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Abstract 

Nanocomposite materials present unique physico-chemical properties that cannot be obtained 

using one component. Thus, the improvement in the properties of such materials have resulted 

in major interest for versatile fields. Dielectric nanocomposite materials with high energy 

density exhibit promising performances for energy storage applications. Major efforts have 

been conducted to combine the efficient properties and high dielectric constant of ceramics 

with the flexibility and easy processing of polymers. Thus, this thesis focuses on the 

development and characterizations of nanocomposites based on BaTiO3 ceramic and 

fluoropolymers. First, the synthesis of PVDF-g-BaTiO3 was realized using RAFT 

polymerization of VDF from the surface of functionalized nanoparticles, using different 

BaTiO3 concentrations, and the effect of such percentage on the final properties was studied.  

Results showed the successful grafting of PVDF leading to nanocomposites with enhanced 

thermal stability. Furthermore, the successful grafting of PVDF onto the functionalized 

nanoparticles was mainly proved by HRMAS NMR spectroscopy, which was used for the 

first time to characterize the prepared nanocomposites. The dielectric properties of such 

materials were investigated, and reveals the existence of three relaxations: the first one was 

attributed to the well-known β secondary relaxation in PVDF, the second one was assigned to 

the crystalline fraction in the polymer, while the third relaxation was assigned to interfacial 

polarization arising from the presence of fillers and impurities in the system. However, the 

relaxation related to glass transition temperature could not be observed due to the high 

crystallinity of the polymer. Solution blending strategy was also used to prepare 

nanocomposite materials consisting of PVDF-g-BaTiO3/P(VDF-co-HFP) and the prepared 

films were fully characterized. The uniform distribution of PVDF-g-BaTiO3 nanocomposites 

in the copolymer matrix leads to enhanced mechanical performances resulting in increased 

Young‘s modulus. Then, to supply an application for the prepared PVDF-g-BaTiO3 

nanocomposites, those later were used as binder to prepare cathode material for batteries. 

Calendering procedure was used to prepare the electrode films and enabled to obtain uniform 

structure and enhanced cycling performances. 

Keywords: Barium titanate, fluoropolymers, PVDF, dielectric constant, grafting, 

polymerizations, batteries.   

 

 



 
 

Résumé 

Les matériaux nanocomposites présentent des propriétés physico-chimiques uniques qui ne 

peuvent être obtenues en utilisant un seul composant. Ainsi, l'amélioration des propriétés de 

ces matériaux a suscité un intérêt majeur dans différents domaines. Les matériaux 

nanocomposites diélectriques à haute densité d'énergie présentent des performances 

prometteuses pour les applications de stockage d'énergie. Des efforts importants ont été 

menés pour combiner la constante diélectrique élevée de la céramique avec la flexibilité et la 

facilité de mise en œuvre des polymères. Ainsi, cette thèse porte sur le développement et la 

caractérisation de nanocomposites à base de céramique BaTiO3 et de polymères fluorés. Dans 

un premier temps, la synthèse de PVDF-g-BaTiO3 a été réalisée en utilisant la polymérisation 

RAFT du VDF à partir de la surface des nanoparticules fonctionnalisées, en utilisant 

différentes concentrations en BaTiO3, et l'effet de ce pourcentage sur les propriétés finales a 

été étudié. Les résultats ont montré que le greffage du PVDF a été réalisé avec succès, 

conduisant à des nanocomposites avec une stabilité thermique améliorée. De plus, le succès 

du greffage du PVDF a été principalement prouvé par la spectroscopie RMN HRMAS, qui a 

été utilisée pour la première fois pour caractériser les nanocomposites préparés. Les propriétés 

diélectriques de ces matériaux ont été étudiés et révèlent l'existence de trois relaxations : la 

première a été attribué à la relaxation secondaire β dans le PVDF, la seconde a été liée à la 

fraction cristalline dans le polymère, tandis que la troisième relaxation a été attribué à la 

polarisation interfaciale résultant de la présence de charges et d'impuretés dans le système. 

Cependant, la relaxation liée à la température de transition vitreuse n'a pas pu être observé en 

raison de la cristallinité élevée du polymère. Le procédé de mélange en solution a été 

également utilisé pour préparer des matériaux nanocomposites constitués de PVDF-g-

BaTiO3/P(VDF-co-HFP) et les films préparés ont été entièrement caractérisés. La dispersion 

uniforme des nanocomposites PVDF-g-BaTiO3 dans la matrice de copolymère a conduit à des 

performances mécaniques améliorées. Ensuite, pour fournir une application pour les 

nanocomposites PVDF-g-BaTiO3 préparés, ces derniers ont été utilisés comme liant pour 

préparer un matériau de cathode pour les batteries. La procédure de calandrage a été utilisée 

pour préparer les films d'électrode et a permis d'obtenir une structure uniforme et des 

performances de cyclage améliorées.  

Mots clés : Titanates de barium, polymères fluorés, PVDF, constante diélectrique, greffage, 

polymérisations, batteries.  



 
 

 ملخص

 

، فإٌ انرحسٍٛ ٔتانرانٙ لا ًٚكٍ انحصٕل عهٛٓا تًكٌٕ ٔاحذ. فشٚذج،كًٛٛائٛح -ذرًٛض انًٕاد انًشكثح انُإَٚح تخٕاص فٛضٚائٛح

انًٕاد انعاصنح نهكٓشتاء راخ انكثافح انعانٛح يٍ  ذرصفيٍ خصائض ْزِ انًٕاد ٚذفع إنٗ اْرًاو كثٛش فٙ عذج يدالاخ. 

ٔكزنك ، تحٛث تزند خٕٓد كثٛشج نهدًع تٍٛ ثاتد انعضل انعانٙ نهسٛشايٛك انطاقحٔاعذ فٙ يدال ذخضٍٚ  أداءانطاقح ت

 .نهثٕنًٛشاخ دحٔسٕٓنح انًعان انًشَٔح

ٔ انثٕنًٛٛشاخ انفهٕسٚح. أٔلا،   3BaTiO ، ذشكض ْز الأطشٔحح عهٗ ذطٕٚش يٕاد يشكثح َإَٚح تاسرخذاو انسٛشايٛكٔتانرانٙ

يٍ سطح اندسًٛاخ انٕظٛفٛح  VDF نهًَٕٕيٛش  RAFTتاسرعًال تهًشج 3BaTiO-g-PVDF ذى ذطٕٚش يٕاد يشكثح

أظٓشخ  انُٓائٛح.، ٔ قذ ذًد دساسح ذأثٛش ْزِ انُسة عهٗ انخٕاص  3BaTiO ذشكٛضاخ يخرهفح يٍ تاسرخذاو انُإَٚح،

، انرٙ اسرخذيد لأٔل يشج نرحهٛم HRMAS NMRقذ أثثد تشكم أساسٙ يٍ خلال ذقُٛح   PVDFانُرائح أٌ عًهٛح إقحاو

شخاء الأٔل ٚعٕد إنٗ ذًد كزنك دساسح انخٕاص انعاصنح، ٔكشفد عٍ ٔخٕد ثلاثح اسرشخاءاخ، تحٛث أٌ الاسر .انًٕادْزِ 

عٍ الاسرقطاب انثُٛٙ انُاذح  ٔالأخٛش ٚعٕد ، تًُٛا ٚعضٖ انثاَٙ نهدضء انثهٕس٘ فٙ انثٕنًٛٛش،PVDFالاسرشخاء انثإَ٘ فٙ 

انًرعهق تذسخح اَرقال انضخاج تسثة انرثهٕس  الاسرشخاءانُظاو. فٙ حٍٛ أَّ نى ٚرى يلاحظح  ٔشٕائة فٙعٍ ٔخٕد يٕاد 

 .انعانٙ نهثٕنًٛٛش

 g-PVDF- انُإَٚح انًشكثاخيٍ  يصُٕعح نرحضٛش يٕاد يشكثح َإَٚح ‖Solution blending―نقذ ذى اسرخذاو ذقُٛح 

3 BaTiO انكٕتٕنًٛٛش ضًٍ انًذيدحHFP)-co-P(VDF  . 3أدٖ انرشرد انًٕحذ نهًشكثاخ انُإَٚحBaTiO-g-PVDF 

كشاتظ لإعذاد يادج انكاثٕد  اسرخذايٓاذى  انًعذج،نرٕفٛش ذطثٛق نهًٕاد انُإَٚح . فٙ انكٕتٕنًٛٛش إنٗ ذحسٍٛ الأداء انًٛكاَٛكٙ

   ٔفعانٛح انثطاسٚاخ. ٔذحسٍٛ أداءثى كزنك اسرخذاو ذقُٛح انرقٕٚى لإعذاد يٕاد رٔ تُٛح يٕحذج  انثطاسٚاخ.فٙ 

                            

  ، إقحاو، انثهًشج، انثطاسٚاخانكٓشتائٙ، ثاتد انعضل انًفهٕسجانثٕنًٛٛشاخ  ،انثاسٕٚو : ثٛراَاخالمفتاحيةالكلمات 
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General Introduction 

 

Dielectric materials with high dielectric constants have attracted significant attention in the 

recent years due to their wide range of potential applications in electronic industry, such as 

multilayer, embedded, and high energy density capacitors [1–7]. The energy density, Ue, 

characterizing the storage capacity of dielectric materials, can be defined as Ue=1/2εε0Eb
2
, 

where Eb, ε and ε0 are the electric breakdown strength, the dielectric constant and the vacuum 

dielectric constant of the materials, respectively [4,6–8]. Therefore, the energy density can be 

enhanced either by increasing the dielectric constant or increasing the electric breakdown 

strength of the materials.  

High dielectric constant can be obtained from the traditional ceramic materials such as 

BaTiO3 (BT). However, they generally suffer from relatively low breakdown strength and 

processing issues. On the other hand, polymers have numerous merits (e.g., high electric 

breakdown strength, low dielectric loss, flexibility, easy processing, and low cost) for 

dielectric applications, but the low dielectric constant (e.g., < 5-11) limits their applications in 

the next generation of energy storage devices [9]. Combining the advantages of ceramics and 

polymers namely preparing high dielectric constant ceramics-based polymer nanocomposites 

has been used as a strategy to prepare high energy density materials [2,6,7,10]. In fact, the 

unique physicochemical properties (e.g., large surface energy) of nanoparticles inevitably 

cause aggregation and inhomogeneity in the polymer matrix [11], particularly in the case of 

high nanoparticle loading. It has been well recognized that the aggregation of nanoparticles 

gives a rise to electron conduction for a high dielectric loss, very low breakdown strength and 

undesirable porosity and voids resulting in deteriorated electrical properties in polymer 

nanocomposites [12]. Typical challenges include the realization of homogeneous nanoparticle 

dispersions and the tailoring of polymer/nanoparticle interfaces. Therefore, their surface 

modification and functionalization, including coupling agents or flexible polymers [13–20], 

are powerful tools to enhance the nanoparticles-polymer compatibility, resulting in 

homogeneous dispersion of nanoparticles and thus significantly enhanced the energy density 

of the resulting nanocomposites.
 
 

Ferroelectric fluorinated polymers [e,g., poly(vinylidene fluoride), PVDF] based 

nanocomposites have received much attention for high tech applications such as high energy 

density materials because of their high dielectric constants (∼10 at 1 kHz) [6,7,21–27].
  

Despite having many potential benefits, the final properties of these nanocomposites are 
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closely associated with the material processing methods. Conventional synthesis methods 

(e.g., simple mechanical blending
 
[28] and solution mixing

 
[13]) result in undesirable electric 

properties (e.g., decreased breakdown strength).
 
Many studies have been devoted to the 

preparation and dielectric properties of the nanocomposites comprised of PVDF-based 

polymers with different surfaces modified BaTiO3 nanoparticles
 
[16,29–36]. Prateek et al. [5] 

comprehensively reviewed the use of ferroelectric PVDF binary/ ternary copolymers (e.g., 

poly(VDF-co-hexafluoropropylene) P(VDF-HFP), poly(VDF-co-trifluoroethylene) P(VDF-

TrFE), poly(VDF-co-chlorotrifluoroethylene) P(VDF-CTFE) and P(VDF-TrFE-CTFE) 

terpolymer)/BaTiO3 nanoparticles as potential components in dielectric nanocomposite 

materials for high energy density capacitor applications. However, VDF based-copolymers 

are generally immiscible with most organic and inorganic materials because of the low 

surface energy of the fluoropolymers, and the traditional strategies (e.g., solution mixing) 

used for the nanoparticles modification by hydrocarbon modifier still lead to filler 

agglomeration and voids within the final nanocomposite even with high BT loadings
 
[37]. 

To overcome this disadvantage, surface functionalization of BaTiO3 nanoparticles with 

fluorinated coupling agents (e.g., perfluoroalkylsilane
 
[16], fluoro phthalic acid

 
[32,38]),

 
and

 

fluorinated polymers (i.e., poly(2,2,2-trifluoroethyl methacrylate) [39], poly(1H,1H,2H,2H-

perfluorooctyl methacrylate) [40], poly(2,2,2-trifluoroethyl acrylate) and poly(1H,1H,2H,2H-

hepta decafluorodecyl acrylate) [41]
 

and poly(2,5-bis[(4-

trifluoromethoxyphenyl)oxycarbonyl] styrene) [4]), have been used to enhance the interface 

fluorinated modifiers/ PVDF-based polymers using blending solution. However, these 

methods, even if the interaction forces between PVDF polymers and fluorinated modified BT 

are stronger than the non-fluorinated ones, still have some limitations in realizing the full 

potential of high permittivity polymer nanocomposites because the modifiers themselves 

usually do not play a significant role in the property enhancement energy storage of the 

nanocomposites [2]. 

To realize the full potential of nanoparticles to enhance the properties of polymer 

nanocomposites, significant efforts have recently been devoted to the design and synthesis of 

core–shell polymer/nanoparticles. More recently, the preparation of structured core-shell high 

dielectric constant nanoparticles by surface initiated in-situ controlled radical polymerization 

(or RDRP) such as atom transfer radical polymerization (ATRP)
 
[39,42], and reversible 

addition-fragmentation chain transfer (RAFT) [4,43,44]
 

polymerization received much 

interest via the “grafting from” technique
 
[2,40–42]. Comparatively to conventional methods, 

this  technique provides many advantages such as : (i) the polymer shell layers coated on the 
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nanoparticle surfaces are robustly bonded on the nanoparticle surfaces (by chemical bonds), 

resulting in a strong nanoparticle/matrix interface and preventing nanoparticle aggregation; 

(ii) the nanocomposites can be directly achieved from core–shell nanoparticles using the shell 

layer as a matrix, which allows the preparation of high quality, highly filled nanocomposites 

(e.g., free of defects, such as voids and pores [12]). In addition, the nanoparticle concentration 

can be adjusted by tuning the monomer/ initiator functionalized nanoparticles feed ratio. 

Thus, the objective of this thesis work is the synthesis and characterization of well-structured 

nanocomposites based on BaTiO3 ceramics embedded within a fluoropolymer matrix for 

energy storage applications.  

To provide an overview of each chapter that follow, chapter 1 is a general state of art, which 

updates various strategies to design BaTiO3-fluoropolymer nanocomposites. It describes also 

the synthesis and properties of BaTiO3 and fluoropolymers, highlights the importance of the 

surface treatment of nanoparticles by fluorinated agents or polymers, and then reports surveys 

on the applications of such materials. 

Chapter 2 describes in detail protocols used to obtain F-polymer-grafted-BaTiO3 

nanocomposites and the instrumental techniques used to characterize the different prepared 

materials. 

Chapter 3 deals with the synthesis of a nanocomposite materials based on PVDF grafted onto 

functionalized BaTiO3 using the reversible addition fragmentation chain transfer 

polymerization (RAFT) of VDF. It demonstrates also the different analyses that enables to 

prove the successful grafting of PVDF onto the ceramic nanoparticles, namely with 
1
H and 

19
F HRMAS-NMR spectroscopy which was used for the first time to characterize such 

nanocomposites. 

Chapter 4 displays a detail study on the dielectric properties of the prepared nanocomposites 

using broadband dielectric spectroscopy, which is considered as a sensitive technique to study 

the structural properties in polymeric systems. It describes the main relaxations observed for 

the pure PVDF as well as for the prepared nanocomposites and study the effect of addition of 

such ceramic nanoparticles on the final properties.      

Chapter 5 exposes the preparation of a core double shell system consisting of PVDF-grafted-

BaTiO3 embedded within a poly(VDF-co-HFP) copolymer using a solution blending method. 

The designed films are fully characterized using spectroscopic, thermal and morphological 

analyses. Dielectric and mechanical properties are also investigated.  

Chapter 6 deals with the application of the PVDF-grafted-BaTiO3 nanocomposites as a binder 

to prepare cathode material in batteries. The effect of calendering process on the 
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electrochemical performances is also explored.   

Finally, the Conclusion summaries all the results obtained during this thesis and the 

perspectives consist on the future works regarding the enhancement of the different properties 

and other potential applications for these nanocomposites. 
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Nanocomposites for High Energy Storage:   

Synthesis, Dielectric Properties and Applications
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I.1. Introduction 

A nanocomposite is a multiphase material in which one of the components has at least one 

dimension of a nanometric scale. These nanocomposite materials can be classified according 

to their matrix group to ceramic, metal or polymer matrix nanocomposite [1].  For the last 

category that is of interests in the present review, the system consists on polymer matrix 

containing nanofillers dispersed in it, which results in outstanding properties, resulting in 

nanocomposite with high potentials [2,3]. 

In the recent years, dielectric nanocomposites with high energy density have received a great 

interest because of their wide range use in several applications such as electronic industry [4–

9]. Generally, the energy density of a dielectric material can be illustrated as   
 

 
        

  

where                 the permittivity of the free space (8.854 ×10
-14

 F/cm), relative 

permittivity and electric breakdown strength, respectively. Thus, obtaining high energy 

densities can be achieved either by increasing the relative permittivity and/or the electric 

breakdown strength of the material. Great efforts have been made to achieve both high 

dielectric permittivity and high breakdown strength. In fact, high permittivities could be 

obtained with ceramic nanoparticles and the most studied one is BaTiO3 (~3000) [10–15], 

while high breakdown strength could be achieved with polymers like PVDF and VDF-

copolymers (5000 KV/cm) [16–18]. By combining both these materials, a high energy density 

nanocomposite could be obtained. So far, a large number of polymers have been used in the 

synthesis of dielectric nanocomposites by introducing BaTiO3 nanoparticles into 

fluoropolymer matrices (e.g., PVDF [19–21], and VDF copolymers such as poly(vinylidene 

fluoride-co-trifluoroethylene) poly(VDF-co-TrFE) [22], poly(vinylidene fluoride-co-

chlorotrifluoroethylene) poly(VDF-co-CTFE),[23] poly(vinylidene fluoride-ter-

trifluoroethylene-ter-chlorofluoroethylene)) or non-fluoropolymer matrices (e.g., poly(methyl 

methacrylate) (PMMA)[24] or poly(glycidyl methacrylate) (PGMA) [25]). Actually, PVDF 

and VDF copolymers have received particular attention due to the fact that they present the 

highest dielectric constants among all polymeric materials (6-12) thanks to the strong C-F 

dipole moment [26–28]. 

Apart from the polymeric matrix and the ceramic nanofiller, the interface between the 

different components plays a major role in the dielectric properties. Thus, it is considered as a 

third phase in the nanocomposite system [29]. Todd et al. [30] developed a model called the 

―interphase power law‖ in order to study the complex permittivity of the composite system. 
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To do so, this model uses the permittivities and the volume fractions of the filler, polymer and 

the interface region. The suggested model provides insight into the role of the interface and its 

effect on dielectric permittivity. Tanaka et al. [31] proposed a model to understand the 

dielectric properties of a nanocomposite material (Figure 1). They considered that the 

interface of a spherical inorganic nanoparticle embedded into a polymer matrix consists on 

three layers: 

(i) The bonded layer (~ 1 nm): this layer corresponds to a transition layer where the 

polymer and the nanoparticles are bonded by coupling agent such as a silane. 

(ii) The bound layer (several nm): called also the interfacial layer, where the polymer 

chains are strongly bounded and/or interacted to both the bond layer and the nanoparticle 

surface. 

(iii) The loose layer (several tens of nm): this region has a poor interaction with the second 

layer.  

 

Figure 1.  Multi-core model for nano-particle – polymer interfaces. Reproduced with 

permission from [31]. Copyright 2005 IEEE Xplore Digital library. 

Thus, the interfacial region between the nanoparticles and the polymer must be considered 

since it contributes in the dielectric properties of the nanocomposite. Therefore, in addition to 

the choice of the nanoparticle and the polymer matrix, the selection of an appropriate pre-

treatment of nanoparticles is crucial to obtain high energy density nanocomposites.  

This review summarizes the recent work established on nanocomposites based on barium 

titanate (BT) as a filler and fluoropolymer as a matrix. After reminding the synthesis and 

properties of BT and fluoropolymers in the two first parts, the different strategies used to 

produce such nanocomposites are summarized in a third one. The fourth section highlights the 
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importance of the surface treatment of nanoparticles by fluorinated agents or polymers, and 

then reports surveys on the design of nanocomposites made by one core of BT and double 

shell of polymer named as ―core@double shell‖ system. The fifth part will cover the 

applications followed by the conclusion and perspectives. 

I.2. BaTiO3 ceramic fillers 

I.2.1. Structure and crystallization 

Barium titanate (BT) is one of the best ferroelectric ceramic and a good candidate for a wide 

range of applications due to its excellent dielectric, ferroelectric and piezoelectric properties 

[32,33]. It is also a dielectric material that belongs to the group having a structure of 

perovskite material of chemical formula A(II)B(IV)O3, whose crystalline structure is a face 

centered cube [34]. The divalent ions occupy the top corner of the cell while the tetravalent 

ions are placed at the center of the cube whereas O
2-

 ions are located at the center of each face 

(Figure 2a). However, as the temperature decreased, crystallographic changes in BaTiO3 

occur and it goes through successive phase transitions: it undergoes a paraelectric to 

ferroelectric transition to a tetragonal structure at 120 °C (Curie temperature, Tc), it is 

orthorhombic between -90 and 5 °C and, finally, it is rhombohedral below -90 °C (Figure 2b) 

[35,36]. 

 

Figure 2. (a) Unit cell of BaTiO3. Reproduced with permission from [32]. Copyright 2008 

American Chemical Society, and (b) Barium titanate dielectric constant as a function of 



 
27 

 

temperature. Reproduced with permission from [37]. Copyright 2012 IEE Xplore Digital 

Library. 

I.2.2. Synthesis of Barium titanate 

BaTiO3 presents a wide range of applications in the field of electronics thanks to its high 

dielectric permittivity [38–41]. In order to achieve the desired properties and practical 

applications, the quality of the BaTiO3 powders is very important, which depends strongly on 

their synthesis method. Several routes to prepare BT have been reported by different authors, 

mentioned below.  

I.2.2.1. Hydro/solvothermal synthesis 

The hydro- or solvothermal method is a wet chemical preparation of BaTiO3 powder that 

involves solutions, gels or suspensions subjected to temperatures and pressures ranging from 

room temperature to 1000 °C and from atmospheric pressure to 100 MPa, respectively [42–

44]. The chemical synthesis utilizes the reaction of Ba(OH)2 and a titanium source, according 

to reaction 1.  

  (                                                      (   

The synthesis process is carried out in stainless steel autoclave without any agitation, under 

heating and pressure. The final material exhibits different properties depending on the 

experimental conditions. As an example, Hao et al. [45] synthesized monodispersed BaTiO3 

and studied the effect of different parameters on the growth-up mechanism of BaTiO3 

nanocrystals. Temperature, considered as the most important factor that influences the 

reaction, was studied and it was found that the increase of temperature leads to a decrease of 

grain size of BaTiO3 nanopowders. However, the opposite effect was observed with the 

concentration. The grain size of nanopowders was found to decrease by decreasing the 

concentration, as it was shown by SEM (Figure 3).    
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Figure 3. TEM images of the BaTiO3 nanoparticles synthesized at 180 °C for 12 h at the 

concentration of (a) 3 mol/L, (b) 1.5 mol/L, (c) 0.75 mol/L. Reproduced with permission of 

[45]. Copyright 2013 The Ceramic Society of Japan.   

 I.2.2.2. Solid state synthesis 

The solid state is considered as the most conventional synthesis method that can be achieved 

from reaction between TiO2 and BaCO3 (equation 2). To get BaTiO3, the reactants are first 

mixed in order to reduce agglomerate and promote their homogeneity, then, are subjected to 

high temperatures in the region of 1000 °C [46–48].   

                                                       (   

However, this method produces relatively coarse and agglomerated particles, which is not 

suitable for most applications. In order to get fine-grained powders, alternative processing 

methods have been developed with chemical routes using non-oxide precursors [49,50].  

I.2.2.3. Sol-gel synthesis 

Barium titanate could be also synthesized using sol-gel method to yield a crystalline material 

at much lower temperatures than usually required for solid-state reactions [51]. This method 

involves the use of hydrolysis to form gels from metal oxides before subjecting them on a 

post processing to obtain high purity BaTiO3 [52–54]. As shown in Table 1, different starting 

materials could be used to obtain BaTiO3. Mazdiyasni et al. [55] used barium isopropoxyde 

derived from high purity Ba metal, while Flaschen et al. [56] involved Ba(OH)2. However, it 

is found that high purity Ba (99.99 %) could be achieved by using barium isopropoxyde as a 

starting material [52]. 
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Table 1. Comparison of Starting Materials for the Synthesis of Barium Titanate. Reproduced 

with permission of [57]. Copyright 1988 American Ceramic Society.  

Starting materials Comments 

BaCO3 and TiO2 High-temperature process; lower purity; 

cheaper raw materials 

Ba(OH)2 and Ti(OC3H7)4 Ba alkoxide not required 

BaO-derived precursor and Ti(OC3H7)4 Reaction chemistry uncertain; effect of 

impurities needs to be studied 

Ba-derived Ba(OC3H7)4  and 

Ti(OC3H7)4 

Ultrafine, stoichiometric and high-purity 

powders are obtained; expensive reagents 

needed.  

 

I.2.3. Dielectric properties  

The properties of ferroelectric materials are closely related to their crystalline structure, which 

can be closely related to their size [58–60]. Indeed, the permittivity of the ferroelectric 

ceramic is also strongly dependent on the size of the grains. Zhao et al . [61]  reported the 

effect of grain size of BaTiO3 on its dielectric permittivity. Figure 4 shows the variation of the 

dielectric permittivity of BaTiO3 particles at different sizes. At 1200 nm, the profile is similar 

to the bulk material with a curie temperature (Tc) of about 120 °C, associated with a sharp 

transition from ferroelectric to paraelectric phase and εmax up to 5000. When the particle size 

decreases to 300 nm, the Tc decreases with a wider phase transition and a Ɛmax around 3500. 

Finally, at 50 nm, no phase transition was observed and εmax goes below 1000. 
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Figure 4. Relative dielectric constant and tan δ at 10
4
 Hz as a function of temperature of 

BaTiO3 using different sizes (50-1200 nm). Reproduced with permission of  [61]. Copyright 

2004 American Physical Society.  

Another factor that influences the dielectric permittivity of BaTiO3 is the porosity. The effect 

of this parameter on dielectric properties was studied by Hsiang et al. [62] In fact, previous 

models have been reported (e.g., Niesel‘s equation [63] and Maxwell relationship [64]), 

assuming that the dielectric constant of a matrix phase (BaTiO3) for  porous ceramics to be 

constant while the effect of pores on dielectric constant can be neglected. Figure 5 exhibits the 

dielectric constant of BaTiO3 ceramics for different porosities. It was concluded that for 

porosity below 10 %, the experimental results were consistent with the values obtained from 

theoretical models. However, when the porosity was greater than 10 %, a deviation between 

the experimental and theoretical values was found [62]. 
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Figure 5. Values of dielectric constant of BaTiO3 at room temperature for different porosities. 

Reproduced with permission of [62]. Copyright 1995 Japan Society of Applied Physics.   

However, when the ceramic filler is added to a polymer matrix, the dielectric permittivity will 

depend on the dielectric properties of both phases. In fact, various models have been 

developed to predict the dielectric permittivity of composite material [65–67]. Maxwell-

Garnet Equation is valid for a composite system with spherical particles and low filler 

loading. It can be expressed by equation (3): 

     *  
   (      

  (     )     
+                              (   

         

where      is the effective permittivity of the composite material,    and    correspond to the 

permittivities of the filler and polymer, respectively, whereas    and    stand for the volume 

fractions of filler and matrix, respectively. In fact, this model neglects the effect of the 

interphase between the filler and polymer matrix and this assumption will be valid for a 

micro-scale composite [67]. However, for nanocomposites materials, the effect of the 

interphase could not be longer negligible and must be taken into account.  

Vo and Shi [68] proposed a model to describe the effect of the interphase region on the 

dielectric permittivity of the nanocomposite, taking into account the dielectric permittivities 

and volume fractions of polymer, nanofiller and interphase. The used relationship to model 

the effective permittivity for nanocomposite materials containing three components (matrix, 

interphase region, and filler) can be supplied by equation (4):  
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              stand for the dielectric permittivities of the ceramic nanoparticles, interphase 

and polymer matrix, respectively.    represents the volume fraction of ceramic nanofillers, 

while k is the interphase volume constant, that reflects the matrix/filler interaction strength, 

where a value of zero designates an insignificant filler-matrix interaction, while positive 

values indicate the presence of strong interactions [68].  
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I.3. Strategies of the design of core-shell BaTiO3@polymer/Fluorinated polymer 

nanocomposites 

The role of the polymer matrix is to receive the nanoscale reinforcements to provide the 

strength in the structure, to improve the properties, and to give the desired shape to the 

nanocomposite. Thus, these polymer shells will have a great effect on the physical properties 

of the nanocomposites including its dielectric permittivity. The best case is that the polymer 

shells exhibit high dielectric permittivity and a good compatibility with the nanofiller, 

resulting in significantly enhanced energy density of the resulting nanocomposites. Actually, 

the most studied polymer matrices are fluorinated polymers that display dielectric constants of 

about 10 at 1 kHz (Table 2) [69–72]. Although having many benefits, the final properties of 

the nanocomposite will not only depend on the constituting materials but also on the 

processing methods. Actually, different strategies are used to prepare polymer-based BaTiO3 

nanocomposite, as shown in Scheme 1. 

Generally, there are different synthetic strategies to get such nanocomposites, including hot 

pressing [73] , spin coating [74] and melt stretching [75,76] (Scheme 1-b). However, before 

combining the inorganic fillers with the organic polymer matrix, surface functionalization of 

the ceramic must be conducted in a first place. Actually, this surface modification is a crucial 

step in the synthesis process by allowing good compatibility and dispersion of ceramic 

nanofiller into polymer matrix (Scheme 1-a). Thus, the first step aims to chemically modify 

BaTiO3 surface using the ―grafting from‖, ―grafting onto‖ or blending process. The first 

strategy relies on the formation of the nanocomposites by means of controlled radical 

polymerization or reversible deactivation radical polymerization (RDRP) of monomers on 

initiator-functionalized nanoparticle surfaces. The second one consists of the formation of 

nanocomposites by grafting the pre-prepared polymer chains onto the nanoparticles surface 

via a reaction between the polymer end-groups and the functional groups on the nanoparticle 

surfaces. The last technique considers the formation of the nanocomposite by a simple casting 

or blending using the prepared polymer. These processes yield BaTiO3 surface modified with 

polymer labeled as BaTiO3@polymer. 
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Scheme 1. Schematic illustration of (a) the surface modification of BaTiO3 and (b) the 

synthesis process of BaTiO3 based polymer nanocomposites, where X stands for -Br (Atom 

transfer radical polymerization, ATRP); –SC(S)Z  (Reversible addition fragmentation chain 

transfer agent polymerization, RAFT), Y stands for alkyne, R stands for Azide (click 

chemistry), while C is assigned to coupling agent (e,g; silane agent, dopamine, phosphonic 

acid…) .  

In order to further improve the final properties of the prepared nanocomposites, the core-

double shell approach could be used. It consists of a simple blending of BaTiO3@polymer 

with a second polymer shell yielding a nanocomposite labeled as core-double shell system. 
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The final nanocomposites could be then achieved by further processing such as hot pressing, 

spin coating and melt stretching (Scheme 1-b). 

The most relevant routes reported in the literature for the design of core-shell 

BaTiO3@polymer/Fluorinated polymers nanocomposites (Scheme 1-b) are solution blending 

or solution mixing between modified BaTiO3 core (BaTiO3@polymer) and fluorinated 

polymers as the shell. The materials obtained by casting were molded by hot pressing to 

prepare the sample films for mechanical, dielectric, and thermal properties.  

However, melt-stretching and hot-pressing have also been used for the preparation of core-

shell nanocomposites. In fact, Ghallabi et al. [77] reported the development of three-phase 

composites with carbon nanotube (MWCNT) and BaTiO3 nanoparticles embedded into PVDF 

(BaTiO3@(MWCNT) /PVDF nanocomposites) using Haake blending mixer and pressed by 

hot-molding technique. Ferri et al. [75] also reported the characterization of the nanoscale 

piezoelectric and ferroelectric behavior of stretched BaTiO3/PVDF nanocomposites by means 

of the piezoelectric force microscopy (PFM) technique. First, BaTiO3 was functionalized with 

nitrodopamine (NTD) leading to BaTiO3@NTD modified structures. Then, the 

nanocomposites with functionalized nanoparticles and PVDF (labelled BaTiO3@NTD/PVDF) 

were elaborated by blending solution in DMAc solvent. The material obtained by casting was 

then melt-compounded using a twin-screw micro-extruder and compression molded into a 

film of 100 μm thickness. The samples were stretched at a draw temperature of 90 °C up to a 

strain ε=100 % to promote the PVDF polar β crystal phase and thus enabled the polymer to 

display a piezoelectric response. Indeed, You et al. [76] reported another route of 

nanocomposites preparation by coupling in-situ polymerization and hot-stretching techniques. 

