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Abstract

Nanocomposite materiafgesent uniqgu@hysim-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 promisingperformances 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
developmentand characterizations of nanocomposites based on Bad&amic and
fluoropolymers. First, the synthesis of PVIOBaTiO; was realized using RAFT
polymerization of VDF from the surface of functionalized nanoparticles, using different
BaTiOs; 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 oDPVonto the functioalized
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 relaxti#ofisst one was
attributed to the welknownb 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 fillensd 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 B¥DF-g-BaTiOy/P(VDFco-HFP) and the prepared

films were fully characterized.he uniform distribution oPVDFg-BaTiO; nanocomposites

in the copolymer matrix leads to enhanced mechanical performances resulting in increased
Youngos modul us. Tpplieation fot the psepaped IPYRFBRTO; a
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 cyclipgrformances.

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

polymerizations, batteries.



Résumé

Les matériaux nanocomposites présentent des propriétés phlgsitiques uniques qui ne
peuvent étre obtenues en utilisant un seul composant. Ainsi, I'amélioration des propriétés de
ces matériaux asuscité un intérét majeurdans différents domainesLes maeriaux
nanocomposites diélectriques a haute densité d'énergie présentent des performances
prometteuses pour les applications de stockage d'énergie. Des efforts impamtagte
meneés pour combindéa constante diélectrique élevée de la céramique aviexihilité et la
facilit® dedespolgrerese Ainsiicatte th&se porte sur le développement et la
caractérisation de nanocomposites a base de céramiquesBaTi€polymeresfluorés Dans

un premier tempda synthese de PVD§BaTiO; a étéréalisée en utilisant la polymérisation
RAFT du VDF a partir de la surface dglenanoparticules fonctionnalisgeen utilisant
différentes concentratioren BaTiO;s, et I'effet de ce pourcentage sur les propriétés finales a
été étudié. Les résultats ont méntue le greffage du PVDF a été réalisé avec succes,
conduisant a des nanocomposites avec une stabilité thermique amé&pndles le succes

du greffage du PYDF a été principalement prouvé par la spectroscopie RMN HRMAS, qui a
éte utilisée pour la pregrie fois pour caractériser les nanocomposites préparés. Les propriétés
diélectriguesde ces matériaux ont été étugliét révelent I'existence de trois relaxatiotes
premiére a été attriblg la relaxation secondaifedans le PVDF, la seconde a &&e a la
fraction cristalline dans le polymére, tandis que la troisieme relaxation a été attribué a la
polarisation interfaciale résultant de la présence de charges et d'impuretés dans le systeme.
Cependant, la relaxation liée a la température de transiti@use n'a pas pu étre obseereé

raison de la cristallinité élevée du polymete procédéde mélangeen solutiona été
égalementutilisé pour préparer des matériaux nanocomposites constitués de -§VDF
BaTiOs/P(VDF-co-HFP) et les films préparés ont étdtierement caractérisésa dispersion
uniforme des nanocomposites P\ViQBaTiIO; dans la matrice de copolyméaeonduit a des
performances mécaniques améliorées. Ensuite, pour fournir une application pour les
nanocomposites PVD§-BaTiO; préparésces demiers ont étéutilisés comme liant pour
préparemun matériau de cathode pour les batteriesprocédure 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, polyméres fluorés, PVDF, constante diélectrique, greffage,

polymérisations, batteries.
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General Introduction

Dielectric materials with high dielectric constamave 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 agmac[li 7]. The energy densityle,
characterizing the storage capacity of dielectric materials, can be defineg ds/Ug,t) U
where E, U oarentle elékctric breakdown strength, diedectridonstant and the vacuum
dielectric constandf the materia, respectivelyf4,6i 8]. Therefore, the energy density can be
enhanced either by increasing tlelectric constant or increasing the electric breakdown
strength of the materials.

High dielectric constant can be obtained from the traditional ceramic materialsasuch
BaTiO; (BT). However, they generally suffer from relatively low breakdown streagth
processingissues. On the other hgndolymers have numerous meries.d., high electric
breakdown strength, low dielectric loss, flexibility, easy processing, and low cost) for
dielectric applications, but the low dielectric constang ( < 511) limits their applications in

the next geneten of energy storage devicfd. Combining the advantages of ceramics and
polymers namely preparinggh dielectric constant ceramibgsised polymer nanocomposites

has been used as a strategy to prepare high energy density miggj#l40] In fact, the
unique physicochemical properties.d., large surface energy) of nanoparticles inevitably
cause aggregation and inhomogeneity in the polymer mattix particularly in tle 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 hesg;, low breakdown strengénd
undesirable porosity and voids resulting in deteriorattsttrical properties irpolymer
nanocompositefl2]. 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 polyrfigis20],

are powerful tools to enhance the nanoparticleslymer canpatibility, resulting in
homogeneous dispersion of nanoparticles and thus significantly enhanced the energy density
of the resulting nanocomposites.

Ferroelectric fluorinated polymers e,p., poly(vinylidene fluoride), PVDF] based
nanocomposites have réoed much attention for high tech applications such as high energy
density materials because of their high dielectric constdni® (@t 1 kHz)[6,7,21 27].

Despite having many potential benefitage final progrties of these nanocompositese
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closely associated with the material processing methods. Conventional synthesis methods
(e.g.,simple mechanical blendif@8] and solution mixing13]) result in undesable electric
properties €.9., decreased breakdown strength)any studies have been devoted to the
preparation and dielectric properties of the nanocomposites comprised of-FAéBE
polymers with different surfaces modified Bagi@anoparticle§l6,29 36]. Prateeket al [5]
comprehensively reviewed the use of ferroelectric PVDF birtarylary copolymerse(g,
poly(VDF-co-hexafluoropropylene) P(VDHFP), poly(VDFco-trifluoroethylene) P(VDF
TrFE), poly(VDFco-chlorotrifluoroethylene) P(VDICTFE) and P(VDHTFE-CTFE)
terpolymer)/BaTiQ nanoparticles as potential components in dielectric nanocomposite
materials for high energy density capacitor applicatitimwvever, VDF basedopolymers

are generally immiscible with most organic and inorganic materials because of the low
surface energyf the fluoropolymers, and the traditional strategieg.( 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 Ie4difig

To overcomethis disadvantage, surface functionalization of BaTi@noparticles with
fluorinated coupling agent®.Q., perfluoroalkylsilang16], fluoro phthalic acid32,38]), and
fluorinated polymersif., poly(2,2,2trifluoroethyl methacrylate]39] poly(1H,1H,2H,2H
perfluorooctyl methacrylate}10], poly(2,2,2trifluoroethyl acrylate) and poly(1H,1H,2H,2H
hepta decafluorodecyl acrylate) [41] and poly@,5-bis[(4-
trifluoromethoxyphenyl)oxycarbonyl] styrengt]), have been used to enhance the interface
fluorinated modifiers/ PVDased polymers using blending solution. However, these
methods, eveif the interaction forces between PVDF polymers and fluorinatedifrad BT

are stronger tharthe nonfluorinated 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 propegtyhancement energy storage of the
nanocompositef?].

To realize the full potential of nanoparticles to enhance the properties of polymer
nanocomposites, significant efforts have recently been devoted to the desgymtnesis of

cord shell polymer/nanoparticles. More recently, the preparation of structuregloatenigh
dielectric constant nanoparticles by surface initiatesitu controlled radical polymerization

(or RDRP) such as atom transfer radical polymetima (ATRP) [39,42], and reversible
additionfragmentation chain transfefRAFT) [4,43,44] polymerization received mch
interestvia the figrafting frond t e c [&,40i 48]..Cemparatively to conventional methods,

this technique providemany advantages such as : (i) the polymer shell layers coated on the
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nanoparticle surfaces are robustly bonded on the nanoparticle sulfgadseinical bons),
resulting in a strong nanoparticle/matrix interface and preventingpaaticle aggregation;

(i) the nanocomposites can be direchievedrom coré 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 andgs$12]). In addition, the nanopartict®ncentration

can be adjusted by tuning the monomiartiator functionalized nanoparticleieed ratio

Thus, the objective of this thesis work is the synthesis and characterization-sfruetlired
nanocomposites based on BaJi€ramics embedded withia fluoropolymer matrix for
energy storage applications.

To provide an overview of each chapter that follohapter 1 is a general state of art, which
updates various strategies to design Ba¥fi@ropolymer nanocomposites. It describes also

the synthesis and propees ofBaTiO; and fluoropolymers, highlightde importance of the
surface treatment of nanoparticles by fluorinated agents or polymers, and then reports surveys
onthe applications of such materials.

Chapter 2 describes in detail pyobls used to obtain -polymergraftedBaTiO;
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 B&iO; 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, namel§tHwatd

% HRMASNMR 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 seaslivigue 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 efjR¥ed-

BaTiO; embedded within a poly(VDEo-HFP) copolymer using a solution blending method.

The designed films are fully characterized using spectroscopic, tharmdamorphological
analyses. Dielectric and mechanical properties are also investigated.

Chapter 6 deals with the application of the PV@r&aftedBaTiO; hanocomposites as a binder

to prepare cathode material in batteries. The effect of calendering proocedbe
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electrochemical performances is also explored.
Finally, the Conclusion summaries all the results obtained during thiss thesl the
perspectives consish the future works regardirige enhancement of the different properties

andother potential applications for thesanocomposites
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[.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 matr@hocomposit¢l]. For the last
category that iof 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 potentigis3].

In the recent years, dielectric nanocomposites with high energyylbasi received a great

interest because of their wide range use in several applications such as electronic[#idustry
9]. Generally, the energy density of a dielectriatenial can be illustrated & -- - O

where - h- AT @A Otfe permittivity of the free space (8.854 %x4OF/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 haven lmeade 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 B@B@D0)[10i 15],

while high breakdown strength could be achievethwiolymers like PVDF and VDF
copolymers (5000 KV/cm]L6i 18]. By combining both these materials, a high energy density
nanocomposite could be obtain&b far, a large number of polymers have been used in the
synthesis of dielectric nanocomposites by introducing BaTi@anopartites into
fluoropolymer matricese(g, PVDF[19i 21], and VDF copolymers such as poly(vinylidene
fluoride-co-trifluoroethylene)  poly(VDFco-TrFE) [22], poly(vinylidene fluorideco-
chlorotrifluoroethylene) poly(VDfeo-CTFE)[23] poly(vinylidene fluorideter-
trifluoroethyleneter-chlorofluoroethylene)) or nefluoropolymer matricese(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 dilymeric materials (@2) thanks to the strong-E

dipole momen{26i 28].

Apart from the polymeric matrix and the ceramic nanofiller, the interface between the
different components plays a major role in the diele@roperties. Thus, it is considered as a
third phase in the nanocomposite sys{@8]. Todd et al [30] developed a model called the

Ai nterphase power | awd in order to study t
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To do so, this model uses the permittivities and the volume fractions of the filler, pagohe

the interface region. The suggested model provides insight into the role of the interface and its
effect on dielectric permittivity. Tanakat al [31] proposed a model to understand the
dielectric properties of a nanocomposite materi&lgre 1). They considered that the
interface of a spherical inorganic nanoparticle embedded into a polymer matrix consists on

three layers:

) The bonded layer (~ 1 nm): thiayler corresponds to a transition layer where the
polymer and the nanoparticles are bonded by coupling agent such as a silane.

(i) The bound layer (several nm): called also the interfacial layer, where the polymer
chains are strongly bounded and/or interactedbdth the bond layer and the nanoparticle
surface.

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

layer.

The first layer
The second layer
The third layer Nearest neighbor

Nano-particle

Matrix
40 to 100 nm
Inter-particle Distance
(surface to surface

Diameter of nano-particle: 20 to 50 nm
Thickness of layers: 10 to 30 nm

Figure 1. Multi-core model for nangarticle i polymer interfacesReproduced with

permission fronj31]. Copyright 2005 IEEE Xplore Digital library.

Thus, the interfacial region between the nanoparticles and the polymer must be considered
since itcontributes in the dielectric properties of the nanocomposite. Therefore, in addition to
the choice of the nanoparticle and the polymer matrix, the selection of an approprate pre

treatment of nanopatrticles is crucial to obtain high energy density nanosiesp

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 diffestrategies 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 polyrders, a
then reports surveys on tlaesign of nanocompdss made by one core of BT and double
shell of pol ymer named as fAdcore@doubl e she

applications followed by the conclusion and perspectives.

