Bismuth ferrite (BiFeO3, abbreviated as BFO) is an attractive lead-free ferroelectric material owing to its high Curie temperature (T c=825 ℃) and large spontaneous polarization (~100 μC/cm 2 ). In addition, BFO ceramics with the addition of other perovskites BaTiO3 (BT) and PbTiO3 (PT) can form the morphotropic phase boundaries (MPB), similar to the PZT solutions. BiFeO 3-PbTiO3 (BF-PT) based ceramics with a high Curie temperature are considered to be a very promising high-temperature piezoelectric material. However, two main factors restrict their applications in the field of high-temperature piezoelectric devices. This behavior can be related to BF-PT system in the vicinity of the MPB where a large tetragonality (c/a) occurs, enhancing the internal compatibility stresses which suppress the domain switching. The other reason is that high leakage current and dielectric loss make it difficult to be proper electrical poled of ceramics. In recent years, many reports were devoted to the enhancement of the piezoelectric properties by suitable or processing technology, mainly due to the dense microstructure, the formation of phase boundaries, and the reduction of the leakage current. It is critical to understand the interplay between the atomic features (ionic radius, electronegativity), the structure and interfaces (phase boundary, lattice distortion), the defects (oxygen vacancy, Fe 3+ /Fe 2+ ) and the electrical performances (ferroelectricity, piezoelectricity, conductivity) for the BF-PT-based high-temperature piezoelectric ceramics. On the other hand, considering the large spontaneous polarization and the adjustable pseudo-cubic phase structure of BFO ceramics, BF-BT-based ferroelectric ceramics have great application prospects in the field of dielectric energy storage. Thus, exploring and developing the energy storage applications of BFO-based ferroelectric ceramics are relevant to research approaches for promising emerging technologies. Based on the research background above, our investigations are closely associated with BiFeO3-based ferroelectric ceramics. Doping modification was used to improve the ferroelectric and piezoelectric properties of BiFeO 3-PbTiO3 based piezoelectric ceramics. At the same time, the defect pinning and the leakage current mechanisms of BiFeO 3 based ceramics were also studied, as well as the energy storage property of lead-free BiFeO3-BaTiO3 based ferroelectric ceramics. The main Abstract VIII results are as follows:

(1). Different lead raw materials have a significant influence on the electrical properties of BF-PT-based piezoelectric ceramics while a small amount of Bi-rich second phase precipitates at the grain boundaries of BF-PT-based ceramics prepared from Pb 3O4. In addition, a high concentration of oxygen vacancies and Fe 2+ ions are induced in the samples prepared from Pb3O4. This leads to significantly higher leakage currents compared to the behavior in the samples prepared from PbO. This study not only confirms that the high leakage current of BF-PT-based piezoelectric ceramics is due to the fluctuation of Fe 3+ oxidation degree and the formation of oxygen vacancy, but also contributes identify the suitable lead raw material for the preparation of BF-PT-based piezoelectric ceramics with a high resistivity.

(2).

A novel ferroelectric ternary system as (0.76-x)BiFeO3-0.24PbTiO3-xBa(Sn0.2Ti0.8)O3 was prepared by the solid-state reaction method. It is shown that the incorporation of large ionic radius Ba 2+ at A-site and nonferroelectric-active Sn 4+ at B-site generates a decrease in the tetragonality (c/a), which enhances the domain switching. Moreover, a wide multiphase coexistence region is formed with the content of BST ranging from x=0.13 to 0.28.

The enhanced piezoelectric coefficient (d 33~200 pC/N) is achieved while maintaining a high Curie temperature (T c~500 °C) and a high depolarization temperature (Td~450 °C) for the composition of 0.6BF-24PT-0.16BST, which is superior to other BF-PT-based high-temperature piezoelectric ceramics.

(3). The comparison of the dielectric and ferroelectric properties for the poled and unpoled BF-PT-BST ceramics was studied. It is found that the pinning of domain wall is induced by defects such as Fe 2+ /Fe 4+ and oxygen vacancies and causes the P-E loops being non-saturated for the unpoled BF-PT-BST ceramics. After poling, the P-E and S-E loops are displaced along the E axis with the internal bias field, which is related to the formation of the defect dipole which didn't align easily in the direction of the electric field. By increasing the temperature or decreasing the frequency of the electric field, the oxygen vacancies can be moved along the direction of the electric field leading to a decrease of the internal bias field. In addition, with the decrease of BiFeO 3 content, the difference in ferroelectric properties gradually disappeared and the internal bias field decreases for the unpoled and poled BF-PT-BST ceramics. This may be related to the decrease of the concentration of charged defects for the Abstract IX ceramics.

(4). The influence of Mn doping on the conductivity, dielectric and ferroelectric properties of 0.7BiFeO3-0.3PbTiO3 ceramics was systematically studied. It was found that the high leakage current in the pure 0.7BF-0.3PT ceramics limits drastically its use in piezoelectric devices. In addition, the thermal variation of dielectric loss curve in pure 0.7BF-0.3PT ceramics shows a relaxation peak in the temperature range of 30-250 ℃ and the frequency range of 100 Hz-1 MHz. The calculated activation energy shows that the relaxation peak is related to the doubly-ionized oxygen vacancies. A small amount (0.15 wt.%) of Mn doping can significantly reduce the leakage current of BF-PT ceramics, which is related to the decrease of the oxygen vacancy concentration in the ceramics. However, when the content of Mn increases (0.45 wt.%), the leakage current of ceramics increases also as a consequence of the increasing charge carriers caused by the fluctuation in the valence of the B-site (Mn, Fe).

(5). Lead-free BF-BT-based ceramics with fine-and coarse-grains were fabricated by the conventional solid-state reaction process. The high-energy ball milling technique was utilized to obtain the fine-grained ceramics. The grain size effects on the dielectric, ferroelectric and energy storage properties of BiFeO 3-BaTiO3-based ceramics were investigated. The fined-grained BFBT-BMN ceramics exhibit the broadening of ε-T curve and the slim P-E loops, corresponding to a low remnant polarization P r. The recoverable energy storage density (Wre) of the fine-grained BFBT-BMN ceramics greatly increased by 8 times from 0.16 J/cm 3 to 1.27 J/cm 3 , compared to the coarse-grained BFBT-BMN ceramics. This study shows that the reduction of grain size is an effective method to improve the energy storage properties of BiFeO 3-based ferroelectric ceramics.

Résumé

La ferrite de bismuth (BiFeO3, abrégée en BFO) est un matériau ferroélectrique sans plomb possédant une température de Curie élevée (Tc=825 °C) et une grande polarisation spontanée (~100 μC/cm 2 ). En outre, avec l'ajout d'autres pérovskites BaTiO 3 (BT) et PbTiO3 (PT), la céramique BFO peut former les limites de phase morphotropique (MPB), similaires aux solutions solides (Pb,Zr)TiO 3. Les céramiques à base de BiFeO 3-PbTiO3 (BF-PT) avec une haute température Curie sont potentiellement très prometteurs comme matériaux piézoélectriques hautes températures. Cependant, deux facteurs principaux limitent de telles applications. Il s'agit notamment du comportement du système BF-PT à proximité du MPB où une grande tétragonalité (c/a) se produit, favorisant les contraintes de compatibilité interne qui suppriment la commutation des domaines. L'autre raison est lié au courant de fuite élevé et aux perte diélectriques importantes qui compromettent le poling électrique optimal de ces céramiques. Dans la période récente, de nombreux travaux ont été consacrés à l'amélioration des propriétés piézoélectriques en modifiant le dopage et la méthode d'élaboration pour densifier la céramique, former des limites de phase et réduire les courants de fuite. Dans ce contexte, il est essentiel de comprendre l'interaction entre les caractéristiques des éléments chimiques (rayon ionique, électronégativité), la microstructure (limite de phase, distorsion du réseau), les défauts (lacunes d'oxygène, valence mixte Fe 3+ /Fe 2+ ) et les performances électriques (ferroélectricité, piezoélectricité, conductivité) pour les céramiques piézoélectriques à hautes température à base de BF-PT. D'autre part, compte tenu de la grande polarisation spontanée et de la structure de phase pseudo-cubique de la céramique BFO, la céramique ferroélectrique à base de BF-BT est potentiellement susceptible d'applications dans le domaine du stockage diélectrique de l'énergie. Ces aspects justifient l'intérêt des études menées sur les céramiques à base de BFO et qui font l'objet des travaux de cette thèse. Ainsi, la modification du dopage a été exploitée pour améliorer les propriétés ferroélectriques et piézoélectriques des Résumé XII céramiques piezoélectriques BFO-PT. De même, les mécanismes de pinning des défauts et ceux liés aux courants de fuite ont été étudiés en lien avec les propriétés de stockage d'énergie dans BFO-PT. Les principales contributions sont résumées ci-dessous: (1). Les précurseurs à base de plomb ont une influence significative sur les propriétés électriques de la céramique piézoélectrique à base de BF-PT alors qu'une faible quantité de la phase riche en Bismuth est précipitée aux limites de grains des céramiques BF-PT préparées à partir de Pb 3O4. Avec ce même précurseur, une forte concentration de lacunes d'oxygène et de Fe 2+ est créée dans la céramique et engendre des courants de fuite significativement plus élevés que les échantillons préparés à partir de PbO. Cette étude confirme d'une part que les courants de fuite élevés dans les céramiques piezoélectriques à base de BF-PT sont liés à la valence mixte des ions Fer et à la formation de lacunes d'oxygène. D'autre part, l'étude souligne que la nature du précurseur à base de Pb joue un rôle critique dans l'élaboration de céramiques piézoélectriques à base de BF-PT possédant une forte résistivité.

(2).

Une nouvelle céramique ferroélectrique de formule (0.76-x)BiFeO 3-0.24PbTiO3-xBa(Sn0.2Ti0.8)O3 a été élaborée par une méthode de réaction à l'état solide. Dans cette structure, l'incorporation des ions Ba 2+ à grand rayon ionique dans le site A de la pérovskite et des ions Sn 4+ dans le site B génère une diminution de la tétragonalité (c/a), ce qui améliore la commutation des domaines ferroélectriques. En outre, une large région de coexistence de phases est formée avec un taux de BST allant de 0,13 à 0,28. Le coefficient piézoélectrique atteint la valeur d 33~200 pC/N tout en maintenant une température de Curie élevée (T c~500 °C) et une température de dépolarisation élevée (Td~450 °C) pour une composition de 0.6BFO-0.24PT-0.16BST. Ces performances sont nettement améliorées par rapport aux autres céramiques piézoélectriques à base de BF-PT.

(3). La comparaison des propriétés diélectriques et ferroélectriques pour les céramiques a été effectuée pour les céramiques BF-PT-BST avec ou sans poling. Il

Chapter 1 Introduction

Overview of ferroelectric/piezoelectric materials

The research on ferroelectric materials has a history of one hundred years. In the 1950s, the discovery of barium titanate (BaTiO 3, BT) ceramics accelerated the in-depth research and development of perovskite-structure piezoelectric ceramics.

Among them, lead zirconate titanate (Pb(Zr,Ti)O3, PZT) is the most important and performant piezoelectric material. It is suitable for a large-scale production and is used in key materials of basic electronic components such as actuators, sensors and transducers. After a century of research, ferroelectric materials play an essential role in modern information technology and the advancement of human science and technology.

Basic characteristics of ferroelectrics

A ferroelectric is a material that has spontaneous polarization within a certain temperature range, and the application of the electric field can switch the orientation states of the polarization [1][2][3] . According to the crystallographic symmetry, only a total of 10 point groups have spontaneous polarization, called polar point groups. If the spontaneous polarization is reversible under an external electric field, the material is called "ferroelectric", as shown in Fig. 1.1(a).

A distinctive feature of ferroelectric materials is the behavior of the polarization under the electric field. The relationship between the electric displacement D and the electric field E is nonlinear, which is called the polarization-electric field hysteresis (P-E) loops [3] , as shown in Fig. 1.1(b). With the increase of the applied electric field, the domains are aligned with the direction of the field, the polarization increases until almost all domains tend to the saturation condition (saturation polarization Ps).

When the applied electric field is reversed, some domains undergo a back-switch, while most of them remain aligned, leading to a non-zero polarization at zero field (remnant polarization P r). With the opposite field increasing, a similar rearrangement of the polarization is observed in the negative field part. The electric field at zero polarization is called the coercive field (Ec). In addition, the current-electric field (I-E) curves and the strain-electric field (S-E) curve are also characteristic of ferroelectric materials, as shown in Fig. 1.1(c) and (d). The current-electric field curves exhibit a positive and negative current peak, which is related to the domain reversal [4] . The electric field at the peaks is identical to the Ec. 

Perovskite-type structure and tolerance factors

One of the most well-known structures for ferroelectric material is the perovskite-type ABX 3 structure [3,5] , such as BaTiO3, PbTiO3 and BiFeO3. Due to their high tolerance to doping, the A-and B-sites can be occupied by a variety of different cations to form complex perovskites which can be described with the formula (A′,A″)(B′,B″)O 3. In PZT, the A-site is occupied by Pb 2+ ions, and Zr 4+ and Ti 4+ ions at the B-site. This feature allows the modification of specific physical properties for the ferroelectric material [START_REF] Kinase | Correction of dipole field due to lattice deformation of a perovskite-type crystal[END_REF] .

The tolerance factor t is a powerful tool to predict the stability of the perovskite structure [START_REF] Dove | Theory of displacive phase transitions in minerals[END_REF][START_REF] Whangbo | Tolerance factor and cation-anion orbital interactions differentiating the polar and antiferrodistortive structures of perovskite oxides ABO 3 [J][END_REF] . According to the ion radius, t is defined as:

𝑡𝑡 = 𝑟𝑟 𝐴𝐴 +𝑟𝑟 𝑋𝑋 √2(𝑟𝑟 𝐵𝐵 +𝑟𝑟 𝑋𝑋 ) …(1.1)
where rA, rB and rX represent the ion radius of A, B and X, respectively. If t=1, the crystal has an ideal cubic structure (Fig. 1.2(a)). If t>1, the B-site cation is smaller than the ideal value and can deviate from the center of the oxygen octahedron, which leads to a small polar distortion of the B-site, as shown in Fig. 1.2(b). If t<1, the A-site cation is smaller than the ideal value and cannot fill the oxygen octahedron, which leads to the rotations and tilting of the BO 6 octahedra, as shown in Fig. 1.2(c).

It is generally considered that the perovskite structure is stable at 0.88<t<1.09, beyond which the crystal tends to other aristo-type structures [START_REF] Vasala | A 2B′B″O6 perovskites: A review [J][END_REF] . 

Advance in morphotropic phase boundary (MPB)

It is well known that morphotropic phase boundary (MPB) plays an important role in the piezoelectricity enhancement of perovskite-type piezoelectric materials [START_REF] Leontsev | Progress in engineering high strain lead-free piezoelectric ceramics[END_REF] . The origin of ultrahigh performance at the MPB for the ferroelectric materials has been intensively investigated. Initially, it was shown that the ferroelectrics at the MPB (rhombohedral (R)-tetragonal (T) phase) have 14 equivalent polarization directions, which is the main reason for their high electromechanical performance [START_REF] Isupov | Some aspects of the physics of piezoelectric ceramics[END_REF][START_REF] Wersing | Ferroelectric phase transitions in substituted barium titanate and lead zirconate titanate [J][END_REF] . With the development of material characterization techniques, a monoclinic phase was shown between the preciously established R and T regions using synchrotron X-ray diffraction. It was believed that the polarization rotation has a lower energy barrier along the rhombohedral-monoclinic-tetragonal path, which is conducive to the enhancement of its electromechanical performance [START_REF] Noheda | A monoclinic ferroelectric phase in the Pb(Zr 1-xTix)O3 solid solution[END_REF][START_REF] Singh | Powder neutron diffraction study of phase transitions in and a phase diagram of (1-x)[Pb(Mg1⁄3Nb2⁄3)O3]-xPbTiO3 [J][END_REF] . In addition, the thermodynamic Landau model developed concluded that the enhanced piezoelectricity at MPB can be ascribed to the facilitated polarization rotation due to the flattening of the Gibbs free energy anisotropy [START_REF] Haun | Thermodynamic theory of the lead zirconate-titanate solid solution system, part I: Phenomenology [J][END_REF][START_REF] Rossetti | Ferroelectric solid solutions with morphotropic boundaries: Vanishing polarization anisotropy, adaptive, polar glass, and two-phase states[END_REF] .

On the other hand, the ferroelectric domain was proposed to explain the origin of the enhanced piezoelectricity at the MPB. Fig. 1.3 shows the domain structures of the PZT ceramics using a high-resolution transmission electron microscope (TEM) [17, 18] . Two domain structures can be clearly observed in the composition of PZT-53/47 at the MPB. A large number of nanodomains are embedded in the microdomains, and the angle between the nano-and microdomain walls is approximately 45°, as shown in Fig. 1.3(b). For the composition of PZT-45/55 (T phase) and PZT-60/40 (R phase), the lamellar and the herringbone-like domain configurations can be found in Fig. 1.3(a) and (c), respectively. Similarly, a hierarchical nano-/microscale domain configuration was found in the Pb(Mg 1/3Nb2/3)O3-PbTiO3 [START_REF] Wang | Hierarchical micro-/nanoscale domain structure in MC phase of (1-x)Pb(Mg 1⁄3Nb2⁄3)O3-xPbTiO3 single crystal[END_REF] and (K,Na)NbO3 system at the MPB [START_REF] Wang | Temperature-insensitive (K,Na)NbO 3-based lead-free piezoactuator ceramics[END_REF] , as shown in Fig. 1.4(a) and (b), respectively. These studies have shown that the MPB is favorable for the formation of miniaturized nanodomains in ferroelectric ceramics, which is believed to provide the main contribution to high electrical properties for ferroelectric ceramics. with different content of Zr/Ti [START_REF] Schmitt | Composition dependence of the domain configuration and size in Pb(Zr 1-xTix)O3 ceramics [J][END_REF] . based ceramics with MPB structure [START_REF] Wang | Hierarchical micro-/nanoscale domain structure in MC phase of (1-x)Pb(Mg 1⁄3Nb2⁄3)O3-xPbTiO3 single crystal[END_REF] ; (b) PFM images of ferroelectric domain configurations of KNN based ceramics with MPB structure [START_REF] Wang | Temperature-insensitive (K,Na)NbO 3-based lead-free piezoactuator ceramics[END_REF] .

Ren et al. [START_REF] Xue | Large piezoelectric effect in Pb-free Ba(Ti,Sn)O 3-x(Ba,Ca)TiO3 ceramics[END_REF][START_REF] Liu | Large Piezoelectric Effect in Pb-Free Ceramics [J][END_REF][START_REF] Gao | Understanding the mechanism of large dielectric response in Pb-free (1-x)Ba(Zr 0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 ferroelectric ceramics [J][END_REF] reported a lead-free system Ba(Ti,Zr)O3-(Ba,Ca)TiO3

(BZT-BCT) with a surprisingly ultrahigh piezoelectric coefficient of d 33~620 pC/N at the multi-phase-coexisting point, which is superior to other reported lead-free system, as shown in Fig. 1.5(a). Besides, it can be seen from Fig. 1.5(b) that the energy profile in the vicinity of the (tri-critical) triple point with a flat free energy landscape and a low energy barrier facilitates the polarization rotation. Thus, a vanishing polarization anisotropy is the main origin for the ultrahigh piezoelectricity in BZT-BCT ceramics. The phase diagram of BZT-BCT based ceramics [START_REF] Liu | Large Piezoelectric Effect in Pb-Free Ceramics [J][END_REF] ; (b) The (1-10) projection of the free energy profiles for the BZT-BCT based ceramics at the tricritical point and the corresponding 2D free energy profiles [START_REF] Gao | Understanding the mechanism of large dielectric response in Pb-free (1-x)Ba(Zr 0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 ferroelectric ceramics [J][END_REF] .

Overview of high-temperature piezoelectric ceramics

With the development of modern science and technology, the requirements for the stability of ferroelectric materials under external fields have become an important research task, especially in the fields of application at high temperatures. For example, sensors in automotive electronics need to withstand high temperatures of about 150 ℃, which will be close to 500 ℃ in the future; the aircraft and aerospace industries have more stringent requirements for high-temperature (>>500 ℃)

applications [START_REF] Zhang | Piezoelectric materials for high temperature sensors [J][END_REF] . For piezoelectric ceramics, the Curie temperature (Tc) is an important parameter, which indicates the critical temperature when the phase structure of the material changes from the paraelectric phase (high symmetry) to the ferroelectric phase (low symmetry). When the temperature exceeds T c, the oriented dipoles in the direction of poling of the poled piezoelectric ceramics will turn to random distribution (depolarization), resulting in a decrease or disappearance of the piezoelectric coefficient. That is, piezoelectric materials can exhibit piezoelectricity only when the temperature is lower than the T c. While the actual use temperature of piezoelectric ceramics is generally much lower than its Curie temperature. The commercial PZT piezoelectric ceramics have a Tc of 365 °C, but their actual use temperature is only 200 °C due to the occurrence of depolarization at high temperatures [START_REF] Shinekumar | High-temperature piezoelectrics with large piezoelectric coefficients[END_REF][START_REF] Shrout | Lead-free piezoelectric ceramics: Alternatives for PZT? [J][END_REF] . Therefore, it is first necessary to explore a ferroelectric system with a high T c for the development of high-temperature piezoelectric ceramics applications [START_REF] Zhao | Giant piezoelectricity of ternary perovskite ceramics at high temperatures[END_REF] .

High Curie temperature piezoelectric ceramics

(1) Bismuth layer structure

The chemical formula of bismuth layer structure ferroelectrics is (Bi2O2) 2+ (Am-1BmO3m+1) 2-, where A and B represent the cations at the A-and B-sites, and m is the number of octahedral layers, which ranges from 1 to 6. The basic feature of the structure is that the (Bi 2O2) 2+ layer separates the quasi-perovskite layer (A m-1BmO3m+1) 2-and is arranged according to certain rules. Several bismuth layered structure ferroelectric ceramics are commonly studied, such as Bi4Ti3O12 (m=3), CaBi 4Ti4O15 (m=4), SrBi2Nb2O9 (m=2), Bi3TiNbO9 (m=2) and SrBi4Ti4O15 (m=4).

This system is widely used in high-temperature sensors because of its high Curie temperature (500 °C-900 °C), low dielectric constant, low aging rates, high anisotropic electromechanical properties and high mechanical quality factor.

However, the large coercive field makes the ceramics quite difficult to be poled; only a small piezoelectric coefficient d 33 (<20 pC/N) can be realized [START_REF] Shulman | Microstructure, electrical conductivity, and piezoelectric properties of bismuth titanate [J][END_REF][START_REF] Takenaka | Current status and prospects of lead-free piezoelectric ceramics[END_REF] . The piezoelectric properties can be improved to some extent by the texturing process [START_REF] Takenaka | Grain orientation and electrical properties of some bismuth layer-structured ferroelectrics for lead-free piezoelectric applications[END_REF][START_REF] Takeuchi | Unidirectionally textured CaBi 4Ti4O15 ceramics by the reactive templated grain growth with an extrusion[END_REF] and suitable chemical doping [START_REF] Wang | High performance Aurivillius phase sodium-potassium bismuth titanate lead-free piezoelectric ceramics with lithium and cerium modification[END_REF][START_REF] Jiang | Microstructure and properties of high-temperature materials (1-x)Na 0.5Bi2.5Nb2O9-xLiNbO3[END_REF] , but the piezoelectric coefficient d33 of modified bismuth layered structured ferroelectrics remain less than 50 pC/N due to its inherent low piezoelectric activity.

(2) Tungsten bronze structure

The chemical formula of tungsten bronze structure ferroelectrics is (A1) 2(A2)4(C)4(B1)2(B2)8O30. The BO6 oxygen octahedra are connected as vertices to form the skeleton of the whole structure, stacked in a plane perpendicular to the fourfold axis and with different orientations. This particular organization facilitates the modification of the structure and the material properties. Among them, PbNb 2O6 (PN) is the most widely studied tungsten bronze structure ferroelectric, which shows a high Curie temperature (about 570 °C), an ultralow mechanical factor (large bandwidth), and a high piezoelectric coefficient anisotropy (d 33/d31) [START_REF] Soejima | Preparation and characteristics of ultrasonic transducers for high temperature using PbNb 2O6 [J][END_REF][START_REF] Subbarao | X-Ray Study of phase transitions in ferroelectric PbNb 2O6 and related materials [J][END_REF] . However, the PN ceramics are easy to deform and crack during the preparation process, the quality of the ceramics is poor, which restricts its wide application and development.

The difficult sintering for PN based ceramics is generally improved by the ion doping and the addition of sintering aids. For example, using Ba 2+ to replace Pb 2+ can effectively promote the sintering process of PN ceramics, thereby increasing its piezoelectric coefficient (d33~180 pC/N), while reducing the Curie temperature (T c~400 °C) [START_REF] Soejima | PbNb 2O6 ceramics with tungsten bronze structure for low Qm piezoelectric material[END_REF] .

(3) Corundum Structure:

The LiNbO 3 ferroelectric with corundum structure shows ultra-high Curie temperatures (T c~1150 °C), which is widely used in transducers and sensor devices.

The Czochralski method is generally used to prepare LiNbO3 single crystal, and the polarization process is completed by applying a relatively small electric field at a temperature slightly lower than T c. One disadvantage of LiNbO3 is that the piezoelectric coefficient is very low (d 33~~6 pC/N) [START_REF] Inbar | Comparison of the electronic structures and energetics of ferroelectric LiNbO 3 and LiTaO3[END_REF][START_REF] Yamada | First-order quasi-phase matched LiNbO 3 waveguide periodically poled by applying an external field for efficient blue second-harmonic generation[END_REF] . In addition, LiTaO3 single crystal is another widely studied corundum-type structure ferroelectric [START_REF] Kitamura | Crystal growth and low coercive field 180° domain switching characteristics of stoichiometric LiTaO 3[END_REF] , with a Tc of 720 °C, a piezoelectric coefficient d33 of 9 pC/N, and a pyroelectric coefficient of -1.8×10 4 C/m 2 K [START_REF] Zhang | Piezoelectric materials for high temperature sensors [J][END_REF][START_REF] Karimi | Crystal chemistry and domain structure of rare-earth doped BiFeO 3 ceramics[END_REF] . Although this system shows a high Curie temperature, its usage temperature range generally does not exceed 600 °C due to the decrease in resistance at high temperature [START_REF] Zhang | Piezoelectric materials for high temperature sensors [J][END_REF] .

