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piézoélectriques du PVDF via un procédé d'électrofilage/électropulvérisation. Le manuscrit de thèse est divisée en 5 chapitres, i.e., (1) analyse de l'état de l'art sur les matériaux utilisés dans la récupération d'énergie piézoélectrique et les dernières recherches sur l'utilisation du PVDF; (2) les matériaux et la méthode expérimentale utilisés; (3) la préparation de nanofibres de PVDF électrofilées piézoélectriques en optimisant les paramètres d'électrofilage (paramètres de solution, paramètres de fonctionnement) ;

(4)lLa préparation de microsphères de PVDF électropulvérisées piézoélectriques en agissant sur les paramètres d'électropulvérisation (paramètres de solution et paramètres procédé) ; (5) A parir à l'examen de la littérature au chapitre Ⅰ, il a été constaté l'importance des matériaux piézoélectriques dans la préparation d'énergie verte et propre et la résolution du problème de pénurie d'énergie de plus en plus importante. Les matériaux piézoélectriques convertissent l'énergie mécanique de l'environnement en énergie électrique par effet piézoélectrique direct. Par rapport à d'autres types de récupération d'énergie utilisant des énergies renouvelables (solaire, chaleur, vent, etc.), la récupération d'énergie piézoélectrique est facile à préparer, disponible en continu et peut être stockée dans un appareil portatif pour leur fournir de l'énergie. Le stockage d'énergie piézoélectrique traditionnelle est souvent réalisée à partir de matériaux céramiquex. Ils présentent une forte réponse piézoélectrique, mais également certains inconvénients tels qu'un manque de flexibilité, une mise en oeuvre difficile, de mauvaises propriétés de traction, ce qui rend difficile leur mise en oeuvre. En tant que matériau polymère, le PVDF, possède également d'excellentes propriétés piézoélectriques. Ainsi, il peut être utilisé dans la préparation de récupération d'énergie piézoélectrique. Il existe trois méthodes pour améliorer les propriétés piézoélectriques de la récupération d'énergie piézoélectrique à partir du PVDF. Différente des autres méthodes (filature assistée par gaz, filage centrifuge, etc.), la méthode d'électrofilage fournit un champ électrique qui polarise et étire la solution de PVDF/nanofibres, conduisant finalement à une augmentation de la F EA dans le PVDF. c. Optimisation des paramètres.

Au cours du processus d'électrofilage, la F EA peut être améliorée en optimisant les paramètres de la solution (masse molaire, solvant, concentration, etc.), les paramètres de fonctionnement (tension, vitesse d'alimentation, TCD, etc.) et les paramètres ambiants (température, humidité, etc.). Dans le chapitre Ⅲ, les effets des paramètres de la solution (solvant, concentration de PVDF), des paramètres de fonctionnement (tension appliquée, distance pointe-collecteur (TCD), vitesse d'alimentation et type de collecteur) et des additifs (nanoparticules de BaTiO 3 ) sur les nanofibres de PVDF électrofilées ont été clarifiés.

Paramètres des solutions.

Deux références de PVDF (Kynar 705 et Solef 1006) et six mélanges-solvants à base de deux solvants (acétone et DMF) ont été utilisés pour préparer une série de solutions d'électrofilature de PVDF. Ensuite, l'effet des propriétés de la solution sur la forme du cône de Taylor, la morphologie, la structure cristalline et les propriétés piézoélectriques des nanofibres de PVDF ont été discutés. La viscosité du solvant et la vitesse de volatilisation sont les principaux facteurs d'obtention de la structure des nanofibres par électrofilage. Lorsque la viscosité de la solution augmente, l'enchevêtrement entre les chaînes moléculaires polymères dans la solution augmente. Lorsque la viscosité de la solution est supérieure à la concentration d'enchevêtrement (C e ), la structure nanofibre est obtenue par électrofilage. A mesure que le taux de volatilisation de la solution augmente, le temps d'étirage des nanofibres par la force de Coulomb augmente et le diamètre des nanofibres diminue. L'augmentation de la teneur en acétone dans la solution d'électrofilage est bénéfique pour améliorer les propriétés F EA et piézoélectriques des nanofibres.

A mesure que la teneur en acétone augmente, la volatilité du solvant s'améliore, le PVDF se solidifie au fur et mesure permettant une organisation des phases cristallines. Dans le même temps, l'évaporation rapide du solvant conduit à une augmentation du temps d'étirage des nanofibres par le champ électrique, ce qui est bénéfique pour améliorer la F EA des nanofibres.

L'augmentation de la F EA et du degré de cristallinité (Xc) améliore le F(β) total dans les nanofibres, ce qui améliore les propriétés piézoélectriques des nanofibres de PVDF. Les nanofibres de PVDF électrofilées avec la F EA le plus élevé (94,2 ± 0,4 %) et le d 33 (-13,7 ± 0,6 pC/N) ont été fabriquées lorsque la solution était de 25 % en masse/volume de PVDF/DMF/acétone (rapport volumique de DMF/acétone = 4/6).

Paramètres de fonctionnement.

Des nanofibres PVDF électrofilées avec le F EA le plus élevé, la teneur en phase β (F(β)) et d 33 ont été préparées à partir d'une solution à 25 % p/v de PVDF/DMF/acétone (rapport volumique de DMF/acétone = 4/6) en optimisant la tension appliquée, vitesse d'alimentation, TCD et type de collecteur. Les effets des paramètres du procédé sur le cône de Taylor, la morphologie (diamètre moyen, la distribution du diamètre et la disposition des nanofibres) et la structure cristalline (F EA , F(α), F(β), F(γ) et F(β)total), ainsi que les propriétés piézoélectriques, ont été étudiées.

Lorsque les propriétés physico-chimiques de la solution d'électrofilage ont été fixées, la forme du cône de Taylor est influencée par la compétition entre la vitesse d'alimentation et la vitesse du jet de polymère, i.e., (1) vitesse d'alimentation >> vitesse du jet de polymère, une goutte goutte est formé ; (2) vitesse d'alimentation ≥ vitesse du jet de polymère, le volume du cône de Taylor est grand et la hauteur est élevée ; (3) vitesse d'alimentation ≤ la vitesse du jet de polymère, le volume du cône de Taylor diminue et la hauteur diminue ; et (4) vitesse d'alimentation << vitesse du jet de polymère, le cône de Taylor disparaît pour former un jet discontinu. En améliorant l'étirage du jet de polymère via l'augmentation de la tension, le diamètre des nanofibres de PVDF a été réduit et la phase électroactive dans les nanofibres de PVDF a été augmentée. Cependant, une valeur de de champ électrique trop élevée provoque l'instabilité du jet de polymère, entraînant une augmentation de la structure des billes et une diminution de la phase électroactive, en particulier la phase β. Le solvant se volatilise complètement en augmentant la distance buse-collecteur (TCD), ce qui améliore efficacement le F EA et le F(β) des nanofibres de PVDF. La tension appliquée (20 kV), le TCD (25 cm), et le débit d'alimentation (1 mL•h -1 ) ont été optimisés pour la préparation de PVDF électrofilé avec les valeurs F EA [START_REF] Liu | A bi-functional configuration for a metal-oxide film supercapacitor[END_REF]4 ± 0,2 %) et d 33 (-17,7 ± 1,6 pC/N).

Pendant ce temps, l'effet de la vitesse de rotation sur la morphologie et la structure cristalline des nanofibres de PVDF électrofilées a été discuté en ajustant la vitesse de rotation dans la plage de 0 à 2000 tr/min. Lorsque la vitesse de rotation est de 200-2000 tr/min, le F(β) des nanofibres obtenues est supérieur à celui des nanofibres obtenues à une vitesse de rotation nulle.

L'utilisation du collecteur à cylindre rotatif pour améliorer les propriétés piézoélectriques des nanofibres est principalement liée à un étirage mécanique, ou orientation, supplémentaire fourni par le collecteur rotatif qui améliore la cristallisation du PVDF en phase β.

Ajout d'additifs.

En utilisant des nanoparticules de BaTiO 3 comme additif, une série de solutions de PVDF/BaTiO 3 avec différentes fractions pondérales de BaTiO 3 ont été préparées. Les effets des propriétés de la solution sur la forme du cône de Taylor, la morphologie et la structure cristalline des nanofibres PVDF/BaTiO 3 électrofilées ont été clarifiés. La dispersion de BaTiO 3 en solution et la conductivité sont les principaux facteurs de formation d'un cône de Taylor stable et de nanofibres sans billes. Les nanoparticules de BaTiO 3 sont principalement réparties dans la structure des nanofibres au lieu de la structure des billes. Pendant ce temps, ce chapitre a discuté de l'effet de la concentration de BaTiO 3 sur la structure cristalline. L'ajout de nanoparticules de BaTiO 3 diminue le Xc des nanofibres de PVDF, alors . qu'elles favorisent la formation de la phase β dans les microparticules, en améliorant la conductivité, et en jouant le rôle d'agent nucléant pour la phase β et en fixant la conformation TTTT. En raison de l'effet de l'agent de nucléation β, des excellentes propriétés piézoélectriques de BaTiO 3 et de la distribution uniforme de BaTiO 3 dans les nanofibres de PVDF, l'ajout de nanoparticules de BaTiO 3 améliore efficacement les propriétés piézoélectriques de la membrane nanofibreuse PVDF/BaTiO 3 . En outre, la teneur excessive en BaTiO 3 provoque l'agrégation des nanoparticules de BaTiO 3 et l'apparition de structures de billes dans les nanofibres, qui diminuent les propriétés piézoélectriques de la membrane nanofibreuse PVDF/BaTiO 3 .

Lorsque la fraction pondérale de BaTiO 3 dans le PVDF est de 3 % en poids, la F EA (95,8 ± 0,7 %) et les performances piézoélectriques (d 33 de -29,4±1,9 pC/N, tension de sortie de 160 mV) du PVDF/BaTiO 3 électrofilé sont les plus élevées.

Dans le chapitre Ⅳ, des microsphères de PVDF électropulvérisées à haute teneur en phase électroactive et à distribution homogène ont été produites en étudiant l'effet des propriétés de la solution et des paramètres de fonctionnement sur la formation de microsphères électropulvérisées. Deux solvants (rapport volumique DMF/acétone = 1/0 et 4/6), différents paramètres de fonctionnement (tension appliquée, TCD) ont été utilisés lors du processus d'électronébulisation. L'effet des propriétés physicochimiques des solutions d'électropulvérisation de PVDF et des paramètres de fonctionnement sur la formation du cône de Taylor a été clarifié. En outre, les effets de différents systèmes PVDF/solvant sur la taille, la distribution et la structure cristalline des microsphères de PVDF ont été discutés. La concentration de PVDF est le facteur principal dans la formation d'une structure de cône et de microsphères de Taylor stable. Au cours du processus d'électropulvérisation, lorsque la concentration de la solution de PVDF est trop faible, l'évaporation du solvant est plus rapide, ce qui entraîne l'obtention d'une structure creuse au sein des microparticules. Ces microsphères creuses finissent par s'effondrer pour former des microsphères déformées. L'augmentation de la teneur en DMF dans le solvant ou la concentration de PVDF réduit le taux d'évaporation du solvant, ce qui est bénéfique pour réduire la taille des petites gouttelettes et le vide à l'intérieur des microsphères, formant des microsphères plus denses avec une taille plus petite et une distribution homogène. Les microsphères de PVDF denses avec le F EA élevé ont été préparées lorsque la concentration de PVDF et le solvant étaient de 8 à 10 % en masse/volume et DMF/acétone = 4/6 (rapport en volume).

Dans le chapitre Ⅴ, une nouvelle structure 3D PVDF MNFM a été fabriquée en combinant les méthodes d'électrofilage et d'électropulvérisation. La distribution des microsphères de PVDF dans les nanofibres de PVDF a été discutée en détail. Parallèlement, l'influence des microsphères de PVDF sur la structure cristalline des MNFM de PVDF a été étudiée. Enfin, le mécanisme d'amélioration de la structure multicouche sur les propriétés piézoélectriques des membranes PVDF et l'effet des microsphères sur les propriétés piézoélectriques des membranes PVDF ont été discutés en détail. Lorsque les microsphères de PVDF ont été préparées par électropulvérisation d'une solution de PVDF/DMF/acétone (DMF/acétone = 4/6), les microsphères de PVDF étaient uniformément réparties dans les nanofibres de PVDF lorsque la concentration de la solution était de 8 à 10 % en masse/volume. Et la structure cristalline du MNFM était principalement affectée par les nanofibres, et non par les microsphères.

Lorsque les microsphères de PVDF par électropulvérisation ont été préparées à l'aide d'une solution de PVDF/DMF, de nombreuses particules irrégulières sont réparties dans les nanofibres de PVDF en raison de l'évaporation incomplète du solvant.

Le F(β) Total des MNFM en PVDF n'est pas significativement modifié par rapport au F(β) Total de la membrane nanofibreuse en PVDF. Cependant, le d 33 , la tension de sortie et la sensibilité piézoélectrique du nanogénérateur piézoélectrique (PENG) à base de PVDF MNFM étaient de -59,2 ± 2,2 pC/N, 112 mV et 448 mV/N, soit trois fois celle du PENG à base de membrane nanofibreuse PVDF.

L'amplification de la force de contrainte par les microsphères, l'excellent piézopotentiel des microsphères et les charges générées à l'interface entre les microsphères et les nanofibres sont les facteurs qui rendent les performances piézoélectriques des MNFM en PVDF supérieures à celles de la membrane nanofibreuse en PVDF.

Pendant ce temps, le PVDF/BaTiO 3 MNFM a été préparé par des nanofibres de PVDF/BaTiO 3 électrofilées assemblées et des microsphères de PVDF/BaTiO 3 électropulvérisées ou des microsphères de PVDF pur. L'effet de l'arrangement de différentes couches dans le MNFM sur la morphologie, la structure cristalline et les propriétés piézoélectriques des MNFM composites PVDF/BaTiO 3 ont été étudiées. L'ajout de microsphères de PVDF aux nanofibres de PVDF/BaTiO 3 a amélioré les performances piézoélectriques par rapport aux nanofibres de PVDF/BaTiO 3 avec des microsphères de PVDF/BaTiO 3 . Ceci est attribué au fait que la couche de PVDF et les couches de PVDF/BaTiO 3 ont des modes de polarisation et des orientations dipolaires différents, ce qui affaiblit l'effet de neutralisation et génère une réponse piézoélectrique plus importante. La réduction de la teneur en BaTiO 3 peut améliorer les propriétés piézoélectriques du matériau, ce qui fournit une nouvelle idée pour la préparation de matériaux piézoélectriques composites.

Mots-clés : electrospinning, electrospraying, PVDF, propriétés piézoélectriques, multicouche, BaTiO 3

Introduction

Piezoelectric materials, mainly divided into inorganic (ceramic) and organic (polymer) materials, which generate electrical charges in the materials when a force is applied on the materials. Therefore, devices fabricated using piezoelectric materials can produce electric energy by harvesting mechanical energy in the environment, which is a clean and efficient energy source. The piezoelectric devices effectively alleviate the increasingly environmental pollution and energy shortage problems. The daily power associated with human body movements represent up to a few tens of watts. Thus, the preparation of a wearable piezoelectric device can be achieved by harvesting these various movements and power some electric elements. The ceramic piezoelectric materials have a higher piezoelectric performance than polymer materials. However, ceramic materials exist some disadvantages, such as lack of flexibility, and high density. Thus, the ceramic materials cannot be used in wearable piezoelectric energy harvesting.

In contrast, the advantages of polymer materials, such as easy process, flexibility, low density, and high break strength, allow polymer materials to be more widely used in the field of wearable piezoelectric devices. In this research, poly(vinylidene fluoride) (PVDF) is selected as the polymer materials to prepare wearable piezoelectric devices because of it's the highest piezoelectric performance compared with other polymer materials.

Electrohydrodynamic method, namely electrospinning and electrospraying, is the basic methods for producing piezoelectric PVDF. On the one hand, the electrospinning method is an efficient way to fabricate PVDF nanofibers. Compared with PVDF bulk or thin-film, the piezoelectric properties of PVDF nanofibers is the best because the nanofibers' lengthy length and extremely tiny diameter increase dipole alignment. On the other hand, the PVDF crystalline structure exhibits five different polymorphs, α-, β-, γ-, δ-, and ε-phases. The polar β-and γ-phases, which are named as electroactive phase, show good piezoelectric responses because of the high dipolar moment per unit cell. Thus, the piezoelectric performance of PVDF is mostly related to the content of electroactive phase (F EA ). Different from other methods (gas-assisted spinning, centrifugal spinning, etc.), the electrohydrodynamic method provide an electric field that polarizes and stretches the PVDF solution/nanofibers, ultimately leading to an increase in the F EA in PVDF. This PhD thesis was financially supported by China Scholarship Council (CSC) and Laboratoire de Génie et Matériaux Textiles (GEMTEX). The objective is to design and fabricate PVDF nanofibrous membrane (NFM) with 3D macrostructures, and improve their piezoelectric performance for wearable piezoelectric devices.

The Chapter Ⅰ conducted a literature survey. Piezoelectric materials convert mechanical energy into electrical energy through direct piezoelectric effect. Compared with other kinds of energy harvesting devices by using renewable energies (solar, heat, wind, etc.), the devices based on piezoelectric effect is easier to prepare and more available continuously. Va rious piezoelectric materials (ceramic and polymer) have been widely studies in the field of piezoelectric applications, such as nanogenerator, sensor, energy storage, etc. Among these materials, PVDF has been widely research on wearable piezoelectric devices in recent years due to its flexibility, easy to process, strong tensile properties and excellent piezoelectric properties. There are three main ways to improve the piezoelectric performance of PVDF: First, the electroactive phase (β+γ phase) in PVDF has better piezoelectric properties.

Therefore, the piezoelectric properties of PVDF increased by electrospinning method or adding β phase nucleating agent to improve the F EA in PVDF. Secondly, the piezoelectric properties of composite materials are related to the piezoelectric properties and distribution of each component. It is beneficial to improve the piezoelectric properties of PVDF by adding materials with good piezoelectric performance to PVDF and making them homogeneous distributed in the PVDF matrix. Finally, the piezoelectric properties of PVDF NFM are affected by the membrane thickness and the interaction between the interfaces of each layer. Thus, the piezoelectric properties of PVDF materials can be further improved by exploring the structure of PVDF multi-layer membrane.

In order to fabricate 3D nanofibrous macrostructures for piezoelectric energy harvesting of PVDF based material, the experimental content of this thesis was divided into three chapters:

In chapter Ⅲ, the effect of polymer and solution properties on the formation of electrospinning nanofibers was discussed. Two PVDF pellets (Kynar 705 and Solef 1006) and 6 solvents (acetone, DMF, DMF/acetone=6/4, 5/5, 4/6, 3/7) were used to prepare a series of electrospinning PVDF solutions. Then, the effect of solution properties on the shape of Taylor cone, morphology, crystalline structure and piezoelectric properties of PVDF nanofibers were discussed.

Meanwhile, the effects of operating parameters on the shape of Taylor cone, morphology, crystalline structure and piezoelectric properties of PVDF nanofibers have been clarified. The influence of the Coulomb forces provided by the electric field, solvent evaporation, viscosity and mechanical stretching on shape of Taylor cone and structure of electrospinning PVDF nanofibers were examined. At the same time, this chapter quantitatively discussed the impact of the orientation of PVDF nanofibers on piezoelectric properties.

In addition, the BaTiO 3 nanoparticles were added into PVDF solution and preparing the electrospun PVDF/BaTiO 3 nanofibers. The influences of solution properties on the shape of Taylor cone were examined. At the same time, the impact of BaTiO 3 nanoparticle concentration on the BaTiO 3 dispersion in PVDF nanofibers, crystalline structure, and piezoelectric performance of PVDF/BaTiO 3 nanofibers.

In chapter Ⅳ, electrosprayed PVDF microspheres with high F EA and homogeneous distribution were produced by investigating the effect of solution properties and operating parameters on the formation of electrosprayed microspheres. Two solvents (volume ratio of DMF/acetone=1/0 and 4/6), different operating parameters (applied voltage, TCD) were used during electrospraying process. The effect of physico-chemical properties of PVDF electrospraying solutions and operating parameters on the formation of the Taylor cone were clarified. Furthermore, the effects of different PVDF/solvent systems on the size, distribution, and crystalline structure of PVDF microspheres were discussed.

In chapter Ⅴ, a novel 3D multi-layer structure PVDF NFM was fabricated by combining electrospinning and electrospraying methods. The distribution of PVDF microspheres in PVDF nanofibers was discussed in detail. Meanwhile, the influence of PVDF microspheres on the crystalline structure of PVDF multi-layer nanofibrous membrane (MNFM) was researched. Finally, the enhancement mechanism of the multi-layer structure on the piezoelectric properties of PVDF membranes and the effect of microspheres on the piezoelectric properties of PVDF membranes were discussed in detailed.

Furthermore, PVDF/BaTiO 3 MNFMs were fabricated by assembled electrospun PVDF/BaTiO 3 nanofibers and electrosprayed PVDF/BaTiO 3 microspheres. The effect of various layers arrangement in MNFM on the morphology, crystalline structure and piezoelectric properties of composite PVDF/BaTiO 3 MNFMs were researched.

In this research, electrical conductivity and viscosity were used to describe the physico-chemical properties of electrospinning/electrospraying PVDF solutions. The Taylor cone during electrospinning/electrospraying was observed by using a high-speed camera. Scanning electron microscopy (SEM) was used to examine the size, size distribution and morphology of electrospun nanofibers and electrosprayed microspheres. Differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR) were used to characterize the crystalline structure of electrospun nanofibers and electrosprayed microspheres. The piezoelectric performance of the samples was evaluated by using piezoelectric coefficient meter and self-made device.

Chapter 1 State of the Art

The introduction of the piezoelectric energy harvesting

In recent years, energy shortages have been getting worse. The use of non-renewable energy resources based on fossil fuels such as oil, coal, and natural gases are sources of various environmental concerns such as pollution, global warming, etc. One of the alternatives to solve these questions is using renewable energies. At the same time, with the development of the Internet-of-Things (IoT), some microelectronic devices (mobile phones, laptops, etc.) are indispensable in our daily life. Convenience and portability are the future directions of energy harvesting. Therefore, it is necessary to develop a wearable energy harvesting based on renewable energies. According to recent research, wearable energy harvesting systems that use renewable energies are classified into three types: electromagnetic waves (development of solar cells based on the use of photovoltaic effect, development of textile antennas for radiofrequency energy harvesting operating on various bands [1][2][3]), heat (development of textiles based on the pyroelectric effect or thermoelectric textiles exploiting the Seebeck effect [4][5][6]) and movements (development of triboelectric textiles or piezoelectric textiles [7][START_REF] Choi | Corrugated Textile based Triboelectric Generator for Wearable Energy Harvesting[END_REF][START_REF] Anand | Energy harvesting "3-D knitted spacer" based piezoelectric textiles[END_REF]). Ambient light energy is a type of energy that provides more recovered energy than mechanical or thermal energy. However, ambient light is not always accessible. Because of the reduced light power density, photovoltaic cells are less efficient when utilized inside. Thermal energy's use is based on the Seebeck effect [START_REF] Zhou | Seebeck-driven transverse thermoelectric generation[END_REF], which states that a temperature difference between two dissimilar electrical conductors allows charge carriers to move from the hot zone to the cooler zone. However, the temperature variation for standard applications is relatively insignificant, restricting the utilization of Seebeck effect energy harvesters.

The daily power associated with human motions, especially limb movement, can reach tens of watts [START_REF] Choi | Wearable biomechanical energy harvesting technologies[END_REF]. A minor portion of the energy dissipated throughout the various motions would be sufficient to power some electrical devices linked with energy harvesting. For example, the minimum and maximum backlight power for Android-based smartphones is around 7.8 mW and 414 mW, respectively [START_REF] Xia | The power of smartphones[END_REF]. This kind of energy harvesting is based on the direct piezoelectric effect. Jacques Curie and Pierre Curie developed the piezoelectric effect in 1880. When mechanical stress is applied to materials, the materials generate electrical charges across their boundaries, which is known as the direct piezoelectric effect (Figure 1-1(a)) [START_REF] Lee | Recent Structure development of poly(vinylidene fluoride)-based piezoelectric nanogenerator for self-powered sensor[END_REF]. The piezoelectric effect is reversible: materials that show the direct piezoelectric effect also display the reverse piezoelectric effect, which is the internal creation of mechanical strain resulting from an applied electrical field (Figure 1-1(b)). The piezoelectric mechanism may be described using the following equations:

𝐷 𝑖 = 𝜀 0 𝜀 𝑖𝑗 𝜎 𝐸 𝑗 + 𝑑 𝑖𝐽 𝜎 𝐽 (1-1) 𝛿 𝐼 = 𝑆 𝐼𝐽 𝐸 𝜎 𝐽 + 𝑑 𝐼𝑖 𝐸 𝑖 (1-2)
Where D represents the electric displacement; δ is the strain; ε 0 represents the free space electric permittivity; ε σ is the dielectric constant at constant stress; E is the electric field; d is the piezoelectric coefficient; σ is the applied stress; S E is the elastic compliance; I and J are the directions with values ranging from 1-6 whereas i and j are the directions ranging from 1-3 (Figure 1-2).

The piezoelectric constant of the direct piezoelectric effect (equation 1-1) and the reverse piezoelectric Direction index of electromechanical constants in poled piezoelectric materials [START_REF] Mokhtari | Piezofibers to smart textiles: a review on recent advances and future outlook for wearable technology[END_REF].

In this part, the materials used for piezoelectric application are introduced first. Then, the nanofibers used for piezoelectric application are systematically explained. This part discusses the importance of materials and structures at various scales (micro/nano). In addition, the piezoelectric application in recent research has been further elaborated and prospected.

Materials used for the piezoelectric effect

Mechanical energy may be converted using piezoelectric materials. Piezoelectric materials are so commonly employed in piezoelectric applications (sensors, energy harvesting devices, etc.). The piezoelectric materials are mainly divided into ceramic materials [START_REF] Lee | Depletion width engineering via surface modification for high performance semiconducting piezoelectric nanogenerators[END_REF][START_REF] Kim | Self-compensated insulating ZnO-based piezoelectric nanogenerators[END_REF][START_REF] Niu | High-Performance PZT-Based Stretchable Piezoelectric Nanogenerator[END_REF][START_REF] Lee | Direct-current flexible piezoelectric nanogenerators based on two-dimensional ZnO nanosheet[END_REF], and polymer materials [START_REF] Kim | Biomolecular Piezoelectric Materials: From Amino Acids to Living Tissues[END_REF][START_REF] Liao | Competitive Halogen Bond in the Molecular Ferroelectric with Large Piezoelectric Response[END_REF][START_REF] Kim | High-Performance Piezoelectric, Pyroelectric, and Triboelectric Nanogenerators Based on P(VDF-TrFE) with Controlled Crystallinity and Dipole Alignment[END_REF]. Table 1-1 shows the piezoelectric coefficients (d 33 ) of several piezoelectric materials. Ceramic piezoelectric materials have a larger d 33 and better electromechanical coupling than polymer materials, as indicated in Table 1-1. As a result, ceramic piezoelectric materials exhibit superior dielectric and piezoelectric properties. Ceramic materials are so commonly employed in piezoelectric applications. However, ceramic materials have several drawbacks, including a lack of flexibility and a high density. Due to these drawbacks, ceramic materials cannot be employed in several piezoelectric applications. Preparing wearable piezoelectric devices, for example, is tough. Even if the piezoelectric devices are prepared, they lack a comfortable fit. In contrast, while the piezoelectric properties of piezoelectric polymer materials are not as good as those of some ceramic materials, the advantages of polymer materials, such as easy of processing, flexibility, low density, and high break strength, allow polymer materials to be used more widely in wearable piezoelectric applications.

Nanofibers used for the piezoelectric effect

Because of the apparent strain confinement effect and better strain tolerance capability in nanostructures, piezoelectric materials with nanofiber architectures have stronger piezoelectric performance than bulk or thin-film materials [START_REF] Kim | Radially dependent effective piezoelectric coefficient and enhanced piezoelectric potential due to geometrical stress confinement in ZnO nanowires/nanotubes[END_REF]. Figure 1-3 is the schematic of dipoles alignment in piezoelectric film and piezoelectric nanofibers. When mechanical stress is applied to a piezoelectric material, strain is created in both the axial and orthogonal directions. When the size in the orthogonal direction is reduced, the strain in the axial direction is more effectively restricted. Geometrical strain confinement improves dipole alignment and piezoelectric properties [START_REF] Ghosh | Synergistically enhanced piezoelectric output in highly aligned 1D polymer nanofibers integrated all-fiber nanogenerator for wearable nano-tactile sensor[END_REF]. The nanofibers' extremely long length and tiny diameter increase dipole alignment. As a result, the material's piezoelectric properties of nanofibers is higher than bulk or film materials. Furthermore, a decrease in diameter results in an increase in specific surface area. When a force is applied to the material, the increased surface area of the nanofibers offers greater contact area, which increases the charges via the piezoelectric effect, ultimately increasing the piezoelectric performance of the material.

The term "nanofiber" has several meanings in the literature. The "nanofiber" comprises nanometersized fibers, nanocomposite fibers, and nanostructured surface fibers. As nanomaterials, nanofibers have at least one dimension equal to or less than 100 nanometers. They also have a greater-than-100 length-to-diameter ratio (L/D > 100). According to the International Standards Organization, the word "nanofiber" refers to fibers with a mean diameter of less than 100 nm (ISO) [START_REF] Nguyen | chemical, and electronic applications of nanofibers[END_REF]. In the engineered fibers industry, it is acceptable for fibers with diameters less than 1000 nm [35]. In this thesis report, the "nanofiber" refers to fibers with diameter less than 1000 nm. Table 1-2 shows the electrical performance of polymer nanofibers in recent research. According to the results, the material plays an important role in electrical performance. PVDF and its copolymers are extensively studied in the field of piezoelectric nanofibers. PLA, PAN, and nanocomposite are also being researched because of their advantages (For example, the biocompatibility and biodegradable characteristics of PLA, and poling step is not necessary for PLA compared with PVDF-TrFE [START_REF] Min | Novel antimicrobial packaging film based on porous poly(lactic acid) nanofiber and polymeric coating for humidity-controlled release of thyme essential oil[END_REF]; the thermal stability and solvent resistance of PAN [START_REF] Sun | Enhanced Energy Harvesting Ability of ZnO/PAN Hybrid Piezoelectric Nanogenerators[END_REF]). In this section, the piezoelectric properties of nanofibers prepared from different materials are described in detail, as well as their advantages, disadvantages, and applications. ) is a thermoplastic semi-crystalline polymer with high purity, low weight and flexibility, as well as solvent resistance and electrical field stability [START_REF] Alhasssan | Polyvinylidene difluoride piezoelectric electrospun nanofibers: Review in synthesis, fabrication, characterizations, and applications[END_REF]. Researchers have studied the piezoelectric properties of PVDF since Kawai discovered the piezoelectric effect of PVDF films in 1969 [START_REF] Bae | PVDF-based ferroelectric polymers and dielectric elastomers for sensor and actuator applications: a review[END_REF]. The PVDF crystalline structure exhibits five different polymorphs, α-, β-, γ-, δ-, and ε-phases [START_REF] Samadi | Investigation of the electromagnetic microwaves absorption and piezoelectric properties of electrospun Fe3O4-GO/PVDF hybrid nanocomposites[END_REF]. The main crystalline phases are α, β and γ phases. Figure 1-4 shows the schematic of the chain conformation of α, β and γ phases. The α phase is the non-polar phase with TGTG' conformation (T is trans and G is gauche). The β and γ phases are the polar phases with TTTT conformation and TTTGTTTG' conformation, respectively. Because of the large dipolar moment per unit cell, the polar β-and γ-phases of PVDF exhibit strong piezoelectric responses. Therefore, the β-and γ-phases, which are named as electroactive phases, is primarily responsible for the piezoelectric ability of PVDF [START_REF] Martins | Effect of poling state and morphology of piezoelectric poly(vinylidene fluoride) membranes for skeletal muscle tissue engineering[END_REF][START_REF] Ruan | Properties and applications of the β phase poly(vinylidene fluoride)[END_REF].

And the content of electroactive phase is expressed as F EA .

Figure 1234. The schematic of the chain conformation for the α, β and γ phases in PVDF crystalline structure [START_REF] Martins | Electroactive phases of poly(vinylidene fluoride): Determination, processing and applications[END_REF].

To measure the piezoelectric properties of PVDF nanofibers, the prepared PVDF nanofibers were generally directly connected to metal electrodes to measure the output (voltage, current, power, etc.) and other piezoelectric properties of the energy harvesting system. For example, in 2010, in the research of Hansen et al. [38] and Chang et al. [39], the nanogenerators were prepared by connecting the PVDF nanofibers with two metal electrodes, the output voltage was 15-20 mV and 5-30 mV, respectively. This is a simple method for constructing an energy harvesting device capable of detecting the piezoelectric characteristics of samples. Szewczyk et al. [40] examined the output of various PVDF-based energy harvesting with different F(β) by controlling the ambient humidity in 2020. The nanofibers were sandwiched between aluminum electrodes and connected to copper wires. However, there are certain drawbacks to directly interacting with the metal electrode. The insertion of a metal electrode, for example, limits the elasticity of the cloth. It is difficult to enhance piezoelectric performance considerably. In recent years, there has been a surge in interest in the development of PVDF-based energy harvesting devices with organic electrodes.

Huang et al. [START_REF] Huang | Human walking-driven wearable all-fiber triboelectric nanogenerator containing electrospun polyvinylidene fluoride piezoelectric nanofibers[END_REF] published an all-fiber triboelectric nanogenerator based on electrospun PVDF nanofibers in 2014. The nanogenerators, which are made of PVDF nanofibers and a pair of conducting fabric electrodes, can successfully capture energy when people walk. The maximum output voltage, power, and current of the nanogenerator were 210 V, 2.1 mW, and 45 uA at a frequency of 1.8 Hz under the external load of 8 MΩ.

Maity et al. [START_REF] Maity | All-Organic High-Performance Piezoelectric Nanogenerator with Multilayer Assembled Electrospun Nanofiber Mats for Self-Powered Multifunctional Sensors[END_REF] published a paper in 2018 describing an all-organic piezoelectric nanogenerator based on multi-layer assembled electrospun PVDF nanofiber mats. Polymerized PEDOT-coated PVDF nanofibers are constructed as electrodes in this nanogenerator, while electrospun PVDF nanofibers are employed as active components (middle layer). The diameter of the fibers in the characterization findings of electrospun PVDF nanofibers ranges from 100 to 120 nm, and the relative fraction of the β phase (F(β)) is larger than 90 %. The output voltage grew as the imparting pressure increased, based on the nanogenerator's energy-harvesting ability. When the pressure was raised to 8.3 kPa, the nanogenerator's output voltage and short-circuit current were 48 V and 6 uA, respectively.

In addition, in recent years, researchers have modified PVDF to prepare multifunctional piezoelectric PVDF materials, which broadens the application field of PVDF. In the research of Ju et al. [START_REF] Ju | Development of a superhydrophobic electrospun poly(vinylidene fluoride) web via plasma etching and water immersion for energy harvesting applications[END_REF], a superhydrophobic electrospun PVDF web for energy harvesting applications was developed. To construct a superhydrophobic membrane, PVDF webs were electrospun and etched in CF 4 plasma before being submerged in water. Although the content of the β-phase was slightly decreased after CF 4 plasma etching and water immersion, the reduction was so minor that the content of the β-phase still exhibits strong piezoelectric properties for energy harvesting. In the case of bend motion at 1 Hz, the output voltage and current of the superhydrophobic electrospun PVDF web were 3.5 V and 241 nA, respectively.

