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Abstract: 

((Bi0.5Na0.5TiO3)0.88-(BaTiO3)0.12)(1-x)-(LiNbO3)x (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, and 0.07; 

abbreviated as LiNbO3-doped BNT-BT) ceramics possessing many excellent performances (large 

electrostrain, negative electrocaloric effect and energy storage density with high efficiency) was fabricated 

by the conventional solid-state reaction method. A large electrostrain (maximum ~ 0.34% at 100 kV/cm and 

room temperature) with high thermal stability over a broad temperature range (~ 80 K) is obtained at x = 

0.03. A large energy storage density (maximum Wenergy ~ 0.665 J/cm3 at 100 kV/cm and room temperature)

with a high efficiency (  ~  49.3%) is achieved at x = 0.06. Moreover, a large negative electrocaloric (EC) 

effect (maximum ΔT ~ 1.71 K with ΔS ~ - 0.22 J/(K kg) at 70 kV/cm)) is also obtained at x = 0.04. Phase 

transition (from ferroelectric to antiferroelectric and then to relaxor) induced by increasing the doping 

amount of LiNbO3 plays a very key role on the optimization of these performances. These findings and 

breakthroughs make the LiNbO3-doped BNT-BT ceramics very promising candidates as multifunctional 

materials.  
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1. Introduction 

Piezoceramics are a kind of very important functional materials, which have been applied in every corner of 

human life and production [1-3]. Traditional piezoelectric ceramics are mainly PbZrTiO3 (PZT) based binary 

and ternary ceramics with a series of excellent properties [4,5]. However, these PZT-based piezoelectric 

ceramics emit toxic substances in the process of preparation and use, causing harm to human body and 

environment. Therefore, the research and development of lead-free piezoelectric ceramics is an urgent and 

significant social and economic task. 

Bismuth titanate (BNT) lead-free piezoelectric ceramics were discovered in 1960. It was first synthesized by 

Smolensk et al. which is a kind of composite perovskite ferroelectrics occupied by sodium ions and bismuth 

ions at position A site [6]. Among thousands of perovskite structures at the position A, BNT is one of the few 

stable composite perovskite structures. BNT is a triangular symmetric crystal system at room temperature. 

At about 230℃, it is transformed into an anti-ferroelectric phase through diffusion phase transformation into 

a tetragonal phase, and BNT is a cubic phase above 520℃ [7]. BNT ceramic has many advantages, such as 

strong ferroelectric property [8], good piezoelectric property, small dielectric constant and good acoustic 

property. The material has broad application prospects, such as high frequency filter, transducer ultrasonic 

transducer, industrial flaw detection thickness measurement, medical ultrasonic diagnosis and other 

piezoelectric elements, however, it is difficult to be polarized in ferroelectric phase region due to the large 

coercive electric field (E = 73 kV/cm) of pure BNT ceramics, and the sintering temperature range of pure 

BNT is narrow, so the ceramic compactness is poor[9]. Therefore, it is difficult for pure BNT ceramics to be 

applied. The key to its application is to improve the piezoelectric activity of BNT and reduce the difficulty 

of polarization, thus doping is an effective method to get rid of the disadvantages. Takenaka [10] and Chu 

[11] et al. had done much research work on the BNT-BT system, including the dielectric, piezoelectric and 

ferroelectric properties, Kumara’s[12] improved dielectric systems because of their relatively low response 

of electrocaloric effect (ECE) as compared to other candidates.  



Although there is a steady stream of sporadic progress was made on BNT-BT system coming about[13-18], 

there never exists a series research on the doped BNT-BT system, ranging from microstructure to 

macro-properties, including ferroelectric properties, electrostrain, electrocaloric effect and even the energy 

storage performance. Therefore, this research is based on the LiNbO3-doped BNT-12BTceramics prepared 

by the conventional solid-state reaction method, explaining the mechanism behind the macro performance 

systematically from the microcosmic point of view, which will make contributions to the further 

optimization and wider application. 