(4) Perovskite structure:

As mentioned above, perovskite is one of the most important structure in ferroelectric materials. The PbTiO 3 (PT) has a Tc of 490 °C, however, in order to avoid cracking during sintering and poling processes, the PT must be modified to reduce the tetragonality c/a [START_REF] Shirane | Crystal structure of lead titanate and of lead-barium titanate [J][END_REF][START_REF] Theis | Adsorption-controlled growth of PbTiO 3 by reactive molecular beam epitaxy[END_REF] . For the lead-free (K,Na)NbO3 (KNN) system, doping with Li + can increase its Tc to 479 °C, and has a piezoelectric coefficient d33~176 pC/N [START_REF] Hollenstein | Piezoelectric properties of Liand Ta-modified (K 0.5Na0.5)NbO3 ceramics[END_REF][START_REF] Wang | High Curie temperature of (Li, K, Ag)-modified (K 0.50Na0.50)NbO3 lead-free piezoelectric ceramics [J][END_REF][START_REF] Liang | Effect of the addition of CaZrO 3 and LiNbO3 on the phase transitions and piezoelectric properties of K0.5Na0.5NbO3 lead-free ceramics[END_REF] . However, the high sintering process requirements limit the use of this system in practical applications. Another lead-free system, BiFeO 3 (BFO), possesses a T c of 830 °C and a large spontaneous polarization. These features make it a very promising high-temperature piezoelectric ceramic [START_REF] Catalan | Physics and applications of bismuth ferrite[END_REF] . In 2015, Song et al. [START_REF] Lee | High-performance lead-free piezoceramics with high curie temperatures[END_REF] prepared BiFeO 3-BaTiO3-based piezoelectric ceramics by a water-quenching process, and the system shows a high Curie temperature (Tc~454 °C) and a high piezoelectric coefficient (d 33~402 pC/N), which is comparable to that of commercial PZT systems, as shown in Fig. 1.6. In addition, the Bi(Me)O 3-PbTiO3 binary solid solution has the advantages of a high Curie temperature and a high piezoelectric response. Such ferroelectric systems summarized in Fig. 1.7 [24-26, 32-33, 48-56] possess a perovskite structure and a high piezoelectric response. This makes them suitable for applications in workable devices. ternary ceramics versus temperature [START_REF] Lee | High-performance lead-free piezoceramics with high curie temperatures[END_REF] . The most representative of this system is (1-x)BiScO 3-xPbTiO3 (BS-PT) based high-temperature piezoelectric ceramics, which were first designed and synthesized by Eitel et al. [START_REF] Eitel | New high temperature morphotropic phase boundary piezoelectrics based on Bi(Me)O 3-PbTiO3 ceramics [J][END_REF][START_REF] Eitel | Preparation and characterization of high temperature perovskite ferroelectrics in the solid solution (1-x)BiScO 3-xPbTiO3 [J][END_REF] in 2001. It was found that the 0.36BS-0.64PT ceramic with the MPB structure exhibits excellent properties: Curie temperature Tc~450 °C, piezoelectric coefficient d 33~450 pC/N, residual polarization strength Pr~32 μC/cm 2 , and planar electromechanical coupling coefficient k p~0. 56, which shows great application potential in the field of high-temperature piezoelectric devices. However, the high cost of Sc limits the large-scale production and application for BS-PT based ceramics. Cheng et al. [START_REF] Cheng | Fabrication and characterization of xBiGaO 3-(1-x)PbTiO3: a high temperature reduced Pb-content piezoelectric ceramic[END_REF] first prepared BiGaO3-PbTiO3 (BG-PT) piezoelectric ceramics with a tetragonal phase structure, and the ferroelectric-paraelectric phase transition temperature is about 495 ℃ by differential scanning calorimetry. The relative dielectric constant of BG-PT ceramic is about 200, but its ferroelectric properties were not characterized. In addition, pure BiInO 3-PbTiO3 (BI-PT) ceramics were prepared by the sol-gel method [START_REF] Duan | High Curie temperature perovskite BiInO3-PbTiO3 ceramics [J][END_REF] , with tetragonality c/a~1.082 and Curie temperature T c~582 ℃, but the ceramics were difficult to pole. Zhang et al. [START_REF] Zhang | Dielectric and piezoelectric properties of niobium-modified BiInO 3-PbTiO3 perovskite ceramics with high Curie temperatures[END_REF] found the pure BI-PT-based ceramics can be prepared by solid-state reaction method when the PT content is higher than 75 %. They also studied the performance of 0.15BI-0.85PT+1.5mol%Nb ceramic which exhibited excellent properties: T c~542 ℃, d33~60 pC/N, d15~80 pC/N. Gao et al. [START_REF] Gao | Phase formation and characterization of high Curie temperature xBiYbO 3-(1-x)PbTiO3 piezoelectric ceramics [J][END_REF] found that although BiYbO3-PbTiO3

(BY-PT) piezoelectric ceramics show a high Curie temperature T c~590 °C, the pyrochlore phase Yb 2Ti2O7 is easily produced during the preparation process, which leads to a low piezoelectric coefficient d 33~17 pC/N. It was also found that BY-PT-BT ternary solid solutions show a reduced Curie temperature T c~505 °C, while their piezoelectric coefficient slightly increases (d33~34 pC/N) [START_REF] Gao | Phase structure and piezoelectric properties of high Curie temperature BiYbO 3-PbTiO3-BaTiO3 ceramics [J][END_REF] .

The Bi(Me)O 3-PbTiO3 based piezoelectric ceramics in which Me is the composite ions also have been extensively studied. Randall et al. [START_REF] Randall | Investigation of a high T c piezoelectric system: (1-x)Bi(Mg1/2Ti1/2)O3-(x)PbTiO3 [J][END_REF] first prepared

(1-x)Bi(Mg 1/2Ti1/2)O3-xPbTiO3-based ceramics and systematically investigated their structure and piezoelectric properties. It was found that the composition near x=0.37 is located at the MPB and shows a high piezoelectric coefficient d33~220 pC/N and a high Curie temperature T c~478 ℃. Similarly, Bi(Ni2/3Nb1/3)O3-xPbTiO3 based piezoelectric ceramics also have a MPB structure, but the Curie temperature of the MPB composition is only 275 ℃ [START_REF] Zhang | Investigation of bismuth-based perovskite system: (1-x)Bi(Ni 2⁄3Nb1⁄3)O3-xPbTiO3 [J][END_REF] . Yu et al. [START_REF] Hou | Perovskite-structured BiFeO 3-Bi(Zn1/2Ti1/2)O3-PbTiO3 solid solution piezoelectric ceramics with Curie temperature about 700[END_REF] prepared Bi(Zn 1/2Ti1/2)O3-PbTiO3-BiFeO3 based piezoelectric ceramics using a multiple calcination process, and the MPB composition shows the excellent performance:

Tc~560 ℃, d33~30 pC/N and tan𝛿𝛿~0.02. In fact, there are many Bi(Me)O3-PbTiO3 based piezoelectric ceramics that have been prepared and studied [START_REF] Eitel | New high temperature morphotropic phase boundary piezoelectrics based on Bi(Me)O 3-PbTiO3 ceramics [J][END_REF][START_REF] Cheng | Fabrication and characterization of xBiGaO 3-(1-x)PbTiO3: a high temperature reduced Pb-content piezoelectric ceramic[END_REF][START_REF] Zhang | Dielectric and piezoelectric properties of niobium-modified BiInO 3-PbTiO3 perovskite ceramics with high Curie temperatures[END_REF][START_REF] Gao | Phase formation and characterization of high Curie temperature xBiYbO 3-(1-x)PbTiO3 piezoelectric ceramics [J][END_REF][START_REF] Smith | Dielectric properties of solid solutions of BiFeO 3 with Pb(Ti, Zr)O3 at high temperature and high frequency [J][END_REF][START_REF] Cheng | High-field and high-T c piezoelectric ceramics based on Bi(Ga,Fe)O 3-PbTiO3 crystalline solutions[END_REF][START_REF] Choi | Structure and property investigation of a Bi-based perovskite solid solution: (1-x)Bi(Ni 1⁄2Ti1⁄2)O3-xPbTiO3 [J][END_REF][START_REF] Suchomel | Enhanced tetragonality in (x)PbTiO 3-(1-x)Bi(Zn1⁄2Ti1⁄2)O3 and related solid solution systems[END_REF] , as shown in Table 1.1. It can be seen from Table 1.1 that all of these materials have relatively high Curie temperatures, but the piezoelectric coefficients of all compositions except BS-PT are on the low side. In general, an increase in piezoelectric coefficient is accompanied by a decrease in Curie temperature for the ceramics. It should be pointed out that BiFeO 3-PbTiO3 based piezoelectric ceramics with the MPB structure have a high Curie temperature T c~600 ℃, which will be introduced in detail in the next section. Eitel et al. [START_REF] Eitel | Preparation and characterization of high temperature perovskite ferroelectrics in the solid solution (1-x)BiScO 3-xPbTiO3 [J][END_REF] designed high-performance BS-PT-based high-temperature piezoelectric ceramics and concluded that the Curie temperature of the MPB can reach about 450°C, 550°C and 600°C, respectively. Based on the experimental results, Suchomel et al. [START_REF] Suchomel | Predicting the position of the morphotropic phase boundary in high temperature PbTiO3-Bi(B′B″)O3 based dielectric ceramics[END_REF] also suggested that the tolerance factor of Bi(Me)O 3 can be used to qualitatively predict the position of the MPB for Bi(Me)O 3-PbTiO3 system, that is, the position of MPB shifts towards the PbTiO 3-rich direction with the decrease of Bi(Me)O3 tolerance factor. For the perovskite structure with a small tolerance factor, the B-site ions prefer a larger volume than the A-site ions, which results in the increase of A-site displacements when the A-site is occupied by the ferroelectrically active ions Pb and Bi [START_REF] Tinte | Anomalous enhancement of tetragonality in PbTiO 3 induced by negative pressure[END_REF] . It is generally found that the Curie temperature is proportional to the square of ionic displacements. Therefore, the small tolerance factor of the Bi-based perovskite structure means a large ionic displacement, which leads to a high Curie temperature [START_REF] Grinberg | Predicting morphotropic phase boundary locations and transition temperatures in Pb-and Bi-based perovskite solid solutions from crystal chemical data and first-principles calculations[END_REF] . Grinberg et al. [START_REF] Tinte | Anomalous enhancement of tetragonality in PbTiO 3 induced by negative pressure[END_REF] used density-functional-theory calculations to predict more quantitatively the position of the MPB for Bi(Me)O 3-PbTiO3 system. The relationship between the Curie temperature and the tolerance factor can be classified into two different categories depending on the Me ion species, i.e., B sites occupied by ferroelectrically active ions or non-ferroelectrically active ions, as shown in Fig. 1.8. In addition, Stringer et al. [START_REF] Stringer | Classification of transition temperature behavior in ferroelectric PbTiO 3-Bi(Me′Me″)O3 solid solutions[END_REF] proposed the concept of the tolerance factor difference (𝛥𝛥t=|tBi(Me)O 3 -tPbTiO 3 |) and suggested that for every 0.01 increase in 𝛥𝛥t, the Curie temperature of the Bi(Me)O3-PbTiO3 system increases by 12 °C compared to pure PbTiO 3 (Tc~490 °C). based ceramics at MPB vs tolerance factor of Bi(Me)O 3 [START_REF] Grinberg | Predicting morphotropic phase boundary locations and transition temperatures in Pb-and Bi-based perovskite solid solutions from crystal chemical data and first-principles calculations[END_REF] .

Advances in BiFeO3-based ceramics 1.3.1 Overview of BiFeO3-based ceramics

Bismuth ferrite (BiFeO3, abbreviated as BFO) is an attractive lead-free ferroelectric material owing to the electron configuration of Bi 3+ being similar to Pb 2+ (lone 6s 2 electron configuration) [START_REF] Catalan | Physics and applications of bismuth ferrite[END_REF][START_REF] Naganuma | Multifunctional characteristics of B-site substituted BiFeO 3 films [M][END_REF] . BFO ceramics with distorted perovskite structure (space group R3c) show a G-type canted antiferromagnetic order below the Néel temperature (TN~370 °C) and ferroelectric behavior below the Curie temperature (T c~ 830 °C). According to theoretical calculations, the spontaneous polarization along the [111] direction of BFO is as high as 100 μC/cm 2 , which is comparable to that of traditional perovskite-type ferroelectrics BT and PT [START_REF] Ederer | Effect of epitaxial strain on the spontaneous polarization of thin film ferroelectrics[END_REF] , as shown in Fig. 1.9. Experimentally, Wang et al. [START_REF] Wang | Epitaxial BiFeO 3 multiferroic thin film heterostructures[END_REF] successfully prepared the pure phase BFO thin films with high quality by the pulsed laser deposition (PLD) method for the first time, and the spontaneous polarization along the [001] direction reached 60 μC/cm 2 . On the basis of this method, Li et al. [START_REF] Li | Dramatically enhanced polarization in (001), (101), and (111) BiFeO 3 thin films due to epitiaxial-induced transitions [J][END_REF] also prepared BFO thin films with spontaneous polarization along the [001] direction up to 100 μC/cm 2 . These experimental results further confirm that BFO with large spontaneous polarization is a very promising ferroelectric material. However, BFO ceramics possess the feature of a semiconducting material with a bandgap (2.7 eV) at room temperature, and the pure BFO ceramic is difficult to stabilize due to the formation of secondary phases such as Bi 2Fe4O9 and Bi25FeO40 during the sintering process [START_REF] Catalan | Physics and applications of bismuth ferrite[END_REF] , which limit its application and development in the field of ferroelectric ceramics.

Figure 1.9 (a) Structure of BiFeO3 [START_REF] Naganuma | Multifunctional characteristics of B-site substituted BiFeO 3 films [M][END_REF] ; (b) The polarization for BiFeO3, BaTiO3, PbTiO3 and LiNbO 3 as a function of epitaxial strain [START_REF] Ederer | Effect of epitaxial strain on the spontaneous polarization of thin film ferroelectrics[END_REF] .

In 2004, Wang et al. [START_REF] Wang | Room-temperature saturated ferroelectric polarization in BiFeO 3 ceramics synthesized by rapid liquid phase sintering[END_REF] prepared a pure phase of BFO by a rapid liquid phase sintering technique. This material shows saturated hysteresis P-E loops that were as shown in Fig. 1.10. The generation of Fe 2+ and oxygen vacancies of BFO ceramics can be greatly suppressed by a very high heating rate and a short sintering time, leading to the decrease of leakage current. In addition, the special processes for preparing pure phase BFO ceramics include microwave sintering, spark plasma sintering and sol-gel method [START_REF] Wang | Enhanced magnetization and suppressed current leakage in BiFeO 3 ceramics prepared by spark plasma sintering of sol-gel derived nanoparticles[END_REF][START_REF] Nadeem | Tailoring dielectric properties and multiferroic behavior of nanocrystalline BiFeO 3 via Ni doping[END_REF][START_REF] Cai | Microstructure, enhanced electric and magnetic properties of Bi 0.9La0.1FeO3 ceramics prepared by microwave sintering[END_REF] , which will not be described in detail here. temperatures [START_REF] Wang | Room-temperature saturated ferroelectric polarization in BiFeO 3 ceramics synthesized by rapid liquid phase sintering[END_REF] .

On the other hand, the A-and B-site doping of BFO ceramics is also an effective way to improve their electrical properties. B-site substitution, mainly includes La, Sm, Nd, Yb, Ce, Dy, and Gd. For example, Chen et al. [START_REF] Chen | Structure, ferroelectric and piezoelectric properties of multiferroic Bi 0.875Sm0.125FeO3 ceramics [J][END_REF] reported that the Sm-doped BiFeO3 ceramics have excellent electrical properties: piezoelectric coefficient d 33~45 pC/N, remnant polarization Pr~40 μC/cm 2 , and Curie temperature T c~550 ℃. A high piezoelectric coefficient (d33~50 pC/N) and a high Curie temperature (T c~550 ℃) can be achieved in La and Sm co-doped BFO ceramics [START_REF] Zheng | Enhanced piezoelectric activity in high-temperature Bi 1-x-ySmxLayFeO3 lead-free ceramics[END_REF] .

In these reports, the main reason for the improvement of ferroelectric performance was attributed to the fact that doping elements can effectively reduce the leakage current of BFO ceramics by inhibiting the generation of impurity phases and Fe 2+ ions. While the relationship between phase structure (phase boundary) and performance improvement was rarely discussed. Yuan et al. [START_REF] Yuan | Structural transformation and ferroelectric-paraelectric phase transition in Bi 1-xLaxFeO3(x=0-0.25) multiferroic ceramics[END_REF] found that with the increase of La doping content, the phase structure of the (Bi,La)FeO 3 ceramic gradually changed from rhombohedral to triclinic and then to pseudo-tetragonal phase, however, the piezoelectric coefficient decreased monotonically with the increase of La doping content. The results suggest that the phase boundary does not greatly affect the electrical properties of BFO ceramics. The evolution of phase structure and piezoelectric coefficient of BFO ceramics doped with different rare earth elements (Eu, Pr, Sm, La, Dy) are shown in Fig. 1.11 [START_REF] Tao | Lead-free rare earth-modified BiFeO 3 ceramics: Phase structure and electrical properties[END_REF] . It can be found that the highest d 33 value can be achieved in doped-BFO ceramics (Eu, Pr, Sm and Dy) with rhombohedral phase. While the physical mechanism of the relationship between the rhombohedral phase structure and enhanced piezoelectricity has not been elucidated.

The substitution of Fe ions at the B-site mainly modifies the magnetic properties of BFO ceramics, and the effect on its ferroelectric properties is less pronounced than that of the A-site substitution. One of the representative element, Sc, can reduce the leakage current of ceramics, which is beneficial to obtain BFO ceramics with a high piezoelectric coefficient (d 33~46 pC/N) [START_REF] Lv | Defect dipole-induced poling characteristics and ferroelectricity of quenched bismuth ferrite-based ceramics[END_REF] . Also, co-substitution of A-and B-site has been widely studied, such as Sm+Sc, La+Ga, and Y+Mn [START_REF] Lv | Defect dipole-induced poling characteristics and ferroelectricity of quenched bismuth ferrite-based ceramics[END_REF][START_REF] Zheng | Effects of site engineering and doped element types on piezoelectric and dielectric properties of bismuth ferrite lead-free ceramics[END_REF][START_REF] Kumar | Anomalous dielectric response with suppression in Neel temperature of Bi 0.9Y0[END_REF] . Overall, cation substitution is beneficial to the preparation of BFO ceramics with a pure phase and low leakage current, which can effectively improve its ferroelectric and electrical properties. However, a large number of studies have shown that it is difficult to obtain the morphotropic phase boundary for BFO ceramics by cation substitution and then the enhancement of their piezoelectric properties is limited, with d 33 ranging from about 40 to 50 pC/N.

Thus, the ABO 3-type perovskite structure is introduced into BFO-based ceramics to further modify their ferroelectric and piezoelectric properties. Among them, the BiFeO3-PbTiO3 (BF-PT) with a rhombohedral-tetragonal phase boundary and the BiFeO 3-BaTiO3 (BF-BT) with a rhombohedral-pseudo-cubic phase boundary are the two typical candidate materials, which will be introduced in detail below. earth elements (Eu, Pr, Sm, La, Dy) [START_REF] Tao | Lead-free rare earth-modified BiFeO 3 ceramics: Phase structure and electrical properties[END_REF] .

Overview of BiFeO3-PbTiO3 ceramics

In the 1970s, Smith et al. [START_REF] Smith | Dielectric properties of solid solutions of BiFeO 3 with Pb(Ti, Zr)O3 at high temperature and high frequency [J][END_REF] first reported xBiFeO3-(1-x)PbTiO3 (xBF-PT) binary solid solution, which attracted the attention of many researchers due to its high Curie temperature and the presence of morphotropic phase boundary. It remains controversial for the position and the width of the MPB in the xBF-PT based ceramics. Earliest, Fedulov et al. [START_REF] Malič | Sintering of lead-free piezoelectric sodium potassium niobate ceramics[END_REF] suggested that the existence of a rhombohedral-tetragonal phase boundary in the xBF-PT system, located at the composition with x~0.66-0.73. In the MPB region, the ceramics exhibit a high Curie temperature up to about 700 °C. Subsequently, in 2003, Woodward et al. [START_REF] Woodward | Crystal and domain structure of the BiFeO 3-PbTiO3 solid solution [J][END_REF] proved that the MPB of the xBF-PT system is located at the composition with x~0.6-0.7 by the analysis of XRD and TEM. The coexistence of lamellar and perturbed domain structures can be obtained in the 0.7BF-0.3PT ceramics with the MPB. In addition, Ye et al. [START_REF] Zhu | Structural and magnetic characterization of multiferroic (BiFeO 3)1-x(PbTiO3)x solid solutions[END_REF] reported the existence of MPB region in the composition with x~0.69-0.83. They revealed for the first time that not only the rhombohedral and tetragonal phase but also the orthorhombic phase was found at the MPB composition, as shown in Fig. 1.12. data and the solid lines are the fitting data [START_REF] Zhu | Structural and magnetic characterization of multiferroic (BiFeO 3)1-x(PbTiO3)x solid solutions[END_REF] .

Bhattacharjee et al. [START_REF] Bhattacharjee | Morphotropic phase boundary in (1-x)BiFeO 3-xPbTiO3: phase coexistence region and unusually large tetragonality[END_REF] systematically studied the phase structure of the xBF-PT system. Firstly, in 2007, they proposed that the MPB of the xBF-PT system is located at the composition with 0.69<x<0.73, and the width of the phase boundary is only 0.03, which is much smaller than that reported previously. Subsequently, the coexistence of the monoclinic phase Cc and the tetragonal phase P4mm were observed in the MPB composition by the powder neutron diffraction [START_REF] Bhattacharjee | Stability of the various crystallographic phases of the multiferroic (1-x)BiFeO 3-xPbTiO3 system as a function of composition and temperature[END_REF][START_REF] Bhattacharjee | Unambiguous evidence for magnetoelectric coupling of multiferroic origin in 0.73BiFeO 3-0.27PbTiO3[END_REF][START_REF] Bhattacharjee | Simultaneous changes of nuclear and magnetic structures across the morphotropic phase boundary in (1-x)BiFeO 3-xPbTiO3 [J][END_REF] . Fig. 1.13

shows the evolution of the phase structure of the BF-PT ceramics before and after annealing. It can be seen that the internal stress of the BF-PT ceramic will lead to an increase in the width of the MPB [START_REF] Bhattacharjee | Effect of stress induced monoclinic to tetragonal phase transformation in the multiferroic (1-x)BiFeO 3-xPbTiO3 system on the width of the morphotropic phase boundary and the tetragonality[END_REF] . Recently, Hooper et al. [START_REF] Hooper | Landau-Devonshire derived phase diagram of the BiFeO 3PbTiO3 solid solution[END_REF] constructed a Landau-Devonshire derived phase diagram of BF-PT binary solid solution, as shown in Figure 1.14. It can be found that the MPB (rhombohedral-tetragonal) is located at 0.696BF-0.304PT. There is controversy in the location of the phase boundary reported in different studies, which is mainly related to the large internal stress of the BF-PT based ceramics. Generally speaking, the grinding, polishing, crushing and annealing processes can have a large impact on the XRD structural characterization.

Figure 1.13 Lattice parameters of (1-x)BF-xPT binary solid solution [START_REF] Bhattacharjee | Effect of stress induced monoclinic to tetragonal phase transformation in the multiferroic (1-x)BiFeO 3-xPbTiO3 system on the width of the morphotropic phase boundary and the tetragonality[END_REF] . solution [START_REF] Hooper | Landau-Devonshire derived phase diagram of the BiFeO 3PbTiO3 solid solution[END_REF] .

It is worth noting that the BF-PT based ceramics near the MPB composition show the largest tetragonality (c/a~1.18), which is much larger than that of the reported ferroelectric oxide perovskite [START_REF] Sunder | Investigation of tetragonal distortion in the PbTiO 3-BiFeO3 system by high-temperature x-ray diffraction[END_REF] . However, the large tetragonality of ferroelectric ceramics leads to the high internal stress occurring at the transition temperature, which makes it different for the preparation of ceramics [START_REF] Kounga | High-temperature poling of ferroelectrics[END_REF] . Besides, such a huge tetragonality of ferroelectric ceramics would suppress the domain switching, which leads to a decrease in piezoelectricity [START_REF] Leist | Effect of tetragonal distortion on ferroelectric domain switching: A case study on La-doped BiFeO 3-PbTiO3 ceramics[END_REF][START_REF] Lynch | The effect of uniaxial stress on the electro-mechanical response of 8/63/35 PLZT [J][END_REF] . Therefore, in order to improve the electrical properties of the BF-PT system, it is necessary to reduce its abnormally large tetragonality c/a.

It is critical to find out the origin of such a huge tetragonality for the improvement of the BF-PT system. Similar to BF-PT, the tetragonality of Bi(Zn,Ti)O 3-PT and Bi(Zn,Nb)O3-PT compounds increases with the decrease of PT content [START_REF] Grinberg | Structure and polarization in the high T c ferroelectric Bi(Zn,Ti)O3-PbTiO3 solid solutions[END_REF][START_REF] Freitas | Structural phase relations in perovskite-structured BiFeO 3-based multiferroic compounds[END_REF] . Matthew et al. [START_REF] Suchomel | Enhanced tetragonality in (x)PbTiO 3-(1-x)Bi(Zn1⁄2Ti1⁄2)O3 and related solid solution systems[END_REF] systematically examined the structure of PbTiO 3-Bi(B1B2)O3 solid solutions, where B1B2 is taken as (Zn1/2Ti1/2) 3+ , (Zn1/2Zr1/2) 3+ , and (Zn1/2Sn1/2) 3+ , respectively, suggesting that only when the B-site is completely filled with ferroelectrically active cations (Ti 4+ , Zn 2+ ) are likely to exhibit a huge tetragonality. They also revealed that the large tetragonal distortions were ascribed from a strong coupling between the A-and B-site off-center distortions. For the BF-PT system, it was shown that the partial covalent character of the Ti/Fe-O and Pb/Bi-O bonds leads to the shorter and longer pairs of bond lengths, which would be a key factor for the large tetragonality. Meanwhile, the ferroelastic coupled with magnetoelectric effect was another possible reason [START_REF] Bhattacharjee | Morphotropic phase boundary in (1-x)BiFeO 3-xPbTiO3: phase coexistence region and unusually large tetragonality[END_REF] . According to the MEM analyses of synchrotron diffraction data and first principles DFT calculations, Yashima et al. [START_REF] Yashima | Evidence for (Bi,Pb)-O covalency in the high T C ferroelectric PbTiO3-BiFeO3 with large tetragonality[END_REF] proposed that the strong hybridization of (Bi,Pb)(6s,6p) and O(2p) orbitals for the BF-PT system was the main origin for its abnormally large tetragonality, as shown in Fig. 1.15. ceramics [START_REF] Yashima | Evidence for (Bi,Pb)-O covalency in the high T C ferroelectric PbTiO3-BiFeO3 with large tetragonality[END_REF] .

