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Abstract 

Dielectric capacitors are very attractive for high power energy storage. However, the low 

energy density of these capacitors, which is mainly limited by the dielectric materials, is still 

the bottleneck for their applications. In this work, lead-free single-phase perovskite Srx(Bi1-

xNa0.97-xLi0.03)0.5TiO3 (x=0.30 and 0.38) bulk ceramics, prepared using solid-state reaction 

method, were carefully studied for the dielectric capacitor application. Polar nano regions 

(PNRs) were created in this material using co-substitution at A-site to enable relaxor behaviour 

with low remnant polarization (Pr) and high maximum polarization (Pmax). Moreover, Pmax was 

further increased due to reversible electric field induced phase transitions. Comprehensive 

structural and electrical studies were performed to confirm the PNRs and the reversible phase 

transitions. And finally a high energy density (1.70 J/cm3) with an excellent efficiency (87.2%) 

was achieved using the contribution of PNRs and field-induced transitions in this material, 

making it among the best performing lead-free dielectric ceramic bulk material for high energy 

storage.  
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1. Introduction 

Due to the rapid development of electronic devices and power systems, the demand for high 

power energy storage has been increased significantly in recent years.[1, 2] To address serious 

concerns on air pollution and climate change, researchers are actively searching for new 

environmentally friendly energy storage technologies nowadays.[3-7] Compared with 

chemical batteries[8] and electrochemical capacitors[9], dielectric capacitors have merits of 

high power density (~GW/kg for ceramic capacitors), short charge/discharge time (~ns) and 

high cycling reliability (>106 cycles).[3, 10] However, the low energy density of dielectric 

capacitors is the barrier for applications. At present, the typical value of energy density for 

commercial polymer based capacitors is around 1 J/cm3 (Biaxially Oriented Polypropylene, 

BOPP) and even lower for ceramic capacitors (0.1-0.5 J/cm3).[11] Even though the energy 

density of ceramic capacitors can be improved by higher applied electrical field, the energy 

efficiency will be significantly degraded due to higher conductivity and/or irresistible 

transitions caused by high field.[12, 13] Therefore, a notable improvement in both the energy 

density and the energy efficiency of ceramic capacitors is critical for their practical 

applications.[14]  

 

Dielectric oxides thin films usually possess much larger energy density than bulk ceramics 

since they can withstand higher electric fields before breakdown. However, their practical 

applications are limited by the substrate effects and difficulties in up-scaling process.[15] In 

comparison, bulk ceramics capacitors are more compatible with low cost and large scale 

manufacturing processes. In addition, bulk ceramics offer much larger effective volume and 

much wider working temperature range for energy storage.[16]  
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Unlike ferroelectrics with long-range ordered domains and high remnant polarization (Pr), 

relaxor ferroelectrics (RFEs) possess polar nano regions (PNRs) and normally have negligible 

Pr, high maximum polarization (Pmax) and low coercive field (Ec).[17] These properties are 

vital to achieve high energy density and efficiency in dielectric capacitors for high power 

energy storage.[18-20] However, RFE systems are relatively limited and the majorities are 

lead-containing compositions.[21, 22] With serious concern of environmental protection, 

efforts are being made to develop promising lead-free candidates.[23-25] For instance, 

microwave-sintered (Ba0.4Sr0.6)TiO3 ceramics were reported to exhibit a recoverable energy 

density of 1.15 J/cm3 with an efficiency of 82.0%.[26] Xu et al. designed a new ternary system 

(Bi0.5Na0.5TiO3–BaTiO3–Na0.73Bi0.09NbO3), which showed a recoverable energy density of 

1.36 J/cm3 with an efficiency of 73.9%.[27] Despite the significant progress made so far, the 

demands for lead-free ceramic capacitor materials to achieve high recoverable energy density 

and optimum energy storage efficiency are still enormous. 

