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CERAMIC-POLYMER NANOCOMPOSITES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of priority of US provisional application No.

61/820,375 filed on 7 May 2013, the content of which is incorporated herein by reference in

its entirety for all purposes.

TECHNICAL FIELD

[0002] The invention relates to methods of preparing ceramic-polymer nanocomposites

and ceramic-polymer nanocomposites prepared thereof.

BACKGROUND

[0003] High dielectric constant polymer composites have attracted great interest recently

for applications such as bypass capacitor in microelectronics and energy-storage devices. By

combining ceramic materials of large permittivity with polymers of high breakdown strength,

devices having superior energy storage capacity may be obtained.

[0004] Compared to conventional ceramic materials, polymer-based dielectric materials

offer processing advantages, such as mechanical flexibility and ability to be molded onto

intricate configurations for electronic and electric devices with reduced volume and weight.

[0005] Because of differences in surface characteristics between the inorganic

reinforcement fillers and the organic matrix, however, it is difficult to disperse the

reinforcement fillers uniformly. This in turn affects electrical performance of the inorganic-

polymer composites negatively.

[0006] In view of the above, inorganic-polymer nanocomposites have been prepared

using methods, such as mechanical blending and solution mixing, to improve nanoparticle

dispersion in the polymer matrix. These methods suffer from drawbacks such as nanoparticle

aggregation and phase separation as a result of host guest incompatibilities, which are

detrimental to electrical properties of the inorganic-polymer nanocomposites.

[0007] In view of the above, there remains a need for a method to prepare inorganic-

polymer nanocomposites that overcomes or at least alleviates one or more of the above-

mentioned problems.



SUMMARY

[0008] In a first aspect, the invention refers to a method of preparing a ceramic-polymer

nanocomposite. The method comprises

a) providing a polymer comprising radicals on a surface thereof;

b) contacting the polymer with a functionalizing agent to form a functionalized

polymer; and

c) either

(i) grafting a cross-linking agent onto the functionalized polymer to form a

graft copolymer, and attaching ceramic nanostructures to the graft copolymer

to form a ceramic-polymer nanocomposite, or

(ii) grafting a cross-linking agent onto ceramic nanostructures to form

modified ceramic nanostructures, and attaching the modified ceramic

nanostructures to the functionalized polymer to form a ceramic-polymer

nanocomposite.

[0009] In a second aspect, the invention refers to a ceramic-polymer nanocomposite

prepared by a method according to the first aspect.

[0010] In a third aspect, the invention refers to use of a ceramic-polymer nanocomposite

prepared by a method according to the first aspect in an electrostatic capacitor, an energy

storage device, power electronics, and display device.

BRIEF DESCRIPTION OF THE DRAWINGS

[001 1] The invention will be better understood with reference to the detailed description

when considered in conjunction with the non-limiting examples and the accompanying

drawings, in which:

[0012] FIG. 1A to FIG. ID depict a scheme for in situ polymerization of PVDF-g-

HEMA/BaTi0 nanocomposite, where FIG. 1A shows chain initiation; FIG. IB shows

dehydrofluorination with an alkaline solution; FIG. 1C shows chain termination; and FIG.

ID shows binding of PVDF-g-HEMA on BaTi0 3 nanoparticle surface. The nanocomposite

shown has a core-shell structure, in that the ceramic BaTi0 3 nanostructures form a shell

surrounding the PVDF-g-HEMA polymer core, wherein the BaTi0 nanostructures covers at

least partially, a surface of the PVDF-g-HEMA polymer.



[0013] FIG. 2A and FIG. 2B are transmission electron microscopy (TEM) images of

pristine PVDF and 30 wt% PVDF-g-HEMA/BaTi0 3 in situ powder, respectively. As can be

seen from FIG. 2A, pristine PVDF was shown to possess a spherical morphology. It may be

-clearly-seen—in— IG—2 B -that BaTi 3-nanostruetures-are dispersed very hOmOgeneously

without severe aggregation, and attach very well on the outer surface of PVDF particles after

in situ synthesis. FIG. 2C is a high resolution transmission electron microscopy (HR-TEM)

image of a single cubic BaTi0 3 nanoparticle on the PVDF surface. Presence of single crystal

BaTi0 3 small particles having a size in the range of 10 nm to 1 nm may be seen from FIG.

