potential  for
pulsed power energy storage applications owing to their excellent
comprehensive energy storage performance.

2    Experimental
High-purity SrCO3,  Bi2O3,  TiO2,  and CdO powders were used as
raw  materials,  and  CdxSr0.775−xBi0.15TiO3 (defined  as  CSBT100x,
x =  0,  0.05,  0.1,  and  0.2)  ceramics  were  synthesized  via  the
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conventional  solid-state  reaction  method  [24,27].  Raw  materials
were  weighed  in  a  stoichiometric  ratio.  The  prepared  mixed
powder  was  ball-milled  in  ethyl  alcohol  using  zirconia  balls  for
8 h. Then, the slurry was dried and presented at 950 °C for 3 h in
air.  After  that,  the  powder  was  ball-milled  in  ethyl  alcohol  using
zirconia  balls  for  4  h.  The  slurry  was  dried  and  mixed  with  a
10 wt% solution of polyvinyl alcohol (PVA), and the powder was
pressed  into  disks  of  10  mm  diameter,  1  mm  thick  at  10  MPa.
Finally, the disks buried in the stabilized ZrO2 powders were heat-
treated  at  600  °C  for  2  h  to  remove  PVA  and  sintered  at
1220–1260  °C  for  3  h  in  air.  The  samples  used  for  the  dielectric
property test  and the complex impedance test  were fully covered
with Ag electrodes. The silver pastes were coated on both sides of
the  sample,  and  the  silver  electrodes  were  fired  at  620  °C  for
30  min.  The  samples  used  for  the  ferroelectric  test  and
charge–discharge  test  were  polished  to  a  thickness  of  0.05–
0.08  mm  and  covered  with  an  Au  electrode  with  a  2  mm
diameter.  Gold  electrodes  were  deposited  on  both  sides  of  the
sample using a benchtop ion sputtering system.

An  X-ray  diffractometer  (XRD)  with  Cu  Kα  radiation  (X'Pert
Pro MPD, PANalytical,  Netherlands) and a Raman spectrometer
(RENISHAW, In Via reflex, UK) under 514.5 nm laser excitation
were used to test the crystalline structure of the samples. A field-
emission scanning electron microscope (SEM; ZEISS GeminiSEM
300, Germany) was used to observe the micromorphology of the
samples.  An  LCR  meter  (Agilent  E4980A,  USA)  was  used  to
measure  the  temperature- and  frequency-dependent  dielectric
properties  and  the  complex  impedance  of  the  samples.  X-ray
photoelectron  spectroscopy  (XPS)  was  conducted  by  a  Thermo
Scientific  K-Alpha  spectrometer.  The  polarization–electric  field
(P–E)  hysteresis  loops,  the  current  density–electric  field  (J–E)
loops,  and  the  leakage  current  density  were  tested  using  a
ferroelectric  test  system  (FETS-2000,  Wuhan  Yanhe  Technology
Co., Ltd., China). A commercial charge–discharge platform (CFD-
003,  Tongguo  (TG)  technology,  China)  was  used  to  test  the
charging and discharging properties of the samples.

3    Results and discussion

3.1    Crystal  structure  and  micromorphology  analyses  of
CSBT
Figure 1 presents XRD patterns of the CSBT ceramics. The main
phase  of  all  samples  is  perovskite  structure  (SrTiO3,  PDF#00-35-
0734).  The compositions  with x =  0  and 0.05 exhibit  pure  phase

structures.  However,  secondary  phases  are  identified  as  Bi2Ti2O7,
Sr2TiO4, and Cd0.8Sr0.2TiO3 for x ≥ 0.1. The absence of splitting in
the  (111)  and  (200)  diffraction  peaks  confirms  pseudocubic
symmetry.  A  systematic  shift  of  the  diffraction  peaks  toward
higher  2θ angles  is  observed  with  increasing x,  signifying  a
decrease  in  both  lattice  parameters  and  unit  cell  volume.  This
lattice  contraction  results  from  the  substitution  of  the  larger  Sr2+

ions (1.44 Å, coordination number (CN) 12) by smaller Cd2+ ions
(1.31 Å, CN 12) at the A-site of the perovskite lattice [28].