[.2. BaTiO3 ceramicfillers
[.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(I)B(IV}Owhose crystalline structure is a face
centered cubg34]. The divalent ions occupy the top corner of the cell while the tetravalent
ions are placed at the center of the cube wheréa@sr@® are located at the center of each face
(Figure 2a). However, as the temperature decreaspgtallographic changes in BaTHiO
occur and it goes through successive phase transitions: it undergoes a paraelectric to
ferroelectric transition to a tetragonal structure at 120 °C (Curie temperature, Tx), it
orthorhombic betweerf0 and 5 °C and, finally, it is rhombohedral bel®@ °C Figure2b)

[35,36].

(a) (b)
14UUU LI I N T L T LA N TR |
Ay g—; ’ ' j 1 -
12000}~ ll’_ ﬂ s [| ﬂ o= (
o % e ==
C 10000} Rhombohedral Orthorhombic Tetragonal Cubic -
A b "
8000
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6000 |-

4000
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0 Y |
-160 -120 -80 -40 0 40 80 120 160

Temperature (°C)

Figure 2. (a) Unit cell of BaTiQ. Reproduced with permission froj@2]. Copyright 2008

American Chemical Society, and (b) Barium titanate dielectric constant as a function of
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temperature. Reproduced with permission fr{8#]. Copyright 2012 IEE Xplore Digital
Library.

1.2.2. Synthesisof Barium titanate

BaTiOs; presents a wide range of applications in the field of electronics thanks to its high
dielectric permittivity [38i41]. In order to akieve the desired properties and practical
applications, the quality of the BaTi@owders is very important, which depends strongly on
their synthesis method. Several routes to prepare BT have been reported by different authors,

mentioned below.

1.2.2.1. Hydro/solvothermal synthesis

The hydre or solvothermal method is a wet chemical preparation of Bap@wder that
involves solutions, gels or suspensions subjected to temperatures and pressures ranging from
room temperature to 1000 °C and from atmosgheréssure to 100 MPa, respectiveli

44]. The chemical synthesis utilizes the reaction of Bag@Hyl a titanium source, according

to reaction 1.

6wl 0 YQIP 6 0"YQUOU p

The synthesis process is carried out in stainless steel autoclave without any agitation, under
heating and pressure. The final matkrexhibits different properties depending on the
experimental conditions. As an example, Ha@l [45] synthesized monodispersed BaTiO

and studied the effect of different parameters on the graptimechanism of BaTip
nanocrystals. Temperature, considered as the most tempoiactor that influences the
reaction, was studied and it was found that the increase of temperature leads to a decrease of
grain size of BaTi@ nanopowders. However, the opposite effect was observed with the
concentration. The grain size of nanopowdesms found to decrease by decreasing the

concentration, as it was shown by SH~gure3).
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Figure 3. TEM images of the BaTi©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 2013The Ceramic Society of Japan

[.2.2.2 Solid state synthesis

The solid state is considered as the neosiventional synthesis method that can be achieved
from reaction between Tiland BaCQ (equation 2). To get BaT#)the reactants are first
mixed in order to reduce agglomerate and promote their homogeneity, then, are subjected to
high temperatures in tiregion of 1000 °Q46i 48].

0 WOl "YQIP 0 w"YQUW 0 C
However, this method produces relatively coarse and agglomerated particles, which is not

suitable for most applications. In order to get fgraned powders, alternative processing
methods have been developed with chemical routes usingxida precursorgl9,50].

1.2.2.3. Sd-gelsynthesis

Barium titanate could be also synthesized usinggebmethod to yield a crystalline material

at much lower temperatures than usually required for stédite reactionfs1]. This method
involves the use of hydrolysis to form gels from metal oxides before subjecting them on a
post processing to obtain higlurity BaTiO; [521 54]. As shown in Table 1, different steug
materials could be used to obtain Baj.i®azdiyasniet al [55] used barium isopropoxyde
derived from high purity Ba metal, while Flaschetnal [56] involved Ba(OH). However, it

is found that high purity Ba (99.99 %) could be achieved by using bariunogogde as a
starting material52].
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Table 1. Comparison of Starting Materials for the Synthesis of Barium Titanate. Reproduced

with permission of57]. Copyright 1988 American CeratrSociety.

Starting materials Comments

BaCGQ;and TiG High-temperature process; lower purity;

cheaper raw materials

Ba(OH),and Ti(OGH7)4 Ba alkoxide not required
BaO-derived precursor and Ti(QB7)4 Reaction chemistry uncertain; effect of

impuritiesneeds to be studied
Ba-derived Ba(OGH~)4 and Ultrafine, stoichiometric and higpurity
Ti(OC3H7)4 powders are obtained; expensive reagen
needed.

1.2.3. Dielectric properties

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

can be closely related to their sigg8i 60]. Indeed, the permittivity of the ferroelectric

ceramic is also strongly dependent on the size of the grains.efhao[61] reported the

effect of grain size of BaTi§on its dielectric permittivityFigure4 shows the variation of the

dielectric permittivity of BaTiQ 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 ferroelectti t o par ae | engtprtd 5000.pMhenghe pasticledsizel
decreases to 300 nm, t he Tc dechxaraune3®d00wi t h ¢

Finally, at 50 nm, no pho@sesbelow®H0Osi ti on was o0
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Figure 4 Rel ati ve diel ectr i tHzaoafsnttiamof tengeratureto n
BaTiOs; using different sizes (50200 nm). Reproduced with permission [&1]. Copyright
2004 American Physical Socyet

Another factor that influences the dielectric permittivity of Bagli©the porosity. The effect
of this parameter on dielectric properties was studied by H&tat) [62] In fact, previous
models have been reported.d |, Ni e s e |[@8}sandeMpxvwell relationshid64]),
assuming that the dielectric constant of a matrix phase (Bafa® porous ceramics to be
constant while the effect of pores on dielectric constant can be negleicieed5 exhibits the

dielectric constant of BaTiceramics 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 experimetal and theoretical values was foysa].
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Figure 5. Values of dielectric constant of BaTj@t room temperature for different porosities.
Reproduced with permission [2]. 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 phasesfact, various models have been
developed to predict the dielectric permittivity of composite mat¢éai 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 materialand- correspond to the
permittivities of the filler and polymer, respectively, whereasande stand for the vaime
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 compositg67]. 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 diedgoerimittivities

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 eqndd):
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- - @& Q 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 iterphase volume constant, that reflects the matrix/filler interaction strength,

where a value of zero designates an insignificant {itlatrix interaction, while positive

values indicate the presence of strong interac{i®dls
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|.3. Strategies of the design of corghell BaTiOs@polymer/Fluorinated polymer

nanocomposites

The role of the polymer matrix is to receive the nanoscale reinforcerteeovide 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 permititivThe 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 matricaé fluorinated polymers that displayelectric constants of

about 10 at 1 kHz (Table 2§91 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 pbhsedrBaTi@

nanocomposite, as showm$cheme 1.

Generally, there are different synthetic strategies to get such nanocomposites, including hot
pressing[73] , spin coéing [74] and melt stretchingi75,76] (Scheme 1b). However, before
combining the inorganic fillers with the organic polymer matrix, surface functionalization of
the ceramic must be conded 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 (Schemea). Thus, the first step aims to chemically modify
BaTiO;sur face wusing the Agrafting fromo, Agr a
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 nanopatrticle surfaces. The second one consists of the formation of
nanocomposites by grafting the gmeepared polymer chains onto the nanoparticles surface
via a reaction between the polymer egrxdups and the functional groups 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 Bairi@ce modified with
polymer labeled as BaTi@polymer.
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: *Spin coating
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1 *Others

Schemel. Schematic illustration of (a) the surface modification of BaTédd (b) the
synthesis process of BaT{®ased polymer nanocomposites, where X standsBiofAtom
transfer radical polymerization, ATRP)SC(S)Z (Reversible addition fragmentation chain
transfer agent polymerization, RAFT), Y stands for alkyRe stands for Azide (click
chemistry), while Cg assigned to coupling agemt,d silane agent, dopamine, phosphonic
aci de)

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 ;BaJoyme

with a second polymer shell yielding a nanocomposite labeled aslcobte shell system.

34



The final nanocomposites could be then achieved by further processing such as hot pressing,

spin coating and melt stretching (Scherdg) 1

The most relevant routeseported in the literature for the design of cshell
BaTiOs@polymer/Fluorinated polymers nanocomposites (Scheimeate solution blending

or solution mixing between modified BaTiCcore (BaTiQ@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, mekstretching and hegpressing have also been used ttee preparation of core

shell nanocomposites. In fact, Ghalladtial. [77] reported the development of thrpkase
composites with carbon nanotube (MWCNT) and BaTri@noparticleembedded into PVDF
(BaTiOs@(MWCNT) /PVDF nanocomposites) using Haake tleg mixer and pressed by
hotmolding techniqueFerri et al. [75] also reported the characterization of the nanoscale
piezoelectric and ferroelectric behavior of stretched BgP@DF nanocomposites by means

of the piezelectricforce microscopy (PFM) technique. First, BafMlas functionalized with
nitrodopamine (NTD) leading to BaTi@NTD modified structures. Then, the
nanocomposites with functionalized nanoparticles and PVDF (labelled B@NDOD/PVDF)
wereelaborated by blending solution in DMAc solvent. The material obtained by casting was
then melkcompounded using a twiscrew micreextruder and compression molded into a
film of 100 em thickness. The sampl e@doawer e
strain U=100 % to promote the PVDF polar b
display a piezoelectric response. Indeed, Yetu al. [76] reported another route of
nanocomposites preparation by couplingitu polymerization and hesgtretchingtechniques.

First, the polyaniline (PANI) functionalized barium titanate labelled Ba@@ANI
nanoparticles were prepared inysitu polymerization of aniline monomer in the presence of
BaTiOs. Then, polyarylene Ether Nitril@EN)based nanocompositéms with 40 wt% pure

BT and BaTiQ@PANI functionalized nanoparticles were prepared.
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Table 2. Dielectric properties of different polymers. Reproduced with permissidii8yf

Copyright 2016 American Chemical Society.

Polymers Dielectric Loss tangent Dielectric
constant (1 kHz) strength (R//cm)
(1 kHz)
LDPE 2.3 0.003 308.9
high-density polyethylene (HDPE) 2.3 0.0002r1 222.9
BOPP 2.2 0.0002 7500.0
Polystyrene 2. 471 . 0.008 2000.0
poly(ethylene terephthalate) (PET 3.6 0.01 2750. 01
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 0.00%3 4700.0
polycarbonate (PC) 3.0 0.0015 2520.0
(1000 kV/cm)
Epoxy 4.5 0.015 250. 071 4
PVDF 10-12 0.04 1500. 071
P(VDFTrFE) [79] 11 0.08 770.0
P(VDFTrFE-CFE)[79,80] 21-55 0.090.1 59.0-660.0
PTFE 2 0.0001 880.0711
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 4.2 0.005 8000.0

polyurea(poly(diaminodiphenylmet
ane diphenylmethane diisocyanat
[p(mda/md)]

I.4. Structure and properties of coreshell BaTiOs@polymer/Fluorinated polymer

nanocomposites
[.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 tensi¢8li 84]. Recently, many fluorinated polymers and
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copolymers have been widely used to the synthesis of Bab#&ed nanocomposites,
including PVDF and VDF copolymers (Table[2P,27,85 90].