Considering the high Curie temperature of the BF-PT system, several works so far have focused on the enhancement of its piezoelectric properties for the high-temperature application. Cheng et al. [START_REF] Cheng | High-field and high-T c piezoelectric ceramics based on Bi(Ga,Fe)O 3-PbTiO3 crystalline solutions[END_REF][START_REF] Cheng | Lanthanum-modified (1-x)(Bi 0.8La0.2)(Ga0.05Fe0.95)O3-xPbTiO3 crystalline solutions: Novel morphotropic phase-boundary lead-reduced piezoelectrics [J][END_REF][START_REF] Cheng | Effects of La substituent on ferroelectric rhombohedral/tetragonal morphotropic phase boundary in (1-x)(Bi,La)(Ga 0.05Fe0.95)O3-xPbTiO3 piezoelectric ceramics [J[END_REF][START_REF] Cheng | Structural and dielectric properties of Ga-modified BiFeO 3-PbTiO3 crystalline solutions[END_REF][START_REF] Chen | Enhanced high-field strain and reduced high-temperature dielectric loss in 0.6(Bi 0.9La0.1)(Fe1-xTix)O3-0[END_REF][START_REF] Li | Enhanced dielectric and piezoelectric properties in BaZrO 3 modified BiFeO3-PbTiO3 high temperature ceramics[END_REF][START_REF] Li | Transmission electron microscopy study of multiferroic (Bi 1-xLax)FeO3-PbTiO3 with x=0.1, 0.2, and 0.3 J[END_REF][START_REF] Ning | Achieving both large piezoelectric constant and high Curie temperature in BiFeO 3-PbTiO3-BaTiO3 solid solution [J][END_REF] have made a large contribution on the modified BF-PT based piezoelectric ceramics, and good progresses were achieved. For example, the doping of Ga 3+ and Mn 2+ can effectively improve the insulation of ceramics; the addition of Ga 3+ increases the resistivity from 10 9 Ωcm by 3 orders of magnitude to 10 12 Ωcm; the addition of La 3+ significantly promotes the rotation of domains and reduces the coercive field, which leads to the high ferroelectric properties; a high piezoelectric coefficient (d33~117 pC/N) and a high Curie temperature (T c~450 ℃) can be obtained in BF-PT ceramics doped with Ti 4+ .

In addition, Zuo et al. [START_REF] Zuo | Influences of dopants on BiFeO 3-PbTiO3 ferroelectric ceramics[END_REF] also compared the effects of different doping elements on the properties of BF-PT systems and found that Ta 5+ , Nb 5+ , and La 3+ ion was more favorable for the preparation of improved electrical resistance ceramics, compared to V 5+ , Li + , and Zn 2+ . According to the results of AC impedance spectroscopy, Ye et al. [START_REF] Zhu | Effects of chemical modification on the electrical properties of 0.67BiFeO 3-0.33PbTiO3 ferroelectric ceramics[END_REF] concluded that the conduction mechanism of BF-PT based ceramics mainly comes from the hopping of electrons between Fe 2+ and Fe 3+ , while the contribution of ion conduction is not significant. For BF-PT-based ternary solid solutions, Fan et al. [START_REF] Fan | Enhanced piezoelectric and ferroelectric properties in the BaZrO 3 substituted BiFeO3-PbTiO3[END_REF] found that the addition of BaZrO3 into BF-PT ceramics could effectively reduce the tetragonality c/a from 1.18 to 1.02, thus promoting the domain switching and increasing their piezoelectric coefficient (d33~270 pC/N). However, BF-PT-BZ system exhibits a low Curie temperature (T c~270 °C), which is not favorable for piezoelectric devices at high temperatures. According to the phase diagram of the BiFeO3-PbTiO3-PbZrO3 ternary system [START_REF] Hu | BiFeO 3-PbZrO3-PbTiO3 ternary system for high Curie temperature piezoceramics[END_REF][START_REF] Hu | Piezoelectric ceramics with compositions at the morphotropic phase boundary in the BiFeO 3-PbZrO3-PbTiO3 ternary system [J][END_REF] , the composition at the MPB with piezoelectric coefficient of 64 pC/N and Curie temperature of 560 ℃ can be achieved in this system. It is worth mentioning that in 2018 Ranjan et al. [START_REF] Narayan | Electrostrain in excess of 1% in polycrystalline piezoelectrics[END_REF] designed BiFeO3-PbTiO3-LaFeO3 ternary solid solutions with an ultrahigh electrostrain (S~1.3 %), which is the maximum strain value reported in polycrystalline ceramics, as shown in Fig. 1.16. They also revealed that the ultrahigh electrostrain is mainly originated from the large spontaneous lattice strain, the domain miniaturization, and the large reverse switching of the non-180° domains.

All in all, BF-PT-based ceramics with unique structures (MPB, ultrahigh c/a) and high Curie temperature are a very promising high-temperature piezoelectric ceramic.

The main issues include: how to suppress the formation of charged defects to improve the insulation of ceramics, how to reduce the tetragonality to improve the domain switching, and how to balance the Curie temperature and the piezoelectric properties.

Figure 16 (a) The unipolar strain-electric-field curve of 0.55Bi1-yLayFeO3-0.45PbTiO3 for different La concentration; (b) The phase diagram of BLF-PT based ceramics [START_REF] Narayan | Electrostrain in excess of 1% in polycrystalline piezoelectrics[END_REF] .

Overview of BiFeO3-BaTiO3 ceramics

The BiFeO3-BaTiO3 binary solid solution with a morphotropic phase boundary is a class of lead-free system with excellent performance. In 2000, Mahesh et al. [START_REF] Kumar | Structure property relations in BiFeO 3/BaTiO3 solid solutions [J][END_REF] studied the variation of the lattice parameters of the BF-BT binary solid solution with BFO content, as shown in Fig. 1.17(a). It can be seen that with the decrease of the BFO content, the structure gradually changes from the rhombohedral phase to the cubic phase and finally transforms to the tetragonal phase. Thus, BF-xBT system has rhombohedral-cubic and cubic-tetragonal phase boundaries, which are located at the BFO content of 67 % and 6 %, respectively. According to the results of the dielectric properties and the differential scanning calorimetry, Leontsev et al. [START_REF] Leontsev | Dielectric and piezoelectric properties in Mn-modified (1-x)BiFeO 3-xBaTiO3 ceramics [J][END_REF] make some corrections on the basis of Mahesh' phase diagram, as shown in Fig. 1.17(b). It

shown that a pseudo-cubic phase appears in the composition range of x~0.25-0.4.

The cubic phase of BF-BT system is identified by the absence of splitting peaks in the XRD pattern, but the XPD only reflects the average structure of the crystal.

Combined with superlattice diffraction spots of rhombohedral from TEM and the analysis of ferroelectric properties, it can be seen that this average cubic structure is not a completely symmetrical structure. In fact, BF-BT ceramics have a structure in which the polar phase distributed in the cubic matrix, this ferroelectric structure defined as a pseudo-cubic phase [START_REF] Wei | Dielectric, ferroelectric, and piezoelectric properties of BiFeO 3-BaTiO3 ceramics [J][END_REF][START_REF] Zhou | Remarkably high-temperature stable piezoelectric properties of Bi(Mg 0.5Ti0.5)O3 modified BiFeO3-BaTiO3 ceramics[END_REF] . In addition, considerable research efforts have been devoted to the improvement of the piezoelectric properties for the BF-BT system [START_REF] Lee | High-performance lead-free piezoceramics with high curie temperatures[END_REF][START_REF] Wei | Dielectric, ferroelectric, and piezoelectric properties of BiFeO 3-BaTiO3 ceramics [J][END_REF][START_REF] Zhou | Remarkably high-temperature stable piezoelectric properties of Bi(Mg 0.5Ti0.5)O3 modified BiFeO3-BaTiO3 ceramics[END_REF][START_REF] Wei | Temperature dependence of the dielectric and piezoelectric properties of xBiFeO 3-(1-x)BaTiO3 ceramics near the morphotropic phase boundary[END_REF] . For example, as mentioned above, the modified BF-BT ceramics prepared by a water-quenching process have a high piezoelectric coefficient while maintaining a high Curie temperature, which is comparable to that of lead-based ceramics [START_REF] Lee | High-performance lead-free piezoceramics with high curie temperatures[END_REF] . The reasons for the enhancement of the ferroelectric and piezoelectric properties for the BF-BT system are similar to those of the BF-PT system, which are mainly derived from a combination of several factors: the formation of morphotropic phase boundary, the reduction of leakage current, and a dense ceramic. It should be pointed out that the BF-BT system with pseudo-cubic structure is often accompanied by large electrostrain and polarization response under an electric field. This feature indicates that the BF-BT system has great application prospects in the fields of electrostrain and energy storage.

Figure 17 (a) Variation of lattice parameters for the BF-BT system [START_REF] Kumar | Structure property relations in BiFeO 3/BaTiO3 solid solutions [J][END_REF] ; (b) Revised phase diagram for the BF-BT system [START_REF] Leontsev | Dielectric and piezoelectric properties in Mn-modified (1-x)BiFeO 3-xBaTiO3 ceramics [J][END_REF] .

In recent decades, particular attentions have been drawn for the ferroelectric capacitors, which have been widely investigated as promising candidates for energy storage devices because of their high energy density and fast charge-discharge capabilities [START_REF] Burn | Energy storage in ceramic dielectrics[END_REF][START_REF] Kwon | Nonlinear dielectric ceramics and their applications to capacitors and tunable dielectrics[END_REF][START_REF] Yao | Homogeneous/inhomogeneous-structured dielectrics and their energy-storage performances[END_REF] . Generally, the energy density of ferroelectric materials mainly derives from the switching of the reversible domain under an electric field, which is calculated by the following equation:

𝑊𝑊 = ∫ 𝐸𝐸𝐸𝐸𝐸𝐸 𝑃𝑃 𝑚𝑚𝑚𝑚𝑚𝑚 0 …(1.2) 𝑊𝑊 𝑟𝑟𝑟𝑟 = ∫ 𝐸𝐸𝐸𝐸𝐸𝐸 𝑃𝑃 𝑚𝑚𝑚𝑚𝑚𝑚 𝑃𝑃 𝑟𝑟 …(1.3) 𝜂𝜂 = 𝑊𝑊 𝑟𝑟𝑟𝑟 𝑊𝑊 …(1.4)
where W and W re represent the total energy density and the recoverable energy density, Pmax and Pr represent the maximum polarization and the remnant polarization at the electric field, η is the energy storage efficiency. Hence, in order to design relevant ferroelectric structures with a high recoverable energy density, the main requirement lies in a large polarization difference △P (△P= P max-Pr) along with a high dielectric breakdown strength (Eb). Lead-free BF-BT based ceramic is an attractive lead-free ferroelectric with a large polarization, which offers exciting opportunities to the energy storage materials. The reversible energy storage density of 1.56 J/cm 3 and 1.66 J/cm 3 can be obtained in the BF-BT-Ba(Mg1/3Nb2/3)O3 and BF-BT-La(Mg 1/2Ti1/2)O3 system, respectively [START_REF] Zheng | Novel BiFeO 3-BaTiO3-Ba(Mg1/3Nb2/3)O3 lead-free relaxor ferroelectric ceramics for energy-storage capacitors[END_REF][START_REF] Zheng | Enhanced energy storage properties in La(Mg 1/2Ti1/2)O3-modified BiFeO3-BaTiO3 lead-free relaxor ferroelectric ceramics within a wide temperature range [J][END_REF] . Li et al. [START_REF] Li | Multifunctionality of lead-free BiFeO 3-based ergodic relaxor ferroelectric ceramics: High energy storage performance and electrocaloric effect[END_REF] investigated the energy storage performance of (Sr0.7Bi0.2)TiO3-modified BF-BT based ceramics with a reversible energy storage density of 1.74 J/cm 3 and a fast discharge time of 25-30 ns, and found that the system shows the ergodic relaxor characteristics. Liu et al. [START_REF] Liu | Novel bismuth ferrite-based lead-free ceramics with high energy and power density [J][END_REF][START_REF] Liu | Designing lead-free bismuth ferrite-based ceramics learning from relaxor ferroelectric behavior for simultaneous high energy density and efficiency under low electric field[END_REF] designed two system, BF-BT-Sr(Al0.5Nb0.5)O3 and BF-BT-Ba(Zn1/2Ta2/3)O3 by the strategy of constructing weakly coupled short-range polar structures. Ultrahigh energy density of 1.74 J/cm 3 can be achieved in the 0.6BF-0.34BT-0.06BZT ceramics, which superior to the previous reports on BFO based ceramics, as shown in Fig. 1.18. The main strategy of these studies is to increase a local compositional disorder in the underlying structures by introducing non-isovalent cations into Aand B-site of BF-PT ceramics. As a consequence, a low remnant polarization and a high reversible energy storage density can be achieved in ferroelectric ceramics. In short, exploiting the energy storage applications for the BF-BT system is a promising work. [START_REF] Liu | Designing lead-free bismuth ferrite-based ceramics learning from relaxor ferroelectric behavior for simultaneous high energy density and efficiency under low electric field[END_REF] .

Chapter 2 Experimental procedures and characterization techniques 2.1 Raw materials

The chemical components for the experiments were selected as high-purity oxide and carbonate raw materials. Specific information about chemical raw materials is shown in Table 2.1. 

Preparation of BiFeO3-based ceramics

The ceramic samples in this experiment were prepared by a conventional solid-state method, and the preparation process is shown in Fig. 2.1. The detailed preparation processes are as follows:

(1) Dry and weight: All raw materials were dried at 120 ℃ for 6 h to evaporate adsorbed water. Then, they were carefully weighted according to the stoichiometric ratio.

(2) One-time ball milling: The starting stoichiometric powders were wet mixed by the planetary ball milling for 8-10 h at 350 r/min, and the anhydrous ethanol is selected as the ball mill medium.

(3) Calcination: After drying, the precursor powders were calcined at 780 °C for 4 hours. The ramping rate is 5 ℃/min.

(4) Second-time ball milling: The resultant powders were ball milled again for 8 hours.

(5) Pressed into pellets: The dried powders were mixed with 8 wt.% polyvinyl alcohol (PVA), then pressed into pellet disks with a diameter of 12 mm and a thickness of 1.5 mm under the uniaxial pressure of 200 MPa.

(6) Remove organics: The pellets were slowly heated at 550 ℃ for 4 h to remove the binder. The ramping rate was 1 ℃/min.

(7) Sintering: The compacts were sintered at the temperature from 980 °C to 1020 °C for 2 hours. The ramping rate is 5 ℃/min. To decrease the volatilization of Bi and Pb, the sintered samples were surrounded by powders of the same composition.

(8) Coated electrode: A layer of silver paste was applied to the ceramic by screen printing, then the organic solvent was removed at a temperature of 720 °C to obtain a ceramic sample plated with electrodes. 

X-ray diffraction (XRD)

XRD technique was used to qualitatively and quantitatively analyze phase structures and unit cell parameters of the BiFeO 3-based ceramics. The XRD experiments were performed on Rigaku D/max-2550V with the wavelength of Cu Kα1 is 0.15406 nm. The test voltage is 40 kV, the current is 30 mA, the scanning step is 0.02°, and the scanning range 2θ is between 10°-90°. The GSAS software based on the Rietveld method was used for the refinement of the XRD patterns to obtain quantitatively the phase structure and unit cell parameters of the ceramic samples. In addition, an XRF diffractometer (Empyrean-Panalytical) was used for the high temperature X-ray diffraction experiments.

Scanning electron microscopy (SEM)

The microscopic morphology and element composition of the BiFeO3-based ceramics were characterized by scanning electron microscopy (SEM). Field emission scanning electron microscope (Hitachi S-4800) was used to characterize the surface morphology and the grain size of ceramics. In addition, an X-ray energy spectrometer (EDS) is used to analyze the element's distribution of the grain and the grain boundary for the ceramic sample, and the content of each element can be obtained quantitatively. In the present work, in order to not change the grain boundary composition, ion beam etching was used to observe the grain and grain boundaries instead of the usual thermal etching method.

Transmission electron microscopy (TEM)

The ferroelectric domain structure of the BiFeO3-based ceramics was characterized using a high-resolution transmission electron microscope (JEOL ARM200F) from Japan, with an accelerating voltage of 200 kV. TEM has a higher magnification and resolution than SEM, which can characterize the fine structure of ceramic samples more clearly. In addition, the instrument is equipped with a selected area electron diffraction (SAED) system to obtain diffraction patterns of the ceramic samples.

Piezoresponse force microscopy (PFM)

Piezoresponse force microscopy (PFM) has been widely used as an effective tool for studying the domain structures in ferroelectrics. 

X-ray photoelectron spectrum (XPS)

XPS is an important tool to study the valence state and content of elements for the materials. The basic principle deals with an X-rays beam irradiating the surface of the material and leading to electrons emission from deep shells. The detection of the X-ray photoelectrons and measuring their energy, we may obtain the binding energy E B according to the equation below:

𝐸𝐸 𝐵𝐵 = ℎ𝜈𝜈 -𝐸𝐸 𝐾𝐾 -𝜙𝜙 …(2.1)
with EK the energy of the photoelectron, hν the energy of the X-ray, and 𝜙𝜙 the work 

Mössbauer spectrum

Mössbauer spectroscopy is based on the recoil-free emission and absorption of gamma rays in solids [START_REF] Park | Composition-dependent magnetic properties of BiFeO 3-BaTiO3 solid solution nanostructures[END_REF] . This technique can provide the information on the hyperfine interactions and the local electronic and magnetic fields at the nucleus. Fig. 

Electrical properties 2.9.1 Dielectric properties

The dielectric properties such as the dielectric constant and loss of the BiFeO 3-based ceramics were measured by the Agilent 4294A impedance analyzer.

The high-temperature dielectric system is based on the impedance analyzer, with a temperature controller and signal acquisition system, as shown in Fig. 2.4. The frequency range is 40 Hz-1 MHz, and the temperature range is room temperature~800 ℃. For the high-temperature dielectric system, the general frequency is 100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz. The relative dielectric constant of the ceramics is calculated from the measured capacitance, and the formula is as follows:

ε = 𝐶𝐶𝐶𝐶 𝜀𝜀 0 𝑆𝑆 …(2.2)
Where C is the capacitance of the test sample (F), ε0 is the vacuum dielectric constant, which is 8. 

Ferroelectric properties

The ferroelectric properties of samples were carried out by using a ferroelectric analyzer (f=10 Hz) at room temperature (Model TF 2000E, aixACCT Samples, Germany). The P-E hysteresis loops are obtained by the improved Sawyer-Tower circuit [START_REF] Jin | Decoding the fingerprint of ferroelectric loops: comprehension of the material properties and structures [J][END_REF] , as shown in Fig. [START_REF] Jin | Decoding the fingerprint of ferroelectric loops: comprehension of the material properties and structures [J][END_REF] .

Piezoelectric properties

After poling, the piezoelectric coefficient d33 On the other hand, the planar electromechanical coupling coefficient kp stands for the coupling between the mechanical energy and electrical energy of the piezoelectric ceramics. The value of kp can be obtained by the resonance-anti-resonance methods. The calculation formula is as follows:

𝑘𝑘 𝑝𝑝 = � 𝑓𝑓 𝑚𝑚 -𝑓𝑓 𝑟𝑟 𝑓𝑓 𝑟𝑟 • n 2 -(1-σ 2 ) 1+σ …(2.3)
Where f r and fa denote the resonant frequency and anti-resonance frequency (Hz), respectively; n is the parameter related to the Poisson's ratio; σ is the Poisson's ratio of the material, which can be obtained by the following equation:

σ = 5.332𝑓𝑓 𝑟𝑟 -1.867𝑓𝑓 𝑟𝑟1 0.6054𝑓𝑓 𝑟𝑟1 -0.1910𝑓𝑓 𝑟𝑟 …(2.4)
where f r1 is the third resonant frequency.

Chapter 3 BF-PT based high Curie temperature ceramics

Introduction

Ferroelectric materials with ABO3 structure, such as barium titanate (BT), lead zirconate titanate (PZT), and Pb(Mg 1/3N2/3)O3-PbTiO3 relaxor ferroelectric, etc., are dominant materials used as capacitors, sensors, actuators and transducers owing to their excellent dielectric and piezoelectric properties [START_REF] Noheda | A monoclinic ferroelectric phase in the Pb(Zr 1-xTix)O3 solid solution[END_REF][START_REF] Acosta | BaTiO 3-based piezoelectrics: Fundamentals, current status, and perspectives[END_REF][START_REF] Zhang | Advantages and challenges of relaxor-PbTiO 3 ferroelectric crystals for electroacoustic transducers-a review[END_REF] . It is commonly known that the working temperature range for piezoelectric devices is limited by their respective Curie temperature (Tc), because of the depolarization and phase transition.

However, the T c of these high-performance ferroelectric ceramics is no more than 400 °C, which would restrict their usage range in high-temperature (>200 °C). On the other hand, up to now, the piezoelectric coefficient (d 33) of high Tc ferroelectric ceramics such as tungsten bronze and bismuth layer structure is normally lower than 100 pC/N [START_REF] Zhang | Piezoelectric materials for high temperature sensors [J][END_REF][START_REF] Shinekumar | High-temperature piezoelectrics with large piezoelectric coefficients[END_REF] . Thus, the requirement for high Tc ferroelectric ceramics with a high piezoelectric coefficient remains an important research task for high-temperature piezoelectric actuators and sensors.

Bismuth ferrite (BiFeO 3, abbreviated as BFO) is an attractive lead-free ferroelectric material owing to the electron configuration of Bi 3+ being similar to Pb 2+

(lone 6s 2 electron configuration). More precisely, BFO ceramics with distorted perovskite structure (space group R3c) exhibit a large ferroelectric spontaneous polarization (~100 μC/cm 2 ) and a high Curie temperature (~830 °C) [START_REF] Catalan | Physics and applications of bismuth ferrite[END_REF] . Meanwhile, BFO ceramics feature a semiconducting nature with a lower bandgap (2.7 eV) at room temperature, and the pure BFO ceramic is difficult to prepare due to the formation of secondary phases such as Bi 2Fe4O9 and Bi25FeO40 during the sintering process [START_REF] Kumar | Ferroelectricity in a pure BiFeO 3 ceramic[END_REF] .

The complex perovskite (BiFeO 3)x-(PbTiO3)1-x (BF-PT) compounds is characterized by a high T c ~630 °C for the composition with 0.27<x<0.31, which recently considered as the most promising high Tc ferroelectric solid solutions [START_REF] Smith | Dielectric properties of solid solutions of BiFeO 3 with Pb(Ti, Zr)O3 at high temperature and high frequency [J][END_REF][START_REF] Zhu | Improved dielectric and ferroelectric properties of high Curie temperature (1-x)BiFeO 3-xPbTiO3 ceramics by aliovalent ionic substitution[END_REF] . However, two main factors restrict their efficient polarization, leading to the low d 33 values. This behavior can be related to BF-PT system in the vicinity of the MPB where a large tetragonality occurs, enhancing the internal compatibility stresses which suppress the domain switching [START_REF] Zhu | Improved dielectric and ferroelectric properties of high Curie temperature (1-x)BiFeO 3-xPbTiO3 ceramics by aliovalent ionic substitution[END_REF] . The other reason is that high leakage current and dielectric loss make it difficult to be proper electrical poled for ceramics. Thus, there is a growing number of reports devoted to d 33 enhancement by site engineering. However, the general principles for its rational use have not yet been well achieved.

In terms of the BF-PT based ceramics, Pb3O4 powder was rarely selected as the starting materials for the preparation of ceramics. Meanwhile, the effects of different lead raw materials on ceramic properties have not yet been realized. Therefore, we chosen both PbO and Pb 3O4 powder as the lead raw materials in the preparation of BF-PT based ceramics. On the one hand, our aim is to investigate the effects on the electrical properties of the ceramics with different lead raw materials, on the other hand, to research the mechanism of high leakage current in BF-PT based ceramics. It turned out that the comprehensive electrical properties of BF-PT(PbO) sample were better than that of BF-PT(Pb 3O4) sample, which was quite different from other reports of lead-based piezoelectric ceramics. A key result from this study was the finding that in terms of the BF-PT based ceramics, the ceramics using Pb3O4 as raw material were more likely to induce the fluctuation of the Fe valence and the oxygen deficiency, resulting in an increase in leakage current.

On the basis of the proper preparation process, we propose to design a structure with a weak tetragonality that enhances the domain switching by introducing Ba 2+ at A-site and Sn 4+ at B-site in BF-PT solutions. From the point of electron configuration aspects, the 6s orbital of Ba 2+ has no lone pair electrons, meanwhile, Sn 4+ has no "3d 0 " electron configuration and hence it is not supposed to be a ferroelectric-active ion.

These A/B-sites substitution ions would decrease the covalent character of A-O and B-O bonds and weaken the long-pair activity, greatly contributing to the reduction of the structure tetragonality. Besides, based on ionic radius considerations, the large ionic radius of Ba 2+ (CN=12, rBa 2+ =1.61 Å) at A-sites compared to that of Bi 3+ (CN=12, rBi 3+ =1.36 Å), could fill the empty space (oxygen cuboctahedra) fully, suppressing the tilt of oxygen octahedra. A relevant strategy concerning the formation of the morphotropic phase boundary was also taken into account in the ternary system.

With the introduction of Ba(Sn 0.2Ti0.8)O3 (cubic phase) [START_REF] Du | Synthesis, characterization, and dielectric properties of Ba(Ti 1-xSnx)O3 nanopowders and ceramics[END_REF] to the BiFeO3 (rhombohedral phase) and PbTiO 3 (tetragonal phase), the complex phase coexistence regions are expected to be obtained in the new system. Here, a novel ferroelectric BiFeO 3-BaTiO3-Ba(Sn0.2Ti0.8)O3 (abbreviated as BF-PT-BST) solid solution was fabricated by a conventional solid-state reaction method. A high piezoelectric coefficient with a high Tc was achieved simultaneously in this new system.