Raman spectroscopy further elucidates the structural evolution.
The  spectra,  deconvoluted  using  Gaussian–Lorentzian  mixed
functions to resolve individual vibrational modes, are presented in
Fig.  2(a).  The  wavenumbers  in Fig.  2(b)  are  read  from  the
deconvoluted results  for each sample.  Due to overlapping modes
and  ionic  disorder,  all  compositions  exhibit  broad  Raman bands
[29]. Modes below 200 cm−1 correspond to A-site cation vibrations
[29].  The  Sr–O  vibration  peak  near  146  cm−1 exhibits  an  overall
blueshift  trend  with  increasing  doping  content x,  which  can  be
attributed  to  the  displacement  of  A-site  ions  induced  by  Cd2+

doping  [30].  The  mode  at  approximately  193  cm−1 gradually
becomes  sharper  as x increases.  This  is  mainly  attributed  to  the
increase in Cd–O bonds after the introduction of Cd2+. Vibrations
associated with B–O bonds and BO6 octahedra are observed in the
ranges  of  200–400  and  400–700  cm−1,  respectively  [31].  The
Raman  modes  near  303  cm−1 undergo  redshifts,  indicating  the
formation  of  a  weakly  polar  pseudo-cubic  relaxation  structure
[32−34].  Meanwhile,  the  Raman  peaks  related  to  the  oxygen
octahedron gradually sharpened, indicating an oxygen octahedral
distortion. This phenomenon can be attributed to the increase in
the  degree  of  structural  and  ionic  disorder,  which  means  a
reduction in the size of  PNRs and an enhancement in relaxation
properties.

The  microstructural  characteristics  of  the  samples  were
characterized  by  SEM.  Cross-sectional  SEM  images  (Figs.  3(a)–
3(d) and Fig. S1 in the Electronic Supplementary Material (ESM))
indicate  that  all  compositions  exhibit  dense  microstructural
features. The distribution of the secondary phases is further clearly
revealed  by  backscattered  electron  (BSE)  images  (Figs.  3(e)  and
3(f)).  No  obvious  secondary  phase  was  observed  for  the
composition  with x =  0.05  in Fig.  3(e),  whereas  a  distinct
secondary phase (white regions) was observed for the composition
with x = 0.2 in Fig. 3(f), which is consistent with the XRD results.

3.2    Dielectric property analyses of CSBT
The  temperature-dependent  dielectric  properties  of  CSBT

 

Fig. 1    (a) XRD patterns of CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) ceramics. (b) Magnified (111) and (200) diffraction peaks of CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05,
0.1, and 0.2).                        
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ceramics  across  various  frequencies  are  displayed  in Fig.  4 and
Fig.  S2  in  the  ESM.  All  samples  show  clear  diffuseness  and
frequency  dispersion,  which  are  typical  characteristics  of  relaxor
ferroelectrics  [35].  As x increases,  the  relative  dielectric  constant
(εr)  progressively  decreases,  primarily  due  to  the  greater  disorder
introduced  by  ion  doping.  This  doping  disrupts  the  long-range
ordered  structure  and  introduces  a  secondary  phase  with  low εr
forming,  collectively  lowering  the  overall εr.  Furthermore,  the
dielectric  peak  broadens  noticeably  as x increases,  indicating  the
increased  chemical  and  structural  disorder.  This  phenomenon
results  from  the  incorporation  of  Cd2+,  which  enhances  cation
disorder  at  the  A-site,  leading  to  stronger  compositional
fluctuations  and  nanoscale  structural  inhomogeneity  while  also
refining  PNRs  and  creating  variations  in  local  polarization
behavior.