PVDF copolymers

PVDF copolymers are usually applied in the fabrication of piezoelectric devices. Due to their comparable characteristics to PVDF (flexibility, high content of F(β) phase, etc.), PVDF copolymers such as P(VDF-TrFE) and P(VDF-HFP) [START_REF] Ponnamma | Core-shell nanofibers of polyvinylidene fluoride-based nanocomposites as piezoelectric nanogenerators[END_REF] have been extensively explored in energy harvesting applications (such as mechanical flexibility, ferroelectricity, etc.). However, the main drawback of PVDF copolymer is the higher price compared to PVDF (PVDF: 20 €/kg, P(VDF-TrFE): 1000 €/kg).

Najjar et al. [START_REF] Najjar | Biocompatible silk/polymer energy harvesters using stretched poly (vinylidene fluoridecohexafluoropropylene) (PVDF-HFP) Nanofibers[END_REF] reported a biocompatible P(VDF-HFP) based energy harvesting system. The energy harvesting was assembled by PDMS and P(VDF-HFP). The diameter of PVDF-HFP nanofibers was reduced from 600-1600 nm to 300-700 nm by stretching P(VDF-HFP) nanofibers using a parallel automated track collector. Stretching raised the value of F(β). The piezoelectricity of P(VDF-HFP)

increases with decreasing nanofiber diameter and increasing F(β). The piezoelectric measurement revealed that stretching boosted the output voltage of the energy harvesting from 0.21 V to 2.6 V.

P(VDF-TrFE) has a greater ferroelectric β phase than PVDF because the addition of TrFE to PVDF promotes the formation of the ferroelectric phase [START_REF] Yang | Epitaxy Enhancement of Piezoelectric Properties in P(VDF-TrFE) Copolymer Films and Applications in Sensing and Energy Harvesting[END_REF]. Baniasadi et al. [47] developed P(VDF-TrFE) energy harvesting by electrospinning method. With the increase of the degree of crystallinity from 25 % to 52 %, the piezoelectric constant of the P(VDF-TrFE) enhance from 22±1.6 pm/V to 35.5±3.4 pm/V. This research suggests that the degree of crystallinity has a significant impact in the piezoelectricity of P(VDF-TrFE). Zhang et al. [START_REF] Zhang | Enhanced performance of piezoelectric nanogenerator based on aligned nanofibers and three-dimensional interdigital electrodes[END_REF] published a piezoelectric nanogenerator made of aligned P(VDF-TrFE) nanofiber with 3D interdigital electrodes. PMMA, P(VDF-TrFE), and PDMS were used to construct the nanogenerator. At a load resistance of 70 MΩ, the highest power density is 8.75 μW/cm 2 . Kim et al. [START_REF] Kim | Il Solvent-controlled crystalline beta-phase formation in electrospun P(VDF-TrFE) fibers for enhanced piezoelectric energy harvesting[END_REF] improved the piezoelectric properties of electrospun P(VDF-TrFE) nanofibers by using various solvents (DMF, DMF/acetone, MEK). Controlling the solvent resulted in the highest degree of crystallinity and F(β) of electrospun P(VDF-TrFE) nanofibers. The highest output voltage (117.9 V) was produced at a frequency of 0.67 Hz when DMF was utilized as the solvent.

PLA

PLA is a thermoplastic polymer that is bioactive. PLA's piezoelectric properties are not as good as those of classic piezoelectric materials such as PZT, ZnO, PVDF, and others (d 33 of PLA film: 5-12 pC/N [START_REF] Ando | Pressure-sensitive touch panel based on piezoelectric poly(L-lactic acid) film[END_REF]). PLA, on the other hand, is a non-toxic and biodegradable piezoelectric material. PLA's biocompatibility and biodegradability allow it to be intensively investigated in the fields of green chemistry and medicine, such as implanted medical devices [START_REF] Zhao | Capturing cancer cells using hyaluronic acid-immobilized electrospun random or aligned PLA nanofibers[END_REF][START_REF] Drumright | Polylactic acid technology[END_REF][START_REF] Bose | Bone tissue engineering using 3D printing[END_REF]. In 2018, Pan et al. [50] research right now are how to increase its biodegradability and piezoelectric properties. PLA/PLGA composites degrade faster than PLA material alone, according to the research of Zheng et al. [START_REF] Zheng | Nanoscale piezoelectric effect of biodegradable PLA-based composite fibers by piezoresponse force microscopy[END_REF].

PLA/PLGA composites exhibit lower piezoelectric properties than pure PLA nanofibers. When the PLGA content is increased from 0% to 25%, the peak amplitude value of PFM reduce from 186±28 pm to 89±12 pm, indicating the piezoelectric properties of PLA/PLGA composite decrease with the increase of PLGA because PLGA is a quicker degrading polymer with no piezoelectric reactions. This research enable people to select between PLA's piezoelectric properties and its biodegradability.

Curry et al. [START_REF] Curry | Biodegradable nanofiber-based piezoelectric transducer[END_REF] generated PLA nanofibers with stable piezoelectric performance via electrospinning.

By optimizing the operating parameters during electrospinning process (speed of rotating drum collector), the maximum piezoelectric coefficient in shear-piezoelectric mode is 19 pC/N, whereas the piezoelectric coefficient of PLA without optimization parameters is 12 pC/N. The PLA nanofibers may be utilized to make a highly sensitive biodegradable pressure sensor with a stable charge output for over 10000 cycles when the impact force is 10 N. Curry's research proved that the piezoelectric properties of PLA could be improved by optimizing the operating parameters. However, the piezoelectric coefficient of the optimized PLA (19 pC/N) is still inferior to that of PVDF (20-28 pC/N) [START_REF] Usher | The promise of piezoelectric polymers[END_REF].

PAN

PAN is a semicrystalline polymer that contains cyano (-CN) groups in each of its repeat units. Because of its hydrophobic properties, thermal stability, and solvent resistance, PAN has been widely employed in the field of filtration [START_REF] Selvam | Polyacrylonitrile/silver nanoparticle electrospun nanocomposite matrix for bacterial filtration[END_REF][START_REF] Wu | quan Preparation of a novel PAN/cellulose acetate-Ag based activated carbon nanofiber and its adsorption performance for lowconcentration SO2[END_REF]. Commercially available PAN's piezoelectricity is inferior to that of PVDF. PAN films, for example, have a piezoelectric effect charge constant (d 13 ) of 2-3 pC/N, whereas PVDF films have a d 13 of 6-28 pC/N. [START_REF] Ramadan | A review of piezoelectric polymers as functional materials for electromechanical transducers[END_REF]. PAN, on the other hand, has the potential for exceptional piezoelectric properties. When PAN is solid, its macromolecular chains exhibit two conformations: 3 1helical and planar zigzag (or "saw-tooth"). [START_REF] Rizzo | Conformational disorder in the pseudohexagonal form of atactic polyacrylonitrile[END_REF][START_REF] Hobson | Crystalline Structure of Atactic Poly(acrylonitrile)[END_REF][START_REF] Grobelny | A study of conformation, configuration and phase structure of polyacrylonitrile and their mutual dependence by means of WAXS and 1H BL-n[END_REF]. The zigzag conformation, like the β-phase in PVDF, has an all-transform (TTTT) structure. Meanwhile, the dipole moment of the zigzag conformation is greater than that of the β-phase PVDF (zigzag of PAN: 3.5 Debye [START_REF] Minagawa | Infrared Characteristic Absorption Bands of Highly Isotactic Poly(acrylonitrile)[END_REF] β-phase PVDF: 2.1 Debye [START_REF] Shao | Effect of electrospinning parameters and polymer concentrations on mechanical-to-electrical energy conversion of randomly-oriented electrospun poly(vinylidene fluoride) nanofiber mats[END_REF]).

The primary challenge that has to be solved in the investigation of PAN fibers piezoelectric applications is how to enhance the content of zigzag conformation in PAN. Electric field polarization and material recombination are the two basic methods for increasing the amount of zigzag conformation.

Through electric field polarization, electrospinning may significantly enhance the zigzag conformation of PAN nanofibers. As a result, electrospinning is widely applied in the preparation of PAN nanofibers with piezoelectric properties [START_REF] Shamsabadi | Electrospinning of gold nanoparticles incorporated PAN nanofibers via in-situ laser ablation of gold in electrospinning solution[END_REF][START_REF] Ahmadi | Enhancement of the Mechanical Properties of PAN Nanofiber/Carbon Nanotube Composite Mats Produced via Needleless Electrospinning System[END_REF]. Wang et al. [53] used electrospinning to produce PAN NFMs with unexpectedly high piezoelectricity. When the frequency was set to 2 Hz, the PAN nanofiber membrane produced an electric output of 2.0 V and 1.2 µA. The zigzag conformation of PAN cast film has a content of 73.6%, while its content in electrospun PAN NFMs is reach 79.7%.

Nanocomposite

Using nanoparticles and polymers to produce nanocomposites with better piezoelectric properties. As a consequence, nanocomposite-based energy harvesting has received increased interest in recent years.

On the one hand, the addition of nanoparticles is beneficial to the formation of piezoelectric-related structures in the polymer materials, such as the zigzag conformation in PAN, the β and γ phase in PVDF. On the other hand, the chosen nanoparticles, has outstanding piezoelectric properties. These two benefits of nanoparticles help to improve the piezoelectric properties of the polymer materials.

Cai et al. [START_REF] Cai | BaTiO3 assisted PAN fiber preparation of high performance flexible nanogenerator[END_REF] developed a PAN nanogenerator by electrospinning PAN nanofibers with BaTiO 3 . The nanogenerator exhibits good flexibility and piezoelectric performance, generating 1.5 V and 150 nA when the applied force was 2 N. Cai et al. [START_REF] Ueda | Piezoelectricity in polyacrylonitrile[END_REF] and others' research has demonstrated that the addition of BaTiO 3 can enhance the conversion of the 3 after the addition of ZnO, and the piezoelectric performance of PAN is also significantly increased (6.5

V, 2.3 µA).

Deepalekshmi et al. [START_REF] Ponnamma | Core-shell nanofibers of polyvinylidene fluoride-based nanocomposites as piezoelectric nanogenerators[END_REF] developed a flexible piezoelectric nanogenerator by mixing PVDF and its copolymer PVDF-HFP with two semiconducting metal oxides, TiO 2 and ZnO. They came to the conclusion that PVDF-HFP/PVDF (core/shell) with ZnO and TiO 2 nanoparticles had a maximum voltage of 14 V. Polymer fibers become thinner and form more crystalline when nanoparticles are present in their inner cores and outer shells, and their breakdown strength is lowered, according to their findings.

However, the properties of nanoparticles also have adverse effects on the performance of composite materials. For example, Koç et al. [56] built a piezoelectric nanogenerator from electrospun PVDF/PZT nanofibers. According to the output signal of an electrospun PVDF/PZT-based nanogenerator, adding PZT enhanced the output power from 3.44 µW (without PZT) to 6.35 µW (10 vol% PZT) at the frequency of 16 Hz. But PZT is a lead-containing materials that is toxic and harmful to human body.

This require researchers to make a decision between the piezoelectric properties and other properties.

Alternatively, choose a nanoparticles that improves piezoelectric performance of polymer and is harmless to the human body. The choice of nanoparticles are discussed in section 1.2.5.

Piezoelectric application

The piezoelectric performance of smart textile-based energy harvesting is continuously increasing and has to get more applications on a laboratory scale. The use of smart textile-based energy harvesting has been outlined in this part, and the research results have been summarized.

Nanogenerators

Nanogenerators based on polymer materials are a potential method of generating energy by directly using mechanical energy generated by human motion. Varying bodily motions generate different amounts of energy. For finger actions and footfalls, the amount of power varies from 0.007 to 67 W [START_REF] Roundy | Materials and approaches for on-body energy harvesting[END_REF]. As a result, developing flexible nanogenerators based on smart textiles with high piezoelectric sensitivity is essential. Based on mechanical energy difference, nanogenerators are classified as piezoelectric strain nanogenerators [START_REF] Chung | Triangulated Cylinder Origami-Based Piezoelectric/Triboelectric Hybrid Generator to Harvest Coupled Axial and Rotational Motion[END_REF], piezoelectric kinetic nanogenerators [START_REF] Jian | 3D BaTiO3 Flower Based Polymer Composites Exhibiting Excellent Piezoelectric Energy Harvesting Properties[END_REF], and triboelectric nanogenerators [START_REF] Patnam | High-performance and robust triboelectric nanogenerators based on optimal microstructured poly(vinyl alcohol) and poly(vinylidene fluoride) polymers for self-powered electronic applications[END_REF].

Using solution blow spinning, Liu et al. [START_REF] Liu | Preparation of nanofibrous PVDF membrane by solution blow spinning for mechanical energy harvesting[END_REF] Current research on energy storage systems is focusing on increased stability and energy density.

Stojanovska et al. [START_REF] Stojanovska | Solution blown polymer/biowaste derived carbon particles nanofibers: An optimization study and energy storage applications[END_REF] created freestanding polymer/carbon electrodes from PVDF nanofibers and carbon nanoparticles, which were subsequently used in aqueous and organic supercapacitors. According to the findings, the energy storage application has a high areal capacitance (1120 mF/cm 2 ) and stability (retains 96.4% of capacitance after 10000 cycles). Furthermore, Subramani et al. [START_REF] Subramani | Electrospun based polythioaniline/polyvinylalcohol/graphene oxide composite nanofibers for supercapacitor application[END_REF] created an energy storage system with remarkable stability. After 5000 cycles, the energy storage capacity of the PTA/PVA/GO composite nanofibers was 90%. Tian et al. [92] created an asymmetric supercapacitor with a capacity of 702.8 F/g and a maximum energy density of 51.4 Wh/kg, which is greater than many prior publications (For example, in the research of Liu et al. [93], the capacitance was 141 F/g and energy density was 12.5 Wh/kg).

Sensors

The piezoelectric polymer materials are also employed in sensors because it turns mechanical deformation into electrical signals. The most common sensor application is the force sensor, which includes pressure sensors, tactile sensors, etc. Zhao et al. [START_REF] Zhao | Piezoelectric Polyacrylonitrile Nanofiber Film-Based Dual-Function Self-Powered Flexible Sensor[END_REF] developed a force sensor built of carbonized electrospun PAN/BaTiO 3 nanofibers capable of detecting pressure (0.15-25 N within a gauge factor of 1.44 V/N) and curvature (58.9°-120.2° within a sensitivity of 1.12 deg -1 ). Meanwhile, the sensor proved long-life stability, capable of working for more than 60000 cycles. Reza et al. [START_REF] Reza | Novel Hybrid Pressure Sensor Based on Electrospun Spandex-Polyvinylidene Fluoride Composite Nanofiber Webs[END_REF] created a hybrid force sensor from electrospun Spandex-PVDF nanofibers that can detect both dynamic and static force changes.

Many researchers have created sensors with more complicated functionality based on force sensors in recent years. In their research, Hu et al. [START_REF] Hu | Highly Sensitive P(VDF-TrFE)/BTO Nanofiber-Based Pressure Sensor with Dense Stress Concentration Microstructures[END_REF] fabricated very sensitive pressure sensors based on P(VDF-TrFE)/BaTiO 3 NFM and high-density micropyramid array. According to the results, the sensor can detect sound pressure as low as 0.6 Pa. The sensor recognizes the speaker's rendition of "Twinkle Twinkle Little Star." Syu et al. [97] suggested the development of biomimetic and flexible hybrid selfpowered sensors based on near-field electrospinning PVDF nanofibers. This force sensor can distinguish five human motions by utilizing the Long Short-Term Memory learning method in the context of gesture recognition. Overall, the categorization rate is 82.3%.

In addition to the force sensor, the smart textile is applied in other sensors such as humidity sensors due to the nature of the material itself. The resistance of Ti 3 C 2 T x (MXene) film, for example, increases as humidity increases. As a result, while other elements stay constant, the sensor produced using MXene film has a different electrical response under varying humidity conditions. Wang et al. [START_REF] Wang | Electrospinning of Flexible Poly(vinyl alcohol)/MXene Nanofiber-Based Humidity Sensor Self-Powered by Monolayer Molybdenum Diselenide Piezoelectric Nanogenerator[END_REF] developed a humidity sensor based on PVA/MXene nanofibers membrane in 2021. The humidity sensor detects humidity levels ranging from 11% to 97% relative humidity (RH). Meanwhile, the previously mentioned humidity sensor can adapt and recover quickly (0.9s and 6.3s).

Electrospun PVDF nanofibers

According to the introduction in section 1.1, PVDF was chosen as the polymer materials used in this thesis because of its excellent piezoelectric properties and contained price. In this part, the preparation methods of PVDF nanofibers were introduced and the effects of parameters were systematically discussed.

Different methods are based on the top-down or bottom-up approaches to produce nanofibers, as shown in Figure 12345. These nanofiber production processes are classified into five categories. One category comprises technologies that use gases to pull the generated fibers to the necessary diameters. This method is called gas-assisted spinning, which includes melt-blowing and solution blowing [START_REF] Li | Fabrication of helical microfibers from melt blown polymer blends[END_REF] Electrospinning [107][108][109][110] and alternative centrifugal spinning [START_REF] Alhasssan | Polyvinylidene difluoride piezoelectric electrospun nanofibers: Review in synthesis, fabrication, characterizations, and applications[END_REF] are the two basic methods for producing PVDF nanofibers. In this latter method, a polymer or polymer solution is expelled from spinnerets by a centrifugal force and a shear force during the high-speed rotation of a device.

Electrospinning provides several unique benefits over the other methods described before. The electrospinning method allows for precise control over the properties of PVDF nanofibers that determine their piezoelectricity. According to the research, the F EA of electrospun PVDF nanofibers is greater than that of other techniques [111,112]. The flow of the polymer solution under an electric field during the electrospinning process causes the orientation of the polymer chain and polarizes the fibers. It might effectively increase the crystallinity and β phase of PVDF [113], whereas centrifugal spinning cannot achieve it in one step [114,115]. Consequently, due to the benefits of electrospinning in the fabrication of piezoelectric nanofibers, the development of PVDF nanofibers using electrospinning was specifically detailed in this section.

The mechanism of electrospinning

In principle, electrospinning is a very simple process: an electrical potential is applied between a polymer, more particularly between the physical zone of jet emission (i.e., the spinneret) or its substitute (in the case of needleless electrospinning), and an electrically conductive surface acting as a collector

for the fibers produced. The electric field provided by a high applied voltage stretches the fluid, forcing it to form a highly specific shape known as a Taylor cone. When the electrical voltage exceeds a certain point, the surface tension is no longer adequate to keep the cone in place, and the polymer jet is launched and pulled to the collector.

The uniaxial stretching of a viscoelastic polymer solution in an electrical field is the basic principle of electrospinning. illustrates the schematic principle of a solution electrospinning device.

It is made up of a needle-equipped syringe pump (tip extrusion mechanism), a high voltage power source, and an electrically conductive collector. During the electrospinning process, a polymer solution is pumped into a syringe, a syringe pump is adjusted to a certain feed rate, and an appropriate voltage is provided between the needle and the collector. When the polymer solution is ejected from the needle tip, a cone is formed under the effects of gravity, electric field force, viscosity, surface tension, etc. This cone is called Taylor cone (Figure 1-6(b)). When the polymer solution concentration exceeds to a critical value (entanglement concentration), the Taylor cone's tip forms a continuous polymer jet, this phenomenon is electrospinning (Figure 1-6(c)). When the PVDF concentration is lower than a critical value (overlap concentration), the entanglement between the polymer molecular chains is less, resulting in the polymer solution splits into small droplets instead of continuous polymer jet (Figure 1 -6 (d)). The experimental process is electrospraying. However, due to the unstable solution flow caused by polymer solution concentration or electric field strength, the polymer solution is subjected to both electrospinning and electrospraying, and the resulting structure is nanofibers containing irregular microspheres. The irregular microspheres is called "bead structure".

Therefore, electrospraying and electrospinning have no obvious difference in experimental equipment, but two different phenomena caused by different polymer solution concentrations [116]. A polymer solution is pumped into a syringe, a syringe pump is adjusted to a certain feed rate, and an appropriate voltage is provided between the needle and the collector. The process parameters are modified to ensure the formation of a Taylor cone at the needle's tip. The fine jet is extruded from the Taylor cone when the electrostatic force, surface tension, and viscous force of the polymer solution achieve a particular balance. The evaporation of the solvent during the flying process allows for the production of solid nanofibers on the collector surface.

To solve some disadvantages, particularly the low productivity of PVDF electrospinning, much effort has been made in recent years to process and device modification, namely needleless approaches. In one technique proposed by Fang et al. [118] (Figure 1-7 (a)), a rotary aluminum disc is partially immersed in a PVDF solution, and the solution is connected to a high positive-voltage DC power supply. A grounded drum collector is placed at a precise distance from the disc. Even though the piezoelectric performance of PVDF nanofibers is not greatly improved, this device allows them to boost productivity up to 16.9 g/h compared to 0.16 g/h for a needle system. Hernández-Navarro et al.

[119] created PVDF nanofibers using a bubble-electrospinning approach, which not only considerably enhances the piezoelectric characteristics of PVDF nanofibers but also greatly improves productivity.

A grounded aluminum plate collector is placed above the PVDF solution surface during the bubbleelectrospinning process. Feeding gas enters the solution and encourages the formation of a Taylor cone (Figure 1-7 (b)). In this experiment, by varying the applied voltage, the content of the β phase is nearly 100%. Regardless of using traditional solution electrospinning techniques or novel electrospinning methods, the parameters that influence the characteristics and properties of the nanofibers produced can be divided into three categories(i) polymer solution characteristics, (ii) electrospinning process parameters, and (iii) ambient parameters. There are three major influencing elements in polymer solution properties: surface tension, conductivity, and viscosity. The solvent and polymer influence surface tension and conductivity, and viscosity is primarily determined by the molecular weight and concentration of PVDF. As a result, selecting a suitable solvent and PVDF concentration to prepare the solution is critical in the electrospinning method. As viscosity increases, the solvent concentration decreases, the solvent evaporates quicker, and the molecular chains have enough time to stretch before solidification, resulting in a rise in F EA . However, the extraordinary high viscosity makes the polymer solution difficult to stretch. As a result, for the electrospinning experiment, PVDF with appropriate molecular weight and concentration must be chosen.

The electrospinning process may be adjusted by modifying various factors such as applied voltage, feed rate, tip-to-collector distance (TCD), different types of collector, RH, and temperature, which all impact the fiber structure and crystalline structure [120][121][122]. The deposition of nanofibers is also affected by environmental factors such as RH and temperature [123,124].

The influence of solution parameters on electrospinning PVDF NFMs

PVDF molecular weight

The molecular weight of a polymer has a significant impact on the viscosity of a polymer solution. For example, even when the concentration of a low molecular weight PVDF solution is raised, its viscosity remains lower than that of a greater molecular weight PVDF solution. Because viscosity is critical in the electrospinning process, it is essential to choose PVDF with an appropriate molecular weight for electrospinning investigations. [126]. As Mw rises, so does the viscosity of the solution, resulting in an increase in the time between the flow of the polymer solution from the tip to the collector. As a result, the solvent has enough time to evaporate, and the molecular chains in the jets stretch further before solidifying, raising F(β).

As a result, to produce nanofibers with high F(β), the molecular weight can be raised, but not indefinitely since it can block the needle's tip. Although the needle and tube sizes can be increased to solve the problem, the fiber diameter is increased.

PVDF concentration

Too low or too high PVDF solution concentration is not suitable for the electrospinning process; hence, the PVDF concentration commonly utilized is between 10 and 25 wt % [127,128]. F(β) increases initially and then reduces as PVDF concentration increases. There are fewer entanglements between polymer molecular chains at low PVDF solution concentrations, resulting in a low viscosity of the PVDF solution, which is not favorable to the electrospinning process and produce beaded nanofibers [129]. With increasing PVDF concentration, the stretching effect of the electric field on the polymer solution rises, and F(β) increases. When the concentration of PVDF in the solution reaches a critical value, the same electric field has the greatest tensile impact on the polymer solution, causing it to form a uniform nanofiber structure, and F(β) reach its maximum value. The viscosity of the solution rise as the concentration of PVDF increases, and the solution is more difficult to stretch due to the more robust macromolecular chain entanglement at the same voltage. As a result, as concentration increases, F(β) reduces.

The experimental results of Shao et al. demonstrated this point, i.e., as the concentration of PVDF increases from 16 % to 19 %, the presence of beads reduces, and as the polymer concentration increases over 20 %, the beads disappear [START_REF] Shao | Effect of electrospinning parameters and polymer concentrations on mechanical-to-electrical energy conversion of randomly-oriented electrospun poly(vinylidene fluoride) nanofiber mats[END_REF]. The other researchers found the similar tendencies in the effects of concentration on the morphology of PVDF nanofibers [130,131]. The F(β) improves from 78% to 85.9% until the concentration reaches 20%. Further increasing the concentration to 26%, the F(β) decreases to 82.5%.

When the electrospinning polymer solution's concentration is lower, a stronger extensional force is imposed on the solution's flow direction, resulting in fibers with a smaller average diameter and a larger F(β) value [132]. The average diameter reduces from 400 nm to 70 nm when the PVDF concentration reduces from 22 % to 12 %, while the F(β) increases from 81.0 % to 86.6 %. If all the the obtained electrospinning sample is nanofiber structure, decreasing the PVDF concentration increase the F(β)

[133].

Solvent

PVDF is mostly dissolved in single polar solvents such as dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and N-methyl-2-pyrrolidone (NMP) [134][135][136], or a binary mixture of these solvents with volatile solvent (acetone) [149][150][151][152]. A minor quantity of volatile solvent promotes the volatilization of the solvent and an increase in F(β), while too much volatile solvent prevents the formation of the β phase. The solvent selection is related to the molecular weight and concentration of PVDF. The purpose of solvent selection is that the solvent can be completely volatilized when the PVDF solution is deposited on the collector, but the solvent cannot volatilize too fast to block the needle or promote the formation of α phase and inhibit the formation of β phase.

The volatility of the solvent is related to the vapor pressure. The properties of these solvents are shown in The examples above demonstrate that when the volatile solvent in the mixed solvent rises, F(β) increases first and then reduces. As the volume ratio of volatile solvent increases, the viscosity of the PVDF solution reduces and the solvent evaporates completely, resulting in a larger F(β) value. When the volume ratio of volatile solvent reaches a critical level, the quick volatilization rate promotes α phase formation, resulting in a lower F(β) value.

The influence of operating parameters on electrospinning PVDF NFMs

Voltage

The electric field has a significant impact on the structure and shape of nanofibers during the electrospinning process [147]. Because of the increased electrostatic forces of the polymer solution and drawing stress, the average fiber diameter reduces with increasing applied voltage to a critical value.

However, larger voltage levels initially produce beaded fibers until the fiber breaks owing to an increase in drawing stress. Therefore, determining optimal values for the Taylor cone generation and controlling fiber formation is a challenge. During the electrospinning process, the stretching of a polymer jet at high applied voltages orients the dipoles of the PVDF molecular chains, permitting the α-to-β crystalline phase shifts [148], corresponding to the formation of the trans conformation required for the β phase.

According to Damaraju et al. [147], increasing the voltage from 12 to 25 kV results in an increase in F(β) from 67.8% to 72.4%, but the overall crystallinity index of PVDF remains near to 53% for each voltage range. The evolution of F(β) is accompanied by an evolution of fiber diameter, with a reduction in average diameter from 295 to 177 nm. A higher applied voltage might result in a larger charge density on the surface of the jet, increasing the polymer jet's velocity and applying a greater elongation force on it. Therefore, as the applied voltage increases, the ultimate fiber diameter decreases. During the electrospinning process, the use of high voltage values allows the electric dipoles in the PVDF solution to be aligned in the direction of electrical field. The applied voltage and the degree of alignment have a proportional relationship. As a result, the formation of the β phase is favored over the α one.

Furthermore, there is an optimal applied voltage that varies depending on the experimental conditions utilized, suggesting the absence of a simple proportionality to F(β). Jiyong et al. discovered that increasing the applied voltage from 14 to 20 kV improves the Xc value from 48% to 56.3%, corresponding to a rise in F(β) from 70% to 76% [149]. However, both Xc and F(β) decrease when the applied voltage further increses up to 24 kV because of the weakened polarization of the PVDF solution during the stretching. As the applied voltage increases during the electrospinning process, the amount of charges in the PVDF solution increases, causing the jet to stretch farther. This effect permits molecular orientation and consequently an enhancement in the crystallinity degree of the electrospun fibers in both cases. However, at a certain applied voltage value, the β phase content and crystallinity of PVDF reduce. These phenomena are due to a decrease in flight time, which prevents the macromolecular polymer chains from reorganizing. Thus, the β phase content rises until an optimal electrospinning voltage is obtained, and then the β phase decreases owing to the influence of the acceleration during the flying time imposed by the electrical field.

TCD

The TCD primarily influences the evaporation of a solvent in a solution and the stretching of a PVDF molecular chain, but it also affects the strength of an electric field. If the TCD decrease, the strength of the electric field increase. The TCD used in the majority of contemporary research is set at 15 cm.

The majority of investigations have revealed that the influence of TCD on the β phase of PVDF nanofibers is not a simple linear connection. According to the results of some researchers, the F(β) and fiber diameter of PVDF nanofibers do not alter much when the TCD is changed [150][151][152]. This is due to the two impacts of TCD on β phase formation. On the one hand, as TCD increases, nanofibers have more time to stretch and solvents have more time to evaporate, both of which contribute to the creation of the β phase. On the other side, when TCD grows, the electric field intensity at the same voltage decreases, and jet instability increases, which is unfavorable to β phase formation [146]. The experimental results of Zheng et al. indicated that as the TCD increases from 10 to 20 cm, the absorption peak of the β phase in FTIR decreases [122].

Systematic research on the effect of TCD on electrospinning PVDF nanofibers found that with the increase of TCD, the F(β) of PVDF nanofibers increases first and then decreases. Shao et al. have observed that when TCD is increased from 9 to 15 cm, the F(β) of PVDF nanofibers increases from approximately 77% to 85.9%, the voltage and current outputs reach the maximum levels of 1.5 V and 1.6 mA, and the average diameter of the nanofibers decreases to 284 nm [START_REF] Shao | Effect of electrospinning parameters and polymer concentrations on mechanical-to-electrical energy conversion of randomly-oriented electrospun poly(vinylidene fluoride) nanofiber mats[END_REF]. As TCD is increased further, the F(β) begins to decline due to a decrease in electric field intensity and an increase in jet instability. The authors also explored the effects of TCD on F(β) in the presence of an constant electric field intensity (1 kV/cm). They discovered that with a constant electric field intensity, when TCD increases, F(β) reaches its highest value (86.2%) at 17 cm. The following data show that changes in TCD alter the electric field intensity, which in turn affects F(β). As a result, a TCD that is too high or too low is not favorable to getting the highest F(β). Except for some unique electrospinning techniques, the TCD used in electrospinning PVDF nanofibers varies from 10 to 20 cm (near-field electrospinning) [153,154].

Feed rate

The feed rate of the polymer solution influences not only the creation of a Taylor cone but also the shape of electrospun fibers. A low feed rate results in the presence of vacuum inside a needle, however larger feed rates cause the polymer to deposit on the tip's edge, which disrupts the Taylor cone formation. To achieve and maintain a stable Taylor cone for each applied voltage, an ideal feed rate value is required.

Furthermore, a constant flow is necessary to avoid any defects in fiber formation, particularly beads.

The feed rate also has a significant impact on crystallinity and F(β). Some researchers, for example, claim that raising the feed rate causes an increase in average fiber diameter due to a decrease in the stretch of an electrospinning jet. Beads are found at either low or high feed rates, resulting in a lack of fiber homogeneity. The first is owing to an increase in the surface tension of the solution during the flight process, whereas the second is due to inadequate time to allow for complete solvent evaporation.

Moreover, increasing the feed rate causes a quick accumulation of fibers on a grounded collector as well as the presence of a solvent, which inhibits the crystallization process. Thus, Jiyong et al. reported an increase in crystallinity at low feed rates and a reduction at high feed rates [149].

The proved that the increase in β phase owing to an increase in feed rate is proportional to the shear force applied by a needle on a viscous polymeric solution [156]. Furthermore, they have shown that the F(β)

grows until a critical feed rate (2 mL/h) is reached and then declines. Based on the conflicting conclusions of these literatures, a detailed and specific discussion of the effect of feed rate on PVDF structure and performance is required in this thesis, aiming to find out the trend of feed rate effect on PVDF structure and performance.

Type of Collector

Conductive collectors act as a substrate to collect the charged fibers during the electrospinning process.

The kind of collector majorly influences the structure and performance of the collected nanofibers (Table 1234). The collectors used in various PVDF electrospinning processes are classified as static collectors and revolving collectors. In comparison to the static collector, the rotating collector offers an additional stretching force during the electrospinning process to stretch the generated PVDF nanofibers and enhance the β phase content. In the electrospinning process, a grounded metal plate is often utilized as a classic static collector [157,158]. The metal plate is placed at a certain distance from a needle. The fibers are collected immediately on the metal collector when a solution is ejected from the tip of a syringe without any mechanical stretching. If the polymer jet is not sufficiently stretched in the electric field, when the metal plate collector is utilized, the F(β) values are insufficient, and the PVDF nanofibers are randomly dispersed. To improve the F(β) of PVDF, one approach is to increase the applied voltage to enhance the stretching of the polymer jet by the electric field, which is discussed in section 1.2.3.1. Another approach is to use a collector that provides mechanical stretch.

Shehata et al. investigated the effects of a double-metal plate collector and a traditional metal collector on F(β) [120]. The F(β) of the PVDF nanofibers is 74.2% for the traditional metal collector. F(β) rises to 86% when the double-metal plate collector is used. This phenomenon is caused by the fact that the electric field in the traditional collector is not directed in a certain direction. Furthermore, when the double-metal plate collector is used, the electric field vectors generate a stretching force in the space between the two metal bars. This is advantageous for the alignment of the PVDF fibers between the two metal bars, regular fiber arrangement, and β phase development. Furthermore, replacing the grounded metal plate collector with a rotating collector is a popular way to improve the β phase. Only

Coulomb forces produced by an applied voltage act on the electrospinning process in the static collector The above literature studies demonstrated that using a rotating drum as a collector and increasing the rotation speed may successfully enhance the β phase fraction under the premise that the polymer jet is not sufficient stretched during electrospinning. However, it does not imply that the faster the rotation speed, the better the β phase generation. Wu et al. discovered that when the speed of electrospinning increases from 0 to 1500 rpm, a larger stretching and elongation of a jet occurs, resulting in better aligned fibers, and the proportion of the phase also increases from 84% to 84.96% [172]. However, raising the collector speed to 2000 rpm causes more stretching, resulting in fiber breakage and a 78% β phase fraction.

The influence of ambient parameters on electrospinning PVDF NFMs

Relative humidity (RH)

This parameter primarily influences solvent volatilization, which influences PVDF β phase formation and fiber surface structure. of PVDF nanofibers increases from 70% to 95%, and the surface of the nanofibers changes from smooth to rough and wrinkled [174]. Water from the humid atmosphere is absorbed by the jet surface of PVDF nanofibers, producing a thin layer on the nanofibers' surface. This thin layer can limit the rate of solvent evaporation and delay the solidification of nanofibers. Then the β phase have sufficient time to nucleate and grow.

As a result, as compared to the dry environment, the F(β) of PVDF nanofibers prepared in a more humid environment is higher. Electrospinning is often performed under high RH conditions to get a high F(β)

content [175]. However, when the RH reaches a critical level, the water in the environment entirely prevents the evaporation of the solvent, making the electrospinning process difficult [176].