2. Experimental process 

2.1 Fabrication  

LiNbO3-doped BNT-BT ceramics were prepared by the conventional solid-state reaction method. BaCO3

(purity ≥ 99%), Nb2O5 (purity ≥ 99.99%), Li2CO3 (purity ≥ 98%), Na2CO3 (purity ≥ 99.8%), Bi2O3 (purity ≥ 

99%) and TiO2 (purity ≥ 98%) were used as starting reagents. Bi2O3, Li2CO3 and Na2CO3 with 3% excess 

were added due to the volatility of Bi, Li and Na elements. The raw reagents were firstly milled for 12 h by 

using zirconia balls as media in ethanol. The subsequent slurries were dried and calcined at 850 °C for 6 h, 

and then the ceramic powders were milled again for another 12 h to minimize the segregation. After further 

drying and sieving, the ceramic powders were cold-isostatically pressed into pellets with a diameter of ~ 5 

mm and a thickness of ~ 1 mm at 300 MPa for 5 min. Subsequently, the pellets were immediately sintered at 

1140 ºC - 1150 ºC for 6 h at a heating rate of 3 ºC/min, and then cooled to 800 ºC at a cooling rate of 3 

ºC/min, and finally cooled to room temperature naturally.  

2.2 Characterization 

The densities of LiNbO3-doped BNT-BT ceramics were measured by the Archimedean drainage method. 

The phase structures of ceramics were analyzed by the X-ray diffraction (XRD, PANalytical XʼPert PRO) 



using Cu Kα radiation (λ = 1.5406 Å). The microstructures of ceramics were identified by the field emission 

scanning electron microscopy (SEM，Pro X，Phenom，Eindhoven，Netherlands). To characterize the electric 

properties, the sintered samples were polished down to a thickness of 0.5 mm and baked with Ag electrode 

at 600 °C. The dielectric properties were measured by using a precision impedance analyzer (HP 4192A). 

The hysteresis loops between the polarizations and electric fields (P-E loops) were measured at 1 Hz by 

using a ferroelectric analyzer (TF-2000, AixACCT, Aachen, Germany). 

3. Results and discussions

3.1 Structure

Fig. 1b) shows the XRD patterns of LiNbO3-doped BNT-BT ceramics. All samples exhibit pure 

perovskite structure after sintering at 1150 C for 6 h and pyrochlore phase is hard to be detected. For x = 0, 

the splitting of peaks ((003) and (021)) at 39.8° doesn’t look obvious for all samples. However, the splitting 

of peaks ((002) and (200)) at 46.6° is very obvious and the gap between them is very large. The (002) 

diffraction peaks shifted to a higher angle and the corresponding intensity become weaker with the increase 

of the doping amount of LiNbO3, meanwhile, the (200) diffraction peaks shifted to a lower angle with the 

increase of the doping amount of LiNbO3 and the gap become narrower, especially at x = 0.03,where the two 

peaks have almost merged with each other, indicating that the decrease of the amount of the tetragonal phase 

(P4mm) with lamellar domain and the increase of the amount of the tetragonal phase (P4bm) with 

nanodomain. These results indicate that the doping amount of LiNbO3 play a key role on the phase transition 

of the structure of BNT-BT ceramics. 

Fig. 2 shows the surface SEM images of LiNbO3-doped BNT-BT ceramics etched at 1100 C for 6 h 

after polishing mechanically. The grain size of the ceramic decreases sharply with the addition of tiny 

doping amount (x = 0.01) of LiNbO3, and the corresponding average grain size (~ 1.96 m) obtained from 

the statistical distribution diagram (insets of Fig.2a) and Fig.2b)) has been reduced to the half of one (~ 3.74 



m) at x = 0. With the further addition of LiNbO3, the average grain size keeps almost unchanged, as shown 

in the insets of Fig.2c) to Fig.2h). One possible reason for this phenomenon is that the mechanism of 

densification during the sintering process has been changed from the simple solid-phase-reaction diffusion 

into a complex one assisted by the liquid phase due to the addition of lithium element with low melting point. 

As a result, more homogeneous and dense microstructures which benefit to improve the insulation of 

ceramics and also to reduce the leakage current were obtained after doping by LiNbO3. 