The evolution of domain structures in relaxor ferroelectrics can
be  reflected  via  temperature-dependent εr.  Characteristic
temperatures,  including  the  Freezing  temperature  (Tf),  the
temperature of maximum relative dielectric constant εm (Tm), and
the  Burns  temperature  (TB),  serve  as  key  indicators  of  relaxor
behavior,  following  the  thermodynamic  sequence Tf <
Tm < TB [36].  Within  the Tf–Tm range,  submicron  ferroelectric

microdomains  remain  in  the  ceramics.  When  the  temperature
rises  to  the  range  of Tm–TB,  the  polar  structure  transforms  into
nanodomains or PNRs. In the Tm–TB range, the further the room
temperature is from Tm, the smaller the size of the polar structures
[37].  The  decrease  in Tm with  increasing x further  confirms  the
refinement  of  PNRs.  This  trend  also  reflects  the  enhanced
ferroelectric instability and relaxor characteristics. The broadening
of  the  dielectric  peak  further  suggests  improved  dielectric
temperature stability of the ceramics.

The degree of relaxation is a key parameter for quantifying the
deviation  of  materials  from  normal  ferroelectric  behavior  and
characterizing  their  relaxor  properties,  as  it  reflects  the  dynamic
disorder of PNRs. It can also be used to evaluate the broadening of
the  dielectric  peak  and  is  typically  calculated  using  the  modified
Curie–Weiss law, as given by Eq. (4):

1
ε − 1

εm
=

(T− Tm)
γ

C (4)

where C corresponds  to  the  Curie  constant,  and εm is  the
maximum εr.  The  parameter γ ranges  from  1  for  normal
ferroelectrics to 2 for ideal  relaxor ferroelectrics.  The γ values for
all  samples,  derived  from  the  temperature-dependent εr at
100  kHz  (Fig.  S3  in  the  ESM),  are  presented  in Fig.  4(a).  As x
increases, γ rises,  indicating  an  enhanced  relaxor  behavior
(Fig.  4(b)).  This  enhancement  can  be  attributed  to  the  increased
ionic  disorder  resulting  from the  incorporation  of  Cd2+ into  SBT
lattice.

3.3    BDS and electrical conduction analyses of CSBT
The  BDS  is  a  critical  parameter  for  affecting  the  energy  storage
performance  of  dielectric  ceramics.  As  shown  in Fig.  5(a),  with
increasing doping concentration x, the BDS rises from 310 kV/cm
at x =  0  to  490  kV/cm at x =  0.05.  The  enhancement  of  BDS is
influenced by  multiple  factors,  including microstructural  features
(grain size, grain boundaries, and secondary phases) and electrical
conductivity.

The complex alternating current (AC) impedance plots (Z'–Z'')
of  the  CSBT  ceramics  are  shown  in Figs.  5(b)–5(e).  As  the
temperature  increases,  the  diameter  of  the  semicircle  gradually
decreases, indicating a reduction in the resistance of the material.
The  direct  current  conductivity  (σDC)  of  CSBT  ceramics  was
obtained  by  fitting  the  impedance  measurement  results  at
different  temperatures  (Fig.  5(f))  and  the  conduction  activation
energy  (Econd)  was  calculated  using  the  Arrhenius  equation
(Eq. (5)) to investigate the underlying conduction mechanism:

 

Fig. 2    (a) Raman spectra of CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) as a function of the Cd content. (b) Variation of wavenumbers for some related Raman modes.

 

Fig. 3    (a–d) SEM images of cross section of CdxSr0.775−xBi0.15TiO3 (x = 0,  0.05,
0.1, and 0.2). (e–f) SEM images of cross section of CdxSr0.775−xBi0.15TiO3 (x = 0.05
and 0.2) in backscattered electron mode.
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Fig. 4    (a) Temperature dependence of (1−x)Sr0.775−xCdxBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) ceramics with increasing x at −100–200 °C at 100 kHz. (b) Relaxor degree (γ)
of (1−x)Sr0.775−xCdxBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) ceramics recorded at 100 kHz.
 