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

Polymer Chemical structure
Poly(vinyli ide):
oly(vinylidene fluoride): PVDF (*CHZCFZ%
n
Poly(vinylidene fluorideco- CH.CE
hexafluoropropylene 2~"2 )n CF,-CF
Poly(VDFco-HFP) CF3/m

Poly(vinylidenefluoride-ter-

trifluoroethyleneter- %CHZCFZ %CcmHFﬁ CF,CF %

chlorotrifluoroethylene): poly(VDFer- " Cl X
TrFE-ter-CTFE)

Polyvinylidene fluoride is a serarystalline polymer, which contains 59.4 wt % of fluorine

and 3 wt % hydrogen aton{26]. It presents a complex structure that may exist in five
different crystalline phases andthe mosh ve st i gat ed ones Figue®): U,
[91]. Al t hough each phase exhibits various pr
interesing polymorph of PVDF for technological applications thanks to its piezoelectric,
pyroelectric and ferroelectric properties that originate from the orientation of the strong dipole

in T CH,-CF, units along the polymeric chaif6].

o Hydrogen

® Fluorine

® Carbon
o~-phase
B-phase

v-phase

Figure 6. Schematic illustration of three crystalline phas#sPVDF. Reproduced with
permission 0f91]. Copyright 2014 Elsevier.
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In order to improve the properties of PVDF and expand its field of applsatseveral works
have been reported on the use of VDF copolyf#8s/2,92]or even mixed with ceramics to
form nanocomposite systemg93,94] For example poly(vinylidene fluorideco-
hexafluoropropene) poly(VDEo-HFP), has been mostly used inibn batteries as polymer
electrolyte or even in production of membraf@s 97]. This interest arises from the fact that
this copolymer is leemically inert and exhibits a lower crystallinity compared to PY28].
Claude et al [18] prepared poly(VDRer-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 anditmg temperature from 500% and 155198

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

Table 4. Structural Characteristics of the prepared VD#ased ferroelectric eoand

terpolymers. Reproduced with permission [@B]. Copyright 2008 American Chemical

Society.
Composition (mol %)
Polymer VDF TrFE CTFE Ge (%) T (°C) ¥
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

LAY 08 Qi 60 0RODI i 6 ot VD ADBEN Q1 06 RRROH @O QM VD NO G QU Qa ©
Moreover, the highest permittivities were found in polymers 3 and 4 (Table 4) imkichte
the effect and also the importance of molecular composition of terpolymers on the final
properties of the system. Soulesth 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(VDFeo-TrFE) terpolymers. Moreover, this terpolymer is
considered to be one of the most promising materials thanks to its higher polarizatamn, whi
is one of the most important features of ferroelectric polymers.eClad [99] reported the
formation of theb-phase in a poly(VDRer-TrFE-ter-CTFE) film (PVDF.TrFE:CTFE =
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62:31:7 in mol%) by solution annealing processam temperature, by crystallizing the
polymer below the curie temperaturéiqure 7). This method led to polymeric films with

enhanced ferroelectricity compared to a thermally annealed one.

\\ ‘@-J \:\> ;E. :}’:;%{.

Thermal Annealing a Phase Film

\ —
‘\/ y b g
O 7Y < :2 ‘\/9 ) b 3
\_/
Flexible Substrate Spin Coating CTFE Film Solvent Annealing B Phase Film

Figure 7. lllustration of the formaon of theUandb phases formed using thermal and solvent
annealing, respectively. Annealing at a temperature below the curie temperature, using
solvent annealing, forms axphase dominant film whereas a thermal annealing above the
phase transition temperature formstaphase dominant film. Reproduced with permission of
[99]. Copyright 2016 Wiley.

[.4.2. Surfacemodification 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 canatantls.
However, since untreated BaTLiQhanoparticles tend to form agglomerates, the dgoo
dispersion of the nanopatrticle 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.

1.4.2.1. Modification of BaTiOz with fluorinated agent

So far, several strategies have been proposed to prevent aggregation of iaadarticles
inserted into the polymer matrix, including surface hydroxyla{ib®0], phosphonic acid
[74,101] dopamine[102,103] and coupling agent§l04i 106]. In order to highlight the
importance of the hydroxylation step, Zhetial. [100] reported a comparison between the
dielectric properties of a nanocompesitased on a PVDF polymer matrix and ravB{g or
hydroxylated (RBT) BaTiOs; nanoparticles. The results showed that nanocomposites made by
hydroxylated nanoparticles display a low temperature and frequency dependence. This

suggests that the strong intdrans between{BT fillers and PVDF matrix is the main reason
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for improving dielectric properties. Dalle Vacclee al [106] studied the effect of surface
modification of BaTiQ with (3-aminopropyl) triethoxysilane (APTES) as a silane coupling
agent on properties of poly(MBco-TrFE)/BaTiO; 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(MDHTrFE) matrix. In another
work, Kim et al [107] reported that surface modification of Bagi@ith phosphonic acid
formed weltordered nanoparticles into poly(VBie-HFP) matrix leading to high dielectric
constant (U = 43YenghfadOVuitlgh breakdown st

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 fluoriharmrs, Ehrhardt

et al [108] used roctyl phosphonic acid (OPA) and pentafluorobenzylphosphonic acid
(PFBPA) to modify the surface of BaTi{OThe phosphonic acid coated Bafi®@ere then
dispersed in solutions of pgyDF-co-HFP) copolymer to form nanocomposites by spin
coating technigue.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 theone containing +octyl phosphonic acid Hgure 8). This suggests that
pentafluorobenzylphosphonic acid provides a better chemical compatibility with poly(VDF
COo-HFP).
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Figure 8. Relative permittivity of BT/Poly(VDFco-HFP) composite films prepared with 30
vol.% BaTiQ; coated with pentafluorobenzyl phosphonic acid ®HBPA) and
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octylphosphonic acid (BDPA). Reproduced with permission {f08]. Copyright 2013

Elsevier.

PFBPA was useth another survey to modify BaTi&urface. For example, Kimet al [74]
utilized pentafluorobenzylphosphonic acid (PFBPA) to functionalize BaSudface before
adding poly(VDFco-HFP), to form nanocomposite by spin coating the dispersions on

aluminum coated glass substregg(re9).
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Figure 9. lllustration of surface modification of BaTiOwith PFBPA. Reproduced with
permission of74]. Copyright 2009 American Chemical Society.

Authors reported the surface modification of Bajith PFBPA formed homogenous
dispersion into the polymeric matrix and therefore uniform nanocompositg!msn

Zhanget al [109] used (1H,1H,2H,2kperfluorooctyltrimethoxysilane) to introduce a short
perfluoroalkyl chain onto the surface of BaTi@anofibers 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 blgigtihgme

2). The results indicate that the fluorosilane modified BgTé@nofiber 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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Scheme2. Schematic illustration of the preparation of PVDF/BT nanocomposite. Reproduced

with permission 0{109]. Copyright 2014 Elsevier

In another work, Yuet 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 methdegigure 10 displays the surface modification process of

BT with tetrdluorophtalic 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 [@f10]. Copyright 2013 American Institute of Physics.

Wang et al [111] prepared BT/poly(VDFEo-HFP) nanocomposites by a solution casting
method. The BaTi@nanoparticles were first functionalized with flugrolydopamine via a
spontaneous seffolymerization upon the surface of Bagi@anowires Figure 11), then, a
desired amount of modified BT was inserted into poly(V&FHFP) matrix. It was found

that by anchoring a long fluorinated chain upon the dopamine, the resultingdiojpamine
modified BT presented homogenous distribution in the polymer matrix, sugpestin
excellent compatibility with the fluoropolymer matrix. Moreover, the fludopamine shell
layers improved the dispersion of nanowires and thus increases the affinity with the polymer

matrix, resulting in enhanced dielectric permittivity and breakdsinength.
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Figure 11. Schematic illustration of the preparation process for fluorinR@PA@BaTIQ
NWs. Inset is a photograph of a mussel. Reproduced with permissi¢hld]. Copyright

2017 American Chemical Society.

1.4.2.2. Modification of BaTiO3 with polymer prepared by

AGrafting fromo route

1.4.2.2.1.PMMA@BT
Wanget al. proceeded to BaTigXunctionalization with PMMA using ATRP polymerization
[112]. The nanoparticles were first coatavith 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 nanocompositeere studied Kigure 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 patrticles increased from 109 nm to 186 nm, proving the succefull grafting of PMMA
onto coated BaTi®
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Figure 12. DLS hydrodynamic diameter (pdistribution for (A) BTO@TMP&MMA and
(B) BTO@R2ePMMA nanopatrticles in DMF. The maximum light scattering intensity is
normalized to 100%. Reproduced with permissionldf2]. Copyright 2014 Wiley.

1.4.2.2.2 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 (MMAgnd 2,2, 2rifluoroethyl 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 [f13]. Copyright 2017 Elsevier.

Samples Feed ratio of monomer to Weight loss of grafted
BT-Br (w/w) polymer (%)
BT-Br -- 15
BT@PMMA1L 11 7.0
BT@PMMA2 2:1 9.5
BT@PTFEMAL 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 1211tathe weight loss of
PMMA increases from 5.5 % to 8.0 %). Moreoveigure 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 FEINFA.

Figure 13. TEM images of the BT@polymer nanoparticles: (A) BT@PMMAL, (B)
BT@PMMA2, (C) BT@PTFEMAL and (D) BT@PTFEMA2. Reproduced with permission of
[113]. Copyright 2017 Elsevier.

1.4.2.2.3 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 amidaticenthor the ATRP
initiator, then PPFOMA polymer chain was grafted from the initiating sites (Scheme 3). At
high PPFOMA feed ratios, the nanopatrticles could be suspended in the solvent overnight
without precipitation. This suggests that the functionaliratof BT nanoparticles with
PPFOMA polymer chains leads to a better dispersion of the composite particles. In addition,
the dielectric properties of nanocomposites
significantly by increasing the BaTiQraction in the nanocomposite and reached 7.4 (for a

fraction of 71 wt% inBaTigg , whi ch is 3 times higher than
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Scheme3. Preparation of PPFOMA@BaTiy SFATRP of 1H,1H,2H,2Hperfluorooctyl
methacrylate (PPFOMA). Reproduced with permissiofidd]. Copyright 2013 Elsevier.

1.4.2.2.4.PtBA@BT
Du et al.[115] used polyert-butyl acrylate) (EBA) to functionalize BT surface by ATRP
polymerization Figure 14). The first step dealt with the hydroxylation of BT surface by
hydrogen peroxide in der to creaté 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 polymerizatiotBéf from functionalized nanoparticles.
These authors reported that théBR 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 armtharacterizations of the nanoparticles with eshell
structure. a) Schematic diagram illustrating the preparation process of the;BABAOby
ATRP oftert-butyl acrylate. b) FAIR spectra of the BaTigat various stages of treatment. c)
TGA thermogramma for pure BaTi@ and BaTiQ-PtBA with different polymer shell
thicknesses. -l TEM images of the corshell structured BaTi©@PtBA nanoparticles (scale
bar 50 nm). Reproduced with permission [@#15]. Copyright 2018 American Chemical
Society.

1.4.2.2.5 PGMA@BT
Ejaz et al. [25] prepared corshell nanocomposites via ATRP polymerization through two

steps: i) immobilization of initiator sites onto BaTgi€urface and ii) ATRP polymeration of
glycidyl methacrylate (GMA). The dielectric permittivity of PGMA and PGMA@BT
nanocomposite decreases as the frequency increases from 100 Hz to Fipie15). At
room temperature, the nanocomposite displays a very high permittivity (54 &) vkith &

10 times higher than that BIGMA (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 BaTi@PGMA coreshell nanocomposites by -8ITRP of

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

properties at 1001 MHz: (a) PGMA and (b) BaTi@PGMA nanocomposite. Reproduced

with permission 0f25]. Copyright 2015 Wiley.

1.4.2.2.6 PHEMA-b-PHEMA@BT or PHEMA-b-PANa@BT

Huanget al [116] prepaed a weH defined core@shell structured nanocomposites by ATRP

pol ymerization of (meth)acryl ates. Si

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)

nce

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

nanocomposites. Reproduced with permissiofiLd6]. 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 losgjure 16 exhibits themeasured 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 polad groups raking 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 beingse&ted by

the less conductive PMMA.
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& 107
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Figure 16. The measured dc conductivity of neat polymers and BT@shell structured
nanocomposites under a dctagle of 10 V. Reproduced with permissiofti6]. Copyright

2016 American Chemical Society.

1.4.2.2.7.PMMA@BT/ PGMA@BT/PHEMA@BT
Zhuet al [73] prepared three kinds of polymer nanocomposites using core@shell structured
polymer@BT nanoparticles. BaTi@anofillers were functionalized with PMMA, PGMA and
PHEMA by RAFT polymerization, where the polymer shells were controlled (reaction time)

to have the same shell thicknéSgheme 5)
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Schemeb. Preparation process of the polymer@BT nanopatrticles by surface initiated RAFT
polymerization of various monomer (methyl methacrylate, glycidyl methacrylate and 2
hydroxyethyl methacrylate). Reproduced with permissiof¥8f. Copyright 2014 American

Chemical Society.

Figure 17 exhibits the TEM images of the polymer functionalized nanoparticles. The BT
nanofillers are homogenousincapsulated by a thin layer of polymer, the thickness of which

varies from 23 nm.