3.2 Ferroelectric and dielectric properties 

Fig. 3 shows the P-E hysteresis loops of LiNbO3-doped BNT-BT ceramics and the corresponding 

current-electric field (I-E) curves (insets of Fig. 3) at selected electric fields and at 1 Hz. The ceramics with 

a lower doping amount of LiNbO3 (x = 0.01 and 0.02) including the pure one behaves as typical normal 

ferroelectrics with single P-E hysteresis loops. With the further addition of LiNbO3, the ceramic (x = 0.03) 

behaves as a typical antiferroelectrics with double P-E hysteresis loops (Fig. 3d)) and four current peaks can 

be observed obviously on the corresponding I-E curve, as guided by 1, 2, 3 and 4 in the inset of Fig. 3 d). As 

the doping amount of LiNbO3 continues to increase, ceramics behave as typical relaxors with slim P-E loops, 

and the four current peaks get more and more blurred, as shown in the insets of Fig. 3e), 3f), 3g) and 3h). It 

is well know that the tolerance factor (t = (RA+RO)/√2 (RB+RO)) can be employed to characterize the 

stability of the ABO3 perovskite structure, whose values are usually between 0.77 and 1.1. Generally, the 

antiferroelectric phase is more readily available as the value of t is less than 1. It can be seen that the value 

of t of LiNbO3-doped BNT-BT ceramics decreases almost linearly with the increase of x (see the red fitting 

solid line in the inset of Fig.3d)). Therefore, the appearance of antiferroelectrics ceramics at a higher doping 

amount of LiNbO3 (especially at x = 0.03) reasonable structurally.  



3.3 Electrostrain property 

Fig. 4 shows the variable temperature electrostrain curve (S-E) of (1-x) (BNT-12BT)-xLiNbO3 ceramic 

samples. The electrostrain of ceramics with different doping amount have obvious different characteristics, 

the change of the LiNbO3 doping amount obviously influences the value of the electrostrain, the undoped 

ceramic sample has an obvious ferroelectric property in a butterfly-shape with both positive and negative 

electrostrain at room temperature but changes to a leaf-bud shape with only a positive electrostrain as the 

amount increases. Meanwhile, it can be found that the electrostrain curve of variable temperature does not 

change obviously with the change of temperature at first, but when the amount of doping x=2%, the change 

of temperature has a great influence on the electrical properties of the sample, and the sample exhibits 

excellent stability and pretty high quality when x=3%. With the increase of temperature, the change of 

shapes can be attributed to the transformation of the sample from the ferroelectric phase at room temperature 

to the short-range ordered relaxor phase under the condition of thermal activation. This temperature-induced 

phase transition can be more and more beam waist corresponding to the ferroelectric pattern of the sample 

with the increase of temperature in the variable temperature ferroelectric. To make a further comparison, the 

electrostrain curves of (1-x) (BNT-12BT)-xLiNbO3 ceramic sample (S-E) at selected electric fields are 

shown in Fig. S3. The value of the electrostrain is proportional to the intensity of the applied electric field 

with the doping amount always served as the key factor. The electrostrain increases with the adding of 

doping amount at first, and then reaches the maximum value of about 0.34% when x = 3%, which is 

obviously higher than that of pure ceramic samples. While, if the doping amount continues to rise, the 

electrostrain of ceramic samples decreases on the contrary, which means moderate LiNbO3 doping is 

beneficial to enhance the electrostrain of the system, exhibiting excellent properties near the morphotropic 

phase boundary (MPB) with a giant electrostrain. Combined with its ferroelectric properties, it turns out that 

the negative electrostrain was formed by the reversal of ferroelectric domain in ceramic under electric field 

rather than by antiferroelectric and relaxor ferroelectric, which is consistent with the phase transition shown 



in the previous dielectric temperature spectrum and current diagram. Besides, the relationship curve of 

electrostriction and polarization square (S-P2) of (1-x)(BNT-12BT)-xLiNbO3 ceramic samples is also 

concluded in Fig. S4, it can be seen that the electrostrictive coefficient Q varies little with the electric field, 

but the electrostrictive coefficient Q varies greatly with doping. The electrostrictive coefficient Q of 

ceramics increases at first and then decreases, the deviation may be due to the negative pressure electric 

effect. Electrostriction is proportional to the square of the polarization, as shown in the Equation (1): 

                                      (1) 

Where Q is the electrostrictive coefficient and P is the polarization intensity. The electric field 

dependence of (1-x) (BNT-12BT)-xLiNbO3 ceramic electrostrictive coefficient Q is obtained by fitting the 

S-P2 curve. It can be seen that the S-P2 curve are basically linear, especially the doping amount x = 0.06 

under 80kV/cm electric field, showing the best linearity and the maximum Q = 0.04154m4/C2, which is 

much higher than the previous report (0.0254 m4/C2)[30].   