Working Temperature

The rate of volatilization of a solvent increases as the working temperature rises and reduce the surface 

The influence of additives on electrospinning PVDF NFMs

In addition to process parameters, numerous research has used nanoparticles as polymer solution additives, which eventually change the F(β) of PVDF nanofibers. Organic and inorganic nanoparticles are the two types of nanoparticles. Table 1-5 lists several commonly used nanoparticles. Although an excess of LiCl caused the solution to produce bending instability under an electric field, adding a proper quantity of inorganic LiCl salt increased the solution's conductivity. When the applied voltage is constant, the improvement of the solution's conductivity leads to the enhancement of the stretching of the electric field on the polymer jet, thereby promoting the formation of β phase and minimizing the formation of the bead structure.

Under an electric field, the PVDF molecular chain may be promoted to the all-trans (TTTT) conformation by a local dipole field on the surface of inorganic nanoparticles with metallic properties.

In comparison to PVDF electrospinning nanofibers without AgNWs, the α phase intensity diffraction peak nearly disappears in the XRD spectra patterns of PVDF nanofibers with 1.5% AgNWs [180].

AgNWs are metallic nanoparticles, an electron-rich material with a local dipole field on the surface that induces the polymer chain to form a TTTT conformation. Then, t he PVDF chains create a polar β phase on the surface of the nanoparticles.

The strong contact between inorganic nanoparticles and PVDF raises F(β). KNN, for example, as anucleating agent, is not favourable to the formation of the PVDF β phase. However, in the experiment conducted by Bairagi et al., it was discovered that while the addition of 1 wt% KNN decreases the F(β)

of PVDF from 97% to 61%, when the amount of KNN is increased to 5 wt%, the F(β) increases to 95%

[183]. This result was ascribed to the strong contact between KNN and the PVDF molecular chain.

Even though the additive is a α-nucleating agent, the β phase can be enhanced when the additive interacts strongly with the molecular chain.

According to the research of Lee et al. [186], for the PVDF composite material, the piezoelectric properties of the material are affected by the piezoelectric properties and dispersion of each component of the composite material. The higher the piezoelectric performance of each component material, the more uniform the dispersion of different components, and the higher the piezoelectric performance of the composite material. The common addictives with high piezoelectric electrical properties contain lead, and lead is harmful to the human body (for example, PZT). Barium titanate (BaTiO 3 ) is a leadfree inorganic additive with high piezoelectric properties, thus, it has received more and more attention in recent years. BaTiO 3 itself has higher piezoelectric properties than PVDF, so the prepared PVDF/BaTiO 3 composite nanofibers can significantly improve the piezoelectric properties of PVDF. In addition, BaTiO 3 can also be regarded as a β nucleating agent, which is beneficial to the formation of β phase in PVDF during electrospinning of PVDF. Jiang et al. [187] prepared PVDF/BaTiO 3 composite nanofibers and proved that the addition of BaTiO 3 significantly improve the content of the β phase. The The hydrogen atoms of the additive and the fluorine atoms of PVDF establish hydrogen bonds as well.

The fluorine atoms of the additive and the PVDF hydrogen atoms create a hydrogen bond at the same time. The hydrogen bond created between the additive and the β-phase PVDF is stronger and more favorable than the hydrogen bond formed between the additive and the α-phase PVDF. When a voltage is applied, the strong hydrogen bond interaction causes the α phase to transition to the β phase, increasing the β phase of PVDF nanofibers (Figure 1-8(d)).

The influence of multi-layer structure on electrospun PVDF NFMs

In general, PVDF NFMs refer to single layer NFMs. The PVDF NFM mentioned above is all "single layer" structure. The "single layer", as the name suggest, is one-layer PVDF NFM prepared by one-step continuous electrospinning with one PVDF solution. And during the process of electrospinning, it cannot be stopped for a while and then continue the electrospinning.

The improvement of piezoelectric properties of single-layer electrospun PVDF NFM has been discussed in section 1.2.2-1.2.5. These results show that the way to improve the piezoelectric properties of PVDF is to increase the content of β phase via optimizing parameters, adding fillers, etc. But as the research becomes more and more comprehensive and in-depth, a problem is exposed: there is a limit to the content of β phase, which means there is a limit to the piezoelectric properties of single-layer electrospun PVDF NFM.

To further increase the piezoelectric properties of PVDF, in recent years, researchers have not only studied the piezoelectric properties of single-layer PVDF NFMs by increasing the content of β phase, but also began to study the influence of multi-layer structure on the piezoelectric properties of PVDF NFM, which is named as PVDF MNFMs. The mechanism of increasing the piezoelectric properties for PVDF MNFMs differs depending on the applied force (compression, other mode shearing, etc.).

The influence of compression on PVDF MNFMs

When PVDF MNFMs are compressed, the output voltage and charges due to direct piezoelectric effect are described in the following equations:

𝑉 𝑜𝑐 = 𝑄 𝐶 = 𝑑 33 𝜀 33 ℎ∆𝜎 (1-3) 𝑄 = 𝑑 33 𝐴∆𝜎 (1-4)
where d 33 and ε 33 are the piezoelectric coefficient and dielectric coefficient, respectively; h is the thickness of the piezoelectric membrane; ∆σ is the mechanical stress applied on the piezoelectric membrane; A is the surface area of the piezoelectric membrane [194]. According to equation 1-3 and 1-4, the piezoelectric properties of materials is related to the thickness, mechanical stress and surface area, which can be increased by designing novel multi-layer structures.

In 2018, Kim et al. [195] thought the separately electrospinning sample has higher bulk porosity, thus increase the deformability of the membrane, which result in increasing the output of the sample [197].

Y. Li et al. [198] proposed a 3D multi-layer membrane assembly of organic polypyrrole (PPy) electrodes, electrosprayed CsPbBr3@PVDF beads and electrosopun PVDF nanofibers (Figure 1-9(c)). This membrane exhibited a high output voltage and current of 10.3 V and 1.29 uA, respectively. The output performance of this membrane can be enlarged to the extent of 50 % compared to the membrane without electrosprayed CsPbBr3@PVDF beads. Furthermore, the membrane could detect a weak pressure as low as 7.4 Pa. They pointed out that the improvement of the piezoelectric performance is attributed to the introduction of the CsPbBr3@PVDF beads: 1. The CsPbBr3 particle worked as a β-nucleating agent, which slightly increase the content of β phase in PVDF (F(β) of CsPbBr3@PVDF: 94%, pure PVDF: 83.5%); 2. The CsPbBr@PVDF beads increase the ∆σ in equation 1-3, which help to improve the output voltage of the membrane.

In 2021, X. Li et al. prepared a NFM with electrospun PLLA nanofibers and electroprayed PVDF microspheres [199]. The process of preparing the PVDF microspheres@PLLA nanofibers is shown in simulations and obtained the electric potential distributions of the PVDF nanofibers and PVDF microspheres. The results showed that the piezopotential of the PVDF microspheres was much higher than that of the PVDF nanofibers when the condition is the same, which indicates that the PVDF microsphere generate more charges on the surface than that of the PVDF nanofiber. But the connection efficiency between microsphere was low, which means the charges are difficult to transfer from one microsphere to another. The combination of nanofibers and microsphere effectively solves the problem:

the PVDF generate more charges on the surface and the PLLA nanofibers worked as a bridge to connect each PVDF microsphere to transfer these charges. Meanwhile, for the membrane without microsphere structure, only nanofibers near the contact surface can generate and deliver the charges. For the membrane with microsphere structure, each PLLA nanofiber and PVDF microsphere could generate and deliver charges, which increase the charge density and finally enhance the piezoelectric performance of the membrane. 

The influence of bending/stretching on PVDF MNFMs

When PVDF MNFMs are bent or stretched, the output voltage according to direct piezoelectric effect is described in the following equations: 

𝑉 𝑜𝑐 =

The influence of interface between layers on PVDF MNFMs

Different from PVDF single layer NFMs, there are several interfaces between different layers in PVDF MNFMs. The interfacial effect is important to influence the piezoelectric performance of the membrane, however, there are not many researches on the effect of the interface on the piezoelectric properties of the membrane. Hu et al. [201] prepare a three-layer membrane with TiO 2 /PVDF film-BaSrTiO 3 /PVDF film-TiO 2 /PVDF film. By numerical simulating the electrostatic charge storage, they found out that the charges accumulate at the interface between the different layers. For single-layer membrane, the charges only stored at the interface between the electrodes and membrane. But for multi-layer membrane, the charges can be stored at the interface between two hetero dielectric layers with different fillers besides the interface between electrodes and membrane, which produce more polarization and enhance the total 

The piezoelectric testing methods on PVDF NFMs

According to the articles mentioned in the preview part, the piezoelectric coefficient (commonly d 33 ) is proportional to the piezoelectric properties of the PVDF. However, d 33 is not the only standard for judging the piezoelectric properties of materials, but also the output voltage, current, power density, piezoelectric sensitivity, etc. Therefore, this section summarizes the piezoelectric testing methods of PVDF NFMs.

Piezoelectric coefficient (d 33 )

The d 33 meter is the commonly method to obtain d 33 of the materials. According to equation 1-1, when mechanical stress is applied to the piezoelectric materials, the piezoelectric materials compress and generate electrical charges. Based on this principle, the schematic of d 33 meter is shown in Figure 1234567. The amplitude signal shows the detailed information of the PVDF nanofiber's piezoelectric properties.

For example, the PFM amplitude-voltage hysteresis loops at Point 1 (Figure 1 

Piezoelectric response

In addition to the d 33 , the piezoelectric response is a measure of the piezoelectric properties of the materials. The piezoelectric response including output voltage, current, power density, piezoelectric sensitivity, etc. The methods to measure the piezoelectric response are divided into three types: frequency, laser interferometry, and quasi-static method [207]. The principle is introduced as follow:

The piezoelectric material generated charges by the deformation. The charge is transmitted to the oscilloscope through the wire, and the oscilloscope displays the output voltage. The output current, power, power density, etc. can be calculated through the external resistance. Such devices are generally self-made in the laboratory, but the principle remains basically the same. The several common types of devices for measuring electromechanical response are introduced in the following paragraphs.

In the research of Soraya Bafqi et al. The laser vibrometer recorded the speed and time, and the oscilloscope recorded the voltage and time.

The results illustrated that these two curves are almost coincident, which showed the feasibility of the laser interferometry method to measure the piezoelectric response of samples. But the limitation of laser interferometry is that is requires high experiment accuracy. During the measurement process, any slide vibration affects the accuracy of the results. The quasi-static method does not require high experimental accuracy compared with the frequency method and interferometry method. And the equipment is simple and easy to set up at low cost.

Therefore, the quasi-static method is commonly used in measuring the piezoelectric response of PVDF NFM. The principle is to deform the membrane via pressure, stretching, bending, etc., then measure the output signal through an oscilloscope.

In the research of Lee et al. [138], they design a self-made equipment to stretching and bending the PVDF NFM to measure its output voltage. The membrane is place on two stages with an interval of 1 mm and connected electrodes at both ends. One stage is static, the other one is mobile. The sample was deformed by moving the stage and generate charges. The frequency of the test can be changed by adjusting the speed of the mobile stage. Al Halabi et al. [209] used the gravity to deform the PVDF NFM and measure its output voltage. For the quasi-static method, any way to deform the PVDF NFM can be used to measure the piezoelectric response of the membrane. For example, Mahanty et al. [210] measure the piezoelectric response of PVDF/ZnO NFM by direct touching the membrane with finger.

Conclusion

Through the literature review, it can find that the important of piezoelectric materials in preparing green, clean energy and solving the increasingly serious energy shortage problem. Piezoelectric materials convert mechanical energy in the environment into electrical energy through direct piezoelectric effect.

Compared with other kinds of energy harvesting using renewable energies (solar, heat, wind, etc.), the piezoelectric energy harvesting is easily to prepare, available continuously, and can be fabricated into a wearable device to provide energy for portable devices. The traditional piezoelectric energy harvesting is made of ceramic material. The ceramic material exhibits strong piezoelectric response but it has some disadvantages like lacking of flexibility, difficult to process, poor tensile properties, which make it is difficult for ceramic material to prepare wearable piezoelectric energy harvesting. As an organic polymer material, PVDF, in addition to the advantages of flexibility, easy to process and strong tensile properties, also has excellent piezoelectric properties. Thus, the PVDF can be used in the preparation of wearable piezoelectric energy harvesting. There are three methods to improve the piezoelectric properties of PVDF piezoelectric energy harvesting:

1. Increase F EA . The d 33 is proportional to the piezoelectric performance of PVDF. And the increase of F EA in PVDF improve the d 33 of PVDF. The F EA in PVDF is improved in the following methods: i). Nanofiber structure. Compared with bulk or thin-film, The nanofiber structure increases the alignment of dipoles and specific surface area, which increase the F EA in PVDF and generate more charges by piezoelectric effect, finally increase the d 33 of PVDF;

ii). Electrospinning method. Different from other methods (gas-assisted spinning, centrifugal spinning, etc.), the electrospinning method provide an electric field that polarizes and stretches the PVDF solution/nanofibers, ultimately leading to an increase in the F EA in PVDF;

iii). Optimizing the parameters. During electrospinning process, the F EA can be enhanced by optimizing solution parameters (molecular weight, solvent, concentration, etc.), operating parameters (voltage, feed rate, TCD, etc.) and ambient parameters (temperature, humidity, etc.).

2. Adding piezoelectric fillers. Adding piezoelectric fillers such as BaTiO 3 to improve the piezoelectric performance of PVDF nanofibers. The mechanism of adding piezoelectric fillers to improve the piezoelectric performance of PVDF is as follow: i). Some fillers work as a β-phase nucleating agents, and the addition of such fillers is beneficial to enhance F EA in PVDF;

ii). The piezoelectric properties of piezoelectric fillers is better than PVDF (for example, d 33 of PVDF: 20-30 pC/N, BaTiO 3 : 191 pC/N). Doping piezoelectric fillers effectively increase the d 33 of the composite material, thereby improving the piezoelectric properties of the composite material;

iii). For the pristine PVDF sample, the charges are accumulated in the interface between PVDF and electrode. But for the PVDF/piezoelectric fillers composite material, besides the interface between PVDF and electrode, the charges are accumulated in the interface between PVDF and piezoelectric fillers, which improve more charges during the piezoelectric effect. Thereby enhance the piezoelectric output performance of the material.

3. Multi-layer structure. The mechanism of multi-layer to enhance the piezoelectric performance of PVDF is as follow:

i). The MNFM has an increased thickness compared with the single-layer, which is beneficial to the improvement of the piezoelectric performance;

ii). The novel 3D nanostructure of multi-layer is helpful to increase the deformation or charges of the PVDF MNFMs. For example, the PVDF microsphere generate more charges compared with PVDF nanofibers when the volume of the sample is the same. But the charges are difficult to transfer from one microsphere to another one. Preparing the PVDF MNFMs by connecting the nanofibers and microsphere, the nanofibers is like a "bridge" to connect these microspheres to transfer the charges, which is advantage to enhance the piezoelectric properties of PVDF MNFMs.

In summary, the project of this thesis is to prepare PVDF MNFMs with a novel 3D structure. The first step is preparing pure PVDF nanofibers/microspheres with the highest F EA via electrospinning/electrospraying method by optimizing the parameters (solvent, voltage, feed rate and TCD). Then, BaTiO 3 nanoparticles were added to the PVDF nanofibers and microspheres, respectively.

The effects of BaTiO 3 on the piezoelectric properties of PVDF/BaTiO 3 are investigated. 

Preparation of PVDF nanofibers/microspheres

During the electrospinning process, the ambient temperature and relative humidity were maintained at 25 ℃ and 45%, respectively.

To obtain randomly PVDF nanofibers, 10-30 w/v% PVDF solution was placed in a plastic syringe fitted with a 20-gauge needle. A syringe pump was used to feed the solution into the needle at a feed rate of 0.3-3.0 mL•h -1 . The TCD was 13-25 cm, and the applied voltage was 15-30 kV. Randomly PVDF nanofibers were collected on a metal plate wrapped in aluminum foil, with a collection time for 60 min.

In order to fabricate oriented PVDF nanofibers, 25 w/v% PVDF solution was placed in a plastic syringe fitted with a 20-gauge needle. The feed rate, TCD, and applied voltage were 1.0 mL•h -1 , 25 cm, and 20 kV, respectively. The oriented PVDF nanofibers were collected on a rotating drum wrapped in aluminum foil at the rotating speed ranging from 0 to 2000 rpm. The collection time was 60 min.

During the electrospraying process, the ambient temperature and relative humidity were maintained at 

Preparation of PVDF/BaTiO 3 nanofibers/microspheres

During the electrospinning process, the ambient temperature and relative humidity were maintained at 

Preparation of PVDF MNFMs

The preparation of PVDF MNFMs is divided into three steps ( 

(D/A) K-25%-D/A=4/6 - K-25%-D/A=4/6 DL-4(D/A) K-25%-D/A=4/6 K-4%-D/A=4/6 - DL-6(D/A) K-25%-D/A=4/6 K-6%-D/A=4/6 - DL-8(D/A) K-25%-D/A=4/6 K-8%-D/A=4/6 - DL-10(D/A) K-25%-D/A=4/6 K-10%-D/A=4/6 - DL-12(D/A) K-25%-D/A=4/6 K-12%-D/A=4/6 - DL-14(D/A) K-25%-D/A=4/6 K-14%-D/A=4/6 - ML-4(D/A) K-25%-D/A=4/6 K-4%-D/A=4/6 K-25%-D/A=4/6 ML-6(D/A) K-25%-D/A=4/6 K-6%-D/A=4/6 K-25%-D/A=4/6 ML-8(D/A) K-25%-D/A=4/6 K-8%-D/A=4/6 K-25%-D/A=4/6 ML-10(D/A) K-25%-D/A=4/6 K-10%-D/A=4/6 K-25%-D/A=4/6 ML-12(D/A) K-25%-D/A=4/6 K-12%-D/A=4/6 K-25%-D/A=4/6 ML-14(D/A) K-25%-D/A=4/6 K-14%-D/A=4/6 K-25%-D/A=4/6 DL-4(D) K-25%-D/A=4/6 K-4%-DMF - DL-6(D) K-25%-D/A=4/6 K-6%-DMF - DL-8(D) K-25%-D/A=4/6 K-8%-DMF - DL-10(D) K-25%-D/A=4/6 K-10%-DMF - DL-12(D) K-25%-D/A=4/6 K-12%-DMF - DL-14(D) K-25%-D/A=4/6 K-14%

Sample label

Solution used in step 1 Solution used in step 2 Solution used in step 3 P/B-3% K-25%-3% -K-25%-3% P/B-P-P/B K-25%-3% K-10%-0% K-25%-3% P/B-P/B-P/B K-25%-3% K-10%-3% K-25%-3%

Characterization methods

The solution properties of PVDF solutions

A conductimeter (SevenExcellence S400-Basic, pH/mV benchtop meter, Mettler Toledo, Greifensee, Switzerland) were used to measure the electrical conductivity (K, unit: μS•cm -1 ) of electrospinning solutions. For each solution, the electrical conductivity of each sample was tested 5 times to get the average value and standard deviation. The temperature of measurement was maintained in the range of 25-30 ℃.

The viscosities (η, unit: mPa•s) of electrospinning solutions were measured using Rheomat RM 100

Rheometer (Lamy Rheology, France) and the shear rate ranged from 0.38-1420 s -1 (25 ℃). The viscosity of the polymer solution is not constant, it varies with the shear rate. Therefore, to obtain the viscosity of the PVDF solution in the needle during the electrospinning/electrospraying process, the shear rate at the needle needs to be calculated.

The shear rate that the solution experiences in the electrospinning process can be approximated by the following Equation [211]:

𝛾 = 4𝑄 𝜋𝑅 3 (2-1)
Where γ is the shear rate at the needle wall (s -1 ), Q is the flow rate (mL•h -1 ), and R is the radius of the needle (mm). During the electrospinning process, the needle in this research is 20-gauge. The inner diameter of 20-gauge is 0.584 mm, which means the radium is 0.292 mm. And the flow rate is also obtained. When the flow rate is 1 mL•h -1 , according to equation 2-1, the shear rate at the needle is 14 s - 1 . Thus, the viscosity of the solution in the needle is the viscosity of the solution at the shear rate of 14 s -1 .

The formation of Taylor cone during electrospinning/electrospraying process

During electrospinning process, the formation and shape of Taylor cone was observed and analysed via The average diameter of nanofibers/microspheres was determined by Image J software (National Institutes of Health, MD, USA) from SEM images. 100 nanofibers of each sample were randomly selected, and their diameter were determined by Image J software. Then calculate the average diameter of these 100 nanofibers. The average diameter of microspheres was automatically measured by Image J software.

The orientation analysis of PVDF nanofibers was obtained by using orientation matrix (Ω) and anisotropy index (α), as shown in Equations (2-2) and(2-3) [120].

𝛺 = 1 𝐼𝑡𝑜𝑡 ∑𝐼𝑖 | 𝑐𝑜𝑠 2 𝜃𝑖 𝑠𝑖𝑛𝜃𝑖 𝑐𝑜𝑠𝜃𝑖 𝑠𝑖𝑛𝜃𝑖 𝑐𝑜𝑠𝜃𝑖 𝑠𝑖𝑛 2 𝜃𝑖 | (2-2)
Where Ii is the length of the fiber (nm), Itot is the total sum of fiber lengths (nm); θi is the angle between each fiber and the x-axis (°). These data can be obtained by using Image J software (randomly selected 50 nanofibers and measured Ii and θi ).

𝛼 = 1 -𝜆1/𝜆2 (2-3)
Where λ1 and λ2 are the eigenvalues of orientation matrix, and λ1≤λ2. The α is a factor that can describe the alignment scheme. When α=0, it means complete random distribution of nanofibers. When α=1, it means the total aligned distribution of nanofibers.

SEM images were analyzed using Image J to automatically calculate the number of angles between the fiber and x-axis direction, and get the distribution of the angle. The parameter named Goodness is the goodness of fit of Gaussian distribution, and it is obtained by Image J. When Goodness is 0, it means complete random distribution of nanofibers. When Goodness is 1, it means the total aligned distribution of nanofibers.

The density of microspheres (D) in the membrane is calculated using Equation 2-4:

𝐷 = 𝐴 𝑚 𝐴 𝑡𝑜𝑡𝑎𝑙 × 100% (2-4)
Where A m is the area of PVDF microspheres, A total is the area of the membrane. and K 840 (7.7×10 4 cm 2 •mol -1 ) are the absorption coefficients at the respective wavenumbers.

The fractions of the β and γ phases can be obtained using the absorption of the two bands, as shown in Equation (2-7) and (2)(3)(4)(5)(6)(7)[START_REF] Choi | Corrugated Textile based Triboelectric Generator for Wearable Energy Harvesting[END_REF] [215]:

𝐹(𝛽) = 𝐹 𝐸𝐴 × ( 𝐴 𝛽 𝐴 𝛽 +𝐴 𝛾 ) × 100% (2-7) 𝐹(𝛾) = 𝐹 𝐸𝐴 × ( 𝐴 𝛾 𝐴 𝛽 +𝐴 𝛾 ) × 100% (2-8)
A β and A γ are the areas under the deconvoluted curves that are distinguished as β and γ curves centered at 840 cm -1 .

The peak deconvolution of DSC curves (150-180 ℃) and FTIR curves (920-700 cm -1 ) was using OriginPro 2019 (OriginLab Corporation, MA, USA). A package named Peak Deconvolution (OriginLab Technical Support) was used to deconvolute the curves. The finding peak method was 2 nd Derivative (search Hidden peaks), the method of smooth derivative was Savitzky Golay. The hidden peaks were identified by the peak analyzer tool. The multiple peak fit tool was used to fit the deconvoluted curves assuming a Gaussian curve fit. The piezoelectric sensitivity of PENG was calculated based on 217]:

𝑃𝑖𝑒𝑧𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑂𝑢𝑡𝑝𝑢𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝐹𝑜𝑟𝑐𝑒 (2-9)
Where output voltage is the voltage recorded by the oscilloscope, the force is the force exerted on the PENG when the voltage is generated. In this study, the force is 0.25 N.

Chapter 3 The preparation of electrospun PVDF nanofibers

The selection of solution systems is important for determining the morphology and structure of electrospinning PVDF nanofibers. The solution system includes the properties of polymer and solvent. Gee et al. [128] pointed out that the solution statistically had the most significant contribution to electroactive phase formation. Therefore, the first thing to do is to choose a suitable polymer and solvent to enhance the electroactive phase in electrospinning PVDF by optimizing electrospinning parameters.

The solution properties (e.g. Viscosity, electrical conductivity, etc.) determine the formation of the Taylor cone, which is a precondition to obtaining nanofibers with an adjustable mean diameter and crystal structure. In addition to the properties of the solution itself, operating parameters (applied voltage, feed rate, TCD, and collector) have an impact on the properties of electrospun PVDF nanofibers.

PVDF nanofibers with the highest F EA can be prepared by optimizing the process parameters. In the research of Gee et al. [128], they discussed the influence of different solvents and voltages on the F EA of PVDF. The results indicated that increase the voltage enhance the electroactive phase content.

Furthermore, numerous research has used nanoparticles with good piezoelectric properties as polymer additives to enhance the piezoelectric properties of PVDF [183,218,219]. According to the research of Lee et al. [186], for the PVDF composite material, the piezoelectric properties of the material are affected by the piezoelectric properties and dispersion of each component of the composite material.

The higher the piezoelectric performance of each component material and the more uniform the dispersion of different components, the higher the piezoelectric performance of the composite material.

PZT has great piezoelectric performance than other particles (d33 of PZT: 300-1000 pC/N [START_REF] Shrout | Lead-free piezoelectric ceramics: Alternatives for PZT?[END_REF][START_REF] Kang | Recent progress on PZT based piezoelectric energy harvesting technologies[END_REF]).

However, the PZT contain lead which is harmful to the human body. According to the literature review in chapter 1, in this chapter, the BaTiO 3 is used as an additive to enhance the piezoelectric properties of electrospinning PVDF nanofibers because of the excellent piezoelectric properties (d 33 : BaTiO 3 is 191 pC/N [START_REF] Banerjee | A critical review on lead-free hybrid materials for next generation piezoelectric energy harvesting and conversion[END_REF], PVDF is 20-28 pC/N [START_REF] Usher | The promise of piezoelectric polymers[END_REF]) and β nucleating agent of BaTiO 3 [194].

In order to investigate the effect of polymer and solution properties on the formation of the electrospinning nanofibers, find a suitable solvent for preparing electrospinning PVDF nanofibers, two PVDF pellets (Kynar 705 and Solef 1006) and six mix-solvents based on two solvents (acetone, DMF, DMF/acetone=6/4, 5/5, 4/6, 3/7) are used in PVDF electrospinning. The effect of solution properties on the shape of Taylor cone, morphology and crystal structure are discussed.

Furthermore, the effects of various operating parameters on the shape of Taylor cone, morphology, crystalline structure and piezoelectric properties of PVDF nanofibers have been discussed. The concentration of PVDF solution is 25 w/v%, and the solvent is DMF/acetone in the volume ratio of 4/6.

The influence of the Coulomb forces provided by the electric field, solvent evaporation, viscosity and mechanical stretching on shape of Taylor cone and structure of electrospinning PVDF nanofibers were examined. At the same time, this chapter quantitatively discussed the impact of the orientation of PVDF nanofibers on piezoelectric properties.

Finally, the BaTiO 3 nanoparticles were added into PVDF solution and preparing the electrospun PVDF/BaTiO 3 NFMs with the highest piezoelectric coefficient and F(β). The influences of solution properties on the shape of Taylor cone were examined. At the same time, the impact of BaTiO 3 concentration on the BaTiO 3 dispersion in PVDF nanofibers, crystalline structure, and piezoelectric properties of PVDF/BaTiO 3 nanofibers were investigated.

The selection of solution systems used in PVDF electrospinning

Physico-chemical properties of a series of PVDF solutions

Electrical conductivity

During electrospinning process, the formation and shape of the Taylor cone, the strength of polymer jets, and the evaporation rate of solvent were governed by the physico-chemical properties of the solution (viscosity, electrical conductivity, and vapor pressure). In the study of this chapter, two kinds of PVDF pellets and six mix-solvents based on two solvents were prepared into electrospinning solutions of different concentrations, and the physico-chemical properties of the solutions are shown in Table 3-1. The results showed that PVDF pellets could be completely dissolved in all solvents except acetone. Table 3- The obtained results are as follows:

i) The conductivity of the solution increases with the PVDF concentration, which is consistent with the results of other literatures [220];

ii) The electrical conductivity of PVDF/DMF solution is higher than PVDF/DMAc solution, because the conductivity of DMF solution (1.05 uS•cm -1 ) is greater than that of DMAc (0.34 uS•cm -1 );

iii) The conductivity of the solution prepared by adding Kynar 705 is much higher than that prepared by adding Solef 1006.

In the research of Liu et al.[221], when the polymer jet flew from the needle tip to the collector, a higher electrical conductivity of the polymer solution resulted in a higher charge density of the polymer jet's surface. Thus, a higher electrostatic force is applied to the polymer jet, which is conducive to forming a spindle-like Taylor cone. According to the results of this study, the PVDF (Kynar 705)/DMF solution with the highest conductivity is more suitable for electrospinning.

Table 3- ) is lower than DMF (1.05 uS•cm -1 ). However, the conductivity of the solution prepared with Kynar 705 is much larger than that prepared with Solef 1006.

The conductivity is related to the presence of ions in solution. Since the PVDF contain no ions, the reason for the different conductivities of the two PVDF solutions is that the synthesis methods of the two PVDF are different. The synthesis method for Kynar 705 is emulsion polymerization, thus, the ionic surfactant is not completely removed after polymerization. The Solef 1006 is prepared by suspension polymerization in the presence of an uncharged steric stabilizer.

During the electrospinning process, the PVDF solution with higher conductivity have more charges in the surface of the solution. And the stretching effect of the electric field on the solution is enhanced, which is conducive to the formation of more electroactive phases. Therefore, in this thesis research, the Kynar 705 PVDF pellets is used for electrospinning/electrospraying process. 

Viscosity

Table 3-1 and Figure 3-2 list the viscosity-shear rate curves of different PVDF solutions. All PVDF solution viscosity curves follow the behavior of pseudoplastic fluids: as the shear rate increases, the viscosity of the solution decreases. However, when the shear rate increases to a certain value (around 100 s -1 ), the solution exhibits the properties of a Newtonian fluid. This is because the shear rate is too high and the molecular chains are disentangled. And with the increase of PVDF concentration, the viscosity of the solution increases. Since the viscosity of the PVDF solution is not a constant value, it varies with the shear rate. Therefore, it is necessary to determine the shear rate of the solution during electrospinning to determine the viscosity of the solution during electrospinning. According to equation 2-1, in this thesis, the shear rate of PVDF solution in the needle is 14 s -1 , so the solution viscosity when the shear rate is 14 s -1 is the viscosity of the solution during electrospinning. According to the rules mentioned above, when the PVDF concentration in PVDF/DMF/acetone system is over 20 w/v%, the electrospinning results are mainly nanofibers. 

The shape of Taylor cone

During the electrospinning process, the shape of the Taylor cone affects the diameter of nanofibers. The shape of Taylor cone is characterized by the Taylor cone's height and Taylor cone's angle. The Taylor cone's height is the main factor that influences the morphology of nanofibers [224]. In the research of Zhao et al. [225], the relationship between Taylor cone's height (H) and nanofibers's diameter (D) is D=2.5641-2.0475H+0.5417H 2 (R=0.9980). A decrease in Taylor cone's height results in a reduction in diameter of the nanofibers. w/v%, operating parameters: applied voltage: 20 kV, feed rate: 1 mL•h -1 , needle: 20-gauge). Table 3-3 provides the data of the Taylor cone's height and angle. When DMF/acetone=1/0, the Taylor cone is stable, and the radius of curvature of the Taylor cone tip is smaller. With the increase of acetone content, the conductivity of the solution decreases, resulting in a decrease in the charge density of the polymer solution and a decrease in the stretching effect of the Coulomb force on the solution. Thus, the radius of curvature of the Taylor cone tip increases. All the Taylor cone are stable, which indicate that the PVDF concentration is the key factor for the formation of stable Taylor cones. However, when the acetone content increase to 70 vol%, a Taylor cone with multiple jets is formed, it might be the high evaporation rate of the solvent that causes the solvent to volatilize in the Taylor cone, destroying the Taylor cone. microspheres linked together by fibers are obtained from 30 w/v%. In any case, it is impossible to obtain fibers under the conditions of the applied studies. Furthermore, when the PVDF concentration is more than 30 w/v%, the electrospinning cannot be performed due to the high viscosity of the solution, inducing polymer deposition on the needle surface, and jet instability. Therefore, PVDF/DMF system is not conducive to obtaining electrospinning PVDF nanofibers without beads. It is necessary to find a way to reduce the solution's viscosity and the beads. Adding acetone to the PVDF/DMF system is a way to reduce the solution's viscosity and bead-like structure. Figure 3-7 is the SEM images of the elctroatomized PVDF/DMF/acetone solutions (volume ratio of DMF/acetone=4/6). As it is illustrated in Figure 3-7, the microspheres are obtained for concentrations less than 10 w/v%, and the nanofibers appear when the concentration exceeds 10 w/v%.

PVDF nanofibers without beads structure can be obtained when the PVDF concentration exceeds 20 w/v%. However, when the PVDF concentration is 30 w/v%, it is difficult to continue the electrospinning process because of the jet instability and polymer deposition on the needle surface. The results are explained as follows: 1) According to the structures are mainly microsphere structures when the solvent is DMF. Nanofiber's structure is formed when acetone is added to DMF. With the increase of the content of acetone, the beads structure in PVDF samples is decreased, and the fiber structure is increased. When the content of acetone in solvent is up to 60 vol%, the electrospinning PVDF samples is mainly nanofiber structure without beads. Meanwhile, the nanofiber diameter is decreased, and the diameter distribution of PVDF nanofibers becomes more homogeneous when the acetone content is increased (Figure 3456789). The different electrospun structures caused by different solvents are attributed to solvent volatility. If the solvent cannot be entirely evaporated while passing the distance between the needle tip to the collector, more microsphere and beads structure are formed [228]. DMF is a non-volatile solvent.

The volume ratio of DMF/acetone

Choosing DMF as the solvent, the solvent cannot be entirely evaporated when the PVDF solution falls on the collector, causing a microsphere or beads structure (Figure 345678). The volatility of acetone is much greater than DMF, which means adding acetone to the mixed-solvent can effectively increase the volatility of the solvent. During the electrospinning process in this study, the feed rate and tip-tocollector distance are fixed. Therefore, the time for the solvent to evaporate is fixed. When the volatilization rate of solvent increases, more solvent is evaporated, and more nanofiber structure is formed within a fixed time. When the DMF/acetone ratio is equal to 4/6, the solvent is entirely evaporated, and there is mainly nanofiber structure in electrospinning PVDF samples. The deconvolution results of DSC curves show a similar trend to the FTIR results (Figure 3 -11). When the solvent is DMF, the F EA , F(β) and F(γ) in electrospinning PVDF samples are 66.9 %, 43.4 %, and 23.5 %, respectively. And the electroactive phase and X c are increased by the increase of acetone. The maximum F EA and X c was obtained when the ratio of DMF/acetone is 4/6: F EA =78.4 %, F(β)=57.6 %, F(γ)=20.8 %, X c =45.3 %. The results of FTIR and DSC illustrate that the addition of acetone is beneficial to the formation of electroactive phase in PVDF during electrospinning process, especially for the β phase. The addition of volatile solvents leads to a complete evaporation of the solvent during the electrospinning process and reduces the structure of the beads, which is beneficial for the increase of F EA [171]. However, it must be pointed out that the addition of acetone facilitates the formation of the electroactive phase in electrospinning PVDF samples limited to PVDF molecular weights of 220,000. Some studies have shown that excess volatile solvents are not conducive to forming the β phase. For example, Bae et al.