Fig. 5    (a) BDS values of CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) ceramics. (b–e) Nyquist plots of impedance for CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2)
ceramics at different temperatures and frequencies. (f) Temperature dependence of σDC for CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) ceramics. (g) Temperature
dependence of Econd for CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) ceramics. (h) Leakage current density versus electric field plots of CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05,
0.1, and 0.2).
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σDC = σ0exp
(
−Econd

kbT

)
(5)

where kb is the Boltzmann constant and σ0 is the pre-exponential
factor.  All  samples  exhibit  increasing σDC with  increasing
temperature, indicating the increased dynamics and concentration
of the thermally activated charge carriers. The Econd (Fig. 5(g) and
Fig.  S4  in  the  ESM)  of  all  samples  falls  within  the  range  of  0.5–
2 eV, indicating the conduction mechanism dominated by oxygen
vacancies  [38].  As x increases  from  0  to  0.05, Econd gradually
increases, σDC decreases, and the leakage current density decreases
(Fig.  5(h)).  This  behavior  can  be  attributed  to  the  inhibition  of
oxygen  vacancy  transport,  which  is  associated  with  changes  in
oxygen vacancy concentration and migration [39].

Oxygen  vacancy  concentration  is  a  key  factor  affecting  the
electrical conductivity and BDS of CSBT ceramics. To explore the
regulatory mechanism of Cd2+ doping on the formation of oxygen
vacancies  in  CSBT  ceramics,  first-principles  calculations
calculation  study  based  on  density  functional  theory  (DFT)  was
conducted.  The  Heyd–Scuseria–Ernzerhof  hybrid  functional
(HSE06)  was  employed  within  a  plane-wave  computational
framework for all simulations [40]. Figures 6(a) and 6(b) show the
computational models used in this study (the model selection are
provided in Figs. S5 and S6 in the ESM).

To  ensure  reliable  energy  convergence,  the  plane-wave  cutoff
energy  was  set  to  400  eV,  and  the  convergence  criterion  for
electronic  self-consistent  field  steps  was  fixed  at  60  eV/cell.  A
2 × 2  ×  2  supercell  was  used for  slab  construction.  For  Brillouin
zone sampling, the Monkhorst–Pack scheme was adopted with a
4 × 4 × 4 k-point mesh. All  surface atoms were allowed to relax,
and  the  structural  relaxation  process  was  terminated  when  the
total energy variation was less than 1.0×10−6 eV/atom. The energy
required to create an oxygen vacancy can be determined through
Eq. (6) [41]:

EfV = EV − Etot + EO (6)

where EfV represents  the  oxygen  vacancy  formation  energy, EV
denotes the total energy of the defect system containing a vacancy,
Etot corresponds  to  the  total  energy  of  the  ideal  pristine  system,
and EO is the chemical potential of an isolated oxygen atom. The
chemical  potential  is  set  with respect  to the equilibrium gas state
and takes half of the total energy of an O2 molecule. In this case,
this  value  is −4.388  eV  [42].  According  to  the  computational
results,  the EfV of  SBT  is  2.6373  eV,  whereas  that  of  CSBT  is
2.7274 eV (Fig. 6(c)).  This indicates that the introduction of Cd2+

makes  it  more  difficult  to  form  oxygen  vacancies,  which  is
conducive to inhibiting the formation of oxygen vacancies.

The XPS spectra of the O 1s valence state for the samples with
x =  0  and  0.05  are  shown  in Figs.  6(d)  and 6(e).  Three
Gaussian–Lorentzian  peaks  are  observed  for  all  samples.  Taking
the x = 0 sample as  an example,  the lattice oxygen peak (peak I)
locates at a lower binding energy of approximately 529.86 eV, the
oxygen vacancy-related peak (peak II) locates at a higher binding
energy  of  approximately  531.77  eV,  and  the  peak  at  532.88  eV
corresponds  to  surface-adsorbed  water  (peak  III)  [43].  As x
increases  from  0  to  0.05,  the  area  ratio  of  peak  II  to  peak  I
decreases  from 54.58% to  24.61%,  confirming  a  reduction in  the
oxygen  vacancy  concentration.  This  consist  with  the  calculation
results and can be attributed to the lattice contraction induced by
Cd2+ incorporation, which in turn increases EfV and decreases the
oxygen vacancy concentration.