2C. FIG. 2D is a TEM line scan showing (i) oxygen, (ii) fluorine, (iii) barium, and (iv)

titanium elements of in situ synthesized of PVDF-g-HEMA/BaTi0 3 powder. Referring to

FIG. 2C, lattice spacing of 0.285 nm corresponds to inter-planar distance of the < 110> plane

in cubic BaTi0 . The energy dispersive spectroscopy (EDS) line scan and elemental map

further confirm distribution of BaTi0 3 nanostructures on the outer shell of PVDF polymeric

spheres as shown in FIG. 2D. Further, BaTi0 3 nanostructures are evident from presence of

high Ba and Ti content found at the peripheral in the TEM-EDS line scan.

[0014] FIG. 3A is a graph showing dependences of dielectric constant of PVDF-g-

HEMA/BaTi0 3 in situ synthesized composite on frequency measured at room temperature

from 102 to 10 Hz. FIG. 3B is a graph showing dependences of dielectric loss of PVDF-g-

HEMA/BaTi0 3 in situ synthesized composite on frequency measured at room temperature

from 102 to 106 Hz. From the results obtained, electrical properties of the core-shell

structured nanocomposite have been demonstrated. Promise of core-shell structured PVDF-g-

HEMA/BaTi0 nanocomposites via novel in situ synthesis method for high performance

capacitors has been unambiguously demonstrated, with dielectric constant reaching up to 333

and dielectric loss of 0.73 for core-shell structured PVDF-g-HEMA/BaTi0 3 30 wt% at 1 kHz,

and a dielectric constant greater than 610 at 100 Hz with 30 wt% BaTi0 3.

[0015] FIG. 4A to FIG. 4C depict a scheme for in situ polymerization of dopamine-

BaTi0 3/PVDF, where FIG. 4A shows surface functionalization of BaTi0 3 nano-powders

with dopamine; FIG. 4B shows dehydrofluorination with an alkaline solution; and FIG. 4C

shows binding of dopamine-BaTi0 3 on PVDF nanoparticle surface.

[0016] FIG. 5A is a graph showing dependences of dielectric constant of pristine PVDF

and various weight percentage of dopamine-BaTi0 3/PVDF in situ synthesized composite on

frequency measured at room temperature from 10 to 10 Hz. FIG. 5B is a graph showing



dependences of dielectric loss of pristine PVDF and various weight percentage of dopamine-

BaTi0 3/PVDF in situ synthesized composite on frequency measured at room temperature

from 10 to 106 Hz.

[00L7] FIG. 6A is a-graph showingreleetrie displaeement fi eld-(D E) loop measured under

applied fields at 266 MV/m at room temperature. FIG. 6B is a graph showing dependence of

energy density of dopamine-BaTi0 3/PVDF in situ synthesized composite measured under

different applied field. As may be seen, energy density of in situ synthesis of core-shell

structured dopamine-BaTi0 3/PVDF nanocomposite can be reached up to 18.38 J/cm3.

[0018] FIG. 7A is an electric displacement-field (D-E) loop measured under different

applied fields at room temperature in silicon oil for pristine PVDF. FIG. 7B is an electric

displacement-field (D-E) loop measured under different applied fields at room temperature in

silicon oil for 5 wt% in situ surface functionalized dopamine-BaTi0 /PVDF. FIG. 7C is an

electric displacement-field (D-E) loop measured under different applied fields at room

temperature in silicon oil for 7.5 wt% in situ surface functionalized dopamine-BaTi0 /PVDF.

FIG. 7D is an electric displacement-field (D-E) loop measured under different applied fields

at room temperature in silicon oil for 10 wt% in situ surface functionalized dopamine-BaTi0

/PVDF. FIG. 7E is an electric displacement-field (D-E) loop measured under different

applied fields at room temperature in silicon oil for 12.5 wt% in situ surface functionalized

dopamine-BaTi0 3 /PVDF.