Experimental

In the first subsection, Pb3O4 and PbO as two kinds of lead raw materials have been used for the preparation of 0.55BiFeO3-0.25PbTiO3-0.2Ba(Zr1/4Ti3/4)O3 ceramics (abbreviation as 'BF-PT(PbO)' and 'BF-PT(Pb 3O4)'). In addition, on the basis of proper preparation process, modified BiFeO sample is in the range of 10 to 15 μm, which is larger than the grain size of BF-PT(Pb 3O4) sample (about 5 μm). A possible explanation for the reduction in grain size is that the second phase accumulated at grain boundaries and could inhibit grain growth in the BF-PT(Pb 3O4) system. Similar phenomenon was also observed in other ceramics [START_REF] Hou | Effect of MnO 2 addition on the structure and electrical properties of Pb(Zn1/3Nb2/3)0.20(Zr0.50Ti0.50)0.80O3 ceramics[END_REF] . It will be further discussed below. for ceramics with different lead raw materials. It was found that the tendency of the dielectric loss is similar as a function of frequency for both samples. As illustrated in Fig. 3.2, as the frequency increases, a relaxation peak occurs and corresponds to the dominant effect of the polarization loss. As the frequency continues to increase, the loss caused by both mechanisms decreases with increasing the frequency. The dielectric loss can be described by the following formula:

Effects on the electrical properties of BF-PT based ceramics with different lead raw materials

Phase and microstructure

Dielectric and ferroelectric properties

tanδ = tanδ 𝑝𝑝 + tanδ 𝐺𝐺 = � (𝜀𝜀 𝑠𝑠 -𝜀𝜀 ∞ )𝜔𝜔𝜔𝜔 𝜀𝜀 𝑠𝑠 +𝜀𝜀 ∞ 𝜔𝜔 2 𝜔𝜔 2 � + 𝛾𝛾 𝜀𝜀 0 𝜔𝜔𝜀𝜀 𝑟𝑟 ′ 1 𝜀𝜀 ∞ +(𝜀𝜀 𝑠𝑠 -𝜀𝜀 ∞ ) (1+𝜔𝜔 2 𝜔𝜔 2 ) ⁄ …(3.1)
Where tan𝛿𝛿 represents the dielectric loss, tan𝛿𝛿P and tan𝛿𝛿G represent the polarization loss and the leakage loss. It should be noted that the dielectric loss is almost attributed to the leakage loss at low frequencies (ωτ ≤ 1). In addition, it can be seen that the relaxation peak of BF-PT(Pb 3O4) sample moves towards a high frequency compared with that of BF-PT(PbO) sample, indicating that the dielectric loss caused by leakage current is important in BF-PT(Pb3O4) sample. sample is higher than that of the BF-PT(Pb 3O4) sample in the test temperature range, especially at the phase transition point. It must be mentioned that the reduction of dielectric constant is in agreement with the reduction in the grain sizes which affect the dielectric properties in ceramics as it was intensively investigated [START_REF] Frey | The role of interfaces on an apparent grain size effect on the dielectric properties for ferroelectric barium titanate ceramics[END_REF][START_REF] Ihlefeld | Scaling effects in perovskite ferroelectrics: Fundamental limits and process-structure-property relations[END_REF] .

According to the dielectric mixing rules and brick-wall model, the reduction of grain size leads to a change in the number of grain boundaries, resulting in a decreasing dielectric constant. exhibits a round hysteresis loop, which indicates that the high leakage current is considered to be the dominant factor for the P-E relationship as it was also observed in other ferroelectric materials [START_REF] Jin | Decoding the fingerprint of ferroelectric loops: comprehension of the material properties and structures [J][END_REF][START_REF] Slonopas | Charge transport in bulk CH 3NH3PbI3 perovskite [J][END_REF] . However, for the BF-PT(PbO) sample, the effect of leakage current is small and the real hysteresis loop is more indicative of the domain switching of the ferroelectric materials. It was shown that the leakage current of the BF-PT(PbO) sample is lower than that of BF-PT(Pb 3O4) sample. It should be noted also that the polarization of ceramics by the traditional solid-state synthesis method is usually small compared to thin films, single crystals, or according to the results from theoretical calculations. Therefore, although first-principles calculations indicated that the huge spontaneous polarization in BiFeO3, the spontaneous polarization of BF-PT(PbO) sample is only 20 μC/cm 2 . 

EDS analysis

Why are there such big differences in ferroelectric and dielectric properties for ceramic samples with different lead raw materials? In order to verify the composition of grains and grain boundaries of ceramics, two samples were characterized using SEM equipped with energy dispersive X-ray spectroscopy (EDS).

In this experiment, in order not to change the grain boundary element composition, ion beam etching was used to observe the grain and grain boundaries instead of the usual thermal etching method. The ion beam etching surface images and EDS analysis results of ceramics with different lead raw materials are shown in Fig. 3.5.

We can see that the backscattered electron SEM image of the BF-PT(Pb 3O4) sample has a clear difference in the contrast between grain and grain boundaries, in which the white contrast is shown as grain boundaries. However, the difference in contrast between grains and grain boundaries of the BF-PT(PbO) sample is not clear. A line scan elemental analysis along the grain and grain boundaries in two samples was carried out. It can be seen that there is basically no difference in the elemental composition of grains and grain boundaries for the BF-PT(PbO) sample.

Nevertheless, for the BF-PT(Pb 3O4) sample, the content of Bi increases obviously at the grain boundary, while other elements do not change, indicating that there is a Bi-rich grain boundary phase, corresponding to the white contrast phase of the backscattered electron SEM image.

To further explore elemental composition, we then select the grain and grain boundary respectively for point element analysis (Fig. 3.6). As shown in Table 3.1, all elements can be observed in the ceramics, and the measured atomic percentage in grain is approximately consistent with the stoichiometric ratio. On the contrary, the measured percentage of Bi in grain boundary is significantly higher than the theoretical value. It is confirmed that the second phase deviated from perovskite phase exists at the grain boundary. However, this Bi-rich grain boundary phase is not observed in the XRD patterns, possibly due to the low content of the second phase. shows the core level binding energy spectra of Bi 4f. For both samples, two strong peaks at ~158 and ~163 eV in the XPS spectra correspond to Bi 4f 7/2 and Bi 4f5/2 respectively, which is a characteristic of Bi 3+ [START_REF] Guo | Critical roles of Mn-ions in enhancing the insulation, piezoelectricity and multiferroicity of BiFeO 3-based lead-free high temperature ceramics[END_REF] . Most surprisingly, two weak peaks near the characteristic peak of Bi 3+ are found only in the BF-PT(PbO) sample, which have a smaller binding energy of Bi 3+ , representing the existence of bismuth ion with a lower valence state. This result indicates that Bi ions were reduced partially during the sintering process. Furthermore, it can be seen from the table that the content of this peak is very low (~2 %). A possible explanation is that the bismuth ions with corresponds to the intrinsic O 2-ion in the perovskite ceramic, while the higher binding energy peak (at ~ 531 ev) belongs to the oxygen vacancy [START_REF] Guo | Critical roles of Mn-ions in enhancing the insulation, piezoelectricity and multiferroicity of BiFeO 3-based lead-free high temperature ceramics[END_REF] . The ratio of the fitted peak areas is shown in Table 3 ceramics, and the choice of lead raw materials has not been considered. Lu et al. [START_REF] Lu | Reaction sintering and characterization of lead magnesium niobate relaxor ferroelectric ceramics[END_REF] .

systematically investigated the effects on electric properties of PMN-PT ceramics with different starting materials (Pb3O4 and PbO), demonstrating that the dielectric properties of the PMN(Pb 3O4) sample were higher than that of the PMN(PbO) sample, owing to the pyrochlore phase was suppressed effectively in PMN(Pb 3O4)

sample. The similar results were also observed in PLZT ceramics [START_REF] Zhang | Microstructure and electrical properties of PLZT ceramics from Pb 3O4 as the lead source [J][END_REF] . These were attributed to the fact that the chemical activity of Pb3O4 powder is higher than that of common PbO powder. It is commonly known that the Pb 3O4 will be decomposed to PbO at 560 ℃, as shown in the following chemical formula [START_REF] Boutarfaia | Study of the solid state reaction and the morphotropic phase boundary in Pb(Zr, Ti)O 3-Pb(Fe1/5, Ni1/5, Sb3/5)O3 ceramics[END_REF] :

Pb 3O4→3PbO+1/2O2 …(3.2)
Where the newly generated PbO powder with the fresh surface and small particle size would be beneficial to the sintering behavior and the formation of pure perovskite phase. In terms of the BF-PT based ceramics, the high chemical activity of Pb 3O4 facilitates the formation of Bi-rich second phase at the grain boundary for BF-PT(Pb 3O4) sample, which leads to the smaller grain size compared with BF-PT(PbO) sample. Meanwhile, the concentration of the oxygen vacancy and Fe 2+ ion in BF-PT(Pb 3O4) sample is significantly higher than that in BF-PT(PbO) sample, which exactly confirms the cause of high conductivity in BF-PT(Pb 3O4) sample. from the following analysis outlined below. Indeed, the composition of x=0.3 exhibits a pseudo-cubic (PC) structure, instead of the R structure characterized by a split in the (111) peak. This result is consistent with previous reports on the pseudo-cubic perovskite ceramics [START_REF] Wei | Dielectric, ferroelectric, and piezoelectric properties of BiFeO 3-BaTiO3 ceramics [J][END_REF][START_REF] Zhou | Remarkably high-temperature stable piezoelectric properties of Bi(Mg 0.5Ti0.5)O3 modified BiFeO3-BaTiO3 ceramics[END_REF][START_REF] Kim | A correlation between piezoelectric response and crystallographic structural parameter observed in lead-free (1-x)(Bi 0.5Na0.5)TiO3-xSrTiO3 piezoelectrics [J][END_REF] . an increase of parameter a [START_REF] Bhattacharjee | Morphotropic phase boundary in (1-x)BiFeO 3-xPbTiO3: phase coexistence region and unusually large tetragonality[END_REF] . Firstly, as can be seen from Fig. 3.12(a), the (111) peaks of all samples gradually move toward a lower angle with increasing temperature, indicating an increase in the unit cell volume. This result is related to the lattice expansion at the high temperature.

The splitting of ( 110) and (200) peaks gradually change to the single peaks with the increase of temperature, indicating the evolution from asymmetric to symmetric structure. In order to observe the phase transition process more clearly, Fig. 3.12(b)

shows the Color map of (200) peaks for the ceramics. It can be clearly observed that the phase transition temperature of the BF-PT-0.13BST, BF-PT-0.2BST and BF-PT-0.26BST ceramics are about 500 ℃, 450 ℃ and 400 ℃, respectively. This result shows that the ceramics have a high Curie temperature. In the following, the dielectric properties will be studied to further confirm the Curie temperature of the ceramic samples. 

Dielectric properties

The temperature dependence of dielectric constant and loss tangent of for the perovskite ferroelectric ceramics [START_REF] Abrahams | Atomic displacement relationship to Curie temperature and spontaneous polarization in displacive ferroelectrics[END_REF] . As shown in Fig. 3.13(b), the compositions with high BiFeO3 content show pronounced dielectric loss peaks at high temperature. The drastic increase of the loss tangent at high temperature results from the enhanced contribution from thermally activated conductivity. In addition, with increasing the BST content, the dielectric constant maxima (ε m) rapidly decreased accompanied by a drastic broadening of the dielectric peak. The admixture of (Sn 0.2Ti0.8) 4+ ions in BF-PT would lead to the disordered distribution of different ions (Sn 4+ , Ti 4+ , Fe 3+ ) on the equivalent lattice sites, which may contribute to the relaxor-like behavior [START_REF] Liu | Composition design and electrical properties of (K 0.48Na0.52)NbO3-xLiSbO3}-y{(Bi0.5Na0.5)[END_REF] . In general, perovskite ferroelectrics with pseudo-cubic structures are accompanied by a ferroelectric order at the nanoscale and exhibit the relaxor-like dielectric behaviors [START_REF] Kim | A correlation between piezoelectric response and crystallographic structural parameter observed in lead-free (1-x)(Bi 0.5Na0.5)TiO3-xSrTiO3 piezoelectrics [J][END_REF] . suppresses the domain switching [START_REF] Leist | Effect of tetragonal distortion on ferroelectric domain switching: A case study on La-doped BiFeO 3-PbTiO3 ceramics[END_REF][START_REF] Lynch | The effect of uniaxial stress on the electro-mechanical response of 8/63/35 PLZT [J][END_REF] . With the decrease of tetragonality, To evaluate the comprehensive properties of BST modified BF-PT solutions, the phase structure, tetragonality c/a, ε (@1 kHz), tan𝛿𝛿 (@1 kHz) Tm, Ec, d33, electromechanical coupling factor kp and the strain S of all samples are summarized in Table 3.3. It can be seen that the d33 increases obviously with the phase structure evolving to the MPB regions, then reaches the maximum value 255 pC/N at the composition of BF-PT-0.2BST. Notably, obtaining the maximum piezoelectric constant can be correlated with the transition from MPB 1 (R+T) to MPB2 (PC+T) for this composition as similarly reported in the system Ba(Zr,Ti)O 3-(Ba,Ca)TiO3 [START_REF] Xue | Large piezoelectric effect in Pb-free Ba(Ti,Sn)O 3-x(Ba,Ca)TiO3 ceramics[END_REF][START_REF] Liu | Large Piezoelectric Effect in Pb-Free Ceramics [J][END_REF][START_REF] Gao | Understanding the mechanism of large dielectric response in Pb-free (1-x)Ba(Zr 0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 ferroelectric ceramics [J][END_REF] .

Ferroelectric and piezoelectric properties

The detailed reason will be discussed later in the domain characterization. It is worth noting that the electrostrain increases monotonously with x, while the maximum d33 is obtained in the MPB 1 composition. Similar behavior has been widely reported in the BNT-based ceramics with strong strain responses [START_REF] Liu | Giant strains in non-textured (Bi 1/2Na1/2)TiO3-based lead-free ceramics[END_REF] . The field-induced reversible phase transition from nonpolar to polar state contributes to the high electrostrain. The compositions with x>0.2 contain increased pseudo-cubic phase, where the nonpolar state may dominate in the high BST content samples (x=0.3).

Therefore, although the maximum field-induced strain is obtained in the composition of x=0.3, the reversible domain evolution will lead to a low piezoelectric coefficient

d 33.
The Tc of ferroelectrics decreases due to the weakening of the structural distortion when the BST content increases. In other words, the enhancement of piezoelectric performance is achieved in detriment of a high structural distortion (high T c). Even so, a novel BF-PT based ternary system was designed with a high piezoelectric coefficient while retaining high Curie temperature, compared to other reported systems. 

High thermal stability

In addition, the stability of the piezoelectric performance after a thermal treatment is an important criterion for high-temperature piezoelectric materials. Thus, the variation of d33 values after annealing the high-Tc samples is shown in Fig. 3.17.

Initially, d 33 keeps the stable values with increasing the annealing temperature. Then, a decline of d 33 occurs after annealing at temperatures near Tc, which corresponds to a depolarization temperature (T d) about 450 °C. The Td of BF-PT-BST ceramics are higher than those of other perovskite ceramics, such as commercial PZT-5 (270 °C) or the high-performance BiScO3-PbTiO3 (370 °C) [START_REF] Huang | Revealing the real high temperature performance and depolarization characteristics of piezoelectric ceramics by combined in situ techniques[END_REF] . The best achieved value of d33 value in BF-PT-0.16BST ceramic exceeds 200 pC/N even though the annealing temperature is up to 450 °C, which demonstrates an extremely high-temperature performance. Those results further reveal that the high thermal stability in BF-PT-BST ceramics, which is crucial to the high-temperature application of piezoelectric materials. been previously reported in KNN based ceramics, causing a giant piezoelectric response [START_REF] Xu | Superior piezoelectric properties in potassium-sodium niobate lead-free ceramics[END_REF] . Previous reports revealed that the polymorphic phase regions are favorable for the formation of nanodomains in ferroelectric ceramics [START_REF] Wang | Hierarchical micro-/nanoscale domain structure in MC phase of (1-x)Pb(Mg 1⁄3Nb2⁄3)O3-xPbTiO3 single crystal[END_REF][START_REF] Wang | Temperature-insensitive (K,Na)NbO 3-based lead-free piezoactuator ceramics[END_REF] . The nanodomains aligned in a ferroelectric matrix can facilitate the polarization rotation and enhance the piezoelectric response [START_REF] Theissmann | Nanodomains in morphotropic lead zirconate titanate ceramics: On the origin of the strong piezoelectric effect[END_REF][START_REF] Wang | Temperature-insensitive (K,Na)NbO 3-based lead-free piezoactuator ceramics[END_REF][START_REF] Xu | Superior piezoelectric properties in potassium-sodium niobate lead-free ceramics[END_REF] , which is the main origin of the high piezoelectricity in the BF-PT-0.2BST ceramics. 

Domain configuration

The comparison of d33 versus Tc

The comparison of d33 versus Tc values for other high curie temperature ceramics reported previously is shown in Fig. 3.19 [START_REF] Zhang | Piezoelectric materials for high temperature sensors [J][END_REF][START_REF] Shinekumar | High-temperature piezoelectrics with large piezoelectric coefficients[END_REF][START_REF] Eitel | Preparation and characterization of high temperature perovskite ferroelectrics in the solid solution (1-x)BiScO 3-xPbTiO3 [J][END_REF][START_REF] Hou | Perovskite-structured BiFeO 3-Bi(Zn1/2Ti1/2)O3-PbTiO3 solid solution piezoelectric ceramics with Curie temperature about 700[END_REF][START_REF] Cheng | Effects of La substituent on ferroelectric rhombohedral/tetragonal morphotropic phase boundary in (1-x)(Bi,La)(Ga 0.05Fe0.95)O3-xPbTiO3 piezoelectric ceramics [J[END_REF][START_REF] Fan | Enhanced piezoelectric and ferroelectric properties in the BaZrO 3 substituted BiFeO3-PbTiO3[END_REF][START_REF] Hu | Piezoelectric ceramics with compositions at the morphotropic phase boundary in the BiFeO 3-PbZrO3-PbTiO3 ternary system [J][END_REF][START_REF] Zuo | Anomalously large lattice strain contributions from rhombohedral phases in BiFeO 3-based high-temperature piezoceramics estimated by means of in-situ synchrotron x-ray diffraction[END_REF][START_REF] Kumar | Relaxor dielectric behavior in BaTiO 3 substituted BiFeO3-PbTiO3 multiferroic system[END_REF][START_REF] Joseph | Ferro-/pyroelectric response of 0.57BF-0.31PMN-0.12PT ternary ceramic far away from morphotropic phase boundaries[END_REF][START_REF] Pang | Multiferroic ternary solid solution system of BiFeO 3-NdFeO3-PbTiO3 [J][END_REF][START_REF] Zhou | Dielectric, ferroelectric, and piezoelectric properties of Bi(Ni 1/2Ti1/2)O3-modified BiFeO3-BaTiO3 ceramics with high Curie temperature[END_REF][START_REF] Tressler | Piezoelectric Sensors and Sensor Materials [J[END_REF][START_REF] Zong | Study on A-site cation doping of CaBi 2Nb2O9 with bismuth layered structure[END_REF] . In terms of BF-PT based piezoelectric ceramics, high d 33 were recently achieved by the addition of ABO 3 compound or substitutional doping with the rare earth elements. 

Conclusions

In summary, PbO and Pb3O4 powder as the lead raw materials were used in the preparation of BiFeO 3-PbTiO3 based ceramics. The structure and electrical properties of the ceramics have been analyzed. On the basis of the proper preparation process, a novel modified BiFeO3-based ferroelectric ceramics with both high Tc and high d 33 were prepared by a conventional solid-state reaction process. The main results are summarized below:

(1) It turned out that the comprehensive electrical properties of (2) For the BF-PT-BST system, the incorporation of large ionic radius Ba 2+ at A-site and non-ferroelectric-active Sn 4+ at B-site generated a decrease of the tetragonality degree c/a. A wide multiphase coexistence region was formed with the content of BST ranging from 0.13 to 0.28.

( The hysteresis (P-E) loop reflects the characteristics of ferroelectric domains switching under the electric field. A sufficiently large electric field can make the ferroelectric domains oriented along its defined direction. When a reverse electric field is applied, these ferroelectric domains will be rotating while under positive and negative electric fields, ferroelectrics exhibit a symmetrical P-E loop. However, the anomalous P-E loops are often observed in some hard-doped piezoelectric ceramics, such as Mn-doped Pb(Zr,Ti)O 3, BaTiO3 and (Sr,Pb)TiO3 [START_REF] Li | Peculiar hysteresis loop of Pb(Mn 1/3Nb2/3)O3-Pb(Ti, Zr)O3 ceramics [J][END_REF][START_REF] Du | Large stable strain memory effect in poled Mn-doped Pb(Mn 1/3Sb2/3)O3-Pb(Zr,Ti)O3 ceramics[END_REF][START_REF] Ren | Large electric-field-induced strain in ferroelectric crystals by point-defect-mediated reversible domain switching[END_REF][START_REF] Huang | Dielectric relaxation and pinning phenomenon of (Sr,Pb)TiO 3 ceramics for dielectric tunable device application[END_REF] . It is expressed as "double P-E hysteresis loops with the reduced remnant polarization" and "shifted P-E hysteresis loops along the field axis". These anomalous P-E loops mainly originate from the influence of the interaction between defects and ferroelectric domains in hard-doped ferroelectric ceramics. Based on the different positions of the defects, two models are mainly proposed to explain the interaction of defects dipoles with domains, namely the "volume effect" and the "boundary effect" [START_REF] Zeng | Large strain induced by the alignment of defect dipoles in (Bi 3+ ,Fe 3+ ) co-doped Pb(Zr,Ti)O3 ceramics [J][END_REF][START_REF] Kamel | Poling of hard ferroelectric PZT ceramics[END_REF] . The former describes that the defects in piezoelectric ceramics occupy the lowest energy position in the lattice. According to the symmetry-conforming property of point defects, a defect dipole is formed along the direction of spontaneous polarization.

Under the applied electric field, the defect dipole is not easy to switch and provides a restoring force to switch back the spontaneous polarization. The latter mainly means that the defects are driven by the electric and elastic forces to diffuse to the domain walls or grain boundaries and fix their positions, thereby hindering the motion of the ferroelectric domains.

On the other hand, it is generally believed that there are the defects such as Bi vacancies, oxygen vacancies, and Fe 2+ /Fe 4+ can exist in the BiFeO3-based ceramics, resulting in high leakage current of the ceramics [START_REF] Catalan | Physics and applications of bismuth ferrite[END_REF] . It should be noted that the charged defects not only affect the ferroelectric properties, but also have a significant impact on the behavior of the ferroelectric domain switching. Yuan et al. [START_REF] Yuan | Aging-induced double ferroelectric hysteresis loops in BiFeO 3 multiferroic ceramic[END_REF] investigated the phenomenon of double P-E hysteresis loops in the BiFeO 3 ceramics and concluded that it was related to the restoring force of the defect dipoles. Rojac et al. [START_REF] Rojac | Strong ferroelectric domain-wall pinning in BiFeO 3 ceramics [J][END_REF] found that the charged defects in BiFeO3 ceramics can inhibit domain wall movement and the mobility of the domain walls could be increased by quenching at temperatures higher than the Curie temperature. Geng et al. [START_REF] Geng W R, Tian | Unveiling the pinning behavior of charged domain walls in BiFeO 3 thin films via vacancy defects[END_REF] combined scanning transmission electron microscopy (STEM), electron energy loss spectroscopy (EELS) and piezoresponse force microscopy (PFM) to reveal the pinning behavior of charged domain walls by oxygen vacancies in BiFeO 3 flims. Although many studies have been carried out, the relationship of pinning behavior with poling process, temperature, and electric field is still disputable.

In the previous chapter, we successfully prepared BiFeO 3-PbTiO3-Ba(Sn,Ti)O3

(BF-PT-BST) based high-temperature piezoelectric ceramics with high Curie temperature (T c~500 °C) and high piezoelectric coefficient (d33~200 pC/N), which have very promising applications in the field of high-temperature piezoelectric devices. However, practical applications of piezoelectric devices require consideration of complex external environments (e.g., temperature, electric field, aging, and stress) that affect the ferroelectric and piezoelectric properties of ceramics.

Meanwhile, the BF-PT-BST piezoelectric ceramics with high BiFeO 3 content exhibit the characteristics of domain wall pinning in the hard-doped ceramics, i.e., there are significant differences in the P-E loops for the unpoled and poled ceramics. The unpoled 0.6BF-0.24PT-0.16BST ceramic shows a symmetrical P-E loop. While a pronounced asymmetric P-E loop can be observed in the poled ceramic. After poling, the remnant polarization P r and the maximum polarization Pmax of the poled ceramics increased significantly from 16.7 μC/cm 2 and 26.7 μC/cm 2 to 31.0 μC/cm 2 and 37.6 μC/cm 2 , respectively. At the same time, the positive coercive field E+ of the poled sample is maintained at about 25.6 kV/cm, while the negative coercive field E - increased from 22.6 kV/cm to 32.8 kV/cm. This phenomenon indicates that there is an internal bias field (E i) in the poled 0.6BF-0.24PT-0.16BST ceramics, resulting in the shifted and asymmetric P-E hysteresis loops. The change of P-E hysteresis loops for unpoled and poled ceramics can also be understood from the current-electric field (I-E) loops, as shown in Fig. 4.1(b). After poling, the current peak at the negative electric field is shifted toward the high electric field, which indicates the high electric field for the domain switching. It also can be found that the poled ceramics exhibits a sharp current peak correlated with a large part of domain switching.