First, the polyaniline (PANI) functionalized barium titanate labelled BaTiO3@PANI 

nanoparticles were prepared by in-situ polymerization of aniline monomer in the presence of 

BaTiO3. Then, polyarylene Ether Nitrile (PEN)-based nanocomposite films with 40 wt% pure 

BT and BaTiO3@PANI functionalized nanoparticles were prepared.  
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Table 2. Dielectric properties of different polymers. Reproduced with permission of [78]. 

Copyright 2016 American Chemical Society.  

Polymers Dielectric 

constant 

(1 kHz) 

Loss tangent 

(1 kHz) 

Dielectric 

strength (kV/cm) 

 

LDPE 2.3 0.003 308.9  

high-density polyethylene (HDPE) 2.3 0.0002−0.0007 222.9  

BOPP 2.2 0.0002 7500.0  

Polystyrene 2.4−2.7 0.008 2000.0  

poly(ethylene terephthalate) (PET) 3.6 0.01 2750.0−3000.0  

PMMA 4.5 0.05 2500.0  

polyvinyl chloride (PVC) 3.4 0.018 400.0  

polyetheretherketone (PEEK) 4 0.009 (100 

kHz) 

  

poly(phthalazinone ether ketone) 3.5 0.0063 4700.0  

polycarbonate (PC) 

 

3.0 0.0015 

(1000 kV/cm) 

2520.0 

 

 

 

Epoxy 4.5 0.015 250.0−450.0  

PVDF 10-12 0.04 1500.0−5000.0  

P(VDF-TrFE) [79] 11 0.08 770.0  

P(VDF-TrFE-CFE) [79,80] 21-55 0.09-0.1 59.0-660.0  

PTFE 2 0.0001 880.0−1760.0  

PDMS 2.6 0.01 660.0  

Polyimide 3.5 0.04 2380.0  

Polyurethane 4.6 0.02 200.0  

polyvinyl alcohol 12 0.3 1000.0  

Aromatic 

polyurea(poly(diaminodiphenylmeth

ane diphenylmethane diisocyanate) 

[p(mda/mdi)] 

4.2 0.005 8000.0  

 

I.4. Structure and properties of core-shell BaTiO3@polymer/Fluorinated polymer 

nanocomposites 

I.4.1. Fluoropolymer matrix 

Because of their widespread use in many applications, fluoropolymers present a number of 

interesting properties including high thermal stability, hydrophybicity, improved chemical 

inertness and low surface tension [81–84]. Recently, many fluorinated polymers and 
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copolymers have been widely used to the synthesis of BaTiO3 based nanocomposites, 

including PVDF and VDF copolymers (Table 3) [20,27,85–90]. 

Table 3. Chemical structures of the most used fluoropolymers in dielectric nanocomposites. 

Polymer Chemical structure 

Poly(vinylidene fluoride): PVDF 

 

Poly(vinylidene fluoride-co-

hexafluoropropylene) 

Poly(VDF-co-HFP)  

Poly(vinylidene fluoride-ter-

trifluoroethylene-ter- 

chlorotrifluoroethylene): poly(VDF-ter-

TrFE-ter-CTFE) 

 

 

Polyvinylidene fluoride is a semi-crystalline polymer, which contains 59.4 wt % of fluorine 

and 3 wt % hydrogen atoms [26]. It presents a complex structure that may exist in five 

different crystalline phases and the most investigated ones are: α, β and γ phases (Figure 6) 

[91]. Although each phase exhibits various properties, β phase was found to be the most 

interesting polymorph of PVDF for technological applications thanks to its piezoelectric, 

pyroelectric and ferroelectric properties that originate from the orientation of the strong dipole 

in –CH2-CF2 units along the polymeric chains [26]. 

 

Figure 6. Schematic illustration of three crystalline phases of PVDF. Reproduced with 

permission of [91]. Copyright 2014 Elsevier.  
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In order to improve the properties of PVDF and expand its field of applications, several works 

have been reported on the use of VDF copolymers [26,72,92] or even mixed with ceramics to 

form nanocomposite systems [93,94]. For example, poly(vinylidene fluoride-co-

hexafluoropropene) poly(VDF-co-HFP), has been mostly used in Li-ion batteries as polymer 

electrolyte or even in production of membranes [95–97]. This interest arises from the fact that 

this copolymer is chemically inert and exhibits a lower crystallinity compared to PVDF [98]. 

Claude et al. [18] prepared poly(VDF-ter-TrFE-ter-CTFE) terpolymer from the radical 

copolymerization of VDF and CTFE followed by the reductive dechlorination of CTFE units. 

Table 4 shows that the introduction of 3.9 mol % of TrFE and 22.5 mol % of CTFE into the 

PVDF matrix decreases the crystallinity and melting temperature from 50-70% and 155-198 

°C for PVDF to 14.4 % and 38 for poly(VDF-ter-TrFE-ter-CTFE) terpolymer. 

Table 4. Structural Characteristics of the prepared VDF- based ferroelectric co- and 

terpolymers. Reproduced with permission of [18]. Copyright 2008 American Chemical 

Society.  

 Composition (mol %)    

Polymer VDF TrFE CTFE χc (%) Tm (°C) εr 

1 73.6 0 26.4 7.2  14.1 

2 73.6 3.9 22.5 14.4 37.8 16.4 

3 73.6 9.2 17.2 17.1 72.5 24.1 

4 73.6 11.9 14.5 18.0 86.7 24.0 

5 73.6 18.3 8.1 24.2 121.0 14.7 

6 73.6 19.3 7.1 28.6 127.0 14.2 

7 73.6 26.4 0 35.4 163.0 10.4 

                                                                                                  

Moreover, the highest permittivities were found in polymers 3 and 4 (Table 4) which indicate 

the effect and also the importance of molecular composition of terpolymers on the final 

properties of the system. Soulestin et al. [92] reviewed the synthesis and properties of 

poly(VDF-ter-TrFE-ter-Monomer) terpolymers. The influence of polymerization strategies 

and types of termonomers used on the final properties were also discussed. It was concluded 

that CTFE and CFE are among the most used comonomers since they affect efficiently the 

crystalline lattice of poly(VDF-co-TrFE) terpolymers. Moreover, this terpolymer is 

considered to be one of the most promising materials thanks to its higher polarization, which 

is one of the most important features of ferroelectric polymers. Cho et al. [99] reported the 

formation of the β-phase in a poly(VDF-ter-TrFE-ter-CTFE) film (PVDF:TrFE:CTFE = 



 
39 

 

62:31:7 in mol%) by solution annealing process at room temperature, by crystallizing the 

polymer below the curie temperature (Figure 7). This method led to polymeric films with 

enhanced ferroelectricity compared to a thermally annealed one.  

 

Figure 7. Illustration of the formation of the α and β phases formed using thermal and solvent 

annealing, respectively. Annealing at a temperature below the curie temperature, using 

solvent annealing, forms a β-phase dominant film whereas a thermal annealing above the 

phase transition temperature forms an α-phase dominant film. Reproduced with permission of 

[99]. Copyright 2016 Wiley.  

I.4.2. Surface modification of BaTiO3 

Barium titanate nanoparticles are often used as ceramic fillers for polymer matrix composites 

because they are one of the most commercially available high dielectric constant-materials. 

However, since untreated BaTiO3 nanoparticles tend to form agglomerates, the good 

dispersion of the nanoparticle fillers into the polymer matrix and the compatibility between 

them are always the important factors conditioning the performances of the nanocomposites. 

Thereby, the surface functionalization is a crucial feature.  

I.4.2.1. Modification of BaTiO3 with fluorinated agent 

So far, several strategies have been proposed to prevent aggregation of BaTiO3 nanoparticles 

inserted into the polymer matrix, including surface hydroxylation [100], phosphonic acid 

[74,101], dopamine [102,103] and coupling agents [104–106]. In order to highlight the 

importance of the hydroxylation step, Zhou et al. [100] reported a comparison between the 

dielectric properties of a nanocomposite based on a PVDF polymer matrix and raw (c-BT) or 

hydroxylated (h-BT) BaTiO3 nanoparticles. The results showed that nanocomposites made by 

hydroxylated nanoparticles display a low temperature and frequency dependence. This 

suggests that the strong interactions between h-BT fillers and PVDF matrix is the main reason 
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for improving dielectric properties. Dalle Vacche et al. [106] studied the effect of surface 

modification of BaTiO3 with (3-aminopropyl) triethoxysilane (APTES) as a silane coupling 

agent on properties of poly(VDF-co-TrFE)/BaTiO3 composites. The modified particles were 

well-dispersed in the polymer matrix than that of the unmodified ones leading to reduced 

aggregate and enhancing the compatibility with the poly(VDF-co-TrFE) matrix. In another 

work, Kim et al. [107] reported that surface modification of BaTiO3 with phosphonic acid 

formed well-ordered nanoparticles into poly(VDF-co-HFP) matrix leading to high dielectric 

constant (ε = 43) and high breakdown strength (210 V µm
-1

).  

However, in order to get better interfacial interactions between the nanofiller and the 

fluoropolymer, fluorinated modifiers are more preferred as they contain fluorine atoms in 

their end chains. To study the influence on the compatibility with fluorine polymers, Ehrhardt 

et al. [108] used n-octyl phosphonic acid (OPA) and pentafluorobenzylphosphonic acid 

(PFBPA) to modify the surface of BaTiO3. The phosphonic acid coated BaTiO3 were then 

dispersed in solutions of poly(VDF-co-HFP) copolymer to form nanocomposites by spin 

coating technique.  Results show that the phosphonic acid with a fluorinated organic host 

gives rise to a slightly increased of relative permittivity of the resulting composite materials 

compared to the one containing n-octyl phosphonic acid (Figure 8). This suggests that 

pentafluorobenzylphosphonic acid provides a better chemical compatibility with poly(VDF-

co-HFP).  

 

Figure 8. Relative permittivity of BT/Poly(VDF-co-HFP) composite films prepared with 30 

vol.% BaTiO3 coated with pentafluorobenzyl phosphonic acid (BT-PFBPA) and 
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octylphosphonic acid (BT-OPA). Reproduced with permission of [108]. Copyright 2013 

Elsevier.   

PFBPA was used in another survey to modify BaTiO3 surface. For example, Kim et al. [74] 

utilized pentafluorobenzylphosphonic acid (PFBPA) to functionalize BaTiO3 surface before 

adding poly(VDF-co-HFP), to form nanocomposite by spin coating the dispersions on 

aluminum coated glass substrate (Figure 9).  

 

Figure 9. Illustration of surface modification of BaTiO3 with PFBPA. Reproduced with 

permission of [74]. Copyright 2009 American Chemical Society.  

Authors reported the surface modification of BaTiO3 with PFBPA formed homogenous 

dispersion into the polymeric matrix and therefore uniform nanocomposite thin films.  

Zhang et al. [109] used (1H,1H,2H,2H-perfluorooctyltrimethoxysilane) to introduce a short 

perfluoroalkyl chain onto the surface of BaTiO3 nanofibers by chemical reaction between the 

HO- groups of the oxydized surface of BT and methoxy groups of the fluorinated silane. 

Then, the modified nanoparticles were incorporated into PVDF by solution blending (Scheme 

2). The results indicate that the fluorosilane modified BaTiO3 nanofiber results in a strong 

interchain interaction with PVDF matrix and improved the interface compatibility between 

the functionalized filler and the fluoropolymer.   
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Scheme 2. Schematic illustration of the preparation of PVDF/BT nanocomposite. Reproduced 

with permission of [109]. Copyright 2014 Elsevier 

In another work, Yu et al. [110] reported the preparation of PVDF/BT nanocomposites. The 

nanoparticles were firstly modified with tetrafluorophtalic acid, then incorporated into PVDF 

matrix by a solution casting method. Figure 10 displays the surface modification process of 

BT with tetrafluorophtalic acid and the effects on the modification on the PVDF/BT 

nanocomposite. The fluorinated acid reacts with the hydroxyl groups already present onto the 

surface of BT using its alkoxy chains. Thanks to its fluorinated aryl groups, the modified BT 

exhibits good compatibility with PVDF, improves the dispersion of BT and introduces more 

space charges in the polymer which results in generation of passivation layers, and thereby 

enhancing the breakdown strength of the nanocomposite.    
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Figure 10. Schematic of surface modification processing of BT nanoparticles (a) and the 

effects of surface modified BT nanoparticles in BT/PVDF nanocomposites (b), (c), and (d). 

Reproduced with permission of [110]. Copyright 2013 American Institute of Physics.  

Wang et al. [111] prepared BT/poly(VDF-co-HFP) nanocomposites by a solution casting 

method. The BaTiO3 nanoparticles were first functionalized with fluoro-polydopamine via a 

spontaneous self-polymerization upon the surface of BaTiO3 nanowires (Figure 11), then, a 

desired amount of modified BT was inserted into poly(VDF-co-HFP) matrix. It was found 

that by anchoring a long fluorinated chain upon the dopamine, the resulting fluoro-dopamine 

modified BT presented homogenous distribution in the polymer matrix, suggesting an 

excellent compatibility with the fluoropolymer matrix. Moreover, the fluoro-dopamine shell 

layers improved the dispersion of nanowires and thus increases the affinity with the polymer 

matrix, resulting in enhanced dielectric permittivity and breakdown strength.  
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Figure 11. Schematic illustration of the preparation process for fluorinated-DOPA@BaTiO3 

NWs. Inset is a photograph of a mussel. Reproduced with permission of  [111]. Copyright 

2017 American Chemical Society.  

I.4.2.2. Modification of BaTiO3 with polymer prepared by 

“Grafting from” route 

I.4.2.2.1. PMMA@BT 

Wang et al. proceeded to BaTiO3 functionalization with PMMA using ATRP polymerization 

[112]. The nanoparticles were first coated with tetrameric metallophthalocyanine (TMPc), 

from which PMMA brushes are grafted. In order to make a comparison, composites without 

the TMPc interfacial layer were also synthesized. The particle size and size distribution of the 

resulting nanocomposite were studied (Figure 12). It was found that by increasing the feed 

ratio of MMA from 5.2 to 18 wt %, the hydrodynamic diameter (Dh) for BTO@TMPc-

PMMA particles increased from 109 nm to 186 nm, proving the succefull grafting of PMMA 

onto coated BaTiO3. 
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Figure 12. DLS hydrodynamic diameter (Dh) distribution for (A) BTO@TMPc-PMMA and 

(B) BTO@R2c-PMMA nanoparticles in DMF. The maximum light scattering intensity is 

normalized to 100%. Reproduced with permission of  [112]. Copyright 2014 Wiley.  

I.4.2.2.2. PTFEMA or PMMA@BT 

Zhang et al. [113] prepared a core shell structured nanocomposites with different shell 

composition and shell thickness by grafting the polymer onto BT surface using ATRP 

polymerization. Methyl methacrylate (MMA) and 2,2,2-trifluoroethyl methacrylate (TFEMA) 

were used and two different amounts of these monomers were adopted (Table 5).  

Table 5. Summary of grafted polymer contents measured by TGA under nitrogen atmosphere. 

Reproduced with permission of [113]. Copyright 2017 Elsevier.  

Samples Feed ratio of monomer to 

BT-Br (w/w) 

Weight loss of grafted 

polymer (%) 

BT-Br -- 1.5 

BT@PMMA1 1:1 7.0 

BT@PMMA2 2:1 9.5 

BT@PTFEMA1 1:1 3.0 

BT@PTFEMA2 2:1 3.5 

 

The different analyses performed on the nanocomposites evidenced the successful grafting of 

both PMMA and PTFEMA onto BT surface. TGA results showed that by increasing 
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monomer feed ratio, the grafted mass of the two polymers increased, which indicate that the 

grafted polymer content can be controlled by varying the monomer: initiator molar ratio (for 

example, by increasing the feed ratio of monomer: initiator from 1:1 to 2:1, the weight loss of 

PMMA increases from 5.5 % to 8.0 %).  Moreover, Figure 13 exhibits the shell thickness of 

the polymer covering BT surface increases by increasing the monomer feed ratios from 7 nm 

to 12 nm for PMMA and from 4.5 nm to 5.5 nm for PTFEMA.  

 

Figure 13. TEM images of the BT@polymer nanoparticles: (A) BT@PMMA1, (B) 

BT@PMMA2, (C) BT@PTFEMA1 and (D) BT@PTFEMA2. Reproduced with permission of 

[113]. Copyright 2017 Elsevier. 

I.4.2.2.3. PPFOMA@BT 

Zhang et al. [114] prepared a core shell nanocomposite by grafting 1H,1H,2H,2H-

perfluorooctyl methacrylate (PPFOMA) onto BT using ATRP polymerization. First, 

nanoparticles were treated by hydroxylation, silylation and amidation to anchor the ATRP 

initiator, then PPFOMA polymer chain was grafted from the initiating sites (Scheme 3). At 

high PPFOMA feed ratios, the nanoparticles could be suspended in the solvent overnight 

without precipitation. This suggests that the functionalization of BT nanoparticles with 

PPFOMA polymer chains leads to a better dispersion of the composite particles. In addition, 

the dielectric properties of nanocomposites were studied. The dielectric constant (ε) increased 

significantly by increasing the BaTiO3 fraction in the nanocomposite and reached 7.4 (for a 

fraction of 71 wt% in BaTiO3), which is 3 times higher than that of PPFOMA (ε=2.6). 
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Scheme 3. Preparation of PPFOMA@BaTiO3 by SI-ATRP of 1H,1H,2H,2H-perfluorooctyl 

methacrylate (PPFOMA). Reproduced with permission of [114]. Copyright 2013 Elsevier.  

I.4.2.2.4. PtBA@BT 

Du et al. [115] used poly(tert-butyl acrylate) (PtBA) to functionalize  BT surface by ATRP 

polymerization (Figure 14). The first step dealt with the hydroxylation of BT surface by 

hydrogen peroxide in order to create –OH groups on their surface. The second and third steps 

consisted of the grafting of silane and bromine agents to obtain ATRP initiating sites, 

respectively. The last step was the polymerization of tBA from functionalized nanoparticles. 

Theses authors reported that the PtBA functionalized nanoparticles reduce the surface energy 

of the nanoparticles and avoid aggregation leading to a better dispersion and homogenous 

nanocomposites. 
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Figure 14. Preparation process and characterizations of the nanoparticles with core-shell 

structure. a) Schematic diagram illustrating the preparation process of the BaTiO3-PtBA by 

ATRP of tert-butyl acrylate. b) FT-IR spectra of the BaTiO3 at various stages of treatment. c) 

TGA thermogramms for pure BaTiO3 and BaTiO3-PtBA with different polymer shell 

thicknesses. d-f) TEM images of the core-shell structured BaTiO3-PtBA nanoparticles (scale 

bar 50 nm). Reproduced with permission of [115]. Copyright 2018 American Chemical 

Society.  

I.4.2.2.5. PGMA@BT 

Ejaz et al. [25] prepared core-shell nanocomposites via ATRP polymerization through two 

steps: i) immobilization of initiator sites onto BaTiO3 surface and ii) ATRP polymerization of 

glycidyl methacrylate (GMA). The dielectric permittivity of PGMA and PGMA@BT 

nanocomposite decreases as the frequency increases from 100 Hz to 1 MHz (Figure 15). At 

room temperature, the nanocomposite displays a very high permittivity (54 at 1 kHz) which is 

10 times higher than that of PGMA (5.3 at 1 kHz). This enhanced permittivity is related to the 

good dispersion of the ceramic fillers into the polymer matrix. 
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Figure 15. (1) Synthesis of BaTiO3-PGMA core-shell nanocomposites by SI-ATRP of  

glycidyl methacrylate (GMA) from BaTiO3 nanoparticles. (2)  Frequency dependent dielectric 

properties at 100 -1 MHz: (a) PGMA and (b) BaTiO3-PGMA nanocomposite. Reproduced 

with permission of [25]. Copyright 2015 Wiley.  

 I.4.2.2.6. PHEMA-b-PHEMA@BT or PHEMA-b-PANa@BT 

 Huang et al. [116] prepared a well- defined core@shell structured nanocomposites by ATRP 

polymerization of (meth)acrylates. Since the resulting polymer in ATRP is still ―living‖ after 

polymerization, it can reinitiate the polymerization of a second monomer to further yield 

block copolymers. Thus, a double shell polymer was grafted onto the first core@shell 

(Scheme 4). Three types of (meth)acrylate monomers were used: poly(methyl methacrylate)  

(PMMA), poly(2-hydroxyethylmethacrylate) (PHEMA) and poly(sodium acrylate) (PANa).  
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Scheme 4. Diagram illustrating the preparation processes of BT@shell structured 

nanocomposites. Reproduced with permission of [116]. Copyright 2016 American Chemical 

Society.  

The first shell was chosen to display both high dielectric permittivity and electrical 

conductivity to provide high polarization, while the second one was selected to be more 

insulating to maintain a large resistivity and low loss. Figure 16 exhibits the measured DC 

conductivity of neat polymers and core@shell structured BT nanocomposites. It can be 

clearly seen that the PHEMA exhibits a higher conductivity than that of PMMA. This high 

value comes from the fact that PHEMA presents highly polar –OH groups making it more 

sensible to impurities like water or ions, which increase its conductivity. Indeed, 

BT@PHEMA@PMMA is close to that of BT@PMMA, while that of PMMA/PHEMA 
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mixture presents a conductivity close to that of PHEMA. This could indicate the successful 

grafting of the polymer shell, and the more conductive PHEMA shell being well-isolated by 

the less conductive PMMA.   

 

Figure 16. The measured dc conductivity of neat polymers and BT@shell structured 

nanocomposites under a dc voltage of 10 V. Reproduced with permission of [116]. Copyright 

2016 American Chemical Society.  

I.4.2.2.7. PMMA@BT/ PGMA@BT/PHEMA@BT 

Zhu et al. [73]  prepared three kinds of polymer nanocomposites using core@shell structured 

polymer@BT nanoparticles. BaTiO3 nanofillers were functionalized with PMMA, PGMA and 

PHEMA by RAFT polymerization, where the polymer shells were controlled (reaction time) 

to have the same shell thickness (Scheme 5).  
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Scheme 5. Preparation process of the polymer@BT nanoparticles by surface initiated RAFT 

polymerization of various monomer (methyl methacrylate, glycidyl methacrylate and 2- 

hydroxyethyl methacrylate). Reproduced with permission of [73]. Copyright 2014 American 

Chemical Society.  

Figure 17 exhibits the TEM images of the polymer functionalized nanoparticles. The BT 

nanofillers are homogenously encapsulated by a thin layer of polymer, the thickness of which 

varies from 2-3 nm.   

 

Figure 17. TEM images of the synthesized of poly(methacrylate)@BT nanocomposites using 

different polymer shells by RAFT polymerization (a) PMMA, (b) PHEMA and (c) PGMA. 

Reproduced with permission of  [73]. Copyright 2014 American Chemical Society.  
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I.4.2.2.8. PHFDA@BT and PTFEA@BT 

Yang et al. [27] used two types of fluoroalkyl acrylates, 1H,1H,2H,2-Heptadecafluorodecyl 

acrylate (HFDA) and 2,2,2-trifluoroethyl acrylate (TFEMA) to functionalize BT surface by 

RAFT polymerization. These monomers were used to reduce the surface energy of BT 

nanoparticles and improved their compatibility with the polymer host matrix. The different 

analyses performed on the functionalized nanoparticles indicate the successful grafting of the 

two fluopolymers and the higher grafting density of PTFEMA@BT (0.031 chains/nm
2
) 

compared to that of PHFDA@BT (0.021 chains/nm
2
) (Table 6). This could be explained by 

the fact that the long fluoroalkyl groups of PHFDA leading to more larger steric hindrance.  

Table 6. Characteristics of the Fluoro-Polymer@BaTiO3 Hybrid Nanoparticles. Reproduced 

with permission of [27]. Copyright 2013 American Chemical Society. 

Sample BT-PHFDA1 BT-PHFDA2 BT-PTFEA1 BT-PTFEA2 

Weight loss of 

nanopartilces (%) 
a
 

3.45 6.69 3.83 7.09 

Mn of grafting 

polymer (g/mol) 
b
 

4.1×10
3
 7.5×10

3
 3.4×10

3
 5.9×10

3
 

Mw/Mn of grafting 

polymer 
b
 

1.23 1.18 1.21 1.16 

Grafting density 

(chains/nm
2
) 

c
 

0.021 0.014 0.031 0.026 

a 
Calculated from TGA results based on the weight loss of BT-EDMAT nanoparticles. 

b 
Obtained from 

GPC results. 
c 
Considering each particle with d=100 nm and density of 6.02 g/cm

3
. 

 

I.4.2.2.9. PTFMPCS@BT 

Chen et al. [86] prepared core shell structured BaTiO3@rigid-fluoropolymer nanoparticles 

from the RAFT polymerization of 2,5-bis{[4-trifluoro(methoxyphenyl)oxycarbonyl]styrene}. 

By varying the monomer: BT feed ratios, the resulting nanocomposites were denoted as BT-

3F1, BT-3F2, and BT-3F3, in which BT-3F1 and BT-3F3 had the thinnest and the thickest 

polymer shells, respectively. Figure 18 exhibits the TEM images of the functionalized 

nanoparticles where BT-3F0 refers to unmodified BT. After grafting the polymer from the 

functionalized nanoparticles, a stable and dense polymer shell was covering the surface of the 

nanoparticles. The shell thickness varied from 4 to 12 nm (Figure 18), suggesting the 

successful modification of nanoparticles.  
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Figure 18. TEM images of (a) BT-3F0, (b) (c) (d) BT-3F1, (e) BT-3F2, and (f) BT-3F3 

functionalized BT nanoparticles via RAFT polymerization of 2,5-bis{[4-

trifluoro(methoxyphenyl)oxycarbonyl]styrene}. Reproduced with permission of [86]. 

Copyright 2018 Royal Society of Chemistry.  

I.4.2.2.10. P3F, P5F or P7F@BT 

Qian et al. [117]  prepared three kinds of nanocomposites consisting of BT as nanofiller and 

fluorinated polymers as a matrix using RAFT polymerization (Scheme 6). The three 

monomers were first synthesized and denoted as poly{2,5-bis[(4-

trifluoro(methoxyphenyl)oxycarbonyl]styrene} (P-3F), poly{2,5-bis[(2,3,4,5,6-pentafluoro) 

oxycarbonyl]styrene} (P-5F), and poly{2,5-bis[(2,3,5,6-tetrafluoro-4-

trifluoromethyl)oxycarbonyl]styrene} (P-7F).  
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Scheme 6. Synthesis process of fluoropolymer@BaTiO3 nanoparticles starting from BaTiO3 

surface functionalization then RAFT polymerization of three kinds of aromatic 

fluoromonomers. Reproduced with permission of [117]. Copyright 2018 Royal Society of 

Chemistry. 

The functionalized nanoparticles were characterized to evidence the successful surface 

modification. Figure 19-A exhibits the TEM images recorded for the nanocomposites and it 

clearly evidences the dense polymer shell covering the nanoparticles, where the thickness of 

which was around 7 nm. A mapping pattern images were also achieved on P-3F@BT 

nanocomposites where the different colors are attributed to Ba, Ti, O and F elements, which 

indicate that the fluoropolymers were successfully introduced onto the BT surface (Figure 19-

B).  
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Figure 19. (A) TEM images of (a) P-3F@ BaTiO3, (b) P-5F@ BaTiO3, and (c) P-

7F@BaTiO3 nanoparticles and (B) mapping pattern images of BT nanoparticles modified by 

P-3F. Reproduced with permission of [117]. Copyright 2018 Royal Society of Chemistry. 

I.4.2.2.11. PM7F@BT 

Lv et al. [118] functionalized BT platelets with a fluoropolymer to improve their dispersion 

and compatibility in the nanocomposite. The fluoro-monomer (2,5-bis[(2,3,5,6-tetra fluoro-4-

trifluoromethyl)oxycarbonyl]styrene, M7F) was first synthesized (Scheme 7) then grafted 

onto BT platelets surface by RAFT polymerization.  

 

 

 

 

 

 

 

(A) 

(B) 



 
57 

 

 

Scheme 7. Synthetic route to M7F styrene. Reproduced with permission of  [118].
 
Copyright 

2018 Elsevier. 

It was found that the resulting platelets present a uniform morphology and the average 

thickness was about 1 µm. After immobilization of PM7F onto the functionalized platelets, 

different characterizations were performed and the results prove the successful grafting of this 

fluoropolymer onto the functionalized BT. Figure 20 exhibits TEM image of PM7F@BT 

nanocomposite, where the polymer layer can be clearly seen and covering BT platelets with a 

thickness of 12.7 nm. Moreover, the structural unit in the molecular chain of this 

fluoropolymer contains 14 fluorine atoms, resulting in a decreased surface energy of BT 

platelets.  
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Figure 20. (a) TEM image and (b) high-resolution TEM image of BaTiO3-PM7F. 

Reproduced with permission of [118]. Copyright 2018 Elsevier. 

I.4.2.3. Modification of BaTiO3 with polymer to prepared 

by “Grafting onto” route 

I.4.2.3.1. PS or PMMA@BT   

Using the ―grafting onto‖ technique, Yang et al. [119] reported another approach to 

functionalize BT nanoparticles with polymer in order to prepare nanocomposites made by 

either PS or PMMA. In a first step, RAFT polymerization enabled to synthesize thiol-

terminated PS and PMMA. Then, three nanocomposites were obtained with different 

molecular weights by means of thiol-ene click reaction between the functionalized 

nanoparticles by alkyl methacrylates and ω-thiol polymers (Figure 21). Dielectric 

measurements revealed that the dielectric constant of the synthesized nanocomposites was 

significantly enhanced in comparison to the pure polymers (3.69 for PMMA and 2.74 for PS 

at 1 kHz).   
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Figure 21. Schematic Illustration for (A) Synthesis of thiol-terminated Polymer Chains via 

RAFT polymerization and (B) Preparation of Core−Shell Structured Polymer@BaTiO3 

Nanocomposites by Thiol−Ene Click Reaction with modified BaTiO3. Reproduced with 

permission of [119]. Copyright 2014 American Chemical Society.   

I.4.2.3.2. PS or PVDF@BT 

Ma et al. [85] used thiol-terminated PVDF (PVDF-SH) and polystyrene (PS-SH) to 

functionalize BT surface. PVDF-SH and PS-SH were synthesized in a two steps process, 

starting from a RAFT polymerization, followed by the aminolysis as depicted by in Figure 22-

a. The as prepared polymers were used to functionalize BT-ene nanoparticles using thiol-ene 

click reaction (Figure 22-b).  
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Figure 22. (a) Synthesis process for the preparation of thiol-terminated polymers (CTA-1 

refers to O-Ethyl-S-(1-methoxycarbonyl)ethyldithiocarbonate and CTA-2 stands for 2-

([(Dodecylsulfanyl)carbonothioyl]sulfanyl)-propanoic acid)  and (b) Schematic diagram of 

the modification process of hybrid nanoparticles. Reproduced with permission of [85]. 

Copyright 2019 Elsevier.  

The functionalized nanoparticles and the synthesized nanocomposites were fully characterized 

to give evidences on the successful surface modification and grafting of polymers. In addition, 

the TEM images of PS@BT and PVDF@BT nanocomposites highlight the nanoparticles 

surrounding by a thin polymer shell with a thickness of ~ 6 nm (Figure 23).  
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Figure 23. TEM images of PVDF@BT (a, b) and PS@BT (c, d) nanocomposites synthesized 

by thiol-ene click reaction. Reproduced with permission of [85]. Copyright 2019 Elsevier.  

I.4.2.3.3. P(VDF-HFP-GMA)@BT 

Xie et al. [88] modified BT surface using commercially available poly(VDF-co-HFP) 

functionalized with PGMA by ATRP polymerization. BT nanoparticles were first modified by 

amino-terminated silane molecules, then, the nanocomposites were prepared by a solution 

blending method leading to a covalent bonding between the epoxy groups of GMA and amino 

groups at the surface of modified BT nanoparticles.  

To prove the successful grafting of the polymer chains onto the nanoparticles surfaces, the as 

prepared nanocomposites were re-dissolved in DMF and washed several times in order to 

remove the free polymer chains. After purification, TEM analysis evidences that BT 

nanoparticles were coated by a polymer layer, ensuring the successful grafting of PVDF-HFP-

GMA onto BT surface (Figure 24).  
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Figure 24. TEM images of the washed PVDF-HFP-GMA grafted BT nanoparticles showing a 

PVDF-HFP-GMA layer of about 10 nm. Reproduced with permission of [88]. Copyright 2014 

Royal Society of Chemistry.  

I.4.3. Design of core-shell BaTiO3@polymer/Fluorinated polymer nanocomposites 

Recent reviews have summarized the synthesis of BaTiO3 and its surface modification, and 

their introduction into polymer matrix to get dielectric nanocomposites [120,121]. A detailed 

review on ferroelectric polymers was also reported by Prateek et al. [78]; especially the use of 

PVDF and its VDF-based copolymer blends in dielectric composites materials for high energy 

capacitor applications. Regarding the importance of these fluoropolymers and their role in 

enhancing the final properties of the nanocomposite, further studies are moving toward the 

elaboration of nanocomposites consisting of a single core and a polymer double shell to get 

better properties. Herein, we discuss the system based on BaTiO3 nanocomposites modified 

with a second shell based on a fluorinated polymer according to Scheme 1-b.  