The  migration  energy  barrier  of  oxygen  vacancies  is  another
key  factor  affecting  the  electrical  conductivity  and  BDS  of  CSBT
ceramics.  The  migration  pathways  of  oxygen  vacancies  and  the
associated  energy  barriers  were  determined  by  identifying  the
minimum  energy  paths  (MEPs)  between  adjacent  lattice  sites
using the nudged elastic  band (NEB) method as implemented in
Vienna ab initio simulation  package  (VASP)  [44].  Initially,  the
two  endpoint  configurations  (initial  and  final)  corresponding  to
the vacancy states were obtained through separate ionic relaxation
calculations  with  full  optimization.  A  set  of  intermediate  atomic

 

Fig. 6    (a, b) Crystal structure models of SBT and CSBT. (c) Efv of SBT and CSBT. XPS spectra of the O 1s valance state for CdxSr0.775−xBi0.15TiO3 with (d) x = 0 and
(e) x = 0.05.                          
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configurations,  referred  to  as “images”,  was  then  generated  with
uniform  spacing  between  these  fixed  endpoints.  The  MEP  was
subsequently  searched  by  iteratively  relaxing  the  elastic  band
toward zero forces while keeping the endpoints constrained. More
specifically,  the  climbing-image  NEB  (CI-NEB)  method  was
employed, which allows one of the images to converge precisely to
the  saddle  point  on  the  potential  energy  surface  [44].  This
approach  significantly  reduces  the  risk  that  the  NEB  procedure
converges  on  an  incorrect  pathway  that  deviates  from  the  true
MEP. In all calculations (Fig. 7), five images were used, with each
image  assigned  to  an  independent  processor  core  via  parallel
computation  within  VASP.  The  computational  results,  as
presented in Fig. 7, demonstrate that the energy barrier for oxygen
vacancy  migration  is  significantly  increased  upon  Cd2+ doping
(Fig.  7(b))  compared  with  the  undoped  system  (Fig.  7(a)).  This
indicates that oxygen vacancy migration becomes more difficult in
the  doped  material,  which  is  attributed  to  the  increased  disorder
and  enhanced  A–O  bond  strength  of  the  material  [23].  In
summary,  the  incorporation  of  Cd2+ makes  the  formation  and
migration  of  oxygen  vacancies  in  the  ceramics  more  difficult,
which enhances the Econd and reduces the leakage current density,
thereby  reducing  conductivity  and  improving  the  BDS.
Furthermore, the reduced leakage current density results in lower
strain and lower thermal dissipation, which contribute to higher η
and enhanced device reliability [45].

In  the  enhancement  of  BDS influenced by various  factors,  the
evolution  of  microscopic  morphology  is  particularly  crucial.  The
distribution of secondary phases and the difference in εr between
phases  affect  the  LEF  in  multiphase  ceramics,  which  directly
influences  the  BDS.  To  investigate  this  effect,  LEF  simulations
were performed for representative samples with x = 0.05 and 0.2.
As shown in Figs. 8(a)–8(f), the εr of the secondary phase was set
to εr =  103  for x =  0.2,  based  on  the  reported  εr of  Bi2Ti2O7,
Sr2TiO4,  and  Cd0.8Sr0.2TiO3 weighted  by  their  corresponding
volume  fractions  [46−48].  The  primary  phase  of εr for x =  0.2
sample  was  set  to  1455  (the  detailed  calculation  procedure  is
shown in Fig. S7 and Table S1 in the ESM).

Due to the large εr contrast between the two phases, the applied
electric  field  tends  to  concentrate  more  heavily  in  the  low-εr
secondary  phase,  leading  to  an  inhomogeneous  potential
distribution  and higher  LEF.  Comparing  with  the  sample  of x =
0.05,  the x =  0.2  sample  exhibits  greater  secondary-phase
aggregation,  resulting  in  more  pronounced  equipotential  line
distortions and a larger number of high-LEF regions (highlighted
in red in Fig. 8(f)). The higher LEF in the x = 0.2 sample increases
the  breakdown  probability.  Meanwhile,  when x ≥  0.1,  the
decreased Econd and  the  leakage  current  density,  and  increased
conductivity also lead to a declining trend in BDS [48,49].