F

Figure 17. TEM images of the synthesized of poly(methacrylate)@BT nanocomposites using
different polymer shells by RAFT polymerization (a) PMiM@&) PHEMA and (c) PGMA.
Reproduced with permission ¢73]. Copyright 2014 American Chemical Society.
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1.4.2.2.8.PHFDA@BTand PTFEA@BT
Yang et al. [27] used two types of fluoroalkyl acrylates, 1H,1H,2#H{@ptadecafluorodecyl
acrylate (HFDA) and 2,2;&ifluoroethyl 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 functibn@d nanoparticles indicate the successful grafting of the
two fluopolymers and the higher grafting density of PTFEMA@BT (0.031 chaifs/nm
compared to that of PHFDA@BT (0.021 chains/h(fTable 6). This could be explained by
the fact that the long fluoatkyl groups of PHFDA leading to more larger steric hindrance.

Table 6. Characteristics of the Fluo#®olymer@BaTiQ Hybrid Nanoparticles. Reproduced
with permission o0f27]. Copyright 2013 American Chemical Society.

Sample BT-PHFDA1 BT-PHFDA2 BT-PTFEAL BT-PTFEA2
Weight loss of 3.45 6.69 3.83 7.09
nanopartilces (%}
Mn of grafting 4.1x10 7.5x10 3.4x10 5.9x10
polymer (g/molyf
Mw/Mn of grafting 1.23 1.18 1.21 1.16
polymer®
Grafting density 0.021 0.014 0.031 0.026
(chains/nrf) ©

4 Calculated from TGA results based on the weight loss €EBWAT nanoparticles’ Obtained from
GPC results® Considering eachparticle with d=100 nm and density of 6.02 gicm

1.4.2.2.9.PTFMPCS@BT

Chenet al. [86] prepared core shell structured Bai@rigid-fluoropolymer nanoparticles

from the RAFT polymerization of 2;Bis{[4-trifluoro(methoxyphenyl)oxycarbonyl]styrene}.

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

3F1, BT-3F2, and BT3F3, in which BF3F1 and BT3F3 had the thinnest and the thickest
polymer shells, respectivelyrigure 18 exhibits the TEM images of the functionalized
nanoparticles where B3FO refers to unmoafied 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 Rigufe 18), suggesting the

successful modification of naparticles.
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Figure 18. TEM images of (a) BI3FO, (b) (c) (d) BT3F1, (e) BF3F2, and (f) BT3F3
functionalized BT nanoparticles via RAFT polymerization of -Rif[4-
trifluoro(methoxyphenyl)oxycarbonyl]styrene}. Reproduced with permission [&8].

Copyright 2018 Royal Society of Chemistry.

1.4.2.2.10.P3F, P5For PTF@BT
Qianet al.[117] prepared three kinds of nanocomposites consisting of BT as nanofiller and

fluorinated polymers as a matrix using RAFT polymerizati@cheme 6). The three
monomers were first synthesized and denoted as pohig[&4-
trifluoro(methoxyphenyl)oxycarbonyl]styrene} <{&F), poly{2,5bis[(2,3,4,5,6pentafluoro)
oxycarbonyl]styrene} (FBF), and poly{2,5-bis[(2,3,5,6tetrafluoro4-
trifluoromethyl)oxycarbonyl]styrene} (FF'F).
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Scheme6. Synthesis process of fluoropolymer@Ba7ianoparticles starting from BaTiO

P-3F@BaTIO,

surface functionalization then RAFT polymerization of three kinds of aromatic
fluoromonomersReproduced with permission ¢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 achieved3e@ BT
nanocomposites whetbe different colors are attributed to Ba, Ti, O and F elements, which
indicate that the fluoropolymers were successfully introduced onto the BT slkfgose(l9-

B).
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Figure 19. (A) TEM images of (a) BF@ BaTiQ, (b) R5F@ BalOjz; and (c) P
7F@BaTiQ nanoparticles and (B) mapping pattern images of BT nanoparticles modified by
P-3F. Reproduced with permission[@fL7]. Copyright 2018 Royal Society of Chemistry.

1.4.2.2.11 PM7F@BT
Lv et al. [118] functionalized BT platelets with a fluoropolymer to improve their dispersion
and compatibility in the nanocomposite. The fluatonomer (5-bis[(2,3,5,6tetra fluore4-
trifluoromethyl)oxycarbonyl]styrene, M7F) was first synthesiz&theme 7)then grafted

onto BT platelets surface by RAFT polymerization.
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2018 Elsevier.

It was found that the resultinglatelets present a uniform morphology and the average
thickness was about 1 um. After immobilization of PM7F onto the functionalized platelets,
different characterizations were performed and the results prove the successful grafting of this
fluoropolymeronto the functionalized BTFigure 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, resugtim a decreased surface energy of BT

platelets.
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Figure 20. (a) TEM image and (b) higresolution TEM image of BaTi©PM7F.
Reproduced with permission [#f18]. Copyright 2018 Elsevier.

1.4.2.3. Modification of BaTiO3z with polymer to prepared

by AGrafting ontoo route

1.4.2.3.1.PS orPMMA@BT
Using the Agrafti nget afltl9) oeported artothar qppach t& an g
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 wbtained with different
molecular weights by means of thiehe click reaction between the functionalized
nanoparticles by a | khyl polymers HFigwer 31) dDielecsic and
measurements revealed that the dielectric constant of the syathesmcomposites as
significantlyenhanced 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 lllustration for (A) Synthesis of thigrminated Polymer Chains via

RAFT polymerizati on and ( B) Preparatggon of
Nanocomposites by ThiolilTEne Cig Reprhduc&evatlt t i on
permission 0f119]. Copyright 2014 American Chemical Society.

1.4.2.32. PS or PVDF@BT
Ma et al. [85] used thiolterminated PVDF (PVDfSH) and polystyrene (PSH) to
functionalize BT surfacePVDFSH and PSSH were synthesized in a two stgprocess,
starting from a RAFT polymerization, followed by the aminolysis as depicted figume22-
a. The as prepared polymers were usefdingtionalize BTene nanoparticles using thiehe

click reaction Figure22-b).
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Figure 22. (a) Synthesis process for the preparation of #@ohinated polymers (CTA
refers to OEthyl-S-(1-methoxycarbonyl)ethyldithiocarbotea and CTA2 stands for 2
([(Dodecylsulfanyl)carbonothioyl]sulfanypropanoic acid) and (b) Schematic diagram of
the modification process of hybrid nanoparticles. Reproduced with permissi¢85]jof
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 arfdVDF@BT nanocomposites highlight the nanoparticles
surrounding by a thin polymer shell with a thickness of ~ 6 Figufe23).
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Figure 23. TEM images of PVDF@BT (a, b) and PS@BT (c, d) nanocomposites synthesized
by thiol-ene clik reaction. Reproduced with permissio{&6]. Copyright 2019 Elsevier.

1.4.2.33. P(VDF-HFP-GMA)@BT
Xie et al. [88] modified BT surface using commercially available poly(\VBd&-HFP)
functionalized with PGMA by ATRP polymerizatioBT nanoparticles were first modified by
amincterminated silane molecules, then, the nanocomposites were prepared by a solution
blenrding 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 nanocompositegere redissolved 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 cHFPDF

GMA onto BT surfacgFigure24).
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50 nm

Figure 24. TEM images of the washed PVEHFFP-GMA grafted BT nanoparticles showing a
PVDFHFP-GMA layer of about 10 nm. Reproduced with permissiof88f. Copyright 2014
Royal Society of Chemistry.

1.4.3. Design of coreshell BaTiOs@polymer/Fluorinated polymer nanocomposites

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

their introduction into polymer matrix to get dielectric nanocompog§ii28,121] A detailed

review on ferroelectric polymers was also reported by Prateak[78]; especially thaise of

PVDF and its VDFbased 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 stadeemoving 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 BadnOGcomposites modified

with a second shell based on a fluorinated polyaceprding to Schemeli.

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

Wang et al. [112] prepared thee phase poly(VDEO-HFP)/BTO@TMPePMMA
nanocomposite films. First, BT nanoparticles were modified by ATRP polymerization of
MMA  (See section 1.4.2.2.). Then, poly(VDFco-HFP)/BTO@TMPePMMA
nanocomposites were obtained by a simple mixing of poly(¢®HFP) copolymer with the
functionalized nanoparticlefigure25).
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Figure 25. Schematic illustration of the preparation of thraad twephase poly(VDFco-
HFP)/BaTiQ nanocomposites, respectively. Reproduced with permissifiilaf. Copyright
2014 Wiley.

Dielectric measurements on the synthesized nanocomposites iddibatethe dielectric

c o n s t,)aslightly dedieased when the frequency increaSeglite 26). In the case of the
threephase composite films, the introduction of the highly polarizable TMPc improved the
permittivity significantly, in comparison with thisvo phasecomposite films. Moreover, the
dielectric loss (tan Q) was found to be re
overlapped with that of the neat poly(VEB-HFP) copolymer, which indicates that BT
nanoparticles did not add additional losstt he syst em. However, t he
around 10 MHz could be attributed to the relaxation phenomenon of the amorphous
poly(VDF-co-HFP).
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Figure 26. Rel at i

vV e
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I (olk s

frequency for (A) uniaxially stretched poly(VBEdo-HFP)/BTO@TMPePMMA and (B)
uniaxially  stretched  poly(VDEo-HFP)/BTO@R2PMMA  nanocomposite
respectively. Reproduced with permissiorjXif2]. Copyright 2014 Wiley.

1.4.3.2 PTFEMA@BT or PMMA@ BT/PVDF

Zhanget 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

films,

PTFEMA@BT) by graftingPMMA and PTFEMA via ATRP polymerization (Section

1.4.2.2.9. Then, the resulting nanocomposites were incorporated into PVDF matrix by

solution blending (Schen®).

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 fluorinabdégmer

(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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Reproduced with permission [@f13]. Copyright 2017 Elsegr.

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

Du et al.[115] used RBA to functionalize BT surface by ATRP polymerization (See section
1.4.2.2.4. Then, the modified nanoparticles were mixed into a PVDF matrix. Results showed
that the dielectric constant of the nanocomposites increasedckgasing the tBA@BT

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

nanoparticlesRigure27).
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Figure 27. Frequency dependence of room temperature a) dielectric constant and b) loss
tangent for PVDFoased films. Reproduced with permission [@fl5]. Copyright 2018

American Chemical Society.

In order to be able to see the effect aBA&R polymer, films of PVDF based on neon
functionalized BT were preparedh@ dielectric measurements of PVDF/BT nanocomposites
show low dielectric permittivities in comparison to those t8AR@BT/PVDF (The dielectric
constant at 100 Hz was 14.5 for PVDF/BT and was enhanced to 15 for-RRBD})-
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(Figure28). This can be attributetd the fact that th@eontreated nanoparticles temol form

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

performances.
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Figure 28. Frequency dependence of room temperature (a) dielectric constant and (b) loss
tangent for BaTi@QPVDF films. Reproduced with permission {f15]. Copyright 2018

American Chemical Society.

Moreover, the functionalization of BT nanofillers withBA not only avoids aggregation of
the nanoparticles inde the PVDF matrix, but also preserves excellent mechanical properties

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

1.4.3.4. (PMMA or PHEMA or PGMA)@BT/PVDF

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

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

The first core shell mcomposite was synthesized using RAFT polymerizations of MMA,
GMA and HEMA from functionalized nanopatrticles (See sectidr2.2.7). Then, a second

shell of PVDF was introduced by a simple blending and hot pressing of the nanocomposite.
Dielectric measwments revealed that, compared with the PVDF matrix, all the
nanocomposites displayed enhanced dielectric constant and follows the order
PHEMA@BT/PVDF (~21 at 10 Hz) > PGMA@BT/PVDF (~18 at fOHz) >
PMMA@BT/PVDF (~16 at 1®Hz) (Figure29). This indicaes 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 duthe large dipole moment of the pendant
hydroxyethyl groups.
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Yanget al.[27] used two types of poly(fluoroacrylate) to functionalize BT surface by RAFT
polymerization (See sectioh4.2.2.§ before introducing them into poly(VBEo-HFP)

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

polymer matrix using a solution blending meti{@dheme 9)
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nanocomposite films. Reproduced with permission [2T]. Copyright 2013 American

chemical Society.