The influence of solution systems on the crystalline structure of PVDF nanofibers

[232] pointed out there is a negative impact on forming the β phase when the content of volatile solvents is higher than 50%. Their results do not conflict with the results of our study because in their research there is no beads structure, and continuing to increase the volatile solvent content leads to a high volatilization rate, which is not conducive to the formation of the β phase [121]. In our study, there are a large number of beads structures (solvent: DMF, DMF/acetone=6/4, DMF/acetone=5/5) due to insufficient evaporation of the solvent. The bead structure is not conducive to the formation of the β phase but is an advantage to the form of the α phase. Therefore, the addition of acetone facilitates the full evaporation of the solvent, thereby eliminating the bead structure and forming more β phases. 

The influence of operating parameters on the morphology and structure of electrospun PVDF nanofibers

According to the discussion in section 3.1, the PVDF nanofibers with the highest piezoelectric performance was prepared by using solution K-25-D/A=4/6. In this section, K-25-D/A=4/6 was used as the electrospinning solution to further enhance the piezoelectric properties by optimizing the operating parameters.

The influence of applied voltage on the morphology and structure of PVDF nanofibers

The stretching of the polymer jet under high applied voltage during the electrospinning process orients the PVDF molecular chain dipoles, allowing the α to β crystalline phase changes [233]. In the electrospinning process, applied voltage has a significant effect that can effectively stretch the polymer jet compared to other parameters (feed rate, etc.) [234]. To study the effect of stretching the polymer jet on the electroactive phase of PVDF, in this section, randomly PVDF nanofibers obtained under different applied voltages were prepared, and the structure and properties of PVDF nanofibers and electroactive phase were discussed.

The shape of Taylor cone

The images of Taylor cone obtained with PVDF solution at different applied voltage is shown in Figure 3-12. Table 3-5 provides the data of the Taylor cone's height and angle. When the applied voltage is 15-18 kV, the Taylor cone's height is longer. When the applied voltage increases to 20 kV, the Taylor cone's height decreases immediately. Further increase the applied voltage from 20 kV to 30 kV, the Taylor cone's height further decreases. However, when the applied voltage exceeds to 25 kV, multiple jets are formed in the Taylor cone tip.

The Taylor cone's height is affected by the feed rate and the velocity of the jet: 1) feed rate is much larger than the velocity of polymer jet, a dripped drop is formed; 2) the feed rate is little larger than the velocity of polymer jet, the volume of the Taylor cone is large and the height is high; 3) the feed rate is little smaller than the velocity of polymer jet, the volume of the Taylor cone decreases and the height decreases; 4) the feed rate is much smaller than the velocity of polymer jet, the Taylor cone disappears to form a discontinuous jet. In this section, the feed rate is constant (1 mL•h -1 ). When the voltage is 15-18 kV, the charge density of the Taylor cone is lower, and the Coulomb force provided by the applied voltage is lower. The lower Coulomb force applied to the polymer jet causing the lower velocity of the jet. The velocity of the jet is smaller than the feed rate, thus the Taylor cone's height is longer [235]. As the electric field strength increase, the stretching effect of the Coulomb force on the polymer solution increases, resulting in the increase of the polymer jet's velocity. Therefore, as the applied voltage increases, the velocity of polymer jet increase until it is higher than feed rate, thus reducing the Taylor cone's height. When the applied voltage is too high (30 kV), the velocity of polymer jet is much larger than the feed rate that break the Taylor cone and form multiple jets. In addition, with the increase of applied voltage, the charge density in Taylor cone increase. According to the research of Stanger et al.

[236], the increasing the charge density results in a smaller Taylor cone's angle, and results in a thinner jet. 

The influence of applied voltage on the morphology of PVDF nanofibers

The influence of applied voltage was investigated, keeping the needle's value constant of 20 G, feed rate of 1 mL•h -1 , and TCD of 20 cm. The influence of voltage on the density of beads, morphology, average diameter and diameter distribution of the electrospun nanofibers using 25 w/v% PVDF solution is shown in Figure 3-13.

At 15 kV, nanofibers with larger diameter and more bead structure were formed. As the voltage increased from 15 kV to 20 kV, the beads structure decrease and the diameter distribution become more homogeneous. The average diameter of the nanofibers decreases from 338±66 nm to 250±34 nm.

However, when the applied voltage increases from 20 kV to 30 kV, the average diameter of the nanofiber decreased but the nanofiber distribution become wider and the average diameter of the nanofibers decreases from 250±34 nm to 191±64 nm.

When the applied voltage is 15 kV, this voltage is not high enough to stretch the polymer solution and produce a stable polymer jet. The change of PVDF nanofiber diameter at applied voltage of 15-20 kV is attributed to the increase of the polymer jet's stability: as the applied voltage increased, the charge density on the surface of the polymer jet increase, and increase the polymer jet velocity and polymer chain elongation forces [237]. The enhanced stretching effect of Coulomb force on the jets, resulting in a decrease in the diameter of the PVDF nanofibers obtained [171]. When the voltage is too high, the Taylor cone cannot be fully formed, which disrupts the stability of the polymer jet [118,147,238].

According to the results of the shape of Taylor cone, when the voltage is from 15 kV to 20 kV, the volume of the droplet at the needle tip decreased and the polymer jet velocity increased because of the increase of charge density on polymer jet surface. The enhancement of the applied voltage caused the solution to be removed from the needle tip faster than it was supplied, and decrease the average diameter of nanofibers. Further increase the voltage to 30 kV, the Taylor cone completely disappeared. The stable Taylor cone is destroyed by excessive Coulomb force. And the polymer jet was directly removed from inside of the needle tip, multiple jets were ejected from the needle tip and the velocity of the polymer jet further increased, resulting in a decrease in nanofiber average diameter [130]. 1 mL•h -1 , applied voltage: 15-30 kV).

The influence of applied voltage on the crystalline structure of PVDF nanofibers

In order to quantitatively compare the crystalline structure of PVDF nanofibers prepared with different applied voltage, the crystalline structure of electrospun PVDF nanofibers were characterized by FTIR and DSC. Meanwhile, the specific values of the α, β, and γ phase of PVDF nanofibers prepared under different voltages are obtained by deconvolving the FTIR spectra at 700-920 cm -1 (Figure 3 As shown in Table 3- According to Table 3-6, as the voltage increases, the crystallinity of PVDF nanofibers has not significantly changed. As the voltage increases, the stretching of the polymer jet increases, which is beneficial to the increase in crystallinity. However, the increased electric force causes the velocity of the polymer jet to increase, resulting in a decrease in the time between the polymer solution from the needle tip to the collector, which cannot allow the macromolecular polymer chains to reorganize [149].

These two antagonistic effects cause no significant change in crystallinity as the voltage increases. 

The influence of applied voltage on the piezoelectric performance of PVDF nanofibers

The F(β) Total of PVDF nanofibers prepared with different voltages shows that as the voltage increases, the F(β) Total reaches the peak value at 20 kV, and continues to increase the voltage, the F(β) Total decreases.

When the voltage is 20 kV, the β phase in PVDF nanofibers is the highest. The result of d 33 illustrates

(Table 3- At the same time, the alignment of nanofibers obtained at different voltages is also discussed, and the results of the orientation show that when the voltage is lower (15 kV), the alignment of the nanofibers is lower. With the increase of the voltage, the orientation increases, and the nanofibers exhibit more regular arrangement. However, there is no obvious linear relationship between alignment and voltage, indicating that voltage is not the factor that affects the alignment of nanofibers.

According to the discussion about the effect of applied voltage on the morphology and structure of electrospun PVDF nanofibers, when the applied voltage is 20 kV, the electrospun PVDF nanofibers with the highest F EA , F(β) and piezoelectric properties is fabricated.

3.2.2

The influence of TCD on the morphology and structure of PVDF nanofibers

The shape of Taylor cone

The images of Taylor cone obtained with PVDF solution at different TCD is shown in Figure 3-16.

Table 3-7 provides the data of the Taylor cone's height and angle. When the TCD is 13 cm, the Taylor cone's height is shortest, which is around 0.58 mm. With the increase of TCD from 13 cm to 25 cm, the Taylor cone's height increases from 0.58 mm (TCD=13 cm) to 1.13 mm (TCD=23 cm), then decrease to 0.78 mm (TCD=25 cm).

With the increase of TCD, the intensity of the electric field decreases. This causes the charge density of the Taylor cone to decrease, and stretching effect of the Coulomb force on the polymer solution decreases, resulting in the velocity of the polymer jet decrease. However, the feed rate is constant. Thus, as the TCD increase, the velocity of polymer jet is smaller than feed rate, which enhance the volume of the Taylor cone and Taylor cone's height. According to Table 3- 

The influence of TCD on the morphology of PVDF nanofibers

The influence of TCD was investigated, keeping the needle's value constant of 20 G, feed rate of 1 mL•h -1 , and applied voltage of 20 kV. The influence of TCD on the density of beads, morphology, average diameter and diameter distribution of the electrospun nanofibers using 25 w/v% PVDF solution is illustrated in Figure 3-17. When the TCD is 13 cm, the electrospinning result is nanofibers with a large number of bead structures, and the diameter distribution is wide. With the increase of TCD from 13 cm to 18 cm, the structure of the beads decreases, and the diameter of PVDF nanofibers increases from 255±38 nm to 280±51 nm. Continuing to increase the TCD to 25 cm, the diameter of the PVDF nanofibers decreased from 280±51 nm to 168±23 nm. The increase in TCD is similar to the decrease in electric field intensity [START_REF] Shao | Effect of electrospinning parameters and polymer concentrations on mechanical-to-electrical energy conversion of randomly-oriented electrospun poly(vinylidene fluoride) nanofiber mats[END_REF]. As the electric field intensity decreases, the stretching effect of Coulomb force on the jets is weakened, resulting in an increase in the diameter of the PVDF nanofibers. Therefore, when the TCD increased from 13 cm to 18 cm, the diameter of the nanofibers increased. Meanwhile, in this experiment, the feed rate was kept at 1 mL•h -1 . Increasing TCD provides larger space for polymer jet stretching and longer time for solvent evaporation from the nanofibers, which was beneficial to reduce the bead structure and form more nanofiber structure. At the same time, the sufficient volatilization of the solvent leads to the enhancement of the stretching time of the solution by the electric field [130], thus, the diameter of the nanofibers decreases when the TCD increases from 18 cm to 25 cm. Meanwhile, when the TCD is 13-18 cm, the solution flow is unstable and thus the distribution of nanofibers is wider. When the TCD is larger than 20 cm, the solution flow tends to be stable, the distribution of nanofibers diameter is narrower. 1 mL•h -1 , TCD: 13-25 cm).

The influence of TCD on the crystalline structure of PVDF nanofibers

To quantitatively compare the crystalline structure of PVDF nanofibers prepared with different TCD, the crystalline structure of electrospun PVDF nanofibers were characterized by FTIR and the specific values of the α, β, and γ phase of PVDF nanofibers prepared under different TCD are obtained by deconvolving the FTIR spectra at 700-920 cm -1 (Figure 3-18(b)).

As shown in Table 3-8, the increase of TCD has noticeable change on the content of α, β and γ phase of PVDF nanofibers. When the TCD is 13 cm, the F EA , F(β) and F(γ) of PVDF is 87.0±0.2 %, 61.0±0.5 % and 26.0±0.4 %, respectively. F EA and F(β) increase with the increase of TCD. As the TCD increased to 25 cm, the F EA , F(β) and F(γ) of the nanofibers reached to the peak values of 93.4±0.2 %, 67.7±1.1 %, and 25.7±0.9 %, respectively. When TCD=13 cm, a large number of bead structures exist in the electrospun nanofibers. This is because when the TCD is short, the solvent does not have enough time to fully evaporate from the nanofibers. Incomplete solvent volatilization makes it challenging to obtain PVDF nanofibers without bead structure and adversely affects the electroactive phase of PVDF nanofibers. Incomplete solvent volatilization results in more structured beads. Compared with the fiber structure, the polymer molecular chains in structure of the beads are challenging to be polarized, which is not conducive to generating electroactive phase [171]. With the increase of TCD, on the one hand, the decrease of the electric field intensity leads to the weakening of the stretching effect of the electric field on the polymer jet. On the other hand, the solvent in the polymer solution has sufficient time to volatilize, and the electric field force fully stretches the polymer jet. Stretching reduces the formation of beads structure, which is conducive to forming more electroactive phases. Therefore, as TCD increases, the electroactive phase and β phase in PVDF nanofibers increases.

By researching the effect of TCD on the morphology and structure of electrospun PVDF nanofibers, when the TCD is 25 cm, the electrospun PVDF nanofibers with the highest F EA and F(β) is prepared. provides the data of the Taylor cone's height and angle. When the feed rate is 0.3 mL•h -1 , the formation of Taylor cone is not observed at the needle tip. As the feed rate increase to 0.5 mL•h -1 , the small Taylor cone with a short Taylor cone's height (0.22 mm) is formed in the needle tip. Further increasing the feed rate from 0.5 mL•h -1 to 1.5 mL•h -1 , the Taylor cone's height increases from 0.22 mm to 1.71 mm. The unstable Taylor cone with dripped drop is observed when the feed rate is 3.0 mL•h -1 .

The applied voltage and TCD remain unchanged, resulting in the same velocity of polymer jet. When the feed rate is 0.3 mL•h -1 , the velocity of polymer jet is bigger than the feed rate, causing the disappearance of Taylor cone and the formation of discontinuous jet. The volume and height of the Taylor cone increase as the feed rate increases until it is greater than the velocity of polymer jet.

Furthermore, according to Equation 2 

The influence of feed rate on the morphology of PVDF nanofibers

The feed rate is another factor that affects the stretching of the polymer jet. The feed rate determines the amount of polymer solution available for electrospinning. To investigate the influence of feed rate on PVDF nanofibers, the needle, TCD and applied voltage were kept at 20 G, 25 cm, and 20 kV, As the feed rate increases, the vacuum inside the needle decreases, and a stable Taylor cone is gradually formed, and the bead structure in the nanofibers decreases. However, on the one hand, too high feed rate gives insufficient time for solvent evaporation and polarization of the traveling jet [240]. On the other hand, excessive high feed rate increases the shear rate of the PVDF solution in the needle, and decrease the viscosity of the solution, which makes the electrospinning in the form of "dripped drop".

Thus, the diameter increases as the feed rate increase. And when the feed rate is 3 mL•h -1 , the bead structure appeared again. 

The influence of feed rate on the crystalline structure of PVDF nanofibers

To quantitatively compare the crystalline structure of PVDF nanofibers prepared with different feed rate, the crystalline structure of electrospun PVDF nanofibers were characterized by FTIR and the specific values of the α, β, and γ phase of PVDF nanofibers prepared under different feed rate are obtained by deconvolving the FTIR spectra at 700-920 cm -1 (Figure 3-21(b)).

By comparing the electroactive phases of PVDF nanofibers obtained with different feed rates, it is found that as the feed rate increases, the electroactive phase, especially the β phase, shows a trend of first increasing and then decreasing (Table 3 -10). When the feed rate is 0.

1 mL•h -1 , the value of F EA , F(β)
and F(γ) is 67.4±0.3 %, 38.8±0.3 % and 28.6±0.3 %, respectively. As the feed rate increase to 1 mL•h - 1 , the F EA and F(β) increase to 93.4±0.2 % and 67.7±1.1 %, respectively. While the F(γ) decrease to 25.7±0.9 %. Continue to increase the feed rate, the F EA decreases. When the feed rate was 3 mL•h -1 , F EA and F(β) decreased to 88.1±1.0 % and 56.8±1.0 %, F(γ) increased to 31.4±1.8 %. This is because under the same voltage, as the feed rate increases, the stretching effect of the electric field on the polymer jet decreases [140]. When the feed rate is minimal (0.3 mL•h -1 ), similar to the use of too high a voltage for electrospinning, the excessive stretching of the polymer jet by the electric field and the vacuum inside the needle lead to the instability of the polymer jet. As the feed rate increases, the flow of the polymer jet tends to be stable, which leads to an increase in the electroactive phase. When the F EA and F(β) of PVDF reaches the peak value at 1 mL•h -1 , further increases the feed rate, the F EA and F(β) decreased because the flow of the polymer jet has stabilized and continuing to increase the feed rate weakens the stretching effect of the electric field on the polymer jet, which eventually leads to a decrease in the F EA and F(β).

According to discuss the effect of feed rate on the morphology and structure of electrospun PVDF nanofibers, when the feed rate is 1 mL•h -1 , the electrospun PVDF nanofibers with the highest F EA and F(β) is fabricated. 

The influence of rotating speed on the morphology and structure of PVDF nanofibers

In electrospinning, electric field stretching and solvent volatilization affect the polymer solution from the needle tip to a collector. In addition, further stretching of nanofibers is also an effective method to increase the electroactive phase. Using a mechanical stretching force to stretch the nanofibers can provide elongation forces during electrospinning and organize the lamellae to form fibers aligned along the fiber axis, and facilitate the conversion of the α phase to the β phase [164]. The collectors used in section 3.1, 3.2.1, 3.2.2 and 3.2.3 are all static collectors, which cannot further stretch the nanofibers.

In this section, a rotating drum was used as the collector during electrospinning process, the extra mechanical stretching force was controlled by changing the rotating speed of the collector. The PVDF solution is K-25-D/A=4/6, applied voltage, TCD, and feed rate are 20 kV, 25 cm and 1 mL•h -1 , respectively. The effects of mechanical force on the morphology and structure of electrospinning nanofibers are discussed in the following parts.

The influence of rotating speed on the morphology of PVDF nanofibers

According to the SEM images in Figure 3-22, as the rotating speed increases from 0 rpm to 2000 rpm, the diameter of PVDF nanofibers decreases from 198±25 nm to 134±42 nm, this is due to the mechanical stretching of nanofibers provided by the rotating collector, which enhances the stretching of the nanofibers and decrease the nanofibers diameter. And the nanofibers distribution from random to aligned because the orientation of the nanofibers was enhanced by the rotating collector. To quantitatively compare the arrangement of PVDF nanofibers with different rotating speeds, in this research, we used the anisotropy index (α) and Goodness to describe the orientation of PVDF nanofibers.

As the rotating speed increases from 0 rpm to 2000 rpm, the α increases from 0.571 to 0.981, which means that as the rotating speed increases, the distribution of the nanofibers changed from random distribution to highly oriented distribution. Meanwhile, as the rotating speed increase from 0 rpm to 2000 rpm, the Goodness increases from 0.08 to 0.74. The direction distribution of PVDF nanofibers is shown in . When the rotating speed is 0 rpm, the Goodness is 0.08, which means the direction distribution of the nanofibers does not fit the Gaussian distribution. When the rotating speed increase from 200 rpm to 500 rpm, the Goodness increase from 0.16 to 0.74, which means the direction distribution of the nanofiber increased as the rotating speed increased. The results of illustrate that the increase in rotating speed enhance the nanofibers' orientation.

According to the explanation of Huang et al. [124], when the linear velocity of the evaporative jet deposition is matched with the linear velocity of the surface of the rotating drum used as the collector, the nanofibers are wound tightly on the drum surface, resulting in a fair alignment. Such a speed is called alignment speed. If the surface velocity of the rotating drum is lower than the alignment speed, randomly distribution nanofibers will be collected. On the other hand, there is a limiting rotating speed above which continuous nanofibers cannot be collected, because too fast rotating speeds would destroy the polymer jet. 

The influence of rotating speed on the crystalline structure of PVDF nanofibers

The crystalline structure of PVDF nanofibers prepared with different rotating speed are characterized FTIR and DSC. Meanwhile, the specific values of the α, β, and γ phase of PVDF nanofibers prepared under different rotating speed are obtained by deconvolving the FTIR spectra at 700-920 cm -1 (Figure 3 

The influence of rotating speed on the piezoelectric performance of PVDF nanofibers

The F(β) Total of PVDF nanofibers prepared with different rotating speeds shows that as the rotating speed increases, the F(β) Total reaches the peak value at 200 rpm, and the F(β) Total decreases when the rotating speed continues to increase from 500 rpm to 2000 rpm. This shows that when the rotating speed is 200 rpm, the β phase in PVDF nanofibers is the highest. The result of d 33 illustrates (Table 3- the piezoelectric performance of PVDF: the enhanced piezoelectric performance in the nanofibers is due to the mechanical stretching provided by the rotating collector that converts more of the α phase to the β phase, but the nanofiber arrangement does not significantly affect the piezoelectric performance.

According to the above discussion, compared to the static collector, the rotating collector provides extra mechanical stretching on the nanofibers, which should improve the F EA and F(β) of electrospun PVDF nanofibers. However, the maximum F EA and F(β) of PVDF nanofibers prepared by using rotating collector are 90.6±1.1 % and 67.4±0.4 %, which are slightly smaller than these of the PVDF nanofibers prepared by using static collector (F EA : 93.4±0.2 %, F(β): 67.7±1.1%). This phenomenon is attributed to the difference in electrospinning devices. For the electrospinning devices using rotating collector, the needle is placed horizontally with the rotating collector. For the electrospinning devices using static collector, the needle is perpendicular to the collector. Compared with the device using rotating collector, the device using static collector has additional stretching provided by gravity during the electrospinning process, which enhances the F EA and F(β) of the PVDF nanofibers.

Therefore, in the next research, electrospun PVDF nanofibers are prepared by using the static collector.

The preparation of electrospun PVDF/BaTiO 3 nanofibers

According to the discussion about the effects of solution and operating parameters on the piezoelectric properties of electrospun PVDF nanofibers, the PVDF nanofibers with the highest F EA and piezoelectric performance is K-25-D/A=4/6 solution, applied voltage, TCD, feed rate and collector are 20 kV, 25 cm, 1 mL•h -1 and static collector, respectively. In this section, BaTiO 3 nanoparticles are used as the additives to further improve the piezoelectric properties of electrospun PVDF nanoparticles, and the entanglement between PVDF molecular chains is reduced. Therefore, the viscosity of emulsion is less than pure polymer solution. Thus, the viscosity of PVDF/BaTiO 3 solution is lower than that of pure PVDF solution. The viscosity of the emulsion is related to the size of small droplet. As the size of small droplet decreases, the contact area between small droplet increases, and the interaction force between small droplet increases, manifested as an increase in the viscosity of the emulsion (PVDF/BaTiO 3 solution). As the concentration of BaTiO 3 increases from 0.1 wt% to 3 wt%, BaTiO 3 nanoparticles are more uniformly dispersed in the solution and the size of small droplet decrease, which cause the increase in the viscosity of the PVDF/BaTiO 3 solution. However, the BaTiO 3 tend to agglomerate in solution again because of the nanoparticle have more surface area per unit volume [245].

When the concentration of BaTiO 3 was increased from 3 wt% to 9 wt%, the aggregation of BaTiO 3 nanoparticles led to an increase of the size of small droplet, which cause the decrease in the viscosity of the PVDF/BaTiO 3 solution. 

The shape of Taylor cone

The shape of Taylor cone is characterized by the Taylor cone's height and angle. Figure 3-28 is the images of Taylor cone obtained with PVDF/BaTiO 3 solutions with different BaTiO 3 concentrations (0-9 wt% to PVDF). Table 3-13 provides the data of the Taylor cone's height and angle. When 0.1 wt% and 0.5 wt% BaTiO 3 is added into the solution, the Taylor cone's height significantly increases to 1.1 mm and 0.89 mm compared to pure PVDF solution (0.78 mm). Then the Taylor cone's height decreased to 0.39 mm and 0.34 mm as the BaTiO 3 weight fraction increase to 1 wt% and 3 wt%. Further increase the BaTiO 3 weight fraction to 5 wt% and 7 wt%, the Taylor cone's height increases again. And the Taylor cone become unstable when the BaTiO 3 concentration up to 9 wt%.

As discussed in the previous chapter, we conclude that the change in the Taylor cone's height is related to the viscosity and conductivity of the solution: 1) As the viscosity of the solution decreases, the effect of the solution resisting the Coulomb force provided by the electric field weakens, resulting in an increase in the height of the Taylor cone; 2) As the conductivity of the solution decreases, the velocity of the polymer jet decreases, resulting in an increase in the Taylor cone's height (in chapter 3 for details)

[235]. When the weight fraction of BaTiO 3 increased from 0 wt% to 0.5 wt%, the conductivity and viscosity of the solution decreased, resulting in an increase in the Taylor cone's height. When the BaTiO 3 concentration increased to 3 wt%, the solution conductivity and viscosity increased, resulting in a decrease of the Taylor cone's height. As the BaTiO 3 content increased to 7 wt%, the viscosity and conductivity of the solution decreased again, and the Taylor cone's height increased. When BaTiO 3 in PVDF is 9 wt%, the stable Taylor cone is difficult to be formed due to the extremely low viscosity and electrical conductivity, thus an unstable Taylor cone is formed. As the BaTiO 3 content increased from 0.1 wt% to 3 wt%, the diameter of PVDF/BaTiO 3 nanofibers decreased from 295±43 nm to 227±43 nm, and the content of bead structure decreased. And it can be clearly observed in the electron microscope image that the BaTiO 3 nanoparticles are uniformly dispersed in the PVDF/BaTiO 3 nanofibers (bright dots). When the BaTiO 3 concentration increased to 5 wt%, the diameter of the nanofibers decreased to 202±37 nm, but the bead structure began to appear, and the agglomeration of BaTiO 3 appeared at the same time (red arrow). As the BaTiO 3 content increased from 5 wt% to 9 wt%, the diameter of the nanofibers increased from 202±37 nm to 238±41 nm, and the agglomeration of BaTiO 3 nanoparticles increased. In electrospinning method, the diameter of the nanofibers is affected by the conductivity and viscosity of the solution [187]. The smaller the viscosity of the solution, the weaker the resistance of the viscosity to the stretching of the solution by the Coulomb force, resulting in the enhancement of the stretching effect of the electric field on the solution and decrease the diameter of the nanofibers. The smaller the conductivity of the solution, the weaker the stretching effect of the electric field on the solution, resulting in an increase in the diameter of the nanofiber. The viscosity of PVDF solution with the addition of 0.1 wt% BaTiO 3 significantly decreased, the electrical conductivity decreased slightly, but the nanofibers' diameter increased. This shows that the effect of electrical conductivity on nanofiber diameter is greater than the viscosity. As the BaTiO 3 content increased from 0.1 wt% to 3 wt%, the electrical conductivity increased and the diameter of the nanofibers decreased. Continuing to increase the content of BaTiO 3 , the conductivity of the solution decreased and the diameter of the nanofibers increased. However, for the nanofibers with 5 wt% BaTiO 3 , the electrical conductivity is decreased, but the nanofibers' diameter is decreased compared to the nanofibers with 3 wt% BaTiO 3 . The aggregation of BaTiO 3 is not easy to form a stable Taylor cone, and the stretching effect of the electric field on the solution tends to be unstable, resulting in a decrease in the diameter of the nanofibers.

In addition, we quantitatively analysed the element content on the surface of nanofiber structure and bead structure in PVDF/BaTiO 3 composite by EDS, and found that the mass fraction of Ba element in the fiber structure (Ba nanofiber ) is much larger than that in the bead structure (Ba bead ). This indicates that BaTiO 3 nanoparticles are more inclined to be dispersed in the nanofiber structure not the bead structure. According to the FTIR spectra of PVDF/BaTiO 3 nanofibers in Figure 3-31, there is no significant difference between the spectra of pure PVDF and PVDF/BaTiO 3 because the absorbance bands of the BaTiO 3 are so weak that they cannot be detected. In the deconvolution results of FTIR in Meanwhile, as the weight fraction of BaTiO 3 increase, the Xc of PVDF/BaTiO 3 NFMs decrease. With the increase of BaTiO 3 content from 0.1 wt% to 9 wt%, the content of β phase in PVDF nanofiners showed a trend of increasing first and then decreasing. This shows that the addition of BaTiO 3 nanoparticles is beneficial to the formation of β phase. The addition of a small amount of BaTiO 3 reduced the conductivity of the pure PVDF solution, and the reduction of the electroactive phase due to the weakening of the stretching effect of the electric field force on the solution. However, with the increase of BaTiO 3 content in the solution, the conductivity of the solution increases, the stretching effect of the electric field force on the solution increases, and the more electroactive phase is formed.

Additionally, the improvement of the β phase by adding BaTiO 3 is attributed to the β phase nucleation of BaTiO 3 . The configuration of the β phase is all-trans (TTTT), where negative dipoles (C-F bonds) are in one direction and positive diploes (C-H bonds) on the other side. When the BaTiO 3 is added into the PVDF solution, during the electrospinning process, the BaTiO 3 particles possess negative surface charges and tend to absorb positive dipoles. Thus, promoting more β phase configuration formed [188].

However, when the BaTiO 3 content is too high (over than 5 wt%), the BaTiO 3 nanoparticles agglomerate and weakens the nucleation effect of the β phase. Also, under the electric field during the electrospinning process, the PVDF polymer chains orient to the formation of all-trans (TTTT) conformation, but relaxation also happen to the PVDF chains. Before crystallization, the long trans conformer can be changed. When BaTiO 3 particles are introduced to PVDF, their presence can delay the relaxing of PVDF chains [189], allowing the long trans conformation to be fixed. The interaction of the PVDF chains with the BaTiO 3 has the effect of maintaining the long trans conformation essential for crystallization, and increase the content of β phase. In addition, the content of BaTiO 3 in nanofibers structure is much larger than that in bead structure. The polymer jet forming the nanofiber is more stretched by the electric field, resulting in a larger F EA in the nanofiber than in the bead structure. Therefore, when the electrospun samples have more beads structure (BaTiO 3 : 0.1, 5, 7, and 9 wt%), the F EA decreases.

The results of DSC illustrate that the Xc of PVDF/BaTiO 3 nanofibers decrease as the weight fraction of wt%. In addition, BaTiO 3 is regarded as a β phase nucleating agent to increase the β phase content in PVDF nanofibers, thus increasing the piezoelectric properties of PVDF/BaTiO 3 NFMs. However, when the content of BaTiO 3 increases to 5-9 wt%, due to the aggregation of BaTiO 3 nanoparticles and the increase of the beads structure, the electroactive phase in PVDF/BaTiO 3 decreases, which reduces the piezoelectric properties of the composite NFMs.

Conclusion

In this chapter, a series of PVDF/solvent solutions have been prepared, and the effects of solution properties, operating parameters and additives on the morphology and structure of electrospinning PVDF nanofibers have been clarified.

According to the results in section 3.1, The solvent's viscosity and the volatilization rate are the main factors to obtain nanofiber structure by electrospinning: 1) As the viscosity of the solution increases, the entanglement between the polymer molecular chains in the solution increases. When the viscosity of the solution is greater than C e , the nanofiber structure can be obtained by electrospinning; 2) as the solution's volatilization rate increases, the nanofibers' stretching time by the Coulomb force increases and the diameter of the nanofibers decreases. Meanwhile, the effect of solution properties on the electroactive phase and piezoelectric properties in electrospun nanofibers is discussed in this chapter.

When the PVDF concentration is 25 w/v%, the increase of the acetone content in the electrospinning solution is beneficial to improving the F EA and piezoelectric properties in the nanofibers. When the volume ratio of DMF/acetone is 4/6, the average diameter of the PVDF nanofibers obtained by electrospinning is the smallest, and the F EA , Xc and d 33 are the highest. As the content of acetone increases, the volatility of the solvent improves, the PVDF in the solution is fully solidified and crystallized, and the Xc of the obtained nanofibers increases. At the same time, the rapid volatilization of the solvent leads to an increase in the stretching time of the nanofibers by the electric field, which is beneficial to enhance the electroactive phase of the nanofibers. The increase of the F EA and Xc enhances the F(β) total in the nanofibers, which enhances the piezoelectric properties of the nanofibers. In addition, this chapter quantitatively discusses the influence of β and γ phase on the piezoelectric properties of nanofibers. The results show that the main factor affecting the piezoelectric properties of nanofibers is β phase rather than γ phase.

In section 3.2, electrospun PVDF nanofibers with high electroactive phase and β phase were prepared from K-25-D/A=4/6 solution by optimizing the applied voltage, feed rate and TCD. The effects of the process parameters on the Taylor cone, morphology (mean diameter, the distribution of diameter and the arrangement of the nanofibers) and crystalline structure (F EA , F(α), F(β), F(γ) and F(β) Total ), as well as the piezoelectric properties have been investigated.

When the physico-chemical properties of the electrospinning solution are fixed, the shape of the Taylor cone is influenced by the competition between feed rate and velocity of the polymer jet. When the feed rate is much larger than the velocity of polymer jet, a dripped drop is formed. When the feed rate is little larger than the velocity of polymer jet, the volume of the Taylor cone is large and the height is high.

When the feed rate is little smaller than the velocity of polymer jet, the volume of the Taylor cone decreases and the height decreases. When the feed rate is much smaller than the velocity of polymer jet, the Taylor cone disappears to form a discontinuous jet.

By enhancing the stretching of the polymer jet by the electric field (increasing the voltage or reducing the feed rate), the diameter of the PVDF nanofibers can be reduced, and the electroactive phase in the PVDF nanofibers can be effectively increased. However, excessive-high electric field strength causes the instability of the polymer jet, resulting in an increase in the structure of the beads and a decrease in the electroactive phase, especially the β phase (the F EA and F(β) decreased from 91.2±0. 

Chapter 4 The preparation of electrosprayed PVDF microspheres

Electrospraying also called electrohydrodynamic spraying, is a liquid atomization method, which is generally carried out under the action of electricity. Different from electrospinning method, in the process of electrospraying, the liquid flowing from the needle is polarized firstly due to the applied when the shear rate increases to a certain value (around 100 s -1 ), the solution exhibits the properties of a Newtonian fluid. This is because the shear rate is too high and the molecular chains are disentangled.

When the solvent is the same, as the PVDF concentration increases, the viscosity of the solution increases. Since the solution viscosity is not constant and it varies with the shear rate, according to the needle used and the feed rate, the shear rate of PVDF solution in the needle is 14 s -1 . Thus, the solution viscosity during the electrospraying is the viscosity when the shear rate is 14 s -1 . According to Table 4-1, the viscosities at 14 s -1 are almost constant when the PVDF is lower than 10 w/v% despite the solvent.

When the PVDF concentration exceeds 10 w/v%, the electrospraying PVDF solution's viscosity significantly increases because 10 w/v% is the overlap concentration (C*) of PVDF/DMF/acetone (DMF/acetone=1/0 and 4/6). When the concentration is lower than C*, the macromolecular chains are dispersed in the DMF/acetone solution, but the macromolecular chains are not entangled. And when the PVDF concentration exceeds C*, the macromolecular chains begin to entangle with each other, manifesting as a rapid increase in solution viscosity. the increasing of PVDF concentration, the stable Taylor cone with one jet is obtained, and suitable for the electrospraying process. However, the increase of TCD leads to an increase of the Taylor cone's height. The increase of TCD leads to the weakening of the intensity of electric field, and the stretching of the Coulomb force on the polymer solution is weakened, resulting in the transition of electrospraying to rapid dripping mode. Based on these images in Figure 4-3, when the TCD is 18 cm, the Taylor cone is suitable for electrosparying process at PVDF concentration of 8 w/v% and 10 w/v%. In order for all PVDF solutions to form stable Taylor cones, it is necessary to discuss the effect of other operating parameters on the shape of Taylor cone. The shape of the Taylor cone is also related to the applied voltage. The different shapes of Taylor cone obtained from different PVDF concentration and applied voltage (TCD: 18 cm, needle: 20-gauge, feed rate: 1 mL•h -1 ) is shown in Figure 4-4. Table 4-3 provides the data of Taylor cone's height and angle.

For PVDF/DMF/acetone (DMF/acetone=4/6), the ideal Taylor cone with a small Taylor cone's height and angle is formed by adjusting the polymer concentration and applied voltage.