3.4    Energy storage properties of CSBT
The  unipolar P–E hysteresis  loops  of  the  CSBT  ceramics  at
120  kV/cm are  shown in Fig.  9(a).  All  samples  exhibit  slim P–E
loops  with  relatively  low Pr,  which  reflects  the  fast  response  of
PNRs  and  their  excellent  relaxor  characteristics.  As x increases,
Pmax decreases  (Fig.  9(b)),  and Wrec also  decreases  (Fig. S8 in  the
ESM). The reduction in Pmax is attributed to increased secondary-
phase content and the disruption of long-range ferroelectric order.
Based  on  numerous  studies  on  Sr2TiO4,  Cd0.8Sr0.2TiO3,  and
Bi2Ti2O7, these secondary phases are likely to behave as dielectrics
with  low  polarization  [49−51].  Therefore,  the  increase  in
secondary  phases  is  considered  responsible  for  the  reduction  in
Pmax.  CSBT  ceramics  exhibit  bulge-shaped J–E loops  with  gentle
slopes  (Fig.  9(c)),  indicating  typical  relaxor  characteristics  [52].
This  phenomenon  can  be  attributed  to  the  switching  of  small
sized PNRs or nanodomains under electric field.

The  unipolar P–E loops  of  CSBT  ceramics  under  critical
electric  fields  are  shown  in Fig.  10(a).  The  critical  electric  field
increases  significantly  with  increasing x,  rising  from  310  kV/cm
for x =  0  to  490  kV/cm  for x =  0.05.  Among  the  studied
compositions,  the  sample  with x =  0.05  exhibits  the  highest Wrec
under  high η (Fig.  10(b)).  This  outstanding  performance
originates  from  the  combined  effects  of  its  high  critical  electric
field, large Pmax, and relatively small Pr. Such characteristics benefit
from  a  moderate  Cd2+ introduction,  which  enhances  cation
disorder  and  optimizes  relaxor  properties.  This  modification
concurrently improves the BDS, thereby effectively enhancing the
energy  storage  performance.  Under  an  applied  electric  field  of
490  kV/cm,  the  sample  with x =  0.05  (CSBT05)  exhibits  a W of
5.56  J/cm3,  a Wrec of  5.16  J/cm3,  and  an η of  92.66%  (Figs.  10(c)
and 10(d)).  Its  overall  performance  surpasses  that  of  many
recently reported Bi- or Sr-based ceramic systems (Fig. 10(e)), the
specific data and related references are shown in ESM.

The  practical  application  of  energy-storage  materials  requires
excellent stability against variations in temperature, frequency, and
cycling.  The P–E loops  and  energy-storage  characteristics  of  the
sample  with x =  0.05  under  different  conditions  are  shown  in
Figs. 11(a)–11(c). All samples exhibit slim P–E loops with low Pr
(Fig.  S9  in  the  ESM),  indicating  superior  relaxor  stability.  As  the
temperature increases (Fig. 11(d) and Fig. S9(a) in the ESM), Pmax
decrease  slightly  due  to  enhanced  thermal  fluctuations,  reduced
PNR  size,  and  increased  PNR  dynamics  [53].  As  a  result, Wrec
shows  a  slight  decrease,  but  the  variations  in  both Wrec and η
remain  within  a  narrow  range.  Regarding  frequency  stability
(Fig.  11(e)  and  Fig.  S9(b)  in  the  ESM),  an  increase  in  frequency
leads to the slight improvement in Wrec and η with stable Pmax and
Pr, indicating relatively good frequency stability of the material. In
terms  of  cycling  stability  (Fig.  11(f)  and  Fig.  S9(c)  in  the  ESM),

 

Fig. 7    Migration pathway and energy profile of oxygen vacancy migration in (a) SBT and (b) CSBT.
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after  106 cycles, Pmax and Pr exhibit  slight  fluctuations,  while Wrec
and η show small change. Such excellent cycling endurance can be
attributed  to  the  highly  dynamic  nanoscale  domain  structure,
dense microstructure, and reduced oxygen vacancy concentration.
Notably, CSBT05 ceramics demonstrate outstanding temperature,
frequency,  and  cycling  stability,  highlighting  their  significant
potential for applications in harsh environments.