 

In this paper, single-phase lead free perovskite ceramics with the composition of Srx(Bi1-

xNa0.97-xLi0.03)0.5TiO3 (x= 0.30 and 0.38) were designed and synthesized. The design was based 

on lead-free perovskite-structured Bi0.5Na0.5TiO3 (BNT) with strong ferroelectricity at room 

temperature and relaxor behaviour at temperatures above 200 C And since SrTiO3 is an 

incipient ferroelectric with a cubic perovskite structure at room temperature,[28] Sr2+ was 

introduced in the BNT perovskite structures to break the long-range order of the ferroelectrics 

to generate PNRs in the matrix, giving the path for relaxor behaviour to be revealed.[29, 30] 

Li+ was co-substituted because of its small radius (0.090 nm), which can lead to the distortion 

of the octahedral [TiO6] in the lattice to enhance the Pmax value.[31] Reversible field-induced 

transitions are responsible for further increasing the energy density.[32] This designed material 

system indeed shows relaxor behaviour with PNRs and reversible field-induced transitions. A 
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high energy density with excellent energy efficiency is achieved in the developed bulk ceramics, 

providing the feasibility for the application in high power energy storage.  

 

2. Experimental 

Ceramic powders of Srx(Bi1-xNa0.97-xLi0.03)0.5TiO3 (x= 0.30 and 0.38) (denoted as SBNLT-30 

and SBNLT-38) were prepared via a conventional solid-state reaction process. Powders of 

Bi2O3 (99.9% Sigma-Aldrich), TiO2 (99.8% Sigma-Aldrich), Na2CO3 (99.5% Sigma-Aldrich), 

SrCO3 (99.5% Alfa Aesar), and Li2CO3 (99.0% Alfa Aesar) were used as raw materials. 

Stoichiometric amounts of powders were weighed according to each formula of composition. 

The mixture was ball milled for 4 hours in nylon pots using ethanol and zirconia balls. The 

slurry was then dried in air. Calcination was then carried out at 800 °C for 2 hours followed by 

900 °C for 4 hours. The calcined powders were ball milled again for 4 hours in order to obtain 

homogeneous particle size. After drying, the powders were mixed with binder (5 wt. % 

polyvinyl alcohol) and then uniaxially cold-pressed into pellets. These pellets were sintered at 

1150 °C for 4 hours for densification after binder removed at 600 °C for 2 hours. The pellets 

were embedded in the calcined powders to avoid the evaporation of Bi and Na elements during 

sintering. 

 

The density of pellets was measured based on the Archimedes principle. The microstructure of 

ceramics was examined using an FEI Inspect F (Hillsboro, OR) Scanning Electron Microscope 

(SEM). The average grain size of ceramics was determined from the fracture surfaces within 

the range of approximate 400 grains using Image J. The crystallographic structure was 

characterized using X-ray diffraction (XRD), using a PANalytical X’Pert Pro X-ray 

diffractometer (PANalytical, Cambridge, UK). It was fitted with an X’Celerator detector in θ/θ 

geometry using Ni filtered Cu-Kα radiation (λ=1.5418 Å). Data from the X-ray diffractometer 



5 
 

were analysed by the Rietveld method using the FullProf program. The domain structure was 

characterized using Piezoresponse Force Microscopy (PFM) (NT-MDT, Ntegra systems, 

Russia), using a conductive tip operated at 50 kHz with a 10 V AC electric field. Before the 

PFM imaging, the sample was polished then thermal-etched at 1050 °C for 15 minutes. The 

domain structure was visualized through monitoring the first harmonics of the deflection signal. 

The bulk ceramic sample for Transmission Electron Microscopy (TEM) analysis was prepared 

by mechanical polishing, dimpling and ion milling until electron transparency was reached in 

the centre of a 3 mm disc. The TEM investigation was carried out on a FEI Titan Themis 

operating at an acceleration voltage of 200 kV.  

 

Silver paste (Gwent Electronic Materials Ltd., C2011004D5, Pontypool, U.K.) was 

homogenously covered at the top and bottom of discs with an average thickness of around 0.3 

mm, and then fired at 600 °C for 30 minutes to obtain smooth electrodes for electric 

characterization. The temperature dependence of dielectric constant (εr) and loss (tan δ) was 

measured at six different frequencies in the range of 100 Hz to 100 kHz, using an LCR meter 

(Agilent, 4284A, Hyogo, Japan) with controlled temperature from -160 °C to 160 °C. Current-

polarization-electric field (I-P-E) hysteresis loops were measured using a hysteresis tester 

(NPL, Teddington, U.K.) and triangle waveforms at room temperature and 10 Hz.[33]  

 