Results

The ferroelectric properties for the unpoled and poled ceramics

The formation mechanism of the internal bias field and its influence on the electrical properties have been reported in hard-doped PZT-based ceramics, mostly related to oxygen vacancies. It is well recognized that the formation of internal bias fields is correlated with defect dipoles (e.g., (Fe Zr,Ti [START_REF] Jin | Decoding the fingerprint of ferroelectric loops: comprehension of the material properties and structures [J][END_REF][START_REF] Carl | Electrical after-effects in Pb(Ti,Zr)O 3 ceramics [J][END_REF] . After poling (high temperature and high DC electric field), the oxygen vacancies in the hard-doped piezoelectric ceramics migrate directionally and form defect dipoles arranged in the aligned polarization, creating an internal bias field. The defect dipoles can stabilize the domain configuration due to its low mobility under the electric field [START_REF] Li | Peculiar hysteresis loop of Pb(Mn 1/3Nb2/3)O3-Pb(Ti, Zr)O3 ceramics [J][END_REF][START_REF] Zhang | Reorientation of (Mn Ti ″ -VO •• ) × defect dipoles in acceptor-modified BaTiO 3 single crystals: An electron paramagnetic resonance study[END_REF][START_REF] Warren | Oxygen vacancy motion i perovskite oxides [J][END_REF] . As a result, the shifted P-E hysteresis loops along the field axis can be observed in the poled 0.6BF-0.24PT-0.16BST ceramics. For the BiFeO3-based ceramics, the lattice will inevitably produce oxygen vacancies due to the Bi 2O3 is easy to volatilize at high temperature. It is reported that there are the defects such as Bi vacancies, oxygen vacancies, and Fe 2+ /Fe 4+ that can exist in the BiFeO 3-based ceramics [START_REF] Catalan | Physics and applications of bismuth ferrite[END_REF][START_REF] Rojac | Domain-wall conduction in ferroelectric BiFeO 3 controlled by accumulation of charged defects[END_REF] . Therefore, the defect dipoles such as

′ -V O •• ) • )
(V Bi ′′′ -V O •• ) ′ and (Fe Fe ′ -V O •• )
• can be formed in the BF-PT-BST based ceramics, resulting in a large internal bias field.

Fig. 4.1(c) shows the bipolar electric field induced strain (S-E loops) for the unpoled and poled 0.6BF-0.24PT-0.16BST ceramics. It can be found that the strain is very small (~0.11 %) for the unpoled ceramics and the curve is symmetric.

However, for the poled ceramics, the strain increased significantly to 0.39 %.

Importantly, the S-E loops of the poled ceramics is similar to the P-E loops, showing an asymmetric shape. This phenomenon is also due to the formation of a large internal bias field (~29.9 kV/cm) for the ceramics after poling. It is worth noting that the poled 0.6BF-0.24PT-0.16BST ceramics show a strain memory effect [START_REF] Du | Large stable strain memory effect in poled Mn-doped Pb(Mn 1/3Sb2/3)O3-Pb(Zr,Ti)O3 ceramics[END_REF] , which can reach 0.26 %. On the one hand, the randomly distributed defects have sufficient energy to migrate in the poling direction, resulting in the decrease of the pinning effect. On the other hand, the domain wall density decreases during the poling process, which contributes to the mobility of the domains. As a result, these factors lead to a significant increase in the electrostrain of the ceramics after poling.

Similarly, comparing the unipolar electric field induced strain of the unpoled and poled ceramics, as shown in Fig. 4.1(d), the unipolar strain along with the poling direction increases from 0.10 % to 0.14 % after poling process under an electric field of 55 kV/cm. 

Formation of internal bias field

The XRD patterns of the unpoled and poled 0.6BF-0.24PT-0.16BST ceramic samples are shown in Fig. 4.2. Overall, there is no significant change in the phase structure of the ceramics before and after poling. According to the (200) peak, the fitting results show that the ratio of the rhombohedral (R) and the tetragonal (T) phase content for the ceramics changes slightly from 40/60 to 49/51 after the poling process. This phenomenon was also reported previously in BF-PT based piezoelectric ceramics [START_REF] Zuo | Anomalously large lattice strain contributions from rhombohedral phases in BiFeO 3-based high-temperature piezoceramics estimated by means of in-situ synchrotron x-ray diffraction[END_REF] , where the applied electric field led to a polarization rotation from (100) T to (111)R and a slight increase in the R phase content after the removal of the electric field. It should be noted that the slight increase in the R phase content for the poled ceramics does not cause a large structural phase-change in the material, such as the electric-field-induced phase-changes behavior reported in (Na1/2Bi1/2)TiO3 (BNT) based piezoelectric ceramics [START_REF] Liu | Giant strains in non-textured (Bi 1/2Na1/2)TiO3-based lead-free ceramics[END_REF] . Even if a slight increase in the R phase content will affect the ferroelectric properties of ceramics, it is impossible to make such a significant difference in P-E and S-E loops of the ceramics before and after poling. Therefore, it is reasonable to believe that the main reason for the significant changes in ferroelectric properties before and after poling is the defect dipoles effect. loss for poled ceramics may be related to the migration of oxygen vacancies at high temperatures [START_REF] Huang | The high piezoelectric properties and high temperature stability in Mn doped Pb(Mg 0.5W0.5)O3-Pb(Zr,Ti)O3 ceramics[END_REF] . In addition, the behavior of phase transitions and dipole rotation in ferroelectric ceramics was investigated by the thermally stimulated discharge current (TSDC) [START_REF] Kamel | Poling of hard ferroelectric PZT ceramics[END_REF][START_REF] Horiuchi | A critical phenomenon of phase transition in hydroxyapatite investigated by thermally stimulated depolarization currents [J][END_REF] . Fig. 4.3(b) represents the TSDC curves for the poled 0.6BF-0.24PT-0.16BST ceramic samples, the test temperature range is -50℃ -280 ℃, and the heating rate is 2 ℃/min. A current peak can be observed at about 100 ℃. Combined with the variation of piezoelectric properties after thermal annealing in the previous chapter, it is clear that the 0.6BF-0.24PT-0.16BST ceramics have no intrinsic depolarization effect at about 100 °C. Therefore, the current peak should be related to the defect dipoles formed by oxygen vacancies. It is generally believed that the reorientation of defect dipoles involves the migration of oxygen vacancies. As the temperature rises, the oxygen vacancies can migrate by diffusion and the defect dipoles can be released and then leading to a thermally stimulated discharge current [START_REF] Kamel | Poling of hard ferroelectric PZT ceramics[END_REF] . It should be noted that due to the limitation of the instrument testing temperature (below 300 °C), there is no current peak at the phase transition point (about 500 °C) in the current curve. The combined dielectric temperature spectrum and thermally excited current test results further confirm the presence of defect dipoles within the poled 0.6BF-0.24PT-0.16BST ceramics. A large internal bias field can be generated in the ceramics, which leads to its asymmetrical P-E and S-E loops. Fig. 4.4 shows the leakage current (J-E) curve of the unpoled and poled 0.6BF-0.24PT-0.16BST ceramics. First, the leakage current under 50 kV/cm electric field is less than 10 -6 A/cm 2 , which is lower than other reported BFO-based piezoelectric ceramics [START_REF] Hao | Multiferroic properties in Mn-modified 0.7BiFeO 3-0.3(Ba0.85Ca0.15)[END_REF] . It is worth mentioning that the leakage current of the poled sample is significantly reduced, from 8.0×10 -7 A/cm 2 to 0.18×10 -7 A/cm 2 . This result may be related to the redistribution of the charged defects (oxygen vacancies) at the domain walls during the poling process. Borkar et al. [START_REF] Borkar | Anomalous change in leakage and displacement currents after electrical poling on lead-free ferroelectric ceramics[END_REF] reported a significant reduction in leakage current for the Al-doped (Na,Bi)TiO 3-based piezoelectric ceramics after poling. They suggested that the effective poling process could neutralize the domain pinning and fill the oxygen vacancies at the grain boundaries.

In present work, the analysis of leakage current performance for the ceramics further confirms that the poling process leads to the migration of defects. 

Reorientation of defect dipoles

As discussed before, the reorientation of defect dipoles involves the migration of oxygen vacancies. It is reported that changing the temperature (increasing the temperature) or the electric field (decreasing the frequency) can make it easier for the migration of oxygen vacancies, thus leading to the reorientation of defect dipoles.

To verify the effect of temperature on the defect dipoles and the internal bias with increasing the temperature. The reason is mainly due to the oxygen vacancies having a large energy to migrate at high temperature, resulting in the rearrangement of defect dipoles with the direction of the applied electric field. In this case, the defect dipoles of the poled ceramics would be decoupled, so that the internal bias field disappears and the shape of P-E and S-E loops becomes symmetrical. On the other hand, the frequency of the applied electric field also has an important effect on the defect dipoles. kV/cm, and the P r increases from 24.3 μC/cm 2 to 38.9 μC/cm 2 . Under the high-frequency applied electric field, the defect dipoles haven't a sufficient time to switch due to the slow migration of oxygen vacancies. However, as the frequency decreases, the defect dipoles have enough time to follow the direction of the electric field. Therefore, the corresponding internal bias field decreases and the shape of P-E and S-E loops becomes symmetrical. In this experiment, the internal bias field still exists in the poled ceramics at low frequencies (0.01 Hz), which may be related to the fact that the applied electric field frequency is not low enough. 

Comparison of internal bias fields for BF-PT-xBST ceramics

The It can be seen that with the increase of the BST doping content, E i of the poled BF-PT-xBST ceramics gradually decreases, from 38.2 kV/cm at x=0.13 to 6.9

kV/cm at x=0.3. Also, the strain memory reflecting the characteristics of the defect dipoles in poled ceramics gradually decreases from 0.38 % at x=0.13 to 0.10 % at x=0.3, as shown in Fig. 4.10(b).

As mentioned earlier, defects such as Bi vacancies, oxygen vacancies, and Fe 2+ /Fe 4+ are generated in the BiFeO3-based ceramics during the preparation process [START_REF] Catalan | Physics and applications of bismuth ferrite[END_REF] . The directional arrangement of these charged defects produces an internal bias field, which causes the strong asymmetric P-E loops in the poled ceramics. In the present work, BF-PT-xBST ceramics with different BST doping content exhibit significantly different phenomenon in hysteresis loops for unpoled and poled ceramics, which may be related to the concentration of charged defects in the ceramics. It is reasonable to suggest that the content of Bi 3+ ions and Fe 3+ ions decreases with the increase of BST doping content, which reduces the concentration of charged defects caused by Bi volatilization and the fluctuation of Fe valence state.

Therefore, the normal hysteresis P-E loops are observed in the poled BF-PT-xBST ceramics with high BST doping content. This result has been reported previously in other systems. Huang et al. [START_REF] Huang | Dielectric relaxation and pinning phenomenon of (Sr,Pb)TiO 3 ceramics for dielectric tunable device application[END_REF] found that the difference in the oxygen vacancies content leads to the variation of defect dipoles, which affects the pinning phenomenon of Sr 1-xPbxTiO3 system. In general, as the temperature increases, the transformation of nonergodic to ergodic relaxor state will occur. Also, the polar nanometer-sized regions (PNRs) will be distributed and exist in an ergodic relaxor state, resulting in a thin hysteresis loop for the ceramics [START_REF] Zhao | Large strains accompanying field-induced ergodic phase-polar ordered phase transformations in Bi(Mg 0.5Ti0.5)O3-PbTiO3-(Bi0.5Na0.5)TiO3 ternary system [J][END_REF] . Therefore, the increase of Pmax and the decrease of P r with increasing temperature for ceramics may be related to the increase of the ergodic relaxor phase. In addition, it should be noted that the high temperature provides higher thermal fluctuation to the polarization order parameter, which causes a decrease in the coercive field of the ferroelectric ceramics [START_REF] Yimnirun | Temperature scaling of ferroelectric hysteresis in hard lead zirconate titanate bulk ceramic[END_REF] .

Variation of ferroelectric properties with temperature

However, the E c of the samples with x = 0.1-0.18 increases slightly with increasing temperature, which may be related to the hysteresis loops not being fully opened at room temperature. The temperature-dependent unipolar S-E loops of the unpoled (0.76-x)BF-0.24PT-xBST ceramics are shown in Fig. 4.12(a), the test electric field is constant at 40 kV/cm. The unipolar strain of all samples increases with the temperature. In particular, the increase in the strain for ceramics with low BST content at high temperatures is significantly higher than that of samples whit high BST content. For the sample with x=0.18, the unipolar strain increases from 0.005 % at 20 ℃ to 0.215 % at 180 ℃ under an electric field of 40 kV/cm. The significant increase of the strain with increasing temperature may be attributed to the decrease of the coercive field and the weakening of the domain wall pinning effect at high temperatures. For the samples with high BST doping , the unipolar strain does not vary substantially with the temperature and remain at about 0.2 %. For these samples, most of the ferroelectric domains are able to orient with the electric field and then leading to a large electrostrain at room temperature. 

Model building

It is generally believed that the diffusion of charged defects to domain walls or grain boundaries will pin the domain walls and inhibit the motion of ferroelectric domains. This is due to the presence of the local strain field in the domain walls and discontinuous polarization, which causes an interaction between the domain walls and the randomly distributed charged defects [START_REF] Damjanovic | Stress and frequency dependence of the direct piezoelectric effect in ferroelectric ceramics[END_REF] . For the BiFeO3-based piezoelectric ceramics, mobile charge carriers such as oxygen vacancies can diffuse into the non-neutral domain walls and cause the pinned domain walls [START_REF] Baek | The nature of polarization fatigue in BiFeO 3[END_REF] . Fig. 4.13

shows the model of the defect pinning effect in BF-PT-BST based ceramics. At high temperature, the ceramic is in the paraelectric phase, that is, there is no polarization orientation inside the ceramic, corresponding to the state Fig. According to the symmetry-conforming property of point defects [START_REF] Ren | Large electric-field-induced strain in ferroelectric crystals by point-defect-mediated reversible domain switching[END_REF] , the direction of P D should be consistent with the direction of PS due to the presence of restoring force. At this time, most of the domains inside the ceramic are stabilized along the direction of the poling electric field, as shown in Fig. 4.13(c). When the direction of the applied electric field coincides with the direction of poling, the ferroelectric domains of the ceramics will be oriented along the electric field direction, resulting in large polarization intensity and electrostrain. At the same time, the defect dipoles are not easy to rotate and form a stable internal bias field to stabilize the domain structure, as shown in Fig. 4. 13(d) and (e). 

Conclusions

In summary, BF-PT-BST ceramics were prepared by a solid-state reaction method. The effects of the poling process, temperature, and electric field on the P-E loops and the S-E loops were studied. Combining the phase structure, dielectric, leakage current and thermally stimulated discharge current properties for the unpoled and poled ceramics, a qualitative model is developed to explain the pinning phenomenon of BF-PT-BST based piezoelectric ceramics. The main results are summarized below:

(1) For the 0.6BF-0.24PT-0.16BST ceramics, the poling process leads to the shifted and asymmetric P-E and S-E loops. Specifically, after poling, the maximum polarization P max and the remnant polarization Pr of the ceramics increase significantly from 16.7 μC/cm 2 and 26.7 μC/cm 2 to 31.0 μC/cm 2 and 37.6 μC/cm 2 , respectively. Also, the bipolar electrostrain (55 kV/cm) increased from 0.11 % to 0.39 %. These results are related to the formation of the defect dipole for the poled ceramics. The defect dipoles are not easy to rotate and form a stable internal bias field E i to stabilize the domain structure.

(2) The reorientation of defect dipoles involves the migration of oxygen vacancies.

With increasing the temperature or decreasing the electric field frequency, the shape of P-E and S-E loops for the poled ceramics gradually changes from asymmetric to symmetric with a decrease of the internal electric field E i. The reason is that the high temperature or low electric field frequency can facilitate the migration of oxygen vacancies, thus leading to the reorientation of defect dipoles.

(3) With the decrease of BiFeO3 content, the difference in ferroelectric properties gradually disappeared and Ei decreases for the unpoled and poled BF-PT-BST ceramics. For the poled BF-PT-xBST ceramics, E i gradually decreases, from 38.2

kV/cm at x=0.13 to 6.9 kV/cm at x=0.3. Also, the strain memory gradually decreases from 0.38 % at x=0.13 to 0.10 % at x=0.3. This may be related to the decrease of the concentration of charged defects for the ceramics with low BiFeO 3 content.

(4) The variation in the P-E loops with the temperatures is significantly different for the BF-PT-xBST ceramics with different BST doping contents. Thus, for low BST doping content, the values of P max and Pr both increase with increasing temperature.

While the value of Pr decreases for the ceramics with high BST doping content. The significant increase of the strain with increasing temperature may be attributed to the decrease of the coercive field and the weakening of the domain wall pinning effect at high temperature.

Chapter 5 Effect on electrical properties of

Mn-doped 0.7BF-0.3PT ceramics

Introduction

The practical application of piezoelectric ceramics should not only consider their piezoelectric properties, but also focus on whether the material has a high resistivity and low leakage current. On the one hand, piezoelectrically induced charges will drain off before they are detected due to the high leakage current. On the other hand, a high conduction limits the poling effect for the ceramics.

BiFeO 3-PbTiO3 (BF-PT) based ceramics with the morphotropic phase boundary (MPB) show a high Curie temperature have been mentioned in the previous two chapters, which offers exciting opportunities as high-temperature piezoelectric ceramics. However, this system exhibits a large leakage current at high temperatures, which severely limits its normal operation as a piezoelectric device. Therefore, it is critical to reduce the leakage current of BF-PT based piezoelectric ceramics.

Cation substitution is an effective method to increase the resistivity of the BF-PT system. It was found that the resistivity of BF-PT based ceramics increased by three orders of magnitude from 10 9 Ωcm to 10 12 Ωcm by doping with Ga 3+ , which was attributed to the suppression of Fe valence fluctuations and the reduction of oxygen vacancy concentration [START_REF] Cheng | Structural and dielectric properties of Ga-modified BiFeO 3-PbTiO3 crystalline solutions[END_REF] . In addition to Ga 3+ , the doping of Ta 5+ , Nb 5+ , and La 3+ is also beneficial for the preparation of dense and highly resistive BF-PT based piezoelectric ceramics [START_REF] Zuo | Influences of dopants on BiFeO 3-PbTiO3 ferroelectric ceramics[END_REF] . According to the results of AC impedance spectroscopy, Ye et al. [START_REF] Zhu | Effects of chemical modification on the electrical properties of 0.67BiFeO 3-0.33PbTiO3 ferroelectric ceramics[END_REF] concluded that the conduction mechanism of BF-PT based ceramics mainly comes from the hopping of electrons between Fe 2+ and Fe 3+ , while the contribution of ion conduction is not significant. These studies generally attribute the high leakage current of the BF-PT system to factors such as the fluctuations of Fe valence state (Fe 3+ →Fe 2+ ) and the formation of oxygen vacancy. The third chapter of this paper also reported that the high concentrations of Fe 2+ and oxygen vacancy can be observed in the samples with high leakage current by using XPS analysis.

Meanwhile, Rojac et al. [START_REF] Rojac | Domain-wall conduction in ferroelectric BiFeO 3 controlled by accumulation of charged defects[END_REF] used aberration-corrected scanning transmission electron microscopy (STEM) coupled with EELS analysis to show the accumulation of charged defects (Fe 4+ and Bi vacancy) at domain walls in BFO-based ceramics.

The main mechanism of conductivity is p-type hopping conduction involving Fe 4+ (Fe 𝐹𝐹𝑟𝑟 • ) and Fe 3+ (Fe 𝐹𝐹𝑟𝑟 X ). Similarly, density functional theory calculations also indicated that the p-type conduction of BFO is mainly related to the unoccupied gap state of Fe 4+ in an FeO5 pyramid caused by the Bi vacancy [START_REF] Matsuo | Switchable diode-effect mechanism in ferroelectric BiFeO 3 thin film capacitors[END_REF] . Therefore, there are still some controversies about the mechanism of leakage conduction in the BFO-based ceramics.

On the other hand, it was reported that improved electrical properties (low leakage current) can be achieved in the Mn-doped BFO ceramics. In general, when oxygen vacancy exists in ceramic samples, Mn can act as a hole acceptor to reduce the oxygen vacancy concentration. Meanwhile, Mn and Fe at B-site can exhibit various valence states in the Mn-doped BFO ceramics to stabilize the perovskite structure [START_REF] Guo | Critical roles of Mn-ions in enhancing the insulation, piezoelectricity and multiferroicity of BiFeO 3-based lead-free high temperature ceramics[END_REF][START_REF] Yoneda | Electronic and local structures of Mn-doped BiFeO 3 crystals[END_REF] . However, there is a lack of studies on the Mn-modified BF-PT system, especially the explanation of the leakage conduction mechanism of this system.

Based on the above research background, the chapter mainly systematically studied the structure and electrical properties of 0.7BF-0.3PT+xwt%MnCO 3 (x=0, 0.15, 0.3, 0.45) ceramic samples. First, the phase structure and the grain size of the ceramics were characterized by the XRD and SEM. Dielectric spectrum and AC impedance spectroscopy were used to study the abnormal dielectric relaxation phenomenon of the system. At the same time, the ferroelectric properties of different Mn-doped ceramic samples were analyzed. In particular, the leakage currents of different Mn-doped ceramic samples were fitted to derive the conduction mechanism.

The valence state of Fe in the ceramics was analyzed by the Mössbauer spectrum, which corresponds to the conduction mechanism of the BF-PT system.

Experimental

0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ferroelectric ceramics (abbreviated as BF-PT) were prepared by a solid state reaction method. The detailed preparation process is shown in Chapter 2 of this thesis. It should be pointed out that Mn is added to the ceramic powders as an additive, that is, a certain mass fraction of MnCO 3 is added to the calcined powders for the second ball milling process, and then sintered into a bulk ceramic. (200) T peaks of the tetragonal phase. It can be seen that with the doping of Mn, the (002) T peak gradually moves to a higher angle, indicated the decrease of the lattice parameter c. Interestingly, the (200) T peak shifts first to a low angle and then to a high angle. That is, the (200) T peak of the sample with 0.15wt% Mn shifts to a low angle, but as increasing Mn content to 0.3 and 0.45 wt.%, the (200)T peak shifts to a higher angle. It indicates that with the increase of Mn content, the lattice parameter a of the ceramics increases first and then decreases. This result is also verified by the calculated lattice parameters of ceramics, as shown in Fig. 5.2. Since the radii of Mn ions are close to the radius of Ti 4+ ions and Fe 3+ ions at the B site (rMn 2+ =0.67 Å, rMn 3+ =0.65 Å, rMn 4+ =0.53 Å, rFe 3+ =0.65 Å, rTi 4+ =0.61 Å) and smaller than the radius of Bi 3+ ions and Pb 2+ ions at the A site (rBi 3+ =1.03 Å, rPb 2+ =1.19 Å), so the doping of Mn ions should enter the lattice B-site for the BF-PT system. It is generally accepted that 2+, 3+ and 4+ valence states of Mn ions can exist in the Mn-doped BFO ceramics, while the addition of Mn will lead to a change in the Fe valence state [START_REF] Yoneda | Electronic and local structures of Mn-doped BiFeO 3 crystals[END_REF] .

Results

Phase and microstructure

Therefore, the lattice parameter does not change monotonously, which may be related to the different ion radius caused by the change in the element valence.

On the other hand, it can be seen from Fig. 5.2 that all samples have a very large tetragonality c/a, and the pure 0.7BF-0.3PT ceramic has a c/a ratio as high as 1.18, which is much larger than the other reported perovskite-type ferroelectrics.

This result is similar to those previously reported [START_REF] Sunder | Investigation of tetragonal distortion in the PbTiO 3-BiFeO3 system by high-temperature x-ray diffraction[END_REF] , where the (1-x)BF-xPT system has a very large tetragonal distortion at x = 0.27 to 0.31, which may be related to the partial covalent character of the Ti/Fe-O and Pb/Bi-O bonds in this system [START_REF] Bhattacharjee | Morphotropic phase boundary in (1-x)BiFeO 3-xPbTiO3: phase coexistence region and unusually large tetragonality[END_REF] . The doping of Mn only slightly changes the lattice parameters of the BF-PT system, and the doped ceramics still have very large tetragonal distortion. μm. This apparently small grain size is consistent with that reported in other BF-PT ceramics [START_REF] Woodward | Crystal and domain structure of the BiFeO 3-PbTiO3 solid solution [J][END_REF] , which may be related to its large tetragonality. In addition, the energy-dispersive X-ray spectroscopy (EDS) analysis was used to get a clear view of the elemental distribution in the ceramic samples. 

Dielectric properties of ceramics

Fig. 5.5(a) shows the dielectric constant as a function of frequency for 0.7BF-0.3PT+xwt%MnCO 3 (x=0, 0.15, 0.3, 0.45) ceramics at room temperature. It can be seen that all the ceramics show the same variation, that is, as the frequency increases, the dielectric constant of ceramics decreases. Compared with the pure 0.7BF-0.3PT ceramic samples, the dielectric constant with frequency of the Mn-doped ceramics exhibits a flatter curve. Meanwhile, the dielectric constant of the pure 0.7BF-0.3PT ceramics is significantly higher than that of the Mn-doped ceramics, especially in the low frequency range. The dielectric constant decreases from 320 to 250 with the addition of Mn in the ceramics at the test frequency is 50

Hz. Fig. 5.5(b) shows the dielectric loss as a function of frequency for samples.

Similar to the dielectric constant, the loss of the pure BF-PT ceramic at low frequency is significantly higher than that of the Mn-doped ceramic. In general, the dielectric loss of ferroelectric ceramics involves the polarization loss and the conductive loss, while at low frequency it mainly originates from the contribution of leakage loss. Therefore, the pure BF-PT ceramics exhibit a large dielectric loss of more than 10 % at the frequency of 100 Hz, indicating the poor insulation and the large leakage current. The doping of Mn in BF-PT ceramics significantly reduces the dielectric loss, which is beneficial to the characterization of its ferroelectric properties. The leakage current of different ceramic samples will be analyzed in detail later. MHz. There is a little difference of the Curie temperature for the samples with different compositions. This system exhibits a high Curie temperature, exceeding 600 ℃, which is related to its large tetragonality. It should be noted that the dielectric-temperature curve of the pure BF-PT ceramic samples have a significant "lift" around 200 ℃ compared to the Mn-doped samples, indicating that the poor stability of the dielectric constant with temperature. This feature is not in favor of its application as a piezoelectric device in the high temperature environments. With the doping of Mn, the improved stability of the dielectric constant can be achieved in the samples. Fig. 5.6(b) shows the dielectric loss as a function of temperature for ceramic samples. It can be seen that there is a peak around 600 °C, corresponding to the phase transition. In addition, similar to the results from the dielectric-temperature curves, the pure BF-PT ceramics exhibit poor stability of the dielectric constant. As the temperature increases, the dielectric loss increases significantly, which is caused by the increase in thermally activated conductivity. To further investigate the anomalous plateau around 200 °C in the dielectric-temperature curves, the measurement on the temperature dependence of dielectric loss at different frequencies for the pure 0.7BF-0.3PT ceramics were carried out, as shown in Fig.

5.6(c).