Too high and too low Coulomb force is not conducive to the formation of a stable Taylor cone: the shape of the Taylor cone is unstable, and the multiple polymer jets are ejected from the needle tip when the applied voltage is 22 kV. The polymer jet is in the form of "dripped drop" mode when the applied voltage is the lowest value for this study (12 kV). For 12 kV< applied voltage <22 kV, the shape of Taylor cone depends on the PVDF concentration. As illustrating in the Figure 4-4 and Table 4-3, the stable Taylor cone is formed as the applied voltage is 16 kV for all the PVDF solutions.

Based on the discussion in this section, the suitable operating parameters for electrospraying 4-10 w/v% PVDF/DMF/acetone (DMF/acetone=4/6) are applied voltage, TCD, feed rate, and needle of 16 kV, 18 cm, 1 mL•h -1 and 20-gauge, respectively. (12, 14, 16, 18, 20 and 22 kV) (solvent:

DMF/acetone=4/6, operating parameters: TCD: 18 cm, feed rate: 1 mL•h -1 , needle: 20-gauge).

4.4

The influence of the solution system on the morphology of PVDF microspheres 4.4.1 Solvent: DMF/acetone=4/6

One of the advantages of the electrospraying method is preparing microspheres with a narrow distribution and small size. The shape of the Taylor cone affects the mean diameter and microsphere size distribution of electrosprayed microspheres. Furthermore, the size of electrosprayed microspheres mainly depends on the solution properties and operating parameters [253]. The influence of PVDF When the PVDF concentration is 4 w/v%, the electrosprayed PVDF microsphere exhibits a deformed structure, as shown in . According to Lin et al. [254], the polymer diffusion and solvent evaporation during the polymer solution from the Taylor cone tip to the collector significantly impact the morphology of the electrosprayed microspheres. Thus, the deformed structure in microspheres is attributed to the low PVDF concentration. The mechanism of electrospraying to prepare PVDF microspheres is shown in Figure 4-6. During the electrospraying process, small droplets are formed from the Taylor cone tip. The solvent volatilization from the small droplet surface leads to an increase in the surface polymer concentration. As more solvent evaporated, the polymer concentration increased further until a thin shell of solid polymer formed on the small droplet surface. As more solvent is removed, the shell thickness gradually increases, eventually forming microspheres [250]. If the evaporation rate of the solvent is faster, the macromolecular chains do not diffuse into the small droplet in time, resulting in a large hollow inside the microsphere and form a large hollow microsphere. When the hollow microsphere lands on the collector, it collapses to form deformed microspheres. As the polymer concentration increase, the solvent evaporation rate decrease [165]. The macromolecular chains are able to re-homogenize as the small droplet shrinks, so microspheres with less porous are formed. The low porosity translates into high mechanical strength inside the microspheres, so the microspheres do not experience any collapse and form a smooth surface on the microspheres. Thus, when the PVDF concentration increase to 6 w/v%, the diameter of microspheres decreased. When the PVDF concentration increase from 6 w/v% to 10 w/v%, the increase in the concentration leads to the increase in the polymer content of the small droplets and the increase in the size of the microspheres.

When the PVDF concentration exceeds 10 w/v%, the concentration is over C * , and the macromolecular chains begin to entangle each other, resulting in the appearance of the nanofibrous structure. (45.3 %). This result may be due to the preferential orientation of the macromolecular chains in the nanofiber direction caused by the stretching of the polymer during electrospinning, which contributes to crystallization [258]. When the PVDF concentration is higher than 10 w/v%, the nanofibers structure appears, which promotes the Xc in electrosprayed PVDF microspheres. When the operating parameter is the same, the stretching effect of the Coulomb force on the charged droplet is enhanced, which orient the more dipoles in the same direction and form more "TTTT" conformation in the PVDF nanofibers, more content of β phase is obtained. 

Conclusion

In this chapter, a series of PVDF/solvent solutions have been prepared by adjusting the PVDF concentration and the volume ratio of DMF/acetone. The effects of solution properties and operating parameters on the shape of Taylor cone, morphology, and crystalline structure of electrosprayed PVDF microspheres have been clarified. Compared to the operating parameters, the PVDF concentration is the main factor in forming a stable Taylor cone and microsphere structure. When the PVDF concentration lower than 10 w/v%, the electrospraying results of PVDF/DMF/acetone (DMF/acetone=1/0) solution and PVDF/DMF/acetone (DMF/acetone=4/6) solution are all microspheres. As the PVDF concentration exceeds 10 w/v%, the nanofibers appeared in the electrosprayed samples. During electrospraying process, when the concentration of PVDF solution is too low, the evaporation rate of the solvent is faster, resulting in the hollow inside the microspheres.

These hollow microspheres eventually collapse to form deformed microspheres. Increasing the content of DMF in the solvent improves the conductivity and reduces the evaporation rate of the solvent, which are beneficial to reducing the size of small droplets and the hollow inside the microspheres, forming denser microspheres with smaller size and homogeneous distribution.

Meanwhile, this chapter discussed the effect of solvent on the crystalline structure. All samples with only microsphere structure have smaller Xc compared to those with nanofibrous structure. This result is due to the preferential orientation of the macromolecular chains in the nanofiber direction caused by the stretching of the polymer during electrospinning, which contributes to crystallization. Furthermore, all the F EA and F(β) of electrosprayed PVDF microspheres prepared by PVDF/DMF/acetone (DMF/acetone=1/0) solution are larger than that of microspheres prepared by PVDF/DMF/acetone (DMF/acetone=4/6). The increased content of DMF leads to the low volatilization rate of the solvent and the enhanced stretching effect on the polymer jet, which results in the increase of F EA and F(β).

Chapter 5 The preparation of PVDF MNFMs based PENG via electrospinning/electrospraying

The way to improve the piezoelectric properties of the PVDF NFMs is to increase the content of the β phase via optimizing electrospinning parameters, adding fillers, etc. But there is a limit to the content of β phase in PVDF, which means there is a limit to the piezoelectric properties of single layer 

The preparation of PVDF MNFMs

The preparation process of various PVDF MNFMs is described in detail in section 2.5 of Chapter 2.

The PVDF MNFMs are fabricated by combining electrospinning and electrospraying methods. In the electrospraying process, two different solvents have been used for the formation of PVDF microspheres.

The morphology of PVDF MNFMs

Solvent in electrospraying: DMF

In Chapter 4, it was found that the microspheres prepared using DMF as the electrospray solvent had no defect structure, were denser in size, and had a high F EA . Therefore, the effects of PVDF/DMF electrosprayed microspheres on the structure and properties of PVDF ML are discussed. When the solution is 4 w/v% PVDF/DMF, the electrosprayed microspheres are uniformly dispersed on the surface of DL and the cross-section of ML. The D ML-section is larger than the D DL-surface (D ML- section =40.8 %, D DL-surface =26.9 %) because the small diameter and the low density of the microspheres make the microspheres less likely to agglomerate. Thus, the microspheres are uniformly dispersed among the nanofibers.

However, when the concentration of the electrospraying solution is 6-14 w/v%, a large number of irregular microspheres appear on the surface of DL, and the D ML-section is much smaller than that of the 

Solvent in electrospraying: DMF/acetone=4/6

In order to solve the problem of residual solvent in the electrosprayed PVDF microspheres, a mixed solvent was prepared by adding volatile acetone in DMF to improve the volatilization of the solvent, and ensure that the PVDF microspheres were deposited on the nanofibers without any solvent. Figure 5-2 is the SEM micrographs of surface structure of DL and the cross-section structure of ML. The results of density of microspheres are listed in Table 5-2 As the concentration of the electrospraying solution increased to 8 w/v%, a large number of microspheres are distributed on both the surface of DL and the cross-section of ML (D DL-surface is 74.0 %, D ML-section is 75.1 %). This is because the agglomeration of the microspheres decreases because the diameter of the microspheres increases with increasing PVDF electrospraying solution concentration.

However, there is still agglomeration of microspheres in the cross-section of ML. As the electrospraying solution's concentration increased to 10 w/v%, the microspheres are both homogeneous distributed on the surface of DL and the cross-section of ML. This is because the diameter of the microspheres is further increased, the agglomeration of the microspheres is reduced, and the microspheres are uniformly dispersed among the nanofibers of the ML.

However, when the electrospraying solution's concentration increased to 12 w/v% and 14 w/v%, the 

The piezoelectric performance of PVDF MNFMs based PENGs

By adding microspheres in the NFM, the content of the β phase in ML is not significantly changed compared to the SL, in which the F(β) Total is around 18-20 % (Table 5-3 andTable 5-4). However, the piezoelectric properties of ML are all the better than those of SL ( First, the existence of microspheres amplifies the stress force applied on the surface of the nanofiber membrane and improves the piezoelectric properties of ML based PENG [198]. According to the direct piezoelectric effect in d 33 mode, the generating charges can be expressed as follows:

𝑄 = 𝑑 33 𝐴∆𝜎 (5-1)
where d 33 is the piezoelectric coefficient; ∆σ is the mechanical stress applied on the piezoelectric membrane; A is the surface area of the piezoelectric membrane [194]. During the piezoelectric test, the A is fixed in 3.5 cm×3.5 cm. When a stress force is applied to the SL based PENG, the force causes the nanofibers inside the SL to squeeze between the nanofibers, causing the nanofibers to deform and generate electric charges. When the stress force is applied to the surface of ML-based PENG, the force causes squeezing between nanofibers and nanofibers and between nanofibers and microspheres. The 

The preparation of PVDF/BaTiO 3 MNFMs

The research results in section 5.1 indicate that the multi-layer structure is beneficial to enhance the 

The crystalline structure of PVDF/BaTiO 3 MNFMs

The FTIR and DSC were used to characterize the crystalline structure of PVDF/BaTiO 3 MNFMs. 

The piezoelectric properties of PVDF/BaTiO 3 MNFMs

The piezoelectric responses of the PVDF/BaTiO 3 MNFMs are shown in Although the F EA , F(β) and Xc of P/B-P/B-P/B and P/B-P-P/B (PVDF/BaTiO 3 MNFMs) are all smaller than those of PVDF/BaTiO 3 NFM (P/B-3%), the piezoelectric responses of PVDF/BaTiO3 MNFMs are higher than PVDF/BaTiO 3 NFM. Moreover, the piezoelectric performance of P/B-P-P/B prepared with less BaTiO 3 is better than that of P/B-P/B-P/B prepared with more BaTiO 3 . Even though the F(β) Total of P/B-P/B-P/B is greater than that of P/B-P-P/B.

According to the research of Hu et al. [202], when stress is applied to the piezoelectric membrane, there are two opposite stress state: near the force part is compressive stress and far from the force part is tensile stress. For the piezoelectric membrane prepared with a single material, the opposite stress state on the two-half part of the membrane generates converse charges and decrease the total piezoresponse.

However, the pure PVDF layer and PVDF/BaTiO 3 layer have different polarization modes and dipole orientations, which weak the counteracting effect and generating a large piezoelectric response. And as the microspheres' total volume increases, the piezoelectric properties of PVDF ML based PENG increase.

In addition, the PVDF/BaTiO 3 MNFMs with electrospun PVDF/BaTiO 3 nanofibers and electrosprayed various microspheres (PVDF and PVDF/BaTiO 3 ) was prepared. Although the addition of microspheres in NFM decreased the F EA , F(β) and Xc of MNFMs, it increased the piezoelectric properties of MNFMs.

The piezoelectric properties of P/B-P-P/B are further improved compared to P/B-P/B-P/B. This is attributed to the pure PVDF and PVDF/BaTiO 3 layers have different polarization modes and dipole orientations, which weak the counteracting effect and generating a larger piezoelectric response.

Reducing the content of BaTiO 3 can improve the piezoelectric properties of the material, which provides a new idea for the preparation of composite piezoelectric materials.

the piezoelectric properties of PVDF/ BaTiO 3 MNFMs were further improved.

In Chapter Ⅲ, a series of PVDF/solvent solutions have been prepared, and the effects of solution properties on the morphology and structure of electrospinning PVDF nanofibers have been clarified. In addition, PVDF/BaTiO 3 MNFMs have been prepared by electrospinning and electrospraying process.

The PVDF/BaTiO 3 MNFMs with pure PVDF microspheres layer have higher piezoelectric performance compared to the PVDF/BaTiO 3 MNFMs with PVDF/BaTiO 3 microspheres layer. This is attributed to the pure PVDF layer and PVDF/BaTiO 3 layers have different polarization modes and dipole orientations, which weak the counteracting effect and generating a larger piezoelectric response. Reducing the content of BaTiO 3 can improve the piezoelectric properties of the material, which provides a new idea for the preparation of composite piezoelectric materials.

Prospects

Based on the obtained conclusions and the current research on piezoelectric devices, there are some suggestions for future works in this research area.

• Applying multi-layer structures to polymer materials with weak piezoelectric properties PVDF is a polymer material with excellent piezopotential. However, the piezoelectric properties of most polymer materials are weak. Some polymer materials have advantages that cannot be replaced by PVDF. If the piezoelectric properties of these polymer materials can be improved, this will greatly broaden the application fields of polymer piezoelectric materials. According to our research, the multilayer structure is beneficial to improve the piezoelectric properties of the material. This provides a new method for some polymers with weak piezoelectric properties to improve their piezoelectric properties.

• In-depth study of the charge generation process of PVDF MNFMs.

Limited by method, experimental equipment and time, we could not provide an accurate trace of the generation, transfer and distribution of the charges during the piezoelectric effect in this thesis. It would be an interesting research direction if further research could be done in this area.

• Applications of PVDF MNFMs

This research effectively improves the piezoelectric properties of PVDF, and the prepared PVDF MNFMs can detect small vibrations and generate piezoelectric responses to 0.25 N. Therefore, the PVDF MNFMs have broad application prospects and can be tried in medical detection, acoustic wave sensors, and other fields. In addition, the piezoelectric mode detected in this thesis is the d33 mode, that is, the piezoelectric response to pressure. In addition, this study can also be applied to the d31 mode, which is a piezoelectric response to a bending force. Poly(vinylidene fluoride) (PVDF) is a thermoplastic semi-crystalline polymer with the excellent piezopotential, and can be used as a materials to prepared wearable piezoelectric energy harvesting. This wearable device harvests the mechanical energy and transfer it into electrical energy based on direct piezoelectric effect, which is one of the ways to solve the increasingly serious energy shortage and environmental pollution. In this research, PVDF piezoelectric energy harvesting was designed by combining electrospinning and electrospraying methods. Electrospun PVDF nanofibers and electrosprayed PVDF microspheres were prepared as the different layers in PVDF multi-layer nanofibrous membranes (MNFMs) to improve the piezoelectric properties of PVDF piezoelectric energy harvesting. The high-aligned electrospun PVDF nanofibrous membranes (NFMs) with a high content of electroactive phases (F EA ) were prepared by systematically optimizing the process parameters of electrospinning. Meanwhile, electrosprayed PVDF microspheres with high F EA and homogeneous distribution were produced by investigating the effect of solution properties and operating parameters on the formation of electrosprayed microspheres. Furthermore, the PVDF MNFMs with a novel 3D structure was successfully produced by assembled electrospun PVDF nanofibers and electrosprayed PVDF microspheres. Keywords: electrospinning, electrospraying, PVDF, piezoelectric properties, multi-layer, BaTiO 3

  et la préparation de la membrane nanofibreuse multicouche PVDF (MNFM) en alliant les procédés d'électrofilage et d'électropulvérisation.

1 .

 1 Augmenter F EA . Le coefficient piézoélectrique (d 33 ) est proportionnel aux performances piézoélectriques du PVDF. Et l'augmentation de F EA dans le PVDF améliore le d 33 du PVDF. La F EA en PVDF peut être améliorée par différentes stratégies. a. Structure en nanofibres. Par rapport aux structures ou morphologies, l'obtention de nanofibres augmente l'alignement des dipôles et la surface spécifique, ce qui accroit la F EA dans le PVDF et génère plus de charges par effet piézoélectrique, d'où des plus grandes valeurs de d 33 du PVDF. b. Méthode d'électrofilage.

2 .

 2 Ajout de charges piézoélectriques. L'ajout de charges piézoélectriques telles que le BaTiO 3 pour améliorer les performances piézoélectriques des nanofibres de PVDF. Les performances piézoélectriques du PVDF sont améliorées pour différentes raisons. a. Certaines charges fonctionnent comme des agents de nucléation en phase β, et l'ajout de telles charges est bénéfique pour améliorer la F EA dans le PVDF. b. Les propriétés piézoélectriques des charges piézoélectriques sont meilleures que celles du PVDF (par exemple, d 33 de PVDF : 20-30 pC/N, BaTiO 3 : 191 pC/N). Le dopage des charges piézoélectriques augmente efficacement le d 33 du matériau composite, améliorant ainsi les propriétés piézoélectriques du matériau composite. c. Pour l'échantillon de PVDF vierge, les charges s'accumulent à l'interface entre le PVDF et l'électrode. Mais pour le matériau composite PVDF/charges piézoélectriques, outre l'interface entre le PVDF et l'électrode, les charges s'accumulent à l'interface entre le PVDF et les charges piézoélectriques. 3. Structure multicouche. Le mécanisme du multicouche pour améliorer les performances piézoélectriques du PVDF est le suivant : a. Le MNFM présente une épaisseur accrue par rapport à la monocouche, ce qui est bénéfique à l'amélioration des performances piézoélectriques. b. La nouvelle nanostructure 3D de multicouche est utile pour augmenter la déformation ou les charges des MNFM PVDF. Par exemple, les microsphères de PVDF génèrent plus de charges que les nanofibres de PVDF lorsque le volume de l'échantillon est le même. Mais les charges sont difficilement transférables d'une microsphère à une autre. V En préparant les PVDF MNFM, les nanofibres agissent comme un «pont» pour connecter ces microsphères pour transférer les charges, ce qui est avantageux pour l'amélioration des propriétés piézoélectriques. Dans le chapitre Ⅱ, les matières premières dont le matériau polymère (PVDF), les nanoparticules (BaTiO 3 ) et les solvants (DMF et acétone) sont décrites. Les solutions préalables à l'électrofilage/électropulvérisation, le dispositif d'électrofilage, le processus de préparation des nanofibres (PVDF pur et PVDF/BaTiO 3 ), des microsphères (PVDF pur et PVDF/BaTiO 3 ) et des MNFM sont également décrits. De plus, toutes les méthodes utilisées dans cette recherche pour caractériser et analyser les structures, les morphologies, les propriétés thermiques et les performances piézoélectriques sont introduites en détail. La conductivité électrique et la viscosité ont été utilisées pour décrire les propriétés physico-chimiques des solutions de PVDF d'électrofilage/électropulvérisation. Le cône de Taylor pendant l'électrofilage/électropulvérisation a été observé à l'aide d'une caméra à grande vitesse. La microscopie électronique à balayage (SEM) a été utilisée pour examiner la taille, la distribution de taille et la morphologie des nanofibres électrofilées et des microsphères électropulvérisées. La calorimétrie à balayage différentiel (DSC) et la spectroscopie infrarouge à transformée de Fourier (FTIR) ont été utilisées pour caractériser la structure cristalline des nanofibres électrofilées et des microsphères électropulvérisées. Les performances piézoélectriques des échantillons ont été évaluées à l'aide d'un compteur de coefficient piézoélectrique.

  effect (equation 1-2) are the same. The X, Y and Z axes are denoted by the numbers 1, 2, and 3, respectively, as illustrated in Figure1-2. The shear constant is represented by the numbers 4, 5, and 6, respectively. There might be many d iJ in a (3×6) matrix, but the most common coefficient in piezoelectric effect is d 33 . The d 33 refers to the application of tension in the polarization direction, which characterize the piezoelectric properties of the materials under pressure. The unit of d 33 is coulombs/newton (C/N) or meter/volt (m/V). According to equation 1-1, a bigger d 33 results leads in a larger electric displacement, which indicates the piezoelectric material is more efficient at producing electricity. Therefore, the piezoelectric properties of materials may be estimated by d 33 .
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 11 Figure 1-1. Schematic of (a) direct and (b) converse piezoelectric effects.
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 12 Figure 1-2. Direction index of electromechanical constants in poled piezoelectric materials [14].
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 13 Figure 1-3. Schematic of dipoles alignment in (a) piezoelectric film and (b) piezoelectric nanofibers
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 15 Figure 1-5. Classification of nanofibers-producing methods.
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 16 Figure 1-6. The schematic diagram of (a) an electrospinning setup, (b) the formation of Taylor cone [117], (c) the electrospinning process and (d) electrospraying process.

Figure 1 - 7 .

 17 Figure 1-7. Schematic diagram of (a) needleless electrospinning [118]; (b) bubble-electrospinning [119].

  feed rate has a strong influence on the polymorphous behavior of electrospun PVDF fibers. A low feed rate causes more β phase development because the jet is stretched further, facilitating the creation of β phase nuclei. However, several contradicting outcomes are mentioned in the literature. On the one hand, Zheng et al. discovered that lowering the volume feed rate from 4.5 to 0.3 mL/h causes an increase in the β phase fraction [122]. Jiyong et al. discovered similar results, indicating that the feed rate and F(β) have a significant significant negative relationship, as the F(β) of PVDF nanofibers declines from 78% to 72% with an increase in feed rate from 0.5 to 2.0 mL/h [155]. On the other hand, Singh et al.

[

  167]. The rotating collector, in addition to Coulomb forces, can offer a mechanical stretch force to align molecule chains. In other words, during electrospinning, the high-speed rotating collector supplies elongation forces and arranges lamellae to produce fibers aligned along the fiber axis[168]. These make it easier to convert the α phase to the β phase. Because the nanofibers produced by rotating collectors are uniformly organized and have a high F(β), these collectors are widely researched. Although the rotating disk collector's alignment quality is superior to that of the rotating drum collector, it can only obtain a NFM with a very tiny area.[169].Abolhasani et al. compared the crystalline structure of PVDF nanofibers produced by a static collector to that produced by a rotating collector (2500 rpm)[170]. The β phase composition of PVDF nanofibers collected with the static collector ranges between 50% and 60%, and nanofibers are distributed randomly. The F(β) by utilizing the rotating collector, on the other hand, varies from 70% to 80%, and nanofibers are well aligned by using the rotating collector. In addition, fibers collected on the rotating drum have smaller average diameters (D<300 nm) than those collected on the static collector (D<400 nm), and the overall crystallinity values of different produced PVDF nanofibers are not considerably different (Xc=40%-50%). The findings showed that a drum collector may successfully change the microstructure and β phase of PVDF nanofibers.Lins et al. investigated the effect of rotating speed(50, 1000, 2000, and 3000 rpm) on the β phase and morphology of the PVDF nanofiber using a rotating drum as a collector[168]. The fibers produced at low speed(50 rpm) are not aligned in the rotating direction and have a diameter of 1.98±0.5 m. The fibers become low-aligned (1000 rpm), medium-aligned (2000 rpm), and high-aligned as the rotation speed increases (3000 rpm). At high collector rotation speeds, the average diameter of the fibers increases slightly (2000and 3000 rpm). The results of FTIR and X-ray diffraction (XRD) show that as the rotating speed increases, the content of the β phase increases.Ribeiro et al. investigated the effect of rotating speed on the β phase of electrospun PVDF nanofibers using a rotating drum collector (500-2000 rpm)[171]. The F(β) varied from 80% to 85% at high rotating speeds (750-2000 rpm), which is much higher than the F(β) (45%) observed at low rotating speeds (500 rpm), while Xc did not vary significantly (Xc=58-64%).

  tension and viscosity of the solution.Zheng et al. examined the F(β) of PVDF nanofibers at working temperatures ranging from 20 to 60 °C and discovered that the F(β) obtained at 20 °C is the greatest and reduces as the temperature rises[122]. They think that increasing the temperature promotes the formation of the α phase, causing the temperature to rise and F(β) to weaken.Huang et al. investigated the F(β) of nanofibers at various ambient temperatures(5, 15, 25, 35, and 45 ℃) [143]. F(β) rises with temperature, with PVDF nanofibers having the highest F(β) at 25 ℃. When the temperature rises more, the F(β) lowers little. The authors tested the surface tension and viscosity of the PVDF solution at various temperatures to further assess the experimental data. The results reveal that when the temperature rises from 5 to 45 ℃, the surface tension of the PVDF solution reduces from 41.23 mN/m to 27.05 mN/m and the viscosity decreases from 241.8 cP to 112.6 cP. Jets are subjected to greater elongation forces as a result. Thus, the diameter of the nanofibers is decreased, and the F(β) value is raised. However, because extremely high temperatures do not promote β phase formation, room temperature (25 °C) is commonly applied as the ambient temperature for electrospinning PVDF nanofibers[186,187].

F

  (β) is 85.6 % for the pristine electrospinning PVDF nanofibers. When the BaTiO 3 concentration increases to 10 wt% (BaTiO 3 to PVDF), the F(β) value increases to 91.0 %. The improvement of the β phase by adding BaTiO 3 is attributed to the β phase nucleation of BaTiO 3 . The configuration of the β phase is all-trans (TTTT), where negative dipoles (C-F bonds) are in one direction and positive diploes (C-H bonds) on the other side. When the BaTiO 3 is added into the PVDF solution, during the electrospinning process, the BaTiO 3 particles possess negative surface charges and tend to absorb positive dipoles (Figure1-8(a)). Thus, promoting more β phase configuration formed[188]. However, the F(β) value decreases to 88.0 % when the overaddition of BaTiO 3 (20 wt%) is added. Because when the concentration of BaTiO 3 is 20 wt%, the aggregation of BaTiO 3 occurs and decrease the β phase nucleation of BaTiO 3 . In addition, BaTiO 3 particles retard the chains relaxation of the PVDF polymer chains, which promotes to form more β phase. In the research ofLiu et al. [113], under the electric field during the electrospinning process, the PVDF polymer chains orient to the formation of all-trans (TTTT) conformation, but relaxation also happen to the PVDF chains. Before crystallization, the long trans conformer can be changed. When BaTiO 3 particles are introduced to PVDF, their presence can delay the relaxing of PVDF chains [189], allowing the ensuing long trans conformation to be fixed. The interaction of the PVDF chains with the BaTiO 3 has the effect of maintaining the long trans conformation essential for crystallization, and increase the content of β phase.
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 18 Figure 1-8. The mechanism of the formation of β phase by adding (a) BaTiO 3 nanoparticles[187], (b) [OMD]Br [162], (c) CNT [190], (d) 2,3-dihydrodecafluoropentane [151].

  prepare a five-layer electrospun PVDF NFM with microbead-based electrode (Figure 1-9(a)). The peak voltage and current of the multi-layer membrane are 10.4 V and 2.3 uA, which were 43.6-and 39.2-fold greater output, respectively, compared to the single-layer membrane without microbead-based electrode. The enhancement of the piezoelectric properties attributed to the two factors:1. The thickness of five-layer PVDF membrane is larger than single-layer one; 2. The introducing of the microbead increase the total contact area with the electrode, thus increase the output voltage and current.Kalani et al. [196] prepared a (PVDF)-(PVDF/BaTiO3)-(PVDF) three-layer electrospun NFM (Figure1-9(b)). The PVDF/BaTiO 3 membrane were sandwiched between two PVDF membrane by separately or continuously electrospinning. The three-layer membrane obtained by separately electrospinning showed the best piezoelectric performance for low frequencies and pressure applications.Kalani et al. 
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 1 Figure 1-9(d). The membrane showed better piezoelectric performance than PVDF or PLLA NFM. Li et al use COMSOL Multiphysics 5.5 software (COMSOL Inc., Sweden) to do the finite element
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 19 Figure 1-9. The schematic of (a) five-layer PVDF NFM with microbead array [195]; (b) (PVDF)-(PVDF/BaTiO3)-(PVDF) three-layer electrospun NFM [196]; (c) 3D MNFMs constructed by PPy/PVDF, CsPbBr3@PVDF beads and neat PVDF [198]; (d) preparing PVDF microspheres@PLLA NFM [199].

  and d 31 represent the piezoelectric voltage constant and piezoelectric coefficient, respectively; h represents the thickness of the piezoelectric membrane; Y is the Young's modulus; l and ∆l are the length of the membrane and total strain of the membrane along the length direction, respectively; ε 0 and ε r are the vacuum permittivity and relative permittivity of the membrane, respectively[200]. Different from d 33 mode, the piezoelectric membrane used for d 31 mode is affected by Young's modulus.Yang et al. [200] prepared a multi-layer PVDF/CNT NFM for d 31 mode test and studied the influence of Young's modulus on piezoelectric performance. For example, the output voltage of three-layer PVDF/CNT NFM increment reached 85%, compared to the three-layer pristine PVDF NFM. This is because the addition of CNTs increase the Young's modulus of the membrane: adding 0.4 % CNTs into PVDF, the Young's modulus of the three-layer PVDF membrane increase from 3.7 GPa to 6.92 GPa.Besides the Young's modulus,Yang et al. pointed out that increase the number of layers could raise the polarization level of membrane because of the strong interfacial coupling effect. The influence of interface between different layers is explained in detailed in the next section.

  piezoresponse. In 2018, Hu went on to prepare a double-layer PVDF membrane with BaTiO 3 /PVDF layer and PVDF layer[202]. The output voltage and current of double-layer BaTiO 3 /PVDF-PVDF membrane is 6.7 V and 2.4 uA, respectively, compared with 1.2 V and 0.36 μA for the single-layer PVDF NFMs. Besides the charges stored in the interface between BaTiO 3 /PVDF layer and PVDF layer, the improvement of the piezoelectric performance is attributed to the opposite stress state during the bending test. As shown in Figure1-10, when bending the membrane, the force conditions in the two half parts of the membrane are different: the force in the top half part is tensile stress and the bottom half part is compressive stress. In the single-layer membrane, the opposite stress state on the two-half part of the one membrane generate coverse charges and decrease the total piezoresponse. In the doublelayer membrane, the BaTiO 3 /PVDF layer and pure PVDF layer have different polarization modes and dipole orientations, weakening the counteracting effect and generating a larger piezoelectric response.
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 110 Figure 1-10. Schematic of the bending and charges distribution in (a) single-layer and (b) doublelayer BaTiO 3 /PVDF-PVDF membrane [202] .
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 111 Figure 1-11. The schematic of d 33 meter.

  Figure 1-12(c). The maximum PFM amplitude at Point 1 is ~0.27 nm, the amplitude divided by the AC voltage (6V), the d 33 of Point 1 is obtained (~45 pm/V). Compared with the d 33 meter, in addition to d 33 ,the PFM can obtain other properties of the sample (such as polarization). However, the operation of PFM is more complicated and the results are not as intuitive as the d 33 meter.
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 1 Figure 1-12. (a) The schematic of PFM [206]. (b) The PFM amplitude image of PVDF nanofiber and (c) PFM amplitude-voltage hysteresis loops recorded from point 1 [205].

  [181], the frequency method was used to measure the piezoelectric response of PVDF/ZnO NFM (Figure1-13(a)). A piece of PVDF/ZnO NFM (area: 4 cm 2 , thickness: 120 um) was sandwiched on the two pieces of aluminium tape. Then a paper frame is set on the outside of the membrane to fix the NFM and isolate the influence of the external environment on the test (such as noise, etc.). A sample for piezoelectric response test is prepared. Then using a criterion piezoelectric materials to place on the sample, and adding the oil between the criterion piezoelectric materials and the sample to get better contact. The voltage and frequency(21 V, 75 KHz) provided by a function generator caused the vibrations of the criterion piezoelectric materials because of the converse piezoelectric effect. The vibration of the criterion piezoelectric material causes the sample to vibrate. Due to the direct piezoelectric effect, the vibration of the sample generate charges were measured by an oscilloscope to obtained output voltage. Through this method, the maximum output voltage is 1.1 V. The results of Fabriani et al. demonstrate the feasibility of measuring the piezoelectric response using laser interferometry method [208] (Figure 1-13(b)). The sample was prepared by sandwiching PVDF NFMs (thickness: 200 um) between two copper electrodes. Then the sample was placed on a fiberglass beam and connected to an oscilloscope. Oscillations were produced by releasing the fiberglass beam.
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 113 Figure 1-13. The schematic of piezoelectric response device according to (a) frequency method [181], and (b) laser interferometry method [208].

  Finally, PVDF MNFMs are fabricated by combining electrospinning and electrospraying methods. The top and bottom layers are electrospun PVDF NFMs, and the middle layer is electrosprayed PVDF microsphere. Meanwhile, the effects of multi-layer arrangement on the piezoelectric properties of PVDF MNFMs are investigated. syringe pump connected to a computer and controlled by software, a voltage generator, a stainless-steel needle connected to the voltage generator, a high-speed camera (Chameleon CMLN-13S2M-CS USB camera, FLIR Integrated Imaging Solutions GmbH, Ludwigsburg, Germany) is connected to a computer and a grounded collector. During the experimental process, the electrospinning/electrospraying solution is pumped into plastic syringe, then squeezed into a plastic tube, and finally to the needle. The flow rate of the working solution is controlled by the syringe pump via software, and the distance between needle tip to the static collector (TCD) is controlled via movable support. The stainless-steel needle (20-gauge, outer diameter: 0.902 mm, inner diameter: 0.584 mm) was used for electrospinning/electrospraying. The photo and schematic of the electrospinning/electrospraying devices are shown in Figure 2-1(a) and (b). The electrospinning equipment (Fluidnatek/LE-50, Bioinicia, Spain) was used to prepare PVDF oriented nanofibers collected on the rotating collector The equipment consists of a syringe pump, a voltage generator, a stainless-steel needle connected to the voltage generator, and a rotating drum collector. The rotating speed of the collector is range from 0 rpm to 2000 rpm. The photo and schematic of the electrospinning/electrospraying devices are shown in Figure 2-1(c) and (d).
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 211 Figure 2-1. The (a) photo and (b) schematic of the electrospinning/electrospraying device to prepare randomly nanofibers/microspheres. The (c) photo and (d) schematic of electrospinning/electrospraying device to prepare oriented nanofibers.

  25 ℃ and 45%, respectively. 4-10 wt% PVDF solution was placed in a plastic syringe fitted with a 20gauge needle. A syringe pump was used to feed the solution into the needle at a feed rate of 1.0 mL•h - 1 . The TCD and applied voltage were 18 cm and 16 kV, respectively. PVDF microspheres were collected on a metal plate wrapped in aluminum foil with a collection time for 120 min. The schematic diagram of the preparation of PVDF nanofibers/microspheres is shown in Figure2-2.
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 221 Figure 2-2. The schematic diagram of the preparation of PVDF nanofibers/microspheres.

  25 ℃ and 45%, respectively. The PVDF/BaTiO 3 solution was placed in a plastic syringe fitted with a 20-gauge needle. A syringe pump was used to feed the solution into the needle at a feed rate of 1.0 mL•h -1 . The TCD was 25 cm, and the applied voltage was 20 kV, respectively. The electrospun PVDF/BaTiO 3 nanofibers were collected on a metal plate wrapped in aluminum foil, with a collecting time of 60 min.During the electrospraying process, the ambient temperature and relative humidity were maintained at 25 ℃ and 45%, respectively. The PVDF/BaTiO 3 solution was placed in a plastic syringe fitted with a 20-gauge needle. A syringe pump was used to feed the solution into the needle at a feed rate of 1.0 mL•h -1 . The TCD was 18 cm, and the applied voltage was 16 kV, respectively. The electrosprayed PVDF/BaTiO 3 microspheres were collected on a metal plate wrapped in aluminum foil, with a collecting time of 120 min. The schematic diagram of the preparation of PVDF/BaTiO 3 nanofibers/microspheres is shown in 
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 23 Figure 2-3. The schematic diagram of the preparation of PVDF/BaTiO 3 nanofibers/microspheres.