[0019] FIG. 8 is a graph showing Fourier transform infrared spectroscopy (FT-IR) spectra

of (a) pristine PVDF, (b) PVDF-g-HEMA/B aTi0 3 composite with 30 wt % of BaTi0
.

[0020] FIG. 9 is a graph showing X-ray diffraction (XRD) patterns of in situ synthesis of

PVDF-g-HEMA/BaTi0 3 composites with various weight% of BaTi0 3 (a) 10, (b) 20 and (c)

30 wt%.

[0021] FIG. 10A is a TEM image of pristine BaTi0 nanostructures. FIG. 10B is a TEM

image of pristine PVDF polymer powders. FIG. IOC is a TEM image of 10 wt% dopamine-

BaTi0 3/PVDF nanocomposite. FIG. 10D is a graph showing FT-IR spectra of (I) pure

BaTi0 3, (II) pristine PVDF; and (III) 10 wt% dopamine-BaTi0 /PVDF particles with 10 wt%

0fBaTiO 3.

[0022] FIG. 11 is a graph showing XRD patterns of (a) BaTi0 3 nanoparticle synthesized

using refluxing method at 100 C and for 2 hrs; (b) pristine PVDF powder; and (c) 10 wt%

dopamine-BaTi0 /PVDF in situ synthesized composite.



DETAILED DESCRIPTION

[0023] By grafting a cross-linking agent to a polymer or to ceramic nanostructures,

agg omeration of -ceramic- nanostructures- in -the eeramie-polymer nanocomposite - aj

disrupted. This translates into homogeneously dispersed ceramic nanostructures in the

ceramic-polymer nanocomposite. In various embodiments, the ceramic nanostructures may at

least partially or substantially cover a surface of the polymer such that they form a shell over

the polymer core. Advantageously, the method may be carried out without using any catalyst

and chemical initiators. Further, presence of the cross-linking agent improves compatibility

between the ceramic nanostructures, which act as fillers, and the polymer matrix to allow

formation of uniform nanocomposite films even at high filler concentrations.

[0024] Significant improvements in dielectric properties and energy density have been

demonstrated for ceramic-polymer nanocomposites prepared using a method disclosed

herein. In one embodiment, for example, dielectric constant obtained for core-shell structured

PVDF-g-HEMA/BaTi0 is 30 times higher than that of BaTi0 3/PVDF composite performed

at 100 Hz. In another embodiment, energy density obtained for dopamine-BaTi0 3/PVDF is

18.38 J/cm at 266 MV/m, which.is a significant improvement over that of BaTi0 3/PVDF,

where typical BaTi0 3/PVDF energy density is only in the range of 2 to 3 J/cm3.

[0025] Accordingly, the present invention refers in a first aspect to a method for preparing

a ceramic-polymer nanocomposite. The term "nanocomposite" as used herein refers to a

material formed from two or more different components, in which one of the components has

a size in the nanometer range, and the material having a functional and/or a structural

property that is different from that of the individual components.

[0026] The nanocomposite comprises or consists essentially of a polymer and ceramic

nanostructures. As used herein, the term "polymer" refers to a large molecule containing a

plurality of repeating units or monomers. The polymer may be formed via polymerization of

10, 100, 1000, 10000 or more repeating units or monomers, and the repeating units or

monomers may be connected to each other by covalent bonds. The polymer may be a

homopolymer, where it is made up of a single type of monomer; a copolymer, where it is

made up of two different types of monomers; a terpolymer, where it is made up of three

different types of monomers; or combinations thereof.



[0027] Examples of polymers include, but are not limited to, poly(viylidene fluoride)

(PVDF) and its copolymers such as poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-

TrFE), poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), poly(vinylidene

fluoride-co-trifluoroethylene) —(PVDF-TrFE-GTFE);—polycarbonate —(PC),—epoxy resin

sulfonate styrene-b-(ethylene-ranbutylene)-b-styrene (S-SEBS), polypropylene (PP),

poly(methyl methacrylate) (PMMA), polystyrene (PS), mixtures thereof, and copolymers

thereof.

[0028] The polymer may comprise or consist of a fluoropolymer. The term

"fluoropolymer" as used herein refers to a polymer having at least one fluorine-containing

monomer. The fluoropolymer may be a homopolymer, a copolymer, or a terpolymer,

depending on the number of different types of monomers that are used to form the

fluropolymer.