I.4.3.1. PMMA@BT/poly(VDF-co-HFP) 

Wang et al. [112] prepared three phase poly(VDF-co-HFP)/BTO@TMPc-PMMA 

nanocomposite films. First, BT nanoparticles were modified by ATRP polymerization of 

MMA (See section I.4.2.2.1). Then, poly(VDF-co-HFP)/BTO@TMPc-PMMA 

nanocomposites were obtained by a simple mixing of poly(VDF-co-HFP) copolymer with the 

functionalized nanoparticles (Figure 25).  
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Figure 25. Schematic illustration of the preparation of three- and two-phase poly(VDF-co-

HFP)/BaTiO3 nanocomposites, respectively. Reproduced with permission of [112]. Copyright 

2014 Wiley.  

Dielectric measurements on the synthesized nanocomposites indicated that the dielectric 

constant (εr) slightly decreased when the frequency increased (Figure 26). In the case of the 

three-phase composite films, the introduction of the highly polarizable TMPc improved the 

permittivity significantly, in comparison with the two phase-composite films. Moreover, the 

dielectric loss (tan δ) was found to be relatively low (tan δ = 0.02 below 2 kHz) and 

overlapped with that of the neat poly(VDF-co-HFP) copolymer, which indicates that BT 

nanoparticles did not add additional loss to the system. However, the increase of tan δ at 

around 10
7
 MHz could be attributed to the relaxation phenomenon of the amorphous 

poly(VDF-co-HFP).  
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Figure 26. Relative dielectric constant (εr) and dielectric loss (tan δ) as a function of 

frequency for (A) uniaxially stretched poly(VDF-co-HFP)/BTO@TMPc-PMMA and (B) 

uniaxially stretched poly(VDF-co-HFP)/BTO@R2-PMMA nanocomposite films, 

respectively. Reproduced with permission of [112]. Copyright 2014 Wiley. 

I.4.3.2. PTFEMA@BT or PMMA@BT/PVDF 

Zhang et al. [113] prepared core shell structured BT nanoparticles with two different shell 

compositions and thicknesses (7 and 12 nm for PMMA@BT and 4.5 and 5.5 nm for 

PTFEMA@BT) by grafting PMMA and PTFEMA via ATRP polymerization (Section 

I.4.2.2.2). Then, the resulting nanocomposites were incorporated into PVDF matrix by 

solution blending (Scheme 8). 

Authors reported that higher dielectric constant and lower dielectric loss were achieved for 

both systems in comparison to those of pure PVDF. For example, after adding 80 wt % of 

PMMA@BT in the PVDF matrix, the dielectric permittivity increased from 6 to 30 at 100 Hz. 

Moreover, nanocomposites obtained by modification of BT with the fluorinated polymer 

(PTFEMA) led to lower dielectric loss ( 0.025 at 100 kHz) and high dielectric constant in 

comparison to those modified with  PMMA (0.022 at 100 kHz), explained by the strong 

interchain forces between the two fluorinated shells matrix.  
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Scheme 8. Illustration for the preparation of BT@polymer/PVDF nanocomposite films. 

Reproduced with permission of [113]. Copyright 2017 Elsevier.  

I.4.3.3. Poly(tert-butyl-methacrylate) @BT/PVDF 

Du et al. [115] used PtBA to functionalize BT surface by ATRP polymerization (See section 

I.4.2.2.4). Then, the modified nanoparticles were mixed into a PVDF matrix. Results showed 

that the dielectric constant of the nanocomposites increased by increasing the PtBA@BT 

content from 8.5 for the pure PVDF to 15 for nanocomposite with 30 wt % of functionalized 

nanoparticles (Figure 27).  

 

Figure 27. Frequency dependence of room temperature a) dielectric constant and b) loss 

tangent for PVDF-based films. Reproduced with permission of [115]. Copyright 2018 

American Chemical Society.  

In order to be able to see the effect of PtBA polymer, films of PVDF based on non-

functionalized BT were prepared. The dielectric measurements of PVDF/BT nanocomposites 

show low dielectric permittivities in comparison to those of PtBA@BT/PVDF (The dielectric 

constant at 100 Hz was 14.5 for PVDF/BT and was enhanced to 15 for PVDF-W30) 
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(Figure 28). This can be attributed to the fact that the non-treated nanoparticles tend to form 

aggregations and leads to poor dispersion in the polymer matrix which results in decreased 

performances.     

 

Figure 28. Frequency dependence of room temperature (a) dielectric constant and (b) loss 

tangent for BaTiO3/PVDF films. Reproduced with permission of [115]. Copyright 2018 

American Chemical Society.  

Moreover, the functionalization of BT nanofillers with PtBA not only avoids aggregation of 

the nanoparticles inside the PVDF matrix, but also preserves excellent mechanical properties 

of the polymer, which leads to good flexibility and integrated surface micromorphology.    

I.4.3.4. (PMMA or PHEMA or PGMA)@BT/PVDF 

Zhu et al. [73]  prepared three kinds of polymer nanocomposites using core shell structured 

polymer@BT nanoparticles as filler and PVDF as the polymer matrix.  

The first core shell nanocomposite was synthesized using RAFT polymerizations of MMA, 

GMA and HEMA from functionalized nanoparticles (See section I.4.2.2.7). Then, a second 

shell of PVDF was introduced by a simple blending and hot pressing of the nanocomposite. 

Dielectric measurements revealed that, compared with the PVDF matrix, all the 

nanocomposites displayed enhanced dielectric constant and follows the order 

PHEMA@BT/PVDF (~21 at 10
2
 Hz) > PGMA@BT/PVDF (~18 at 10

2
 Hz)  > 

PMMA@BT/PVDF  (~16 at 10
2
 Hz) (Figure 29). This indicates that, at the same BT content, 

the dielectric constant of the resulting nanocomposite is determined by the dielectric constant 

of the interfacial region. Thus, nanocomposite processed from BT functionalized with 

PHEMA exhibits the highest permittivity due the large dipole moment of the pendant 

hydroxyethyl groups. 
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Figure 29. Frequency dependence of dielectric constant and dielectric loss tangent of the 

polymer@BT based PVDF nanocomposites (a) 10 vol % BT and (b) 20 vol % BT. 

Reproduced with permission of [73]. Copyright 2014 American Chemical Society.  

I.4.3.5. PHFDA@BT or PTFEA@BT /poly(VDF-co-HFP) 

Yang et al. [27] used two types of poly(fluoroacrylate) to functionalize BT surface by RAFT 

polymerization (See section I.4.2.2.8) before introducing them into poly(VDF-co-HFP) 

polymer matrix using a solution blending method (Scheme 9).  
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Scheme 9. Preparation of fluoro-polymer@BaTiO3 nanoparticles and poly(VDF-co-HFP) 

nanocomposite films. Reproduced with permission of [27]. Copyright 2013 American 

chemical Society.  

Actually, the functionalization of BT with poly(fluoroacrylate) not only led to enhanced 

energy storage capability of poly(VDF-co-HFP)/Fluoropolymer@BT nanocomposite in 

comparison with the pure copolymer, but also improved the dielectric properties. For instance, 

the energy density of the prepared nanocomposites was 5 times higher than that of the pure 

poly(VDF-co-HFP) under an electric field of 20 kV mm
−1

 , while the theoretical maximum 

energy density was 6.23 J cm
−3

, which is 50% higher than that of the pure poly(VDF-co-HFP) 

(∼4.10 J cm
−3

). 

I.4.3.6. PTFMPCS@BT / poly(VDF-ter-TrFE- ter-CTFE) 

Chen et al. [86] used a rigid poly(fluorostyrene) to functionalize BT surface by RAFT 

polymerization of 2,5-bis{(4-trifluoromethoxyphenyl)oxycarbonyl}styrene with three 

different shell thicknesses (where BT-3F0 stand for pristine BT and BT-3F1, BT-3F2 and BT-

3F3 nanocomposites present shell thicknesses of 4, 7 and 11 nm, respectively)  (See Section 

I.4.2.2.9). The as prepared core shell structured nanoparticles were then incorporated into 

poly(VDF-ter-TrFE-ter-CTFE) ter-polymer matrix by varying their amount from 5 to 30 

vol%.  Morphological analysis showed the absence of pore and defects in the prepared 

nanocomposite films, which indicate that the functionalization of BT with fluoropolymer 

provides a strong interchain forces with the poly(VDF-ter-TrFE-ter-CTFE) host matrix. 

Figure 30 exhibits the dielectric permittivity and dielectric loss of the 

BT@Fluoropolymer/poly(VDF-ter-TrFE-ter-CTFE) nanocomposites films. For instance, the 

dielectric permittivity of poly(VDF-ter-TrFE-ter-CTFE) matrix was ~ 40 (at 1 kHz)  and after 

introducing 30 vol% of BT-3F1 into poly(VDF-ter-TrFE-ter-CTFE) matrix, the dielectric 
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permittivity increased from 40 to 80.6 (at 1 kHz). Moreover, by increasing the shell thickness 

of the nanoparticles (BT-3F3), and for the same filler loading, the dielectric permittivity 

decreased to ~ 60 (at 1 kHz). The results highlight that the dielectric behavior was 

significantly affected by the shell thickness and the permittivity of the nanocomposites films 

increased with the increase of BT@Fluoropolymer nanoparticles content.   

 

Figure 30. Frequency dependence of permittivity and dielectric loss of the BaTiO3@rigid-

fluoro-polymer/poly(VDF-ter-TrFE-ter-CTFE) nanocomposites films with (a) BT-3F0, (b) 

BT-3F1, (c) BT-3F2, and (d) BT-3F3. Reproduced with permission of [86]. Copyright 2018 

Royal Society of Chemistry.  

I.4.3.7. PM7F@BT/ poly(VDF-ter-TrFE- ter-CTFE) 

Lv et al. [118] modified BT surface using a fluoropolymer that contains 14 fluorine atoms by 

RAFT polymerization of {2,5-bis[(2,3,5,6-tetra fluoro-4-
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trifluoromethyl)oxycarbonyl]styrene} (Section I.4.2.2.11). Then, the functionalized 

nanoparticles were introduced into poly(VDF-ter-TrFE-ter-CTFE) host matrix (Scheme 10).  

 

Scheme 10. Schematic illustration of BaTiO3-PM7F/poly(VDF-ter-TrFE-ter-CTFE) 

nanocomposite films. Reproduced with permission of [118]. Copyright 2018 Elsevier.  

Dielectric measurements revealed that the relative permittivity increased by increasing BT 

platelets volume fraction with a relatively small loading (Figure 31). At 1 kHz, the 

permittivity of nanocomposite with only 5 vol% of modified platelets was ~ 70 in comparison 

to the pure polymer that presents 45 and the enhancement in permittivity is more significant 

with increasing BT platelets volume fraction.  

 

Figure 31. Frequency dependence of (a) permittivities and (b) dielectric loss for BaTiO3-

PM7F/poly(VDF-ter-TrFE-ter-CTFE)  nanocomposites. Reproduced with permission of 

[118]. Copyright 2018 Elsevier.   
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I.4.3.8. P3F@BT or P5F@BT/ poly(VDF-ter-TrFE- ter-

CTFE) 

Qian et al. [117] prepared three kinds of nanocomposites consisting on BT nanoparticles and 

poly(VDF-ter-TrFE-ter-CTFE) polymer matrix. These nanoparticles were first modified with 

three types of fluoropolymers denoted as P-nF (n = 3, 5 or 7, is the number of terminal 

fluorinated groups), (Section I.4.2.2.10). Figure 32 exhibits the frequency dependence of 

permittivity of the poly(VDF-ter-TrFE-ter-CTFE)-based nanocomposites with different 

loading of functionalized BT nanoparticles. It can be seen that the permittivity of the 

nanocomposites increased by increasing the volume fraction of modified BT nanoparticles. 

For instance, in the case of P-3F@BaTiO3/poly(VDF-ter-TrFE-ter-CTFE) nanocomposites, 

the permittivity increased from 55.4 to 88.5 at 1 kHz when the volume fraction of the 

modified BT nanoparticles was changed from 5 % to 30 %. On the other hand, when the BT 

surface was modified with P-7F polymers, the resulting nanocomposites exhibited the lowest 

permittivities (~ 67 at 30 % of modified BT). This was explained by the good dispersion of 

BT nanoparticles and the increase of interfacial adhesion between the modified nanoparticles 

and the polymer matrix, leading to limitation in the movement of molecular dipoles of the 

polymer matrix. 
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Figure 32. Frequency dependence of permittivity of the P-nF@BT/P (VDF-TrFE-CTFE) 

nanocomposite films with (a) P-3F@BaTiO3, (b) P-5F@BaTiO3, and (c) P-7F@BaTiO3. (d) 

Comparison of the relative permittivity (at 1 kHz) of the nanocomposite with the Maxwell–

Wagner model. The permittivity of 100 nm BaTiO3 particles is around 1700. Reproduced with 

permission of [117]. Copyright 2018 Royal Society of Chemistry.  

I.4.3.9. PVDF@BT or PS@BT/PVDF 

Ma et al. [85] reported two kinds of polymer@BT nanoparticles used as composite fillers in 

PVDF matrix (Scheme 11). First, PS@BT and PVDF@BT were synthesized by thiol-ene 

reaction (Section I.4.2.3.2). Then, a second shell of PVDF was introduced by simple casting 

and hot pressing. The dielectric properties and the electric breakdown strength of both 

PVDF@BT/PVDF and PS@BT/PVDF nanocomposites exhibit an enhancement compared to 

the pure polymer. For example, the permittivity of PS@BT/PVDF nanocomposites increased 

from 9.2 for the pure PVDF to 23.6 for nanocomposites filled with 30 vol% of PS@BT. 

Moreover, the authors revealed that PVDF@BT had a better interfacial interaction with 

PVDF matrix than that of PS@BT fillers, and this is due to the fact that the shell of the fillers 

has the same structure as that of the polymer matrix.  
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Scheme 11. Schematic illustration of the synthetic process of the core@double shell 

nanocomposites (PS@BT/PVDF or PVDF@BT/PVDF). Reproduced with permission of [85]. 

Copyright 2019 Elsevier.  

I.4.3.10. HBP@BT/poly(VDF-ter-TrFE-ter-CFE) 

Xie et al. [122] used hyperbranched aromatic polyamide (HBP) to decorate BT surface using 

a polycondensation of 3,5-diaminobenzoic acid (Scheme 12), then, poly(VDF-ter-TrFE-ter-

CFE) was introduced via a solution blending method.  

 

Scheme 12. Schematic Diagram Illustrating the Preparing Process of BT-HBP. Reproduced 

with permission of [122] . Copyright American Chemical Society 2013.  
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Results show that the as prepared nanocomposites exhibit enhanced dielectric permittivity 

compared to the pure polymer. Moreover, by increasing the loading of functionalized 

nanoparticles, high values were reached. As shown in Figure 33, at 1 kHz and with a loading 

of 40 vol% of HBP@BT, a high dielectric constant of 1485.5 was achieved for the 

nanocomposites compared to poly(VDF-ter-TrFE-ter-CFE) that exhibit only 206.3.  

 

Figure 33. Frequency dependence of dielectric constant for HBP@BT/ poly(VDF-ter-TrFE-

ter-CFE) nanocomposites for different loading of functionalized nanoparticles. Reproduced 

with permission of [122] . Copyright American Chemical Society 2013.  

Table 7 summarizes the permittivities obtained for core-shell systems discussed above. It can 

be seen that nanocomposites containing more fluorinated polymers exhibit high dielectric 

constants. For instance, in reference 85, when PVDF is used instead of PS, for the same filler 

loading, the dielectric permittivity increased from 23.6 to 27.9 at 1 kHz. Indeed, we can not 

increase the permittivity of fluorinated polymers compared to that of pure BaTiO3, even when 

using high nanoparticle loading [123]. In fact, by adding higher concentration of ceramic 

nanoparticles inevitably induces aggregation and inhomogeneity in the fluorinated polymer 

shell giving rise to electron conduction with a high dielectric loss, very low breakdown 

strength and undesirable porosity and voids, resulting in deteriorated electrical properties in 

polymer nanocomposites (i. e. permittivity of the resulting nanocomposites). Thus, an 

appropriate surface modification and choice of the polymer shell would lead to the desired 

properties. 
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Table 7. Summary of permittivities obtained for core-shell BaTiO3@polymer/Fluorinated 

polymer nanocomposites. 

Core-shell Polymer@BT/Fluorinated 

polymer nanocomposites  

Dielectric permittivity 

(at a given frequency 

and fillers loading) 

 

References 

PTFEA@BT/P(VDF-HFP) 42.5 (1 kHz, 50 %wt) 27 

PS@BT/PVDF 23.6 (1 kHz, 30 vol%) 85 

PVDF@BT/PVDF 27.9 (1 kHz, 30 vol%) 85 

PTFMPCS@BT/poly(VDF-ter-TrFE- ter-CTFE) 80.6 (1 kHz, 30 vol%) 86 

PMMA@BT/PVDF 30 (100 Hz, 80 wt%) 113 

PTFEMA@BT/PVDF 36 (100 Hz, 80 wt%) 113 

PtBA@BT/PVDF  15 (100 Hz, 30 wt%) 115 

PHEMA@BT/PVDF 21 (100 Hz, 20 wt%) 73 

PGMA@BT/PVDF 18 (100 Hz, 20 wt%) 73 

PM7F@BT/P(VDF-ter-TrFE- ter-CTFE) 70 (1 kHz, 5 vol%) 118 

 

I.5. Applications 

Polymer nanocomposites present unique physicochemical properties that cannot be obtained 

with one component. Thus, the improvement in the properties of polymer nanocomposites 

have resulted in major interest for versatile fields including medicine, coatings and energy 

storage [124]. In medical applications, damaged tissues are often replaced with synthetic 

materials such as ceramics or metals, which are used for engineering hard tissues (e,g,. bones 

and teeth), or even polymers that can be used to manufacture a wide range of both hard and 

soft tissues, and in some cases, their composites could be also used [125–127]. 

Gopalakrishnan et al. [128] introduced silver nanoparticles into PMMA polymer matrix to 

reinforce its structure for dental prosthetic materials. The addition of silver nanoparticles was 

found to enhance the mechanical properties of the polymer and also retarded crack 

propagation and fracture behavior, and thus improved the durability of the denture base.    

Another promising field of use of polymer nanocomposite materials is energy storage 

applications [71,129–133]. Kumar et al. [129] used nanocomposite materials consisting on 

BT nanoparticles and poly(VDF-co-HFP) polymer matrix to prepare a composite solid 

polymer electrolyte (CSPE) for Li-ion batteries. Since the ionic conductivity of the pure 
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polymer poly(VDF-co-HFP) is not enough to be used as SPE, lithium triflate salt was added 

and the nanocomposites were synthesized by solution casting technique. Figure 34-a exhibits 

the ionic conductivity of the CSPE with 10 wt% in lithium triflate salt for different BT 

loading. The ionic conductivity of the CSPE increases to reach 8.89×10
-6

 S cm
-1 

as the 

maximum value for 4 wt% of BT and decreases by further addition of BT. Figure 36-b gives a 

comparison of conductivity (σDC)  of pure polymer, SPE loaded with 10 wt% of lithium triflate 

and 4 wt% of BT. It can be observed that after introduction of BT into the system, the ionic 

conductivity increased by four orders of magnitude.  

 

Figure 34. (a) Direct current (DC) conductivity (ζDC) of the CSPEs calculated from complex 

impedance plots and (b) DC ionic conductivity of pure polymer, SPE loaded with 10 wt. % 

lithium triflate salt and CSPE loaded with 10 wt. % lithium triflate salt and 4 wt. % BaTiO3. 

Reproduced with permission of [129]. Copyright 2016 Elsevier.  

A similar strategy for the same application was also reported by Sasikumar et al. [130] who 

prepared CSPE using BT, PVAc/poly(VDF-co-HFP) and lithium bis-

trifluoromethanesulfonylimide (LiTFSI) as the salt (Figure 35). Results show that compared 

with ceramic free SPE, the conductivity was increased to reach a value of 2 x 10
-3

 Scm
-1

 at 

ambient temperature. Moreover, it was found that in the case of CSPE made by 7 wt% of BT, 

an enhancement in discharge capacity of 132 mAh g
-1

 at 0.1 C, cycling performance up to 40 

cycles and 99 % Coulombic efficiency were  noted.  

 

(a) (b) 
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Figure 35. Photograph of free-standing and flexible CSPE. Reproduced with permission of 

[130] Copyright 2018 American Chemical Society. 

In addition to their application in Li-ion batteries, BT based fluoropolymer nanocomposites 

are also used in capacitors. For example, Tang et al. [71] prepared high energy density 

nanocomposite capacitors using BT nanowires and poly(VDF-ter-TrFE-ter-CFE) polymer 

(63/29/8 % mole ratio). Dielectric measurements revealed that the obtained nanocomposites 

exhibit increased dielectric permittivity at low volume fraction of the fillers and high electric 

field for energy storage (Figure 36-a). Moreover, BT/poly(VDF-TrFE-CFE) nanocomposites 

showed an increase in energy density of 10.48 J/cc, which is higher than that of the neat 

poly(VDF-ter-TrFE-ter-CFE) polymer (7.21 J/cc) at 300 MV/m electric field (Figure 36-b). 

This value is more than seven times larger than a high performance commercial 

polypropylene capacitor.  

 

Figure 36.  (a) Dielectric permittivity constants of different BT NWs volume fractions in 

P(VDF-ter-TrFE-ter-CFE) from 1 kHz to 1 MHz and (b) Energy density of BT/ P(VDF-ter-

 

  

(a) (b) 
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TrFE-ter-CFE) nanocomposite with different volume fractions of BT as a function of the 

electric field. Reproduced with permission of [71] . Copyright 2013 Wiley.  

Hao et al. [134] designed a parallel plate capacitance device. The multilayer nanocomposite 

film consists on a central layer composed of high volume fraction of BT, while the outer 

layers were predominately PVDF, with a small loading of BT nanoparticles. The obtained 

films (1.2-1.5 µm) were found to be mechanically flexible and could be removed from the 

substrate (Figure 37). Moreover, a maximum breakdown strength as high as 495 KV/mm 

which is 50 %  higher than that of the pure PVDF, and a discharge energy density of 19.37 

J/cm
3
 were obtained, leading to high energy density nanocomposites.   

 

Figure 37. (a) Cross-sectional and (b) Surface SEM image of the BTO/PVDF nanocomposite 

film, showing a rough interface between the transparent top PVDF layer and the bottom 

nanocomposite layer. (c) Photograph of the nanocomposite on a flexible aluminum foil 

substrate, and (d) delaminated from the substrate, showing its continuous polymer nature. 

Reproduced with permission of [134]. Copyright 2015 Royal Society of Chemistry.  

Another promising application of polymer nanocomposites is piezoelectric nanogenerators 

(PNGs), which aims to convert the mechanical energy available in our daily life like vehicle 

motion or even in human body (artificial muscle actuators). In fact, PVDF and its copolymers 

are considered to be the most used polymeric materials in PNGs [135]. Dudem et al. [136] 

designed a PNGs using barium titanate nanoparticles embedded into PVDF. The nanoparticles 

were first dispersed with Ag nanowires; the resulted mixture was introduced into PVDF 

matrix. In order to fabricate the PNGs, the nanocomposite film was sandwiched between two 
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Aluminum substrate and then sealed with a Kapton tape. The prepared PNGs were then tested 

to harvest the mechanical energy from bicycle, motorcycle, car and human hand. Figure 38 

exhibits the piezoelectric potential curves generated by the PNGs device at bending positions 

and on human hand. The results revealed that the resulting device is flexible enough to 

generate the electrical output under various bending conditions, and exhibits a hight output 

voltage of ~4.8 V under large bending conditions.  

 

Figure 38. Demonstration for the high-flexibility of the Ag/BTO-PNG device. Piezoelectric 

potential (i.e., VOC) generated by the Ag/BTO-PNG at (a) small and (b) large bending 

positions/conditions. Insets of (a) and (b) also depict the photographic images of Ag/BT O-

PNG at the small and large bending conditions, respectively. (c) Photographic images and (d) 

piezoelectric potentials of the Ag/BTO-PNG device located on a human hand (i.e., in front 

part of the elbow) at (i) normal, (ii) half-, and (iii) full-fold conditions, respectively. 

Reproduced with permission of [136]. Copyright 2018 Elsevier.  
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I.6. Conclusion  

Nanocomposites depicted in this review are composed of a barium titanate core embedded in 

a fluorinated polymeric shell. BT is as a ferroelectric ceramic mostly used in dielectric 

material due to its high dielectric constant. However, this ceramic suffer from low breakdown 

strength and processing difficulties. In the other hand, polymers generally exhibit high 

breakdown strength and low permittivities. Thus, by combining the advantages of both 

components, high dielectric constant materials could be achieved. Various fluoropolymers 

could be used as shells such as poly(fluoroolefins), poly[fluoro(meth)acrylates] of various 

fluoroalkyl lengths,  PVDF and VDF-containing-copolymers. In certain cases, core-shell 

BaTiO3@polymer/Fluorinated polymer nanocomposites have also been reported, in order to 

take advantages from the inner and outer polymer shell. 

In fact, these nanocomposite materials could be obtained by different strategies ranging from 

―grafting from‖, ―grafting onto‖ or blending. The first route requires to modify the BT surface 

by either a macroinitiator (for ATRP method) or macro chain transfer agent (xanthates or 

trithiocarbonates for RAFT technique), while the third strategy consists on a simple mixing of 

the pre-prepared polymer with the functionalized nanoparticles. Actually, the first two routes 

are efficient since they create covalent and thus strong bonds between the core and the shell. 

The blending technique has been possible when BT@PMMA has been prepared, followed by 

mixing it with PVDF, taking into account that PVDF and PMMA are miscible.  

In the last decade, a growing interest from such nanocomposites has been highlighted by the 

wide range of applications, focusing on energy storage devices or piezoelectric systems and it 

can be expected that designing further materials with various sizes and efficiency for the 

searched applications will still be challenging and will attract the interest of many researchers.  
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II.1. Introduction 

This chapter presents the description of the protocols and methods used to functionalize 

barium titanate surface and the polymerization reactions used to obtain polymer-g-BaTiO3 

nanocomposites. A brief description of the different instrumental techniques used to 

characterize, analyze and study the different materials prepared is also presented. 

II.2. Materials 

Various products have been used in this work, especially barium titanate. This commercial 

ceramic nanoparticle, supplied by Sigma Aldrich is 100 nm in size. The different 

characteristics of the reagents used in this study are listed in Table 1. 

Table 1: List of chemicals used during this thesis. 

Products Chemical 

formula 

Molar mass 

(g/mol) 

Boiling point 

(°C) 

Density 

(g/ml) 

Barium titanate BaTiO3 233.19 - 6.080 

(3-Aminopropyl) 

triethoxysilane 

Hydrogen peroxide 

C9H23O3SiN 

H2O2 

221.37 

34.01 

217 

107 

0.946 

1.110 

(3-chloropropyl) 

triethoxysilane 

C9H21O3SiCl 240.80 100 1.000 

Potassium ethyl xanthogenate C3H5OS2K 160.30  1.263 

Triethylamine C6H15N 101.19 88.8 0.726 

Tert-Butyl peroxypivalate C9H18O3 174.24 245.22 0.854 

Lithium manganese oxide LiMn2O4 180.80 - 4.290 

Poly(vinylidene Fluoride) CH2CF2 ~1000000 - 1.78 

Toluene C7H8 92.14 110-111 0.865 

Dichloromethane CH2Cl2 84.93 39.8-40 1.325 

Acetone C3H6O 58.08 56 0.791 

Tetrahydrofurane C4H8O 72.11 65-67 0.889 

Dimethylformamide C3H7ON 73.09 153 0.944 

Ethanol C2H6O 46.07 78 0.789 

Dimethyl carbonate C3H6O2 90.08 90 1.069 

N-Methylpyroolidone C5H9NO 99.13 202 1.028 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C9H18O3&sort=mw&sort_dir=asc
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II.3. Synthesis procedures 

As mentioned in the previous chapter, the synthesis procedure of a nanocomposite material 

based on organic polymer and inorganic filler should start from the functionalization of the 

ceramic surface to offer a good compatibility and dispersion of ceramic nanofiller into 

polymer matrix.  

II.3.1. Oxidation of BaTiO3   

Using a literature procedure for the surface hydroxylation of BaTiO3 nanoparticles [1,2], 

10.02 g of BaTiO3 nanoparticles and 60 ml of aqueous solution of H2O2 (30 wt%) were 

combined in a round bottomed flask. The mixture was sonicated for 30 min and then was 

refluxed at 105 °C for 4 h. The nanoparticles were recovered by centrifugation at 12 500 rpm 

for 5 min and were washed with deionized water twice. The obtained BT-OH nanoparticles as 

a white powder were dried under vacuum at 80 °C until a constant weight of 9.58 g (Yield: 98 

%). 

 

Scheme 1. Oxidation reaction of BaTiO3 nanoparticles in presence of hydrogen peroxide. 

 

II.3.2. Modification of BaTiO3-OH (BT-OH) with (3-chloropropyl) triethoxysilane 

(CPTS) 

6.03 g of BT-OH nanoparticles and 60 ml of toluene were combined in a beaker and the 

mixture was sonicated for 20 minutes for a better dispersion.  

In a 250 ml bicol flask equipped with a magnetic stirrer, the sonicated mixture was 

introduced, and the system was bubbled for 10 min with nitrogen. 10.03 g (10 ml) of CPTS 

were added. Then, the mixture was degased for 5 minutes to remove the oxygen from the 

solution. This mixture was then stirred at 80 °C for 12 under nitrogen. The particles (BT-

CPTS) were recovered by centrifugation at 12 500 rpm for 5 min and washed twice with 

toluene [3,4]. The resulting BT-CPTS particles as a white powder were dried at 80 °C until a 

constant weight of 5.84 g (Yield: 97 %). 
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Scheme 2. Modification of oxidized nanoparticles with (3-chloropropyl) triethoxysilane 

(CPTS). 

 

II.3.3. Modification of BT-CPTS with Potassium ethyl xanthogenate  

5.02 g of BT-CPTS and 120 ml of absolute ethanol were placed in a beaker. The mixture was 

sonicated for 20 minutes for better dispersion. In a 250 ml two necked-round bottom flask 

equipped with a magnetic stirrer, the sonicated mixture was introduced and the system was 

saturated for 10 min with nitrogen. Then, 3.57 g of the RAFT agent were added. The mixture 

was then bubbled for 5 minutes to remove the oxygen from the solution. This mixture was 

stirred at 80 °C for 12 hours under nitrogen [5]. The particles (BT-XA) were recovered by 

centrifugation at 12 500 rpm for 5 min and washed several times with ethanol, the resulting 

BT-XA particles as a white powder were dried at 80 °C until a constant weight of 4.49 g 

(Yield: 98 %). 

 

Scheme 3.  Functionalization of BT-CPTS with RAFT agent. 

The overall yield of the synthesis of BT-XA from pristine BT is 93% 

II.3.4. Preparation of PVDF-g-BaTiO3 nanocomposites via RAFT Polymerization 

A thick 8 mL Carius tube containing BT-XA (30-200 mg), the solvent (7 mL of DMC) and 

the initiator (0.054 g of TBPPi) was sonicated for 25 min. Then, the tube was degassed by 

performing at least three freeze-pump-thaw cycles. VDF gaseous monomer (1.5 g) was 

transferred into the Carius tube cooled at liquid nitrogen temperature using a custom-made 
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manifold that enables accurate measurement of quantities of gas (using a ―pressure drop vs 

mass of monomer‖ calibration curve). The tube was then sealed under dynamic vacuum at the 

temperature of liquid nitrogen, before being placed horizontally in a shaking water bath 

thermostated at 64 °C (Figure 1). 

 

 

Figure 1. Experimental device used for RAFT polymerization of VDF: (a) Gas injection 

panel (b) Carius tube and (c) heating shaking bath. 

  

After 15 hours, the tube was frozen into liquid nitrogen, opened, and the solvent was 

evaporated at 40 °C. Then, the mixture was precipitated from cold pentane. The PVDF-g-

BaTiO3 nanocomposite was recovered by centrifugation at 5000 rpm for 4 min. All the 

resulting nanocomposites as white powders were dried under vacuum at 60 °C until constant 

weight.  

 

 

Scheme 4. Preparation of PVDF-g-BaTiO3 nanocomposite using the RAFT polymerization of 

VDF initiated by tert-butyl peroxypivalate (TBPPi) in dimethyl carbonate (DMC). 

 

To be able to compare the effect of the addition of BT nanofiller onto the PVDF polymer 

matrix, PVDF was also synthesized by RAFT polymerization of VDF in the presence of 

potassium ethyl xanthate and initiated by tert-butyl peroxypivalate. 
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In order to separate the physisorbed PVDF chains from PVDF-g-BaTiO3 nanocomposites, 

several washing treatments with acetone were performed. An amount of BaTiO3/PVDF 

nanocomposites obtained after RAFT polymerization was dispersed in acetone, and the 

mixture was stirred at 35 °C for 16 hours. Then, PVDF-g-BaTiO3 nanocomposites were 

recovered by centrifugation at 5000 rpm for 5 min. The solvent of the supernatant containing 

the free PVDF chains was evaporated in order to estimate the quantity of such fluorinated 

polymers. 

 

Scheme 5. Illustrative diagram of the treatment carried out after the RAFT polymerization of 

vinylidene fluoride (VDF) controlled by BT-XA chain transfer agent 

 

II.3.5. Preparation of PVDF-g-BT/poly(VDF-co-HFP) nanocomposite films by a 

solution blending method 

The synthesis of a core double shell system consisting on PVDF-g-BT nanocomposites 

synthesized previously embedded within poly(VDF-co-HFP) copolymer matrix was achieved 

by using a solution blending method.  