3.5    Pulsed charge–discharge performance of CSBT05
High  power  density,  high  discharge  energy  density,  and  fast
charge–discharge rates are essential for the practical application of
energy-storage ceramics  in high-power devices.  The overdamped
current–time  (I–t)  curves  of  CSBT05  ceramics  under  different
electric  fields  are  presented  in Fig.  12(a).  As  the  electric  field
strength  increases  from  60  to  360  kV/cm,  the  current  peak  rises
linearly from 1.96 to 11.45 A. The discharge energy density (Wd)
can be calculated using Eq. (7):

Wd =
R

r
i2(t)dt
V (7)

where R denotes the load resistance (150 Ω), and V is the sample
volume. The parameter t0.9, defined as the time required to release
90% of Wd, is commonly employed to evaluate the discharge rate.
As  the  applied  electric  field  increases, Wd gradually  increases,

while t0.9 relatively  decreases  (Fig.  S10  in  the  ESM).  Under  an
electric  field  of  360  kV/cm,  the  CSBT05  ceramic  demonstrates
outstanding discharge performance,  with a Wd of  2.52 J/cm3 and
an ultrafast t0.9 of 0.046 μs (Fig. 12(b)). It is worth noting that the
experimentally  obtained Wd values  are  lower  than  the Wrec
estimated from the P–E loops under the same electric  field.  This
discrepancy  primarily  stems  from  energy  dissipation  in  the
equivalent  series  resistance  and  the  increased  viscous  force
associated with pinned domain walls during the charge–discharge
process [54]. Furthermore, Fig. 12(c) illustrates the underdamped
current–time  (I–t)  characteristics  of  the  CSBT05  ceramics  under
different  electric  fields.  The  current  density  (CD)  and  power
density (PD) can be calculated according to Eqs (8) and (9) [24]:

CD =
Imax

S (8)

PD =
EImax

2S (9)

where Imax denotes  the  maximum  discharge  current, S is  the
electrode area, and E represents the applied electric field strength.
At  360  kV/cm,  the  CSBT05  ceramic  exhibits  an  outstanding
performance,  achieving  a  maximum Imax of  20.08  A,  a CD of
639.01  A/cm2,  and  a PD of  115.02  MW/cm3 (Fig.  12(d)).

 

Fig. 8    Numerical simulation of distribution of εr of CdxSr0.775−xBi0.15TiO3 with (a) x = 0.05 and (d) x = 0.2, distribution of electric potential of CdxSr0.775−xBi0.15TiO3 with
(b) x = 0.05 and (e) x = 0.2, and distribution of LEF of CdxSr0.775−xBi0.15TiO3 with (c) x = 0.05 and (f) x = 0.2.

 

Fig. 9    (a) Unipolar P–E loops of CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) ceramics at 120 kV/cm and 10 Hz (each scale of the horizontal axis is 50 kV/cm). (b) Pmax

and Pr of CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) ceramics at 120 kV/cm and 10 Hz. (c) J–E loops of CdxSr0.775−xBi0.15TiO3 (x = 0, 0.05, 0.1, and 0.2) ceramics at
200 kV/cm and 10 Hz.
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Compared  with  other  Bi- and  Sr-based  energy-storage  ceramics,
the  CSBT05  composition  simultaneously  demonstrates  superior
Wd, PD,  and  BDS  (the  specific  data  andrelated  references  are
shown in the ESM), highlighting its significant potential for high-
power energy-storage applications (Fig. 12(e)).