Actually, the functionalization of BT with poly(fluoroacrylate) not only led to enhanced
energy storage capability of poly(VBée-HFP)/Fluoropolymer@BT nanocomposite in
compaison 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 min, while the theoretial maximum

energy density was 6.23 J cirwhich is 50% higher than that of the pure poly(VEFHFP)

(D4.10 J crtd).

.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 2,5bis{(4-trifluoromehoxyphenyl)oxycarbonyl}styrene with three
different shell thicknesses (where BFO0 stand for pristine BT and B3F1, BT-3F2 and BT

3F3 nanocomposites present shell thicknesses of 4, 7 and 11 nm, respectively) (See Section
1.4.2.2.9. The as prepared coshell 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, whicindicate that the functionalization of BT with fluoropolymer
provides a strong interchain forces with the poly(VIeFTrFE-ter-CTFE) host matrix.
Figure 30 exhibits the dielectric permittivity and dielectric loss of the
BT@Fluoropolymer/poly(VDRer-TrFE-ter-CTFE) nanocomposites films. For instance, the
dielectric permittivity of poly(VDFter-TrFE-ter-CTFE) matrix was ~ 40 (at 1 kHz) and after
introducing 30 vol% of BI3F1 into poly(VDFter-TrFE-ter-CTFE) matrix, the dielectric
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permittivity increased frord0 to 80.6 (at 1 kHz). Moreover, by increasing the shell thickness
of the nanoparticles (BBF3), and for the same filler loading, the dielectric permittivity
decreased to ~ 60 (at 1 kHz). The results highlight that the dielectric behavior was
significanty affected by the shell thickness and the permittivity of the nanocomposites films

increased with the increase of BT@Fluoropolymer nanoparticles content.
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Figure 30. Frequency dependence of permittivity and dielectric loshefBaTiQ@rigid-

fluoro-polymer/poly(VDFRter-TrFE-ter-CTFE) nanocomposites films with (a) EBFO, (b)
BT-3F1, (c) BF3F2, and (d) BI3F3. Reproduced with permission [86]. Copyright 2018
Royal Society of Chemistry.

.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[(2,3,5,6tetra fluore4-
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trifluoromethyl)oxycarbonyl]styrene} (Sectionl.4.2.2.1). Then, the functionalized
nanoparticles were introduced into poly(\Vidt-TrFE-ter-CTFE) host matrix (Schemé)
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O&EU  Cat |
X | Three-steps BaTiO, platelets
. sintering V
RAFT
PVDF-TrFE-CTFE Polymerization
composite
— = = Casting

. ¢mmm PM7F modified

Scheme 10. Schematic illustration of BaTiaPM7F/poly(VDFter-TrFE-ter-CTFE)

nanocomposite films. Reproduced with permissiofLd8]. Copyright 2018 Elsevier.

Dielectric measurements revealed that the relative permittivity increased by increasing BT
platelets volume fraction with a relatively small loadingigire 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.
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Figure 31 Frequency dependence of (a) permittivities and (b) dielectric loss for BaTiO
PM7F/poly(VDFter-TrFE-ter-CTFE) nanocomposites. Reproduced with permission of
[118]. Copyright 2018 Elsevier.
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1.4.3.8. PSF@BT or P5F@BT/ poly(VDF-ter-TrFE - ter-
CTFE)

Qianet al [117] prepared three kinds of nanocomposites consisting on BT nanopatrticles and
poly(VDF-ter-TrFE-ter-CTFE) polymer matrix. These nanoparticles were first modified with
three types of fluoropolymers denoted asH’(n = 3, 5 or 7, is the number of terminal
fluorinated groups), (Sectioh4.2.210). Figure 32 exhibits the frequency @endence of
permittivity of the poly(VDFter-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 modifietaBoparticles.

For instance, in the case of3F@BaTiQ/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 nanopartigls was changed from 5 % to 30 @n the othehand, when the BT
surface was modified with-PF 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 adnesetween the modified nanoparticles
and the polymer matrix, leading to limitation in the movement of molecular dipoles of the

polymer matrix.
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permission 0f117]. Copyright 2018 Royal Society of Chemistry.

1.4.3.9.PVDF@BT or PS@BT/PVDF

Ma et al. [85] reported two kinds of polymer@BT nanoparticles used as composite fillers in
PVDF matrix (Scheme1). First, PS@BT and PVDF@BT were synthesized by tars
reaction (Sectionh.4.23.2). 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 B@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 realed 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 permisqi&b) of
Copyright 2019 Elsevier.

1.4.3.10 HBP@BT/poly(VDF-ter-TrFE -ter-CFE)

Xie et al.[122] used hyperbranched aromatic polyamide (HEPdecorate BT surface using
a polycondensation of 3d@iaminobenzoic acid (Schem&)lthen,poly(VDF-ter-TrFE-ter-
CFE) was introduced via a solution blending method.
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Schemel2 Schematic Diagram lllustrating the Preparfigpcess of BIHBP. Reproduced
with permission 0f122] . 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 showigure 33, at 1 kHz and witla loading

of 40 vol% of HBP@BT, a high dielectric constant of 1485.5 was achieved for the
nanocomposites compared to poly(\A#-TrFE-ter-CFE) that exhibit only 206.3.
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Figure 33. Frequency dependence of dielectric constant for HBP@BT/ poly{\DFrFE-

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

with permission 0f122] . Copyright American Chemical Society 2013.

Table 7 summarizes the permittivities obtained for @trell systems discussed above. It can

be seen that nanocompositasntaining 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 27.2 ldilz. Indeed, we can not
increase the permittivity of fluorinated polymemmpared to that of pure BaTjGeven when

using high nanoparticle loadind23]. In fact, by adding higher concentration cframic
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 detedoeégetrical properties in
polymer nanocomposites. (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 cesbell BaTiQ@polymer/Fluorinated

polymer nanocomposites

Coreshell Polymer@BT/Fluorinated Dielectric permittivity

polymer nanocomposites (at a given frequency References
and fillers loading)
PTFEA@BT/P(VDFHFP) 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(VDRer-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, 8@vt%) 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(VDFter-TrFE- ter-CTFE) 70 (1 kHz, 5 vol%) 118

1.5. 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, coanmy®nergy
storage[124]. In medical applications, damaged tissues are often replaced with synthetic
materials such as ceramics or metals, which are used for engineering hard ¢igsUameés

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 [1X8d27]
Gopalakrishnaret al. [128] introduced silver nanoparticles into PMMA polymer matrix to
reinforce its structure for dental prosthetic materiéle addition of silver nanoparticles was
found to enhance the mechanical propertiestted 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(VDEo-HFP) polymer matrix to prepare a composite solid
polymer electrolyte (CSPE) for dion batteries.Since the ionic conductivity ofhe pure
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polymer poly(VDFco-HFP) is not enough to be used as SPE, lithium triflate salt was added
and the nanocomposites were synthesized by solution casting teclgiue.34-a exhibits

the ionic conductivity of the CSPE with 10 wt% in lithium trilasalt for different BT
loading. The ionic conductivity of the CSPE increases to reach 8.89816m" as the
maximum value for 4 wt% of BT and decreases by further addition oFiglire36-b gives a
comparison of conductivitylbc) 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.
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Figure34.( a) Direct cur r eg)toftie TEPEs caloulatddufrorh compglex y (U
impedance plots and (b) DC ionic conductivity of pure polymer, BB&ed with 10 wt. %

lithium triflate salt and CSPE loaded with 10 wt. % lithium triflate salt and 4 wta¥i@.
Reproduced with permission [@f29]. Copyright 2016 Elsevier.

A similar strategy for the same application was also reporte8alsikumaret al.[130] who
prepared CSPE  using BT, PVAc/poly(VRIB-HFP)  and  lithium  bis
trifluoromethanesulfonylimide (LiTFSI) as the sadfigure 35). Results show that compared

with ceramic free SPE, the conductivity was increased to reach a value of 2SciD 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 mAhtd.1 C, cycling performance up to 40
cycles and 99 % Coulombic efficiency were noted.
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Figure 35. Photograph of frestanding and flexible CSPE. Reproduced with permission of
[130] Copyright 2018 American Chemical Society.

In addition to their application in tibn batteries, BT based fluoropolymer nanocomposites
are also used in pacitors. For example, Tangt al. [71] prepared high energy density
nanocomposite capacitors using BT nanowires and poly(dDfFrFE-ter-CFE) polymer
(63/29/8 % mole ratio). Dielectric measurements revealed that the obtained nanocomposites
exhibit increased dielectric permittivity atovolume fraction of the fillers and high electric

field for energy storage-(gure 36-a). Moreover, BT/poly(VDFIrFE-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) mlymer (7.21 J/cc) at 300 MV/m electric fiel&igure 36-b).

This value is more than seven times larger than a high performance commercial

polypropylene capacitor.

90

|—=— P(VDF-TrFE-CFE) —a— PVDF Terpolymer

sol (Q) —e—5% BTO NWs 10 | —e— 5% BTO NWs (b) 4
' —a—10% BTO NWs —4— 10% BTO NWs

70 —v—15% BTO NWs —v— 15% BTO NWs
« 60k —<—17.5% BTO NWs T 8 [ —«—17.5% BTO NWs
€ 60 R3]
7 3
w
5 50 -‘%‘ 6 |
o [ =
© 40 )
=3 (a) 4
3 30 B4
2 @
Q20 o ol

10 |

I ol
0O
i " i al At aaaal L " L L i | | 1 Il I
1k 10k 100k 1M 0 50 100 150 200 250 300
Frequency (Hz) Electric Field (MV/m)

Figure 36. (a) Dielectric permittivity constants of different BT NWs volume fractions in
P(VDFter-TrFE-ter-CFE) from 1 kHz to 1 MHz and (b) Energy density of BT/ P(VVieF
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TrFE-ter-CFE) nanocomposite with different volume fractions of BT as a function of the

electic field. Reproduced with permission pfl] . Copyright 2013 Wiley.

Hao et al [134] designed a parallel plate capacitance device. The multilayer nanocomposite
film consists on a central layer composed of highun@ fraction of BT, while the outer
layers were predominately PVDF, with a small loading of BT nanoparticles. The obtained
films (1.21.5 um) were found to be mechanically flexible and could be removed from the
substrate Kigure 37). Moreover, a maximum bakdown 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

Jlcnt were obtained, leading to high energy density nanocomposites.

Fakh) B ot S

Figure 37. (a) Crosssectionaland (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) delamindté&rom the substrate, showing its continuous polymer nature.

Reproduced with permission [@f34]. Copyright 2015 Royal Society of Chemistry.

Another promising application of polymer naonposites is piezoelectric hanogenerators
(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 staised polymeric materials in PN@Es35]. Dudemet al [136]
designed a PNGs usingrhan 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 subgtate and then sealed with a Kapton tape. The prepared PNGs were then tested
to harvest the mechanical energy from bicycle, motorcycle, car and humanFigureé.38
exhibits the piezoelectric potential curves generated by the PNGs device at bendingspositio
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.
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Figure 38. Demonstration for the higtexibility of the Ag/BTO-PNG device. Piezoelectric
potential (i.e., VOC) generated by the Ag/B'RDIG at (a) small and (b) large bending
positions/conditions. Insets of (a) and (b) also depict theoghaphic images of Ag/BT O

PNG at the small and large bending conditions, respectively. (c) Photographic images and (d)
piezoelectric potentials of the Ag/BTENG device located on a human hand (i.e., in front
part of the elbow) at (i) normal, (ii) halfand (iii) full-fold conditions, respectively.
Reproduced with permission [@f36]. Copyright 2018 Elsevier.
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|.6. Conclusion

Nanocompsites 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 fronréakdown
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. V#uouspolymers

could be used as shells such as poly(fluoroolefins), poly[fluoro(meth)acrylates] of various
fluoroalkyl lengths, PVDF and VDEontainingcopolymers. In certain casespreshell
BaTiOs@polymer/Fluorinated polymer nanocompositese alsdbeen 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
Agrafting fromodo, Agrafting ont ogthoBTswfadce ndi ng
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 preprepared polymer with the functionalized namtipbes. 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 acmunt 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 designifgther 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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[1.1. Introduction

This chapter presents trdescription of the protocols and methods used to functionalize
barium titanate surface and the polymerization reactions used to obtain pghBag&iO;
nanocomposites. A brief description of the different instrumental techniques used to

characterize, anatg and study the different materials prepared is also presented.

[1.2. 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

chamcteristics of the reagents used in this study are listed in Table 1.