First, an amount of PVDF-g-BT was dispersed in DMF for 4 h under ultrasonication. At the 

same time, an amount of the copolymer P(VDF-co-HFP) was dissolved in DMF for 4 h at 

room temperature before adding the nanocomposite slowly. The resulting mixture was stirred 
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vigorously at room temperature. After 20 h, the mixture was poured into Teflon® substrate 

and then dried 120 ° C for 24 hours (Scheme 6). 

 

Scheme 6. Sketch illustrating the preparation method of PVDF-g-BT / poly(VDF-co-HFP) 

nanocomposite films. 

II.4. Characterizations 

II.4.1. Spectroscopy and chromatography analysis  

II.4.1.1. Fourier transform infrared spectroscopy (FTIR) 

One of the most common applications of FTIR spectroscopy is the identification of organic 

and inorganic compounds of given molecules. This technique consists in applying an infrared 

radiation on a sample and determining what fraction of the incident radiation is absorbed in a 

particular energy and that energy corresponds to the frequency of a vibration of a part of a 

sample molecule [6]. In the present study, FTIR analyses were performed using a "Perkin 

Elmer Spectrum 1000" (Figure 2) in ATR mode by accumulating 32 scans, over a wavelength 

range of 400 to 4000 cm
-1

, with an accuracy of ± 2 cm
-1 

. 
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Figure 2. Picture of FTIR device used to analyze the functionalized nanoparticles and 

synthesized nanocomposites. 

 

II.4.1.2. High resolution magic angle spinning nuclear 

magnetic resonance (HRMAS NMR) spectroscopy 

This technique consists in placing the sample in a rotor which is placed in a magnet giving a 

field B0. The rotation of the sample is then performed by rotating it at a speed of several kHz 

on itself at an angle of 54.74 ° to the main magnetic field [7,8] (Scheme 6).  

 

Scheme 7. Schematic representation of a HR-MAS stator with a magic angle gradient along 

the rotational axis of the rotor [9]. 
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HRMAS NMR spectroscopy was used to qualitatively characterize the surface grafting. High 

Resolution-MAS NMR experiments were carried out on a Varian VNMRS 600 MHz 

spectrometer (Figure 3) equipped a wide bore magnet (B0=14.1T), 2D lock and Z gradients 

together with a broadband 15N-31P 2 channels 4 mm Fast Nano probe optimized for 
19

F. 

Prior to HR-MAS NMR experiments, the PVDF-g-BaTiO3 powder nanocomposite samples 

were inserted into a quartz 4 mm zirconia HRMAS rotor insert and drops of DMSO (used as 

deuterium solvent for lock and sample surface-or PVDF- impregnation) were added. The as-

prepared sample was then inserted into to a 4 mm zirconia HRMAS rotor. Experiments were 

performed at room temperature. The sample spinning rate was 4 kHz for 
1
H and 6.5 KHz for 

19
F. A single pulse sequence was used with pulse durations of 12 s corresponding to flip 

angle of 90 °. A recycling delay of 1 s was used and 646 transients were co-added. 

 

 

Figure 3. Picture of HRMAS NMR spectroscope used to analyze functionalized BaTiO3 and 

PVDF-g-BT nanocomposites. 

 

II.4.1.3. Size exclusion chromatography (SEC)  

This technique consists in introducing the polymer solution into a column filled with porous 

beads and recovering the fractions as a function of the elution time in the column (elution 
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time). Depending on their size, macromolecules will be eluted after a longer or shorter time 

[10]. 

SEC analyses were carried out on a Polymer Laboratories ―PL-GPC 50 Plus‖ instrument 

(Figure 4) using 2 PL gel Mixed-C 5 µm columns (range of molecular weight from 200 to 

2.10
6 

g/mol) thermostated at 35 °C equipped with a refractive index detector. 

Dimethylformamide (DMF) with 1% LiBr was used as the eluent (1.0 mL/min). Calibration 

was performed using Varian polymethylmethacrylate (PMMA) narrow standards and toluene 

as a flow marker. 

 

 

Figure 4. GPC device used to characterize the free PVDF chains extracted from the 

nanocomposites. 

 

II.4.2. Thermal analysis  

II.4.2.1. Thermogravimetric analysis (TGA) 

TGA is a technique that allows measurement of the mass variation of a given sample when 

subjected to controlled atmosphere temperature programming. Thermogravimetric 

measurements were performed using a TA Instrument Q50 apparatus (Figure 5). Samples 

were heated under air [i.e. a mixed atmosphere of nitrogen and oxygen (60 mL/min and 40 

mL/min, respectively)] with a heating rate of 10 °C/min from room temperature to 800 °C. 
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Figure 5. TGA device used to characterize the different samples. 

II.4.2.2. Differential scanning calorimetry (DSC) 

DSC analysis is used to determine the variation of heat flux emitted or received by a sample 

when subjected to controlled atmosphere temperature programming. In the present work, DSC 

measurements were performed on 10-15 mg samples on a Netzsch DSC 200 F3 instrument 

(Figure 6) using the following heating/cooling cycle: first heating from 20 °C to 250 °C at 20 

°C/min, cooling from 250 to -100 °C at 20 °C/min, isotherm plateau at -100 °C for 10 min, 

second heating from -100 °C to 250 °C at 10 °C/min and last cooling from 250 °C to 20 °C at 

40 °C/min. Calibration of the instrument was performed with noble metals and checked 

before analysis with an indium sample (Tm = 156.6 °C).  

Melting temperatures and melting enthalpies (ΔHm) were determined from the lowest point of 

the valley with the highest depth and the area of enthalpy peak, respectively. The degrees of 

crystallinity of the graft PVDF were determined using equation 1: 

                        (    
   

   
                                 (   

where ΔHc (104.5 J g
-1

, 104.7 J g
-1

) corresponds to the melting enthalpy of a 100 % crystalline 

 phase PVDF [11,12] and 100 % crystalline P(VDF-co-HFP) [13,14], respectively. While 

ΔHm is the heat of fusion of the sample under consideration (determined by DSC in J g
-1

). 
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Figure 6. DSC device used to characterize the different samples. 

 

II.4.3. Morphological analysis  

II.4.3.1. Scanning electronic microscopy (SEM) 

 The microstructure of PVDF-g-BaTiO3 was observed by Scanning Electron Microscope 

(SEM, TESCAN-VEGA 3) equipped with Energy Dispersive Spectrometer (EDS, EDAX 

Team). All samples were deposited on a carbon conductive adhesive tape, then coated with 

carbon to improve the conductivity. While the microstructure of PVDF-g-BT@ P(VDF-co-

HFP) nanocomposite films was observed using a scanning electron microscope (SEM, Zeiss 

HD15) equipped with an energy dispersive mapping (EDS, Oxford X-MAX). All samples 

were deposited on a carbon conductive adhesive tape and then coated with platinum to 

improve the conductivity. 

II.4.3.2. Transmission electronic microscopy (TEM)  

A drop (7 µL) of the sample solution (particles dispersed in ethanol) was placed on a 

perforated carbon film-coated copper grid for 50 s, blotted with filter paper and dried with a 

vacuum pump. The sample was transferred in a single axis tilt sample holder and observed at 

100 kV acceleration voltage in a JEOL 1200 EXII transmission electron microscopy at 25 °C 

(Figure 7). 
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Figure 7. Transmission electronic microscope used to characterize the different samples. 

II.4.3.3. X-ray diffraction (DRX)  

X-ray diffraction is used to identify the nature and structure of crystalline phase products. It is 

a non-destructive method used for the qualitative and quantitative analysis of polycrystalline 

samples. In this work, X-ray diffraction (DRX) measurements were performed using Bragg–

Brentano geometry on a Bruker D8 Advance diffractometer (Figure 8), using Cu Kα radiation 

(λ=1.5418 Å) with 30 KV and 10 mA, Soller slits of 0.02 rad on incident and diffracted 

beams; divergence slit of 0.5; antiscatter slit of 1; receiving slit of 0.1 mm; with sample 

spinner, and a Lynxeye detector type with a maximum global count rat >1000.000.000 cps. 

The pattern was scanned through steps of 0.010142° (2θ), between 10 and 80° (2θ) with a 

fixed-time counting of 0.8 seconds/step. 

 

 

Figure 8. Picture of XRD device used to analyze the different samples. 
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II.4.4. Dielectric measurements 

Broadband Dielectric Spectroscopy (BDS) was used to investigate the effect of BaTiO3 

loading on the dielectric properties of PVDF-g-BT nanocomposites. An Alpha Analyzer 

spectrometer by Novocontrol technologies GmbH & Co. equipped with a Novocontrol Quatro 

nitrogen gas flow cryostat was employed (Figure 9). The prepared pellets (10 mm diameter, 

about 50 m thickness), capped between two thin layers of Pb, were placed in the BDS 

measurement cell. The temperature range was from -100 to 125°C with a heating rate of 5 or 

10°C/min and the measured frequency range was from 1.7×10
-2

 Hz to 10
7
 Hz. Amplitude of 

the applied sinusoidal voltage was 1.5 V.  

 

Figure 9. Broadband dielectric spectroscope. 

 

II.4.5. Mechanical analysis 

Uniaxial tensile tests on specimens were performed at a crosshead speed of 2.5 mm/min using 

a 5566 INSTRON tensile machine equipped with a 2-kN load cell. The stiffness (using four 

rectangular specimens of each sample, where the thickness of the films vary from 0.16 to 0.26 

mm) was calculated in the linear region of stress– strain curves using trendlines within the 

strain region 0-2% (Figure 10). 
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Figure 10. Tensile machine used to analyze the mechanical properties of nanocomposite 

films. 

 

II.4.6. Electrochemical characterizations 

II.4.6.1.Electrode preparation 

The cathode films were prepared using 70 wt% LiMn2O4 as active material, 18 wt% of 

Carbon black (C65) as conductive agent, 12 wt% of the binder (PVDF or PVDF-g-BT 

nanocomposite or both) and N-methylpyrrolidone (NMP) as solvent. Whatman glass 

microfiber filters (grade GF/D) used as separators, Li metal foil was used as the anode 

material, and 1M LiPF6 dissolved in a solution of ethylene carbonate/dimethyl carbonate (1:1 

vol %) as the electrolyte.  

To form the slurry, the precursors were homogenized in an agate pestle. After several minutes 

of blending with a mortar, the mixture was transferred to an agate ball-milling jar (with four 

balls) (Figure 11-a) and NMP was added. The mixture was then ball-milled softly at 500 rpm 

for 30 min. The obtained slurry was spread uniformly on aluminum metal grade foil 

(0.018 mm, Goodfellow) casted by a four sided film applicator (150 µm) from Elcometer 

(Figure 11-b). After 48 h of drying at room temperature, the casted films were further dried 

under dynamic vacuum at 80 °C and - 0.850 bar relative pressure in an XFL020 drying oven, 

France Etuves. In order to enhance the dispersity of the precursors, the dried films were 

calendered at 50 °C at 5 rotations per minute, where the thickness was fixed at 30 µm (Figure 

11-c), then punched to discs with 12.7 mm in diameter. 
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Figure 11. Electrodes preparation: (a) homogenization of precursors (b) casting of the slurry 

on aluminum foil and (c) Electrodes calendering. 

 

II.4.6.2. Half coin cell assembly 

316 L stainless steel 2032 coin–cells were used to characterize the positive electrode material 

under argon atmosphere in a glovebox. To assemble the coin-cell, the spring was placed on 

the small lid first in order to maintain battery pressure, then lithium foil, which was punched 

to discs with 14 mm in diameter and already positioned on a thick spacer that plays the role of 

current collector from the anode side was sited. The electrolyte was dropped on the separator 

(16 mm) and the prepared electrode was then placed with its aluminum surface in contact with 

the coin cell big lid. In the last step, the coin cell big lid was fixed on the top and the cell was 

sealed by a crimping machine.  
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Scheme 8. Schematic illustration of half coin-cell component. 

II.4.6.3. Cyclic voltammetry 

The cyclic voltammetry is a popular experiment in chemical research, since it can provide 

useful information about redox reactions in a form of which is easily obtained and interpreted 

[15]. This technique consists on varying the applied potential at a working electrode in both 

forward and reverse directions, at a given scan rate, while observing the current [16]. In the 

present work, a VSP-3000 instrument was used from 3.2 V to 4.5 V at a scan rate of 0.5 mV/s 

to characterize cells made with active material and from 0 V to 3.5 V for cells made without 

active material.  

II.4.6.4. Galvanostatic cycling 

This technique is considered as the most standard tool for studying the behavior of batteries 

upon cycling [17]. The battery performances are determined as a function of its charge and 

discharge conditions. During Galvanostatic cycling of the battery, the charge and discharge 

cure=rent are often expressed as a C-rate, calculated from the battery capacity. A C-rate is a 

measure of which a battery is charged or discharged relatively to its maximum capacity. For 

example, a 1 C-rate means that the discharge current will discharge the entire battery in 1 

hour.  
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The prepared cells were characterized using a BCS-805 battery cycler from BioLogic // BTS 

4000 battery testing system from Neware (Figure 12) offering 8 independent channels with a 

maximum current of ±150 mA per channel. The cells were charged and discharged for 55 

cycles from 2.5 V to 4.5 V and from 3.4 V to 4.3 V at various current densities, and the 

current rate was increased from 1 C to 10 C. The theoretical specific capacity C of LiMn2O4 

was considered equal to 148 mA h g
-1

, for a 1-e
-
 process. All current densities were calculated 

as C×n for a charge/discharge with n lithium ions (de)inserted in 1 h. 

 

Figure 12. BCS-805 device used to perform the cycling performances of the prepared cells. 
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Chapter III: Core shell structured 

Poly(Vinylidene Fluoride) -grafted- 

BaTiO3  nanocomposites prepared 

via Reversible Addition-

fragmentation chain transfer (RAFT) 

polymerization of VDF for high 

energy storage capacitors (2) 
 

  

                                                 
2
 This chapter has been published in Polymer Chemistry Journal:  
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III.1 Introduction 

High dielectric constant (high-k) ceramic/polymer nanocomposites represent an emerging 

material platform for advanced energy-storage technologies and dielectric applications 

because the efficient properties and giant dielectric constants of ceramics, such as BaTiO3, 

with the flexibility, the low cost and easy processing of polymers [1]. Polar polymers such as 

PVDF and VDF-based copolymers serve as the best selected (co)polymers for high energy 

density applications. Chapter 1 provided an update of various studies to design core-Shell 

BaTiO3/ fluoropolymer based on poly[fluoroalkyl meth(acrylate)]s, PVDF and its co- and 

terpolymers nanocomposites, to study their properties and performances and to supply their 

applications. Core-shell nano-architecture strategies are versatile and powerful tools for the 

design and synthesis of advanced high-k polymer nanocomposites. A special focus 

emphasizes their advantages over conventional melt-mixing and solution-mixing methods that 

lead to aggregation and poor dielectric properties.  

In contrast of the above strategies for the preparation of BaTiO3/PVDF nanocomposites using 

solution mixing as the technique, this work reports the first synthesis of homogeneous core-

shell modified PVDF-grafted-BaTiO3 nanocomposites. The ceramic fillers were surface 

modified with xanthate to allow the RAFT in-situ VDF polymerization (Grafting from), 

ensuring a chemical bond of PVDF with the BaTiO3 surface. This technique has the 

advantages of compatibility with a wide range of functionalities in monomer types, and no 

metallic ion complexes are needed in contrast to ATRP (actually, residual copper salt may 

lead to high leakage current under high electric field and undesirable of dielectric properties 

[2]).  The effect of BaTiO3 percentage on the properties of these nanocomposites was studied. 

To the best of our knowledge, it is the first time that this approach has been used to fabricate 

bonded PVDF onto nanoparticle surfaces. The resulting nanocomposites were fully 

characterized by FT-IR, 
19

F and 
1
H HRMAS NMR spectroscopies, SEC, XRD, MEB, TEM, 

DSC and TGA.  

III.2 Results and discussion 

Previously, Yang et al. [3] and  Zhu et al. [4]  reported the functionalization of the BaTiO3 by 

RAFT agent (trithiocarbonate) in four steps: (i) preparation  of S-1-dodecyl (or S-1-ethyl)-S′-

(α,α′-dimethyl-α′′-acetic acid) trithiocarbonate (DDMAT), (ii) activation of DDMAT by N-

hydroxysuccinimide (NHS-DDMAT), (iii) preparation of amino-functionalized BaTiO3 
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(BaTiO3-NH2) by reaction of hydroxylated BaTiO3 and  γ-aminopropyl triethoxysilane, and 

(iv) preparation of DDMAT anchored BaTiO3 nanoparticles by reaction between NHS-

DDMAT and  BaTiO3-NH2. 

In contrast to their procedure, our strategy was to use xanthate functionalized BT, since 

xanthates are efficient chain transfer agents to control the RAFT (co)polymerization of 

VDF[5–9] . Scheme 2 represents the general procedure for the preparation of functionalized 

BaTiO3 by RAFT agent which was used in the last step to synthesis the PVDF-g-BaTiO3 

nanocomposites.  

 

Scheme 1. Sketch illustrating the synthesis process of PVDF-g-BaTiO3 nanocomposites by 

RAFT polymerization of VDF in the presence of Xanthates (from the modification of BaTiO3 

nanoparticles) where TBPPi stands for tert-butyl peroxypivalate. 

 

The commercially available BaTiO3 nanoparticles possess too few -OH groups on their 

surface that are less active and thus are difficult to efficiently manipulate their surface 

chemistry [2]. Almadhoun et al.[10] prepared nanocomposites generated from surface-

hydroxylated BaTiO3 nanoparticles as a filler and poly(VDF-TrFE) copolymer as a matrix. 

The results show that the surface modification results in better dispersion of the nanoparticles 

in the polymer matrix, yielding in a higher degree of particle-matrix interaction whereas the 

untreated BaTiO3 is likely to forming agglomerates which lead to a higher inhomogeneity 

when it is incorporated into a polymer matrix.  Inspired by this study, the first step of Scheme 

1 is the hydroxylation of pristine BaTiO3. These hydroxylated BaTiO3 (BT-OH) were 

functionalized by RAFT agent (Xanthate) in two steps (Reactions 2 and 3, Scheme 1). 

Initially, the surface of BT-OH nanoparticles was modified by the condensation reaction of 3-
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chloropropyltriethoxysilane (BT-CPTS), and it was subsequently reacted in the second step 

with potassium xanthogenate to produce nanoparticles bearing RAFT xanthate (BT-XA). All 

steps led to high yields. 

In the last step of Scheme 1, the PVDF-g-BaTiO3 core-shell nanocomposites were prepared 

by RAFT polymerization of VDF in the presence of BT-XA using tert-butyl peroxypivalate 

(TBPPi) as the initiator and the reaction mechanism is depicted in scheme 2. At this 

temperature, the initiator has a half-life of 2 hours and the generated radicals enable to initiate 

the polymerization of VDF[5,6,9]. As previously reported, RAFT polymerization is a versatile 

technique that can easily tune the shell thickness of the core-shell nanostructured 

nanocomposites by varying the monomer feed ratios [11]
,
[3]. In fact, Chen et al.[12]

 
reported 

that the shell thickness can be designed by the polymerization degree via RAFT 

polymerization. In this work, four weight [BaTiO3-XA]0:[VDF]0 ratios were chosen (i.e. 3, 5, 

10 and 20 %). The resulting materials were characterized by different spectroscopic and 

thermal analyses. 

 

 

Scheme 2. Mechanism of Reversible Addition-Fragmentation Chain-Transfer Polymerization 

(RAFT) of VDF. 
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III.3. Spectroscopy Characterizations  

III.3.1 FT-IR spectroscopy 

FT-IR spectroscopy was employed to reveal the anchoring of xanthate onto the BaTiO3 and 

PVDF-g-BaTiO3 nanocomposites (Scheme 1). Figure 1a exhibits the FT-IR spectra of the 

BaTiO3, before and after modification (BaTiO3-OH, BaTiO3-CPTS and BaTiO3-XA). The  IR 

spectrum of the as-received BaTiO3 nanoparticles presents absorption bands at 580 and 

1435 cm
-1

 assigned to the stretching vibration of CO3
2-

 from the residual BaCO3 in the 

BaTiO3 and the vibration mode of a metal-dioxo bridge, respectively[13]. Another absorption 

band at 1633 cm
-1 

is characteristic for the bending mode of -O-H resulting from the physically 

adsorbed water on BaTiO3 nanoparticles [14] and also confirmed by absorption bands 

(stretching) observed between 3000-3600 cm
-1

. 

After treatment of BaTiO3 nanoparticles with hydrogen peroxide, purification and drying, the 

absorption bands in FT-IR spectrum of hydroxylated BaTiO3 are similar to those of the 

pristine BaTiO3 with a slight increase in the intensity of the broad -OH absorption band at 

3452 cm
-1

 (Figure 1a).  

Upon incorporation of the silane coupling agent having chloride functionality and compared 

with BaTiO3-OH, new absorption bands at 1041-1094 and 2935 cm
-1

 were observed in BT-

CPTS attributed to Si–O–Si and CH2, respectively. These results indicate the successful 

introduction of silane coupling agent [15]
,
[10].

 
After immobilization of xanthate onto BaTiO3, 

the BaTiO3-XA was suggested to be formed via covalent bonding as indicated by three 

characteristic absorption bands at 1002  (C=S), 1130 (C-O), and 2927  cm
- 1

 (C-H) confirming 

previous reports [16–18]  (Figure 1a). 
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Figure 1. FT-IR spectra of (a) the as-received BaTiO3 (BT), BT-OH, BT-CPTS and BT-XA, 

(b) FT-IR spectra of PVDF and PVDF-g-BaTiO3 nanocomposites starting from 3, 5, 10 and 

20 wt % of BaTiO3, (c) Expansion of the 700-1500 cm
-1

 zone in the FT-IR spectra. 

 

After purification, the core-shell PVDF-g-BaTiO3 nanocomposites were characterized by FT-

IR (Figure 1b). Additional absorption bands at 1160, 1400 cm
-1 

corresponding to C-F 

stretching were observed. In addition, the absorption band at 2985 and
 
3026 cm

-1 
(stretching 

of -CH2 of VDF units) became stronger than that of BT-XA (Figure 1a). PVDF is ferroelectric 

polymer which exhibits crystalline phases , and ) affecting its electric properties [19,20]. 

Therefore, it is of interest to know the effects of BaTiO3 nanoparticles on the grafted structure 
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of PVDF. FT-IR  spectrum (Figure 1c) shows frequencies at 761, 796, 880 and 977 cm
-1

,
 

characteristic of
   
the α-phase of PVDF [19,21–24]. In addition, no absorption bands at 1276 

and 840 cm
-1 

of
 
the  phase of PVDF were observed in the spectra of PVDF-g-BaTiO3 

nanocomposites [19,25]. The FT-IR results confirm the successful grafting of PVDF onto the 

modified surface of BaTiO3 and indicate that PVDF exhibits α crystalline phase only. 

 

III.3.2 High Resolution Magic Angle Spinning (HR MAS)  

More evidences of the successful modification and the grafting of PVDF from BT surface are 

supplied by high resolution magic angle spinning (HR MAS) spectroscopy.  Figure 2 displays 

the HR MAS 
1
H spectrum of pristine BaTiO3 (BT), modified with hydrogen peroxide (BT-

OH), with silane agent (BT-Cl) and with chain transfer agent (BT-XA). It is noted the 

decrease of signal at 10.15 ppm, assigned to OH groups, confirming their consumption during 

the fixation of silane agent [26].  

The signals at 0.70, 1.73, 3.57 and 1.40 ppm  evidences the presence of –Si-O-CH2-CH2-CH2-

Cl, –Si-O-CH2-CH2-CH2-Cl, –Si-O-CH2-CH2-CH2-Cl for BT-Cl, and the –SC(S)OCH2CH3 

in BT-XA, respectively, suggesting that the silane agent and the chain transfer agent were 

successfully grafted on BaTiO3 [27,28]. 
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Figure 2. Expansion of the 0.5 to 10.5 ppm region of the 
1
H HRMAS spectrum in DMSO of 

pristine BaTiO3 (BT), modified with hydrogen peroxide (BT-OH), with silane agent (BT-Cl) 

and with chain transfer agent (BT-XA). 

 

The HR MAS NMR spectra of PVDF-g-BaTiO3 nanocomposite in DMSO-d6 provide more 

detailed evidence of the successful grafted PVDF onto the surface of BaTiO3 nanoparticles. 

Figures 3 and 4 display the 
19

F and 
1
H HRMAS NMR spectra of nanocomposite filled with 3 

wt% of BaTiO3, respectively. To the best of our knowledge, the 
19

F HRMAS NMR spectra of 

nanocomposite has never been reported to characterize the fluorinated polymer grafted onto 

the nanofillers.  
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Figure 3. Expansion of the -64 to -120 ppm region of the 
19

F HRMAS spectrum recorded in 

d6-DMSO of PVDF-g-BaTiO3 nanocomposite filled with 3 wt % of BaTiO3 (* stands for the 

spinning bands). 

Deuterated DMSO enables to swell PVDF located at the BaTiO3 surface. Figure 3 exhibits an 

intense signal at -92 ppm, characteristic of head-to-tail (HT) addition of VDF (-CH2CF2-

CH2CF2-CH2CF2-CH2CF2-) [6–9]. Signals at -114 ppm and -116 ppm are assigned to chain 

defects caused by head-to-head VDF reverse additions (-CH2CF2-CH2CF2-CF2CH2-CH2CF2-) 

and (-CH2CF2-CH2CF2-CF2CH2-CH2CF2-), respectively [29]. A signal at -70 ppm is relative 

to difluoromethylene adjacent to the xanthate group -CH2-CF2-SCS-O-CH3 [6–8]. 

19
F HRMAS spectrum also enables to calculate the degree of polymerization (  ̅̅ ̅̅

 ) from the 

integrals of the signals assigned above, according to equation 1.  

 

  ̅̅ ̅̅
  

(∫     (     ∫    (       
      

      

     

     

(∫    (          
     

     
   

                  (    

 

where ∫    
  

  
 stands for the integral of the signal ranging from -i to -j ppm assigned to CFx 

group.  
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The 
19

F HRMAS NMR spectra of the nanocomposites containing 5, 10 and 20 wt% of BT-

XA are also supplied in the Apendix I (Figures A1-A3). 

 

Figure 4. Expansion of the 0.6 to 6.4 ppm region of the 
1
H HRMAS NMR spectrum recorded 

in d6-DMSO of PVDF-g-BaTiO3 nanocomposite filled with 3 wt % of BaTiO3. 

The 
1
H HRMAS NMR spectrum (Figure 4) exhibits an intense signal centered at 2.8  ppm 

corresponding to the methylene of the regular head-to-tail (HT) addition of VDF (- CF2CH2-

CF2CH2-CF2CH2-CF2-). Signal at 2.2 ppm is characteristic of the tail-to-tail (TT) addition of 

VDF (-CF2CH2-CH2CF2-) while that at 4.2 ppm is assigned to methylene terminal VDF units 

(CF2-CF2CH2- SC(S)-O-CH2-CH3). Moreover, signal at 1.2 ppm is attributed to CH3 in Z 

group of Xanthate   (-CF2-CH2-SC(S)-O-CH2-CH3) [8]. The triplet of triplets centered at 6.3 

ppm is attributed to the proton end group in -CH2CF2-H from the transfer to 

dimethylcarbonate. The resulting CH3OC(O)OCH2
•
 radical is able to initiate another PVDF 

chain giving rise to a singlet at 3.7 ppm corresponding to the methyl end group. In addition, 

the singlet at 0.95 ppm is assigned to the tertbutyl end group (Scheme 2) from the fragment of 

radical initiator [30].   

The degree of polymerization can be also calculated from 
1
H HRMAS NMR using the 

integrals of the signals assigned to CH2 group of regular VDF additions, CH2 groups of 
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reverse additions of VDF, CH2 of terminal units of VDF and Z group of Xanthate, according 

to equation (2).   

 

  ̅̅ ̅̅
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The Appendix gives the 
1
H HRMAS NMR spectra of the nanocomposites containing 5, 10 

and 20 wt% of BT-XA (Appendix I: Figures A4-A6). 

Table 1 summarizes the degrees of polymerization obtained from 
1
H and 

19
F HRMAS NMR 

spectroscopy for the prepared nanocomposites with different loadings of BaTiO3 starting from 

3, 5, 10 and 20 wt%. This table shows a good agreement of the degrees of polymerization 

from both NMR techniques.  

 

Table 1. DPn and molar masses obtained from 
19

F
 
and 

1
H HRMAS NMR spectroscopy for the 

prepared nanocomposites from equations (1, 2 and 4). 

 

III.3.4 Molar Masses of PVDF from SEC and HR MAS spectroscopy  

After washing treatment, the free PVDF was characterized with SEC in DMF with PMMA 

standards. Table 2 summarizes PVDF yields, percentages of grafted and ungrafted (or free) 

PVDF prepared by in-situ VDF RAFT polymerization, and the molar masses  ̅ ,  ̅  and 

dispersity (Đ) values of free PVDF from nanocomposites (Scheme 5, Chapter II) determined 

by SEC. The PVDF yield was calculated using the equation (3) bellow: 

               
              

           
            (   

BT in 

feed 

(%) 

DPn from 
1

H 

NMR 

 ̅  (
1

H NMR)  DPn from 
19

F 

NMR 

 ̅   (
19

F NMR)  

  

 ̅   of 

free 

polymer 

3 50 3670 48 3540 7500 

5 44 3290 44 3290 6800 

10 39 2970 41 3100 6400 

20 36 2780 39 2970 5600 
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where               ,                 represent the weight of the obtained 

nanocomposite after polymerization (total product mixture) and the introduced VDF and BT-

XA, respectively.  

 

Table 2. In situ RAFT polymerization of VDF, Molar masses  ̅ ,  ̅ 
  and dispersity values 

(Đ) of PVDF nanocomposites determined by SEC. 

a) Yield of PVDF after RAFT polymerization in the presence of BaTiO3-XA (before purification) (65 °C, 15 h) 

b)  % of grafted PVDF (PVDF-g- BaTiO3) and physisorbed PVDF (Free PVDF) after watching and centrifugation 

c)  SEC: solvent: Dimethylformamide (DMF), Calibration with PMMA standards. 

 

From all the contents of ceramic nanoparticles of free PVDF from PVDF-g-BaTiO3 x wt% 

nanocomposites, the highest molar mass was obtained with 3 wt% of BaTiO3 while the molar 

mass of nanocomposites decreases by increasing the BaTiO3 ratio. The lowest one was 

obtained with 20 wt% of BaTiO3 content (Table 2). Actually, the functionalized nanofiller 

acted as a chain transfer agent in the radical polymerization of VDF as it was reported in the 

clay nanocharge/fluorinated methacrylate leading a decreasing order of molar masses with an 

increasing nanoclay loading [31].  

The literature reports that the cleavage of grafted polymers (e.g. methacrylates) onto 

nanofillers was achieved in the presence of HF or HCl [27,32,33]. We conducted different 

experiments to attempt getting the molar masses of grafted PVDF onto BT-XA.  

To cleave the attached PVDF from the functionalized BaTiO3 nanoparticles, an amount of 

PVDF-g-BT was dispersed in a mixture of DMF or DMF/Aliquat according to procedures 

describe in literature [27,32]. Then Acid (HF or HCl) was added and the mixture was allowed 

to stir for a certain time and temperature. At the end of the reaction, the mixture was 

wt % of 

BT in 

feed 

 PVDF 

Yield 

(%)
a)

 

% of 

Grafted 

PVDF 
b)

 

% of Free 

PVDF
 b)

 

 ̅  
c)

 

 

 ̅ 
 c) 

 

Đ
 c)

 

 

0 67  - - 12 730 22 700 1.8 

3 64 55 45 7 500 18 200 2.4 

5 94 62 38 6 800 14 900 2.2 

10 95 57 43 6 400 13 600 2.1 

20 96 42 58 5 600 12 900 2.3 
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centrifuged, and the supernatant was concentrated then precipitated over cold pentane or 

methanol.  

 

Table 3. Experiments conducted to enable the acidic cleavage of attached PVDF from 

functionalized nanoparticles. 

Exp N° wt PVDF-g-BT  

(% of BT) (mg) 

wt (Aliquat) 

(mg) 

V DMF (ml) V acid (ml) time (T, °C) 

1  50 (10%) 5  3  0.5 (HF) 16 hr (25) 

2 50 (10%) 5  3  0.5 (HF) 3 days (25)  

3 30 ( 5%) 5  3  0.5 (HF) 5 days (25) 

4 50 20% 0 5  0.5 (HCl) 16 hr (80) 

5 40 ( 3%) 0 4  0.4 (HCl) 16 hr (80) 

 

Even after five days in HF (Exp.3, Table 3), no PVDF was recovered after precipitation of the 

supernatant from cold pentane or methanol. This surprising behavior may be attributed to the 

high chemical inertness of PVDF in acid medium. The PVDF shell can be considered as a 

protective shield which may not enable this cleavage. Hence, the molar masses of grafted 

PVDF could not be achieved by SEC. In fact, they could be determined by 
19
F and 

1
H 

HRMAS NMR spectroscopies from equations 1, 2 and 4 (Table 1) according to equation 

previously reported by Guerre et al. [8]  

                (                  (4) 

where Mn,CTA = 472 g/mol and Mn,VDF  = 64 g/mol (CTA stands for the BaTiO3-O3Si-(CH2)3-

SC(S)-OCH2CH3). 