[0029] The fluoropolymer may be selected from the group consisting of

polytetrafluoroethylene (PTFE), fluorinated ethylene-propylene (FEP), perfluoroalkoxy

polymer resin (PFA), polychlorotrifluoroethylene (PCTFE), polytrifluoroethylene, polyvinyl

idene fluoride (PVDF), polyvinyl fluoride (PVF), tetrafluoroethylene-ethylene copolymer

resin (ETFE), fluoroethylene propylene ether resin (EPE), copolymers thereof, and

terpolymers thereof.

[0030] In various embodiments, the polymer comprises or consists of a polymer or

copolymer of tetrafiuoroethylene, hexafluoropropylene, and/or vinylidene fluoride. In

specific embodiments, the polymer comprises or consists of a polymer or copolymer of

vinylidene fluoride selected from the group consisting of polyvinylidene fluoride (PVDF),

poly(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE),

poly(vinylidenefluoridehexafluoropropylene) (PVDF-HEP), poly(vinylidene fluoride

chlorotrifluoroethylene) (PVDF-CTFE), vinylidene fluoride-trifluoroethylene-

chlorofluoroethylene terpolymer (PVDF-TrFE-CFE), and mixtures thereof.

[003 1] The method includes providing a polymer comprising radicals on a surface thereof.

Generally, any method that is able to generate radicals on the polymer surface may be used.

For example, this may be achieved via a chemical route, etching, or by exposure to a high

energy radiation. In various embodiments, providing a polymer comprising radicals on a

surface thereof may include irradiating a polymer with radiation.



[0032] As used herein, the term "radiation" refers to energy that is being radiated or

transmitted in the form of rays, waves, or particles. The radiation may, for example, be

electromagnetic waves in the visible or invisible spectrum, such as visible light, infrared,

ultraviolet light, radio waves^plasma^X-rays^-and y-rays to-name a fewr^he ra ti n niay

also be in the form of ionizing radiation, such as electron beam and ion beam. Generally, the

type of radiation that may be used is not limited as long as radicals on a polymer are

generated.

[0033] In various embodiments, providing a polymer comprising radicals on a surface

thereof comprises irradiating a polymer with radiation selected from the group consisting of

ultraviolet light, plasma, X-rays, γ -rays, electron beam, ion beam, and combinations thereof.

In specific embodiments, providing a polymer comprising radicals on a surface thereof

comprises irradiating a polymer with an electron beam.

[0034] Advantageously, by irradiating a polymer with radiation, this allows surface

modification on the molecular scale of chemically stable materials such as PVDF and its

copolymers to take place. For example, the radiation is able to break the chemical bonds of

the fluoropolymer to produce radicals on the fluoropolymer. In the case of PVDF and its

copolymers, for example, bond strength of C-H is weaker than C-C and C-F bonds. When

low radiation dose is used, selective breakage of C-H bonds may take place to allow

abstraction of H from the C-H bonds. Accordingly, active sites of PVDF to initiate

polymerization may be alkyl radicals, such as that shown in FIG. 1A.

[0035] The method for preparing a ceramic-polymer nanocomposite includes contacting

the polymer with a functionalizing agent to form a functionalized polymer.

[0036] As used herein, the term "functionalizing agent" refers to a compound or a moiety

that alters chemical nature of the polymer surface by introducing a functional group on the

polymer. For example, the functionalizing agent may introduce a functional group on the

polymer by chemically reacting with the polymer. The functionalizing agent may also

introduce a functional group on the polymer by depositing a layer of the functionalizing agent

on the polymer. Examples of functional group that may be introduced by the functionalizing

agent the polymer include, but are not limited to, a carboxyl group, a hydroxyl group, an

epoxy group, an organophosphorous group, and an amine group. In various embodiments, the

functional group introduced by the functionalizing agent to the polymer is a hydroxyl group.



[0037] The functionalizing agent may comprise or consist of an alkaline solution selected

from the group consisting of alkali metal hydroxides, ammonium hydroxide, and mixtures

thereof. By reacting alkali metal hydroxides with the polymer, for example, the polymer may

be—functionalized with—hydroxyl—groups—on—its—surface— In—various embodiments the

functionalized polymer comprises a hydroxyl group.