A relaxor-like dielectric anomaly in the temperature range of 30 °C-250 °C and the frequency range of 100 Hz-1 MHz can be observed from the inset. The loss peak shifts to higher temperature with increasing frequency, and the corresponding loss values gradually increase. This is a characteristic of thermally activated relaxation, which has been reported in many systems [START_REF] Wang | Origin of high-temperature relaxor-like behavior in CaCu 3Ti4O12 [J][END_REF][START_REF] Wang | High-temperature dielectric relaxation in Pb(Mg 1/3Nb2/3)O3-PbTiO3 single crystals [J][END_REF] . It implies that the existence of a dielectric anomaly below the Curie temperature that is related to the thermally activated relaxation process, which is independent of the phase transition. where the Econd is the activation energy for the conduction. From the linear fitting of ln(σ DC)~1/T shown in Fig. 5.8(b), the calculated conduction activation energy Econd is 0.92 eV. It is generally accepted that the relaxation mechanism is determined by a dipolar conduction process when the value of E relax is higher than that of Econd. While if the relaxation is determined by a trap-controlled or hopping conduction, the value of Erelax will be less than that of Econd [START_REF] Wang | Dielectric relaxation and electrical properties of 0.94Pb(Fe 1⁄2Nb1⁄2)O3-0.06PbTiO3 single crystals[END_REF][START_REF] Ang | Oxygen-vacancy-related low-frequency dielectric relaxation and electrical conduction in Bi:SrTiO 3 [J][END_REF] . The sample with a higher value of conduction activation energy (E relax<Econd), indicating the relaxation should be related to the trap-controlled conduction. For the BF-PT system, the oxygen vacancy can be generated by the volatilization of Bi 2O3 at the A-site, as shown in equations

(5.3) and (5.4).

O O X ⇔ 1/2O 2 + 2e ′ + 𝑉𝑉 O .. …(5.3) 2Bi Bi X + 3O O X ⇔ 2𝑉𝑉 Bi ′′′ + 3𝑉𝑉 O .. + Bi 2 O 3 (g) …(5.4) 𝑉𝑉 O ⇔ 𝑉𝑉 O . + 𝐹𝐹 ′ …(5.5) 𝑉𝑉 O . ⇔ 𝑉𝑉 O .. + 𝐹𝐹 ′ …(5.6)
Meanwhile, the ionization of the oxygen vacancy will create the conducting electrons, according to equations (5.5) and (5.6). The activation energy of electron hopping (<0.3 eV), single-ionized oxygen vacancies (0.3-0.5 eV) and doubly-ionized oxygen vacancies (0.6-1.2 eV) can be obtained in previous reports. Depending on the value of activation energy, doubly-ionized oxygen vacancies are considered to be responsible for the dielectric relaxation in the BF-PT system. It can be concluded that the dielectric relaxation behaviors are attributed to the short-range hopping of the oxygen vacancies, while the long-range motion of doubly-ionized oxygen vacancies causes the conduction. The same relaxation behaviors have been reported

in other systems [START_REF] Wang | Origin of high-temperature relaxor-like behavior in CaCu 3Ti4O12 [J][END_REF][START_REF] Wang | High-temperature dielectric relaxation in Pb(Mg 1/3Nb2/3)O3-PbTiO3 single crystals [J][END_REF][START_REF] Wang | Dielectric relaxation and electrical properties of 0.94Pb(Fe 1⁄2Nb1⁄2)O3-0.06PbTiO3 single crystals[END_REF] . kV/cm, which is much higher than that of other ferroelectric ceramics. It was reported that a large tetragonality c/a didn't favor the rotation of domains, which will lead to a large E c. Therefore, it can be concluded that the large Ec of the BF-PT system is related to its large tetragonality, which makes it difficult to accurately characterize the ferroelectric properties of ceramics. With the addition of Mn, the field E c of the ceramics decreases slightly, but still has a very large value (>40 kV/cm). In addition, the P r of the ceramics gradually decreases, from 8.6 μC/cm 2 for the undoped sample to 3.7 μC/cm 2 for the ceramics doped with 0.45 wt.% Mn. gradually increases. In particular, compared with the Mn-doped samples, the leakage current density of the pure 0.7BF-0.3PT ceramics increases sharply with the electric field. When the electric field is 75 kV/cm, the leakage current density is as high as 12 μA/cm 2 . With the addition of Mn, the leakage current density of the ceramics first decreases and then increases. When the Mn doping content is 0.15 wt.%, the ceramics exhibit the lowest leakage current density (0.25 μA/cm 2 at 75 kV/cm), which is two orders of magnitude less than that of the pure 0.7BF-0.3PT ceramics and also significantly lower than that of the previously reported BFO-based ceramics [175, 176] . On the contrary, the leakage current density of ceramics with high Mn content increases, which may imply that the different leakage current mechanisms can be found in the ceramics with different Mn contents. The leakage currents at different temperatures for the 0.7BF-0.3PT ceramics are shown in Fig. 5.10(b). It can be seen that the leakage current density of the ceramics increases significantly with the temperature, indicating the high leakage conduction at high temperature, which is consistent with the increase in a dielectric loss at high temperature. To investigate the leakage conduction mechanism of the BF-PT system, the logJ~logE curves of ceramic samples are shown in Fig. 5.11. Firstly, for the pure 0.7BF-0.3PT ceramics, the slop at low electric field is 2.05, corresponding to the space charge limited current (SCLC) mechanism. In this case, the leakage current density and electric described by the formula:

Ferroelectric properties of ceramics

Leakage conduction of ceramics

J=9με 0εrE 2 /8d …(5.7)
where ε0 is the dielectric constant of free space, εr is the dielectric constant, 𝜇𝜇 is the carrier mobility, and d is the thickness. Meanwhile, the slop at high electric field is 3.81, indicating the trap filled limited current (TFL) mechanism [START_REF] Zhu | Resistive switching effect and conduction mechanism of BiFeO 3 thin films[END_REF][START_REF] Borkar | Near room temperature bismuth and lithium co-substituted BaTiO 3 relaxor ferroelectrics family [J][END_REF] . For ceramics doped with low contents Mn (x=0.15, 0.3), the slopes at low electric fields are 0.82, 0.86, respectively, as shown in Fig. 5.11(b) and (c), corresponding to the Ohmic conduction. As the electric field increases, SCLC conduction is dominant for the ceramics with the composition of x=0.15, 0.3. The addition of Mn leads to a change in the leakage conduction mechanism of the BF-PT system, which may be related to the concentration of traps, i.e. oxygen vacancies in the ceramics. It was reported that Mn can act as a hole acceptor to reduce the oxygen vacancy concentration in BFO-based ceramics [START_REF] Yoneda | Electronic and local structures of Mn-doped BiFeO 3 crystals[END_REF][START_REF] Liu | Tailoring domain structure through manganese to modify the ferroelectricity, strain and magnetic properties of lead-free BiFeO 3-based multiferroic ceramics[END_REF] . In the present work, with the trace doping of Mn, the concentration of oxygen vacancies is reduced and the leakage conduction mechanism is changed, which results in a significant decrease in leakage current. In addition, the ceramics with the composition of x=0.45 exhibit Ohmic conduction behavior during the whole measurement region, which may be related to the fact that the high content of Mn doping changes the valence state of the B-site ions and generates more free carriers. The leakage conduction mechanisms of the investigated ceramics are shown in Table 5.1. [START_REF] Chauhan | Substitution driven structural and magnetic properties and evidence of spin phonon coupling in Sr-doped BiFeO 3 nanoparticles[END_REF][START_REF] Peng | The interplay of phases, structural disorder and dielectric behavior in Al doped BiFeO 3-BaTiO3 ceramics [J][END_REF] . Table 5.2 shows the mean refined values of hyperfine parameters obtained from Mössbauer spectrum. Generally, the valence state of Fe can be determined by the isomer shift IS values. For the ceramics with composition of x=0, 0.15, 0.3, the IS values are about 0.24-0.54 mm/s, corresponding to the Fe 3+ ions [START_REF] Chauhan | Substitution driven structural and magnetic properties and evidence of spin phonon coupling in Sr-doped BiFeO 3 nanoparticles[END_REF] . The dominancy of Fe 3+ oxidation state can be obtained in the ceramics doped with low Mn content. When the Mn doping content is 0.45 wt%, three values of the IS appeared: 0.06 mm/s, 0.39 mm/s, and 1.23 mm/s, corresponding to Fe 4+ , Fe 3+ , and Fe 2+ ions, respectively [START_REF] Chauhan | Substitution driven structural and magnetic properties and evidence of spin phonon coupling in Sr-doped BiFeO 3 nanoparticles[END_REF][START_REF] Lebeugle | Room-temperature coexistence of large electric polarization and magnetic order in BiFeO 3 single crystals[END_REF] , and with relative contents of 48 %, 37 %, and 15 %. This result indicates that the excessive Mn doping leads to the partial reduction and partial oxidation of Fe 3+ ions in the ceramics. It is generally believed that in Mn-doped BiFeO3-based ceramics, Mn can act as a hole acceptor to reduce the oxygen vacancy concentration, on the other hand, Mn and Fe ions can exhibit different valence states to balance the charges [START_REF] Yoneda | Electronic and local structures of Mn-doped BiFeO 3 crystals[END_REF] . Combined with the previous analysis of the leakage conduction, it can be speculated that the high oxygen vacancy concentration rather than the fluctuations of Fe valence, causes a large leakage current in the pure BF-PT ceramics. With the addition of Mn which acts as a hole acceptor, it suppresses the formation of the oxygen vacancy, which leads to a low leakage current density for ceramics. When the content of Mn continues to increase, the valence of Mn and Fe will be changed in order to balance the charge in the ceramics. As a result, more free carriers are generated in the materials, which increases its leakage current. 

Conclusions

In summary, 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics were prepared by a solid-state reaction method, and the structure and the electrical properties were studied. Mössbauer spectrum was used to determine the valence state of Fe. The main results are summarized below:

(1) All the ceramic samples exhibit the pure perovskite tetragonal (T) phase with a large tetragonality c/a. The lattice parameter does not change monotonously with the Mn content increases, which may be related to the different ion radius caused by the change in the element valence. Meanwhile, a dense and homogeneous microstructure can be obtained in the ceramics.

(2) This system exhibits a high Curie temperature, exceeding 600 ℃, which is related to its large tetragonality. The dielectric loss-temperature curve of pure 0.7BF-0.3PT ceramics shows a relaxation peak in the temperature range of 30-250 ℃ and the frequency range of 100 Hz-1 MHz. The calculated activation energy (E relax~0.74 eV, Econd~0.92 eV) shows that the relaxation peak is related to the doubly-ionized oxygen vacancies. In addition, the large coercive field E c can be observed in the BF-PT system, which makes it difficult to accurately characterize the ferroelectric properties of ceramics.

(3) The pure 0.7BF-0.3PT ceramics show a large leakage current density of about 12 μA/cm 2 . With the addition of Mn, the leakage current density of the ceramics first decreases and then increases. When the Mn doping content is 0.15 wt.%, the ceramics exhibit the lowest leakage current density (0.25 μA/cm 2 at 75 kV/cm), which is two orders of magnitude less than that of the pure 0.7BF-0.3PT ceramics and also significantly lower than that of the previously reported BFO-based ceramics. It was found that the ceramics with high Mn content (x=0.45) exhibit Ohmic conduction behavior during the whole measurement region, which is different from space charge limited current conduction of other compositions.

(4) Mössbauer spectrum of all the ceramics can be fitted with the Zeeman sextets and the paramagnetic doublet, indicating the presence of at least two sites of Fe. In addition, the valence state of Fe is determined by the isomer shift IS values.

The dominancy of Fe 3+ oxidation state can be obtained in the ceramics doped with low Mn content (x=0, 0.15, 0.3). However, there are multivalent Fe ions (Fe 2+ , Fe 3+ and Fe 4+ ) in the ceramics doped with high Mn content (x=0.45). This result is consistent with the analysis of leakage conduction of ceramics.

Chapter 6 Enhanced energy storage properties of lead-free BF-BT based ceramics by grain-size reduction

Introduction

In recent decades, particular attentions have been drawn for the ferroelectric capacitors, which have been widely investigated as promising candidates for energy storage devices because of their high energy density and fast charge-discharge capabilities [START_REF] Burn | Energy storage in ceramic dielectrics[END_REF][START_REF] Kwon | Nonlinear dielectric ceramics and their applications to capacitors and tunable dielectrics[END_REF][START_REF] Yao | Homogeneous/inhomogeneous-structured dielectrics and their energy-storage performances[END_REF] . Generally, the energy density of ferroelectric materials mainly derives from the switching of the reversible domain under an electric field, which is calculated by the following equation:

𝑊𝑊 𝑟𝑟𝑟𝑟 = ∫ 𝐸𝐸𝐸𝐸𝐸𝐸 𝑃𝑃 𝑚𝑚𝑚𝑚𝑚𝑚 𝑃𝑃 𝑟𝑟 …(6.1)
where W re represents the recoverable energy density, Pmax and Pr represent the maximum polarization at the electric field and the remanent polarization. Hence, in order to design relevant ferroelectric structures with a high recoverable energy density, the main requirement lies in a large polarization difference △P (△P= Pmax -Pr) along with a high dielectric breakdown strength (Eb). In this context, several doped ferroelectric ceramics were designed to ensure a low remanent polarization [131, 193-195] . Among them, increasing the local compositional disorder in the underlying structures by introducing non-isovalent cations into the perovskite ABO3 ferroelectric ceramics, represents potentially the most effective ways [START_REF] Liu | Designing lead-free bismuth ferrite-based ceramics learning from relaxor ferroelectric behavior for simultaneous high energy density and efficiency under low electric field[END_REF] . As a consequence, a low remanent polarization occurs due to the dynamic of polar nanoregions (PNRs) involved in relaxor ferroelectrics [START_REF] Qi | Superior energy-storage capacitors with simultaneously giant energy density and efficiency using nanodomain engineered BiFeO 3-BaTiO3-NaNbO3 lead-free bulk ferroelectrics[END_REF] .

In close relation with the targeted properties, the grain size plays a crucial role in the domain configuration and electrical properties of ferroelectric ceramics.

Several developments were carried out to analyze the grain size effects on ferroelectric and dielectric properties of the polycrystalline ferroelectrics. As an example, it has been reported that BaTiO3 ceramics with an intermediate grain size near 1μm show a maximum dielectric constant and piezoelectric coefficient [START_REF] Hoshina | Size effect of barium titanate: fine particles and ceramics [J][END_REF] . The domain wall effects were reported to be the origin of the large dielectric constant in the fine-grained BaTiO3 ceramics. Besides, Arlt et al. [START_REF] Arlt | Dielectric properties of fine-grained barium titanate ceramics[END_REF] have revealed that the domain width of ferroelectric ceramics decreases with the decrease of grain size.

Recently, it was reported that the domain size decreases from 700 nm to 70nm by decreasing the grain size from 5.4μm to 0.15μm in the KNN-based ceramics [START_REF] Yang | Grain size engineered lead-free ceramics with both large energy storage density and ultrahigh mechanical properties[END_REF] .

The above results point out that the decrease of grain size ensures the formation of nanosized domains in ferroelectric ceramics.

As a drastic evolution can be expected for the energy storage properties, the present contribution is devoted to an exhaustive analysis of the recoverable energy storage density in ferroelectric ceramics with fine grains. The chosen systems are based on the lead-free BiFeO 3-BaTiO3 (BF-BT) ferroelectric ceramics and consist in BiFeO3-BaTiO3-Bi(Mg2/3Nb1/3)O3 (BFBT-BMN) ternary ceramics. The scheme of this study is presented in Fig. 6.1. Two representative samples were prepared by a conventional solid-state reaction method and using a high-energy ball milling to obtain fine-grinded ceramics where the nanosized ferroelectric domains are expected to hold. A comparative study between the fine-grinded BFBT-BMN ceramics and the coarse-grained ones was performed along with an in-depth analysis of the microstructure effects on the energy storage properties. 

Experimental

(0.67-x)BiFeO3-0.33BaTiO3-xBi(Mg2/3Nb1/3)O3 (x=0.02, 0.06) ceramics prepared by a solid-state reaction method. The detailed preparation process is shown in Chapter 2 of this thesis. For the coarse-grained ceramics, the calcined powders were ball milled again by the planetary ball milling for 6 h. While for the fine-grained ceramics, the calcined powders were re-milled by a high-energy ball milling process for 2 h (Retsch 20.510.0001 High Energy Ball Mill Emax 200-240V, Germany). The piezo-response force microscope (SPA 400, SPI3800N, Seiko Inc. Japan) and transmission electron microscopy (JEOL ARM200F) were used for the investigation of the domain structures in the ferroelectric ceramics. All the ceramic samples show a pure perovskite structure with no secondary phases.

Results

Phase and microstructure

Locally magnified XRD profiles of (200) diffraction lines in the 2θ range 44°-46° are also shown in Fig. 6.2. All the peaks are non-split, suggesting the pseudo-cubic (PC) symmetry for the BFBT-xBMN ceramics. With the increase of BMN content, the diffraction peak moves to a higher angle, indicating that the unit cell volume becomes smaller. This may be explained by the replacement of the small cations at B-site. In addition, even for the ceramics with the same composition, the (200) diffraction peaks are found to shift to higher angles, suggesting a slight lattice shrinkage for the samples prepared by high-energy ball milling. It is known that the changes in grain size will affect the internal stresses and the lattice parameters of ceramics [START_REF] Ghosh | Domain wall displacement is the origin of superior permittivity and piezoelectricity in BaTiO 3 at intermediate grain sizes[END_REF] . Therefore, this result implies that the difference of microstructure for the ceramics prepared by the different ball mill processes. images by Imagej software for large numbers of grains. As shown in Fig. 6.4, after using the high-energy ball milling process, the average grain size decreases from 2.86±0.38 to 0.55±0.17 μm for the BFBT-0.02BMN ceramics while the reduction if from 4.1±0.52 to 0.89±0.21 μm for the BFBT-0.06BMN ceramics. Thus, the high-energy ball milling process reduces the average grain size by 80% in the considered ceramics. Moreover, the grain size reduction would inevitably modify the boundary conditions in the host ceramics and leads to changes in the electrical and mechanical features, which in turn alter the dielectric and ferroelectric properties of ceramics [START_REF] Ihlefeld | Scaling effects in perovskite ferroelectrics: Fundamental limits and process-structure-property relations[END_REF] . 

Dielectric properties

The temperature and frequency dependence of dielectric constant and loss tangent of BFBT-xBMN (x=0.02,0.06) ceramics with different grain sizes are shown in Fig. 6.5. All the BFBT-BMN ceramics exhibit a diffuse phase transition along with strong frequency dispersion. The drastic increase of the loss tangent at high temperatures results from the enhanced contribution from the thermally activated conductivity. According to previous studies, the coarse-grained BFBT-BMN ceramics show the nonergodic relaxor characteristics [START_REF] Zheng | Large strain of lead-free bismuth ferrite ternary ceramics at elevated temperature [J][END_REF] . As summarized in Table 6.1, when the grain size decreases, the dielectric maxima (ε m) at 10 kHz decreases strongly from 25443 to 6473 for the BFBT-0.02BMN samples, and from 10891 to 4902 for the BFBT-0.06BMN samples. Notably, the ε-T curves of the fine-grained ceramics become broader and more extended on the temperature range, compared to the coarse-grained ceramics. Although the decrease of dielectric constant can be explained by the "brick-wall" model according to previous studies [START_REF] Ihlefeld | Scaling effects in perovskite ferroelectrics: Fundamental limits and process-structure-property relations[END_REF] , this model does not account for any effect of the grain size on the domain structure. In fact, it only takes into account the parallel and series mixing of high-ε grains and low-ε grain boundaries. On the other hand, previous studies reported that the weakly coupled polar nanoregions (PNRs) may lead to the broadening of ε-T curve [START_REF] Zhao | Large strains accompanying field-induced ergodic phase-polar ordered phase transformations in Bi(Mg 0.5Ti0.5)O3-PbTiO3-(Bi0.5Na0.5)TiO3 ternary system [J][END_REF][START_REF] Bokov | Recent progress in relaxor ferroelectrics with perovskite structure[END_REF] . Thus, it can be anticipated that the disruption of the ferroelectric long-range order makes an important contribution to the rapid reduction in ε m and the broadening ε-T curve of the fine-grained ceramics. Table 6.1 presents the dielectric properties at room temperature for BFBT-xBMN (x=0.02,0.06) ceramics with different grain sizes. It should be noted that although the ε m decreases with the decrease of grain size, the ε at room temperature of the fine-grained ceramics increases compared to the coarse-grained ceramics. This feature further confirms that the changes in the dielectric properties could not be simply explained by the dielectric mixing rules, because the phenomenon of grain boundaries dilution induce reduced dielectric constant should occur over the entire temperature range. Yan et al. [START_REF] Yan | Large piezoelectricity and high transparency in fine-grained BaTiO 3 ceramics[END_REF] recently reported that the enhancement of dielectric constant at room temperature was attributed to more active PNRs in the fine-grained BaTiO 3 ceramics. In the present work, the PNRs are expected to exist in the fine-grained BFBT-BMN ferroelectric ceramics. PNRs are free to rotate under an external electric field and then may align along the direction of the electric field, corresponding to a low E C [START_REF] Zhao | Large strains accompanying field-induced ergodic phase-polar ordered phase transformations in Bi(Mg 0.5Ti0.5)O3-PbTiO3-(Bi0.5Na0.5)TiO3 ternary system [J][END_REF] . Upon the removal of the electric field, it would transform back to the initial state, accompanied by a small P r. The role of the composition inducing weakly coupled short-range polar structures has been widely investigated in other reports [START_REF] Liu | Designing lead-free bismuth ferrite-based ceramics learning from relaxor ferroelectric behavior for simultaneous high energy density and efficiency under low electric field[END_REF][START_REF] Zhou | Ferroelectric-quasiferroelectric-ergodic relaxor transition and multifunctional electrical properties in Bi 0.5Na0.5TiO3-based ceramics[END_REF][START_REF] Liu | Evolution of structure and electrical properties with lanthanum content in [(Bi 1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics [J[END_REF] . In the present work, it is expected that the grain size reduction leads to the nanosized domains accompanied by the appearance of the dynamic and weakly correlated PNRs. The detailed dielectric and ferroelectric properties of BFBT-xBMN (x=0.02,0.06) ceramics with different grain sizes are presented in Table 6.1. 

Domain configuration

In order to achieve a deep understanding of the microstructural nature of the BFBT-BMN ceramics with different grain sizes. Piezoresponse force microscopy (PFM) and transmission electron microscopy (TEM) measurements were performed to shed light on the domain structures in the BFBT-0.06BMN ceramics. Fig. 6.7

shows the PFM image of polished surfaces obtained from the fine-and coarse-grained BFBT-xBMN (x=0.02, 0.06) ceramics. The bright and dark contrasts in piezoresponse images are ascribed to the opposite polarization directions [START_REF] Yin | Near-field acoustic and piezoresponse microscopy of domain structures in ferroelectric material[END_REF] . A clear domain structure with a strong amplitude response is shown in the coarse-grained ceramics. However, the PFM image of the fine-grained ceramics shown by a blurry domain pattern with a weak contrast cannot evidence the domain structures. In addition, the TEM bright-field images of domain configurations are shown in Fig. 6.8 where it can be clearly observed that lamellar domains with a width in the range of 80-100 nm exist in the coarse-grained ceramics. For the fine-grained ceramics, typical stripe-like PNRs with a width of 2 nm are shown as it was also reported in other relaxor ferroelectric system [START_REF] Qi | Superior energy-storage capacitors with simultaneously giant energy density and efficiency using nanodomain engineered BiFeO 3-BaTiO3-NaNbO3 lead-free bulk ferroelectrics[END_REF][START_REF] Fu | Relaxor Pb(Mg (1/3)Nb(2/3))O3: a ferroelectric with multiple inhomogeneities[END_REF] . The above observations further verify the existence of nanoscale ferroelectric domain in the fine-grained BFBT-BMN ceramics. The formation of the ferroelectric domain structures leads to the minimum energy for the electrostatic and the elastic energy in ferroelectric materials. Previous theoretical investigations revealed that the domain size decreases proportionally to the square root of the grain size [START_REF] Arlt | Dielectric properties of fine-grained barium titanate ceramics[END_REF] . When the grain size decreases, larger domains broken down to the nanosized domains leading to more dynamic and weakly correlated PNRs distributed in the fine-grained ceramics.

As mentioned previously, the formation of PNRs may account for the dielectric and ferroelectric properties in the fine-grained BFBT-BMN ceramics, and it will improve the energy storage properties. 

Energy storage properties

To further compare the energy storage properties, the P-E loops at the maximum applied electric field of the BFBT-0.06BMN ceramics with different grain sizes are shown in Fig. 6.9(a) and (b). As the grain size decreases, the polarization difference △P increases from 10 μC/cm 2 to 30 μC/cm 2 , and the dielectric breakdown strength (Eb) increases from 50 kV/cm to 110 kV/cm. Tunkasiri et al. [START_REF] Tunkasiri | Dielectric strength of fine grained barium titanate ceramics[END_REF] have pointed out that the dielectric breakdown strength is proportional to 1/√𝐸𝐸, where d is the grain size. The high grain boundaries density of the small grain-sized ceramics is suitable for enhancing the dielectric breakdown. As an important consequence of the decrease of P r and the increase of Eb, the recoverable energy density (Wre) of the fine-grained BFBT-0.06BMN ceramics increases drastically by 8 times from 0.16 J/cm 3 to 1.27 J/cm 3 compared to the coarse-grained BFBT-0.06BMN ceramics. 

Conclusions

In summary, lead-free BiFeO3-based ceramics with different grain sizes were fabricated by the conventional solid-state method and a high-energy ball milling was used to realize the grain size reduction. The grain size effects on the energy storage properties of the BFBT-BMN ferroelectric ceramics were investigated. The main results are summarized below:

(1) All the ceramic samples show a pure perovskite structure with no secondary phases. A dense microstructure can be seen along with few pores distributed on the scanned surfaces. The high-energy ball milling process reduces the average grain size by 80% in the considered ceramics.

(2) The fine-grained BFBT-BMN ceramics show the narrow P-E loops with a low P r in contrast to the rectangular P-E loops with a high Pr shown in the coarse-grained BFBT-BMN ceramics.

(3) Piezoresponse force microscopy (PFM) measurements revealed that the grain size reduction induced the transition from the micrometric ferroelectric domains to the weakly correlated polar nanoregions (PNRs), which contributes to the narrow and slim ferroelectric hysteresis loops in the fine-grained ceramics.