Table 1 shows that the molar masses decrease when increasing BaTiO3 loading in the feed. In 

fact, rising the xanthate functions onto BaTiO3 nanoparticles leads to enhanced transfer onto 

PVDF
•
 macroradicals resulting in low PVDF molar masses.  
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III.3.5 Morphology characterizations 

III.3.5.1 X-ray diffraction (XRD) 

X-ray diffraction (XRD) results have been often also used to determine phases of PVDF
 
[34].

 

Figure 5 shows the XRD patterns of pristine BaTiO3 nanoparticles, PVDF obtained by RAFT 

polymerization, and PVDF-g-BaTiO3 nanocomposites synthesized from 5 wt% of BaTiO3. 

 

Figure 5. XRD patterns of: (a) the as received BaTiO3 nanoparticles, (b) PVDF and (c) 

purified nanocomposites PVDF-g-BaTiO3 5 wt %.  

As displayed in Figure 5a, the XRD patterns of the as received ceramic BaTiO3 nanoparticles 

exhibits the characteristic  peaks located at 2= 22°, 31°, 38°, and  45° assigned to the 

diffractions planes (100), (110), (111) and (200), respectively, corresponding to cubic phase 

of  BaTiO3
 
[35]

,
[36]. The diffraction patterns (Figure 4b) of PVDF display peaks at 2= 17°, 

18°, 19° and 26° attributed  to (100), (020), (110) and (021) diffraction planes, respectively, 

characteristic to α phase of PVDF [19,34,37]. No characteristic diffraction peak related to  

phase  of PVDF was observed at 2=20.26°
 
(corresponding to diffraction planes (110) and 

(200)) [19] (Figure 5b). Finally, the XRD patterns of PVDF-g-BaTiO3 nanocomposites 

containing 5 wt% of BaTiO3 (Figure 5c) show both peaks of BaTiO3 ceramic particles and α 

phase of PVDF. On the other hand, the XRD analyses indicate that PVDF crystallizes in α 
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phase during the in-situ RAFT polymerization of VDF in the presence of BT-XA, and 

confirm the results obtained by FT-IR study. A similar result was obtained in the preparation 

of PVDF-g-BaTiO3 20% wt  nanocomposite during melt process [37]. 

 

III.3.5.2 Scanning Electronic Microscopy (SEM) 

The resulting nanocomposites were analyzed by electron microscopy (SEM and TEM). First, 

SEM enabled to evaluate the dispersion of nanofillers within matrix polymers [25],[38]. 

Figure 6a exhibits a typical SEM image obtained for the PVDF-g-BaTiO3 nanocomposites 

using different BaTiO3 concentrations. In all nanocomposites, BaTiO3 nanoparticles are 

embedded within the PVDF polymer matrix, and neither agglomeration no pores could be 

found. These results indicate that the BaTiO3 nanoparticles are well dispersed in the PVDF 

matrix and that strong chemical bonding exists between the BaTiO3 core and the PVDF shell. 

Furthermore, the elemental analysis (EDX, Figure 6b) scan of PVDF-g-BaTiO3 

nanocomposites reveals the characteristic peaks of Ba, Ti, O, C and F, the compositions of 

which are in suitable agreement with the BT percentages used in the preparation of 

nanocomposites. These results clearly indicate the successful formation of PVDF-g-BaTiO3.  
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Figure 6. (a): SEM micrographs of PVDF-g-BaTiO3 nanocomposites from different BT 

loadings (scan bar: 20 m), and (b) : their respective elemental analysis (EDX).  

III.3.5.3 Transmission Electronic Microscopy (TEM)  

TEM was also used to observe the morphology of pristine and organomodified BaTiO3 

nanoparticles, and the functionalized BaTiO3 (BT) nanoparticles via RAFT polymerization of 

VDF. TEM images of BT, BT-OH, BT-CPTS and BT-XA are displayed in Figure 7. 
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Figure 7. TEM images of the as received and functionalized BaTiO3 particles with (a) (low 

magnification) and (b) (higher magnification). 

 

 After modification of BaTiO3 nanoparticles surface, it is clearly noted the presence of a thin 

clear layer surrounding the functionalized BaTiO3 core and confirmed the NMR, FT-IR and 

TGA analyses. Figure 8 displays the TEM images of PVDF-g-BT with different BaTiO3 

loadings and exhibits a PVDF polymer shell directly coated on the surface of BT. This 

features the successful grafting of PVDF onto the functionalized nanoparticles. Thus, by 

increasing the BaTiO3 feed in the system, the average shell thickness decreased from 5.1 nm 

to 2.2 nm for nanocomposites produced from 5 wt% and 20 wt%, respectively. The thickness 

of the PVDF shell is similar to those of poly(alkyl methacrylate) [39] and poly(2,2,2-

trifluoroethyl methacrylate) layer grafted onto modified BaTiO3 although the authors used 

higher BaTiO3 feed amount (up to 50 wt%) [40]. 
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Figure 8. TEM images of PVDF-g-BT nanocomposite with different BaTiO3 amount (3, 5, 10 

and 20%). 

III.3.6 Thermal properties 

III.3.6.1 Thermogravimetric analysis (TGA)  

In order to further support the successful modification of BaTiO3 by PVDF polymer, the 

thermal stabilities of the organomodified BaTiO3 and the PVDF-g-BaTiO3 nanocomposites 

were studied by TGA under air (Figure 9) and differential scanning calorimetry (DSC, Figure 

10).  

The TGA thermogram of pristine BaTiO3 shows a very high thermostablity with a small 

weight loss (0.13 % at 150 °C) attributed to the release of absorbed water molecules on the 

surface, thus confirming the FT-IR analyses. 

The BaTiO3 modified with hydrogen peroxide (BaTiO3-OH) preserves its maximum weight 

before 300 °C since OH degrades. At 600 °C, the maximum weight loss is 1.45 % and 

confirms that -OH groups were introduced onto BaTiO3 surface (Figure 9a). The BT-CPTS 

weight loss ws found to be 1.18 % at 600 °C due to the degradation of the silane group. At 
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this temperature, in the case of BaTiO3-XA, the weight loss was estimated to be 0.92 % 

suggesting that the RAFT agent was also introduced successfully onto BaTiO3 surface (Figure 

9a). These findings confirm  the FT-IR results. 

 

 

Figure 9. TGA thermograms (under air) of (a) functionalized BaTiO3 nanoparticles and 

PVDF-g-BaTiO3 nanocomposites with different BaTiO3 amount (3, 5, 10 and 20 wt %) after 

centrifugation but not purified and (b) TGA thermograms of BaTiO3/PVDF nanocomposites 

after several purification treatments (PVDF-g-BaTiO3). 

The effect of BaTiO3 composition loading on the thermal degradation of PVDF-g-BaTiO3 

nanohybrids was examined. Figure 9a shows the TGA thermograms of BaTiO3/PVDF 

nanocomposites before purification (or washing treatment with acetone) including grafted 

PVDF onto the surface of BaTiO3 and ungrafted or free PVDF (Scheme 6, Chapter II). Taking 

into account the starting of degradation, the nanocomposites stability decreases as follows: 

PVDF-g-BaTiO3 20% > PVDF-g-BaTiO3 10% > PVDF-g-BaTiO3 5% > PVDF-g-BaTiO3 

3%. On the other hand, the weight losses recorded at 600 °C indicate the following decreasing 

thermal stability order:  PVDF-g-BaTiO3 20% > PVDF-g-BaTiO3 3% > PVDF-g-BaTiO3 

10% > PVDF-g-BaTiO3 5% (Table 4). Durand et al.[41] reported the efficiency of PVDF 

washing by acetone monitored by TGA of radical grafting of 1-iodo tetrafluoroethylene and 

VDF telomers onto silica bearing vinyl groups. These authors conclude the necessity to wash 

the modified silica several times after that radical grafting to get rid off the physisorbed 

fluorinated telomers. In our case, after washing the PVDF-g-BaTiO3 nanocomposites 

according to the procedure described above (Scheme 6, Chapter II) to remove the impurities 

and free or physisorbed PVDF, the TGA analysis was also performed on the resulting PVDF-

g-BaTiO3 nanocomposites. Figures 9b displays TGA thermograms of PVDF-g-BaTiO3 

nanocomposites and their weight losses before and after purification. The characteristic 
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decomposition temperatures, Td and T’d, as well as the weight losses at 600 °C are 

summarized in Table 4. 

Table 4. Temperature decompositions, weight loss at 600 °C of PVDF-g-BaTiO3 

nanocomposites before purification, melting temperature Tm and crystallinity X (%) recorded 

for PVDF-g-BaTiO3 nanocomposites after purification. 

a) Td : Starting degradation temperature of PVDF-g-BaTiO3 nanocomposites before purification.  
b)

 T‘d : Beginning degradation temperature of PVDF-g-BaTiO3 nanocomposites obtained after purification. 
c)  

Weight loss of BaTiO3/PVDF before purification determined by TGA (under air) 
d)

 Weight loss of BaTiO3/PVDF after purification (PVDF-g-BaTiO3) determined by TGA 
e)  

Melting enthalpy measured by DSC analysis under nitrogen after second heating 

f) Crystallinity X calculated from Equation 1 of Chapter II.  

 

Figure 9b reveals several features: (i) all PVDF-g-BaTiO3 nanocomposites exhibit a 

significantly better thermal stability than that of the pure PVDF, with an increase of 52-76 °C 

in T’d compared to that of neat PVDF which starts to decompose at 339 °C. In fact, 

incorporation of a well-dispersed organomodified BaTiO3 onto PVDF matrix is known to 

enhance the thermal stability by acting as a mass transport barrier to the volatile products 

generated during decomposition [42], (ii) the increase of the decomposition temperatures for 

the nanocomposites with higher BaTiO3 content may be attributed to the good dispersion and 

the high loading of nanofiller, (iii) compared to Figure 9a, removing the physisorbed PVDF 

from BaTiO3/PVDF during the washing treatment leads to an improved thermal stability of 

the resulting PVDF-g-BaTiO3 nanohybrids where PVDF is covalently bonded onto BaTiO3.  

III.3.6.2 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) was used for the identification of the crystalline 

phase of PVDF and PVDF-g-BaTiO3 nanocomposites, and also the influence of the BaTiO3 

concentration on the degree of crystallinity and melting temperature. The melting and cooling 

DSC thermograms are presented in Figure 10. 

wt % 

of BT 

in feed 

Td (°C) 
a)

 T’d (°C) 
b)

 Weight loss of  

PVDF-g-BaTiO3 

at 600 °C (%) 
c)
 

Weight loss of 

PVDF-g-BaTiO3  

at 600 °C (%) 
d) 

ΔHm ( J g
-1

) 
e)
 Crystallinity  

X (%)
 f)

 

0 339 91  49 47 

3 373 391 92 81 47 45 

5 380 404 77 89 51 48 

10 384 407 81 86 42 40 

20 393 415 78 56 27 21 
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Figure 10. DSC thermograms (second heating and cooling) of PVDF from conventional 

radical polymerization of VDF initiated by TBPPI and PVDF-g-BaTiO3 nanocomposites with 

different BT fractions: (a) heating process, (b) cooling process.  

Figure 10-a displays the melting behaviors of pure PVDF and PVDF-g-BaTiO3 nanohybrids. 

The nanocomposite samples exhibit two endothermic melting temperatures, Tm, in the range 

150-183 °C slightly shifted toward high temperatures comparatively to the pure PVDF 

prepared in the same conditions. The interaction between nanofiller surface and the PVDF 

dipole should be the main factor [43–45].  Mendes et al.[25] reported the effect of the filler 

concentration on the thermal properties of BaTiO3/PVDF nanocomposites prepared via simple 

casting with different ceramic contents and the existence of the two endothermic peaks of 

PVDF physisorbed on the surface of BT,  attributed to the coexistence of α and β-phases in 

the samples confirmed by FT-IR and XRD analyses. In our case, the FT-IR and XRD results 

of the grafting of PVDF on the surface of BT exhibit only α-phase of PVDF. Therefore, the 

two endothermic peaks in DSC thermograms (Figure 10-a) are assigned to the α-phase in the 

nanocomposites. As reported by Costa et al.[44] the thermal behavior of α-phase PVDF is 

more complicated. Its melting point displays two endothermic peaks and its origin can be 

mainly ascribed to the presence of  a ―bimodal distribution‖ of crystal sizes or  to the 

recrystallization and remelting during the DSC heating [44–47].
  
It is noted also that with pure 

PVDF and lower percentage of BaTiO3 grafted on the surface of PVDF (3 and 5wt %), the 

second melting peak is higher than the first one corresponding to lower shoulder. This 
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behavior is reversed in the thermograms of nanocomposites with higher BT concentration (10 

and 20 wt%) where the first peak is more important. It could be in agreement with the 

existence of the ―bimodal distribution‖ of crystal which one peak is more important than the 

other one depending on the BaTiO3 percentage [44,47,48]. 

Figure 10b presents the DSC cooling thermograms of PVDF and PVDF-g-BaTiO3 

nanocomposites. The crystallization peak temperature of PVDF is 132.4 °C, whereas when 3, 

5, 10 and 20 wt % BT are used, this temperature increases up to 142.2, 147.5, 147.1 and 148.7 

°C, respectively. These results clearly show that the addition of a small BT amount to the 

PVDF matrix induced an obvious increase in the crystallization temperature of the PVDF 

polymer.  

The influence of BaTiO3 loading is also obvious in the degree of crystallinity (X) of the 

polymer, listed in Table 4. It can be observed that these values are smaller than those of the 

pure PVDF and decrease with increasing BT content. Obviously, the presence and the quality 

of BaTiO3 dispersion may significantly affect the crystallization behavior of PVDF matrix.  

 

III.7 Conclusion 

A series of PVDF-g-BaTiO3 nanocomposites with well-defined core shell structure was 

prepared by unprecedented RAFT polymerization of VDF from the surface of BaTiO3 

nanoparticles. The first step aimed to functionalize the surface of the as received ceramic 

nanoparticles to create xanthate functions and sites for the RAFT polymerization using 

potassium ethyl xanthate as the chain transfer agent. Then, grafting of PVDF from the surface 

of modified BaTiO3 was achieved by RAFT polymerization using different BaTiO3 amounts 

(3-20 wt %) and the effect of such a percentage on the properties of the nanocomposite was 

studied. The results show the successful surface modification and grafting of PVDF onto 

BaTiO3 leading to nanocomposites with enhanced thermal stability. The higher the BaTiO3, 

the better the thermostability of the resulting nanocomposites. Noteworthy, HRMAS 

spectroscopy well highlighted the presence of PVDF on the BaTiO3 surface, also confirmed 

by IR and XRD that indicated α phase-PVDF was mainly produced.  

The thickness of the shell determined by TEM showed that decreasing the feed of BaTiO3 

weight leads to an increase from 2.2 nm to 5.1 nm for nanocomposites produced from 5 wt% 

and 20 wt%, respectively. In addition, the crystallinity rate decreased when the BT loading 

increased.  
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Dielectric nanocomposites incorporating core-shell PVDF-g-BaTiO3 nanostructured in term 

of influence of BaTiO3 concentration on dielectric properties (e.g. dielectric permittivity, 

dielectric loss, loss modulus and conductivity) are discussed in Chapter IV.  
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Appendix I 

 

 

Figure A1. Expansion of the −64 to −120 ppm region of the 
19

F HRMAS spectrum recorded 

in d6-DMSO of PVDF-g-BaTiO3 nanocomposite filled with 5 wt % of BaTiO3 (* stands for 

the spinning bands). 

 

Figure A2. Expansion of the −64 to −120 ppm region of the 
19

F HRMAS spectrum recorded 

in d6-DMSO of PVDF-g-BaTiO3 nanocomposite filled with 10 wt % of BaTiO3 (* stands for 

the spinning bands). 
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Figure A3. Expansion of the −64 to −120 ppm region of the 
19

F HRMAS spectrum recorded 

in d6-DMSO of PVDF-g-BaTiO3 nanocomposite filled with 20 wt % of BaTiO3 (* stands for 

the spinning bands). 

 

 

Figure A4. Expansion of the 0.2 to 6.4  ppm region of the 
1
H HRMAS NMR spectrum in 

DMSO PVDF-g-BT nanocomposites filled with 5 wt % of BaTiO3. 
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Figure A5. Expansion of the 0.2 to 6.4  ppm region of the 
1
H HRMAS NMR spectrum in 

DMSO PVDF-g-BT nanocomposites filled with 10 wt % of BaTiO3. 

 

 

Figure A6. Expansion of the 0.2 to 6.4  ppm region of the 
1
H HRMAS NMR spectrum in 

DMSO PVDF-g-BT nanocomposites filled with 20 wt % of BaTiO3. 
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IV.1. Introduction 

In the recent years, significant developments in energy storage systems have been reported 

due to their scientific as well as technological importance [1]. Among them, dielectric 

nanocomposites have drawn great attention because of their wide range of use [2– 4].   

At present, the synthesis of a dielectric nanocomposite by the introduction of high dielectric 

constant inorganic nanoparticles into an organic polymer matrix, is a promising way to obtain 

high energy density materials. In general, the energy density can be written by the following 

equation: 

  
 

 
        

                        (                                 

where             are the permittivity of the free space (8.854 ×10
-14

 F/cm), the relative 

permittivity and   is the electric breakdown strength, respectively. These material properties 

are of most interest during the preparation of a dielectric nanocomposite.  Thus, high energy 

densities could be reached by either increasing dielectric permittivity and/or electric 

breakdown strength. Moreover, the nanocomposite structure should have a balance of both 

nanofillers and polymer properties to lead to an increase in energy storage.   

PVDF and its copolymers has been widely reported in the literature due to its attractive 

ferroelectric properties [5–8]. It is a semi-crystalline polymer that presents glass transition, 

melting and Curie temperatures in the range of -40 to -30 °C, 155-192 °C and 195-197 °C, 

respectively [9]. PVDF is a fluorinated hydrocarbon with a repeat unit (-CH2CF2-) that can 

exhibit different crystalline phases (named α, β, γ, δ and ε) [10]. The β phase is the one with 

the highest permittivity, while the α one is the most stable. However, the application of an 

electric field may lead to phase transitions. The α phase forms from the melt by normal 

crystallization and progressively forms the δ phase when an electric field of 100-150 MV/m is 

applied, then transforms to β phase when a high electric field of ~500 MV/m is applied [11]. 

In addition, β phase could also be reached by applying a mechanical deformation to α phase at 

stretching ratios of more than 5 at 80 °C to get a maximum of β phase content of 80% [12,13]. 

This stretching temperature results as the optimum condition, since increasing this value leads 

to a lower degree of transformation [13]. The dielectric constant of PVDF lies in the range of 

6-12 [14]. By introducing high dielectric constant nanofillers into the PVDF matrix, such 

figure can be improved.  
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Barium titanate is one of the most explored perovskite ferroelectric materials, thanks to its 

attractive dielectric and piezoelectric properties, leading to its wide employment in several 

applications such as in electronic industry [15–20]. BaTiO3 generally exhibits high dielectric 

permittivity, affected by several factors including the nanoparticles size. Mao et al. [21] 

investigated the size effect on dielectric properties of PVDF/BT nanocomposites. It was found 

that the highest permittivity of nanocomposites was obtained for nanoparticle sizes around 80-

100 nm, reaching a maximum value of 93 (at 1 kHz) for 100 nm size. However, the dielectric 

permittivity remained nearly constant (~ 65 at 1 kHz) for particle size larger than 250 nm, and 

decreased with particle size under 50 nm.  

Another important factor that affects dielectric permittivity of nanocomposites is the interface 

between ceramic nanoparticles and polymer matrix [22,23]. Thus, the selection of an 

appropriate pre-treatment of nanoparticles may be crucial to obtain high-energy storage 

nanocomposites. Dang et al. [24] used a commercial silane agent (KH550: 

HN2(CH2)2Si(OC2H5)3) to functionalize BT surface and improve its compatibility with PVDF 

matrix. To be able to observe the effect of the modifier agent, different amounts of KH550 

were used. An optimum concentration of 1.0 wt % was found to give the highest values of 

permittivity, that resulted of around 40-50.  

In this Chapter, we report on dielectric characterizations performed on nanocomposites 

prepared by means of Reversible Addition Fragmentation chain Transfer agent 

polymerization (RAFT) and consisting on BaTiO3 nanoparticles as fillers and PVDF as the 

polymer matrix. The effect of BT loading on dielectric permittivity is also studied. 

IV.2. Sample preparation 

PVDF-g-BT with different loadings of BaTiO3 were used. Synthesis and characterization of 

this nanocomposite materials are reported in Chapter II and III, respectively. In brief, the as 

received BaTiO3 nanoparticles were firstly surface-modified by anchoring xanthates functions 

to their surface. Then, grafting of PVDF into the functionalized surface was performed using 

the ―Reversible Addition Fragmentation chain Transfer agent (RAFT)‖ polymerization of 

VDF.  

Table 1 shows the weight losses of the nanocomposites at 700 °C obtained by Thermo-

Gravimetric Analysis (TGA). Crystalline fraction of as-prepared samples was obtained by 

comparing their specific melting enthalpy, measured during the first heating ramp by 
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Differential Scanning Calorimetry (Table 1), with that of a 100% crystalline PVDF known 

from the literature [25]. Crystallinity values resulted around 70% or higher for all samples.  

Table 1. Weight loss at 700 °C, specific melting enthalpy, and crystalline fraction, for the 

different PVDF-g-BT nanocomposites [26]. 

wt % of 

BT in 

feed 

Weight loss of 

PVDF-g-BaTiO3  

at 700 °C (%) 
a) 

wt % of BT 

in nano-

composite 

vol % of BT 

in nano-

composite 

ΔHm ( J g
-1

) 

b)
 

Crystallinity  

X (%)
c)

 

0 99 11 0.30.3 49 47 

5 87 131 4.20.3 51 48 

10 84 161 5.30.3 42 40 

20 62 381 15.30.3 27 21 

a)
 Determined by TGA 

b) 
Specific melting enthalpy ΔHm measured by DSC analysis under nitrogen on first heating, referred to the mass 

of sole PVDF determined after TGA 

 c)
 Crystallinity determined from  

   

(       
        where ΔHc (104.5 J g

-1
) corresponds to the specific melting 

enthalpy of 100% crystalline α phase PVDF and is the weight fraction of the filler in the nanocomposite. 

 

Pellets were prepared by a manual hydraulic press. The sample (nanocomposite powder) was 

placed in the compression cylinder. Then, a hydraulic press was used to apply the necessary 

pressure (1.25 kbar) to the sample through the press piston. Pellets were also prepared for the 

as-received BT nanoparticles as well as for pure PVDF.  

IV.3. Results and discussion 

Figure 1-a exhibits the frequency dependence of dielectric permittivity at 20 °C for the 

nanocomposites filled with different ratios of BT. It can be seen that the dielectric permittivity 

of the pure PVDF and all nanocomposites decreases by increasing the frequency. This can be 

explained by the fact that when the frequency increased, the dipoles of fillers and polymers 

cannot change their orientation fast enough, which results in a decrease of the dielectric 

permittivity [27–29].  
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Figure 1. Frequency dependence of (a) dielectric constant and (b) dielectric loss of PVDF and  

PVDF-g-BT nanocomposites at 20 °C. (c) Frequency dependence of dielectric constant and 

dielectric loss of the as-received BaTiO3 nanoparticles at 20 °C.  

The increase of the BT amount in the nanocomposite results in increased dielectric 

permittivity. The obtained values are in agreement with TGA analysis. Unexpectedly 

however, values lower than that of the pure PVDF are reached in the case of nanocomposites 

filled with 13% and 16 wt% of BT. Similar trends were found in Arshad et al.‘s work [30], 

who studied dielectric properties of a nanocomposite materials based on PVDF and 

Magnesium oxide nanofillers. It was found that after adding 1% of MgO in the PVDF matrix, 

a slight decrease of permittivity was observed for the nanocomposites as compared to the pure 

polymer. However, with further increasing of MgO content from 3 % to 5 % in PVDF, an 

increase in dielectric constant was perceived.   
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It is believed that the introduction of nanoparticles within the polymer matrix tend to create 

nucleation sites leading to increased crystalline fraction and thus a deceased in the 

permittivity and this was well seen in 13 % and 16 % samples where the volume fraction of 

BT were 4.2 % and 5.3 % [30]. However, when the filler amount is high enough, the 

contribution of the amorphous part becomes less important and the permittivity of the 

nanocomposite material will be affected more by the one of the nanoparticle.   

Figure 1-b presents the frequency dependence of dielectric loss of pure PVDF and PVDF-g-

BT nanocomposites at 20 °C. The curve exhibits two relaxation peaks at around 10
0
 Hz and 

10
6
 Hz. The first peak is attributed to αc relaxation peak in PVDF as well as in 

nanocomposites, and this relaxation was assigned, according to some authors to the non-polar 

phase of PVDF in the nanocomposite [31,32], while for others, this phenomenon is due to the 

molecular motions in the crystalline regions of the polymer [33,34], then, the second 

relaxation is assigned to glass transition temperature of PVDF [31]. In Figure 1-c, the 

dielectric spectrum of a pellet of as-received BT nanoparticles is shown. It is evident how the 

apparent dielectric constant of this sample (23.5 – 26, decreasing with frequency) results 

much lower than the nominal one (150).  

The frequency dependence of dielectric permittivity for PVDF-g-BT nanocomposite at 

different temperatures is shown in Figure 2. It can be noted that as the temperature increases, 

the dielectric permittivity for all nanocomposites increases as well. For example, in the case 

of nanocomposites filled with 20 wt% of BT, at 10
-2

 Hz, the permittivity is ~15 at 20 °C and 

reaches ~ 480 at 100 °C.  
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Figure 2. Frequency dependence of dielectric constant and dielectric loss of pure PVDF and 

PVDF-g-BT nanocomposites at various temperatures (From -100 °C to 100 °C by a step of 

10°C). 

 In addition to crystalline relaxation related to PVDF, interfacial or Maxwell-Wagner-Sillars 

(MWS) polarization can also be seen in nanocomposites [36]. The rapid increase of 

permittivity at low frequencies is due to the electrode polarization, and the effect of this latter 

can completely hide the low frequency relaxations [37]. To overcome this issue, McCrum et 

al.[38–41] introduced the electric modulus formalism that suppresses the effect of electrode 

polarization, which can be expressed by the following equation: 

                   
 

  
                                (   

where 

   
  

        
            

   

        
       (   

 

Figure 3 exhibits the dielectric loss modulus (   ) of pure PVDF, BaTiO3 and PVDF-g-BT 

nanocomposite versus the frequency and at different temperatures. In contrast to Figure 1-b, 

which reveals only two crystalline relaxation peaks, Figure 3 reveals three relaxation peaks. In 

fact, the third relaxation peak that appears (for T  30 °C) is attributed to interfacial or MWS 

polarization. It can be clearly seen that this relaxation is present in PVDF-g-BT (MWSc) 

nanocomposite system as well as in PVDF (MWSp) and it originates from the presence of 

fillers or even impurities that exhibits different permittivity and conductivity values, which 

result in heterogeneous system [42]. 
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Figure 3. Dielectric loss modulus (M") as a function of frequency for BaTiO3, PVDF and 

PVDF-g-BT nanocomposites at different temperatures. 

Figure 4 exhibits the frequency dependence of real part of electric Modulus (Modulus‘) for 

the pure PVDF and for PVDF-g-BT nanocomposites filled with 13, 16, and 38 wt % of BT at 

temperatures varying from 0 to 100 ° C. For all samples, it is noted the existence of two step-

like transition from low to high values of the real part of the electric modulus (Modulus‘) at 

αa 
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temperatures higher than 30 °C.  The mentioned transitions evidence the presence of two 

relaxation processes which should be accompanied by two loss peaks in the plot of the 

imaginary part of electric modulus versus frequency (Figure 3). Indeed, it can be clearly seen 

from Figure 3 that the loss peaks are clearly formed in the frequency range where both 

transitions occur.  

    

 

Figure 4.  Real part of electric modulus (Modulus‘) as a function of frequency for PVDF and 

PVDF-g-BT nanocomposites at different BaTiO3 loadings and temperatures. 

In order to analyze quantitatively the dielectric relaxations, the Havriliak-Negami (HN) 

function is used: 
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⌊
 
 
 
 

  

(  ( 
 
  

)
 

)
 

⌋
 
 
 
 

  
  

  (      
            (   

where    is dielectric relaxation strength defined as           (   and    are the low- 

and the high-frequency limits of the real part of dielectric permittivity),   and   (      

and     ) are the parameters describing asymmetry and width of distribution of relaxation 

times, respectively. The added term (
  

  (     
  stands for conductivity effects, where    is 

related to the direct-current conductivity of the samples and     is the dielectric constant of 

vacuum. The exponent m characterizes the conduction process [43]. 

For better evaluation of the   relaxation, we have selected the data acquired at temperatures 

below 10 °C, while for the  c relaxation the highest temperatures were used. Figure 5 exhibits 

the logarithmic frequency (log fmax) as a function of inverse of temperature (1000/T). It is 

observed, for all nanocomposites, that the logarithmic relaxation times of crystalline and   

relaxations decrease with increasing temperature and exhibit a linear behavior that is well 

described by the Arrhenius equation [43]: 

        (  
  

  
             (   

               stand for the relaxation frequency at infinite temperature, the activation 

energy, the Boltzmann‘s constant (1.38×10
-23

 J K
-1

) and the absolute temperature, 

respectively. Logarithmic relaxation frequency versus inverse temperature is reported in the 

Arrhenius plot of Figure 5. Fitting results for the relaxation time and activation energy for 

both processes are reported in Table 2. 
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Figure 5. Arrhenius plot of the logarithmic relaxation time versus inverse temperature for 

PVDF and PVDF-g-BT nanocomposites. 

Table 2. Relaxation time and activation energy obtained by best fitting for PVDF and PVDF-

g-BT nanocomposites. 

 

 

 

 

 

The relaxation time for αc relaxation of PVDF was 3.05×10
-19 s and decreases to  9.16×10

-20 
s  

after adding 13 wt% of BaTiO3, which can be explained by the free charge accumulation at 

the interface.  On the other hand, the activation energy was found to increase from 99.4 

kJ/mol for pure PVDF to 103.3 kJ/mol for PVDF-g-BT nanocomposites with 13 wt% of 

BaTiO3. Similar behaviors were found in previous work [31,44,45], and this phenomenon was 

explained by the fact that the addition of nanofillers into the polymer matrix decreases the 

mobility of the polymer chains and hinders the orientation of electric field which results in 

increasing of the activation energy.   

 

Samples 

  relaxation  c relaxation 

   [s] Ea [kJ/mol]    [s] Ea [kJ/mol] 

PVDF pure 1.31×10
-17

 53.3 3.03×10
-19

 99.4 

13% 6.38×10
-19

 60.7 9.16×10
-20

 103.3 

16% 6.95×10
-17

 54.1 2.09×10
-19

 100.5 

38% 4.52×10
-19

 61.3 1.66×10
-18

 95.0 
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To be able to explain the effect of each component on the dielectric properties of the 

nanocomposite, several models have been developed [46–48]. For a spherical nanoparticle 

and low filler loading, Maxwell-Garnett Equation could be written as: 

     *  
   (      

  (     )     
+                           (   

where  ,   ,              are the permittivities of the nanocomposite material, 

permittivities of the filler and polymer and the volume fractions of filler and matrix, 

respectively [49,50]. Figure 6 exhibits the predicted and experimental values of dielectric 

permittivities as a function of frequency at room temperature for the nanocomposites. 

 

 

Figure 6. Predicted and experimental values of dielectric permittivity for PVDF-g-BT 

nanocomposites with different loading of BT at room temperature. 
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It can be seen from Figure 6, that for all nanocomposites, both predicted dielectric 

permittivities and those obtained from experimental results decrease with increasing 

frequency. Moreover, the dielectric permittivities obtained from experimental results are 

smaller than the predicted ones. This can be reconciled by assuming that the interface plays a 

strong role. 

Vo and Shi [51] developed a model to describe the effect of the interphase region on the 

dielectric permittivity which takes into account the dielectric permittivities and volume 

fractions of polymer, nanofiller and interphase. The relationship used for modeling the 

effective permittivity for nanocomposite materials containing three components (the matrix, 

interphase region, and filler) can be expressed by the following equation:  

                           
    

   
                                           (   

where:  

                                                                    (   

and 

  
    

    
   

(      

(     (       
   (
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Here,               stands for the dielectric permittivities of the ceramic nanoparticles, 

interphase and polymer matrix, respectively, and    represents the volume fraction of 

ceramic nanofillers, while k is the interphase volume constant, that reflects the matrix/filler 

interaction strength, where a value of zero designates an insignificant filler-matrix interaction, 

while positive values indicates the presence of strong interactions [51].  

Figure 7 exhibits the measured and calculated plots of dielectric permittivity for PVDF-g-BT 

nanocomposites with different volume fractions of BT. By using the interphase approach 

based on Vo-Shi model, [51] the best fit of calculated values with experimental data is 

obtained for k = 0.12 and   =33, and this high dielectric constant obtained for the interphase 

can be attributed to the formation of dipoles with high molecular polarizability [46].  

 

Figure 7. BT volume fraction dependence of dielectric permittivity for PVDF-g-BT 

nanocomposites at 10
-2

 Hz and 20 °C. 

Figure 8 exhibits the frequency dependence of conductivity ζ for pure PVDF and PVDF-g-BT 

nanocomposites, obtained from the equation (17) [52]: 

                                                                                                                 (     

where ε′′ is loss factor, ε0 is the permittivity of free space and f is the frequency (Hz).  

It can be seen that the conductivity increases with the increase of frequency and temperature 

for all the nanocomposites as well as for the pure PVDF. Moreover, at 20 °C and over the 

whole frequency range, the conductivity is independent of the volume fraction of the fillers 

and is close to that of the PVDF, indicating the good insulating properties of the 

nanocomposites [53].  
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Figure 8. Frequency dependence of conductivity for PVDF and PVDF-g-BT nanocomposites 

at different temperatures. 