Figure 2 -

 2 4(a)): Firstly, electrospinning K-25%-D/A=4/6 solution onto the static collector wrapped in aluminium foil (14.5×19 cm) for 60 min to obtain PVDF NFMs. The applied voltage, feed rate, and TCD were 20 kV, 1 mL•h -1 , and 25 cm, respectively. Then, electrospraying various PVDF solutions on the PVDF NFMs for 30 min. The applied voltage, feed rate and TCD is 16 kV, 1 mL•h -1 and 18 cm, respectively. Finally, the PVDF MNFMs were prepared by electrospinning K-25%-D/A=4/6 solution onto the samples for 60 min. The applied voltage, feed rate and TCD were 20 kV, 1 mL•h -1 and 25 cm, respectively. During the electrospinning/electrospraying process, the ambient temperature and relative humidity were maintained at 25 ℃ and 45%, respectively. All the PVDF NFMs are shown in Table2-3. The schematic of producing these PVDF samples is shown in Figure 2-4 (b).
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 24 Figure 2-4. (a) The schematic of preparing PVDF MNFMs through combining electrospraying and electrospinning methods, (b) the structure of sample "SL", "DL" and "ML".

( 1 )

 1 of the fabrication of two different electrospun/electrosprayed PVDF/BaTiO 3 MNFMs is illustrated in. The first step to prepare both MNFMs is the same: electrospinning K-25%-3% solution onto the collector wrapped in aluminium foil (14.5×19 cm) for 60 min to obtain PVDF/BaTiO 3 NFMs. The applied voltage, TCD and feed rate were 20 kV, 25 cm and 1 mL•h -1 , respectively. The difference between the preparation of the two MNFMs is in the second step. The step 2-1 is electrospraying K-10%-0% solution on the PVDF/BaTiO 3 NFMs for 30 min with the applied voltage, TCD and feed rate of 16 kV, 18 cm, and 1 mL•h -1 , respectively. The obtained sample is named as P/B-P. And the step 3-1 is electrospinning K-25%-3% onto the samples for 60 min, the applied voltage, TCD and feed rate were 20 kV, 25 cm and 1 mL•h -1 . The obtained PVDF/BaTiO 3 MNFMs is named as P/B-P-P/B. (2) The step 2-2 is electrospraying K-10%-3% solution on the PVDF/BaTiO 3 NFMs for 30 min with the applied voltage, TCD and feed rate of 16 kV, 18 cm, and 1 mL•h -1 , respectively. The obtained sample is named as P/B-P/B. Then the step 3-2 is the same as step 3-1. The obtained PVDF/BaTiO 3 MNFMs is named as P/B-P/B-P/B. During the electrospinning/electrospraying process, the ambient temperature and relative humidity were maintained at 25 ℃ and 45%, respectively. All the PVDF/BaTiO 3 NFMs are shown in Table 2-4. The schematic of these PVDF/BaTiO 3 NFMs are shown in Figure 2-5(b).
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 25 Figure 2-5. (a) The schematic of preparing electrospun/electrosprayed PVDF/BaTiO 3 MNFMs, (b) the structure of sample P/B-3%, PB-P-P/B, and P/B-P/B-P/B.

  images captured by camera (Chameleon CMLN-13S2M-CS USB camera, FLIR Integrated Imaging Solutions, GmbH, Ludwigsburg, Germany). The shape of Taylor cone includes the Taylor cone's height and Taylor cone's angle. The Taylor cone's height is the distance between the needle tip to the Taylor cone tip. The Taylor cone's angle is the half of the angle in the Taylor cone tip [212]. Figure 2-6 is the schematic diagram of the Taylor cone. The Taylor cone's height and angle are calculated by Image J software (National Institutes of Health, MD, USA). for 1 min, 5 min and 10 min. If the shape of the Taylor cone changes significantly, it means that the Taylor cone is unstable. If there is no obvious change in the shape of the Taylor cone, it illustrates that the stable Taylor cone is formed.

Figure 2 - 6 . 1

 261 Figure 2-6. The schematic diagram of Taylor cone.

  Both A m and A total are automatically determined by ImageJ software (National Institutes of Health, MD, USA). The D is to characterize the density of microspheres in the PVDF membrane. As D increases, the density of microspheres in the PVDF membrane is increased. The density of microspheres in the surface of sample "DL" is D DL-surface . The density of microspheres in the cross-section of the sample "ML" is D ML-section .2.7.3.2 The crystalline structure of electrospun/electrosprayed samplesThe crystallinity of the samples was characterized by Differential Scanning Calorimetry (DSC 6000, PerkinElmer, USA). The sample space was purged with nitrogen flow during the experiments. 8-10 mg samples were placed in an aluminum pan and heated up from 10 ℃ to 200℃ at 10 ℃/min, and then by a cooling step from 200 ℃ to 10 ℃ at 30 ℃/min. The degree of crystallinity (Xc) is usually calculated using Equation(2-5) [213].𝑋 𝑐 = △𝐻 (𝑥 𝛼△𝐻 𝛼 +𝑥 𝛽△𝐻 𝛽 +𝑥 𝛾△𝐻 𝛾 )•𝑀 𝑃𝑉𝐷𝐹 × 100% (2-5)Where △H is the fusion enthalpy of the PVDF samples according to the DSC curves, △H α , △H β, and △H γ are the melting enthalpies of a 100% crystalline PVDF sample in the α-, β-, and γ-phases, respectively. x α , x β and x γ are the amounts of the phases in the PVDF sample, respectively, as calculated by deconvoluting the DSC curves. The △H α and △H β are 103.4 J/g and 93.07 J/g, respectively[214].And the melting enthalpy of the γ phase is assumed identical to that of a 100% α phase[213]. M PVDF is the mass fraction of PVDF in the composite material. The endothermic peak produced by the first heating is used to calculate △ 𝐻.The Fourier Transform Infrared Spectroscopy (Nexus-560 spectroscopic, Nicolet, Madison, USA) analysis was performed under 64 scans with a resolution of 4 cm -1 , and the wavenumber ranged from 400 to 1600 cm -1 . The samples were dispersed in spectroscopic grade potassium bromide (KBr), and analysed in absorbance mode. The relative fraction of the electroactive phase (F EA ) was calculated and I 763 are the absorption values at 840 and 763 cm -1 , respectively. The K 763 (6.1×10 4 cm 2 •mol-1 ) 

Figure 2 -

 2 7 is the example of peak deconvolution of DSC curve of PVDF nanofibers. According to Figure 2-7, the broad melting peak of the PVDF nanofibers (Figure 2-7(a)) is deconvoluted into three peaks located at 156 ℃, 166 ℃ and 171 ℃ (Figure 2-7(b)). The three peaks of 156 ℃, 166 ℃ and 171 ℃ correspond to α, β, and γ phases of the PVDF crystalline region, respectively.
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 27 Figure 2-7. (a) DSC curves (b) The deconvolution of the DSC curves of PVDF nanofibers.

Figure 2 - 8 .

 28 Figure 2-8. (a) The experimental setup photo and (b) schematic diagram of the d 33 meter.

Figure 2 - 9 .

 29 Figure 2-9. The photo of (a) PVDF NFM based PENG and (b) the device to measure the output voltage of PENG. The schematic of (c) PVDF NFM based PENG and (d) the device to measure the output voltage of PENG.

  1 and Figure 3-1(a) present the effects of different solvents (DMAc and DMF), PVDF pellets, and PVDF concentration on the electrical conductivity of electrospinning solutions.

  1 and Figure 3-1(b) show the effects of the PVDF concentration and volume ratio of DMF/acetone on the electrical conductivity of electrospinning solutions. The PVDF solution's electrical conductivity increases with the PVDF concentration, and the conductivity decreases with the increase of the volume ratio of acetone in the mixed solvent. The variation trend of conductivity attributed to the electrical conductivity of acetone (0.58 uS•cm -1
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 31 Figure 3-1. The electrical conductivity of different polymer solutions.

Figure 3 - 2 .

 32 Figure 3-2. The viscosity versus shear rate curves of different polymer solutions.
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 33 Figure 3-3. Viscosity (Pa•s) of the polymer solutions (A-PVDF in DMF, B-PVDF in DMF/acetone=4/6) vs PVDF concentration (w/v %).

Figure 3 -

 3 Figure 3-4 is the different shapes of Taylor cone obtained from different PVDF concentration (solvent: DMF, operating parameters: applied voltage: 20 kV, feed rate: 1mL•h -1 , TCD: 20 cm, needle: 20-gauge).Table 3-2 provides the data of the Taylor cone's height and angle. When the PVDF concentration is 5
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 34 Figure 3-4. Images of Taylor cone obtained with PVDF/DMF solution at various PVDF concentration (5, 10, 15, 20, 25 and 30 w/v%) (solvent: DMF, operating parameters: applied voltage: 20 kV, feed rate: 1 mL•h -1 , TCD: 20 cm, needle: 20-gauge).
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 3 Figure 3-5 is the images of Taylor cone obtained with different DMF/acetone (PVDF concentration: 25
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 3536 Figure 3-5. Images of Taylor cone obtained with different DMF/acetone (volume ratio of 1/0, 6/4, 5/5, 4/6 and 3/7) (PVDF concentration: 25 w/v%, operating parameters: applied voltage: 20 kV, feed rate: 1 mL•h -1 , TCD: 20 cm, needle: 20-gauge).
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 36 Figure 3-6. SEM micrographs of the electroatomized PVDF/DMF solutions (TCD=20cm, needle:20G, feed rate: 1 mL•h -1 , voltage:20 kV).
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 33 B), the C * of PVDF solution in the PVDF/DMF/acetone system is 10 w/v %, and the C e of PVDF/DMF/acetone system is 20 w/v%. When the PVDF concentration is over than 20 w/v%, most of the PVDF chains are entangled and the electrospinning results are mainly nanofibers. 2), the vapor pressure (20 ℃) of acetone is much higher than DMF (acetone:25 kPa [226], DMF: 0.36 kPa [227]), which causes the volatility of acetone to be much greater than DMF. The full volatilization of the solvent is conducive to reducing the bead structure[112]. Therefore, 25 w/v% PVDF/DMF/acetone solution was selected to discuss the factors affecting the electroactive phase of PVDF nanofibers.
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 37 Figure 3-7. SEM micrographs of the electroatomized PVDF/DMF/acetone solutions (TCD=20cm, needle:20G, feed rate: 1 mL•h -1 , voltage:20 kV).

Figure 3 -

 3 Figure 3-8 is the SEM images of electroatomized PVDF samples prepared from different solvents (25 w/v% PVDF, volume ratio of DMF/acetone=1/0, 6/4, 5/5, 4/6). The electrospinning PVDF sample
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 38 Figure 3-8. SEM micrographs of the electroatomized PVDF/DMF/acetone solutions at different volume ratio of DMF/acetone (25w/v% PVDF, TCD=20cm, needle:20G, feed rate: 1 mL•h -1 , voltage:20 kV).
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 3  is the distribution of diameter of electrospun PVDF nanofibers prepared from different solvents on the form of histogram. For the electrospun PVDF nanofibers prepared from DMF/acetone solvent in the volume ratio of 6/4, 5/5, and 4/6, the nanofibers to have an average diameter of 655±174, 251±100, and 256±53 nm, respectively. In the research ofBae et al.[146], they pointed out that the increase in the ratio of acetone reduced the viscosity of the polymer solution, which caused the decrease in the diameter. According to the viscosity of PVDF solution (Table3-1), adding 40 vol% acetone to DMF solvent, the viscosity of PVDF solution decreased from 367 mPa•s to 179 mPa•s. However, as shown in Table3-1, continuing to increase the content of acetone in the PVDF/DMF/acetone solution, the viscosity of the solution increases. Meanwhile, as the volume ratio of acetone increase from 40 vol% to 60 vol%, the conductivity decreases from 42.36±0.54 uS•cm -1 to 38.83±0.58 uS•cm -1 and the Taylor cone's height increase from 0.39 mm to 0.74 mm. The changes in these properties were not conducive to the reduction of nanofiber diameter: as the increase in solution viscosity increased diameter. At the same time, the decrease in electrical conductivity resulted in a weakening of the Coulomb force on the polymer jet. However, the diameter of the nanofibers decreased with increasing acetone content. With the increase of acetone content, the volatilization rate of the solution in the polymer jet increases so that the stretching time of the nanofibers by the Coulomb force increases and the diameter of the nanofibers decreases. Therefore, compared to the viscosity of the solution, whether the solvent is fully volatilized is the main factor affecting the morphology of electrospun nanofibers.

Figure 3 - 9 .

 39 Figure 3-9. Mean diameter and size distribution of PVDF electrospun nanofibers obtaiend from PVDF/DMF/acetone solutions at different volume ratio of DMF/acetone (25w/v% PVDF, TCD=20cm, needle:20G, feed rate: 1 ml•h -1 , voltage:20 kV).

Figure 3 -

 3 Figure 3-10(a) is the FTIR spectra of PVDF samples prepared from different solvents. The absorbance bands at 764 cm -1 (CF 2 bending and skeletal bending), 795, and 975 cm -1 (CH 2 rocking) are due to the α phase of PVDF nanofibers[167]. An absorbance band at 840 cm -1 (CH 2 rocking and CF 2 stretching) is attributed to the β and γ phases [229]. The absorbance bands at 1276 and 1433 cm -1 (CH 2 wagging) represent the β phase [230]. The absorbance bands at 774, 812, and 1235 cm -1 are the existence of the γ phase [231]. All the bands of α, β, and γ phases exist, which means the three phases do not vanish
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 310 Figure 3-10. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of PVDF samples by using different solvents (25w/v% PVDF, TCD=20 cm, needle:20 G, feed rate: 1 mL•h -1 , voltage: 20 kV).

Figure 3 -

 3 Figure 3-11. (a) DSC curves (b) The deconvolution of the DSC curves of PVDF samples by using different solvents (25 w/v% PVDF, TCD=20cm, needle:20 G, feed rate: 1 mL•h -1 , voltage: 20 kV).

  The total fraction of β phase (F(β) total ) in PVDF is determined by combining F(β) and X c according to the DSC curves. As the content of acetone in mixed-solvent increased, the d 33 of PVDF nanofiber membrane increased from -9.7 to -13.7 pC/N. The change in d 33 is attributed to the increase of β phase in PVDF. When the content of acetone in the solvent increase from 40 vol% to 60 vol%, F(β) total increase from 19.0% to 26.1%. The improvement of β phase directly affects the increase of piezoelectric properties of PVDF. At the same time, the γ phase decreases with the increase of acetone content. The changing of acetone content in the solvent makes the β phase of electrospinning PVDF change significantly, thus affecting the piezoelectric properties of PVDF. However, the effect of γ on the piezoelectric properties of PVDF is not obvious. Thus, when the solution is K
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 312 Figure 3-12. Images of Taylor cone obtained with PVDF/DMF/acetone solution at different applied voltage (solvent: DMF/acetone=4/6, operating parameters: feed rate: 1 mL•h -1 , needle: 20-gauge, TCD: 20 cm, applied voltage: 15-30 kV).
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 3 Figure 3-13. (a) SEM micrographs and (b) Mean diameter and size distribution of electrospun PVDF nanofibers obtained at different applied voltage (25 w/v% PVDF, TCD:20 cm, needle: 20 G, feed rate:

  -14(b)) and the melting peak of DSC curves (Figure 3-15(b)).

  6, the increase of voltage has noticeable change on the content of α, β and γ phase of PVDF nanofibers. When the applied voltage is 15 kV, the F EA , F(β) and F(γ) of PVDF is 86.2±2.1 %, 53.7±3.0 % and 32.5±1.1 %, respectively. With the increase in voltage, the F EA and F(β) of PVDF nanofibers increases, and the F(γ) decreases, reaching a peak value at a voltage of 20 kV (F EA =91.2±0.3 %, F(β)= 67.9±0.7 %, F(γ)= 23.3±0.5 %). Continuing to increase the voltage to 30 kV, the F EA and F(β) decrease to 90.7±0.1 % and 65.7±0.4 %, respectively. The F(γ) increase to 24.9±0.3 %.Similar results are obtained by deconvolving the DSC curves showing that the increase of voltage is beneficial to the production of the electroactive phase of PVDF, especially the β phase. This is due to the stretching effect of the high electric field on the polymer jet. The main crystalline structure of pristine PVDF is α phase. With the increase of the electric field, the stretching of the polymer jet by the Coulomb force is enhanced, and more PVDF molecular chain dipole moments are oriented in the direction of the electric field, so that more α phase are converted into β phase[148]. However, an excessively high voltage leads to an increase in the instability of the solution during electrospinning process, which leads to a weakening of the polarization of the polymer jet during the electric field stretching, thereby reducing F EA and F(β)[149].

Figure 3 -

 3 Figure 3-14. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of PVDF samples by using different applied voltage (25 w/v% PVDF, TCD:20 cm, needle: 20 G, feed rate: 1 mL•h -1 , applied voltage: 15-30 kV).

Figure 3 -

 3 Figure 3-15. (a) DSC curves (b) The deconvolution of the DSC curves of PVDF samples by using different applied voltage (25 w/v% PVDF, TCD:20 cm, needle: 20 G, feed rate: 1 mL•h -1 , applied voltage: 15-30 kV).

  6) that when the voltage increases from 15 kV to 20 kV, d 33 increases from -9.0 pC/N to -11.4 pC/N. Increasing the voltage from 20 kV to 30 kV, d 33 decreases from -11.4 pC/N to -7.8 pC/N. The PVDF nanofibers have the best piezoelectric properties when the voltage is 20 kV. The change of d 33 is consistent with the change of F(β) Total of PVDF nanofibers, which shows that the content of the β phase is an essential factor affecting the piezoelectric properties of PVDF.

  7, all the Taylor cone's height and angle hardly change in 1 min, 5 min and 10 min, which indicates that the Taylor cone is stable under different TCD.
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 316 Figure 3-16. Images of Taylor cone obtained with PVDF/DMF/acetone solution at different TCD (solvent: DMF/acetone=4/6, operating parameters: feed rate: 1 mL•h -1 , applied voltage: 20 kV, needle: 20-gauge, TCD: 13-25 cm).
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 3 Figure 3-17. (a) SEM micrographs and (b) Mean diameter and size distribution of electrospun PVDF nanofibers obtained at different TCD (25 w/v% PVDF, applied voltage:20 kV, needle: 20 G, feed rate:
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 3 Figure 3-18. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of PVDF samples by using different TCD (25 w/v% PVDF, applied voltage:20 kV, needle: 20 G, feed rate: 1 mL•h -1 , TCD: 13-25 cm).

  -1, an increase in feed rate results in an increase in the shear rate experienced by the polymer solution in the needle. The PVDF solution is a pseudoplastic solution, and the viscosity of the solution decreases with increasing shear rate. When the feed rate increases from 0.3 mL•h -1 to 3.0 mL•h -1 , the viscosity of the PVDF solution decreased from 545 mPa•s to 191 mPa•s. The obvious decrease in the viscosity of the PVDF solution resulted in the excessive Coulomb force compared to the viscosity, which destroyed the stable Taylor cone, resulting in a dripped drop.
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 319 Figure 3-19. Images of Taylor cone obtained with PVDF/DMF/acetone solution at different feed rate (solvent: DMF/acetone=4/6, operating parameters: applied voltage: 20 kV, needle: 20-gauge, TCD: 25 cm, feed rate: 0.3-3.0 mL•h -1 ).

  respectively. The morphology, average diameter and diameter distribution of different electrospun PVDF nanofibers obtained by changing the feed rate (0.3-3 mL•h -1 ) in shown in Figure3-20. There are much beads structure at low (0.3 mL•h -1 ) and high (3 mL•h -1 ) feed rates. With the increase of feed rate, the beads structure disappears and then reappears (Figure3-20(a)). And with the increase in feed rate, the fiber diameter shows a trend of increasing). The feed rate represents the amount of solution fed per unit time. A low feed rate leads to the presence of vacuum inside the needle, which causes difficulty to develop Taylor cone[239]. Thus, there are many beads in nanofibers when the feed rate is 0.3 mL•h -1 .
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 3 Figure 3-20. (a) SEM micrographs and (b) Mean diameter and size distribution of electrospun PVDF nanofibers obtained at different feed rate (25 w/v% PVDF, applied voltage:20 kV, TCD=25 cm, needle: 20 G, feed rate: 0.3-3.0 mL•h -1 ).
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 3 Figure 3-21. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of PVDF samples by using different feed rate (25 w/v% PVDF, applied voltage:20 kV, TCD=25 cm, needle: 20 G, feed rate: 0.3-3.0 mL•h -1 ).
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 3 Figure 3-22. (a) SEM micrographs, (b) Mean diameter and size distribution and (c) The orientation distribution of electrospun PVDF nanofibers obtained at different rotating speed (25 w/v% PVDF, applied voltage:20 kV, TCD=20 cm, feed rate: 1 mL•h -1 , needle: 20 G, rotating speed: 0-2000 rpm).

  -23(b)) and the melting peak of DSC curves (Figure 3-24(b)). According to the deconvolution results of FTIR, as the rotating speed increases from 0 rpm to 200 rpm, the F EA and F(β) of PVDF nanofibers increases from 86.6±1.0 % and 62.1±1.0 % to 90.6±1.1 % and 67.4±0.4 %. The X c increases from 42.0 % to 44.4 %. Since other parameters were kept the same in the experiments, the change in crystalline structure only is attributed to the stretching effect of the rotating collector on the nanofibers. When the rotating speed is 0 rpm, only Coulomb forces provided by an applied voltage stretch the polymer jet during the electrospinning process [167]. When the rotating speed increase to 200 rpm, in addition to Coulomb forces, the extra mechanical stretch force provided by the rotating speed align the nanofibers, which enhances the orientation of the nanofibers andpromotes the formation of the β phase. However, as the rotating speed increased from 500 rpm to 2000 rpm, the F EA and F(β) of PVDF nanofibers decreased slightly, from 87.7±1.0 % and 66.4±1.3 % to 84.7±1.0% and 60.0±2.5 %. The content of γ phase increase from 21.2±0.5 % to 24.6±1.6 %. This is because too fast rotating speed cannot make the nanofibers fully stretched, breaking the nanofibers, and weakening the stretching effect[241]. It is worth mentioning that although the high speed leads to the decrease of the crystallinity and electroactive phase of the nanofibers, all the F(β) is larger than that of the nanofibers obtained at rotating speed equal to 0 rpm, indicating that the extra mechanical stretching of the nanofibers is beneficial to form more β phase and less α and γ phase.

Figure 3 -

 3 Figure 3-23. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of PVDF samples by using different rotating speed (25 w/v% PVDF, applied voltage:20 kV, TCD=25 cm, feed rate: 1 mL•h -1 , needle: 20 G, rotating speed: 0-2000 rpm).

Figure 3 -

 3 Figure 3-24. (a) DSC curves (b) The deconvolution of the DSC curves of PVDF samples by using different rotating speed (25 w/v% PVDF, applied voltage:20 kV, TCD=25 cm, feed rate: 1 mL•h -1 , needle: 20 G, rotating speed: 0-2000 rpm).

  11) that when the rotating speed increases from 0 rpm to 200 rpm, d 33 increases from -10.1±0.8 pC/N to -10.7±1.9 pC/N. Continue to increase the voltage from 200 rpm to 2000 rpm, d 33 decreases from -10.7±1.9 pC/N to -7.2±1.4 pC/N. The change trend of d 33 was almost the same as that of F(β) Total , but not related to nanofiber arrangement. The results of d 33 indicate that β phase plays an essential role in

  In this chapter, PVDF solution with different weight fraction of BaTiO 3 nanoparticles were prepared into electrospinning solutions, and the physico-chemical properties of these solutions are shown in the effects of different weight fraction of BaTiO 3 on the electrical conductivity of PVDF solutions. The conductivity of PVDF solution is 38.83±0.58 μS•cm -1 when the BaTiO 3 concentration is 0 wt%. As 0.1 wt% BaTiO3 nanoparticles are added into the solution, the solution's conductivity decrease slightly to 32.88±0.71 μS•cm -1 . Then the conductivity of PVDF/BaTiO 3 solution increases with the increase of BaTiO 3 concentration. When the concentration of BaTiO3 is 1 wt%, the conductivity of PVDF/BaTiO 3 solution is the largest, which is 54.63±1.10 μS•cm - 1 . Continuing to increase the concentration of BaTiO 3 , the conductivity of PVDF/BaTiO 3 solution decreases with the increase of BaTiO 3 concentration. When the concentration of BaTiO 3 was increased to 9 wt%, the conductivity of PVDF/BaTiO 3 solution decreased to 25.05±0.08 μS•cm -1 . surface of BaTiO 3 attracts a large number of cations in the solution, resulting in a decrease in the content of ions in the solution, resulting in a decrease in the conductivity of the solution (Figure3-26(b)). With the increase of BaTiO 3 content, when the number of charges provided by BaTiO 3 itself in solution is greater than the number of ions attracted by BaTiO 3 's surface, the conductivity increases with the increase of BaTiO 3 content (Figure3-26(c)). The BaTiO 3 nanoparticles have large specific surface area and high surface energy, and are in an unstable state of energy. Thus, the BaTiO 3 nanoparticles are easy to absorb each other to reach a stable state. At the same time, there are also Van der Waals forces between nanoparticles. If these interactions are greater than the repulsive force between the surface charges on the nanoparticles, they can lead to agglomeration of BaTiO 3 nanoparticles. Therefore, when the BaTiO 3 content is too large, the BaTiO 3 nanoparticles aggregate, resulting in a decrease in the number of charges provided by BaTiO 3 and a decrease in electrical conductivity).
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 326 Figure 3-26. The schematic of (a) 0 wt%, (b) 0.1 wt%, (c) 0.5-3 wt% and (d) 5-9 wt% BaTiO 3 nanoparticles distribute in PVDF solution.
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 327 Figure 3-27. The viscosity versus shear rate curves of PVDF solutions with different BaTiO 3 /PVDF wt% (PVDF: 25 w/v%, solvent: DMF/acetone=4/6, BaTiO 3 : 0-9 wt% to PVDF).

Figure 3 - 28 .

 328 Figure 3-28. Images of Taylor cone obtained with different PVDF/BaTiO 3 solutions (PVDF: 25 w/v%, solvent: DMF/acetone=4/6, applied voltage: 20 kV, feed rate: 1 mL•h -1 , TCD: 25 cm, BaTiO 3 : 0-9 wt% to PVDF).

3. 3 . 3

 33 The influence of BaTiO 3 concentration on the morphology of PVDF/BaTiO 3 NFMs The influence of BaTiO 3 concentration on the morphology of NFMs was investigated, keeping the needle's value constant of 20-gauge, feed rate of 1 mL•h -1 , TCD of 25 cm and applied voltage of 20 kV. The SEM images of PVDF/BaTiO 3 NFMs with different amounts of BaTiO 3 nanoparticles are shown in Figure 3-29, and the mean diameter and size distribution of electrospun PVDF/BaTiO 3 nanofibers are illustrated in Figure 3-30. Compared with pure PVDF nanofibers, the diameter of PVDF/BaTiO 3 nanofibers prepared by adding 0.1 wt% BaTiO 3 was slightly increased, and a bead structure appeared.

Figure 3 - 29 .

 329 Figure 3-29. SEM micrographs of electrospun PVDF/BaTiO 3 nanofibers obtained at different BaTiO 3 concentration (25 w/v% PVDF, applied voltage: 20 kV, TCD: 25 cm, feed rate: 1 mL•h -1 , needle: 20gauge, BaTiO 3 concentration: 0-9 wt% to PVDF).
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 330 Figure 3-30. Mean diameter and size distribution of electrospun PVDF/BaTiO 3 nanofibers obtained at different BaTiO 3 concentration (25 w/v% PVDF, applied voltage: 20 kV, TCD: 25 cm, feed rate: 1 mL•h -1 , needle: 20-gauge, BaTiO 3 concentration: 0-9 wt% to PVDF).

3. 3 . 4 3 nanofibers

 343 The influence of BaTiO 3 concentration on the crystalline structure of PVDF/BaTiO In order to quantitatively compare the crystalline structure of PVDF/BaTiO 3 nanofibers prepared with different BaTiO 3 concentration, the crystalline structure of electrospun PVDF/BaTiO 3 nanofibers were characterized by FTIR and DSC. Meanwhile, the specific values of the α, β, and γ phase of PVDF/BaTiO 3 nanofibers prepared under different voltages are obtained by deconvolving the FTIR spectra at 700-920 cm - 1 (Figure 3-31(b)) and the melting peak of DSC curves (Figure 3-32(b)). The detailed results are shown in

Figure 3 -

 3 Figure 3-31. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of PVDF BaTiO 3 nanofibers by using different BaTiO 3 concentration (25 w/v% PVDF, applied voltage: 20 kV, TCD: 25 cm, feed rate: 1 mL•h -1 , needle: 20-gauge, BaTiO 3 concentration: 0-9 wt% to PVDF).

Figure 3 -

 3 Figure 3-32. (a) DSC curves (b) The deconvolution of the DSC curves of PVDF/BaTiO 3 nanofibers prepared by different BaTiO 3 concentration (25 w/v% PVDF, applied voltage: 20 kV, TCD: 25 cm, feed rate: 1 mL•h -1 , needle: 20-gauge, BaTiO 3 concentration: 0-9 wt% to PVDF).

BaTiO 3

 3 increase. According to the research of Sharafkhani et al., the BaTiO 3 nanoparticles work as motion obstacles and delay the relaxing of PVDF chains[189]. Thus, the addition of BaTiO 3 is not conducive to the movement of PVDF molecular chains, which reduces the crystallization rate, resulting in the fibers not being fully crystallized when they reach the collector, thereby reducing Xc.

3. 3 . 5 3 NFMs

 353 The influence of BaTiO 3 concentration on the piezoelectric properties of PVDF/BaTiOThe piezoelectric properties of PVDF/BaTiO 3 NFMs are shown in The piezoelectric properties of PVDF/BaTiO 3 NFMs were all significantly increased compare to the pristine PVDF NFMs, and increased with the BaTiO 3 content. When the BaTiO 3 /PVDF content increased from 0 wt% to 3 wt%, the PVDF/BaTiO3 NFMs' d33, output voltage, and piezoelectric sensitivity increased from -17.7±1.6 pC/N, 40 mV and 160 mV/N to -29.4±1.9 pC/N, 160 mV and 640 mV/N, respectively.The maximum piezoelectric properties of PVDF/BaTiO 3 NFMs was obtained as the BaTiO 3 content was 3 wt%. However, the piezoelectric performance of PVDF/BaTiO 3 NFMs decreased as the content of BaTiO 3 /PVDF was increased from 3 wt% to 9 wt%.
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 333 Figure 3-33. The open circuit output voltage of PVDF/BaTiO 3 NFMs based PENGs under a frequency and stress force of 110 Hz and 0.25 N.

[

  186]. BaTiO 3 itself has higher piezoelectric properties than PVDF, so the addition of BaTiO 3 in PVDF can significantly improve the piezoelectric properties of PVDF/BaTiO 3 composite NFMs. Generally, the piezoelectric properties of PVDF/BaTiO 3 NFMs increase with the BaTiO 3 content in PVDF/BaTiO 3 NFMs. However, when the BaTiO 3 content is too high, the BaTiO 3 nanoparticles aggregate and reduce the distribution of BaTiO 3 nanoparticles in PVDF, resulting in reduced piezoelectric performance of PVDF/BaTiO 3 NFMs. In this research, when the content of BaTiO 3 is 6-9 wt%, as shown in the SEM images of Figure3-29, the BaTiO 3 nanoparticles aggregate in PVDF nanofibers. Therefore, the piezoelectric properties of PVDF/BaTiO 3 NFMs decrease when the BaTiO 3 content increases to[5][6][7][START_REF] Choi | Corrugated Textile based Triboelectric Generator for Wearable Energy Harvesting[END_REF][START_REF] Anand | Energy harvesting "3-D knitted spacer" based piezoelectric textiles[END_REF] 

F

  (β) and d 33 is prepared when the applied voltage, TCD and feed rate are 20 kV, 25 cm and 1 mL•h -1 , respectively.Meanwhile, the section 3.2 discusses the effect of rotating speed on the morphology and crystalline structure of electrospinning PVDF nanofibers. When the rotating speed is 200-2000 rpm, the F(β) of obtained nanofibers is larger than that of the nanofibers obtained at rotating speed is 0 rpm, indicating that the extra mechanical stretching of the nanofibers is beneficial to form more β phase and less α and γ phase. When using the static collector, the change of voltage has no obvious linear relationship with the arrangement of the nanofibers, but using the rotating drum collector can significantly improve the arrangement of the nanofibers. As the rotating speed increases from 0 rpm to 2000 rpm, the nanofibers distribution from random to aligned because the orientation of the nanofibers was enhanced by the rotating collector. And the alignment speed is 500 rpm. The arrangement of the nanofibers has no obvious effect on the piezoelectric properties of the nanofibers. The use of the rotating drum collector to improve the piezoelectric properties of the nanofibers is mainly due to the extra mechanical stretching provided by the rotating collector that converts more of the α phase to the β phase.In the section 3.3, a series of 25 w/v% PVDF/BaTiO 3 solutions (solvent:DMF/acetone=4/6) prior to electrospinning have been prepared by adjusting the BaTiO 3 weight fraction. The effects of solution properties on the shape of Taylor cone, morphology, crystalline structure and piezoelectric performance of electrospinning PVDF/BaTiO 3 nanofibers have been clarified. Compared to the viscosity, the dispersion of BaTiO 3 in solution and conductivity is the main factors in forming a stable Taylor cone and nanofibers without beads. In this research, the BaTiO 3 nanoparticles are well distributed on the surface of PVDF nanofibers, and BaTiO 3 nanoparticles are mainly distributed in the nanofiber structure instead of the bead structure. The PVDF/BaTiO 3 composite nanofibers without bead structure were prepared when BaTiO 3 is 3 wt%. when the BaTiO 3 ≥ 5 wt%, the BaTiO3 nanoparticles tend to agglomeration and form bead structure. The addition of BaTiO 3 nanoparticles decrease the Xc of PVDF nanofibers. However, the BaTiO 3 nanoparticles promote the formation of β phase via reducing bead structure, improving the conductivity, working as a β phase nucleation and fixing the TTTT conformation. The maximum of F EA and F(β) is 95.8±0.7 % and 71.7±0.4 % when the BaTiO 3 concentration is 3 wt%. In addition, the addition of BaTiO 3 nanoparticles effectively improve the piezoelectric properties of PVDF/BaTiO 3 NFMs due to the effect of β nucleating agent, the excellent piezoelectric properties of BaTiO 3 and the uniform distribution of BaTiO 3 in PVDF nanofibers. The piezoelectric performance of PVDF/BaTiO 3 NFMs reach the peak values when the content of BaTiO 3 is 3 wt%. But continuing to increase the BaTiO 3 content, the piezoelectric properties of PVDF/BaTiO 3 NFMs decrease because of the aggregation of BaTiO 3 and the appearance of bead structures in the nanofibers.

  electric field and forms the Taylor cone in the needle tip. Then, the charged jet is dispersed into small charged droplets by Coulomb repulsion forces. Finally, the micro-or nanospheres are deposited on the collector after evaporation of the solvent[246,247]. The experimental equipment of electrospraying is the same device as electrospinning, but the experimental parameters are different, especially the PVDF concentration. Similar to the principle of electrospinning, in the process of obtaining micro-or nanospheres by electrospraying, the solvent properties such as viscosity, conductivity, surface tension, and solvent volatility play an important role in the results of electrospray. The shape and size of the micro-or nanosphere are controlled and determined by optimizing solution properties and operating parameters[248]. When the PVDF concentration in the solution is lower than the overlap concentration (C * , 10 w/v%), PVDF-solvent interactions begin to be replaced by polymer-polymer interactions.Nevertheless, most macromolecular chains are still not entangled, and the experimental result is electrospraying PVDF microspheres. Based on this conclusion, the conversion between electrospinning and electrospraying can be achieved simply by changing the PVDF concentration.To investigate the effect of solution properties and operating parameters on the formation of the electrosprayed microspheres, find a suitable solvent and operating parameters to prepare electrosprayed PVDF microspheres with high F EA and homogeneous distribution, two solvents (volume ratio of DMF/acetone=1/0 and 4/6), different operating parameters (applied voltage, TCD) are used in PVDF electrospraying. The feed rate and type of needle are fixed at 1 mL•h -1 and 20-gauge. The effect of physico-chemical properties of PVDF electrospraying solutions and operating parameters on the formation of the Taylor cone are clarified. Furthermore, the effects of different PVDF/solvent systems on the size, distribution, and crystalline structure of PVDF microspheres are discussed.
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 414 Figure 4-1. The electrical conductivity of different polymer solutions.