3.4 Energy storage performance 

Fig. 5 shows the relationship between energy storage density (Wenergy), efficiency (), energy storage 

loss (Wloss) and electric field intensity of (1-x)(BNT-12BT)-xLiNbO3 ceramic samples. The recoverable 

energy density (Wenergy) of a dielectric-based material is estimated from the P-E loops and calculated with 

the following Equation (2) and (3)  

      (2)   

                          (3) 

where E is the applied electric field that causes variation in the electric polarization P, Pr the remnant 

polarization, and Pmax the maximum polarization under the applied field[31, 32]. According to Equation (2), 

materials possessing smaller Pr, larger Pmax, and higher dielectric breakdown strength simultaneously are 

more favorable for energy storage. For practical applications, in addition to a large Wenergy, the high energy 



storage efficiency (η) is also desired, which is defined as the ratio of the discharging (output) energy to the 

charging (input) energy. It can be seen that the energy storage density and loss of all samples increase with 

the added electric field. The energy storage efficiency does not change obviously with the variation of 

electric fields. With the increase of doping amount, the energy storage density and energy storage loss 

increase continuously, reaching the maximum value of Wenergy = 0.665 J/cm3 and  = 49.3% when the doping 

amount is x = 0.06 at the 100 kV/cm applied electric field. The energy storage loss is continuously decreased 

with the increase of doping amount. At the doping amount x = 0.06, the energy storage loss is controlled at 

about 10%. In addition, where the linearity of energy storage density and efficiency is pretty good and shows 

an upward trend. Although the energy storage density at this time is not very high compared with the highest 

value provided by the peer, which comes from the samples prepared on a larger and thinner substrate[33, 34], 

however, the samples we made is fabricated on the substrate with larger and thicker substrate. If the area of 

the electrode and the thickness of sample could be decreased, the energy storage density of the material 

would be greatly enhanced according to the linear trend as shown in the data, which will be far more giant 

than the existing energy storage value. 

3.5 Electrocaloric effect 

Fig. 6 shows the change of temperature and entropy tested at 1Hz at selected electric fields, it can be 

found that when x shows a relative high negative electrocaloric effect but unstable. The Maxwell relational 

expression (∂P/∂T)E = (∂S/∂E)T is assumed to be valid under the condition of reversible adiabatic 

approximation. The EC effect of La doped BNT-6BT ceramics can be obtained from Equation (4) and (5). 

（4）

（5）

In Equation (2) and (3), P is the maximum polarization at the applied electric field E, T the operating 

temperature, and E1 and E2 the initial and final applied electric field respectively[35]. With the increase of 



doping amount, the tendency of the curve shows an obvious regularity: the higher electric fields and 

temperature make contributions to the larger EC, especially when the doping amount x = 4%, the sample 

exhibits the best eletrocaloric property at the 70 kV/cm electric field 

( ). The similar results are also confirmed by the 

temperature-varying hysteretic loops at the 70 kV/cm electric field (Fig. S2), and each hysteretic loop is 

tested every 10 K for the same sample. It clearly emerges that when x=4%, the degree of coincidence of the 

curve is the slightest, indicating that the ferroelectric property is the most unstable affected by the 

temperature change greatly, which is corresponding to electrocaloric patterns referred above. Nevertheless, 

as the doping amount keeps adding, the eletrocaloric effect becomes small reversely. Compared with the 

patterns in XRD and SEM, it can be inferred that the initial state is due to the little doping, resulting in many 

defects and voids in the sample with large leakage current, which is unstable and not the intrinsic state of the 

material. Subsequently, the rising doping amount contributes to the dense, uniform and stable formation of 

the material, thus exhibiting a strong regularity of the eletrocaloric effect. Furthermore, connected with the 

ferroelectric property (Fig. 3) and dielectric temperature spectrum (Fig. S2), it can be seen that there exists a 

phase transition because of the unstable phase structure due to deceasing tolerance factor caused by the 

LiNbO3 adding, which always cause the FE/AFE phase transition, where the giant EC always lies[36]. 