3. Results and Discussion 

3.1 Phase and Composition 

The relative density of SBNLT-30 and SBNLT-38 is 96%. Room-temperature XRD patterns 

and Rietveld refinement data are shown in Figure 1. The two samples show identical diffraction 

reflections, indicating the homogenous perovskite structure and no secondary phase can be 

detected. With the magnification in the 2 range of 38o-48o (Figure 1(c) and (d)), the (111) and 
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(200) reflections are accurately fitted by the cubic (Pm3m) model. Thus, no evidence of 

rhombohedral or tetragonal distortion can be detected. Fitting parameters are summarized in 

Table 1. The fitting is proved to be reliable with the cubic model, since the fitting goodness 

and Rwp show low values. The volume of unit cell of SBNLT-38 is larger than that of 

SNBLT-30 (Table 1), which demonstrates the fact that Sr2+ ions were introduced into the lattice.  

 

Figure 2 shows the SEM images of SBNLT ceramics. The samples of SBNLT-30 and SBNLT-

38 exhibit homogenous and dense microstructure with an average grain size of 2.4 m and 2.9 

m, respectively.  

 

3.2 Dielectric Properties 

Figure 3 shows the temperature dependence of dielectric permittivity (εr) and loss tangent (tanδ) 

for both compositions. Only one peak corresponding to the maximum εr can be observed for 

both samples, the temperature of which is assigned as Tm. Moreover, with increasing frequency, 

εr decreases and Tm shifts to a higher temperature, which is a typical characteristic of RFE. The 

peak of SBNLT-38 is more flat compared to SBNLT-30, suggesting the positive contribution 

of Sr2+ in revealing relaxor behaviour. A higher amount of Sr2+ favours the disruption of long-

range ferroelectric order of BNT, which is also supported by a lower Tm (closer to room 

temperature) of SBNLT-38.  

 

Taking a further look into the relaxor behaviour, the freezing temperature TVF is the ‘static’ 

dipolar freezing temperature for relaxation described by Vogel-Fulcher relation:[34, 35] 

𝜏 = 𝜏0𝑒𝑥𝑝 [
𝐸𝑎

𝑘𝐵(𝑇𝑚 − 𝑇𝑉𝐹)
] 
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where is the relaxation time in relaxors, 0 is the pre-exponential factor, Ea is the activation 

energy for the fluctuation of each isolated PNR, kB is the Boltzmann constant, Tm is the 

temperature corresponding to the dielectric maxima and TVF is the ‘static’ dipolar freezing 

temperature for relaxation. The temperature-dependent relaxation time of both compositions 

can be properly fitted by Vogel-Fulcher relation (Figure 4 and Table 2).  For SBNLT-30 and 

SBNLT-38, both the fitting values of TVF are below room temperature. Consequently, at room 

temperature (above TVF), PNRs can be reversibly transformed into strong polar structures with 

applied electric field, which may generate slim hysteresis ferroelectric loops,[36] and more 

details will be discussed later in the ferroelectric characterization part. 

 

3.3 Microstructure discussion 

PFM was used to demonstrate the existence of polar structure in nanoscale. The contrast of 

signal with phase depends on both the amplitude of piezoelectric coefficient (d33) and 

polarization deflection. The bright areas on the phase image illustrate polarization directed 

towards the bottom electrode while dark areas correspond to the domains of opposite 

direction.[37] In this case, vertical PFM scanning was performed on the sample of SBNLT-30 

with a chosen area of 5×5 µm2. The topography and magnitude are shown in Figure 5(a) and 

5(b), respectively. In Figure 5(c1), there is no evident domain structure according to the phase 

response. This case is different from other reported BNT systems, which have macroscopic 

domains.[38, 39] Figure 5(c2) shows the height and phase signal collected from the original 

surface. Different tendencies between phase and height illustrate the piezo-response, being 

consistent with the contrast observed in Figure 5(c1).  

 

A DC bias voltage of 30 V was applied in the centre of the area (3×3 µm2) for 5 minutes to 

observe structural change. Comparing the signal with phase (Figure 5(c1, d1 and e1)) along 
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with the variation (Figure 5(c2, d2 and e2)), the difference in contrast can be revealed. The 

dark regions after poling denote the change of polarization of samples, indicating the 

ferroelectric behaviour. However, no clear patterns of ferroelectric domains can be observed, 

which is probably due to the fact that PNRs are too tiny (a few nanometres) for the resolution 

of PFM. This interpretation is consistent with the XRD results (Figure 1), indicating no 

structural distortion. Meanwhile, the contrast of the area faded with time passing, which shows 

the relaxor behaviour of PNRs (Figure 5(f1) and (f2)). 