(4) The recoverable energy storage density of the fine-grained BiFeO 3-based ceramics greatly increased by 8 times from 0.16 J/cm 3 to 1.27 J/cm 3 , compared to the coarse-grained ceramics. The reduction of grain size provides an effective method to obtain high-performance energy storage materials in the future.

Chapter 7 General Conclusions and Future Work

Conclusions

In this paper, BiFeO3-based ferroelectric ceramics were prepared by a conventional solid-state reaction method, and the structure, dielectric, ferroelectric and piezoelectric properties were systematically studied. Firstly, doping modification was used to design a novel ferroelectric (0.76-x)BiFeO 3-0.24PbTiO3-xBa(Sn0.2Ti0.8)O3 ternary system with a high Curie temperature and the high piezoelectric properties. At the same time, the defect and pinning effect of this system was also studied. Second, the effects on the electrical properties of Mn-doped 0.7BiFeO 3-0.3PbTiO3 based ceramics were studied. In particular, the leakage conduction mechanism of ceramics was analyzed. Finally, lead-free BiFeO 3-BaTiO3 based ceramics with a small grain size were prepared through the high-energy ball milling process, focusing on the effect of grain size on the ferroelectric domains and the energy storage properties of ceramics. The main achievements of this PhD thesis work are summarized below:

(1) The effects on the electrical properties of BF-PT based ceramics with different lead raw materials were studied. It turned out that the comprehensive electrical properties of BF-PT(PbO) ceramics were better than that of BF-PT(Pb 3O4) ceramics, which was quite different from other reports of lead-based piezoelectric ceramics. A small amount of Bi-rich second phase is precipitated at the grain boundaries of BF-PT(Pb 3O4) ceramics. The concentration of the oxygen vacancy and Fe 2+ ion in BF-PT(Pb3O4) ceramics is significantly higher than that in BF-PT(PbO) ceramics, which exactly confirm the cause of high conductivity in BF-PT(Pb 3O4) ceramics. The results demonstrated for the first time that the different lead raw materials have great influence on the performance of BF-PT based piezoelectric ceramics.

(2) On the basis of the proper preparation process, the novel modified BF-PT based ferroelectric ceramics were prepared. It was shown that the incorporation of large ionic radius Ba 2+ at A-site and non-ferroelectric-active Sn 4+ at B-site generates a decrease of the tetragonality degree c/a. Moreover, a wide multiphase coexistence region was formed with the content of BST ranging from 0.13 to 0. (3) The comparison of the dielectric and ferroelectric properties for the poled and unpoled BF-PT-BST ceramics was studied. The poling process leads to the shifted and asymmetric P-E and S-E loops with an internal bias field, which is related to the formation of the defect dipole. The high temperature or low electric field frequency can make it easier for the migration of oxygen vacancies, thus leading to the reorientation of defect dipoles. Therefore, with increasing the temperature or decreasing the electric field frequency, the shape of P-E and S-E loops for the poled ceramics gradually changes from asymmetric to symmetric and the E i decreases. In addition, with the decrease of BiFeO3 content, the difference in ferroelectric properties gradually disappeared and the internal bias field decreases for the unpoled and poled BF-PT-BST ceramics. This may be related to the decrease of the concentration of charged defects for the ceramics.

(4) All the 0.7BF-0.3PT+xwt%MnCO3 ceramics exhibit a high Curie temperature, exceeding 600 ℃, which is related to its large tetragonality. The dielectric loss-temperature curve of pure 0.7BF-0.3PT ceramics shows a relaxation peak in the temperature range of 30-250 ℃ and the frequency range of 100 Hz-1 MHz.

The calculated activation energy (E relax~0.74 eV, Econd~0.92 eV) shows that the relaxation peak is related to the doubly-ionized oxygen vacancies. In addition, the pure 0.7BF-0.3PT ceramics show a large leakage current density of about 12 μA/cm 2 .

With the addition of Mn, the leakage current density of the ceramics first decreases and then increases. A small amount (0.15 wt.%) of Mn doping can significantly reduce the leakage current of BF-PT ceramics, which is related to the decrease of the oxygen vacancy concentration for the ceramics. However, when the content of Mn increases (0.45 wt.%), the leakage current of ceramics increases instead, which may be related to the more carrier charges caused by the fluctuation in the valence of the B-site ion (Mn, Fe).

(5) The high-energy ball milling process reduces the average grain size by 80 % in the BFBT-BMN ceramics. The fine-grained BFBT-BMN ceramics show the narrow P-E loops with a low P r in contrast to the rectangular P-E loops with a high P r shown in the coarse-grained BFBT-BMN ceramics. Most importantly, a high recoverable energy density (~1.27 J/cm 3 ) was achieved in the fine-grained ceramics, which is much superior to the coarse-grained ceramics (~0.16 J/cm 3 ). The dynamic and weakly correlated PNRs structure can be obtained in the fined-grained BFBT-BMN ceramics, which is responsible for the enhancement of recoverable energy storage density of ceramics. Thus, the achieved work provides an in-depth understanding of the grain size effects in the BFBT-BMN ceramics, which may be a promising strategy to enhance the energy storage properties for the lead-free BiFeO 3-based ferroelectric ceramics.

Future work (1) Reduction of high-temperature loss of BF-PT based ceramics

Through proper process and doping modification, the dielectric loss of BF-PT based ceramics at room temperature is effectively reduced. However, it was found that the dielectric loss of the material rises sharply with the temperature increases, which is unfavorable for its practical application as a piezoelectric device in high-temperature conditions. Therefore, it is necessary to further study the preparation of BiFeO 3-based ferroelectric ceramics with a low defect content through special processes such as oxygen sintering, hot pressing sintering, and microwave sintering.

(

2) Study of the stability of BF-PT based ceramics

Although a high Curie temperature and a high piezoelectric property were achieved in the novel BF-PT-BST ceramics, practical applications of piezoelectric devices require consideration of the complex external environments (e.g., temperature, electric field, aging, and stress). Therefore, it is critical to study the performance stability of ceramics under the complex external field. It is expected to study the variation of dielectric and piezoelectric properties of ceramics are studied by in-situ testing methods.

(

3) Development of energy storage performance of BiFeO 3-based ceramics

This work has effectively improved the energy storage properties of the lead-free BiFeO 3-BaTiO3 based ceramics through grain size reduction, but its performance still needs to be improved. Therefore, it is necessary to further optimize the compositions and preparation processes in order to obtain high energy storage properties in BiFeO 3-based ceramics. Abstract : Bismuth ferrite (BiFeO3), abbreviated BFO, is a ferroelectric material that is of interest due to its high Curie temperature (Tc=825 °C) and its large spontaneous polarization (~100 μC/cm 2 ). The thesis work is related to ceramics based on BFO with different compositions and focusing on the optimization of ferroelectric performances with high Curie temperatures.

(1) The addition to BFO of perovskite structures BaTiO3 (BT) and PbTiO3 (PT) was carried out in order to form morphotropic phase boundaries (MPB) leading to materials with high piezoelectric coefficients while being stable at high temperatures. The study of these BFO-PT-BT ceramics aims to understand the interaction between the effects at the interfaces, the microstructure and lattice distortions. In the same context, defects such as oxygen vacancies and mixed valences Fe 3+ /Fe 2+ coexist and contribute to modulate the electrical performance of the ferroelectric and piezoelectric response as well as the electrical conductivity in this group of functional ceramics. (2) Doping by appropriate structures, in particular based on Ba(Sn 0.2Ti0.8)O3, has also been exploited to improve the ferroelectric and piezoelectric properties of BFO-PT-BT ceramics. The effect of defects on the reorientations of ferroelectric domains (pinning phenomena) was studied as well as their role in the mechanisms responsible behind the leakage currents. (3) The large spontaneous polarization and the adjustable pseudo-cubic phase structure of BFO, BFO-BT lead-free ferroelectric ceramics were investigated with an emphasis on the high dielectric energy densities involved in functional structures.

These studies open new ways for the application of these ceramics in the field of energy storage which may offer an alternative to chemical processes.

Titre : Elaboration, structure et propriétés fonctionnelles des céramiques ferroélectriques à base de ferrite de bismuth BiFeO3

Mots clés : BiFeO3, Performances piézoélectriques, Limites de phases morphotropes (MPB), Pinning de domaines, Défauts, Stockage de l'énergie Abstract : La ferrite de bismuth (BiFeO3, abrégée BFO) est un matériau ferroélectrique qui suscite l'intérêt en raison de sa température de Curie élevée (Tc=825 °C) et de sa grande polarisation spontanée (~100 μC/cm 2 ). Le travail de thèse s'inscrit dans ce cadre et porte sur des céramiques ferroélectriques à base de BFO avec différentes compositions.

(1) L'ajout à BFO de structures pérovskites BaTiO3 (BT) et PbTiO3 (PT) a été réalisé en vue de former des limites de phase morphotropes (MPB) conduisant à des matériaux à forts coefficients piézoélectriques tout en étant stables à hautes températures. L'étude de ces céramiques BFO-PT-BT vise à comprendre l'interaction entre l'organisation et les effets aux interfaces avec notamment la limite de phases, la microstructure et les distorsions du réseau. Dans ce même cadre, les défauts telles que les lacunes d'oxygène et les valences mixtes Fe 3+ /Fe 2+ coexistent et contribuent à modifier les performances électriques qui portent sur la réponse ferroélectrique, piézoélectrique ainsi que la conductivité électrique dans ces céramiques fonctionnelles. (2) Le dopage par des structures appropriées notamment à base de Ba(Sn0.2Ti0.8)O3 a été aussi exploité pour améliorer les propriétés ferroélectriques et piézoélectriques des céramique BFO-PT-BT. L'effet des défauts sur les réorientations des domaines ferroélectriques (phénomène de pinning) a été étudié ainsi que leur rôle dans les mécanismes responsables des courants de fuite. (3) Compte tenu de la grande polarisation spontanée et de la structure de phase pseudo-cubique ajustable de BFO, les céramiques ferroélectriques sans plomb de type BFO-BT ont été étudiées comme structures fonctionnelles offrant de grandes densités d'énergie diélectriques. Ces études ouvrent des perspectives d'application de ces céramiques dans le domaine de stockage de l'énergie offrant ainsi une alternative aux procédés chimiques.
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 11 Figure 1.1 (a) Formation of dipole moments: paraelectric (PE) state and ferroelectric (FE) states (before and after the application of an external field); (b) Typical hysteresis loops; (c) I-E loops; (d) Bipolar strain-electric-field curve.
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 12 Figure 1.2 Tolerance factor t: (a) t=1; (b) t>1; (c) t<1.
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 13 Figure 1.3 Ferroelectric domain configurations of Pb(Zr1-x,Tix)O3 piezoelectric ceramics
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 14 Figure 1.4 (a) TEM bright field images of ferroelectric domain configurations of PMN-PT
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 15 Figure 1.5 (a) The phase diagram of BZT-BCT based ceramics[START_REF] Liu | Large Piezoelectric Effect in Pb-Free Ceramics [J][END_REF] ; (b) The (1-10) projection
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 16 Figure 1.6 (a) The d33 and Tc of various piezoceramics; (b) The kp of BiFeO3-BaTiO3 based
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 17 Figure 1.7 The d33 and Tc for different kinds of high-temperature piezoelectric ceramics.

  Bi(Me)O3-PbTiO3 systems at the morphotropic phase boundary MPB increases as the tolerance factor of the Bi(Me)O 3 of the solid solution decreases. The tolerance factors of BiScO 3, BiInO3 and BiYbO3 are 0.907, 0.884 and 0.857, respectively, and the Curie temperatures of BiScO 3-PbTiO3, BiInO3-PbTiO3 and BiYbO3-PbTiO3 at

Figure 1 . 8

 18 Figure 1.8 (a) Distortion for the B cation in PT solid solutions; (b) Tc of Bi(Me)O3-PbTiO3
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 1 Figure 1.10 (a) XRD pattern from the BiFeO3 ceramic samples synthesized by the rapid sintering process and the conventional solid-state reaction; (b)The hysteresis loops of BiFeO 3 ceramics sintered by the rapid liquid phase sintering process at different
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 111 Figure 1.11 The piezoelectric coefficient d33 of BFO ceramics doped with different rare
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 1 Figure 1.12 XRD pattern of 72BF-28PT ceramics, in which the dots are the experimental

Figure 1 .

 1 Figure 1.14 Landau-Devonshire derived structural phase diagram of (1-x)BF-xPT solid
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 115 Figure 1.15 Valence electron density distributions on the bc planes of 0.67BF-0.33PT
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 1 Figure 1.18 A comparison of energy storage properties (Wre and η) among the canonical lead-free ferroelectric ceramics[START_REF] Liu | Designing lead-free bismuth ferrite-based ceramics learning from relaxor ferroelectric behavior for simultaneous high energy density and efficiency under low electric field[END_REF] .
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 21 Figure 2.1 Schematic of process of BiFeO3-based ferroelectric ceramics.

Fig. 2 .

 2 2 shows the schematic set-up of PFM. Due to the inverse piezoelectric effect of the material, the sample can vibrate under an applied AC electric field. PFM is used to characterize the high-resolution ferroelectric domain morphology and the domain switching process by testing the piezoelectric vibration of the sample. The used scanning probe microscope was a Seiko SPA400/3800N with an Agilent33120 signal generator and Ametek 7280DSP for the signal processing. For the experiments, the samples need to be thinned below 0.1mm and polished.
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 22 Figure 2.2 Schematic set-up of piezoelectric force microscopy (PFM).

  function of the sample. In general, the electron binding energy vary with the chemical elements along with the chemical valence states and local environments of the atoms. Therefore, based on the values of the electron binding energy, it is possible to determine the valence state of the elements. In present work, an XPS instrument (ESCAlab250, Thermo Fisher Scientific, America) was used to analyze the valence state of Fe, Bi and O for the BiFeO 3-based ceramics.

2. 3

 3 shows a schematic Mössbauer experiment with a single absorption line.[START_REF] Eitel | New high temperature morphotropic phase boundary piezoelectrics based on Bi(Me)O 3-PbTiO3 ceramics [J][END_REF] Fe Mössbauer spectrum is sensitive to the chemical valence and surrounding of Fe nuclei which provides information about the electronic density of the nuclei (isomer shift, IS), the electric field gradient (quadrupole splitting, QS) and the magnetic environment (magnetic hyperfine splitting, HF). In present work, the valence state of Fe for the BiFeO 3-based ceramics can be obtained according to the mean refined values of hyperfine parameters obtained from Mössbauer spectrum.
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 23 Figure 2.3 Schematic of Mossbauer spectrum with a single absorption line.
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 12 /m, and d and S are the thickness and the electrode area of the sample (m, m 2 ), respectively. Novocontrol Broadband Dielectric/Impedance Spectrometer (Broadband Dielectric/Impedance Spectrometer) was also used to accurately characterize the AC impedance spectrum of the ceramics. The temperature range is -150 ℃ to 300 ℃, and the test frequency range is between 0.01 Hz-10 MHz. It can accurately measure the electrical properties such as the dielectric, AC conductivity and AC impedance of the sample, which is very helpful for the analysis of the conduction and the relaxation behaviors of the BiFeO 3-based ceramics.
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 24 Figure 2.4 Schematic of high-temperature of dielectric spectrum.
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 25 An AC electric field is applied to the ferroelectric samples, and the value of the horizontal axis in the oscilloscope is proportional to the electric field. At the same time, the polarization of the ferroelectric material is determined by the voltage of the linear capacitor C 0 in series. The hysteresis loops of the ceramic sample indicate the ferroelectric properties, including parameters such as the remnant polarization, the maximum polarization and the coercive field. On the other hand, the energy storage density and efficiency can also be obtained through the hysteresis loops. In addition, the temperature controller was used to measure the ferroelectric properties at high temperature. The test temperature range is from room temperature to 200 °C.
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 25 Figure 2.5 Measurement circuit (Sawyer-Tower) of hysteresis loops[START_REF] Jin | Decoding the fingerprint of ferroelectric loops: comprehension of the material properties and structures [J][END_REF] .

  of samples was tested by a quasi-static piezoelectric meter (ZJ-3A, Institute of Acoustics, Chinese Academy of Sciences). The schematic representation of the experiment measuring the quasi-static piezoelectric constant d 33 is shown in Fig. 2.6. An alternating force with a frequency of 110 Hz and a magnitude of 0.25 N is applied along the longitudinal direction of the sample, and the quasi-static d 33 value of the sample is obtained by comparing the ratio of the charge generated in the longitudinal direction of the sample to the charge of the standard reference sample.
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 26 Figure 2.6 Schematic of measuring quasi-static piezoelectric constant d33.

Fig. 3 .

 3 Fig. 3.1 shows the X-ray diffraction patterns and SEM images of ceramic samples. The XRD patterns were taken from as-ground powders and the SEM images were taken from fresh fracture surfaces. Both samples show pure perovskite lattice structures. The XRD patterns indicate that there is no difference in phase
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 31 Figure 3.1 The XRD patterns and the SEM images of the ceramics with different lead raw materials.

Fig. 3 .

 3 Fig. 3.2 shows the frequency dependence of the dielectric loss measured at 25 ℃

Figure 3 . 2

 32 Figure 3.2 The frequency dependence of the dielectric loss measured at 25°C for ceramics with different lead raw materials.

Fig. 3 .

 3 Fig. 3.3 shows the temperature dependence of εr and tanδ for the ceramics with different lead raw materials (measured at 100 kHz). There is almost no difference in the phase transition temperature for these two samples. However, it should be pointed out that the dielectric loss of the BF-PT(PbO) sample has a minor change under the phase transition temperature. On the contrary, the BF-PT(Pb 3O4) sample has poor temperature stability and the high dielectric loss above 200 °C because of the high conductivity in the BF-PT(Pb 3O4) sample, which is consistent with the results obtained from Fig 3.2. In addition, the dielectric constant of the BF-PT(PbO)
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 33 Figure 3.3 The temperature dependencies of εr and tanδ for the ceramics with different lead raw materials.

Fig. 3 .

 3 Fig. 3.4 presents the P-E hysteresis loops measured at 10 Hz at room temperature for ceramics with different lead raw materials. There is an obvious difference of ferroelectric properties in the two samples. The BF-PT(Pb 3O4) sample
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 34 Figure 3.4 The electric field dependence of the electrical polarization for ceramics with different lead raw materials.
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 35 Figure 3.5 The ion beam etching surface images and EDS analysis of ceramics with different lead raw materials.

Figure 3 . 6

 36 Figure 3.6 The point element EDS analysis for the grain and the grain boundary of BF-PT(Pb3O4) ceramics.

  lower valence state are related to the Bi-rich grain boundary phase observed in the backscattered electron SEM image. Fig. 3.7(b) shows the core level binding energy spectra of O 1s. It can be seen that all samples have an asymmetric peak, which can be divided into two peaks, indicating that the oxygen vacancy (𝑉𝑉 𝑂𝑂 .. ) exists in the samples besides the intrinsic O 2-ion. The lower binding energy peak (at ~529 eV)
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 37 Figure 3.7 XPS analysis for Bi 4f, O 1s and Fe 2p core level binding energy spectra of ceramics with different lead raw materials.
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 4341 Fig.3.8 shows the X-ray diffraction patterns of (0.76-x)BF-0.24PT-xBST powders sintered at an optimal temperature. All the ceramic samples exhibit pure perovskite structure with no trace of the pyrochlore phase. Detailed XRD profiles of(200) diffraction lines in the 2θ range of 44°-46° are also shown in Fig.3.8. Only one peak can be observed in the composition of x=0.1, indicating the involvement of a rhombohedral (R) phase structure. With increasing x, it can be refined with three peaks, corresponding to (200) R/(200)PC,(200)T and (002)T, respectively. As a result, the samples with the composition range 0.13<x<0.28, exhibit a morphotropic phase boundary (MPB) structure. As x=0.3, there are no detectable splitting peaks from the XRD pattern, indicating its high symmetrical structure (cubic phase). It is known that a cubic centrosymmetric crystal would exhibit the paraelectric phase without ferroelectricity. Nevertheless, the ferroelectric property can be obtained for x=0.3

Figure 3 . 8

 38 Figure 3.8 Powder XRD patterns of (0.76-x)BF-0.24PT-xBST ceramics (x=0.10-0.30), and locally magnified (200) diffraction peaks.

Figure 3 . 9 Figure 3 . 10

 39310 Figure 3.9 XRD patterns with Rietveld refinement of (0.76-x)BF-0.24PT-xBST ceramics

Figure 3 .

 3 Figure 3.11 SEM images of the fresh fracture surfaces of (0.76-x)BF-0.24PT-xBST ceramics (x=0.1, 0.18, 0.24, 0.30).

Figure 3 .

 3 Figure 3.12 (a) Temperature dependence of XRD patterns of (0.76-x)BF-0.24PT-xBST (x=0.13, 0.20, 0.26) ceramics; (b) Color map.

(0. 76

 76 -x)BF-0.24PT-xBST ceramics measured at 100kHz are shown in Fig. 3.13(a) and (b). Obviously, the substitution of BST into the BF-PT solid solution remarkably affects the dielectric properties. It can be observed that the temperature at the dielectric constant maxima (T m) decreases monotonously with the increase of the BST content. It decreased from 557℃ at x=0.10 to 328 ℃ at x=0.30. The drop in ferro-to-paraelectric transition temperature is due to the weakly structural distortion

Fig. 3 . 14 presents

 314 the temperature and frequency dependence of dielectric constant of all ceramic samples. The ceramic samples with high BST content show frequency dispersion and diffuse phase transition behavior at T m. It is generally accepted that the diffuse characteristics of the ferroelectric-paraelectric phase transition can be described by a modified Curie-Weiss law 1/ε-1/εm = (T-Tm) γ /C. The plots of fitting data for all ceramics are shown in Fig. 3.15. The diffusion exponent (γ) shown in Fig. 3.13(b), increases from 1.28 to 1.82 with increasing the BST content from 0.1 to 0.3.

Figure 3 .

 3 Figure 3.13 (a) Dielectric constant; (b) loss tangent as a function of temperature for (0.76-x)BF-0.24PT-xBST ceramics; and (c) T m and γ values as a function of x.

Figure 3 . 14

 314 Figure 3.14 Dielectric constant ε as a function of temperature with different frequency for (0.76-x)BF-0.24PT-xBST ceramics.

Figure 3 . 15

 315 Figure 3.15 Plots of ln(1/ε-1/εm) vs. ln(T-Tm) for the (0.76-x)BF-0.24PT-xBST ceramics.

Fig. 3 .

 3 Fig. 3.16(a)-(c) shows the bipolar polarization hysteresis (P-E) loops, bipolar and unipolar S-E loops of (0.76-x)BF-0.24PT-xBST ceramics measured at 10 Hz, respectively. The shapes of hysteresis loops reflect the movement of the domain in the ferroelectric materials. In the case of the samples with low BST content, the hysteresis loop cannot reach the saturation level due to the high tetragonality, which

  well-saturated hysteresis loop can be observed under the same electric field. The substitution of BST into the BF-PT solutions leads to a decrease of tetragonality and a decrease of the internal compatibility stresses, which facilitates the domain switching. Fig.3.16(d) shows the coercive field (E c) and unipolar strain (S) depend on the compositions. As the BST content increases, the coercive field decreases and electric fled-induced strain increases.

Figure 3 .

 3 Figure 3.16 (a) Bipolar polarization hysteresis loops; (b) bipolar S-E loops; (c) unipolar S-E loops of (0.76-x)BF-0.24PT-xBST ceramics at room temperature; (d) E c and unipolar strain values with varying BST content.

Figure 3 . 17

 317 Figure 3.17 The variation of d33 values after thermal annealing for selected samples.

Fig. 3 .Fig. 3 .

 33 Fig. 3.18 (a) and (b) show the electron diffraction (SAED) patterns on selected area of x=0.20 samples. It can be seen from Fig. 3.18(a) that the indices of lattice planes (100), (110), (210) and interplanar distances are consistent with the P4mm phase obtained by Rietveld refinement of the XRD patterns. Meanwhile, the electron diffraction pattern in Fig. 3.18(b) corresponds to the R3c phase. This result further confirms the coexistence of R and T phase in x=0.20 samples. In addition, the TEM bright-field images of domain configurations taken from x=0.20 samples are shown in Fig. 3.18(c). It can be clearly observed a large number of stripe-like nanodomains areas in TEM images. The representative strip-like nanodomains with an average width of 1.9 nm are shown in the inset. Typical nanoscale domains of 1-2 nm have

Figure 3 .

 3 Figure 3.18 (a)(b) SAED patterns taken from different grains of BF-PT-0.2BST ceramics correspond to tetragonal and rhombohedral phase, respectively; (c) TEM bright-field images of domain configurations of BF-PT-0.2BST ceramics.

Fig. 3 .

 3 19(a) shows the comparison of comprehensive performance for modified BF-PT based ceramics. It should be pointed out that a high T c (>450 °C) is usually coupled with a lower d33 (<100 pC/N) for the majority of BF-PT based ceramics. Piezoelectric properties of ceramics tend to be inversely proportional to the Curie temperature. By introducing BST to BF-PT-based ceramics, substantially enhanced piezoelectricity was observed in the designed system. Furthermore, it can be seen from Fig.3.19(b) that although high d 33 values were obtained in the commercially available PZT family, their Tc was quite low (<400 °C). Piezoelectric ceramics with non-perovskite structures such as tungsten bronze and bismuth layer were found to possess higher Curie points, but with low d 33 values due to the structural limitation. BiScO3-PbTiO3 ceramics with a high Tc possess good piezoelectricity (Tc =450 °C, d33=460 pC/N), which is superior to other PbTiO 3-BiMeO3 based ceramics, nevertheless, costly ingredients (Sc2O3) greatly limit their practical application. In the present work, 0.6BF-0.24PT-0.16BST ceramic samples not only exhibit a large d 33 about 200 pC/N, but also a high T c about 500 °C. Thus, the relations composition-structure-property support that the BST-modified BF-PT based ferroelectric materials have great potential as high-temperature piezoelectric materials.

Figure 3 .

 3 Figure 3.19 A comparison of the d33 and Tc values among (a) the modified BF-PT-based ceramics reported previously; and (b) the canonical high Curie temperature ferroelectric ceramics.

BiFeO 3 -

 3 PbTiO3(PbO) sample were better than that of BiFeO3-PbTiO3(Pb3O4) sample, which was quite different from other reports of lead-based piezoelectric ceramics. The concentration of the oxygen vacancy and Fe 2+ ion in BiFeO 3-PbTiO3(Pb3O4) sample is significantly higher than that in BiFeO3-PbTiO3(PbO) sample, which exactly confirm the cause of high conductivity in BiFeO 3-PbTiO3(Pb3O4) sample. The results demonstrated for the first time that the different lead raw materials have great influence on the performance of BiFeO 3-PbTiO3 based piezoelectric ceramics.