Figure 4 - 2 .

 42 Figure 4-2. The viscosity versus shear rate curves of different polymer solutions.

Figure 4 - 3 .

 43 Figure 4-3. Images of Taylor cone obtained with DMF/acetone (volume ratio of 4/6) at four PVDF concentration (4, 6, 8 and 10 w/v%) and six TCD (10, 15, 18, 20, 22 and 25 cm) (solvent: DMF/acetone=4/6, operating parameters: applied voltage: 20 kV, feed rate: 1 mL•h -1 , needle: 20gauge).
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 45 Figure 4-5. (a) SEM micrographs and (b) Mean diameter and size distribution of electrosprayed PVDF microspheres prepared with different PVDF concentration (solvent: DMF/acetone=4/6, TCD:18 cm, applied voltage: 16 kV, feed rate: 1 mL•h -1 , needle: 20-gauge, PVDF concentration: 4-14 w/v%).
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 46 Figure 4-6. The schematic diagram of the mechanism of preparing PVDF microspheres via electrospraying.
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 47 Figure 4-7. (a) SEM micrographs and (b) Mean diameter and size distribution of electrosprayed PVDF microspheres prepared with different PVDF concentration (solvent: DMF/acetone=1/0, TCD:18 cm, applied voltage: 16 kV, feed rate: 1 mL•h -1 , needle: 20-gauge, PVDF concentration: 4-14 w/v%).
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 48 Figure 4-8. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of electrosprayed PVDF microspheres prepared with different PVDF concentration (solvent: DMF/acetone=4/6, TCD:18 cm, applied voltage: 16 kV, feed rate: 1 mL•h -1 , needle: 20-gauge, PVDF concentration: 4-14 w/v%).
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 49 Figure 4-9. (a) DSC curves (b) The deconvolution of the DSC curves of electrosprayed PVDF microspheres prepared with different PVDF concentration (solvent: DMF/acetone=4/6, TCD:18 cm, applied voltage: 16 kV, feed rate: 1 mL•h -1 , needle: 20-gauge, PVDF concentration: 4-14 w/v%).

Figure 4 -

 4 Figure 4-10 (a) and Figure 4-11 (a) are the FTIR spectra and DSC curves of electrosprayed PVDF microspheres prepared from DMF/acetone=1/0 in different PVDF concentration. In order to quantitatively analyze the content of α, β, γ phases, and Xc in electrosprayed PVDF microspheres, the FTIR spectra and DSC curves of electrospinning PVDF samples are deconvoluted as shown in Figure 4-10(b) and Figure 4-11 (b), the detailed results are shown in Table4-5.

Figure 4 - 10 .

 410 Figure 4-10. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of electrosprayed PVDF microspheres prepared with different PVDF concentration (solvent: DMF/acetone=1/0, TCD:18 cm, applied voltage: 16 kV, feed rate: 1 mL•h -1 , needle: 20-gauge, PVDF concentration: 4-14 w/v%).

Figure 4 -

 4 Figure 4-11. (a) DSC curves (b) The deconvolution of the DSC curves of electrosprayed PVDF microspheres prepared with different PVDF concentration (solvent: DMF/acetone=1/0, TCD:18 cm, applied voltage: 16 kV, feed rate: 1 mL•h -1 , needle: 20-gauge, PVDF concentration: 4-14 w/v%).

  electrospun PVDF NFMs. According to the research in recent years, fabricating new structures in PVDF NFMs or preparing PVDF MNFMs is a new field of PVDF piezoelectric research. For example, Kim et al. prepared a five-layer electrospun P(VDF-TrFE) NFM with the microbead-based electrode, which the output voltage is 43.6 fold greater than the single-layer electrospun PVDF NFM without microbeadbased electrode [195]. Kalani et al. prepared a three-layer hybrid PVDF/BaTiO 3 membrane [196]. The hybrid PVDF membrane has high bulk porosity, significantly improving the piezoelectric response of the PVDF membrane [197]. Hu et al. researched on the influence of interface between different layers on the piezoelectric response of multi-layer PVDF membrane [202] and proved that the interface is helpful in enhancing the piezoelectric properties of PVDF membrane. These researches are introduced in Figure 1-9 of Chapter 1, which demonstrate that fabricating new nanostructures and multi-layer structures is feasible to improve the piezoelectric properties of PVDF membranes.In the results of the previous chapter, the electrospinning PVDF nanofibers and electrospraying PVDF microspheres with the highest F(β) and piezoelectric properties have been prepared by optimizing the solution parameters and operating parameters. In this chapter, we fabricated a novel 3D multi-layer structure PVDF NFM by combining electrospinning and electrospraying methods. The distribution of microspheres in nanofibers was discussed in detail. Meanwhile, the influence of microspheres on the crystalline structure of PVDF MNFMs was researched. The enhancement mechanism of the multi-layer structure on the piezoelectric properties of PVDF membranes and the effect of microspheres on the piezoelectric properties of PVDF membranes were discussed in detailed. Furthermore, PVDF/BaTiO 3 MNFMs were prepared by assembled electrospun PVDF/BaTiO 3 nanofibers and electrosprayed PVDF/BaTiO 3 microspheres. The effect of various layers arrangement in MNFMs on the morphology, crystalline structure and piezoelectric properties of composite PVDF/BaTiO 3 MNFMs were researched.

Figure 5 -

 5 Figure 5-1 is the SEM micrographs of surface structure of DL and the cross-section structure of ML. According to Figure 5-1, the structure of the PVDF MNFMs is as follows: the microspheres are not sandwiched between two PVDF NFMs as an independent layer. Since the PVDF NFMs is not a dense membrane structure and has a lot of space inside, the microspheres are dispersed among the nanofibers of the MNFMs under the action of gravity and electric field force. The density of microspheres (D) (equation 2-4 in Chapter 2) is used to characterize the distribution of microspheres in the nanofibers quantitatively. The results are listed in Table 5-1.

D

  DL-surface for all the MNFMs. This indicates that the microspheres are not uniformly dispersed among the nanofibers. At the same time, there are large-sized irregular particles (red arrows) on the surface of DL. This is because the volatilization rate of DMF solvent is much lower than the mix-solvent of DMF/acetone=4/6 (acetone:25 kPa [226], DMF: 0.36 kPa[227]). The microspheres using DMF as a solvent are not completely dried when these microspheres deposit on the surface of the NFM[255]. The residual DMF in the wet microspheres dissolved the nanofibers and formed irregular particles. The residual DMF destroys the internal structure of the NFM, and the large irregular particles hinder the dispersion of the microspheres among the nanofibers, resulting in a significant decrease in the density of the microspheres in the cross-section of ML.

Figure 5 - 1 .

 51 Figure 5-1. SEM micrographs of (a) surface structure of DL and (b) cross-section structure of ML (solvent of electrospraying layer: DMF).

  . By combining the D and SEM images, it was found that when the concentration of the electrospraying solution is 4 w/v%, there are a few microspheres distributed on the surface of DL-4(D/A) and the cross-section of ML-4(D/A) (D DL-surface is 17.6 %, D ML- section is 17.9 %). The shape of the microspheres is not spherical but irregular bead. According to the discussion in section 4.4 in Chapter 4, the microspheres are easier to deform due to the lower PVDF concentration and higher evaporation rate[255].When the concentration of the electrospray solution is 6 w/v%, the D increase and the microspheres are widely distributed on the surface of DL-6(D/A) but a little distributed on the cross-section of ML-6(D/A) (D DL-surface > D ML-section ). According to Chapter 4, the diameter of the microspheres is the smallest prepared with 6 w/v% PVDF solution compared with other PVDF concentrations because the microspheres become denser. The smaller diameter leads to more agglomeration of the microspheres because the microspheres have more surface area per unit volume[245], resulting in the agglomeration of the microspheres on the surface of the DL-6(D/A). The size of the agglomerated microspheres is too large so they cannot be uniformly dispersed in the space among the nanofibers, resulting in the D ML- section being lower than D DL-surface .

Figure 5 - 2 .Figure 5

 525 Figure 5-2. SEM micrographs of (a) surface structure of DL and (b) cross-section structure of PVDF MNFMs (solvent of electrospraying layer: DMF/acetone=4/6).
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 53 Figure 5-3. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of PVDF MNFMs (solvent of electrospraying layer: DMF).

Figure 5 - 4 .Figure 5

 545 Figure 5-4. (a) DSC curves (b) The deconvolution of the DSC curves of PVDF MNFMs (solvent of electrospraying layer: DMF).
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 55 Figure 5-5. (a) FTIR spectra (b) The deconvolution of the FTIR spectra (920-700 cm -1 ) of PVDF MNFMs (solvent of electrospraying layer: DMF/acetone=4/6).
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 56 Figure 5-6. (a) DSC curves (b) The deconvolution of the DSC curves of PVDF MNFMs (solvent of electrospraying layer: DMF/acetone=4/6).
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 57 Figure 5-7. The (a) F EA and (b) Xc of PVDF microspheres, nanofibers, and MNFMs (solvent of electrospraying layer: DMF/acetone=4/6).
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 5858 Figure 5-8. The open circuit output voltage of different PVDF ML based PENGs under a frequency and stress force of 110 Hz and 0.25 N.

  smaller contact area between nanofibers and microspheres than nanofibers and nanofibers amplify the stress force, resulting in larger deformation of the nanofibers. The larger deformation of the nanofibers causes the ML to generate more charges, increasing the output voltage of the ML based PENG. Therefore, ML based PENG has high piezoelectric sensitivity and can generate large voltage under extremely small stress forces. Moreover, besides nanofibers, the microspheres also generate charges in ML, further improving the output voltage of ML based PENGs. The research ofLi et al. proved that the piezopotential of the PVDF microspheres is much higher than that of the PVDF nanofibers when the volume of nanofibers and microspheres are the same[199]. However, the PVDF microspheres have poor electron transport properties, so the piezoelectric properties of only PVDF microspheres are bad. The piezoelectric properties of MNFM are effectively enhanced by combing electrospinning nanofibers and electrospraying microspheres: when a stress force is applied to the SL, the charges are only generated by the nanofibers. However, when stress force is applied to the ML, the PVDF nanofibers and the microspheres generate charges. The nanofibers act as a "bridge" to connect the individual microspheres and transport the charges generated in the microspheres. Therefore, the total number of charges increases and improve the output voltage of ML based PENGs (Figure5-9). The total volume of electrosprayed microspheres increased with the increase of electrospraying solution concentration. This means that more charges are generated by the microspheres, increasing the output voltage of the ML based PENGs. Therefore, in this research, the output voltage reaches the maximum value when the electrospraying solution's concentration is 10 w/v%. Continuing to increase the concentration of the electrospray solution, as the concentration is higher than C * (10 w/v%), the nanofiber structure increases and the microsphere structure decreases, resulting in a decrease in the total volume of the microspheres and a decrease in the output voltage of the ML based PENGs.In addition, the interface of microspheres and nanofibers generates electric charges and improves the output voltage of ML based PENGs. The research of Hu et al. demonstrated that charges are mainly generated at the interface of different layers during the direct piezoelectric effect[201]. For SL, only the interface between PVDF nanofibers and electrode exists. Therefore, the charges are only generated in the interface between the nanofibers and the electrode. But for ML, in addition to the interface between the nanofibers and the electrode, the interface between the nanofibers and the microspheres also generates charges, thereby increasing the output voltage of the ML based PENGs (Figure5-9).
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 59 Figure 5-9. The schematic of charges generated in (a) SL based PENGs and (b) ML based PENGs.
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 510 Figure 5-10. SEM micrographs of cross-section structure of PVDF/BaTiO 3 MNFMs.
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 5 [START_REF] Choi | Wearable biomechanical energy harvesting technologies[END_REF] is the deconvolution results of FTIR spectra and DSC curves of PVDF/BaTiO 3 MNFMs. The P/B-3% (the PVDF/BaTiO 3 NFM prepared by electrospinning for 2h, Table2-4) When electrosprayed PVDF/BaTiO 3 microspheres were added into PVDF/BaTiO 3 NFM, the F EA , F(β) and Xc of PVDF/BaTiO 3 MNFM decreased. In addition, when the electrosprayed microspheres are replaced by PVDF microspheres, the F EA and F(β) of the obtained PVDF/BaTiO 3 MNFM further decreased. While the Xc increased.During the electrospinning process, the molecular chains in the polymer solution are stretched by the electric field force, resulting in an increase in the F EA and F(β) of the nanofibers. However, in the electrospraying process, small droplets are formed at the tip of the Taylor cone. The small droplets form microspheres mainly through solvent volatilization and molecular chain diffusion. The molecular chains in the electrospraying droplets are less stretched by the electric field compared to electrospinning polymer jet. Therefore, the F EA and F(β) of the electrosprayed microspheres is lower than electrospun nanofibers. In addition, the preferential orientation of the PVDF molecular chains in the nanofiber direction caused by the stretching of the polymer during electrospinning, which contributes to crystallization[258]. Thus, the Xc of the electrosprayed microspheres is smaller than eletrospun nanofibers. Compared with PVDF/BaTiO 3 NFM (P/B-3%), there are some PVDF/BaTiO 3 microspheres in P/B-P/B-P/B. The F EA , F(β) and Xc of microspheres are all smaller than those of the nanofibers, resulting in that the addition of microspheres reduced the F EA , F(β) and Xc of PVDF/BaTiO 3 NFM.In addition, BaTiO 3 , as a β nucleating agent, facilitates the formation of more β phase in PVDF during electrospinning/electrospraying process (section 3.3). Hence, the F EA and F(β) of P/B-P/B-P/B are higher than P/B-P-P/B. However, the BaTiO 3 nanoparticles work as motion obstacles and delay the relaxing of PVDF chains[189]. The addition of BaTiO 3 is not conducive to the movement of PVDF molecular chains, which reduces the crystallization rate, resulting in the PVDF chains in PVDF/BaTiO 3 microspheres not being fully crystallized during electrospraying process, thereby reducing Xc. Thus, the Xc of the P/B-P/B-P/B is smaller than P/B-P-P/B.
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 511 Figure 5-11. The deconvolution of (a) the FTIR spectra (920-700 cm -1 ) and (b) the DSC curves (140-180 ℃) of PVDF/BaTiO 3 NFMs and MNFMs.
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 512 Figure 5-12. The open circuit output voltage of PVDF/BaTiO 3 NFMs/MNFMs based PENGs under a frequency and stress force of 110 Hz and 0.25 N.

5. 3 Conclusions

 3 This chapter has prepared a series of PVDF ML by adding different microspheres. The effects of different microspheres on the morphology, crystalline structure, and piezoelectric response of electrospinning/electrospraying PVDF ML have been clarified. When the microspheres are prepared by using PVDF/DMF/acetone (DMF/acetone=4/6) solution, the PVDF microspheres are uniformly distributed in the PVDF nanofibers when the solution concentration is 8-10 w/v%. And the crystalline structure of ML is mainly affected by the nanofibers, not microspheres. When the microspheres are prepared using PVDF/DMF solution, many irregular particles are distributed in the PVDF nanofibers because of the incomplete evaporation of the solvent. The existence of these particles slightly changes the crystalline structure of the PVDF membrane.The F(β) Total of ML is not significantly changed compared to the F(β) Total of SL. However, ML's piezoelectric properties are greater than SL's: the d33 output voltage and piezoelectric sensitivity of SL based PENG is -17.7±1.6 pC/N, 40 mV, and 160 mV/N. The d 33 , output voltage, and piezoelectric sensitivity of ML-10(D/A) based PENG is -59.2±2.2 pC/N, 112 mV, and 448 mV/N. The microspheres' amplification of the stress force, the excellent piezopotential of the microspheres, and the charges generated in the interface between the microspheres and nanofibers are the factors that make the piezoelectric performances of PVDF ML based PENGs superior to those of PVDF SL based PENGs.

  The solvent's viscosity and the volatilization rate are the main factors in obtaining nanofiber structure by electrospinning: 1) As the viscosity of the solution increases, the entanglement between the polymer molecular chains in the solution increases. When the viscosity of the solution is greater than C e , the nanofiber structure can be obtained by electrospinning; 2) as the solution's volatilization rate increases, the nanofibers' stretching time by the Coulomb force increases, and the diameter of the nanofibers decreases. Meanwhile, the effect of solution properties on the electroactive phase and piezoelectric properties in electrospun nanofibers was discussed. The increase of the acetone content in the electrospinning solution is beneficial to improving the F EA and piezoelectric properties in the nanofibers: as the content of acetone increases, the volatility of the solvent improves, the PVDF in the solution is fully solidified and crystallized, and the crystallinity of the obtained nanofibers increases. At the same time, the rapid volatilization of the solvent leads to an increase in the stretching time of the nanofibers by the electric field, which is beneficial to enhance the electroactive phase of the nanofibers. The increase of the F EA and Xc enhances the F(β) total in the nanofibers, which enhances the piezoelectric properties of the nanofibers.Meanwhile, electrospinning PVDF nanofibers with high electroactive phase and β phase were prepared from 25 w/v% PVDF/DMF/acetone (volume ratio of DMF/acetone=4/6) solution by optimizing the applied voltage, feed rate, and TCD. The effects of the process parameters on the Taylor cone, morphology (mean diameter, the distribution of diameter, and the arrangement of the nanofibers) and crystalline structure (F EA , F(α), F(β), F(γ), and F(β) total ), as well as the piezoelectric properties, have been investigated. When the physico-chemical properties of the electrospinning solution were fixed, the shape of the Taylor cone is influenced by the competition between feed rate and velocity of the polymer jet: (1) feed rate >> velocity of polymer jet, a dripped drop is formed. (2) feed rate ≥ velocity of polymer jet, the volume of the Taylor cone is large and the height is high. (3) feed rate ≤ the velocity of polymer jet, the volume of the Taylor cone decreases and the height decreases. (4) feed rate << velocity of polymer jet, the Taylor cone disappears to form a discontinuous jet. By enhancing the stretching of the polymer jet via increasing the voltage, the diameter of the PVDF nanofibers can be reduced, and the electroactive phase in the PVDF nanofibers can be effectively increased. However, excessive-high electric field strength causes the instability of the polymer jet, resulting in an increase in the structure of the beads and a decrease in the electroactive phase, especially the β phase. The solvent volatilizes completely by increasing TCD, which can effectively improve the electroactive phase and β phase of PVDF nanofibers. In addition, the effect of rotating speed on the morphology and crystalline structure of electrospinning PVDF nanofibers was discussed. When the rotating speed is 200-2000 rpm, the F(β) of obtained nanofibers is larger than that of the nanofibers obtained at rotating speed is 0 rpm. The use of the rotating drum collector to improve the piezoelectric properties of the nanofibers is mainly due to the extra mechanical stretching provided by the rotating collector that converts more of the α phase to the β phase. Furthermore, electrospun PVDF/BaTiO 3 nanofibers with different BaTiO 3 weight fraction have been prepared. The effects of solution properties on the shape of Taylor cone, morphology, and crystalline structure of electrospinning PVDF/BaTiO 3 nanofibers have been clarified. Compared to the viscosity, the dispersion of BaTiO 3 in solution and conductivity is the main factors in forming a stable Taylor cone and nanofibers without beads. In this research, the BaTiO 3 nanoparticles are well distributed on the surface of PVDF nanofibers, and BaTiO 3 nanoparticles are mainly distributed in the nanofiber structure instead of the bead structure. Meanwhile, this chapter discussed the effect of BaTiO 3 concentration on the crystalline structure. The addition of BaTiO 3 nanoparticles decrease the Xc of PVDF nanofibers. However, the BaTiO 3 nanoparticles promote the formation of β phase via reducing bead structure, improving the conductivity, working as a β phase nucleation and fixing the TTTT conformation. Due to the effect of β nucleating agent, the excellent piezoelectric properties of BaTiO 3 and the uniform distribution of BaTiO 3 in PVDF nanofibers, the addition of BaTiO 3 nanoparticles effectively improve the piezoelectric properties of PVDF/BaTiO 3 NFMs. But the excessive BaTiO 3 content cause the aggregation of BaTiO 3 nanoparticles and the appearance of bead structures in the nanofibers, which decrease the piezoelectric properties of PVDF/BaTiO 3 NFMs.In Chapter Ⅳ, a various of PVDF/solvent solutions have been prepared by adjusting the PVDF concentration and the volume ratio of DMF/acetone to prepared electrosprayed PVDF microspheres.The effects of solution properties and operating parameters on the shape of Taylor cone, morphology, and crystalline structure of electrosprayed PVDF microspheres have been clarified. The PVDF concentration is the main factor in forming a stable Taylor cone and microsphere structure. During electrospraying process, when the concentration of PVDF solution is too low, the evaporation rate of the solvent is faster, resulting in the hollow inside the microspheres. These hollow microspheres eventually collapse to form deformed microspheres. Increasing the content of DMF in the solvent or PVDF concentration reduces the evaporation rate of the solvent, which are beneficial to reducing the size of small droplets and the hollow inside the microspheres, forming denser microspheres with smaller size and homogeneous distribution.In Chapter Ⅴ, a series of PVDF MNFMs have been prepared by adding different microspheres. The effects of different microspheres on the morphology, crystalline structure, and piezoelectric response of electrospinning/electrospraying PVDF MNFMs have been clarified. When the microspheres are prepared by using PVDF/DMF/acetone (DMF/acetone=4/6) solution, the PVDF microspheres are uniformly distributed in the PVDF nanofibers when the solution concentration is 8-10 w/v%. And the crystalline structure of MNFMs is mainly affected by the nanofibers, not microspheres. When the microspheres are prepared using PVDF/DMF solution, many irregular particles are distributed in the PVDF nanofibers because of the incomplete evaporation of the solvent. The existence of these particles slightly changes the crystalline structure of the PVDF membrane. The F(β) Total of PVDF MNFMs is not significantly changed compared to the F(β) Total of PVDF NFMs. However, MNFMs' piezoelectric properties are greater than NFMs': the microspheres' amplification of the stress force, the excellent piezopotential of the microspheres, and the charges generated in the interface between the microspheres and nanofibers are the factors that make the piezoelectric performances of PVDF MNFMs superior to those of PVDF NFMs. And as the microspheres' total volume increases, the piezoelectric properties of PVDF MNFMs increase.
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 11 The piezoelectric coefficient of different piezoelectric materials

	Material	Piezoelectric coefficient(pC/N) Ref.
	PbZr x Ti 1-x O 3 (PZT)	300-1000	[22,23]
	Na x K 1-x NbO 3 (NKN)	100-400	[24,25]
	AlN	3-5	[26]
	ZnO	14-26	[26]
	BaTiO 3	191	[27]
	PVDF	20-28	[28]
	P(VDF-TrFE)	6-12	[29]
	PS	3	[30]
	PAN	2-3	[31]
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 12 The electrical performance of different polymer nanofibers

	Material	Fiber diameter Electrical Performance	Test	Ref.
				Condition	
	PVDF	-	15-20 mV, 0.2-0.3 nA	-	[38]
	PVDF	500 nm-6.5 μm 5-30 mV, 0.5-3 nA	2 Hz	[39]
	PVDF	1.46±0.61 μm	0.91 μW, 0.60 uW/cm 2 ,	20 N, 1 Hz	[40]
	PVDF	-	210 V, 45 μA, 2.1 mW	1.8 Hz	[41]
	PVDF	100-120 nm	48 V, 6 μA	8.3 kPa	[42]
	PVDF	875±150 nm	3.5 V, 241 nA	1 Hz	[43]
	PVDF	100-300 nm	14 V, 180 nA,	5 N,1 Hz	[44]
	P(VDF-TrFE)	1062 nm	139.5 V, 22.8 μW, 10.13	0.67 Hz	[45]
			μW/cm 2		
	P(VDF-TrFE)	622 nm	8.75 μW/cm2 (70 MΩ)	2 kPa, 1.5 Hz [46]
	P(VDF-TrFE)	509±87 nm	0.517 mV/V, 35.5±3.4	-	[47]
			pm/V		
	P(VDF-HFP)	300-700 nm	2.6 V	-	[48]
	P(VDF-HFP)-	196±76 nm	14 V	2.5 N, 45 Hz [49]
	TiO 2 /ZnO				
	PLA	-	500 V, 5 W/m 2	50 N, 5 Hz	[50]
	PLA	904±105 nm	186±28 pm	PFM, 0.2 Hz,	[51]
				±25V	
	PLA	-	0.9 nC, 19 pC/N	30 N	[52]
	PAN	610±50 nm	6.2 V, 5.0 μA	15 N, 2 Hz	[53]
	PAN/PVDF	-	1.2 V (PAN/PVDF=8:2)	-	[54]
	PAN/ BaTiO 3	-	1.5 V, 150 nA	2 N	[55]
	PAN	650±50 nm	2.4 V, 1.0 μA, 3.2 mW/m 2	8 N, 2 Hz	[37]
			(800 kΩ)		
	PAN/ZnO	-	6.5 V, 2.3 μA, 10.8	8 N, 2 Hz	[37]
			mW/m 2 (700 kΩ)		
	PVDF/PZT	109 nm	6.35 μW	15 Hz	[56]
	P(VDF-BaTiO 3 )	-	6 V, 1.5 μA	700 N, 3 Hz	[57]
	PVDF/CNT	261 nm	161.66 V, 2.22 W/m 2	3.3 Hz	[58]
	PVDF-graphene	150-350 nm	1511 V, 130 W/m 2	50 N, 5 Hz	[59]
	PVDF-GO	0.1-0.25 μm	16 V, 700 nA	2 Hz	[60]
	1.1.2.1 PVDF				
	PVDF ((-CH 2 -CF 2 -) n				

  prepared totally biodegradable nanogenerators made from electrospun PLA nanofibers. The gelatin and PLA nanofibers were deposited on Mg foil electrodes. The PLA and gelatin were then held in place by two PET plates. Under 50 N contact force and 5 Hz frequency, the nanogenerator's output voltage and maximum power density were 500 V and 5 W/m 2 , respectively. Compared to other polymer-based energy harvesting methods, a PLA-based nanogenerator may dissolve entirely into the water in around 40 days. This nanogenerator is advantageous for environmental conservation and sustainable development. The frequency(5 Hz) used in the experiment, however, is much higher than the frequency that the human body can provide in daily exercise (usually, the frequency of 1 Hz used in the experiment

simulates human movement), indicating that PLA may have difficulty developing wearable energy harvesting devices. In the field of medical devices, PLA provides benefits over other piezoelectric polymers. It may be essential to implant some gadgets within creatures; if the materials employed are toxic, the organism's health may suffer. Additionally, if the materials are unable to be degraded, the device must be physically removed once more. PLA-based piezoelectric devices are less toxic to organisms and are biodegradable in the organisms. The biggest issues in PLA medical applications

  1 -helical PAN conformation to the zigzag conformation, resulting in an increase in the piezoelectric properties of PAN nanofibers. Other piezoelectric materials, such as ZnO, exhibit comparable properties to BaTiO 3 . Sun et al.[START_REF] Sun | Enhanced Energy Harvesting Ability of ZnO/PAN Hybrid Piezoelectric Nanogenerators[END_REF] produced a PAN piezoelectric nanogenerator by incorporating ZnO into PAN nanofibers. The zigzag conformation percentage of PAN electrospinning nanofibers without ZnO is 45.59%, and the piezoelectric performance of PAN is not excellent (2.4 V, 1.0 A). The percentage of zigzag conformation in PAN nanofibers improves to 51.55%
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 1 3. According to, the vapor pressure of acetone is 2 KPa at 20 ℃, which is more significant than DMF, DMAc, and NMP. Thus, the volatility of acetone much greater than DMF, DMAc, and NMP. If only a polar solvent is selected in the preparation process of PVDF fibers, in the preparation process of electrospinning PVDF nanofibers, the solvent cannot be completely evaporated while traversing the space between the syringe tip to the collector, resulting in the appearance of beads. The

	formation of beads is not advantageous to the production of PVDF nanofibers. The introduction of
	volatile solvents entirely evaporates the solvent during the electrospinning process and decreases the
	structure of the beads, which is helpful for improving F(β). Choi et al.'s experimental results
	demonstrate that adding acetone decreases the viscosity of a PVDF solution [142], which is beneficial
	in the stretch of the PVDF solution and the production of the β phase. Acetone also has an effect on the
	surface tension of the solution. If the surface tension of the solution is strong, the electrostatic forces
	generated by an applied voltage cannot overcome the surface tension, and only a beaded structure is
	created. The solution cannot be stretched effectively and is not favorable to high F(β) [143]. Acetone
	has a much lower surface tension than other solvents. As a result, acetone greatly lower the surface
	tension of the mixed solvent, which helps to prevent the production of beads. As a result, the addition
	of the volatile solvent raises F(β).
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		properties of solvents used for PVDF electrospinning[144]
	Solvent	Surface tension	Vapor pressure	Dielectric constant	Boiling
		(mN/m) at 20℃	(kPa) at 20℃	(ε) at 25℃	point (℃)
	DMAc	36.7	0.18	37.8	165
	DMF	37.1	0.38	36.5	153
	NMP	40.79	0.03	32.2	202
	Acetone	25.2	2	20.7	56.2
	Gee et al. generated various PVDF nanofibers with three separate solvent volume ratios of 6/4:
	DMF/acetone, DMSO/acetone, and NMP/acetone [128]. The results indicated that nanofibers made
	using DMF as a solvent have the greatest F(β) value of 90.9%, followed by DMSO and NMP, which
	have F(β) values of 87.4% and 81.9%, respectively. The nanofibers prepared with DMF/acetone have
	smoother, more organized fibers with fewer nodes. Furthermore, the researchers discovered that the
	solvent ratio (acetone fraction) statistically has a greater contribution to the formation of the β phase
	compared with feed rate, TCD, and applied voltage through the analysis of the variance [145]. As a
	result, they used a DMF/acetone mixed solvent to explore the influence of the DMF/acetone volume

Table 1 - 4 .

 14 Summary of different collectors in electrospinning

	Type of collector	Advantages	Disadvantages	References
	Static collector			
	1.Mental plate collector			
			Random distribution of	
		Simple equipment	nanofibers Not conducive to stretch the nanofibers	[157] [158]
			Low F(β)	
	2.Double-plate collector			
		Highly-aligned nanofibers		
		Enhance F(β) (Compared		[159]
		with mental plate		[160]
		collector)		
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 15 The mechanism of nanomaterials to enhance PVDF β phase

	Name of Nanomaterials	β phase How to Improve the	Reference
		LiCl	Improvement of the	[158]
			solution conductivity	
		AgNWs	Improvement of the	[180]
			solution conductivity	
	Inorganic	ZnO	Improvement of the	[181]
	nanomaterials		solution conductivity	
		BaTiO 3	Local dipole field on	[182]
			the surface	
		KNN	Beta-nucleating agent	[183]
			in PVDF	
		Graphene	Electro-interactions	[184]
		CNTs	Interfacial	[172]
	Organic nanomaterials	[BMIM][PF6] [OMD]Br	polarization Strong interactions Strong interactions	[185] [162]
		2,3-	Hydrogen bonds	[151]
		dihydrodecafluoropentane		

1.2.5.1 Inorganic Nanomaterials

The addition of inorganic nanomaterials to a polymer solution via electrospinning has been used in many experiments, and there are many types of compounds used, such as lithium chloride (LiCl) [158], silver nanowires (AgNWs) [180], zinc oxyde (ZnO) [181], potassium sodium niobite (KNN) [183], and barium titanate (BaTiO 3 ) [182]. Inorganic salt is commonly used to modify the conductivity of a PVDF solution made with the same solvent. Mokhtari et al. added LiCl to a PVDF/DMF/acetone solution containing 16 wt% PVDF [158].
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 21 The preparation of PVDF solution based different PVDF concentration, PVDF pellets and solvent.

	Sample label	PVDF	Solvent system	PVDF concentration (w/v %)
	S-5%-acetone	Solef 1006 Acetone	0.5 g in 10 ml acetone
	S-10%-acetone	Solef 1006 Acetone	1.0 g in 10 ml acetone
	S-15%-acetone	Solef 1006 Acetone	1.5 g in 10 ml acetone
	S-20%-acetone	Solef 1006 Acetone	2.0 g in 10 ml acetone
	S-5%-DMAc	Solef 1006 DMAc	0.5 g in 10 ml DMAc
	S-10%-DMAc	Solef 1006 DMAc	1.0 g in 10 ml DMAc
	S-15%-DMAc	Solef 1006 DMAc	1.5 g in 10 ml DMAc
	S-20%-DMAc	Solef 1006 DMAc	2.0 g in 10 ml DMAc
	S-5%-DMF	Solef 1006 DMF	0.5 g in 10 ml DMF
	S-10%-DMF	Solef 1006 DMF	1.0 g in 10 ml DMF
	S-15%-DMF	Solef 1006 DMF	1.5 g in 10 ml DMF
	S-20%-DMF	Solef 1006 DMF	2.0 g in 10 ml DMF
	K-5%-acetone	Kynar 705	Acetone	0.5 g in 10 ml acetone
	K-10%-acetone	Kynar 705	Acetone	1.0 g in 10 ml acetone
	K-15%-acetone	Kynar 705	Acetone	1.5 g in 10 ml acetone
	K-20%-acetone	Kynar 705	Acetone	2.0 g in 10 ml acetone
	K-5%-DMAc	Kynar 705	DMAc	0.5 g in 10 ml DMAc
	K-10%-DMAc	Kynar 705	DMAc	1.0 g in 10 ml DMAc
	K-15%-DMAc	Kynar 705	DMAc	1.5 g in 10 ml DMAc
	K-20%-DMAc	Kynar 705	DMAc	2.0 g in 10 ml DMAc
	K-4%-DMF	Kynar 705	DMF	0.4 g in 10 ml DMF
	K-5%-DMF	Kynar 705	DMF	0.5 g in 10 ml DMF
	K-6%-DMF	Kynar 705	DMF	0.6 g in 10 ml DMF
	K-8%-DMF	Kynar 705	DMF	0.8 g in 10 ml DMF
	K-10%-DMF	Kynar 705	DMF	1.0 g in 10 ml DMF
	K-12%-DMF	Kynar 705	DMF	1.2 g in 10 ml DMF
	K-14%-DMF	Kynar 705	DMF	1.4 g in 10 ml DMF
	K-15%-DMF	Kynar 705	DMF	1.5 g in 10 ml DMF
	K-20%-DMF	Kynar 705	DMF	2.0 g in 10 ml DMF
	K-25%-DMF	Kynar 705	DMF	2.5 g in 10 ml DMF
	K-30%-DMF	Kynar 705	DMF	3.0 g in 10 ml DMF
	K-25%-D/A=6/4	Kynar 705	DMF/acetone=6/4	2.5 g in 10 ml
				DMF/acetone=6/4
	K-25%-D/A=5/5	Kynar 705	DMF/acetone=5/5	2.5 g in 10 ml
				DMF/acetone=5/5
	K-4%-D/A=4/6	Kynar 705	DMF/acetone=4/6	0.4 g in 10 ml
				DMF/acetone=4/6
	K-5%-D/A=4/6	Kynar 705	DMF/acetone=4/6	0.5 g in 10 ml
				DMF/acetone=4/6
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 22 The preparation of PVDF/BaTiO 3 solution based different PVDF concentration and BaTiO 3 concentration.