IV.4. Conclusion 

The dielectric properties of core shell structured nanocomposites made by Poly (Vinylidene 

Fluoride) -grafted- BaTiO3 were investigated. The dielectric permittivity of the 

nanocomposites increased from 9 for the pure PVDF to 13 after adding 38 wt% of BaTiO3 to 

the polymer matrix. All the samples exhibited two main relaxation processes that fits well the 

Arrhenius fittings. Moreover, the modulus formalism enables to display a third relaxation 

process related to interfacial or MWS polarization, which originates from the presence of 

impurities that exhibits different permittivity values, resulting in heterogeneous systems. 

Finally, the conductivity measurements revealed an independency of the volume fraction of 
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the BaTiO3, and the values were close to those of the PVDF, indicating the good insulating 

properties of the resulting nanocomposites.   
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V.1. Introduction 

Dielectric nanocomposites have drawn a great attention due to their wide range of 

applications in energy storage systems, by combining high breakdown strength, flexibility and 

good processability of polymers with high permittivity of oxides such as BaTiO3 [1–4]. In 

fact, ferroelectric fluorinated polymers, such as polyvinylidene fluoride (PVDF) and its 

binary/ ternary copolymers such as poly(vinylidene fluoride-co-trifluoroethylene, P(VDF-

TrFE), poly(VDF-co-chlorofluroethylene), P(VDF-CTFE), poly(VDF-co-trifluoroethylene), 

P(VDF-TFE),  poly(VDF-co-hexafluoropropylene), P(VDF-HFP), and P(VDF-TrFE-CTFE), 

have received much attention for high-tech applications due the to the fact that they present 

the highest dielectric constants among all polymeric materials (ε ∼ 10-12 at 1 kHz) [5–11] 

thanks to the strong C-F dipole moment [12].  

Prateek et al. [13] comprehensively reviewed the use of ferroelectric PVDF binary/ ternary 

copolymers and BaTiO3 nanoparticles as potential components in dielectric nanocomposite 

materials for high energy density capacitor applications.  

A high filler loading of supercapacitif BaTiO3 nanoparticules (e.g. >50 vol %) is required to 

achieve satisfactory dielectric constant nanocomposite due to the large permittivity difference 

between the filler and the polymer. Due  to the large contrast of surface energy and electrical 

properties of nanofillers and PVDF matrix materials, they lead to the aggregation and phase                 

separation of BaTiO3 in the polymer matrix, the uneven distribution of the electrical field near 

the nanofiller–matrix interfaces and complicated interfacial polarization, resulting in the 

decrement of the energy density [14–16].  

To overcome these issues, obtaining a homogeneous nanoparticle dispersion in the polymer 

matrix becomes a long-standing challenge in developing excellent dielectric storage materials. 

This can be achieved by nanoparticle surface modification and functionalization leading to 

enhanced filler-polymer compatibility. Actually, the surface modification could be performed 

either by using hydroxylation [17], phosphonic acid [18,19], dopamine [11,20] and coupling 

agent [21–23]. Another “interfacial modifier engineering” is the employing of flexible 

polymers by grafting polymers on the surface of BaTiO3 and leading to core-shell 

nanostructured [24–26]. This step aims to chemically modify BaTiO3 surface using the 

―grafting from‖, ―grafting onto‖ by surface initiated in situ controlled radical polymerization 

(RDRP) such as atom transfer radical polymerization (ATRP) and reversible addition-

fragmentation chain transfer (RAFT), and then introducing it into PVDF based polymers  as 
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second shell to obtain the so-called core double shell system BaTiO3-g-polymers@PVDF 

polymers [24–28]. Du et al. [26] functionalized BaTiO3 surface by poly(tert-butyl acrylate) 

P(tBuA) using ATRP, and the obtained core-shell BaTiO3-gratfed-P(tBuA) were then 

introduced into a PVDF matrix. The resulting nanocomposites displayed an enhancement in 

dielectric permittivity compared to those of PVDF films based on non-functionalized BaTiO3. 

However, a slight enhancement in dielectric permittivity was observed, the calculated 

effective dielectric constants at 150 MV/m are 26.5 and 20.4 for PVDF with 30% loading of 

BaTiO3-g-P(tBuA) and pure PVDF films, respectively. The nanocomposite films with higher 

than 30% loading of nanoparticles had poor mechanical strength caused by the structural 

imperfections due to poor interaction forces between PVDF polymers and non-fluorinated 

modified nanoparticles. 

To overcome this disadvantage and obtain better interfacial interactions between the 

nanofillers and the fluoropolymer matrix, surface functionalization of BaTiO3 nanoparticles 

with fluorinated polymers (i.e., poly(2,2,2-trifluoroethyl methacrylate) [26], 

poly(1H,1H,2H,2H-perfluorooctyl methacrylate) [29], poly(2,2,2-trifluoroethyl acrylate) and 

poly(1H,1H,2H,2H-hepta decafluorodecyl acrylate) [26], poly(2,5-bis[(4-

trifluoromethoxyphenyl) oxycarbonyl] styrene) [4,30], and poly(dodecfluoroheptyl 

methacrylate) [31] has been used to enhance the interface of fluorinated modifiers/PVDF-

based polymers using a blending solution. On the other hand, the polymer shells were robust 

grafted onto the fluorinated surface of the nanoparticles, either providing strong interchain 

forces with PVDF based polymers. For example, Zhang et al. [25] also investigated the effect 

of the two-fluorinated shell interactions on the final properties of the obtained 

nanocomposites. The system consists first on grafting either poly(methyl methacrylate) 

(PMMA) or poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) onto BaTiO3 using ATRP 

polymerization, followed by their incorporation into PVDF matrix by a solution blending 

method. In fact, in both systems, an improvement in dielectric permittivity was observed. 

However, when the fluorinated polymer (PTFEMA) was used to functionalize the 

nanoparticles, high dielectric constants and low dielectric losses were obtained as compared to 

the system where the nanoparticles were modified by PMMA, and this improvement was 

explained by the strong interaction forces between the two-fluorinated shell matrix. In 

contrast to core-shell BaTiO3-grafted-poly(fluorinated (meth)acrylates) reported before, Ma et 

al. [32] prepared a core double shell nanocomposite using two different polymers. In a first 

step, BaTiO3 was surface functionalized using either polystyrene or PVDF by a thiol-ene 
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reaction (Grafting onto). Then, a second shell of PVDF was introduced by a simple casting 

and hot pressing. The results revealed that when BaTiO3 was functionalized with PVDF, it 

leads to significant positive influence on the improvement of dielectric constant and vanishing 

of dielectric loss of the resulting nanocomposite compared to those prepared using core-shell 

BaTiO3-g-PS. In fact, 15% increase in dielectric constant is observed in PVDF-g- BT/PVDF 

as compared to PS-g- BT/PVDF at 30% filler loading, which is due to the fact that the shell of 

the fillers has the same structure as that of the host polymer matrix. Recently, our team have  

recently used the in-situ  RAFT polymerization of VDF to modify BaTiO3 nanoparticles to 

improve the interfacial compatibility with fluorinated polymers [33].  

More recently, we had published a review related to the core-double shell BaTIO3-g-

Polymers/PVDF based (co) and (ter) polymers [34]. The most double shell fluoropolymer 

studied is PVDF. However, PVDF exhibits major disadvantages such as high melting 

temperatures, which generate energetic costs to enable the processing of this polymer and 

poor solubility in common organic solvents [12]. To overcome these limitations, 

copolymerization of VDF is the most general and powerful method to perform effective 

systematic changes in polymer properties, and is widely used in the production of commercial 

fluorinated copolymers. We choose to used P(VDF-HFP) ferroelectric copolymer in this 

study. P(VDF-HFP) is widely used in different applications such as coatings, back sheets of 

photovoltaics and  particularly in Lithium-ion batteries as polymer electrolyte or membrane 

polymer due to the high crystallinity of the PVDF, the good mechanical stability and the high 

ionic conductivity of the HFP [5–10]. Its low permittivity (6-8) compared to PVDF and some 

copolymers and terpolymers limits its application as insulating material. In addition few work 

was reported in developing core double shell of BT-g-fluorinated polymer with P(VDF-HFP) 

[26]. 

This work deals with a core double shell system prepared using PVDF-g-BaTiO3 as the filler 

and P(VDF-HFP) as the polymer matrix. The core-shell structured PVDF-g-BaTiO3 

nanocomposites were synthesized via using RAFT polymerization of VDF reported [33]. 

Then, the resulted nanocomposites were introduced into P(VDF-HFP) copolymer matrix by 

solution blending method. The merit of this method is that the insulating fluoropolymer shells           

(PVDF-g-BT) have similar chemical structure and surface energy with P(VDF-HFP) matrix, 

which not only could enhance the dispersion of BT nanoparticles but also could improve the 

interfacial adhesion between the nanoparticles and fluoropolymer matrix in comparison to 

non-fluorinated modified BaTiO3 nanoparticles, and therefore improve the dielectric 
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permittivity of P(VDF-HFP) matrix  [25]. In addition, SEC analysis of grafted PVDF in 

modified BT indicated lower molar masses (6500<  
̅̅ ̅̅ <7500 g. mol

−1
) [33] with poor film-

forming properties (brittle materials).  The films obtained by casting with commercially 

P(VDF-HFP) copolymer in the double core-shell nanocomposites were mechanically stable, 

such properties are required in developing nanocomposites films by molding technique for 

energy capacitor devices. The obtained films PVDF-g-BaTiO3/P(VDF-HFP) were then fully 

characterized by FT-IR, TGA, DSC and SEM. The mechanical and the dielectric properties 

were examined and the effect of the percentage of PVDF-g-BaTiO3 nanocomposites on the 

properties of the films was also investigated. 

V.2 Materials 

This study deals with a core double shell system prepared using PVDF-g-BaTiO3 as the filler 

and P(VDF-HFP) as the polymer matrix. The PVDF-g-BaTiO3 nanocomposites were 

synthesized using RAFT polymerization of VDF according to Chapter III. Then, the resulted 

nanocomposites were introduced into commercially available Poly(VDF-co-HFP) copolymer 

matrix by solution blending (Scheme 6, Chapter II). The obtained films were fully 

characterized by FT-IR, TGA, DSC and SEM. The mechanical and the dielectric properties 

were examined and the effect of the percentage of PVDF-g-BaTiO3 nanocomposites on the 

properties of the films was also investigated. Table 1 summarizes the nomenclature of the 

samples.  

Table 8. Nomenclature of different core-double shells PVDF-g-BT x% /P(VDF-HFP) (X/Y). 

Samples 

PVDF-g-BT x% /P(VDF-HFP) (X/Y) 

Code 

x-X 

x= mBT/mVDF 

weight ratio in 

core-shell  

PVDF-g-BT x%
*
 

X/Y weight ratio 

mPVDF-g-BT x%/mP(VDF-HFP)  

in Core-double shell 

PVDF-g-BT 10% /P(VDF-HFP) (10/90) 10-10 10 10/90 

PVDF-g-BT 10% /P(VDF-HFP) (20/80) 10-20 10 20/80 

PVDF-g-BT 20% /P(VDF-HFP) (10/90) 20-10 20 10/90 

PVDF-g-BT 20% /P(VDF-HFP) (20/80) 20-20 20 20/80 

*
 x% = weight ratio used  during RAFT polymerization for VDF for  the preparation of Core-

shell  PVDF-g-BT x% [33]. 
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V.3. Results and discussion 

V.3.1. FT-IR spectra analysis 

FT-IR spectra of pristine P(VDF-HFP) copolymer, 10-10, 10-20, 20-10 and 20-20 

nanocomposite films are represented in Figure 1. The band around 1062 cm
-1 

corresponds to 

symmetrical stretching mode of CF2. The peak shown at 1170 and 1400 cm
-1  

corresponds to    

-C-F- scissoring and bending vibrations of vinyl group, respectively [5–7,35].  FTIR spectrum 

(Figure.1b) of P(VDF-HFP) shows also the characteristic peaks at 762, 794 and 972 cm
-1 

corresponding to α phase, while peak at 835 cm
-1 
is assigned to the β phase structure [5–7,35]. 

The amorphous phase of P(VDF-HFP) is observed at 876 cm
-1

. After introduction of PVDF-

g-BT core-shell with lower loading (10-20 wt %) into the P(VDF-HFP) matrix, the detected 

peaks for α phase structure (762, 794 and 972 cm
-1

) was suppressed in the composite samples. 

This indicates that the introduction of fillers into the P(VDF-HFP) matrix induced α phase 

transformation to β phase. These observations confirm Kumar et al.‘s study [36], who 

prepared nanocomposite films based on graphene oxide embedded within  P(VDF-HFP) 

matrix through solution casting method and their FTIR spectra showed also the disappearance 

of the characteristic peaks of the α phase structure in the nanocomposite. Indeed, P(VDF-

HFP) bands 1400, 1170, 1069 and 876 cm
-1 

are shifted slightly to 1402, 1170, 1071 and 875 

cm
-1 

in the composite samples. This shifting of peaks in PVDF-g-BT/P(VDF-HFP) composite 

materials also revealed the polymer PVDF- P(VDF-HFP) interaction in composite system.  

Figure 1. FT-IR spectra of (a) P(VDF-HFP) copolymer and 10-10, 10-20, 20-10 and 20-20 

nanocomposite films made by solution blending method and (b) Expansion of the 650-1070 

cm
-1 

zone of the FT-IR spectra. 
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V.3.2. Scanning electron microscopy (SEM) 

The morphology of the films was studied using scanning electron microscopy (SEM) and 

energy dispersive spectroscopy mapping technique. Actually, the morphology of the casted 

films depends strongly on the drying conditions during the preparation [6,37]. Tian et al. [37] 

prepared a P(VDF-HFP) membrane material by dissolving P(VDF-HFP) pellets in a solvent 

under two different conditions. The membranes dried at atmosphere exhibit a porous 

structure, while those dried at 60 °C under vacuum were dense, indicating the huge influence 

of the drying procedure on the morphology of the membranes. In the present study, the drying 

procedure was performed at 120 °C under vacuum and the obtained films were dense. 

Figure 2 displays cross-section morphologies of pristine P(VDF-HFP) copolymer and the 

corresponding core double shell PVDF-g-BT/P(VDF-HFP) nanocomposite films. Numerous 

nanoparticle fillers are shown in the polymer. For all the samples, it can be clearly observed 

that the PVDF-g-BT nanocomposites are well embedded inside the P(VDF-HFP) copolymer. 

Moreover, no clear agglomeration or voids and defects could be found in the films, suggesting 

that the grafted PVDF polymer shell can increase the interface adhesion between the BT 

nanoparticles and P(VDF-HFP) matrix and excellent dispersion of the PVDF-g-BT 

nanoparticles. Similar results were reported by Qian et al. [30], Ma et al. [32] and Jiang et 

al.[38], who had studied the morphology of BT-g-fluorinated styrenes/P(VDF-TFE-CTFE) 

nanocomposites, core-double shells PVDF-g-BT/PVDF and P(VDF-HFP) composites with 

core-structured Fe2O3@BT nanofillers, respectively. 
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Figure 2. Scanning electronic microscopy of pristine P(VDF-HFP) copolymer and the 

resulting core double shell nanocomposite films. 

 

Moreover, the spatial distribution of the elements nanoparticles was investigated by energy 

dispersive mapping technique. Figure 3 shows for example the elemental mapping of the film 

10-10 (PVDF-g-BT 10% @ P(VDF-HFP) (10/90)). The color in the picture suggested that the 

sample contained Ba, Ti, C, O and F elements, which are the constituent elements of the core 

double shell nanocomposite films. In addition, the elements Ba, Ti and O show also the 

dispersion of BT modified nanoparticles.  
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Figure 3. Energy dispersive spectroscopy elemental mapping of core double shell 

nanocomposite film (10-10: PVDF-g-BT 10% @ P(VDF-HFP) (10/90)) for C, O, F, Ti and 

Ba. 

 

V.3.3. Thermogravimetric analysis (TGA) 

The thermal stabilities of pristine P(VDF-HFP) copolymer and nanocomposite films were 

studied under air by TGA and the resulting thermograms are depicted in Figure 4. Table 2 

summarizes the starting degradation temperature (Td) and the weight losses at 650 °C.  

The pristine P(VDF-HFP) copolymer degrades from 446 °C reaching 99.9 % weight loss at   

650 °C. Under similar conditions, the starting degradation temperature of the PVDF-g-

BT/P(VDF-HFP) increased to 459, 460, 462 and 464 °C for the films made from 10-10, 10-

20, 20-10 and 20-20 nanocomposites, respectively. The introduction even with a small 

amount of the PVDF-g-BT modified nanoparticles (10 to 20 wt%) was found to enhance the 

thermal stability of the core-double shell nanocomposites, an improvement of thermal 

stability, with an increase of 13-18 °C in Td, was observed compared to pristine P(VDF-HFP). 

On the other hand, introduction  of  a   well-dispersed   PVDF-g-BT  core-shell   into  P(VDF-

HFP)  matrix  can improve their thermal stability as the dispersed nanoparticles hinder the 

permeability of volatile degradation products out of the materials, and thus the modified BT 

generates a barrier effect, which delays the release of thermal degradation products in 

comparison to the pure polymer. Indeed, with the same percentage of P(VDF-HFP) in the 
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nanocomposites (e.g., 10-10 and 20-10 samples), the increase of the decomposition 

temperatures was noticed for the PVDF-g-BT filled with a higher BaTiO3 content (20 wt%) 

than those with lower percentage (10 %wt), and may be attributed to the better dispersion and 

the high loading of nanofiller. As reported by our team [32], the starting degradation 

temperature, Td, of PVDF-g-BT10% and PVDF-g-BT20% close to 407 and 415 °C, 

respectively. 

 

Figure 4. TGA thermograms (under air) of P(VDF-HFP) copolymer and 10-10, 10-20, 20-10 

and 20-20 nanocomposite films made by solution blending method. 
 

Table 2. Decomposition temperatures and weight losses at 650 °C of pristine P(VDF-HFP) 

and the prepared nanocomposite films. 

Samples Td 
(1)

 (°C) Weight loss (%) at 650 °C 

P(VDF-HFP) 446 99.9 

10-10 459 99.9 

10-20 460 97.8 

20-10 462 95.7 

20-20 464 94.4 

(1) Td: starting degradation temperature. 
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V.3.4. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) was used to study the influence of PVDF-g-BT 

nanocomposites concentration on the degree of crystallinity and melting temperature of the 

prepared nanocomposite films. Figure 5 exhibits the heating and cooling DSC thermograms of 

the samples, while the enthalpy (   ), crystallization temperature (Tc), melting temperature 

(Tm) and crystallinity (   of each sample are summarized in Table 2.  

 

Figure 5. DSC thermograms of pristine P(VDF-HFP) copolymer and 10-10, 10-20, 20-10 and 

20-20 nanocomposite films: (a) heating process and (b) cooling process.  

From Figure 5a, one endothermic melting peak only is observed for each film.  As expected, 

Tm of pristine P(VDF-HFP) is 167 °C, since the low HFP amount of 3 % mol decreased the 

melting temperature of the copolymer from 170 °C for PVDF to 167 °C for P(VDF-HFP) 

[39]. The melting enthalpy was found to increase from 19 J/g for the pristine P(VDF-HFP) 

copolymer to 22 and 26 J/g after introducing 10 wt % and 20 wt % of PVDF-g-BT filled with 

20 wt % of BaTiO3, respectively. On the other hand, the crystallization temperature of the 

P(VDF-HFP) was found to be 117 °C (Figure 5b) and increased to 125 °C after introducing 

10-10 nanocomposite. This indicates that the introduction of PVDF-g-BT organomodified 

nanofillers to P(VDF-HFP) matrix induced an increase in crystallization temperature. 

Moreover, the crystallinity of the films increased from 18 % for the pristine copolymer and 

reaches 25 % after adding 20 wt % of PVDF-g-BT filled with 20 wt % of BaTiO3, suggesting 
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that the PVDF-g-BT core-shell nanofiller offers plenty of heterogeneous nucleation sites to                

P(VDF-HFP) matrix leading to an increased crystallinity [40]. In fact, the increase of melting 

and crystallization temperatures after introducing fillers into P(VDF-HFP) matrix has been 

seen in previous works [27,40,41]. For instance, Zhang et al.[40] prepared core shell 

structured BaTiO3@polyalinine nanoparticles embedded into P(VDF-HFP) matrix, and 

observed an increase in Tc. They explain that behavior by two factors: (i) the introduction of 

nanofillers into P(VDF-HFP) matrix offers several nucleation sites, and (ii) the fillers could 

also hinder the movement of P(VDF-HFP) chains and thus retarding the crystallization 

process.  

Table 3. Enthalpy (   ), crystallization temperature (Tc), melting temperature (Tm) and 

crystallinity (   of P(VDF-HFP) copolymer and its nanocomposite films.  

Samples P(VDF-HFP) 10-10 10-20 20-10 20-20 

    (J/g) 19 23 24 22 26 

Tc (° C) 117 125 125 119 122 

Tm (° C) 167 168 170 170 170 

  (%) 18 22 23 21 25 

 

 

V.3.5. Dielectric properties 

The molecular dynamics of P(VDF-HFP) copolymer matrix and its nanocomposites core-

double shell prepared by a solution blending of PVDF-g-BT (10 or 20 wt % of BT) 

nanofillers and P(VDF-HFP) copolymer matrix have been investigated by broadband 

dielectric spectroscopy (BDS) as a function of temperature and frequencies. The measured of 

the resulting impedance gives access to dielectric permittivity, dielectric loss, electrical 

modulus and electrical conductivity values [42]. 

V.3.5.1. Dielectric properties of P(VDF-HFP) matrix 

The relaxation behavior of P(VDF-HFP) is shown in Fig. 6 in which the dielectric permittivity 

(ε′) and dissipation factor (tan δ) as a function of temperature and frequency were reported.  
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Figure 6. Dielectric permittivity (ε′) and loss tangent (tan δ) of P(VDF-HFP) versus 

temperature at different frequencies (a, b) and versus frequency at selected temperatures 

(c, d). 

 

Two relaxation peaks are observed for P(VDF-HFP) which appear around and above the glass 

transition temperature (Tg, ca. -36 °C, the data from Arkema corporation) (Figs 6a-b). The αa 

relaxation, due to segmental motions in the amorphous phase [43], appears in the 

temperatures range from -40 °C to about 0 °C and is defined as the primary or glass-rubber 

relaxation [43]. From a dipolar point of view, it results from large-range dipole relaxation 

motions due to microbrownian segmental motion of polymer chain. Under temperatures 

around the glass transition temperature of P(VDF-HFP), the dipoles have enough mobility to 

realign to electric field and contribute to the increase of permittivity (Fig 6a). At low 

frequencies, the real part of permittivity ε′ presents an inflection associated with αc relaxation, 

as shown by arrows in Figure 6a. This αc relaxation, associated with relaxations within the 

crystalline phase in P(VDF-HFP), occurs above 0 °C until 40 °C [43,44]. Additionally,  in 

low frequency  part of tan δ (Fig. 6d),  the characteristic contribution of dc conductivity, dc 
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(reciprocal of frequency), due to the drift of ionic impurities is responsible for the upturn of 

the low frequency isochronal tan δ scan at high temperature can be observed (i.e. tan δ =10.5 

at 90 °C and 0.1 Hz, Fig. 6d). This conduction mechanism was affected by an electrode 

polarization (EP) which is proved by a rapid increase in the real part of the permittivity 

(ε′=100 at 90°C and 0.1 Hz, Fig 6c). This mechanism is related to the existence of free charge 

carriers (ions) which can drift under the applied electric field towards the electrode/sample 

interfaces where they accumulate and lead to an apparent large macroscopic polarization 

much greater than that taking place in the volume of the material. This conductivity 

contribution progressively overlaps with that of the αc-relaxation, hindering an easy 

visualization of the relaxation scenario (Fig 6b-d). Fig. 6a shows that in the glassy state 

(below Tg), the dipolar orientation is mainly blocked. The dielectric constant values of 

different P(VDF-HFP) copolymer (3 mol% of HFP) are low, almost independent of both the 

temperature and frequency, and dominated by the high frequency permittivity (ε′∞3.5 at 10 

Hz and -100 °C) that is a quite typical value for the atomic and electronic polarization [45]. 

Above Tg (-20 to 40 °C), the dielectric permittivity of P(VDF-HFP) increases with increasing 

temperature and lowering frequencies and  presents a dielectric permittivity of ca. 8 at 1 kHz 

and room temperature which is close to that reported in literature (ε < 10), that depends on 

HFP content in the P(VDF-HFP) copolymer (Fig 6a) [46–49]. This increasing permittivity is 

due to the increase in segmental motions of dipole units the P(VDF-HFP) copolymer related 

to the αaand αc relaxations.  

V.3.5.2. Dielectric properties of core-double shell PVDF-g-

BT/P(VDF-HFP) nanocomposites 

The dielectric properties of nanocomposites were measured as a function of frequency and 

temperature. All composites exhibit some similar tends. Figure 7 shows for example ε′ and tan 

δ of the nanocomposite film 20-20 versus temperature at different frequencies (characteristic 

plots of samples 10-10, 10-20 and 20-10 are depicted in the Appendix II (Figure A2)). 
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Figure 7. Dielectric permittivity, ε′, (a) and loss tangent, tan δ, (b) of nanocomposite film 20-

20 versus temperature at different frequencies. 

 

 

At low frequencies, the real part of permittivity ε′ presents two inflections associated with two 

relaxation processes, α around Tg (-40 - 0 °C) and αc above Tg (0 - 60°C), as shown by 

arrows in Figure 7a and corresponding to the dipole relaxations of P(VDF-HFP) attributed to 

the amorphous and the crystalline phases of polymer matrix. Figure 7b showing the tangent 

loss (tan versus temperature and frequencies The relaxation peaks (α) were observed and 

shifted to high temperature when the frequency increases. Indeed, the tan presented an 

inflexion point corresponding to αc relaxation which is hidden by the conductivity 

contribution (EP) and also the interfacial relaxation (MWS) at high temperature and lower 

frequency. This phenomenon is responsible of very high ε′ values at high temperature and low 

frequency (i.e. ε′= 1000 at 0.1 Hz and 90 °C, Fig 7a).  

In Figure 8, selected representative isothermal spectra recorder for ε′ and tan  of the 

nanocomposite film 20-20 are shown. Figure A3 (Appendix II) shows those corresponding to 

the 10-10, 10-2 and 20-10 nanocomposite films. Figure 8 shows the relaxations and 

conduction phenomena observed at selected isothermal temperatures -20 °C, 40 °C and 90 °C 

below and above Tg and confirmed the results obtained in at Figure 7.  
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Figure 8. Dielectric permittivity, ε′, (a) and loss tangent, tan δ, (b) of nanocomposite film 20-

20 versus frequency at -20 °C, 40 °C and 90 °C. 

The electrode polarization is active in the lower frequency range and responsible for very high 

ε′ values, a phenomenon clearly observable for the higher temperature Isotherm (90 °C). At 

higher frequencies the same isotherms present a plateau, followed by a drop of ε′ (Figure 8a). 

On the other hand, and by increasing the frequency, dielectric permittivity decreased and this 

is due to the rotational motion of the polar segment, which cannot keep up with the external 

electric field [49]. While at 90 °C the plateau is broad and centered at 200 kHz, well within 

the region free from the electrode polarization, at lower temperatures the same plateau shifts 

to lower frequencies and a second step of ε′ with frequency is indicative of the presence of αc 

relaxation, as discussed in the case of the reference P(VDF-HFP) polymer. At -20 °C the αc 

relaxation occur at frequencies too low to be observed when the a relaxation was observed at 

high frequency. A more detailed picture can be obtained from a plot of tan δ (f, T) against the 

frequency, as shown in Figure 8 b. The contributions of a and αc relaxations, respectively, 

are indicated by the arrows and shift at lower frequencies on cooling but with different 

temperature dependence; as a consequence, they tend to merge on approaching the glass 

transition temperature. 

Indeed, the rapid increase of dielectric permittivity at 90 °C is associated to the enhanced 

interfacial polarization effect (MSW) overlapped by conduction which acts mainly in low 

frequency range because it takes longer time to polarize than other kind of polarizations [40]. 

Figure 8b shows also at low frequency and high temperature MWS polarization (T = 90 °C).   

This phenomenon can be explained by the large difference in electrical conductivity between 

the nanofillers and copolymer matrix, which leads to an accumulation of charge carriers at the 
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interface of the different constituent of the nanocomposite film causing a large polarization 

and thus a high dielectric constant [50].  

Figure 9 displays the frequency dependence of dielectric permittivity and dielectric loss 

tangent for the pristine P(VDF-HFP) copolymer and the core@double shell structured 

nanocomposites recorded at 20 °C. 

 

Figure 9. Frequency dependence of (a) dielectric permittivity and (b) dielectric loss tangent 

for the pristine P(VDF-HFP) copolymer and the core@double shell structured 

nanocomposites recorded at 20 °C. 

Moreover, it was also found that the dielectric permittivity increases by increasing 

temperature for all samples as depicted in Figure 9. For example, and at 1 Hz and 60 °C, the 

dielectric permittivity increased from 20 for P(VDF-HFP) to 40 for 20-10 nanocomposite 

PVDF-g-BT 20%/P(VDF-HFP)(10/90). This rapid increase of dielectric constant with 

different temperatures is related to the enhanced interfacial polarization effect, where the 

charges are accumulated at the interface of heterogeneous systems [51,52]. 

However, the results did not show clearly regularity as a function of volume fraction of the 

loaded nanocomposites. In fact, similar trends were observed in previous works [53–55]. For 

instance, Khodaparast et al. [53] prepared nanocomposites consisting of three different 

nanoparticles namely titania, silica and alumina embedded within PVDF matrix using a 

solution blending and casting method. These authors showed that even the fillers exhibit a 

high dielectric permittivity than that of the PVDF, the resulting nanocomposite could displays 

a dielectric constant lower than that of the pure polymer. They emphasized also the fact that 

the chemistry and the interactions between the fillers and the PVDF could be more important 

(a) (b) 
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than dielectric permittivity of the filler in determining the dielectric permittivity of the 

resulting nanocomposite.  

The rapid increase of permittivity at low frequencies is due to the electrode polarization and 

the effect of this latter can completely hinder the low frequency relaxations (Figures 6,7 and 

8) [56]. To overcome this issue, McCrum et al.[57–60] have introduced the electric modulus 

formalism that suppresses the effect of electrode polarization, which can be expressed by the 

following equation (2): 

   
 

  
         

  

        
   

   

        
              (   

where M‘ and M‖ are the real and the imaginary parts of electric modulus, respectively, ε‘and 

ε‖ are the real and the imaginary part of dielectric constant. The imaginary part of the electric 

modulus (Modulus‖), which takes the form of loss curves, is usually adopted to interpret the 

bulk relaxation properties [50]. Figure A4 (Appendix II) presents the dielectric loss modulus 

(Modulus‖) of P(VDF-HFP) and for the nanocomposite films (10-10) as a function of 

frequency and in the range of temperature from 0 to 100 °C which the c and MSW 

relaxations were observed. It can be seen that in contrast to P(VDF-HFP) copolymer which 

exhibits two relaxation peaks, the nanocomposite films revealed a third relaxation process that 

can be attributed to interfacial polarization or Maxwell Wagner Sillars (MWS) polarization 

[61,62], that is associated with the accumulation of free charges generated at the interfaces 

between the fillers and the polymer shells [63].  

Figure 10 shows M‖ versus frequency at selected temperature (-20 °C, 40 °C and 90 °C) 

around and above Tg for P(VDF-HFP) matrix and the corresponding nanocomposite 20-20 as 

example. Indeed, Figure A5 (Appendix II) displays the M‖ versus frequency at different range 

temperatures of 20-20 nanocomposite film. These figures confirm the dynamic molecular 

mobility of the matrix and the corresponding nanocomposites as reported above in terms of 

permittivity and tan δ. Figure 11 represents the comparison of M‖ of  P(VDF-HFP) and their 

nanocomposites  versus frequency at 20 °C and 90 °C and show both the relaxation in 

crystalline phase  and MSW interfaciale polarization between the organomodified BT (PVDF-

g-BT) and P(VDF-HFP) 
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Figure 10. M‖ versus frequency at selected temperature (-20 °C, 40 °C and 90 °C for P(VDF-

HFP) matrix ((left) and the corresponding nanocomposite 20-20 (right). 

 

Figure 11. M‖ versus frequency for P(VDF-HFP) matrix and the corresponding 

nanocomposite films at selected temperature 20 °C (left) and 90 °C (right). 

 

In order to analyze quantitatively the dielectric relaxations, the Havriliak-Negami (HN) 

function is used: 

  (    

⌊
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where    is dielectric relaxation strength defined as           (   and    are the low- 

and the high-frequency limits of the real part of dielectric permittivity),   and   (      
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and     ) are the parameters describing asymmetry and distribution width of relaxation 

times, respectively [44]. Table 3 summarizes the parameters of HN at T=20 °C where the c 

is the relaxation of these samples. We noticed that the increment dielectric (Δε), related to the 

relaxation phenomena responsible for the increasing permittivity, is higher in the 

nanocomposites compared to the pristine P(VDF-HFP) matrix. Indeed, Δε increases when the 

% of PVDF-g-BT is high.   

Table 4. HN parameters at T=20 °C for pure P(VDF-HFP) and its corresponding 

nanocomposite films. 