)( 4 )

 4 The enhanced piezoelectric coefficient (d 33~200 pC/N) was achieved while maintaining a high Curie temperature (T c~500 °C) and a high depolarization temperature (Td~450 °C) for the composition of 0.6BF-24PT-0.16BST. It indicates that the BST-modified BF-PT based ferroelectric ceramics have great potential as high-temperature piezoelectric materials. The enhanced piezoelectric properties can be correlated with a weakly distorted structure (low tetragonality) along with the wide morphotropic phase boundary (MPB) in the novel BiFeO 3-based ceramics. Furthermore, the presence of nanodomains (~2 nm) in the investigated MPB ceramics, which contributes to reducing domain wall energy and promoting the switching of domains.Defects or defect dipoles can have an important effect on the properties of ferroelectric materials. It is generally believed that the soft (donor) doping in Pb-based ceramics can cause lead vacancies, which favors the motion of ferroelectric domains. At this point, the ferroelectric ceramics realizes a small coercivity field E c and a small mechanical quality factor Qm. In contrast, hard (acceptor) doping in Pb-based ceramics can cause high oxygen vacancy concentrations, which the defects are expected to strongly suppress the domain switching. Whatever the doping type, donors and acceptors produce different types of defects, which can alter the microstructure and electrical properties of the ferroelectric ceramics. As the characteristics of hard ferroelectric ceramics lie in higher E c and Qm factor, the study of the interaction between defects and ferroelectric domains plays an important role in modifying the performances of ferroelectric ceramics.

  It is necessary to have an in-depth study on the defect and domain wall pinning of BF-PT-BST based high-temperature piezoelectric ceramics. Based on the above background, the present chapter aims to clarify the effects of the poling process, temperature, and electric field on the P-E loops and the electric field induced strain (S-E loops) for the BF-PT-BST based ceramics. Combining the phase structure, dielectric, leakage current and thermally stimulated discharge current properties for the unpoled and poled ceramics, a qualitative model is developed to explain the pinning phenomenon of BF-PT-BST based piezoelectric ceramics. The results provide some theoretical guidance for the performance optimization and practical application of BF-PT based ceramics 4.2 Experimental (0.76-x)BiFeO3-0.24PbTiO3-xBa(Sn0.2Ti0.8)O3 (BF-PT-BST) ceramics were prepared by a solid-state reaction method. The detailed preparation process is shown in Chapters 2 and 3 of this thesis. The ceramic samples were poled at 120 ℃ in a silicone oil bath under a DC field of 50 kV/cm for 30 min and placed at room temperature for 24h and then tested for electrical properties. The thermally stimulated discharge current for the poled ceramics were tested by Keithley 6517B micro galvanometer. The leakage current characteristics of ceramics were measured by the leakage current module of the ferroelectric analyzer.

Fig. 4 .

 4 Fig. 4.1(a) shows the P-E loops of the unpoled and poled 0.6BiFeO 3-0.24PbTiO3-0.16Ba(Sn0.2Ti0.8)O3 (0.6BF-0.24PT-0.16BST) ceramics.

Figure 4 . 1

 41 Figure 4.1 (a) The bipolar polarization hysteresis (P-E) loops; (b) current-electric field (I-E) loops; (c) bipolar and (d) unipolar S-E loops of the poled and unpoled 0.6BF-0.24PT-0.16BST ceramics.

Figure 4 . 2

 42 Figure 4.2 XRD pattern of the poled and unpoled 0.6BF-0.24PT-0.16BST ceramics.

Fig. 4 .

 4 Fig. 4.3(a) shows the temperature dependencies of εr and tanδ for the unpoled and poled 0.6BF-0.24PT-0.16BST ceramics. The poling process does not change the Curie temperature of ferroelectric ceramics, which is still up to about 500 ℃. It can be seen from the local magnification inset that the dielectric constant of the poled ceramics increases significantly at about 100 °C. The abnormal increase in dielectric

Figure 4 . 3

 43 Figure 4.3 (a) The temperature dependencies of εr and tanδ for the poled and unpoled 0.6BF-0.24PT-0.16BST ceramics; (b) TSDC curves of the poled 0.6BF-0.24PT-0.16BST ceramics.

Figure 4 . 4

 44 Figure 4.4 Leakage current density as a function of electric field for the poled and unpoled 0.6BF-0.24PT-0.16BST ceramics.

  field, the P-E and S-E loops of the poled 0.6BF-0.24PT-0.16BST ceramics at different temperature are shown in Fig.4.5. With the temperature increases, the shape of P-E and S-E loops gradually changes from asymmetric to symmetric. The normal hysteresis P-E loops for the poled ceramics can be obtained when the temperature is 120 ℃. As shown in Fig.4.7(a), the value of E i of the ceramics gradually decreases from 27.2 kV/cm to 0 kV/cm and the remnant polarization Pr increases from 22.9 μC/cm 2 to 40.2 μC/cm 2 with the temperature increases from 25 °C to 180 °C. The above results indicate that the defect dipole effect weakens

Figure 4 . 5

 45 Figure 4.5 The temperature-dependent of the hysteresis (P-E) loops and the bipolar S-E loops for the poled 0.6BF-0.24PT-0.16BST ceramics.

Fig. 4 .

 4 6 shows the P-E and S-E loops of the poled 0.6BF-0.24PT-0.16BST ceramics at different electric field frequencies, the frequency range is 0.01 Hz-50 Hz. As expected, the asymmetry of the hysteresis P-E loops of the poled ceramics gradually decreases with the decrease of the applied electric field frequency. As shown in Fig.4.7(b), with the frequency decreases from 50 Hz to 0.01 Hz, the value of E i gradually decreases from 20.0 kV/cm to 10.8

Figure 4 . 6

 46 Figure 4.6 The frequency-dependent of the hysteresis (P-E) loops and the bipolar S-E loops for the poled 0.6BF-0.24PT-0.16BST ceramics.

Figure 4 . 7

 47 Figure 4.7 (a) The temperature dependences of Ei and Pr for the poled 0.6BF-0.24PT-0.16BST ceramics; (b) the frequency dependences of E i and Pr for the poled 0.6BF-0.24PT-0.16BST ceramics.

Fig. 4 .

 4 Fig. 4.10(a) points out the internal bias field (E i) of the poled BF-PT-xBST ceramics.

Figure 4 . 8

 48 Figure 4.8 The hysteresis (P-E) loops of the poled and the unpoled (0.76-x)BF-0.24PT-xBST (x=0.13, 0.16, 0.18, 0.22, 0.26, 0.3) ceramics

Figure 4 . 9

 49 Figure 4.9 The bipolar S-E loops of the poled and the unpoled (0.76-x)BF-0.24PT-xBST (x=0.13, 0.16, 0.18, 0.22, 0.26, 0.3) ceramics.

Figure 4 .

 4 Figure 4.10 (a) The internal bias field Ei; and (b) the strain memory for the poled (0.76-x)BF-0.24PT-xBST (x=0.13, 0.16, 0.18, 0.22, 0.26, 0.3) ceramics.

Fig. 4 .

 4 Fig. 4.11(a) shows the temperature-dependent hysteresis P-E loops of the unpoled (0.76-x)BF-0.24PT-xBST ceramics. The specific parameters of the ferroelectric performance (P max, Pr and coercive field Ec) as a function of temperature are also shown in Fig. 4.11(b). It should be pointed out that in order to avoid the error in the polarization intensity caused by the high-temperature leakage current, the maximum test temperature of the samples with x=0.1 and x=0.18 is 140 ℃ and 160 ℃, respectively. As can be seen from Fig. 4.11, the variation in the P-E

Figure 4 .

 4 Figure 4.11 (a) Temperature-dependent hysteresis (P-E) loops of the unpoled (0.76-x)BF-0.24PT-xBST ceramics; (b) the variation of P max, Pr and Ec as a function of the temperature.

Figure 4 .

 4 Figure 4.12 Temperature-dependent unipolar S-E loops of the unpoled (0.76-x)BF-0.24PT-xBST ceramics; (b) the variation of strain (@40kV/cm) as a function of the temperature.

  4.13(a). When cooled down below T c, it transforms into a ferroelectric phase, where the spontaneous polarization P S with random orientation exists in each grain of the ceramics. The presence of charged defects at the domain walls, such as oxygen vacancies, act as pinning centers can inhibit the motion of domain walls, leading to small polarization intensity and electrostrain, as illustrated in Fig.4.13(b). When the ceramics are poled under high temperatures and high electric fields, the oxygen vacancies have enough energy to migrate and form the defect dipole moments P D, such as (𝐹𝐹𝐹𝐹 𝐹𝐹𝑟𝑟 ′ -𝑉𝑉 𝑂𝑂 .. ) • .

Figure 4 . 13

 413 Figure 4.13 Mechanism of the defect pinning for the BF-PT-BST based ceramics.

Fig. 5 .

 5 Fig. 5.1 shows the XRD patterns of 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramic powders. The pure perovskite tetragonal (T) phase structure can be clearly observed in all ceramic samples. Detailed XRD profiles of diffraction lines in the 2θ range 46°-48° are also shown in Fig. 5.1, corresponding to the (002) T and

Figure 5 . 1

 51 Figure 5.1 XRD pattern of the 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics.

Figure 5 . 2

 52 Figure 5.2 Lattice parameters of 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics.

Fig. 5 .

 5 Fig. 5.3 shows the SEM images of the fresh fracture surfaces for 0.7BF-0.3PT+xwt%MnCO 3 (x=0, 0.15, 0.3, 0.45) ceramics. A dense microstructure can be seen on the scanned surfaces. The grain size distributions are statistically calculated on SEM images by Imagej software for large numbers of grains. As shown in the inset of Fig. 5.3, there is no difference in the grain size for the samples with different Mn content. All the ceramics exhibit a small grain size of about 0.5

Fig. 5 .

 5 4 shows the EDS elemental mapping results of the 0.7BF-0.3PT+0.15wt%Mn ceramic samples. All the elements (Bi, Pb, Fe, O, Ti, Mn) are distributed homogeneously, indicating that there is no element aggregation phenomenon in the ceramics. Meanwhile, the measured atom percentage is close to the theoretical ones.

Figure 5 . 3

 53 Figure 5.3 SEM images of the fresh fracture surfaces of the 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics.

Figure 5 . 4

 54 Figure 5.4 The element distribution of the sample and the surface SEM images of the 0.7BF-0.3PT+0.15wt%Mn ceramics.

Figure 5 . 5

 55 Figure 5.5 The frequency dependencies of (a) εr; (b) tanδ at room temperature for the 0.7BF-0.3PT+xwt%MnCO 3 (x=0, 0.15, 0.3, 0.45) ceramics.

Fig. 5 .

 5 Fig. 5.6(a) shows the dielectric constant as a function of temperature for 0.7BF-0.3PT+xwt%MnCO 3 (x=0, 0.15, 0.3, 0.45) ceramics at the frequency of 1

Figure 5 . 6

 56 Figure 5.6 (a)(b) The temperature dependencies of εr and tanδ for the 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics; (c) The temperature dependence of tanδ for the 0.7BF-0.3PT ceramics.

Figure 5 . 7

 57 Figure 5.7 (a) The frequency dependency of tanδ at the different temperature for the 0.7BF-0.3PT ceramics; (b) Arrhenius plot of the tanδ.

Figure 5 . 8

 58 Figure 5.8 (a) The frequency dependency of ac conductivity at the different temperature for the 0.7BF-0.3PT ceramics; (b) Arrhenius plot of the dc conductivity.

Fig. 5 .

 5 Fig.5.9(a) shows the hysteresis P-E loops of 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics. It can be seen that even with an applied electric field of up to 130 kV/cm, the hysteresis P-E loops of all ceramic samples are still not fully opened. The values of remnant polarization P r and coercive field Ec for the ceramic samples are shown in Fig.5.9(b). E c for pure 0.7BF-0.3PT ceramics is as high as 56

Figure 5 . 9

 59 Figure 5.9 (a) The P-E loops of 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics; (b) P r and Ec as a function of Mn content.

  Fig. 5.10(a) shows the unipolar leakage current of the 0.7BF-0.3PT+xwt%MnCO 3 (x=0, 0.15, 0.3, 0.45) ceramics at room temperature. As the electric field increases, the leakage current density of all ceramic samples

Figure 5 .

 5 Figure 5.10 (a) The unipolar leakage current of the 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics; (b) The leakage current at different temperatures for the 0.7BF-0.3PT ceramics.

Figure 5 . 11

 511 Figure 5.11 Plots of logJ vs. logE for the 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics.

Figure 5 . 12

 512 Figure 5.12 Mössbauer spectrum of 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics.

Figure 6 . 1

 61 Figure 6.1 A sketch of the design for this section.

Fig. 6 .

 6 Fig. 6.2 shows the XRD patterns of the BFBT-xBMN (x=0.02,0.06) ceramics.

Figure 6 . 2

 62 Figure 6.2 XRD patterns of BFBT-xBMN (x=0.02, 0.06) ceramics.

Fig. 6 .

 6 Fig. 6.3 shows the SEM micrographs of fractured surfaces of the BFBT-xBMN (x=0.02,0.06) ceramics. A dense microstructure can be seen along with few pores distributed on the scanned surfaces. Both fine-and coarse-grained ceramics show a high relative density. The grain size distributions are statistically calculated on SEM

Figure 6 . 3

 63 Figure 6.3 SEM micrographs of fractured surfaces obtained from BFBT-xBMN (x=0.02, 0.06) ceramics.

Figure 6 . 4

 64 Figure 6.4 Grain size distributions of BFBT-xBMN (x=0.02, 0.06) ceramics.

Figure 6 . 5

 65 Figure 6.5 Dielectric constant and loss tangent as a function of the temperature for the BFBT-xBMN (x=0.02, 0.06) ceramics with different grain sizes.

Fig. 6 .

 6 6(b), the I-E loops of the coarse-grained ceramics exhibit two sharp ferroelectric switching peaks at the coercive field. This result implies the appearance of the irreversible long-range order during the cyclic electric field, accompanied by a large P r. By decreasing the grain size, the I-E loops of BFBT-BMN ceramics gradually become flat and broad. The obtained results on the dielectric properties, the narrow P-E loops and broad I-E peaks may be attributed to the presence of PNRs induced in the fine-grained ceramics. It was reported that the

Figure 6 . 6

 66 Figure 6.6 (a) The bipolar polarization hysteresis loops; (b) the current-electric field loops of the BFBT-xBMN (x=0.02, 0.06) ceramics with different grain sizes.

Figure 6 . 7

 67 Figure 6.7 Piezoresponse images of BFBT-xBMN (x=0.02, 0.06) ceramics with different grain sizes.

Figure 6 . 8

 68 Figure 6.8 TEM bright-field images of BFBT-0.06BMN ceramics with different grain sizes.

Figure 6 . 9

 69 Figure 6.9 (a) The P-E loops at maximum applied electric field for BFBT-0.06BMN ceramics with different grain sizes; (b) the corresponding value of Pmax-Pr, Eb and Wre of ceramics.

  28. Enhanced piezoelectric coefficient (~200 pC/N) along with a high Curie temperature (~500 °C) was achieved simultaneously in the composition of 0.6BF-24PT-0.16BST. The excellent stability of the piezoelectric behavior was realized for temperatures as high as 450 °C. The achievement of the above characteristics was mainly favored by the design of the weakly distorted structures and the presence of nanodomains with facilitated polarization rotation in the investigated MPB ceramics. The relevant ferroelectric features demonstrated in the new BF-PT-BST ceramics pave the way for their promising applications as high-temperature piezoelectric materials.
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 : Elaboration, structure and functional properties of BiFeO3-based ferroelectric ceramics Keywords : BiFeO3, Piezoelectric Performances, Morphotropic phase boundaries (MPB), Domain's Pinning, Defects, Energy storage

  

  

  

Table 1 .

 1 

	Materials	Tc (℃)	d33 (pC/N) kp (%)	tan𝛿𝛿	Rf
	0.36BiScO3-0.64PbTiO3	450	460	0.56	0.027 [57]
	BiGaO3-PbTiO3	495	-	-	0.032 [59]
	BiFeO3-PbTiO3	650			0.035 [67]
	BiInO 3-PbTiO3+Nb	542	60	0.11	0.02 [61]
	BiYbO 3-PbTiO3	590	18	-	0.02 [62]
	Bi(Mg 1/2Ti1/2)O3-PbTiO3	478	220	-	0.063 [64]
	Bi(Ga 0.4Fe0.6)O3-PbTiO3	540	52	-	0.03 [68]
	Bi(Ni2/3Nb1/3)O3-PbTiO3	273	140	0.22	0.11 [65]
	Bi(Ni 1/2Ti1/2)O3-PbTiO3	400	260			[69]
	Bi(Zn 1/2Ti1/2)O3-PbTiO3	700	-	-	-	[70]
	Bi(Zn 1/2Ti1/2)O3-PbTiO3-BiFeO3	560	30	-	0.02 [66]

1 

The electric properties of Bi(Me)O3-PbTiO3 based ceramics.

Table 2 . 1

 21 Raw materials for BiFeO3-based ferroelectric ceramics

	Chemical components	Purity	Place of production
	Fe2O3	99.77%	Aladdin chemical reagent company
	Bi2O3	99.60%	Sinopharm chemical reagent company
	PbO	99.00%	Aladdin chemical reagent company
	Pb 3O4	96.69%	Sinopharm chemical reagent company
	TiO2	99.48%	Aladdin chemical reagent company
	BaCO 3	99.80%	Sinopharm chemical reagent company
	ZrO 2	99.84%	Kemiou chemical reagent company
	SnO2	99.50%	Aladdin chemical reagent company
	MgO	99.99%	Aladdin chemical reagent company
	Nb 2O5	99.99%	Aladdin chemical reagent company
	PVA	-	Sinopharm chemical reagent company

Table 3 . 1

 31 The intended composition, the actual compositions as determined by EDX.

	Element	Cal. Atomic%	Prac. Atomic%	Prac. Atomic%
			(Grain)	(Grain boundary)
	O	60.00	57.60	58.03
	Ti	8.00	8.17	7.13
	Fe	11.00	11.80	8.98
	Zr	1.00	1.17	0.92
	Ba	4.00	3.87	3.61
	Pb	5.00	5.67	5.33
	Bi	11.00	11.71	16.01
	3.3.4 XPS analysis			

It is generally accepted that the fluctuation of the chemical valence state and the oxygen vacancy are important factors for leakage current and electrical properties in the BiFeO 3 based ferroelectric ceramics. XPS analysis for Bi 4f, O 1s and Fe 2p core level binding energy spectra of ceramics with different lead raw materials are shown in Fig. 3.7 (a)-(c), and the fitting results were presented in Table 3.2. Fig. 3.7 (a)

  .2, the concentration ratios of O 2-and oxygen vacancy in different samples are42.10:57.90 and 55.81:44.19, respectively, which implies that the content of oxygen vacancy in the BF-PT(Pb 3O4) sample is higher than that in the BF-PT(PbO) sample. In addition, the core level binding energy spectra of Fe 2p3/2 is displayed in Fig.3.7(c). It can be observed that the coexistence of Fe 3+ and Fe 2+ ions in both samples. The peak at ~709 eV is regarded as Fe 2+ , while the peak at ~711 eV is regarded as Fe3+ . According to the quantitative data in Table3.2, the concentration ratios of Fe 2+ in the ceramics with Pb3O4 and PbO source are 56.83 % and 21.13 %, respectively.

Table 3 . 2

 32 Fitted peaks of O 1s, Fe 2p and Bi 4f.

	O 1s	Peaks	Atomic	Fe 2p3/2 Peaks	Atomic	Bi 4f	Peaks	Atomic
			%			%			%
	Pb3O4	529.27 42.1	Pb3O4	709.87 56.83		158.45 55.45
	sample	531.17 57.9	sample	711.39 43.17	Pb3O4	163.76 42.76
	PbO	529.64 55.81	PbO	709.85 21.13	sample	156.76 1.23
	sample	531.93 44.19	sample	711.05 78.87		162.14 0.56
							PbO	158.52 56.86
							sample	163.83 43.14

For traditional lead-based piezoelectric ceramics, such as Pb(Zr, Ti)O3 (PZT), Pb(Mg 1/3Nb2/3)O3 (PMN), and (Pb, La)(Zr, Ti)O3 (PLZT) etc., Pb3O4 and PbO powder are the main two kinds of lead raw materials. It can be found that different lead raw materials have a minor effect on the properties of lead-based piezoelectric

Table 3 . 3

 33 The structure and electric properties of (0.76-x)BF-0.24PT-xBST ceramics.

	Compo sition	Phase cT/aT	Tm (°C)	ε @1kHz	tan𝛿𝛿 @1kHz	Ec (kV/cm)	d33 (pC/N)	kp	Strain(%) 55kV/cm
	x=0.10	R	-	557 381.0 0.019 33.18	71	0.26	0.041
	x=0.13 R+T 1.058 529 571.3 0.015 32.63	121	0.41	0.086
	x=0.16 R+T 1.042 498 870.5 0.019 25.47	202	0.39	0.103
	x=0.18 R+T 1.035 467 945.8 0.017 23.97	245	0.42	0.106
	x=0.20 R+T 1.029 441 978.3 0.018 22.33	255	0.43	0.121
	x=0.22 PC+T 1.023 414 1066.6 0.019 23.78	232	0.36	0.135
	x=0.24 PC+T 1.019 382 1192.9 0.022 20.02	226	0.37	0.155
	x=0.26 PC+T 1.016 365 1287.3 0.025	18.8	206	0.32	0.166
	x=0.28 PC+T 1.010 346 1403.2 0.036 18.50	160	0.31	0.210
	x=0.30	PC	-	328 1465.8 0.042 18.40	110	0.31	0.223

Table 5 . 1

 51 The leakage mechanism of the 0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics.

		Leakage mechanism
	Composition		
		Low field	High field
	0.7BiFeO3-0.3PbTiO3	SCLC	TFL
	0.7BiFeO3-0.3PbTiO3+0.15wt%Mn	Ohmic	SCLC
	0.7BiFeO 3-0.3PbTiO3+0.30wt%Mn	Ohmic	SCLC
	0.7BiFeO3-0.3PbTiO3+0.45wt%Mn	Ohmic	
	5.3.		

5 57 Fe Mössbauer probing of Fe 57

  Fe Mössbauer spectrum is sensitive to the chemical valence and surrounding fine structure of Fe, which provides information about the electronic density of the nuclei (isomer shift, IS), the electric field gradient (quadrupole splitting, QS) and the magnetic environment (magnetic hyperfine splitting, HF). For BiFeO 3-based ceramics, the Mössbauer spectrum can clearly reflect the various valence states of Fe ions (Fe 2+ , Fe 3+ and Fe 4+ ), which is very helpful for analyzing the role of Fe in the

	BF-PT	system.	Fig.	5.12	shows	the	Mössbauer	spectrum	of
	0.7BF-0.3PT+xwt%MnCO3 (x=0, 0.15, 0.3, 0.45) ceramics. It can be seen that
	Mössbauer spectrum of the ceramics can be fitted with the Zeeman sextets and the
	paramagnetic doublet. Due to the presence of at least two sites of Fe in the binary
	perovskite compound, multiple Zeeman sextets can be found in the Mössbauer
	spectrum, corresponding to different HF. Similar results have also been reported in
	other BFO-based ceramics						

Table 5 . 2

 52 Mean refined values of hyperfine parameters obtained from Mössbauer spectrum of 0.7BF-0.3PT+xwt%MnCO 3 (x=0, 0.15, 0.3, 0.45) ceramics.

	Sample	Site	IS (mm/s)	QS (mm/s) HF (Tesla)	Area (%)
		Sextet 1	0.24	0.28	48.9	15
		Sextet 2	0.46	0.16	46.0	22
	x=0	Sextet 3	0.38	0.10	40.7	23
		Doublet	0.35	0.56	-	40
		Sextet 1	0.40	0.08	46.8	30
	x=0.15	Sextet 2	0.45	0.20	41.4	25
		Doublet	0.34	0.53	-	45
		Sextet 1	0.40	-0.05	47.0	22
		Sextet 2	0.41	0.07	44.1	8
	x=0.30	Sextet 3	0.37	0.01	40.4	26
		Sextet 4	0.47	0.03	32.2	7
		Doublet	0.35	0.54	-	37
		Sextet 1	0.06	-0.29	46.2	26
		Sextet 2	0.06	-0.37	43.6	22
	x=0.45					
		Doublet 1	0.39	0.56	-	37
		Doublet 2	1.23	2.75	-	15

Table 6 . 1

 61 Comparisons of dielectric and ferroelectric properties of BFBT-xBMN (x=0.02, BT-xBMN (x=0.02,0.06) ceramics with different grain sizes. First of all, the coarse-grained BFBT-BMN ceramics with nonergodic relaxor characteristics show a high remanent polarization. For these systems, P r decreases from 19.06 μC/cm 2 to 14.12 μC/cm 2 with increasing the content of BMN. Distinct shapes are observed in P-E loops for the ceramics with fine and coarse grain. As shown in Fig.6.6(a), for the BFBT-0.06BMN ceramics, the coarse-grained samples show the rectangular ferroelectric loops with a high P r (14.12 μC/cm 2 ) and a high EC (20.78 kV/cm), while the narrow and slim ferroelectric hysteresis loops accompanied by a low P r (4.26 μC/cm 2 ) and a low EC (6.76 kV/cm) are observed in the fine-grained samples. The same features are also observed in the BFBT-0.02BMN ceramics. Furthermore, as can be seen from

		0.06) ceramics with different grain sizes.	
		BFBT-0.02BMN	BFBT-0.06BMN
		Coarse-grain	Fine-grain	Coarse-grain	Fine-grain
	Grain size (μm)	2.87	0.55	4.1	0.89
	ε [10kHz]	623	859	520	832
	Loss tangent [10kHz]	0.10	0.08	0.10	0.08
	εm [10kHz]	25400	6400	10800	4900
	Pr (μC/cm 2 )[50kV/cm]	19.06	8.79	14.12	4.26
	Ec (kV/cm)[50kV/cm]	21.83	11.61	20.78	6.76
	6.3.3 Ferroelectric properties			

Fig. 6.6(a) shows the bipolar polarization hysteresis (P-E) loops of the BF-
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