 

To further verify the existence of polar structure in nanoscale, a representative grain of SBNLT-

30 was analyzed using TEM. Oxygen octahedral distortions cause reflections which can be 

used to discriminate the cubic, tetragonal and rhombohedral phase. The intensity is extremely 

hard to be detected in XRD analysis, but can be identified using Selected Area Electron 

Diffraction (SAED).[40] In Figure 6(a), a SAED pattern along [110] zone axis is depicted. The 

pattern is indexed with cubic Pm3m symmetry but additional super-lattice reflections are 

detected along the [110] zone axis, only 1/2 (ooo) spots (marked by bright arrows) are detected 

without 1/2 (ooe) reflections (o stands for odd and e stands for even Miller indices). This 

finding proves the R3c distortion and refutes the existences of the tetragonal distortion.[41, 42] 

The contrast in dark field (DF) image (Figure 6(b)) gives direct evidence that PNRs are 

homogeneously distributed in the selected grain, supporting the macroscopic relaxor behaviour 

observed in dielectric spectroscopy (Figure 3). From the TEM study on SBNLT-30, polar 

structure (R3c) exists in the form of PNRs in nanoscale. 

 

3.4 Ferroelectric & Energy Storage Properties 

Figure 7 shows the current-electric field (I-E) and polarization-electric field (P-E) loops of both 

compositions. SBNLT-30 and SBNLT-38 exhibit typical relaxor behaviour, showing high Pmax 
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values (33.89 µC/cm2 and 26.75 µC/cm2, respectively) and low Pr values (0.87 µC/cm2 and 

1.09 µC/cm2, respectively), which are both favourable for energy storage (Figure 7(a) and (b)). 

The dominant position of long-range order ferroelectric structure in BNT is destroyed by the 

introduction of Sr2+, as evidenced by the evolution of P-E loops. Similar results were reported 

in BNT-BT-K0.5Na0.5NbO3 (KNN), where KNN breaks the long-range ferroelectric order of 

BNT-BT.[43] Moreover, our SBNLT samples, especially SBNLT-30, show four current peaks 

in the I-E loops (Figure 7(c) and (d)). In order to understand the details of the loops in Figure 

7 for energy storage properties, four standard dielectrics including linear dielectrics (LD), 

ferroelectrics (FE), relaxor ferroelectrics (RFE) and antiferroelectrics/antiferroelectrics-like 

(AFE/AFE-like) are illustrated in Figure 8. Their recoverable energy density (Wrec) can be 

calculated by the integral 𝑊𝑟𝑒𝑐 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

𝑃𝑟
 (marked in Figure 8), where E is the applied field, 

P is the polarization, Pmax and Pr are the maximum polarization and remnant polarization, 

respectively. The energy loss density (Wloss) is demonstrated by the enclosed area of hysteresis 

loops in the first quart, and 𝑊𝑟𝑒𝑐 (𝑊𝑟𝑒𝑐 + 𝑊𝑙𝑜𝑠𝑠)⁄  represents the energy efficiency ().[44] The 

polarization mechanism of the four materials is illustrated in Figure 8 as well. In Figure 8(a), 

LDs (e.g., Al2O3) show a field-independent current value in the corresponding I-E loop, which 

is due to the stable permittivity contributed only from electronic and atomic polarization. Thus, 

they are restricted in high energy storage applications (low Wrec) although they usually possess 

a low Wloss due to negligible Pr. For FEs (e.g., PbTiO3) (Figure 8(b)), the existence of 

ferroelectric domains makes them promising to achieve high polarization. The two current 

peaks in the first and third quadrants in the I-E loop can be attributed to the ferroelectric domain 

switching. FEs suffer from a high Wloss due to the domain switching, leading to a low . For 

RFEs (e.g., Pb(Mg1/3Nb2/3)O3) (Figure 8(c)), they lack the long-range ferroelectric order with 

only local polarization occurring in PNRs. Most of the PNRs can be oriented along the direction 

of the electric field (some PNRs can grow and more PNRs may appear) during loading and 
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return to their random orientations during unloading (above Tf).[45] This is linked with the two 

current peaks near zero electric field in the I-E loop. RFEs usually possess high Pmax with low 

Pr and Ec, but their breakdown fields are normally low, restraining them from achieving a high 

Wrec. For AFEs (e.g., (Pb, La)(Zr, Ti)O3) (Figure 8(d)), the polarization directions of adjacent 

dipoles are anti-parallel, but they can be re-arrayed with sufficient electric field during charging. 