Samples Log f0 Δε α β 

P(VDF-HFP) -1.09 1.2 0.88 0.86 

10-10 -1.92 9.0 0.69 0.62 

10-20 -2.22 43.0 0.49 0.98 

20-10 -2.20 50.3 0.57 0.81 

20-20 -2.07 45.5 0.49 - 

For more details about the    relaxation, we have selected the data tested at lower 

temperatures and made a fitting on dielectric loss vs log of frequency using equation 3 for all 

the samples. Figure 12 exhibits the logarithmic frequency (log fmax) as a function of inverse 

of temperature (1000/T).   

 

Figure 12. Variation of the logarithmic frequency versus the inverse of temperature for 

pristine P(VDF-HFP) copolymer and its corresponding nanocomposite films for αa (VFT 

behavior). 
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It is observed that the corresponding relaxations were described by a Volgel-Fulcher-

Tammann (VFT) equation: 

        (
  

    
                           (   

where    and B are the fit parameters and    is the Vogel temperature, which is approximately 

50 °C lower than the glass-transition temperature (Tg) [44]. Hence, that fitting enables to 

deduce such parameters and values in equation 4. The detailed calculated activation 

parameters for the observed relaxation processes are listed in Table 4.  

  

Table 5. The relevant parameters obtained from fitting using equation 4. 

Samples P(VDF-HFP) 10-10 10-20 20-10 20-20 

log f0 4.5 4 4 4 4 

B (K) 132 37 71 53 37 

Tg (° C) -42 -29 -33 -33 -30 

 

BDS is an interesting tool to determinate the Tg  of the samples from the figure12 (T=Tg when 

=100s) which is not easy to calculate from the DSC thermograms. It can be seen that the 

pristine P(VDF-HFP) copolymer exhibits a glass transition temperature of -42 °C, and this 

value increases to -30 °C after introducing the nanocomposite films. This can be explained by 

two factors: i) after the introduction of PVDF-g-BT nanocomposites within the P(VDF-HFP) 

copolymer matrix, an overlapping of the immobile polymer regions around the fillers occurs 

and ii) the existence of the Rigid Amorphous Phase (RAP), which is the interphase between 

the crystalline and amorphous phases in the copolymer, leading to an increase in glass 

transition of the polymer [64–66]. In fact, Parodi et al. [67] investigated the influence of 

thermal history of polyamide 6 on glass transition and clearly demonstrated that a high 

content of the RAP in the polymer leads to an increase in Tg.  

The Arrhenius relation describes the temperature dependence of the c and MWS relaxation 

times for the different samples (Figure 13): 

 

              
  

  
             (   
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Where Ea is the activation energy for the relaxation process, R is the gas constant and T is the 

absolute temperature. Table 5 summarizes the activation energies obtained from the fits of 

each curve. 

 

Figure 13. Variation of the logarithmic frequency versus the inverse of temperature for 

pristine P(VDF-HFP) copolymer and its corresponding nanocomposite films (VFT behavior). 

Table 6.Arrhenius parameters of αc and MWS relaxations. 

Samples Log f0 E (kJ.mol
-1

) R-squares 

αc MWS αc MWS αc MWS 

P(VDF-HFP) 19.37 - 53.4 - 0.99 - 

10-10 18.54 17.79 47.4 49.2 0.99 0.99 

10-20 18.44 16.26 45.8 44.5 0.99 0.97 

20-10 18.04 17.86 44.5 48.3 0.99 0.99 

20-20 18.52 18.53 45.4 49.8 0.99 0.99 

 

 

It was of interest to determine the conductivity of pristine P(VDF-HFP) and its corresponding 

nanocomposite films (Figure 14). The conductivity values can be deduced from equation 6: 

                                                                                                   (    

where ε′′, ε0, and  f stand for the loss factor, permittivity of free space and the frequency (Hz), 

respectively.  

It can be clearly noted that the conductivity increases with the increase of frequency for the 

pristine copolymer as well as for its corresponding nanocomposite films. Moreover, the 
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incorporation of PVDF-g-BT nanocomposites as fillers within the P(VDF-HFP) copolymer 

leads to a slight increase of conductivity at low frequency regions and becomes almost the 

same for high frequencies, which indicates the good insulating properties of the resulting 

nanocomposite films.  Similar trends were observed previously [38,68]. For instance, Feng et 

al. [68] incorporated BaTiO3 into P(VDF-HFP) matrix and investigated the dependence of 

electrical conductivity on the frequency at room temperature. It was found that the 

conductivity of the resulting nanocomposites shows a strong dependence on frequency 

because of their insulating properties.   

 

Figure 14. Frequency dependence of conductivity for P(VDF-HFP) copolymer and its 

corresponding nanocomposite films at 20 °C and 80 °C. 

   V.3.4. Mechanical properties 

In order to investigate the mechanical properties of the nanocomposite films, uniaxial tensile 

tests were conducted on five samples. Figure 15 exhibits the strain=f(stress) curve of the 

pristine P(VDF-HFP) copolymer and of the prepared nanocomposite films. The samples 

exhibit a ductile behavior, which is more pronounced in the case of the pristine copolymer 

and becomes less important for the nanocomposite films. 
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Figure 15. (a)Typical stress-strain curve of pristine P(VDF-HFP) copolymer and PVDF-g-

BT@P(VDF-HFP) nanocomposite films and (b) Photograph showing the flexibility of the 

prepared nanocomposite films.  

During the tests, four readings per sample were performed, which enable to determine the 

relevant parameters characterizing the mechanical performances of the resulting films. The 

Young‘s modulus together with the tensile strength are depicted in Figure 16.  

The P(VDF-HFP) copolymer exhibit a tensile strength of 22 MPa with an elongation at break 

value of 507 %. While after adding 10 wt % of PVDF-g-BT nanocomposites filled with 10 wt 

% of BaTiO3, the elongation at break decreased to 107 % with a tensile strength of 24 MPa. 

As compared to the pristine copolymer, the decrease in the elongation at break of the 

nanocomposite films is obvious and expected [69–72].  

On the other hand, it was found that the Young‘s modulus of such materials follows the 

decreasing order 20-20 > 10-10 > 10-20> 20-10 > P(VDF-HFP). Indeed, the addition of 

PVDF-g-BT nanocomposites to P(VDF-HFP) matrix increased the stiffness of the resulting 

films. This is in a good agreement with Ponnamma et al.‘s results [48] who prepared P(VDF-

HFP) nanocomposites containing BaTiO3 and hexagonal boron nitride by casting method. The 

mechanical measurements revealed an enhancement in both Young‘s modulus and tensile 

strength of the prepared nanocomposites as compared to the P(VDF-HFP) copolymer and a 

decrease of the elongation at break.  The same behavior was reported by Tarhini et al. [73] 

who embedded graphene nanoflakes into P(VDF-HFP) matrix, and noted an enhancement of 

Young‘s modulus for nanocomposite films as compared to the pristine copolymer film. This 

improvement can be explained by the fact that the introduction of nanoparticles restricted the 
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segmental movements of P(VDF-HFP) chains and also the uniform distribution of nanofillers 

having strong bonding with the matrix.  

 

Figure 16. (a) Young's modulus and (b) Tensile strength with elongation at break for pristine 

P(VDF-HFP) copolymer and PVDF-g-BT@P(VDF-HFP) nanocomposite films. 

V.5. Conclusion 

A series of PVDF-g-BT@P(VDF-HFP) nanocomposite films were prepared using a solution 

blending method from pristine P(VDF-HFP) copolymer and PVDF-g-BT nanofillers. The 

resulting films were fully characterized with FT-IR, TGA, DSC and SEM. These analyses 

enabled to prove the successful introduction and the good dispersion of PVDF-g-BT 

nanocomposites within the P(VDF-HFP) matrix and also the enhancement of thermal 

properties of the system. The dielectric measurements showed that the addition of PVDF-g-

BT nanocomposites to the copolymer matrix increased the dielectric permittivity of the films 

reaching 250 (at 60 °C and 10
-2

 Hz) which is more than five times the dielectric permittivity 

of the pristine P(VDF-HFP) at the same temperature and frequency. Moreover, mechanical 

analysis showed an enhancement in Young‘s modulus and tensile strength of the prepared 

nanocomposite films as compared to the pristine copolymer, resulting in increased stiffness of 

the films. Thanks to the interesting properties shown by this nanocomposite films, they could 

find application as membranes or even binders in lithium-ion batteries.  

 

 

 

 

 

  

(a) 
(b) 
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Appendix II 

 

 
 

Figure A39. 
19

F NMR spectrum of commercially available P(VDF-HFP) recorded in CDCl3. 

The VDF content was determined using the equation 1, and was estimated to be 97 mol %. 
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Figure A2. Dielectric permittivity, ε′, (left) and loss tangent, tan δ, (right) of nanocomposites 

films 10-10, 10-20 and 20-10 versus temperature at different frequencies. 
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Figure A3. Selected representative isothermal spectra recorder for ε′ and tan δ of the 

nanocomposite films10-10, 10-20 and 20-10.  

 

 
Figure A4. Frequency dependence dielectric loss modulus (Modulus‖) of the nanocomposite 

films (10-20, 20-10 and 20-20) at different temperatures. 
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Figure A5. M‖ versus frequency at different range temperatures of 20-20 nanocomposite 

film. 
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VI.1. Introduction 

The increasing number of electronic devices represents a challenge for the industry. Actually, 

the design of a passive electronic component having high performances with moderate 

production costs, light weight and small size requires great efforts in the field of research and 

development [1],[2]. In this goal, and since it is possible to combine several materials to 

achieve optimum properties, studies on nanocomposite materials made by polymers and 

fillers such as ceramics have received much attention since this technique combines the low 

temperature processing and both the light weight of polymers and the high dielectric constant 

of ceramics (e.g, BaTiO3) [3]. Thereby, the combination of polymer and ceramic may give the 

nanocomposites some advantages from both sides by a certain design and preparation [4]. 

Actually, polymer nanocomposite systems with high dielectric permittivity have attracted 

significant attention in the recent years due to their wide range use in electronic industry, such 

as in multilayer, embedded and high energy density capacitors [5–8]. Another important 

application of polymer nanocomposites deals with lithium ion batteries [9]. Having a great 

potential of achieving very high energy density and low environmental impact, lithium ion 

batteries become the most used secondary rechargeable storage systems [10]. 

A typical electrode fabrication consists on the active material, conductive agent, binder and 

the solvent that are mixed to form a slurry. This later is then casted onto an aluminum or 

copper foil and dried at room temperature to form the electrode. In order to remove all the 

remaining solvent(s), the prepared electrode is further dried under vacuum before making the 

cell.  

In order to enhance the battery performances, several studies have been reported on active 

material, binder or even electrolyte, in which polymer nanocomposites have been widely used 

[11]. For example, Kumar et al. [12] used BaTiO3 as a filler in poly(VDF-HFP) co-polymer 

based composite solid polymer electrolyte (CSPE) prepared by solution casting. The results 

show that the highest DC conductivity was 2.19 × 10
-6

 S cm
-1

  at 300 K, which increases to 

8.89 × 10
-6

 S cm
-1

  after adding 4 wt.% of BaTiO3. Other works have been also reported using 

other kind of fillers. Giselle et al. [13] synthesized polymer-clay nanocomposites and tested 

them as possible candidates as electrolytes in lithium-ion cells. The obtained films displayed 

excellent mechanical strength with conductivity comparable to more traditional polymer 

electrolytes made with added lithium salts. Ferrari et al. [14]  reported the use of different 

types of fillers (e.g., ceramics, metal oxides, glass…) that can be incorporated into the 

polymer matrix or formed in situ by different synthetic strategies.  
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On the other hand, and although they are electrochemically inactive material, the binder can 

have significant influence on the electrode performance [11]. In fact, various kinds of binders 

have been attempted, such as poly(vinyl alcohol) [15], poly(acrylic acid) [16], poly (methyl 

methacrylate) [17], carboxymethyl cellulose [11] and natural cellulose [18].  Besides the 

listed polymers, polyvinylidene fluoride, PVDF, and its blend copolymers are considered to 

be the most common and widely used binder material in lithium ion batteries, thanks to their 

good electrochemical stability and strong adhesion properties as well [17,19]. Zheng et al.[20] 

studied the effect of PVDF modified with blending copolymer polyethylene-block-

poly(ethylene glycol) co-polymer and poly (propylene carbonates) (PPCs), used as binder 

material using LiCoO2 as active material and carbon black as conductive agent. It was found 

that the modified PVDF improves the dispersion of carbon black compared to the pure PVDF 

binder, leading to enhanced uniformity of the electrode composite.  

Apart from the polymer binder nature, molar mass of the used polymer is also an important 

factor. Wang et al.[21] investigated the effect of molar mass of PVDF binder on the 

electrochemical performances of LiNi0.33 Co0.33Mn0.33O2 (NMC) electrodes made by a dry 

powder coating process. The authors found that the PVDF form a thin layer around the NMC 

particles surface after heating it to above its melting temperature, and by increasing the molar 

mass of the polymer, the PVDF layer becomes more porous, improving the high rate capacity 

of the electrodes. Wang et al. [22] also studied the effect of PVDF molar mass on electrode 

performances using a wet-slurry procedure. In contrast to Wang et al.‘s strategy, it was found 

that the smallest molar masses had the best performances.  

Herein, modified PVDF was used to prepare electrodes based on LiMn2O4 as the active 

material and carbon black as the conductive agent. This binder, named as PVDF-g-BT, was 

obtained from a reversible addition fragmentation chain transfer polymerization (RAFT) of 

VDF from the surface of BaTiO3 nanoparticles leading to a well-structured nanocomposite 

materials. The electrochemical tests, including cyclic voltammetry, charge-discharge capacity 

and rate performance were investigated on the prepared cells. 

VI.2. Cells preparation  

The binders tested are commercial polyvinylidene fluoride (Solef® 5130/1001 PVDF) 

purchased from Solvay and modified polyvinylidene fluoride-grafted-Barium titanate (PVDF-

g-BT) nanocomposites filled with 5 wt% of BaTiO3. PVDF-g-BaTiO3 nanocomposites 

synthesized by RAFT polymerization of VDF [23] (Reported in Chapter III). The cathode 
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films were prepared using 70 wt% LiMn2O4, 18 wt% of Carbon black (C65), 12 wt% of the 

binder (PVDF or PVDF-g-BT nanocomposite or both) (Table 1).  

Table 1. Formulations used to prepare electrode materials for batteries with active material. 

Formulations Wt % PVDF Wt% PVDF-g-BT 

0% 12 0 

4% 8 4 

8% 4 8 

12% 0 12 

 

PVDF-g-BaTiO3 nanocomposite filled with 5 wt% of BaTiO3 was used as binder material in 

Lithium ion batteries to test its effect on electrochemical behavior. In a first step, four 

formulations were chosen based on PVDF, CB and modified PVDF (Table 2).  

Table 2. Formulations used to prepare electrode materials for batteries without active 

material. 

Formulations Wt % PVDF Wt% CB Wt% PVDF-g-BT 

A 33 33 33 

B 12 18 70 

C 40 60 0 

D 50 50 0 

 

In the case where the active material was not used, the slurry was prepared as previously 

reported according to the precursors listed in Table 2 and spread in a copper foil instead of the 

aluminum. After drying at room temperature for 48 h, the obtained films were punched to 

discs with 12.7 mm in diameter and further dried at 80 °C for 3h.   
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VI.3. Results and discussions 

IV.3.1. Cells made without active material 

VI.3.1.1. Cyclic voltammetry  

The first step aimed to explore the electrochemical behavior of cells made by the modified 

PVDF to check whether it will affect the electrochemical performances of the battery. The 

obtained electrodes (Table 2) were tested by cyclic voltammetry as shown in Figure 1.  

Figure 1 exhibits that all the electrodes either made from PVDF-g-BaTiO3 or not, display a 

quite similar evolution and the presence of a slight peak is attributed to carbon black activity. 

Furthermore, by comparing voltammograms of electrodes made with (e.g., A) and without 

(e.g., D) nanocomposites, no big differences are noted which indicate that the introduction of 

PVDF-g-BaTiO3 nanocomposites as a binder material in the electrode does not involve any 

activity and therefore does not affect the electrochemical stability of the cell.  
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Figure 1. Cyclic voltammograms of the prepared electrode with (A and B) and without (C 

and D) PVDF-g-BaTiO3 nanocomposites.  

VI.3.1.2. Impedance measurements 

Table 3 presents the resistance of the cells prepared with and without PVDF-g-BT 

nanocomposites, obtained from impedance measurements. 

Table 3. Resistance values of the cells made with and without PVDF-g-BT nanocomposites at 

different temperatures. 

Formulations R at RT 

(Ohm) 

R at 40 °C  

(Ohm) 

R at 60 °C  

(Ohm) 

R at 80 °C  

(Ohm) 

A 42.9 28.3 4.61 0.73 

B 47.5 21.4 5.45 0.98 

C 16.4 16.2 3.99 0.58 

D 27,1 16,8 2.89 0.76 

 

For all samples, the resistance decreases by increasing the temperature. In addition, it is noted 

that the cells prepared with the nanocomposites exhibit higher resistance in comparison to 

those made from commercially available PVDF. This indicates that the introduction of 

modified ceramics with PVDF into the cell increases the resistance of the system and thus 

decreases the electrical conductivity. Based on the thicknesses of the casted films, the 

conductivity was determined using equation 1:  
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                                         (   

where e and S stand for the thickness of the casted film and its surface area, respectively.  

Figure 2 shows that the cells prepared with PVDF-g-BT exhibit conductivities quite similar as 

those achieved from commercially available PVDF at lower temperatures. However, the 

difference becomes prominent when the temperature increases up to 40 °C. In fact, the role of 

the binder consists on holding the electrode particles (i.e. active material and conductive 

agent) together and bond the active material to the current collector [24]. However, a lack of 

PVDF binder needed to hold these particles leads to decreased conductivity [25], and this 

explained the fade of conductivity in formulations made with the modified PVDF, where the 

amount of polymer is lower.    

 

Figure 2. Conductivities of the cells at different temperatures made without the active 

material corresponding to formulations listed in Table 2. 

VI.3.2. Cells made with active material 

After exploring the electrochemical behavior of PVDF-g-BT nanocomposites and knowing 

that they do not affect the electrochemical stability of the prepared cells, new cells were 

prepared with another configuration using the active material (LMO) according to Table  1.  

VI.3.2.1. Calendering procedure 

In order to obtain uniform thickness, better particles dispersion and thus homogeneous 

structure, films calendering was adopted (Figure 3). In fact, the calendering process consists 

in placing the casted film or the electrode between two rolls working in opposite directions, 
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where the gap size is significantly smaller than the electrode thickness in order to insure the 

desired compaction of the electrode coating [26].  

This technique was found to enhance not only the mechanical and physical characteristics, but 

also the electrochemical performances of the electrode as well [27]. Indeed, it is believed that 

the calendering enables to increase the contact between particle to particle and particle to 

current collector in the electrode, leading to an improvement in both electrical and thermal 

conductivities [28].   

 

 

Figure 3. Picture and sketch illustrating the calendering procedure used to process the 

resulting electrodes based on the active material. 

In the present work, formulations based on the active material were calendered before 

assembling the cells (Figure 3). Thicknesses of the films were measured using digital 

micrometer (IP 65, Mitutoyo) before and after calendering by picking six different points 

(Three measurements on the border and three in the middle of each film) as shown in Figure 

11-b of Chapter II.  

Table 4 displays the average thicknesses of the electrodes before and after calendering. It is 

clearly seen that calendering procedure enables to decrease the thickness of the prepared films 

by 4.5, 2.3, 9.0 and 7.7 µm for formulations made by 0, 4, 8 and 12 wt% of modified PVDF, 

respectively.   

Table 4. Average thicknesses of the different electrodes before and after calendering in µm. 
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However, it is worth mentioning that the thickness of the calendered films is still higher than 

that of the roll thickness fixed at 30 µm, and this can be explained by the elastic recovery 

(ER) of the electrode when the pressure is removed.  Figure 4 exhibits the elastic recovery 

determined from equation (2): 

               
     

  
                                      (      

where ef, eg and ei refer to final, in-between the roll and initial thicknesses, respectively [28].  

 

Figure 4. Elastic recovery (ER) determined from equation (2), for the different formulations 

based on the active material. 

From Figure 4, the elasticity of the films decreases as the feed amount of modified PVDF in 

the formulation increased. For instance, the ER decreased from 0.3 for formulation made by 

commercially available PVDF to 0.15 when modified PVDF (12 wt%) is used. This variance 

comes from the difference in PVDF structure and namely in molar masses. In fact, the 

Samples 
Before calendering 

(   (   ) 
After calendering 

(   (   ) 

0 % 49.5 45.0 

4 % 46.7 44.3 

8 % 46.3 37.3 

12 % 44.5 36.8 
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commercial PVDF presents a molar mass (~1,200,000 g/mol) higher than that of the modified 

one (~3200 g/mol), and thus carrying long polymer chains. Those latter confine to the film an 

elastic deformation that dominates the densification process when the calendering is applied, 

leading to increased elastic recovery (ER).  

VI.3.2.2. Scanning electronic microscopy  

In order to further explore the effect of calendering process, the films were characterized by 

scanning electronic microscopy (SEM). Figure 5 exhibits the SEM images of non-calendered 

(0NC %) and calendered films (0, 4, 8 and 12 %).  

 

Figure 5. SEM images of non-calendered (0NC %) and calendered films (0, 4, 8 and 12 %). 

By comparing the SEM images of the non-calendered (0NC%) and calendered (0 %) films, it 

seems that this procedure induces a change in the structure evidenced by obtaining a film with 

less pores and voids.  Moreover, and in all the samples, particles are well dispersed in the film 

and it is worth to note the presence of some aggregates that could be related to LiMn2O4. 

Figure 6 provides low magnification (600 µm) SEM images of the different films. After 

calendering the sample with 0% of modified PVDF, the obtained film presents a softer surface 

as compared to that of the non-calendered one. However, after adding 8 wt%, the film surface 

presents cracks that could be due to the low PVDF content responsible to bind all the particles 

together on the current collector, resulting in cracked surface. It is believed that calendering 
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procedure renders the structure of the film more compact and thus reducing the pores and 

voids leading to enhanced electrochemical performances.  

 

Figure 6. SEM images of non-calendreded (0NC %) and calendreded (0 %, 4 %, 8 % and 

12 %) films at low magnification (600µm). 

Zheng et al.[29] studied the effect of calendering on the morphology of cathode laminates 

based on Li [Ni1/3Mn1/3Co1/3]O2, 8 %wt of PVDF and 7 %wt of acetylene black. The prepared 

films were compressed to the desired thickness corresponding to the searched porosity, which 

was adjusted from the free standing (50 %) to 40, 30, 20, 10 and 0 %. For the sample having 

50 % of porosity, SEM images revealed the presence of several pores and micro-fractures. 

Moreover, it was shown that the inactive material (PVDF and acetylene black) occupied a 

large volume fraction in the electrode, leading to low volumetric energy density, and this is 

due to the low volumetric fraction of the active material. However, when the porosity was 

sited at 30 %, the morphology changed and since the material was not crashed by calendering, 

the decrease of film thickness was attributed to the shrinkage of the inactive material.  

VI.3.2.3. Cyclic voltammetry measurements 

To compare the electrochemical behavior of the prepared cells made with the active material, 

cyclic voltammetry measurements were conducted at a scan rate of 0.5 mV/s between 3.2 and 

4.5 V (Figure 7). 
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For all formulations, and before calendering, two pairs of separated redox peaks are observed: 

two oxidation peaks located at about 4.1 V and 4.2 V, and two reduction peaks located at 

about 3.9 V and 4.04 V, characterizing lithium ions extraction-insertion from-into the 

tetrahedral sites of LiMn2O4 [30]. In fact, the first peak is attributed to the removal of Li
+
 from 

half of the spinel framework where Li-Li interactions exist (LiMn2O4/Li0.5Mn2O4), while the 

second peak is assigned to the removal of Li
+
 from the other tetrahedral sites (Li0.5Mn2O4/ γ-

MnO2) in which such interaction does not exist [30–32].  However, after calendering 

procedure, it is observed that: i) the separation between two redox pairs became less 

discernable; ii) a higher peak current was obtained after calendering which is more prominent 

in the 0% sample and iii) the  ΔE (separation between Ea and Ec) became more important  

(Table 5).  
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Figure 7. Cyclic voltammograms of the prepared cells using LMO as active material 

performed at a scan rate of 0.5 mV/s. 

Assuming that the intercalation reaction is controlled by the solid-state diffusion of Li
+
,
 
the 

diffusion coefficient 
 
could be determined from the peak current Ip intensity using the 

following equation [33,34] : 

                       
   

         
                           (   

Where   is the scan rate, n is the number of electrons per reaction species (n~1 for LiMn2O4), 

A is the surface area of the electrode and    
   is the bulk concentration of Li

+
 in the electrode 

(given as 0.02378 mol cm
-3 

from the theoretical density of spinel). 

Table 5. Summary of CV results at the potential scanning rate of 0.5 mV/s and the 

determined diffusion coefficients (Da1 and Da2) before and after calendering. 

 Before calendering After calendering 

ΔEa (V) ΔEc (V) Da1 (cm
2
/s) Da2 (cm

2
/s) ΔEa (V) ΔEc (V) Da1 (cm

2
/s) Da2 (cm

2
/s) 

0% 0.14 0.12 3.70×10
-9

 5.65×10
-9

 0.26 0.27 1.18×10
-8

 1.69×10
-8

 

4% 0.21 0.19 1.53×10
-8

 1.70×10
-8

 0.3 0.29 1.15×10
-8

 1.67×10
-8

 

8% 0.23 0.19 9.15×10
-9

 1.31×10
-9

 0.32 0.32 8.72×10
-9

 1.36×10
-8

 

12% - - - - 0.26 0.22 1.01×10
-8

 1.36×10
-8

 

 

From Table 5, it can be seen that the calendering procedure enables to enhance the diffusion 

coefficient of Li
+
 ions for cells made by 0% of modified PVDF. For instance, the diffusion 

coefficient at the first anodic peak in 0% sample was 3.70×10
-9 

cm
2
/s, and slightly increases to 

1.18×10
-8 

cm
2
/s after calendering the film.  

VI.3.2.4. Galvanostatic electrochemical characterizations 

In order to further investigate the effect of calendering procedure on the electrochemical 

performances of the films, four electrodes were prepared from each formulation. The effect of 

modified PVDF was also studied. The cells were charged and discharged for 55 cycles from 

2.5 to 4.5 V at various current densities, and the current rate was increased from 1C to 10 C in 

steps. The comparison of the cycling performance of the calendered films at different charge 

and discharge rates is depicted in Figures 8 and 9.  
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Figure 8. Discharge capacity as a function of cycle number for non-calendered and 

calendered films made by 0 % of modified PVDF. 

It is worth mentioning that the calendering process enables to obtain a uniform structure, and 

this is well seen in the almost reproducible tests performed on the different cells of same 

formulation. Besides the reduction of volumetric density of the electrode film, the calendering 

process has an effect on other physical properties, including the interparticle contacts. Thus, 

the enhancement seen in cycling performance after calendering procedure could be explained 

by the increased ohmic contact area at the electrode-current collector interface [35].  
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Figure 9. Charge and discharge capacity versus cycle number for all calendered formulations. 
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Figure 9 exhibits the charge and discharge capacities as a function of cycle number for all 

formulations after calendering process. It is observed that as the C-rate increases, there is a 

sharp decrease in the electrochemical performances of the prepared cells. For instance, for 0% 

sample and at 1 C, the discharge capacity is 194.6 mAh/g and decreases as the current rate 

increases to 167.3, 135.5, 117.5, 102.2 and 88.4 mAh/g at 2 C, 4 C, 6 C, 8 C and 10 C, 

respectively. This fade of capacity could be attributed to the structural change of the spinel 

LiMn2O4 due to Jahn-Teller effect as (2Mn
3+ 
 Mn

2+
+ Mn

4+
) and the loss of active material 

with dissolution of Mn
2+

 into electrolyte [36]. However, even with the increase of charge-

discharge rate to 10 C, the capacity can be approximately recovered when the current density 

returned to 1 C for all the samples, revealing the good reversibility of the structure.  

Furthermore, it is observed that the specific capacity at 1 C and 2 C is higher than the 

theoretical capacity of LMO (148 mAh/g) for all samples and this could be explained by the 

capacitive behavior of nanosized electrode materials as it was reported previously [37,38]. 

Another explanation of this phenomenon could be given from Figure 10, which presents the 

first charge-discharge curve of non-calendered 0NC% sample at 1C.  

 

Figure 10. First charge-discharge curve of 0NC% at 1C; the inset refers to the CV plot of the 

same sample at 0.5 mV/s. 
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Two distinguished plateaus ((a) and (b) in Figure 10) could be identified corresponding to the 

two pairs of redox peaks in the CV plots. However, at low potentials, another reversible phase 

transformation occurs at around 2.99 V, assigned to the reversible transformation of LiMn2O4 

to Li2Mn2O4 [39] and this latter could have an effect on the cell performances since the 

cycling was performed from 2.5 to 4.5 V. In contrast to the mentioned measurement, Kim et 

al. [40] performed cycling measurements for commercial LMO in the voltage range of 3.4-4.3 

V, and did not perceived the additional curve that appears for low voltage and thus discharge 

and charge capacities were less than the theoretical capacity of LMO.  

Figure 11 exhibits the delivered discharge capacity, normalized with respect to the nominal 

one as a function of current scan for all calendered electrode films. It can be seen that the 

capacity retention decreases with increasing the scan rate for all the samples, and this could be 

explained by the Li
+
 ion diffusion that occurs in the cathode material.   

 

Figure 11. Capacity retention versus the current scan for different calendered formulations. 

 

Figure 12 exhibits the cycling performance established in the voltage range of 3.4-4.3 V for 

non-calendered (ONC) and calendered (0 %) films made by only commercial PVDF. In 

contrast to the previous measurements, those later showed a specific capacity lower than that 

of the theoretical capacity of LMO (148 mAh/g). This confirms the effect of the 

transformation of LiMn2O4 to Li2Mn2O4 that occurs at low potentials, on the cycling 

performances. On the other hand, Figure 12 highlights the importance of calendering process 

on enhancing the cycling performance of the prepared films. It can be seen also that as the C-
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rate increases, a sharp decrease in rate capability was observed, which is especially noted 

when C-rates are grater than or equal to 4C for non-calendered films. 

 

Figure 12. Charge and discharge capacity as a function of cycle number for non-calendered 

(0NC) and calendered (0%) films made by only commercial PVDF. 

Figure 13 exhibits the charge and discharge capacities recorded for calendered films achieved 

from 0, 4 and 8 % of modified PVDF. It can be seen that formulation made by 4% of 

modified PVDF shows a similar behavior as the one made by commercial PVDF, while the 

sample with 8% was less performant. For instance, at 1C, the initial charge capacities were 

146, 140 and 130 mAh/g and decreased to 98, 88 and 80 mAh/g at 10 C for films made by 0, 

4 and 8 % of modified PVDF, respectively.  
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Figure 13. Charge and discharge capacities for calendered films processed from 0, 4 and 8% 

of modified PVDF. 

VI.4. Conclusion 

In this work, poly(vinylidene fluoride)-grafted-Barium titanate (PVDF-g-BaTiO3) 

nanocomposites was used as binder to prepare cathode material and its effect on the 

electrochemical performances was investigated. Four formulations were prepared by varying 

the amount of modified PVDF in the formulation starting with 0, 4, 8 and 12 % of PVDF-g-

BaTiO3. Cells processed with 4 % of modified PVDF showed similar cycling performances as 

the ones made by only commercially available PVDF (0 %) while the sample with 8 and 12% 

were less performant. This could be explained by the low amount and the low molar mass of 

PVDF in the nanocomposite compared to that of the commercial one. On the other hand, and 

in order to obtain a uniform structure, the prepared films were calendered. This process 

induced an enhancement in cycling performances. For instance, the initial discharge capacity 

at 1C was 124 and 108 mAh/g, and decreased to 82 and 2 mAh/g at 10 C for calendered and 

non-calendered sample made with commercial PVDF, respectively. In conclusion, 

calendering procedure proves to have a positive effect on the cycling performances and is 

worthy to be applied. Moreover, PVDF with high molar mass is also desirable in order to bind 

well all the particles together on the current collector. 
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Conclusions and perspectives 
 

This PhD thesis work investigated the synthesis and characterization of core-shell structured 

nanocomposites based on BaTiO3 nanoparticles and fluoropolymers as well as the 

investigation of their dielectric properties and their applications in batteries. Though several 

nanocomposite systems based on BaTiO3 have been studied previously, Chapter I highlights 

various strategies, properties and applications on the design of BaTiO3@polymer/Fluorinated 

polymer nanocomposites. In order to obtain promising performances for energy storage 

application, major efforts have been conducted to combine the efficient properties and high 

dielectric constant of ceramics with the flexibility and easy processing of polymers. Actually, 

it is obvious that the dielectric features of both ceramics and polymers will have an influence 

on the dielectric properties of the resulting nanocomposites. Nevertheless, it is worth 

mentioning that the processing method used to get such a material will also have an effect. 

Indeed, several strategies have been used to prepare these nanocomposites including the hot 

pressing, spin coating and melt stretching.  