	Sample	PVDF	Solvent system	BaTiO 3/ PVDF	PVDF concentration
	label			(wt %)	(w/v %)
	K-25%-0%	Kynar 705	DMF/acetone=4/6	0	25
	K-25%-0.1%	Kynar 705	DMF/acetone=4/6	0.1	25
	K-25%-0.5%	Kynar 705	DMF/acetone=4/6	0.5	25
	K-25%-1%	Kynar 705	DMF/acetone=4/6	1	25
	K-25%-3%	Kynar 705	DMF/acetone=4/6	3	25
	K-25%-5%	Kynar 705	DMF/acetone=4/6	5	25
	K-25%-7%	Kynar 705	DMF/acetone=4/6	7	25
	K-25%-9%	Kynar 705	DMF/acetone=4/6	9	25
	K-10%-0%	Kynar 705	DMF/acetone=4/6	0	10
	K-10%-3%	Kynar 705	DMF/acetone=4/6	3	10
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 23 The PVDF MNFMs based on different layer distributions.

	Sample label	Solution used in step 1 Solution used in step 2 Solution used in step 3
	SL-	

Table 2 - 4 .

 24 The PVDF/BaTiO 3 MNFMs based on different layer distributions.
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 31 The physico-chemical properties of PVDF solutions prior to electrospinning.

	Sample label	Viscosity(mPa•s)	Conductivity(μS•cm -1 )
	S-5%-DMAc	49.3	0.27±0.01
	S-10%-DMAc	66.8	0.23±0.01
	S-15%-DMAc	105.0	0.29±0.01
	S-20%-DMAc	355.0	0.37±0.01
	S-5%-DMF	52.5	0.66±0.01
	S-10%-DMF	55.7	0.43±0.01
	S-15%-DMF	101.0	0.39±0.01
	S-20%-DMF	170.0	0.38±0.01
	K-5%-DMAc	47.7	12.52±0.03
	K-10%-DMAc	57.3	15.41±0.01
	K-15%-DMAc	157.0	18.20±0.01
	K-20%-DMAc	219.0	29.20±0.51
	K-5%-DMF	54.1	14.47±0.05
	K-10%-DMF	55.7	19.77±0.40
	K-15%-DMF	93.9	26.00±0.14
	K-20%-DMF	148.0	35.80±0.49
	K-25%-DMF	367.0	45.08±0.32
	K-30%-DMF	663.0	46.73±0.66
	K-25%-D/A=6/4	179.0	42.36±0.54
	K-25%-D/A=5/5	219.0	40.46±0.38
	K-5%-D/A=4/6	50.9	12.62±0.28
	K-10%-D/A=4/6	55.7	17.53±0.45
	K-15%-D/A=4/6	74.8	24.33±0.92
	K-20%-D/A=4/6	122.0	33.20±0.86
	K-25%-D/A=4/6	302.0	38.83±0.58
	K-30%-D/A=4/6	434.0	41.14±0.69
	K-25%-D/A=3/7	-	35.10±0.16
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	PVDF concentration	Taylor cone's height (mm)	Taylor cone's angle (°)
	(%)	1 min	5 min	10 min	1 min	5 min	10 min
	5	0.26	0.14	0.11	-	-	-
	10	0.48	0.50	0.51	35.0	41.1	44.5
	15	0.60	0.35	0.42	38.1	60.5	62.5
	20	0.55	0.56	0.57	38.3	38.3	39.1
	25	0.60	0.61	0.60	39.6	40.8	41.6
	30	0.45	0.51	0.57	53.2	54.5	54.9

2.

The data of the Taylor cone's height and angle obtained with PVDF/DMF solution at various PVDF concentration

(5, 10, 15, 20, 25 and 30 

w/v%) (solvent: DMF, operating parameters: applied voltage: 20 kV, feed rate: 1mL•h -1 , TCD: 20 cm, needle: 20-gauge).
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	Volume ratio of	Taylor cone's height (mm)	Taylor cone's angle (°)
	DMF/acetone	1 min	5 min	10 min	1 min	5 min	10 min
	1/0	0.60	0.61	0.60	39.6	40.8	41.6
	6/4	0.39	0.43	0.41	63.4	57.7	54.4
	5/5	0.80	0.94	0.64	41.0	38.1	43.5
	4/6	0.74	0.75	0.77	47.1	47.6	47.5
	3/7	0.80	0.81	0.78	45.7	45.8	46.2

3. The data of the Taylor cone's height and angle obtained with different DMF/acetone (volume ratio of 1/0, 6/4, 5/5, 4/6 and 3/7) (PVDF concentration: 25 w/v%, operating parameters: applied voltage: 20 kV, feed rate: 1 mL•h -1 , TCD: 20 cm, needle: 20-gauge).
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	-3.

EA and F(β) 

do not change too much but are all higher than PVDF samples prepared from DMF. The F(β) slightly increasess, and F(γ) decreases as the content of acetone increase. When the volume ratio of acetone increases to 60 vol%, the F(β) and F(γ) of electrospinning PVDF nanofibers slightly change to 67.7±0.8 % and 26.5±0.9 %, respectively.
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		Solvent	DMF	DMF/acetone=6/4 DMF/acetone=5/5 DMF/acetone=4/6
		F EA (%)	90.3±0.5	94.6±0.5	94.5±0.2	94.2±0.4
	FTIR	Fβ (%)	62.8±0.1	66.9±0.8	67.1±0.1	67.7±0.8
		Fγ (%)	27.5±0.3	27.6±0.7	27.5±0.3	26.5±0.9
		F EA (%)	66.9	70.4	69.5	78.4
		Fβ (%)	43.4	47.8	47.8	57.6
	DSC	Fγ (%)	23.5	22.6	21.7	20.8
		Xc (%)	38.5	39.8	40.7	45.3
		F(β) Total (%)	16.7	19.0	19.5	26.1
		d 33 (pC/N)	-	-9.7±0.5	-8.5±0.4	-13.7±0.6

fiber diameter, F EA , F β , F γ and Xc data of PVDF samples by using different solvents (25 w/v% PVDF, TCD=20cm, needle:20 G, feed rate: 1 mL•h -1 , voltage:20 kV).
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 35 The data of the Taylor cone's height and angle obtained with PVDF/DMF/acetone solution at different applied voltage (solvent: DMF/acetone=4/6, operating parameters: feed rate: 1 mL•h -1 , needle: 20-gauge, TCD: 20 cm, applied voltage: 15-30 kV).

	Applied voltage	Taylor cone's height (mm)	Taylor cone's angle (°)
	(%)	1 min	5 min	10 min	1 min	5 min	10 min
	15	1.39	1.14	1.18	41.4	55.2	62.9
	18	2.33	1.70	1.97	19.2	35.0	19.7
	20	0.60	0.61	0.63	42.4	42.8	44.2
	25	0.16	0.25	0.32	69.9	57.8	54.0
	28	0.26	0.22	0.26	60.0	60.7	60.7
	30	0.35	0.45	0.34	44.6	37.1	52.7
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 36 The fiber diameter, F EA , F(β), F(γ), Xc, d 33 , α and Goodness data of PVDF samples by using different applied voltage (25 w/v% PVDF, TCD:20 cm, needle: 20 G, feed rate: 1 mL•h -1 , applied voltage: 15-30 kV).

	Applied voltage (kV)	15	18	20	25	28	30
	Fiber diameter (nm)	338±66	292±79	250±34	241±40	203±51	190±64
		F EA (%)	86.2±2.1	89.4±0.9	91.2±0.3	90.9±0.6	92.5±0.1	90.7±0.1
	FTIR	F(β) (%)	53.7±3.0	64.3±1.8	67.9±0.7	65.6±1.3	67.4±0.1	65.7±0.4
		F(γ) (%)	32.5±1.1	25.1±0.9	23.3±0.5	25.3±0.8	25.0±0.2	24.9±0.3
		F EA (%)	70.0	71.7	78.4	66.6	66.7	69.1
		F(β) (%)	43.6	55.0	57.6	50.4	48.4	43.9
	DSC	F(γ) (%) X c (%)	26.4 36.5	16.7 48.4	20.8 45.3	16.2 43.9	18.3 41.7	25.2 38.1
		F(β) Total (%)	15.9	26.6	26.1	22.1	20.2	16.7
	d 33 (pC/N)	-9.0±1.3 -10.8±1.1 -11.4±2.1	-8.5±1.3	-9.3±1.0	-7.8±1.0
	α		0.227	0.412	0.467	0.326	0.153	0.214
	Goodness	0.190	0.280	0.320	0.160	0.200	0.290

Table 3 -

 3 

	TCD	Taylor cone's height (mm)	Taylor cone's angle (°)
	(cm)	1 min	5 min	10 min	1 min	5 min	10 min
	13	0.58	0.60	0.60	42.1	41.3	41.1
	15	0.74	0.70	0.73	39.9	40.9	39.8
	18	0.70	0.73	0.74	39.1	42.8	43.8
	20	0.60	0.61	0.63	42.4	42.8	44.2
	23	1.13	1.10	1.20	34.5	34.8	35.0
	25	0.78	0.79	0.75	36.9	36.2	35.4

7.

The data of the Taylor cone's height and angle obtained with PVDF/DMF/acetone solution at different TCD (solvent: DMF/acetone=4/6, operating parameters: feed rate: 1 mL•h -1 , needle: 20gauge, TCD: 20 cm, TCD: 13-25 cm).
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 38 The fiber diameter, F EA , F(β), and F(γ) data of PVDF samples by using different TCD (25w/v% PVDF, applied voltage:20 kV, needle: 20 G, feed rate: 1 mL•h -1 , TCD: 13-25 cm).

	TCD (cm)	13	15	18	20	23	25
	Fiber						
	diameter	255±38	256±61	280±51	250±34	190±41	168±23
	(nm)						
	F EA (%)	87.0±0.2	88.9±0.7	88.2±0.9	91.2±0.3	92.8±0.5	93.4±0.2
	F(β) (%)	61.0±0.5	68.0±0.9	62.1±1.7	67.9±0.7	68.9±2.8	67.7±1.1
	F(γ) (%)	26.0±0.4	21.0±0.9	26.0±1.2	23.3±0.5	23.9±2.7	25.7±0.9
	3.2.						

3 The influence of feed rate on the morphology and structure of PVDF nanofibers 3.2.3.1 The shape of Taylor cone

  Figure 3-19 is the images of Taylor cone obtained with PVDF solution at different feed rate. Table3-9
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 39 The data of the Taylor cone's height and angle obtained with PVDF/DMF/acetone solution at different feed rate (solvent: DMF/acetone=4/6, operating parameters: applied voltage: 20 kV, needle: 20-gauge, TCD: 25 cm, feed rate: 0.3-3.0 mL•h -1 ).

	Feed rate	Taylor cone's height (mm)	Taylor cone's angle (°)
	(mL•h -1 )	1 min	5 min	10 min	1 min	5 min	10 min
	0.3	-	-	-	-	-	-
	0.5	0.22	0.21	0.24	58.2	65.6	60.0
	0.8	0.72	0.77	0.75	35.1	38.8	47.1
	1.0	0.78	0.79	0.75	36.9	36.2	35.4
	1.5	1.71	1.73	1.47	32.1	30.3	39.3
	3.0	1.52	1.49	1.08	-	-	-

Table 3 -

 3 10. The fiber diameter, F EA , F(β), and F(γ) data of PVDF samples by using different feed rate (25 w/v% PVDF, applied voltage:20 kV, TCD=25 cm, needle: 20 G, feed rate: 0.3-3.0 mL•h -1 ).

	Feed rate(mL•h -1 )	0.3	0.5	0.8	1.0	1.5	3.0
	Fiber						
	diameter	155±31	164±31	165±42	168±23	232±39	270±55
	(nm)						
	F EA (%)	67.4±0.3	83.6±0.5	86.1±0.1	93.4±0.2	89.9±1.4	88.1±1.0
	F(β) (%)	38.8±0.3	57.5±3.6	57.2±2.2	67.7±1.1	55.8±3.8	56.8±1.0
	F(γ) (%)	28.6±0.3	26.6±1.0	28.9±2.2	25.7±0.9	34.1±5.1	31.4±1.8

Table 3 -

 3 11. The fiber diameter, F EA , F(β), F(γ), Xc, F(β) Total , d 33 , α and Goodness data of PVDF samples by using different rotating speed (25 w/v% PVDF, applied voltage:20 kV, TCD=25 cm, feed rate: 1 mL•h -1 , needle: 20 G, rotating speed: 0-2000 rpm).

	Rotating speed (rpm)	0	200	500	1000	1500	2000
	Fiber diameter (nm)	198±25	191±23	165±50	159±39	155±37	134±42
		F EA (%)	86.6±1.0	90.6±1.1	87.7±1.0	86.8±1.1	87.4±0.3	84.7±1.0
	FTIR	F(β) (%)	62.1±1.0	67.4±0.4	66.4±1.3	64.2±1.5	64.6±0.6	60.0±2.5
		F(γ) (%)	24.5±1.5	23.2±0.9	21.2±0.5	22.6±1.7	22.8±0.4	24.6±1.6
		F EA (%)	71.9	78.8	73.2	69.2	67.4	75.8
		F(β) (%)	51.0	57.8	49.9	47.4	43.7	52.3
	DSC	F(γ) (%) X c (%)	20.9 42.0	21.0 44.4	23.3 40.7	21.8 40.8	23.6 36.5	23.5 42.5
		F(β) Total (%)	21.4	25.7	20.3	19.4	16.0	22.2
	d 33 (pC/N)	-10.1±0.8 -10.7±1.9 -9.1±1.3	-8.3±1.1	-7.7±0.7	-7.2±1.4
	α		0.571	0.756	0.848	0.902	0.967	0.981
	Goodness	0.08	0.16	0.69	0.74	0.73	0.74
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 3 13. The data of the Taylor cone's height and angle obtained with different PVDF/BaTiO 3 solutions (PVDF: 25 w/v%, solvent: DMF/acetone=4/6, applied voltage: 20 kV, feed rate: 1 mL•h -1 , TCD: 25 cm, BaTiO 3 : 0-9 wt% to PVDF).

	Solution	Taylor cone's height (mm) 1 min 5 min 10 min	Taylor cone's angle (°) 1 min 5 min 10 min
	K-25%-0%	0.78	0.79	0.75	36.9	36.2	35.4
	K-25%-0.1%	1.10	1.00	1.06	20.6	24.4	26.4
	K-25%-0.5%	0.89	0.91	1.01	29.3	31.4	29.2
	K-25%-1%	0.39	0.32	0.40	42.2	44.3	44.4
	K-25%-3%	0.34	0.33	0.38	48.6	45.9	47.3
	K-25%-5%	0.79	0.66	0.71	31.2	43.0	33.8
	K-25%-7%	0.55	0.60	0.70	41.0	41.9	36.4
	K-25%-9%	0.31	0.34	0.51	45.8	31.6	26.7
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 3 14.The Barium weight fraction in beads (Ba bead ), nanofibers (Ba nanofiber ) and samples (Ba total )

	BaTiO 3 /PVDF	Ba bead (%)	Ba nanofiber (%)	Ba total (%)
	(wt%)			
	0	0	0	0
	0.1	0.22±0.23	0.23±0.09	0.13
	0.5	0.54±0.16	0.73±0.33	0.54
	1	1.73±0.67	2.54±0.49	1.55
	3	1.87±2.34	9.78±1.63	6.04
	5	3.25±3.99	19.93±2.71	9.33
	7	6.79±3.87	21.72±3.78	15.81
	9	16.37±4.56	26.97±2.64	21.53

by EDS analysis (25 w/v% PVDF, applied voltage: 20 kV, TCD: 25 cm, feed rate: 1 mL•h -1 , needle: 20-gauge, BaTiO 3 concentration: 0-9 wt% to PVDF).
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 3 15. 

Table 3

 3 Continue to increase the content of BaTiO 3 to 3 wt%, the F EA and F(β) increase to 95.8±0.7 % and 71.7±0.4 %, the F(γ) decrease to 24.1±0.6 %. Further increase the weight fraction of BaTiO 3 , the F EA and F(β) decrease to 94.6±0.2 % and 68.3±1.2 %, the F(γ) increase to 26.3±1.2 %. The deconvolution results of DSC curves in Figure3-32 indicate a similar trend to the FTIR results.

	-15,
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 3 15.The fiber diameter, F EA , F(β), F(γ), Xc and F(β) Total data of PVDF/BaTiO 3 nanofibers by using different BaTiO 3 concentration (25 w/v% PVDF, applied voltage: 20 kV, TCD: 25 cm, feed rate:1 mL•h -1 , needle: 20-gauge, BaTiO 3 concentration: 0-9 wt% to PVDF).

	BaTiO 3 /PVDF (wt%)	0	0.1	0.5	1	3	5	7	9
	Fiber diameter (nm)	250±34	295±43	250±60	262±60	227±43	202±37 249±51	238±41
		F EA (%) 93.4±0.2 92.1±1.1 94.0±0.5 93.0±1.8 95.8±0.7 94.6±0.1 93.8±0.4 94.6±0.2
	FTIR	Fβ (%) 67.7±1.1 62.7±2.2 67.1±1.1 66.0±0.3 71.7±0.4 68.3±0.3 68.8±1.0 68.3±1.2
		Fγ (%) 25.7±0.9 29.3±1.5 26.9±0.7 27.0±1.1 24.1±0.6 26.3±0.3 25.0±0.6 26.3±1.2
		F EA (%)	68.1	72.6	70.7	70.8	73.2	69.6	74.6	71.6
		F(β)(%)	49.9	49.7	45.7	48.4	61.1	48.2	50.8	56.3
	DSC	F(γ)(%) Xc (%)	18.1 41.0	22.9 40.7	25.0 40.6	22.4 40.5	12.1 38.6	21.4 40.3	23.9 39.4	15.3 38.6
		F(β) Total (%)	20.5	20.2	18.6	19.6	23.6	19.4	20.0	21.7
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 3 16. The piezoelectric properties of PVDF/BaTiO 3 composite NFMs (Frequency: 110 Hz, stress force: 0.25 N). Lee et al. pointed that, for piezoelectric composite materials, the piezoelectric properties of the materials are affected by the piezoelectric properties and dispersion of each component in the composite materials

	BaTiO 3 /PVDF (wt%)	d 33 (pC/N)	Output voltage(mV)	V peak to peak (mV)	Piezoelectric sensitivity (mV/N)
	0	-17.7±1.6	40	68	160
	0.1	-20.6±2.2	92	192	368
	0.5	-23.0±2.8	100	184	400
	1	-26.4±2.9	112	200	448
	3	-29.4±1.9	160	272	640
	5	-25.2±1.3	112	188	448
	7	-28.8±1.7	112	224	448
	9	-29.6±2.4	128	240	512

  3 % and 67.9±0.7 % to 67.4±0.3 % and 38.8±0.3 %). The solvent volatilizes completely by increasing solvent volatilization (increasing TCD). Furthermore, fewer beads' structure is generated, which can effectively improve the electroactive phase and β phase of PVDF nanofibers from 87.0±0.2 % and 61.0±0.5 % to 93.4±0.2 % and 67.7±1.1 %. Further stretching of PVDF nanofibers reduces the diameter of PVDF nanofibers and enhances the electroactive phase of PVDF. The PVDF nanofibers with the highest FEA,
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 42 The data of the Taylor cone's height and angle obtained with DMF/acetone (volume ratio

	of 4/6) at four PVDF concentration (4, 6, 8 and 10 w/v%) and six TCD (10, 15, 18, 20, 22 and 25 cm)
	(solvent: DMF/acetone=4/6, operating parameters: applied voltage: 20 kV, feed rate: 1 mL•h -1 , needle:
					20-gauge).				
	TCD (cm)	4	PVDF concentration (%) Taylor cone's height (mm) Taylor cone's angle (°) 6 8 10 4 6 8	10
	10	0.31	0.34	0.61	0.55	-	-	-	-
	15	0.43	0.52	0.56	0.69	-	-	37.8	34.8
	18	0.51	0.23	0.62	0.76	-	-	36.7	30.6
	20	0.54	0.47	0.76	0.96	-	-	32.4	26.6
	22	0.44	1.15	0.94	1.05	-	-	27.8	28.9
	25	0.73	0.67	0.65	1.15	-	-	34.6	32.9
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 43 The data of the Taylor cone's height and angle obtained with DMF/acetone (volume ratio Images of Taylor cone obtained with DMF/acetone (volume ratio of 4/6) at four PVDF concentration (4, 6, 8 and 10 w/v%) and six applied voltages

	of 4/6) at four PVDF concentration (4, 6, 8 and 10 w/v%) and six applied voltages (12, 14, 16, 18, 20
	and 22 kV) (solvent: DMF/acetone=4/6, operating parameters: TCD: 18 cm, feed rate: 1 mL•h -1 ,
				needle: 20-gauge).			
	Applied			PVDF concentration (%)			
	voltage		Taylor cone's height (mm)		Taylor cone's angle (°)	
	(kV)	4	6	8	10	4	6	8	10
	12	0.78	0.66	0.72	0.66	-	42.7	-	37.3
	14	0.75	0.48	0.69	0.35	32.8	37.5	46.1	52.6
	16	0.58	0.59	1.00	0.31	35.7	40.1	23.9	47.6
	18	0.36	0.79	0.51	0.25	-	31.0	39.6	61.0
	20	0.51	0.23	0.62	0.76	-	-	36.7	30.6
	22	0.25	0.81	0.56	0.56	-	-	-	-

  concentration was investigated, keeping the solvent of DMF/acetone=4/6, needle's value constant of 20-gauge, feed rate of 1 mL•h -1 , applied voltage of 16 kV, and TCD of 18 cm. Figure4-5 is the SEM images of electrosprayed PVDF microspheres prepared with different PVDF concentrations. At 4 w/v%, microspheres with an average diameter of 1036±501 nm is formed. As the PVDF concentration increases to 6 w/v%, the diameter distribution becomes narrower, and the average diameter decreases to 546±191 nm. Continuing to increase the PVDF concentration to 10 w/v%, the diameter distribution of the PVDF microspheres becomes wider, and the average diameter increases to 1681±765 nm. Further

increasing the PVDF concentration over 10 w/v%, some thin nanofibers were detected among PVDF microspheres. When the PVDF concentration increases from 12 w/v% to 14 w/v%, the number of nanofibers in the electrosprayed PVDF sample increases and consequently, the amount of PVDF microspheres decreases.
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 44 According to the deconvolution results of FTIR spectra in Table4-4, when the polymer concentration is 4 w/v%, the F EA , F(β) and F(γ) in electrosprayed PVDF microspheres is 90.9±0.8 %, 74.0±0.8 % and 17.0±0.1 %, respectively. As the PVDF concentration increase from 4 w/v% to 10 w/v%, the F EA and F(β) decrease to 87.1±1.3 % and 62.8±1.4 %, respectively. And the F(γ) increased to 24.3±0.2 %.Continue to increase the polymer concentration from 10 w/v% to 14 w/v%. The F EA and F(β) are both smaller than the microspheres obtained by electrospraying with PVDF concentration of less than 10 w/v%. The deconvolution results of DSC curves show a similar trend to the FTIR results. When the PVDF concentration is 4 w/v%, the F

EA , F(β), and F(γ) in electrsprayed PVDF microspheres is 67.6 %, 59.4 %, and 8.1 %, respectively. And the F EA decreases by the increasing PVDF concentration. In addition, the Xc of PVDF microspheres prepared in 4-10 w/v % is smaller than the Xc of PVDF microspheres prepared in 12-14 w/v%. And the maximum Xc of electrosprayed PVDF microspheres

(40.2 %) 

is smaller than the Xc of electrospinning PVDF nanofibers
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 44 The microsphere diameter, F EA , F(β), F(γ), Xc and F(β) Total data of electrosprayed PVDF microspheres prepared with different PVDF concentration (solvent: DMF/acetone=4/6, TCD:18 cm, applied voltage: 16 kV, feed rate: 1 mL•h -1 , needle: 20-gauge, PVDF concentration: 4-14 w/v%).

	PVDF concentration (w/v%)	4	6	8	10	12	14
	Microsphere diameter (nm)	1036±501 546±191 1157±456 1681±765	-	-
		F EA (%)	90.9±0.8 92.3±0.5 89.8±2.4 87.1±1.3 89.5±1.3 88.3±0.5
	FTIR	F(β) (%) 74.0±0.8 68.4±1.1 70.7±1.3 62.8±1.4 58.9±1.2 57.9±3.1
		F(γ) (%) 17.0±0.1 23.9±0.8 19.2±3.2 24.3±0.2 31.2±0.1 30.4±2.9
		F EA (%)	67.6	69.6	65.1	58.6	62.8	61.8
		F(β) (%)	59.4	50.1	44.7	39.0	38.9	41.6
	DSC	F(γ) (%) Xc (%)	8.1 38.6	19.4 35.8	20.3 36.5	19.6 34.9	24.1 37.7	20.2 40.2
		F(β) Total (%)	22.9	17.9	16.3	13.6	14.7	16.7

Table 4

 4 

	-5.

the conductivity results in Table

4

-1, the electrical conductivity of PVDF/DMF/acetone (DMF/acetone=1/0) solution is higher than that of PVDF/DMF/acetone (DMF/acetone=4/6) solution.
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	5. The microsphere diameter, F EA , F(β), F(γ), Xc and F(β) Total data of electrosprayed PVDF
	microspheres prepared with different PVDF concentration (solvent: DMF/acetone=1/0, TCD:18 cm,
	applied voltage: 16 kV, feed rate: 1 mL•h -1 , needle: 20-gauge, PVDF concentration: 4-14 w/v%).
	PVDF concentration (w/v%)	4	6	8	10	12	14
	Microsphere diameter (nm)	786±411 811±397 942±412 1012±429 1101±343 1144±328
		F EA (%)	92.7±1.0 89.2±0.7 94.7±0.4 94.2±1.1 94.2±2.2 96.1±0.3
	FTIR	F(β) (%) 65.5±0.8 62.5±1.5 71.0±0.4 70.3±1.4 72.4±0.7 73.1±0.7
		F(γ) (%) 27.2±0.8 26.7±0.8 23.7±0.1 23.9±0.3 23.3±0.5 23.0±0.4
		F EA (%)	57.6	58.9	66.9	71.1	71.1	68.3
		F(β) (%)	41.5	39.1	38.8	49.8	50.4	49.3
	DSC	F(γ) (%) Xc (%)	16.1 39.9	19.8 38.4	28.1 39.5	21.3 37.0	20.7 39.5	19.0 37.7
		F(β) Total (%)	16.6	15.0	15.3	18.4	19.9	18.6
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 51 The thickness, microsphere diameter, D DL-surface , and D ML-section of PVDF MNFMs (solvent

			of electrospraying layer: DMF).		
	PVDF membrane Thickness (μm) Microsphere diameter (nm) D DL-surface (%) D ML-section (%)
	ML-4(D)	40.3±0.6	786±411	26.9	40.8
	ML-6(D)	50.9±1.5	811±397	46.5	20.4
	ML-8(D)	38.3±1.5	942±412	85.4	24.0
	ML-10(D)	29.4±1.1	1012±429	73.4	51.8
	ML-12(D)	30.6±0.6	1101±343	70.0	19.9
	ML-14(D)	41.5±1.3	1144±328	69.7	21.6
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	PVDF membrane	SL	ML-4(D)	ML-6(D)	ML-8(D)	ML-10(D)	ML-12(D)	ML-14(D)
		F EA (%)	93.4±0.2	94.9±0.6	95.2±0.1 94.6±0.5 94.7±0.2 95.3±0.1 95.9±0.3
	FTIR	F(β) (%)	67.7±1.1	68.8±0.6	69.8±0.4 69.8±0.9 68.5±0.4 70.1±0.1 70.0±0.1
		F(γ) (%)	25.7±0.9	26.1±0.1	25.4±0.4 24.9±0.4 26.2±0.4 25.3±0.1 25.9±0.3
		F EA (%)	68.1	67.5	64.9	67.3	70.5	69.8	68.5
		F(β) (%)	49.9	49.3	49.1	50.3	49.8	49.9	47.3
	DSC	F(γ) (%)	18.1	18.1	15.8	17.0	20.7	20.0	21.1
		Xc (%)	41.0	38.3	38.6	40.6	41.9	40.4	41.1
		F(β) Total (%)	20.5	18.9	18.9	20.4	20.9	20.2	19.5

3. The F EA , F(β), F(γ), Xc and F(β) Total data of PVDF MNFMs (solvent of electrospraying layer: DMF).
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 54 According to the deconvolution results of FTIR spectra in for the SL, the F EA , F(β) and F(γ) in SL is 93.4±0.2 %, 67.7±1.1 % and 25.7±0.9 %, respectively. When electrosprayed PVDF microspheres prepared with different polymer concentrations (4-14 wt%, solvent: DMF/acetone=4/6) are added to the NFMs to prepare ML, the F EA , F(β), and F(γ) in ML is around 93 %, 68 % and 25 %, respectively. The deconvolution results of DSC curves indicate that for the SL, the Xc is 41.0 %. And the Xc is around 40-42 % for the ML. The results of FTIR and DSC illustrate that the microsphere layer hardly influences the crystalline structure of electrospinning/electrospraying PVDF ML.
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	PVDF membrane	SL	ML-4(D/A)	ML-6(D/A)	ML-8(D/A)	ML-10(D/A)	ML-12(D/A)	ML-14(D/A)
		F EA (%)	93.4±0.2	93.6±1.3	94.3±0.7 94.4±0.2 93.2±0.5 94.2±0.3 93.2±0.7
	FTIR	Fβ (%)	67.7±1.1	68.1±1.8	68.9±0.9 68.8±0.3 68.0±0.7 69.4±0.5 67.6±1.1
		Fγ (%)	25.7±0.9	25.4±0.5	25.4±0.4 25.5±0.1 25.1±0.2 24.8±0.3 25.6±0.5
		F EA (%)	68.1	69.2	67.8	67.9	71.6	70.0	73.0
		Fβ (%)	49.9	45.5	46.5	47.7	43.5	44.2	44.1
	DSC	Fγ (%)	18.1	23.7	21.3	20.2	28.2	25.7	28.9
		Xc (%)	41.0	42.4	40.5	42.2	41.8	40.5	36.5
		F(β) Total (%)	20.5	19.3	18.8	20.1	18.2	17.9	16.1

4. The F EA , F(β), F(γ), Xc and F(β) Total data of PVDF MNFMs (solvent of electrospraying layer: DMF/acetone=4/6).
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 56 The piezoelectric properties of PVDF/BaTiO 3 composite NFMs (Frequency: 110 Hz, stress force: 0.25 N).

	Sample	d 33 (pC/N)	Output voltage(mV)	V peak to peak (mV)	Piezoelectric sensitivity (mV/N)
	P/B-3%	-29.4±1.9	160	272	640
	P/B-P/B-P/B	-62.4±4.8	168	332	672
	P/B-P-P/B	-72.2±5.2	212	416	848

Macrostructures nanofibreuses 3D pour la récupération d'énergie piézoélectrique par électrofilature/électrospray de matériau à base de polyfluorure de vinylidène

  Le poly(fluorure de vinylidène) (PVDF) est un polymère semi-cristallin thermoplastique doté d'un excellent potentiel piézoélectrique et peut être utilisé comme matériau pour préparer la récupération d'énergie piézoélectrique portable. Ce dispositif portable récolte l'énergie mécanique et la transfère en énergie électrique basée sur l'effet piézoélectrique direct, ce qui est l'un des moyens de résoudre la pénurie d'énergie de plus en plus grave et la pollution de l'environnement. Dans cette recherche, la récupération d'énergie piézoélectrique du PVDF a été conçue en combinant les méthodes d'électrofilage et d'électropulvérisation. Des nanofibres PVDF électrofilées et des microsphères PVDF électropulvérisées ont été préparées en tant que différentes couches dans des membranes nanofibreuses multicouches PVDF (MNFM) pour améliorer les propriétés piézoélectriques de la récupération d'énergie piézoélectrique PVDF. Les membranes nanofibreuses PVDF électrofilées (NFM) à haute teneur en phases électroactives (F EA ) ont été préparées en optimisant systématiquement les paramètres du processus d'électrofilage. Pendant ce temps, des microsphères de PVDF électropulvérisées avec un F EA élevé et une distribution homogène ont été produites en étudiant l'effet des propriétés de la solution et des paramètres de fonctionnement sur la formation de microsphères électropulvérisées. De plus, les MNFM de PVDF avec une nouvelle structure 3D ont été produits avec succès par des nanofibres de PVDF électrofilées assemblées et des microsphères de PVDF électropulvérisées.Mots-clefs: electrospinning, electrospraying, PVDF, propriétés piézoélectriques, multicouche, BaTiO 3

	3D	nanofibrous	macrostructures	for	piezoelectric	energy	harvesting	via
	electrospinning/						

electrospray of polyvinylidene fluoride based material

  

Chapter 2 Materials and Experimental Method

In this chapter, the raw materials including the polymer material (PVDF), nanoparticle (BaTiO 3 ) and solvents (DMF and acetone) are described. Meanwhile, the electrospinning device, the preparation process of nanofibers (pure PVDF and PVDF/BaTiO 3 ), microspheres (pure PVDF and PVDF/BaTiO 3 ) and MNFMs are also presented. In addition, all methods used in this research for characterizing and analyzing the structures, morphologies, thermal properties and piezoelectric performance are also introduced in detail.

Raw materials

Polymer materials

Two commercial grades of Poly(vinylidene fluoride) (PVDF) in pellet form are used for the following experiments:

Kynar 705 (Mw=220,000 g/mol, Arkema Kynar 705, France), Solef 1006 (Mw=176,000 g/mol, Solvay Solef 1006, Belgium).

Nanoparticles

Barium titanate (BaTiO 3 ) (Molecular weight: 233.19, nanopowder, <100 nm particle size (BET), ≥99% trace metals basis) was purchased from Sigma-Aldrich, USA.

Solvent systems

The organic solvents are N,N-Dimethylacetamide (DMAc, CARLO ERBA, Mw=87.12g/mol, assay≥99.8%), N,N-Dimethylformamide (DMF, CARLO ERBA, M w =73.1 g/mol, assay≥99.9%), and acetone (CARLO ERBA, M w =58.01 g/mol, assay≥99.8%).

Electrospinning/Electrospraying device

The electrospinning/electrospraying equipment (CAT000002, Electrospraying Instrument Kit Instruction Manual, Spraybase®, AVECATS, Kildare, Ireland) was used to prepare a series of randomly nanofibers/microspheres collected on the static collector. The equipment consists of a During the electrospraying process, the formation and shape of the Taylor cone, the strength of polymer jets, and the evaporation rate of the solvent are controlled by the chemical properties of the solution (viscosity, electrical conductivity, and vapor pressure). In this chapter, PVDF solutions with different concentration (4,6,[START_REF] Choi | Corrugated Textile based Triboelectric Generator for Wearable Energy Harvesting[END_REF][START_REF] Zhou | Seebeck-driven transverse thermoelectric generation[END_REF][START_REF] Xia | The power of smartphones[END_REF], and 14 w/v %) and solvent (volume ratio of DMF/acetone=1/0 and 4/6)

are prepared for electrospraying. The physico-chemical properties of these solutions are shown in Table 4- 

Chapter 6 General Conclusion and Prospects

General Conclusions

PVDF combines excellent piezopotential with easy process, flexibility, low density, and high break strength. Therefore, it can be used to fabricate wearable piezoelectric energy harvesting. Such wearable devices can convert mechanical energy in the environment into electrical energy, which effectively alleviates the increasingly serious problems of energy shortage and environmental pollution.

Electrospinning technology has been proven to improve the piezoelectric properties of PVDF. On the one hand, the nanofibers' lengthy length and extremely tiny diameter increase dipole alignment and, as a result, the material's piezoelectric properties. On the other hand, the electric field force provided during the electrospinning process stretch and aligns the molecular chains in the polymer jet, which is beneficial to the formation of the electroactive phase in PVDF, thereby improving the piezoelectric properties of the material.

The main objective in this thesis was to design a 3D structure and improve the piezoelectric properties of PVDF via electrospinning/electrospraying process, and it is specifically divided into 5 steps: (1) A