The large Wrec results from reversible field-induced antiferroelectric-to-ferroelectric (AFE-FE) 

phase transitions.[46] They are related to the four current peaks in the four quadrants in the I-

E loop. As is shown in Figure 8(d), the AFE-FE phase transition takes place when the electric 

field reaches a critical value (forward field, Ef). As the electric field decreases to lower critical 

value (backward field, Eb), the FE phase transfer back to AFE phase. When Ef shifts to a lower 

value, the difference between Ef and Eb (E) becomes smaller, introducing a smaller loops a 

higher  by reducing Wloss. In another way, E becomes smaller when Eb shifts to a higher 

value, contributing to a higher value by improving Wrec at the same time. 

 

As is shown in Figure 7(c) and (d), the four current peaks in the I-E loops are AFE-like (BNT-

based materials were reported as AFE, but recent literature prefer AFE-like due to ) and 

different from classic relaxors which only show two current peaks as illustrated in Figure 8(c)). 

The phenomenon in Figure 7(c) and (d) can be attributed to the reversible field-induced phase 

transitions: the weak-polar or non-polar phase is transferred to strong-polar phase 

corresponding to the first current peak (P1 and P’1) when loading, and it turns back to the 

original state upon unloading corresponding to the second current peak (P2 and P’2).[32, 47] 

This interpretation is supported by the TEM investigation in BNT-6%BT ceramics, showing 

the electrical field-induced transitions from weak-polar (P4nm) to strong-polar (R3c + P4mm) 

ferroelectric phase symmetry.[48]  
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In our materials, the values of Wrec are 1.70 J/cm3 and 1.10 J/cm3 at their maximum electric 

fields (blue hatched area in Figure 7(a) and (b)), and the corresponding values are 87.2% and 

81.9% for SBNLT-30 and SBNLT-38, respectively. The excellent energy storage properties 

originate from the RFE behaviour along with the field-induced transitions. Distinguished from 

classic RFE materials, the reversible field-induced transitions contribute to an additional 

increase in Pmax, and further enhance the energy density of our SBNLT ceramics with PNRs. 

Meanwhile, the slim shape of hysteresis loops (Figure 7(c) and (d)) leads to an ultrahigh 

evidenced by the low values of E (between P1 and P2 in Figure 7), which can be attributed 

to the contribution of PNRs, it is diffent with standard AFE including Domains in FE pahse. In 

practical applications, is extremely important because higher ensures less energy 

dissipation during charging and discharging, which can deteriorate electric properties and 

shorten the lifetime.[49] Figure 9 benchmarks the energy storage performance for lead-free 

ceramic systems reported so far. Note that our SBNLT-30 possesses a high Wrec with a superior 

 making it very attractive in advanced pulse power system. 

 

4. Conclusion 

Single-phase perovskite SBNLT ceramics were designed and successfully prepared via the 

conventional solid-state reaction method. The temperature dependence of permittivity and loss 

at different frequencies shows typical relaxor behaviour. The nano-structures were further 

investigated using PFM and TEM, which elucidates the contribution of PNRs. The evolution 

of P-E loops demonstrates that Sr2+ disrupts the long-range ferroelectric order in the BNT 

system, which induced markedly-reduced Pr value with the increased Pmax value related to 

reversible field-induced transitions. The recoverable energy density for SBNLT-30 can be 

achieved up to 1.70 J/cm3 at 130 kV/cm, with an ultrahigh energy efficiency of 87.2%. This 
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work demonstrates that the SBNLT ceramics can be considered as a competitive material for 

high power energy storage with excellent efficiency. 
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Table 1. Structural parameters of Rietveld refinement of cubic phase (Pm3m) for SBNLT-30 

and SBNLT-38 

 

Compositions of samples  Structures and  parameters 

of unit cell (Å)