However, before combining the inorganic fillers with the organic polymer matrix, the surface 

functionalization of the ceramic must be first achieved. Indeed, this surface modification is a 

crucial step in the synthesis process by allowing good compatibility and dispersion of ceramic 

nanofiller into polymer matrix  

In the present work, the ―grafting from‖ strategy was adopted to prepare nanocomposites 

based on PVDF-g-BaTiO3 using RAFT polymerization of VDF, and the synthesis and 

characterizations of such a nanocomposite was described in detail in Chapter 3. The as 

received BaTiO3 nanoparticles were first surface modified to create xanthate functions for the 

RAFT polymerization using potassium ethyl xanthate, such decorated xanthates acting as 

original chain transfer agent. Then, the grafting of PVDF onto the functionalized 

nanoparticles was achieved by RAFT polymerization of vinylidene fluoride (VDF) using 

different BaTiO3 concentrations starting from 3, 5, 10 and 20 wt%. Additionally, the effect of 

such a percentage was carefully studied on the properties of the nanocomposite. Results and 

especially High Resolution Magic Angle Spinning (HRMAS) spectroscopy and 

thermogravimetric (TGA) analyses revealed the successful grafting of PVDF onto the 

functionalized BaTiO3 ceramic. Thermal analysis showed an enhanced thermal stability of the 

resulting nanocomposites compared to that of pure PVDF polymer. Moreover, HRMAS NMR 

spectroscopy was used and for the first time to characterize such nanocomposites and 

evidenced the successful grafting of PVDF onto BaTiO3 surface. The presence of PVDF is 
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also confirmed by Infrared spectroscopy as well as X-ray diffraction, which indicates that the 

PVDF was produced in its α form.  

Chapter 4 presents a detailed study on the dielectric characterization of the aforementioned 

nanocomposites as well as of the pure PVDF. It was found that all the samples studied 

exhibited two main relaxations which fits well with the Arrhenius fitting. The first relaxation 

is the well-known β secondary relaxation in PVDF, while the second one is assigned to the 

crystalline fraction in the polymer. By applying the electric modulus formalism, that enables 

to suppress the effect of electrode polarization, a third relaxation appeared in the low 

frequency region. It is assigned to interfacial polarization resulting from the presence of fillers 

or even impurities in the system. However, the relaxation related to glass transition 

temperature could not be observed due to the high crystallinity of the polymer. It was also 

found that the conductivity of the prepared nanocomposites was independent of the volume 

fraction of the nanofillers and was close to that of the PVDF, indicating the good insulation 

properties of these nanocomposites. 

In order to further improve the final properties of the prepared nanocomposites, the ―core-

double shell‖ approach was used. It consisted on a simple blending and casting of PVDF-g-

BaTiO3 with poly(VDF-co-HFP) copolymer from the use of solvent that enabled the blending 

and with a suitable low boiling point. The prepared films were fully characterized using 

spectroscopic, thermal and morphological analyses. Dielectric measurements revealed the 

existence of three relaxations; αa assigned to the glass transition, αc related to crystalline 

fraction in the copolymer and the one attributed to the conductivity process. Mechanical 

analysis showed an enhancement in Young‘s modulus of the nanocomposite films compared 

to that of the pristine copolymer, which results from the uniform distribution of PVDF-g-

BaTiO3 nanocomposites having strong interactions with poly(VDF-co-HFP) copolymer 

matrix. 

Last but not least, the prepared PVDF-g-BaTiO3 nanocomposites were tested as a binder to 

prepare cathode material for batteries, and this study is reported in Chapter 6.  First, the effect 

of modified PVDF (i.e. PVDF-g-BaTiO3) on the electrochemical performances was 

investigated showing that this later does not involve any electrochemical activity. Then, 

formulations based on 70 wt% of active material (LiMn2O4), 18 wt% of conductive agent 

(carbon black) and 12 wt% of binder (commercially available PVDF, modified PVDF or 

both) were processed. Four formulations were prepared by varying the amount of modified 

PVDF starting with 0, 4, 8 and 12 wt% of PVDF-g-BaTiO3. It was found that cells made with 
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4 wt% of modified PVDF exhibited similar cycling performances as the ones made only with 

commercial PVDF (0 wt%), while the samples with 8 and 12 wt%  demonstrated a less 

important behaviour. This was explained by the low amount and the low molar mass of PVDF 

present in the nanocomposite materials compared to that of the commercial one. 

In order to obtain homogenous films and to get a better dispersity of nanoparticles, 

calendering procedure was used. This technique enabled to obtain electrode films with 

uniform structure, and this was well noted in the almost reproducible tests performed on the 

different cells of the same formulation. Besides the reduction of volumetric density of the 

electrode film, the calendering has an effect on other physical properties, including the 

interparticle contacts. Thus, the enhancement seen in cycling performances after calendering 

procedure could be explained by the increased ohmic contact area at the electrode-current 

collector interface.  

On the light of the above results, this thesis work focused on the synthesis, characterization 

and possible application of nanocomposite materials in the field of energy storage. The energy 

density characterizing the storage capacity of a dielectric material is related to both its 

dielectric permittivity and electric breakdown strength.  In the present work, only dielectric 

properties of the prepared nanocomposites were studied and, in order to get better 

performances, it is required to: i) use a filler (e.g. BaTiO3) with a different shape (e.g. 

nanowires or nanorods instead of spherical one as disclosed in that present study) that make 

straightforward the dipole orientation when a current is applied leading to enhanced dielectric 

constant and ii) promote the formation of β phase of PVDF in the nanocomposite either by 

stretching or applying high voltage.  

In the present study, we were unable to visualize the relaxation attributed to the glass 

transition temperature in the prepared PVDF-g-BaTiO3 nanocomposites, and this was 

explained by the high crystallinity of the formed PVDF. However, an extensive study can be 

conducted using dilatometry analysis to verify the presence of the aforementioned relaxation. 

Other strategies to prepare nanocomposite materials based on fluorinated polymers could be 

also adapted (e.g.  click chemistry and ATRP polymerization). Moreover, it would be of 

interest to use fluorinated coupling agents to modify the filler surface in order to enhance the 

interface between the filler and polymer matrix.  

Then, in order to enhance the use of these nanocomposites as binders in batteries, it is 

required to have PVDF grafted onto BaTiO3 with high molar mass, to ensure high binding of 

all particles together on the current collector.  
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1. Contexte général 

Les matériaux diélectriques à constantes diélectriques élevées ont attiré une attention 

significative ces dernières années en raison de leur large éventail d'applications potentielles 

dans l'industrie électronique, notamment dans les dispositifs de stockage de l‘énergie [1–4]. 

En effet, la densité d'énergie, Ue, caractérisant la capacité de stockage des matériaux 

diélectriques, peut être définie comme Ue = 1 / 2εε0Eb
2
, où Eb, ε et ε0 désignent 

respectivement la résistance au claquage électrique, la constante diélectrique et la constante 

diélectrique sous vide des matériaux [5–7]. Par conséquent, la densité d'énergie peut être 

améliorée soit en augmentant la constante diélectrique, soit en augmentant la résistance au 

claquage électrique des matériaux.  

En effet, une valeur de permittivité diélectrique élevée peut être obtenue à partir de matériaux 

céramiques tel que les titanates de Barium (BaTiO3). Cependant, ces dernières possèdent, 

généralement une faible résistance à la rupture. Comparés à leurs homologues en céramique, 

les polymères diélectriques présentent des résistances à la rupture diélectrique (claquage) plus 

élevées et une plus grande fiabilité, ils sont légers et peuvent être mise en forme sous des 
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configurations complexes, et sont par conséquent un choix idéal pour de nombreuses 

applications en électronique de puissance. Cependant, leur faible valeur de permittivité 

diélectrique (les polymères hydrocarbonés possèdent généralement des permittivités de 2-5) 

limite toujours la densité d'énergie de stockage et ainsi leurs applications dans la prochaine 

génération de dispositifs de stockage d‘énergie [8]. Ainsi, l'approche nanocomposite capitalise 

sur l'idée que la combinaison de matériaux inorganiques (par exemple, BaTiO3) de grande 

permittivité avec des polymères de haute résistance à la rupture peut conduire à des matériaux 

ayant une grande capacité de stockage d'énergie. De plus, les nanocomposites polymères sont 

légers, mécaniquement souples et conservent une excellente performance diélectrique et 

capacitive après des cycles de flexion intensifs. Ces résultats permettent d‘élargir le domaine 

d'utilisation des matériaux organiques dans les dispositifs électroniques de stockage de 

l'énergie à haute température.  

En effet, les propriétés physico-chimiques uniques (par exemple, une grande énergie de 

surface) des nanoparticules provoquent inévitablement une agrégation et une inhomogénéité 

dans la matrice polymère [9], en particulier dans le cas où une concentration élevée en 

nanoparticules est utilisée. Il est bien connu que l'agrégation de nanoparticules donne lieu à 

une très faible résistance à la rupture et des vides indésirables entraînant une détérioration des 

propriétés électriques des nanocomposites polymères [10]. Les défis typiques impliquent la 

réalisation de dispersions homogènes de nanoparticules et l'adaptation de l‘interface 

polymère/nanoparticules. Par conséquent, leur modification de surface et leur 

fonctionnalisation, y compris par des agents de couplage ou des polymères flexibles [11–14], 

est un outil puissant pour améliorer la compatibilité nanoparticules-polymère, entraînant une 

dispersion homogène des nanoparticules et donc une augmentation significative de la densité 

énergétique des nanocomposites résultants. 

Les nanocomposites à base de polymères fluorés ferroélectriques (par exemple, poly (fluorure 

de vinylidène), PVDF) ont reçu beaucoup d'attention dans les applications de haute 

technologie telle que l‘utilisation de matériaux à haute densité d'énergie en raison de leurs 

constantes diélectriques élevées (∼10 à 1 kHz) [15–17]. Malgré leurs nombreux avantages 

potentiels, les propriétés finales de ces nanocomposites sont étroitement associées aux 

méthodes de traitement des matériaux. Les méthodes de synthèse conventionnelles (par 

exemple, un simple mélange mécanique [18] et un mélange en solution [11]) entraînent des 

propriétés électriques indésirables (par exemple, une diminution de la résistance à la rupture). 

De nombreuses études ont été consacrées à la préparation et aux propriétés diélectriques des 
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nanocomposites constitués de polymères à base de PVDF avec différentes modification de 

surface des nanoparticules BaTiO3 [19–22]. Prateek et al. [23] ont examiné en détail 

l'utilisation du PVDF et ces copolymères binaires / ternaires (par exemple, poly (VDF-co-

hexafluoropropène) poly(VDF-co-HFP), poly(VDF-co-trifluoroéthylène), poly(VDF-co-

TrFE), poly(VDF-co-chlorotrifluoroéthylène), poly(VDF-co-CTFE) et poly(VDF-ter-TrFE- 

ter -CTFE) terpolymère)) / nanoparticules BaTiO3 en tant que composants potentiels dans les 

matériaux nanocomposites diélectriques pour les applications de condensateurs à haute 

densité d'énergie. Cependant, les copolymères à base de VDF sont généralement non 

miscibles avec la plupart des matériaux organiques et inorganiques en raison de leur faible 

énergie de surface, et les stratégies traditionnelles (par exemple, le mélange en solution) 

utilisées pour la modification des nanoparticules par des agents hydrocarbonés conduisent 

toujours à une agglomération de charge et des vides dans le nanocomposite final [24]. 

Pour surmonter cet inconvénient, la fonctionnalisation de surface des nanoparticules de 

BaTiO3 avec des agents de couplage fluorés (par exemple, le perfluoroalkylsilane [13] , 

l'acide fluorophtalique [25]) et les polymères fluorés (c'est-à-dire le poly(méthacrylate de 

2,2,2-trifluoroéthyle)) [26], poly(méthacrylate de 1H, 1H, 2H, 2H-perfluorooctyle) [27], poly 

(acrylate de 2,2,2-trifluoroéthyle), poly(acrylate de 1H, 1H, 2H, 2H-hepta- décafluorodécyle) 

[28] et poly (2,5-bis [(4-trifluorométhoxyphényl) oxycarbonyl] styrène) [4]), ont été utilisés. 

Ces derniers conduisent à une amélioration de l'interface agents fluorés / polymères à base de 

PVDF en utilisant le procédé de mélange en solution. Cependant, même si les forces 

d'interaction entre les polymères PVDF et le BaTiO3 modifié avec du fluor sont plus fortes 

que celles établies avec des agents non-fluorées, ces procédés ont encore certaines limites 

pour réaliser des nanocomposites de haute permittivité car les agents modifiants eux-mêmes 

ne jouent généralement pas un rôle significatif dans le stockage d'énergie [29]. 

Afin d‘améliorer les propriétés des nanocomposites, des efforts importants ont été récemment 

consacrés sur la conception et la synthèse de nanocomposites core-shell. Plus récemment, la 

préparation de nanoparticules structurées à constante diélectrique élevée par polymérisation 

radicalaire contrôlée in situ (e.g. polymérisation radicalaire par transfert d'atomes (ATRP) 

[26,30] et polymérisation par transfert de chaîne réversible par addition-fragmentation 

(RAFT) [31,32]) a suscité beaucoup d'intérêt via la technique du «grafting from» [27,30]. 

Comparativement aux méthodes conventionnelles, cette technique offre de nombreux 

avantages tels que: (i) les couches du polymère greffé sur les surfaces des nanoparticules sont 

solidement liées sur les surfaces des nanoparticules (par des liaisons chimiques), résultant en 
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une forte interface nanoparticule/matrice et empêchant l'agrégation des nanoparticules, (ii) la 

concentration en nanoparticules peut être ajustée en ajustant le rapport d'alimentation en 

nanoparticules fonctionnalisées/monomère.  

Ainsi, l'objectif de ce travail de thèse consiste en la synthèse et la caractérisation de 

nanocomposites structurés à base de céramiques BaTiO3 incorporés dans une matrice de 

polymères fluorés pour des applications de stockage d'énergie. 

2. Synthèse de nanocomposites PVDF-g-BaTiO3 par polymérisation RAFT  

Dans une première partie, nous nous sommes intéressés à la préparation de nanocomposites 

structurés de type Core Shell PVDF-g-BaTiO3 via une polymérisation par transfert de chaîne 

réversible par addition fragmentation (RAFT). La charge céramique est modifiée dans un 

premier temps par un agent RAFT afin de créer des fonctions xanthates sur sa surface. Ses 

fonctions ont permis par la suite le greffage du VDF à partir des sites fonctionnalisés. L‘effet 

de l‘addition de la charge sur les propriétés du nanocomposite est étudié en utilisant 

différentes teneurs en poids de BaTiO3 à savoir, 3, 5 10 et 20 %. Les nanocomposites ainsi 

préparés ont été caractérisés par différentes techniques d‘analyses. 

La procédure générale de préparation des nanocomposites PVDF-g-BaTiO3 via la 

polymérisation par transfert de chaîne par addition fragmentation réversible est illustrée par le 

Schéma 1.  

 

Schéma 1. Procédure générale pour la synthèse de nanocomposite PVDF-g-BaTiO3 via la 

polymérisation RAFT. 
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La synthèse envisagée comprend quatre étapes : la première étape consiste en l‘oxydation des 

nanoparticules BaTiO3 en les dispersant dans l‘eau oxygénée à 105 °C pendant 4 heures 

(étape 1, schéma 1). En fin de réaction, les nanoparticules sont récupérées par centrifugation 

puis séchées sous vide jusqu‘à l‘obtention d‘une masse constante. La création des 

groupements OH sur la surface des nanoparticules a permis la fixation d‘un agent silane (3-

chloropropyl triéthoxysilane (CPTS)) dans une deuxième étape (étape 2, schéma 1). Cette 

réaction est à 80 °C pendant 12 heures pour conduire à des nanoparticules fonctionnalisées 

présentant une terminaison chlore qui vont permettre par la suite à la fixation de l‘agent 

RAFT. Durant cette troisième étape, la réaction se produit à 80 °C pendant 12 heures (étape 3, 

schéma 1). Finalement, la dernière étape concerne la polymérisation du VDF amorcée par des 

peroxides et contrôlée par des fonctions xanthate fonctionnalisées sur le BaTiO3 (étape 4, 

schéma 1).  

Les nanoparticules BaTiO3 possèdent peu de groupements OH sur leurs surface, ce qui rend 

difficile leurs manipulations [33]. Ainsi, la première étape étant l‘oxydation de BaTiO3, suivie 

par l‘insertion des fonctions xanthates qui vont assurer le contrôle de la polymérisation du 

VDF amorcée par les peroxides [34–36]. Les nanocomposites PVDF-g-BaTiO3 ont été 

préparés via une polymérisation RAFT du VDF à partir de BT-XA en utilisant le tert-butyl 

peroxypivalate comme amorceur à 65 °C pendant 15 h. Il a été reporté que la polymérisation 

RAFT est un outil qui permet de contrôler de contrôler l‘épaisseur de l‘écorce du 

nanocomposite en variant la teneur du polymère. En effet, Chen et al.[4] ont montré que 

l‘épaisseur du Shell peut être contrôlée par le DPn lors la polymérisation RAFT. Dans ce 

travail, quatre ratio [BT-XA] :[VDF] ont été choisis (3,5, 10 et 20 wt %). 

Les résultats ont montré que la modification de surface est réussie et le greffage de PVDF sur 

BaTiO3 a conduit à des nanocomposites possédant des propriétés thermiques améliorées. En 

effet, tous les nanocomposites de PVDF-g-BaTiO3 présentent une stabilité thermique 

significativement meilleure avec une augmentation de 52-76 °C des températures de début de 

dégradation, par rapport à celle du PVDF pur qui commence à se décomposer à 339 °C 

(Figure 1).  
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 Figure 1. Thermogrammes ATG (sous air) de (a) nanoparticules BaTiO3 modifiées et 

nanocomposites (BaTiO3/PVDF) non purifié et (b) Thermogramme ATG des nanocomposites 

PVDF-g-BaTiO3 purifiés après différents traitements de lavage. 

En effet, l'incorporation des BaTiO3 organomodifiés bien dispersées dans la matrice PVDF 

améliore la stabilité thermique du nanocomposite en agissant comme une barrière de transport 

de masse aux produits volatils générés lors de la décomposition [37]. De plus, l'augmentation 

des températures de décomposition des nanocomposites avec les grandes teneurs en BaTiO3 

peut être attribuée à la bonne dispersion et les pourcentages élevés des nanocharges. De plus, 

l'élimination du PVDF physisorbé de BaTiO3/PVDF pendant le traitement de lavage conduit à 

une amélioration de la stabilité thermique du nanocomposite résultant où les chaines de PVDF 

sont liées de façon covalente au BaTiO3. En effet, les décompositions thermiques des 

nanocomposites BaTiO3 PVDF avant purification sont inférieures à celles du PVDF greffé sur 

BaTiO3. Ceci peut être expliqué par la faible interaction physique entre le PVDF libre (un 

polymère fluoré difficilement « miscible » ou compatible avec d‘autres matériaux) et le 

PVDF-g-BaTiO3. 

La meilleure preuve du succès du greffage du PVDF sur la surface de BT a été donnée par la 

spectroscopie RMN HRMAS. La RMN HRMAS de PVDF-g-BaTiO3 dans le DMSO-d6 

fourni les signaux caractéristiques attribués aux divers groupements du PVDF (addition 

normales et inverses du VDF) et surtout l‘unité VDF adjacente à la fonction xanthate située à 

-70 ppm attestant ainsi le greffage du PVDF. La Figure 2 montre le spectre HRMAS 
19

F du 

nanocomposite PVDF-g-BaTiO3 préparé avec 3% en poids de BaTiO3. 
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Figure 2. Expansion de la région -64 à -120 ppm du spectre 
19

F HRMAS enregistré dans le 

d6-DMSO du nanocomposite PVDF-g-BaTiO3 contenant 3% en poids de BaTiO3 (* 

correspondant aux bandes de rotation). 

Ce spectre a été enregistré avec du DMF deutéré qui gonfle le PVDF situé à la surface de 

BaTiO3. Le signal intense à -92 ppm est caractéristique de l'addition HT de VDF (-CH2-CF2-

CH2-CF2-CH2-CF2-CH2-CF2-) [35,36,38,39]. Des signaux à -114 ppm et -116 ppm sont 

attribués à des défauts de chaîne causés par des ajouts inversés de VDF (-CH2-CF2-CH2-CF2-

CF2-CH2-CH2-CF2-) et (-CH2-CF2-CH2-CF2-CF2-CH2-CH2-CF2-) respectivement [40]. Un 

signal à -70 ppm est relatif à l'addition HT normale adjacente au groupe xanthate -CH2-CF2-

SCS-O-CH3 [35,38,39]. 

Le succès de l‘introduction du PVDF sur les nanoparticules fonctionnalisées a été aussi 

montré par analyses Infra-rouge et diffraction des rayons X, qui ont révélé que le PVDF existe 

uniquement sous sa forme cristalline α. L‘épaisseur du shell déterminé par le microscope 

électronique à transmission (MET) indique que la diminution de la teneur de BaTiO3 conduit 

à une augmentation de l‘épaisseur de 2.2 nm à 5.1 nm pour les nanocomposites préparés 

respectivement avec 3 wt% et 20 wt% (Figure 3). 
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Figure 3. Images MET des nanocomposites PVDF-g-BT avec différentes teneurs en poids de 

BaTiO3 (3, 5, 10 et 20 %). 

3. Etude des propriétés diélectriques des nanocomposites PVDF-g-BaTiO3 

Après avoir prouvé le succès du greffage des chaines du PVDF sur les nanoparticules 

fonctionnalisées, une étude sur les caractérisations diélectriques des nanocomposites préparés 

a été menée. Figure 4-a présente la variation de la permittivité de tels composites en fonction 

de la fréquence à T=20 °C. Il est bien montré que la permittivité du PVDF ainsi que celle des 

nanocomposites diminue en augmentant la fréquence. Ceci peut être expliqué par le fait que 

lorsque la fréquence augmente, les dipôles des nanocharges et des polymères ne peuvent pas 

changer leurs orientations très rapidement, ce qui se traduit par une diminution de la 

permittivité diélectrique du système résultant. D‘autre part, l‘évolution de la tangente de perte 

en fonction de la fréquence, (Figure 4-b) présente deux relaxations  observées pour le PVDF 

pur et les nanocomposites préparés à 10
0
 Hz et 10

6
 Hz. Le premier pic est attribué à la 

relaxation αc dû à la phase non polaire du PVDF, tandis que le deuxième pic est relatif à la 

relaxation secondaire β du PVDF. 
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Figure 4. Evolution de la : (a) constante diélectrique et (b) de la tangente de perte pour le 

PVDF et ses nanocomposites PVDF-g-BT à 20 ° C. 

En plus des relaxations susmentionnées, une polarisation interfaciale ou polarisation de 

Maxwell-Wagner-Sillars (MWS) peut également être observée dans ces nanocomposites [41]. 

En effet, l'augmentation rapide de la permittivité aux basses fréquences est attribuée à la 

polarisation des électrodes, et l'effet de cette dernière peut masquer complètement les 

relaxations aux basses fréquences [42]. Pour surmonter à ce problème, McCrum et al. [43–45] 

ont introduit le formalisme du module électrique qui permet la suppression de l'effet de la 

polarisation des électrodes. Il peut être exprimé par l'équation suivante : 

                   
 

  
                                (   

Avec: 

 

   
  

        
            

   

        
       (   

 

La Figure 5 montre le module de perte diélectrique (M'') du nanocomposite PVDF pur et des 

nanocomposites PVDF-g-BT en fonction de la fréquence à différentes températures. 

Contrairement à la Figure 4-b, qui ne révèle que deux pics de relaxation, la Figure 5 révèle 

trois pics de relaxation. En fait, le troisième pic de relaxation qui apparaît pour T ≥ 30 ° C est 

attribué à la polarisation interfaciale ou la polarisation MWS. On peut clairement voir que 

cette relaxation est présente dans le système nanocomposite PVDF-g-BT ainsi que dans le 

PVDF et qu'elle provient de la présence de charges ou même d'impuretés qui présentent des 

valeurs de permittivité et de conductivité différentes, ce qui se traduit par un système 
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hétérogène [46]. Cependant, la relaxation relative à la transition vitreuse n‘a pas été détectée 

dû à la partie cristalline très élevée dans la structure.  

 

Figure 5. Module de perte diélectrique (M") en fonction de la fréquence pour le PVDF +et 

pour les nanocomposites PVDF-g-BT à différentes températures. 

La Figure 6 montre l‘évolution de la conductivité, ζ, en fonction de la fréquence pour le 

PVDF pur et des nanocomposites PVDF-g-BT, obtenue à partir de l'équation [47]: 

                                               (   

où ε′′ désigne le facteur de perte, ε0 la permittivité de l'espace libre et f la fréquence (Hz). 

A partir de la Figure 6, il est montré que la conductivité augmente avec l'augmentation de la 

fréquence et de la température pour tous les nanocomposites ainsi que pour le PVDF pur. De 

plus, à 20 °C et sur toute la gamme de fréquences, la conductivité est indépendante de la 

fraction volumique des charges et proche de celle du PVDF, indiquant les bonnes propriétés 

isolantes des nanocomposites préparés [48]. 
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Figure 6. Évolution de la conductivité en fonction de la fréquence pour le PVDF pur et des 

nanocomposites PVDF-g-BT à différentes températures. 

4. Synthèse et caractérisations de nanocomposites PVDF-g-BaTiO3/Poly(VDF-co-

HFP) préparé par le mélange en solution 

Afin d'améliorer davantage les propriétés finales des nanocomposites préparés, l'approche 

core-double shell a été utilisée. Elle consistait en un simple mélange de PVDF-g-BaTiO3 avec 

un copolymère de poly(VDF-co-HFP) (Figure 7). La nomenclature des films est donnée 

comme suit : 

10-10: PVDF-g-BT 10% / Poly(VDF-co-HFP) (10/90) 

10-20: PVDF-g-BT 10% / Poly(VDF-co-HFP) (20/80) 
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20-10: PVDF-g-BT 20% / Poly(VDF-co-HFP)  (10/90) 

20-20: PVDF-g-BT 20% / Poly(VDF-co-HFP)  (20/80) 

 Les films préparés ont été entièrement caractérisés par analyses spectroscopique, thermique 

et morphologique.  

 

Figure 7. Schéma illustrant le processus de fabrication des différents films en utilisant la 

technique du mélange en solution. 

La stabilité thermique des films a été étudiée par analyse thermogravimétrique. Le Tableau 1 

présente les températures de début de dégradation ainsi que les pertes en poids pour les 

différents films préparés. Le copolymère pur enregistre une température de début de 

dégradation de 446 ° C pour atteindre 99,9% de perte de poids à 650 ° C. Dans des conditions 

similaires, la température de début de dégradation du PVDF-g-BT / Poly(VDF-co-HFP) a été 

augmentée à 459, 460, 462 et 464 ° C pour les films fabriqués, respectivement, à partir de 10-

10, 10-20, 20-10 et 20-20 nanocomposites. Ainsi, l'introduction de nanocomposite PVDF-g-

BT dans la matrice polymère conduit à une amélioration notable de la stabilité thermique du 

système. 
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Tableau 2. Récapitulatif des températures de début de dégradation (sous air) et des pertes de 

poids pour les films préparés. 

Films Td 
(1)

 (°C) Perte de masse (%) à 650 °C 

P(VDF-HFP) 446 99.9 

10-10 459 99.9 

10-20 460 97.8 

20-10 462 95.7 

20-20 464 94.4 

(1) Td: Température de début de dégradation.  

D‘autres part, l‘analyse calorimétrique différentielle a indiqué que la cristallinité des films 

augmentait de 18 % pour le copolymère pur et atteignait 25 % pour les films nanocomposites 

20-20. Ceci suggère que les nanocomposites PVDF-g-BT offrent de nombreux sites de 

nucléation hétérogènes à la matrice poly(VDF-co-HFP) conduisant à une augmentation de la 

cristallinité. 

La Figure 8 présente les images MEB des films obtenus pour le poly(VDF-co-HFP) ainsi que 

pour les nanocomposites obtenus. Pour tous les échantillons, il a été observé que les 

nanocomposites PVDF-g-BT sont bien incorporés à l'intérieur du copolymère poly(VDF-co-

HFP). De plus, il convient de mentionner l'absence d'agglomérats, ce qui indique que les 

nanocomposites PVDF-g-BT sont bien dispersés au sein de la matrice de copolymère. 
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Figure 8. Microscopie électronique à balayage du copolymère poly(VDF-co-HFP) ainsi que 

des films nanocomposites PVDF-g-BaTiO3/ poly(VDF-co-HFP) résultants. 

Les mesures diélectriques effectués sur ces films ont révélé l'existence de trois relaxations 

(Figure 9) : αa attribué à la transition vitreuse ; αc liée à la fraction cristalline dans le 

copolymère tandis que la troisième a été assignée au processus de conductivité. De plus, 

l‘analyse des spectres diélectrique a permis d‘avoir une approximation des valeurs de la 

température de transition vitreuse (Tv) qui n‘a pas pu été déterminé par DSC (comme il est 

souvent le cas pour le PVDF). La Tv du copolymère pur était de -42 °C et augmentait à -30 °C 

après l‘introduction des nanocomposites PVDF-g-BaTiO3, ce qui était envisageable. 
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Figure 9. Evolutions de la tangente de perte en fonction de la température pour les différents 

films préparés à des fréquences différentes. 

L'analyse mécanique a montré une amélioration du module de Young des films 

nanocomposites par rapport au copolymère vierge, et ceci résulte de la distribution uniforme 

des nanocomposites PVDF-g-BaTiO3 présentant de fortes interactions avec la matrice 

copolymère poly (VDF-co-HFP). 
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5. Application des nanocomposites PVDF-g-BaTiO3 comme matériaux liants dans 

les batteries Lithium-ion 

Finalement, ces nanocomposites PVDF-g-BaTiO3 ont aussi été testés comme liants pour 

préparer de nouveaux matériaux de cathode pour les batteries aux ions lithium. Premièrement, 

l'effet du PVDF modifié (c'est-à-dire PVDF-g-BaTiO3) sur les performances électrochimiques 

a été étudié et les résultats ont montré que ce dernier n‘entraine aucune activité 

électrochimique. Ensuite, des formulations à base de 70% en poids (70 wt%) de matériau actif 

(LiMn2O4), 18 wt% d'agent conducteur (noir de carbone) et 12 wt% de liant (PVDF 

commercial, PVDF modifié ou les deux) ont été réalisées. Quatre formulations ont été 

préparées en faisant varier la quantité de PVDF modifié de 0 à 4, 8 et 12 wt% de PVDF-g-

BaTiO3. 

Afin d'obtenir des films homogènes et présenter une meilleure dispersion des nanoparticules, 

le calandrage des films a été utilisé. Cette technique a permis d'obtenir des films d'électrodes 

de structure uniforme, et cela a été bien mis en évidence dans les tests qui étaient 

reproductibles, effectués sur les différentes piles de la même formulation (Figure 10).  

 

Figure 10. Capacités de charges et de décharge en fonction du nombre de cycle pour les 

formulations non-calandrées et calandrées préparées uniquement avec du PVDF commercial. 

Outre la réduction de la densité volumétrique du film d'électrode, le calandrage a un effet sur 

d'autres propriétés physiques, et notamment favoriser les contacts entre les particules. Ainsi, 

l'amélioration observée dans les performances de cyclage après la procédure de calandrage 
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pourrait s'expliquer par l'augmentation de la zone de contact ohmique à l'interface électrode-

collecteur de courant. 

De plus, Il a été constaté que les piles fabriquées avec 4 wt% de PVDF modifié présentaient 

des performances de cyclage similaires à celles réalisées uniquement avec du PVDF 

commercial (0 wt% de PVDF modifié), tandis que les échantillons avec 8 et 12 wt% étaient 

moins performant (Figure 11). Cela s'explique par la faible quantité ainsi que la faible masse 

molaire du PVDF présent dans les matériaux nanocomposites par rapport au PVDF 

commercial. 

 

Figure 11. Capacités de charge et de décharge pour les films calandrés préparés avec 0, 4 et 

8% de PVDF modifié. 

6. Conclusion et perspectives 

Au terme de ce travail, des nanocomposites à base de PVDF greffé sur des nanoparticules de 

BaTiO3 ont été synthétisés par polymérisation RAFT du VDF. Le matériau préparé a été 

entièrement caractérisé démontrant ainsi le succès du greffage du PVDF. Les propriétés 

diélectriques des nanocomposites obtenus ont été étudiées. En vue d‘améliorer davantage la 

permittivité diélectrique du nanocomposite obtenu, il serait préférable d‘utiliser des charges 

céramiques ayant des morphologies unidimensionnelles sous formes de nano-fils ou nano-

tiges par exemple. Lors de l‘application d‘un champ électrique, l‘orientation des dipôles selon 

sa direction serait plus facile que dans le cas des nanoparticules sphériques, conduisant à une 

permittivité améliorée [9,49]. De plus, il serait souhaitable de favoriser la formation de la 
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phase β du PVDF dans le nanocomposite soit par étirement soit en appliquant une haute 

tension sur le nanocomposite. 

Dans notre étude, nous n‘avons pas pu visualiser la relaxation attribuée à la température de 

transition vitreuse dans les nanocomposites PVDF-g-BaTiO3 préparés, et ceci a été expliqué 

par la grande cristallinité du PVDF formé. Cependant, une étude plus approfondie peut être 

menée en utilisant l‘analyse dilatométrique afin de vérifier la présence de la dite relaxation.  

 D'autres stratégies de préparation des matériaux nanocomposites à base de polymères fluorés 

peuvent être également utilisées (par exemple, « la click chemistry » et la polymérisation 

ATRP). De plus, il serait intéressant d'utiliser des agents de couplage fluorés pour modifier la 

surface de la charge afin d'améliorer l'interface entre la charge et la matrice polymère.  

Finalement, afin d'améliorer l'utilisation de ces nanocomposites comme liants dans les 

batteries, il est nécessaire que le PVDF greffé sur les nanoparticules BaTiO3 possède une 

masse molaire élevée, pour assurer une bonne adhésion des différentes particules sur le 

collecteur de courant.  
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