Table 1: List of chemicals used during this thesis.

Products Chemical Molar mass  Boiling point Density
formula (g/mol) (°C) (g/ml)

Barium titanate BaTiO; 233.19 - 6.080
(3-Aminopropyl) CoH505SIN 221.37 217 0.946
triethoxysilane H.0, 34.01 107 1.110
Hydrogen peroxide
(3-chloropropyl) CoH2105SiCl 240.80 100 1.000
triethoxysilane
Potassium ethyl xanthogenatt C:Hs0SK 160.30 1.263
Triethylamine CsH1isN 101.19 88.8 0.726
TertButyl peroxypivalate CoH1503 174.24 245.22 0.854
Lithium manganese oxide LiMn O, 180.80 - 4.290
Poly(vinylidene Fluoride) CH.CF, ~1000000 - 1.78
Toluene C/Hs 92.14 110111 0.865
Dichloromethane CH,CI, 84.93 39.840 1.325
Acetone CsHgO 58.08 56 0.791
Tetrahydrofurane C,HgO 72.11 65-67 0.889
Dimethylformamide C;H,ON 73.09 153 0.944
Ethanol C,HsO 46.07 78 0.789
Dimethyl carbonate C;3H0, 90.08 a0 1.069
N-Methylpyroolidone CsHoNO 99.13 202 1.028
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I1.3. Synthesis procedures

As mentioned in the previous chapter, the synthesis procedure of a nanocomposite material
based on organic polymer and inorganic filler should $tarnh the functionalization of the
ceramic surface to offer a good compatibility and dispersion of ceraamofiler into

polymer matrix.

[1.3.1. Oxidation of BaTiO3

Using a literature procedure for the surface hydroxylation of Bahi&hoparticleq1,2],

10.02g of BaTiQ; nanoparticles and 60 ml of aqueous solution e®H(30 wt%) were
combined in a round bottomed flask. The mixture was somidate 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 obtainedHBhanoparticles as

a white powder were dried under vacuum at 8f@! a constant weight of 9.58 g (Yield: 98

%).

OH

HO OH
H202
BaTiOzgl 3. HO OH
105°C,4 h

HO OH

OH

BT BT-OH

Schemel. Oxidation reaction of BaTignanopatrticles in presence of hydrogen peroxide.

[1.3.2. Modification of BaTiO3-OH (BT-OH) with (3-chloropropyl) triethoxysilane
(CPTYS)

6.03 g of BFOH 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 mlbicol flask equipped with a magnetic stirrer, the sonicated mixture was
introduced and tre system was bubbled for 10 min with nitrogen. 10.03 g (10 ml) of CPTS
were added. The 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) wee recovered by centrifugation at 12 500 rpm for 5 min and washed twice with
toluene[3,4]. The resulting BICPTS particles as a white powder were dried tG30ntil a
constant weight of 5.84 g (Yield: 97 %).
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HO | OH >
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(0]
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o
HO OH

OH
BT-OH CPTS BT-CPTS

Scheme 2. Modification of oxidized nanoparticles with -@hloropropyl) triethoxysilane
(CPTS).

[1.3.3. Modification of BT-CPTS with Potassium ethyl xanthogenate

5.02 g of BFCPTS 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 neoked bottom flask
equipped with a magnetic stirrer, the sonicated mixture was introducedheusgstem 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 nitrodéih. The particles (BIXA) were recovered by
centrifugation at 1500 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 %).

)
s
0\ )J\ Ethanol o—\—Si/\/\ Hj
BaTiO O7Si/\/\CI + ‘s 0 NcH,  80°C,12h / W

o
S
\O

BT-CPTS XA BT-XA

Scheme3. Functionalization of BICPTS with RA-T agent.
The overall yield of the synthesis of BJA from pristine BT is 93%

[1.3.4. Preparation of PVDF-g-BaTiO3; hanocomposites via RAFTPolymerization

A thick 8 mL Carius tube containing BXA (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 freepeampthaw cycles. VDF gaseous monomer (1.5 gswa

transferred into the Carius tube cooled at liquid nitrogen temperature using a-custiem
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mani fold that enables accurate measurvement
mass of monomer o calibration c¢ uncwajunatthbe t
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) heatirsfpakingbath.

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. ThegPVDF
BaTiO; 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.

0O 0\ DMC/TBPPi o\ N\ H
0073./\/\WH3 + H,C=CF, W Zf/\?iﬁw 3

S

XA VDE PVDF-g-BT

Schemed. Preparation of PVDIg-BaTiO; nanocomposite using the RAFT polymerization of
VDF initiated bytert-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 IRRA polymerization of VDF in the presence of

potassium ethyl xanthate and initiatedtest-butyl peroxypivalate.
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In order to separate the physisorbed PVDF chains from PYB&TiO; nanocomposites,
severalwashing treatments with acetone were performed. afount of BaTi@PVDF
nanocomposites obtained after RAFT polymerization was dispersed in acetone, and the
mixture was stirred at 35 °C for 16 hours. Then, PMPBaTiO; hanocomposites were
recovered by centrifugation at 5000 rpm for 5 min. The solvertteotipernatant containing

the free PVDF chains as evaporated in order to estimate the quantity of such fluorinated

polymers.

BT-XA + VDF

RAFT polymerization

PVDF-g-BT+ Free PVDF

Washing treatment

Schemeb. lllustrative diagram of the treatment carried out after the RAFT polymerization of

vinylidene fluoride (VDF) controlled by B'KA chain transfer agent

[1.3.5. 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 RYBF nanocomposites
synthesized previously embedded witpwly(VDF-co-HFP) copolymer matrix was achieved

by using a solution blending method.

First, an amount of PVDH-BT was dispersed in DMF for 4 h under ultrasonication. At the
same time, an amount of the copolymer P(V&@FHFP) 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 roontemperature. After 20 h, the mixture was poured into T@flsabstrate
and then dried 120 ° for 24 hourgSchemes).

PVDF-g-BT in DMF Stirring at room temperature for4 h

S

( PVDF-g-BT/P(VDF-HFP) J

' P(VDF-HFP) in DMF Stirring at room
. / temperature for 24h

., -

Drying at 120° C E — *ﬂ
in the oven >
Pouring mixture into
teflon mold
<

Scheme6. Sketch illustrating the preparation method of PVPBT / poly(VDFco-HFP)

nanocomposite films.

Il. 4. Characterizations
Il. 4.1. Spectroscopyand chromatography analysis

Il.4.1.1. Fouriertransform 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 comsegbplying an infrared
radiation on a sample and determining what fraction of the incidenticediatabsorbed in a
particular energy and that energy correspaiedthe frequency of a vibration of a part of a
sample moleculg6]. In the present study, FTIR anadgswere performed using a "Perkin
Elmer Spectrum 1000" (Figure 2) in ATR mode by accumulating 32 scans, over a wavelength

range of 400 to 4000 chwith an accuracy of + 2ne™.
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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 consista placingthe sample in a rotor which is placed in a magnet giving a
field Bo. The rotation of the sample is then performed by rotating it at a speed of s¢{eral

on itself at an angle of 54.74 ° to the main magnetic figk] (Scheme 6).

L}
: 0 =547°
Magic Angle '
Gradient Coils ! Q}s'
-,

Stator

Rotor

RF Solenoid

Scheme7. Schematic representation of a MRS stator with a magiangle gradient along

the rotational axis of the rotf®].
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HRMAS NMR spectroscopy was used to qualitatively characterize the surface grafting. High
ResolutionAMAS NMR experiments were carried out on a Varian VNMRS 600 MHz
spectromete(Figure 3)equipped a wide bore magnety84.1T), 2D lock and Z gradients
together with a broadband 18P 2 channels 4 mm Fast Nano probe optimized%ar

Prior to HRMAS NMR experiments, the PVD§BaTiO; powder nanocomposite sample
wereinserted into a quartz 4 mm zirconia HRMAS rotor mssd drops of DMSO (used as
deuterium solvent for lock and sample surfacd®?VDF 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 spinritegwas 4 kHz fotH and 6.5 KHz for

. A single pulse sequence was used with pulse durations o t8rresponding to flip

angle of 90 °. A recycling delay of 1 s was used and 646 transients wadeled.

Figure 3. Picture of HRMAS NMRspectroscopesed to analyze functionalized Bagiénd
PVDF-g-BT nanocomposites.

II. 4.1.3. Sizeexclusionchromatography (SEC)
This technique consists introducing the polymer solution into a column filled with porous

beads and recovering the fractions as a function oklim#on 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 &PIC &0 &1 Bgby mers
(Figure 4)using 2 PL gel MixedC 5 um columns (range of molecular weight from 260

2.1F g/mol) thermostated at 35 °C equipped with a refractive index detector.
Dimethylformamide (DMF) with 1% LiBr was used #® eluent (1.0 mL/min). Calibration

was performed using Varian polymethylmethacrylate (PMMA) narrow standards and toluene

asa flow marker.

Figure 4. GPC device used techaracterze the free PVDF chains extracted from the

nanocomposites.

Il. 4.2. Thermal analysis

Il. 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 programmiffigermogravimetric
measurements were performed using a TA Instrument Q50 appéfeguse 5). Samples

were leated under aifi.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.
Il. 4.2.2.Differential scanningcalorimetry (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 presebBiS@rk,
measurements were performed orlBOmgsamples on a Netzsch DSC 200 F3 instrument
(Figure6) using the following heating/cooling cycle: first heating from 20 °C to 250 °C at 20
°C/min, cooling from 250 te100 °C at 20 °C/min, isotherm plateau-400 °C for 10 min,

second heating frorl00 °Cto 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,& 156.6 °C).

Mel ting temperatur es ) aeraddetenaihet from the lewest pomtlop i e s
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:

N~ - z A NN

o < U
$ACOMOEOOAL I 3( EQUin o
wh er g(1065J ¢, 104.7 J §) corresponds to the melting enthalpy of a 100 % crystalline

a phase PVDH11,12] and 100 % crystalline P(VDEo-HFP) [13,14], respectively. While

o K, is the heat of fusion of the sample under consideration (determined by DS@)in J g
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NETZSCH

Figure 6. DSC device ugkto characterize the different samples.

Il. 4.3. Morphological analysis

Il. 4.3.1. Scanningelectronic microscopy (SEM)

The microstructure dPVDFg-BaTiO; was observed by Scanning Electron Microscope
(SEM, TESCANVEGA 3) equipped with Energy Dispersivgpektrometer (EDS, EDAX
Team). All samples were deposited on a carbon conductive adhesive tape, then coated with
carbon to improve the conductivitiVhile the microstructure oPVDF-g-BT@ P(VDFco-

HFP) nanocomposite filmsvas observed using a scanning electron microscope (SEM, Zeiss
HD15) equipped with an energy dispersive mapping (EDS, OxfeMAX). All samples

were deposited on a carbon conductive adhesive tape and then coated with platinum to
improve the conductivity.

II. 4.3.2. Transmissionelectronic microscopy (TEM)

A drop (7 pL) of the sample solution (particles dispersed in ethanol) was placed on a
perforated carbon filacoated copper grid for 50 s, blotted with filter paper and dried with a
vacuum pump. The sampleas 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
(Figure7).
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Figure 7. Transmission electronic micros@psed to characterize the different samples.
Il. 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 nondestructive method used for the qualitative and quantitative analyp@ycrystalline

samples. In this workX-ray diffraction (DRX) measurements waverformed using Bragig

Brentano geometry on a Bruker D8 Advance diffractomi@gure 8) usingCu Ky radiation
(ee=1.5418 ) with 30 KV an onirkifentramd,difff&ed | e r
beams; divergence slit of 0;5antiscatter slit of I 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 0AOA ( 2d) , bet ween 10 an
fixed-time counting of 0.8 seconds/step.

Figure 8. Picture of XRD device used to analyze the different samples.
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Il. 4.4. Dielectric measurements

BroadbandDielectric Spectroscopy(BDS) was used to investigate theffect of BaTiQ
loading on the dielectric properties of PVIQFBT nanocompositesAn Alpha Analyzer
spectrometer by Novocontrol technologies GmbH & Co. equipped with a Novocontrol Quatro
nitrogen gas flow cryostat was employed (Figure 9). The prepaieetg10 mm diameter,
about 50mm thickness), capped between two thin layers of Pb, wkreed in theBDS
measurementell. The temperature range was frehd0 to 125°C with a heating rate of 5 or
10°C/min and the measured frequency range was from A%/ to 10" Hz. Amplitude of

theappliedsinusoidal voltagevas1.5 V.