The  overdamped  current–time  curves  and  the  corresponding

Wd values  of  CSBT05  ceramics  at  different  temperatures  are
shown in Fig. 13(a). As the temperature varies, the samples display
similar discharge behavior, and Wd fluctuates within the range of
0.63–0.76  J/cm3. Figure  13(b)  also  shows  the  underdamped
current–time  curves, Imax, CD,  and PD,  for  CSBT05  ceramics  at
different  temperatures.  Owing  to  the  dielectric  nonlinearity  at

 

Fig. 10    (a) Unipolar P–E loops of CSBT100x (x = 0, 0.05, 0.1, and 0.2) ceramics with critical electric field at 10 Hz. (b) Energy storage properties of CSBT100x (x = 0,
0.05, 0.1, and 0.2) ceramics with critical electric field at 10 Hz. (c) Unipolar P–E loops of CSBT05 ceramics with different electric fields at 10 Hz. (d) Energy storage
properties of CSBT05 ceramics with different electric fields at 10 Hz. (e) Comparison of energy storage properties of various energy storage ceramics.
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Fig. 11    (a–c) P–E loops of CSBT05 ceramics at different temperatures (21–150 °C, 10 Hz), frequencies (10–1000 Hz, 25 °C), and selected cycle numbers (1–106, 10 Hz,
25 °C) at 200 kV/cm. (d–f) Energy storage properties of CSBT05 ceramics with different temperatures (21–150 °C, 10 Hz), frequencies (10–1000 Hz, 25 °C), and selected
cycle numbers (1–106, 10 Hz, 25 °C) at 200 kV/cm.

 

Fig. 12    (a) Overdamped current–time curves of CSBT05 under various electric fields (60–360 kV/cm); the inset shows change in current with different electric fields.
(b) Time dependence of Wd of CSBT05 under various electric fields (60–360 kV/cm). (c) Underdamped current–time curves of CSBT05 under various electric fields (60–
360 kV/cm). (d) Changes in Imax, CD, and PD of CSBT05 as functions of electric fields (60–360 kV/cm). (e) Comparison of charge–discharge performance of various
energy storage ceramics.
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different temperatures, the current peaks exhibit a relative shift. PD
remains relatively  stable,  with only minor variations in the range
of  19.99–30.77  MW/cm3.  These  results  indicate  that  CSBT05
ceramics  possess  excellent  power  characteristics  and  reliable
temperature  stability,  highlighting  their  strong  potential  for
practical high-power applications.

4    Conclusions
In  summary,  the  comprehensive  energy  storage  performance  of
SBT ceramics  was  effectively  improved by Cd2+ doping at  the  A-
site based on a multi-scale synergistic optimization strategy. At the
nanoscale,  first-principles  calculations  reveal  that  Cd2+ doping
suppresses  the  formation  of  oxygen  vacancies  and  concurrently
increases the energy barrier for their migration. This is attributed
to the decreased lattice volume and enhanced A–O bond strength
and is verified by electrical testing and structural characterization.
Meanwhile,  Cd2+ doping  enhanced  ionic  disorder.  These  factors
suppressed  oxygen  vacancy  transport  dynamics  and  reduced
conductivity.  At  the  microscale,  a  pure  phase  was  successfully
prepared  in  CSBT05,  and  numerical  simulation  reveals  that  this
sample  possesses  low  and  uniform  LEF,  resulting  in  a  small
breakdown  probability.  Furthermore,  the  relaxor  ferroelectric
behavior  is  enhanced  after  the  introduction  of  Cd2+,  which
maintains the Pr of the sample at a low level. As a result, CSBT05
achieves  a  high Wrec of  5.16  J/cm3 and  an η of  92.66%  at
490 kV/cm. Meanwhile, the ceramic exhibits an outstanding PD of
115.02  MW/cm3 with  a  high  current  density  and  ultrafast
charge–discharge  rates.  These  remarkable  characteristics
demonstrate  its  promising  potential  for  high-power  applications.
Moreover, CSBT05 demonstrates outstanding thermal, frequency,
and  cycling  stability,  underscoring  its  strong  potential  for  use  in
advanced  pulsed  power  and  energy-storage  devices  under  harsh
conditions.
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