Conclusion

The giant electrostrain effect and energy storage, together with series pretty good properties have been 

achieved by the LiNbO3-doped BNT-BT fabricated by a conventional solid-state reaction method with the 

change of doping amount. It can be concluded that the LiNbO3-doping will cause an AFE/FE transition due 

to the phase transition from rhombohedral to tetragonal, which always brings about a giant negative EC, the 

ferroelectric and anti-ferroelectric properties, along with a more diffuse dispersion around the dielectric, 

resulting in a broader operational temperature range. The stable performance of the giant electrostriction, 

especially when x = 3% allows the material to a keep steady performance even if the temperature varies. The 



energy storage capacity exhibits a linear upwards tendency, indicating that the capacity will continue to 

increase with the higher electric field provided. Combined with so many optimized features resulted from 

the LiNbO3 doping strategy, it makes a possibility for LiNbO3-doped BNT-BT system to become a more 

potential and wide-applied material in the near future. 
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Figures and Captions 

Figure 1. a) Phase diagram of the (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 ceramics. PE, AFE, and FE represent 

paraelectric, antiferroelectric, and ferroelectric phase, respectively. b) XRD patterns of 

(1-x)(BNT-12BT)-xLiNbO3 ceramics. 

Figure 2. Surface SEM images of (1-x)(BNT-12BT)-xLiNbO3 ceramics after thermal etched. a）x = 0, b) x = 

0.01, c) x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, g) x = 0.06 and h) x = 0.07. 

Figure 3. P-E loops of (1-x)(BNT-12BT)-xLiNbO3 ceramics at selected electric fields. Insets: the 

corresponding I-E curves.a）x = 0, b) x = 0.01, c) x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, g) x = 0.06 

and h) x = 0.07. 

Figure 4. Sstrain(E) of (1-x)(BNT-12BT)-xLiNbO3 ceramics at selected temperatures,a）x = 0, b) x = 0.01, c) 

x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, g) x = 0.06 and h) x = 0.07. 

Figure 5. Wenergy, Wloss, η and Q of (1-x)(BNT-12BT)-xLiNbO3 at selected electric fields，a）x = 0, b) x = 

0.01, c) x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, g) x = 0.06 and h) x = 0.07. 

Figure 6. ΔT (T) of (1-x)(BNT-12BT)-xLiNbO3 ceramics at selected electric fields. Insets: ΔS (T). a）x = 0, b) 

x = 0.01, c) x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, g) x = 0.06 and h) x = 0.07.  
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Figure S1. Temperature dependence of dielectric permittivity and dielectric loss of 

(1-x)(BNT-12BT)-xLiNbO3 ceramics. a）x = 0, b) x = 0.01, c) x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, 

g) x = 0.06 and h) x = 0.07. 

Figure S2. P-E loops of (1-x)(BNT-12BT)-xLiNbO3 ceramics at selected temperatures. a）x = 0, b) x = 0.01, 

c) x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, g) x = 0.06 and h) x = 0.07. 

Figure S3. Sstrain(E) of (1-x)(BNT-12BT)-xLiNbO3 ceramics at selected electric fields, a）x = 0, b) x = 0.01, 

c) x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, g) x = 0.06 and h) x = 0.07 

Figure S4. Electrostriction diagram of (1-x)(BNT-12BT)-xLiNbO3 ceramics at selected electric fields, a）x = 

0, b) x = 0.01, c) x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, g) x = 0.06 and h) x = 0.07 

Figure S5. ∂P/∂T (T) of (1-x)(BNT-12BT)-xLiNbO3 ceramics at selected electric fields. Insets: P (T). a）x = 

0, b) x = 0.01, c) x = 0.02, d) x = 0.03, e) x = 0.04, f) x = 0.05, g) x = 0.06 and h) x = 0.07. 
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