Figure 9. Broadand dielectric spectroscep

Il. 4.5. Mechanical analysis

Uniaxial tensile tests on specimens were performed at a crosshead speed of 2.5 mm/min using
a 5566 INSTRONensile machine equipped with &Rl 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 sfresain curves using trendlines withthe

strain region €% (Figure 10)
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Figure 10. Tensile machine used to analyze the mechanical properties of nanocomposite

films.

Il. 4.6. Electrochemicalcharacterizations

Il. 4.6.1.Electrodepreparation

The cathode films were prepared using 70 wt% Li®lhas active material, 18 wt% of
Carbon black (C65) as conductive agent, 12 wt% of the binder (PVDF or ®\EIF
nanocomposite or both) and-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 carijbria

vol %) as the electrolyte.

To form the slurry, the precursors were homogeahiaean agate pestle. After several minutes

of blending with a mortar, the mixture was transferred to an agateniiatig jar (with four

balls) (Figure 11ta) andNMP was added. The mixture@asthen balimilled softly at 500pm

for 30min. The obtained slurry was spread uniformly on aluminum metal grade foll
(0.018mm, Goodfellow) casted by a four sided film applicator (150 frogn Elcometer
(Figure 11-b). After 48 h ofdrying at room temperature, the casted films were further dried
under dynamic vacuum at 8@ and- 0.850bar relative pressure in an XFL020 drying oven,
France Etuves. In order to enhance the dispersity of the precursors, the dried films were
calenderedt 50°C at 5 rotations per minute, where the thickness was fixed at 3Figore

11-c), then punched to discs with 12nm in diameter.
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Figure 11. Electrodes preparation: (a) homogenization of precursors (b) casting of the slurry

on aluminum foil and (c) Electrodealendering

Il. 4.6.2.Half coin cell assembly

316L stainless steel 2032ini cells were used to characterize the positive electraaterral

under argon atmosphere in a glovebox. To assemble theekirthe spring was placed on

the small lid first in order to maintain battery pressure, then lithium foil, which was punched
to discs with 14nm in diameter and already positioned oniaklspacer 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 lasttep, the coin cell big lid was fixed on the top and the cell was

sealed by a crimping machine.
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Spring
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Scheme8. Schematic illustration of half coicell component.
Il. 4.6.3. Cyclic voltammetry

The cyclicvoltammetry 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 poterttialvaorking electrode in both
forward and reverse directions, at a given scan rate, while observing the {l@ijein the
present work, a VSBO000 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.
Il. 4.6 4. Galvanostaticcycling

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-eatg, calculated from the battery capacity. Aate is a
measure of which a battery is charged or discharged relatively to its maximum capacity. For
example, a 1 @ate means that the discharge current will discharge the entire battery in 1

hour.
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The pepared cells were characterized usigGs-805 battery cycler from BioLogic // BTS
4000 battery testing system from New@rggure 12) offering 8 independent channels with a
maximum current of £150 mA per channel. The cells were charged and discharded for
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 10rfe theoretical specific capacity C of LilDy

was considered equal to 148\ h g*, for a 1e process. All currentehsities were calculated

as Cxrfor a charge/discharge with n lithium ions (de)insertedhin 1

Figure 12. BCS805device used to perform the cycling performances of the prepared cells.
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Chapter Ill: Core shell structured

Poly(Vinylidene Fluoride) -grafted
BaTiO; nanocomposites prepared
via Reversible Addition
fragmentation chain transfer (RAFT)
polymerization of VDF for high
energy storage capacitors’
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[11.1 Introduction

High dielectric constant (higk) ceramic/polymer nanocomposites represent an emerging
material platform for advanced energprage technologies and dielectric applications
because the efficient properties and giant dielectric constants of ceramics, such ags BaTiO
with the flexibility, the low cost and easy processing of polyniErsPolar polymers such as
PVDF and VDFbased copolymers serve as the best selected (co)polymers for high energy
density applications. Chapter 1 provided an update of various studies to desig8hadire
BaTiOy/ fluoropolymer based on poly[fluoroalkyl meth(acrylate)]s, PVDF and itsacal
terpolymers nanocomposites, to study their properties and performances and tatsipply
applications. Corshell nanearchitecture strategies are versatile and powerful tools for the
design and synthesis of advanced Higlpolymer nanocomposites. A special focus
emphasizes their advantages over conventionatmiglhg and solutiormixing methods that

lead to aggregation and poor dielectric properties.

In contrast of the above strategies for the preparation of BEHWDF nanocomposites using
solution mixing as the technique, this work reports the first synthesis of homogenegaus core
shdl modified PVDFgraftedBaTiO; nanocomposites. The ceramic fillers were surface
modified with xanthate to allow the RAFih-situ VDF polymerization (Grafting from),
ensuring a chemical bond of PVDF with the BaJifurface. This techniquehas the
advantage of compatibility with a wide range of functionalities in monomer types, and no
metallic ion complexes are needed in contrast to ATRP (actueBigual copper salt may
lead to high leakage current under high electric field amiksirableof dielectricproperties

[2]). The effect of BaTi@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
characterizé by FFIR, **F and'H HRMAS NMR spectroscopies, SEC, XRD, MEB, TEM,
DSC and TGA.

[11.2 Results and discussion

Previously, Yanget al [3] and Zhuet al [4] reported the functionalization of the BaTiy
RAFT agent (tithiocarbonate) in four steps: (i) preparation ef-8odecyl (or Sl-ethyl)}S-Nj
( U-ditnetipyU Midditic acid) trithiocarbonate (DDMAT), (i) activation of DDMAT by N
hydroxysuccinimide (NHSDMAT), (ii) preparation of amindunctionalized BaTi@
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(BaTiO3-NHy) by reaction of hydroxylated BaTia n d-aminopropyl triethoxysilane, and

(iv) preparation of DDMAT anchored BaTiOnanoparticles by reaction between NHS
DDMAT and BaTiQ-NH..

In contrast to their procedure, our strategy was to use xarimatgonalized BT, since
xanthates are efficient chain transfer agents to control the RAFT (co)polymerization of
VDF[5i 9] . Scheme 2 represents the general procedure égpréparation of functionalized
BaTiO; by RAFT agent which was used in the last step to synthesis the -B\HaFi10O3

nanocomposites.

OH
HO OH
o)
N : 2 N\
. Ho OHL> 0—si/\/\CI
HO OH °
OH
BT

BT-OH BT-CI
(1) H,0,, 105 °C

(2) CICH,CH,CH,Si(OCH,CHj); 80 °C
3) (3) C,H50C(S)SK, 80 °C
(4) H,C=CF,, TBPPi, 65 °C

o F F 0\
0>si/\/>%§;WHs <L O—Si/\/\WHs
/ RS o/ s

o

PVDF-g-BT BT-XA

Schemel. Sketch illustrating the synthesis process of PMPBaTiO; nanocomposites by
RAFT polymerization of VDF in the presence of Xanthates (from the modification of BaTiO

nanoparticles) where TBPPi standstient-butyl peroxypivalate.

The commercially available BaTiOnanoparticles possess too fe®@H groups on thei
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 BaTi@ nanoparticlesas a filler and poly(VDHTFE) copolymer as a matrix.

The results show that the surface madifion results in better dispersion of the nanoparticles
in the polymer matrix, yielding in a higher degree of pariokgrix interaction whereas the
untreated BaTi@is likely to forming agglomerates which lead to a higher inhomogeneity
when it is incorprated into a polymer matrix. Inspired by this study, the first step of Scheme
1 is the hydroxylation of pristine BaTO These hydroxylated BaTyO(BT-OH) were
functionalized by RAFT agent (Xanthate) in two steps (Reactions 2 and 3, Scheme 1).
Initially, the surface oBT-OH nanopatrticles was modified by the condensation reaction of 3
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chloropropyltriethoxysilaneBT-CPTS) and it was subsequently reacted in the second step
with potassium xanthogenate to produce nanoparticles bearing RAFT xanthaXa)BAll

steps led to high yields.

In the last step of Scheme 1, the PV®BaTiO; coreshell nanocomposites were prepared

by RAFT polymerization of VDF in the presence of BA using tert-butyl peroxypivalate
(TBPPI) as the initiator and the reaction mechanis depicted in scheme 2. At this
temperature, the initiator has a k¢ of 2 hours and the generated radicals enable to initiate
the polymerization of VDP5,6,9]. As previously reported, RAFT paherization is asersatile
technique thatcan easily tune the shell thickness of the rell nanostructured
nanocomposites by varying the monomer feed rglidp[3]. In fact, Cheret al[12] reported

that the shell thickness can be designed by the polymerization degree via RAFT
polymerization. In this work, four weight [BaT#XA] o:[VDF], ratios were chosen.€. 3, 5,

10 and 20 %). The resulting materials were characterized by different spectroscopic and

thermal analyses.
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Scheme2. Mechanism of Reversible Additielfragmentation Chaifiransfer Polymerization
(RAFT) of VDF.
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[11.3. SpectroscopyCharacterizations
[11.3.1 FT -IR spectroscopy

FT-IR spectroscopy was employed to reveal the anchoring of xanthate onto the; BadiO
PVDFg-BaTiO; nanocomposites (Scheme 1). Figure la exhibits théRF3pectra of the
BaTiOs, before ad after modification (BaTi@gOH, BaTiG;-CPTS and BaTi@XA). The IR
spectrum of the aseceived BaTi@ nanoparticles presents absorption band$8 and
1435cm™ assigned to the stretching vibration of £COrom the residual BaCQin the
BaTiO; and the vibration mode of a metdibxo bridge, respectivel¥3]. Another absorption
band at 1633 cthis characteristidor the bending mode eO-H resulting from the physically
adsorbed water on BaTiOnanoparticles[14] and also confirmed by absorption bands
(stretching) observed between 368600 cn'.

After treatment of BaTi@nanoparticles with hydrogen peroxide, purification and drying, the
absorption bands in FIR spectrum of fdroxylated BaTiQ are similar to those of the
pristine BaTiQ with a slight increase in the intensity of the bre@H absorption band at
3452 cnt (Figure 1a).

Upon incorporation of the silane coupling agent having chloride functionality and compared
with BaTiO;-OH, new absorption bands at 164094 and 2935 cthwere observed iBT-
CPTS attributed to BOi Si and CH, respectively.These results indicate the successful
introduction ofsilanecoupling agenf15][10]. After immobilization of xanthate onto BaTiO

the BaTiQ-XA was suggsted to be formed via covalent bonding as indicated by three
characteristic absorption bands at 1002 (C=S), 113D)(@nd 2927cm * (C-H) confirming
previous reportfl6i 18] (Figure 1a).
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Figure 1. FT-IR spectra of (a) the agceived BaTi@ (BT), BT-OH, BT-CPTS and BIXA,

(b) FT-IR spectra of PVDF and PVDB§BaTiO; nanocomposites starting from 3, 5, 10 and

20 wt % of BaTiQ, (c) Expansion of the 760500 cm' zone in the FIR spectra.

After purification, the coreshell PVDFg-BaTiO; nanocomposites were characterized by FT
IR (Figure 1b). Additional absorption bands at 1160, 1400" cwrresponding to &
stretching were observed. In addition, the absorption band at 298026t (stretching
of -CH, of VDF units) became strongtran that of BTXA (Figure 1a). PVDF is ferroelectric
polymer which exhibits crystalline phasesab andg) affecting its electric propertig49,20]

Therefore, it is of interest to know the effects of Baglit@noparticles on the grafted structure

114



of PVDF. FEIR spectrum (Figure 1c) shows frequencies at 761, 796, 880 and 9%77 cm
characteristic oft h ephakk of PVDH19,21i 24]. In addition, no absorption bands at 1276

and 840 cnt of the b phase of PVDF were observed in the spectra of RYB@&TIO;
nanocompositefl9,25] The FFIR results confirm the successful grafting of PVDF onto the
modified surface of BaTigand i ndi cate that PVDF exhibits

[11.3.2 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 mgec angle spinning (HR MAS) spectroscopy. Figure 2 displays
the HR MAS'H spectrum of pristine BaTi)BT), modified with hydrogen peroxide (BT

OH), with silane agent (BTI) and with chain transfer agent (BJIA). It is noted the
decrease of signal at 10.15 ppm, assigned to OH groups, confirming their consumption during
the fixation of silane agefi26].