Fitting parameters 

SBNLT-30 Cubic (Pm3m) phase 

a = b = c = 3.9019 (Å) 

° 

Volume = 59.408 (Å3)

= 2.219 

Rwp = 0.0989 

Rp = 0.0784 

SBNLT-38 Cubic (Pm3m) phase 

a = b = c = 3.9039 (Å) 

° 

Volume = 59.499 (Å3)

= 2.238 

Rwp = 0.0989 

Rp = 0.0770 

 

Table 2. Summary of the Vogel-Fulcher fitting parameters of SBNLT-30 and SBNLT-38 

 

Sample Freezing temperature 

TVF / K 

Activation energy 

Ea / eV 

Pre-exponential factor 

0 s 

SBNLT-30 290 (±5) 0.025 (±0.01) 3.06×10-13 
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SBNLT-38 179 (±8) 0.058 (±0.01) 1.48×10-12 
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Figure 1. Rietveld fitted XRD patterns of SBNLT-x: (a) x = 30 and (b) x = 38, both fitted with 

Pm3m structure model. Locally magnified (111) and (200) diffraction peak for SBNLT-x: (c) 

x = 30 and (d) x = 38. 

 

 

 

 

 

Figure 2. SEM images of fracture surfaces of SBNLT-x: (a) x = 30 and (b) x = 38. 

 

 

 



22 
 

Figure 3. The temperature dependence of dielectric permittivity and loss for SBNLT-x: (a) x 

= 30 and (b) x = 38, highlighting the composition-induced influence on relaxor behaviour. 

 

 

 

 

 

Figure 4. The natural logarithm of relaxation time (ln as a function of temperature 

corresponding to the dielectric maxima (Tm) for SBNLT-x: (a) x = 30 and (b) x = 38 (The stars 

represent experimental data and the solid curves represent the fitting to the Vogel-Fulcher 

relation) 
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Figure 5. PFM images of an area of 5×5 µm2 for SBNLT-30: (a) topography, (b) magnitude, 

(c1-f1) phase and (c2-f2) signal graphs. The phase and signal images acquired: (c1) (c2) before 

poling, (d1) (d2) right after poling, (e1) (e2) 15 minutes after poling and (f1) (f2) 30 minutes 

after poling. (Poling was conducted in the 3×3 µm2 area in the centre, the red dashed lines in 

the phase image and blue dashed lines in the signal image correspond to the negative and 

positive poled areas, respectively.) 
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Figure 6. TEM analysis of SBNLT-30. (a) Selected area electron diffraction (SAED) pattern 

of the [110] zone axis. The pattern shows strong reflections of the cubic symmetry and weak 

superstructure reflections 1/2 (ooo) (marked with arrow). (b) On axis dark field (DF) image. 

For imaging, a superstructure reflection has been used and thus the volumes with this ordering 

appear bright in the micrograph.  
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Figure 7. (a), (b) P-E and (c), (d) I-E loops of ceramic SBNLT-30 and SBNLT-38 at different 

electric field amplitudes (measured at room temperature and 10 Hz). Note that Wrec is 

represented by the blue hatched area in the P-E loops. 

 

. 
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Figure 8. Schematic for the hysteresis loops and energy storage properties of (a) linear 

dielectrics (LD), (b) ferroelectrics (FE), (c) relaxor ferroelectrics (RFE) and (d) 

antiferroelectrics/antiferroelectrics-like (AFE/AFE-like). The blue printed area represents the 

recoverable energy density Wrec. The bottom panels illustrate the mechanism of dielectric 

behaviour for the four materials above. The red arrows in grains or domains mark the directions 

of polarization. In (a), the spring represents a dipole linked with field-independent dielectric 

permittivity. In (b), the dark and light black lines demonstrate the grain boundaries and 

ferroelectric domain walls, respectively. In (c), the PNRs are illustrated by the hollow circles. 

In (d) the dark lines represent the grain boundaries. Note that the forward field (Ef) and 

backward field (Eb) of the antiferroelectric-to-ferroelectric (AFE-FE) phase transitions are 

marked in (d).   

(a) (d) (c) (b) 
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Figure 9. Assessment of the energy storage performance for lead-free ceramics systems. 

Note the high Wrec and  of our SBNLT-30 sample.[26, 50-57]  

 

 