The signals at 0.70, 1.73, 3.57 and 1.40 ppm evidences the prese8e©dfH,-CH,-CH,-

Cl, T Si-O-CH,-CH,-CH,-Cl, i Si-O-CH,-CH,-CH-ClI for BT-CI, andthe i SC(S)OCHCH3

in BT-XA, respectively, suggesting that the silane agent and the chain transfer agent were

successfully grafted on BaTi(27,28]
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a b c
BT-0-Si-CH,-CH,-CH,-Cl
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..........................................

Figure 2. Expansion of the 0.5 to 10.5 ppm region of tHeHRMAS spectrum in DMSO of
pristine BaTiQ (BT), modified with hydrogen peroxide (BDH), with silane agent (BCI)
and with chain transfer agent (BJA).

The HR MAS NMR spectra dPVDFg-BaTiO; nanocompage in DMSOds provide more
detailed evidence of the successful grafted PVDF onto the surface of BadnOparticles.
Figures 3 and 4 display tH&F and'H HRMAS NMR spectra ohanocomposite filled with 3
wt% of BaTiQ;, respectively. To the best of our knowledge, ffleHRMAS 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 the64 to-120 ppm region of th€F HRMAS spectrum recorded in
ds-DMSO of PVDFRg-BaTiO; nanocomposite filled with 3 wt % of BaTi@* stands for the

spinning bands).

Deuterated DMSO enables to swell PVDF located at the Baftiace. Figure 3 exhibits an
intense signal at92 ppm, characteristiof headto-tail (HT) addition of VDF {CH,CF,-
CH,CF2-CH,CF,-CH,CF,-) [619]. Signals at114 ppm and116 ppm are assigned to chain
defects caused by he#othead VDF reverse additionsCH,CF,-CH,CF,-CF,CH,-CH,CF,-)
and ¢CH,CF,-CH,CF,-CF,CH,-CH,CF,-), respectivelyj29]. A signal at-70 ppm is relative
to difluoromethylene adjacent to the xanthate gréiig,-CF,-SCSO-CHs[6i 8].

% HRMAS spectrum also enables to calculate the degree of polymeriz&ioh ffom the

integrals of the signals assigned above, according to equation

8 st m e 8 » wvi
Y

o5 - g O OSO" . 0000 0 0

g 070Q¢ Qi £ 0T

where, 0 "Gstands for the integral of the signal ranging fréro -j ppm assigned to GF

group.
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The *F HRMAS NMR spectra of the nanocomposites containing 5, 10 and 20 wt%-of BT
XA are also supplied in the ApendixFigures A1A3).
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Figure 4. Expansion of the 0.6 to 6.4 ppm region of tHeHRMAS NMR spectrum recorded
in ds-DMSO of PVDFg-BaTiO; nanocomposite filled with 3 wt % of BaTiO

The 'H HRMAS NMR spectrum (Figure 48xhibits an intense signal centered at Pgm
corresponding to the methylene of the regular Headil (HT) addition of VDF { CF,CH -
CF,CH,-CRCH,-CF,-). Signal at 2.2 ppm is characteristic of the-taitail (TT) addition of
VDF (-CF,CH,-CH,CF,-) while thatat 4.2 ppm is assigned to methylene terminal VDF units
(CR-CR,CH,- SC(S}O-CH,-CHs). Moreover, signal at 1.2 ppm is attributed to ;GRl Z
group of Xanthate -CF,-CH,-SC(S}O-CH,-CH3) [8]. The triplet of triplets centered at 6.3
ppm is attributed to the proton end group #€H,CF-H from the transfer to
dimethylcarbonate. The resulting Q;I]}[:(O)OCI-JZA radical is able to initiate ather 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 totdrébutyl end group (Scheme 2) from the fragment of
radical initiator[30].

The degree of polymerization can be also calculated fldMHRMAS NMR using the
integrals of the signals assigned to C#toup of regular VDF additions, GHyroups of
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reverse additions of VDF, GHbf terminal units of VDF and Z group of Xanthate, according

to equation?).

8 J14 ”, ”, (14 8 J14 ", (14 e 8 J14 1, D h D) LAY 1 r r 3
x .0 O0OY _ S00YY  00QeQQ €0n
Ov C
% .. 00w 0°7Yo

8

The Appendixgives the'H HRMAS NMR spectra of th@anocomposites containing 5, 10
and 20 wt% of BIXA (Appendix I:Figures A4A6).

Table 1 summarizes the degrees of polymerization obtained ttorand**F HRMAS NMR
spectroscopy for the prepared nanocomposites with different loadings of Sdaditihg fran

3, 5, 10 and 20 wt%. This table shows a good agreement of the degrees of polymerization
from both NMR techniques.

Table 1. DP, and molar masses obtained frétiand'H HRMAS NMR spectroscopy for the

prepared nanocomposites from equatidn® énd 4.

: 1 1 19 19 1
BT ' ppfrom L.(H NMRDRfrom 4. (F NmR ~-Of
fee N MR N MR free
( %) pol yn
3 50 3670 48 3540 7500
5 4 4 3290 4 4 3290 6800
10 39 2970 41 3100 6400
20 36 2780 39 2970 5600

lll. 3.4 Molar Masses of PVDHrom 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 byn-situ VDF RAFT polymerization, and the molar masses, 0 and
dispersity () values of free PVDF from nanocomposites (Schémgéhapter 1l) determined

by SEC. The PVDF yield was calculated using the equéBibellow:

A} v, e, I‘n~ ’ 3, ”n, a
W QEI®w O Od g o
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whered o a we @ 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 massés, 0  and dispersity values

(n) of PVDF nanocomposites determined by SEC

wt % of PVDF % of

% of Free 4 9 1 9 n©
BT in Yield Grafted ) ’
) PVDF?
feed  (%)? PVDF ?
0 67 - - 12730 22700 1.8
3 64 55 45 7500 18200 2.4
5 94 62 38 6800 14900 2.2
10 95 57 43 6400 13600 2.1
20 96 42 58 5600 12900 2.3

¥Yield of PVDF after RAFT polymerization in the presence of BaTX® (before purification) (65 °C, 15 h)
®) o4 of grafted PVDF (PVD#g- BaTiOs;) and physisorbed PVDF (Free PVDF) after watching@emdrifugation
© SEC: solvent: Dimethylformamide (DMF), Calibration with PMMA standards.

From all the contents of ceramic nanopatrticles of free PVDF from PYBE&TIO; X wt%
nanocompositeshe highest molar mass was obtained with 3 wt% of BaWikille the molar

mass of nanocomposites decreases by increasing the B&iti® The lowest one was
obtained with 20 wt% of BaTi©content (Table 2). Actually, the functionalized nanofiller
acted as a chain transfer agent in the radical polymerizatigbBfas it was reported in the

clay nanocharge/fluorinated methacrylate leading a decreasing order of molar masses with an
increasing nanoclay loadirj@1].

The literature reportghat the cleavage of grafted polymers.g( methacrylates) onto
nanofillers was achieved in the presence of HF or [2Z)32,33] We conducted different

experiments to attempt getting the molar masses of grafted PVDF omt&\BT

To cleave the attached PVDF from the functionalized BaTi@nhoparticles, an amount of
PVDFg-BT was dispersed in a mixture of DMF or DMF/Aliquat according to procedures
describe in literaturf27,32] Then Acid (HF or HCI) was added and the mixture was allowed

to stir for a certain time and temperaturet the end of the reaction, the mixture was
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centrifuged and the supernatant was concentrated then precipitated over cold pentane

methanol.

Table 3. Experiments conducted to enable the acidic cleavage of attached PVDF from

functionalized nanoparticles.

Exp WipvpgsT wt ( Al Vpue( ml Vacilgml ti me (
(% of BT ( mg)

1 50 (10¢ 5 3 0.5 ( 16 (Rr5

2 50 (10¢ 5 3 0.5 ( 3 days

3 30 ( 5¢ 5 3 0.5 ( 5 days

4 50 20% 0 5 0.5 (I 16 hr

5 4 03 %) 0 4 0.4 (I 16 hr

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 casoh&dered as a
protective shield which may not enable this cleavage. Hence, the molar masses of grafted
PVDF could not be achieved by SE®. fact, they could be determined By a'fid
HRMAS NspeRiroscopiesrom equationsl, 2 and 4 (Table 1) according to equation
previously reported by Gueret al [3]

0 § 0 § 00 67Yd U | (4

where M, cta= 472 g/mol and Mvpr = 64 g/mol (CTA stands for the BaTi@®3Si-(CH,)s-
SC(SYOCH,CHsy).

Table 1 shows that the molar masses decrease when increasing Badi@g in the feed. In
fact, rising the xanthate functions onto BaJanoparticles leads to emiced transfer onto
PVDF'macroradicals resulting in low PVDF molar masses.
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lll. 3.5Morphology characterizations

lll. 3.5.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) results have been often also used to determine phases of32¥.DF
Figure 5 shows the XRD patterns of pristine Badim@noparticles, PVDF obtained by RAFT
polymerization, and PVD#-BaTiO; nanocomposites synthesized from 5 wt% of BaTiO

8000
7000 -
1 (c) Al
6000 - A A
2 5000 a0 510
g '(1(111)*
g 40004 s @ 21)
5 o N A .
€ 3000 —n
2000 (1/10)
1000 — (100) (111) (200) (211) (220)
1(a (301)
I (L T U B WU W e
— 1 * T T+ ¥ ' T T T ' T
10 20 30 40 50 60 70 80

2 Theta (degree)

Figure 5. XRD patterns of: (a) the as received BaJi@anoparticles, (b) PVDF and (c)
purified nanocomposites PVEg-BaTiOs; 5 wt %.

As displayed in Figure 5a, the XRD patterns of the as received ceramic BeriQparticles
exhibits the characteristic peaks located?gt 22°, 31°, 38°, and 45° assignéal the
diffractions planes (100), (110), (111) and (200), respectively, corresponding to cubic phase
of BaTiO;[35][36]. The diffraction patterns (Figure 4b) of PVDF display peaksjatr°,

18°, 19° and 26° attributed to (100), (020), (110) and (021) diffraction planes, respectively,
characteri sti c [19,84,30 Nopchasasteristio diffradtian péak relatedbto
phase of PVDF was observed @=20.26°(corresponding to diffraction planes (110) and
(200)) [19] (Figure 5b). Finally, the XRD patterns of PVEFBaTiO; nanocomposites
containing 5 wt% of BaTi@(Figure 5c) show both peaks of BaEi@ramic particlea nd U
phase of PVDF. On the other hand, t he XRD
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phase during then-situ RAFT polymerization of VDF in the presence of &R, and
confirm the results obtained by HR study. A similar result was obtained iretpreparation
of PVDF-g-BaTiO; 20% wt nanocomposite during melt procgs4.

lll. 3.5.2 ScanningElectronic Microscopy (SEM)

The resulting nanocomposites were analyzed by electron microscopy (SEM and TEM). First,
SEM enabled to evaluate the dispersionnahofillers within matrix polymer$25],[38].

Figure 6a exhibits a typical SEM image obtained for the PgFaTiO; nanocomposites

using different BaTi@ concentrations. In all nanocomposites, Bagfitanoparticles are
embedded within the PVDF polymer matrexpd neither agglomeration no pores could be
found. These results indicate that the Balm@noparticles are well dispersed in the PVDF
matrix and thastrong chemical bonding exists betweenBadiO; core and the PVDF shell.
Furthermore, theelemental analysis (EDX, Figure 6b) scan of PWpBaTIO;
nanocomposites reveals the characteristic peaks of Ba, Ti, O, C and F, the compositions of
which are in sitable agreement with the BT percentages used in the preparation of

nanocomposites. These results clearly indicate the successful formation ofgPREIRO;.

123



PVDF-g-BT 3% i PVDF-g-BT 5%

PVDF-g-BT 10%

Figure 6. (a): SEM micrographs of PVD§BaTiO; nanocomposites from different BT
loadings (scan bar: 2@m), and (b) : their respective elemental analysis (EDX).
lll. 3.5.3 TransmissionElectronic Microscopy (TEM)

TEM was also used to observe the morphology of pristine and organomodified ;BaTiO
nanoparticles, and the functionalized Bag (BT) nanopatrticles via RAFT polymerization of
VDF. TEM images of BT, BIOH, BT-CPTSand BTXA are displayed in Figure 7.
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