[0038] Examples of alkali metal hydroxides that may be used include lithium hydroxide

(LiOH), sodium hydroxide (NaOH), potassium hydroxide ( OH), rubidium hydroxide

(RbOH), and caesium hydroxide (CsOH). In specific embodiments, the functionalizing agent

comprises or consists of sodium hydroxide.

[0039] The method of the first aspect includes either (i) grafting a cross-linking agent onto

the functionalized polymer to form a graft copolymer, and attaching ceramic nanostructures

to the graft copolymer to form a ceramic-polymer nanocomposite, or (ii) grafting a cross-

linking agent onto ceramic nanostructures to form modified ceramic nanostructures, and

attaching the modified ceramic nanostructures to the functionalized polymer to form a

ceramic-polymer nanocomposite.

[0040] The term "cross-linking agent" as used herein refers to a compound that is able to

chemically bond to the polymer and to the ceramic nanoparticles. The cross-linking agent

may contain one or more functional groups, such as hydroxyl groups, for chemically bonding

with the polymer and the ceramic nanoparticles. In various embodiments, the cross-linking

agent is selected from the group consisting of 2-hydroxymethyl methacrylate (HEMA),

dopamine, and mixtures thereof. Although use of cross-linking agents having a hydroxyl

group is desirable, other cross-linking agents may also be used. Examples include silanes,

such as 3-Aminopropyltriethoxysilane, which is commercially available as KH550.

[0041] In embodiments where the cross-linking agent is dopamine, the dopamine may be

dissolved in a suitable solvent such as a Tris-buffer solution. The term "Tris-buffer solution"

refers to a buffer solution comprising tris(hydroxymethyl)-amino-methane having the

chemical formula (HOCH 2)3CNH 2, and which may be used to maintain pH of the solution at

a constant level. When dopamine is grafted onto the ceramic nanoparticles, for example, it

may undergo a spontaneous oxidation reaction to form polydopamine. The hydroxyl groups

on the polydopamine modified nanoparticles may also act as bridge links between the

ceramic nanostructures and the polymer matrix to prevent aggregate formation and enhance

dispersion of the ceramic nanostructures in the polymer matrix.



[0042] The term "grafting" is used to refer to chemical attachment of a compound and/or a

moiety onto another material. As mentioned above, a cross-linking agent may be grafted onto

the functionalized polymer to form a graft copolymer, or may be grafted onto ceramic

nanostructures to form modified ceramic nanostructures. For example, when the cross-linking

agent comprises or consists of HEMA, it may be grafted onto a fluoropolymer such as PVDF

to form a PVDF-g-HEMA copolymer. As another example, when the cross-linking agent

comprises or consists of dopamine, it may be grafted onto a ceramic nanoparticle, such as

barium titanate, to form a modified ceramic nanoparticle.

[0043] To form the ceramic-polymer nanocomposite, ceramic nanostructures are attached

to the graft copolymer. Alternatively, when cross-linking agents are grafted onto ceramic

nanostructures, the ceramic-polymer nanocomposite may be formed by attaching ceramic

nanostructures having cross-linking agents grafted thereon to the functionalized polymer.

[0044] As used herein, the term "ceramic nanostructures" refers to nanostructures having

at least one dimension in the nanometer range, and which comprise or consists of inorganic,

non-metallic solids having dielectric properties. The ceramic materials may have a

amorphous structure or be at least partially crystalline.

[0045] Examples of nanostructures that may be used include nanoparticles, nanopowder,

nanorods, nanowires, nanotubes, nanodiscs, nanoflowers, nanoflakes and nanofilms. In

various embodiments, the ceramic nanostructures are ceramic nanoparticles.

[0046] In various embodiments, at least one dimension of the ceramic nanostructures is

less than 100 nm. For example, the at least one dimension of the ceramic nanostructure may

have a length in the range of about 1 nm to about 100 nm, about 1 nm to about 80 nm, about

1 nm to about 60 nm, about 1 nm to about 40 nm, about 10 nm to about 100 nm, about 10 nm

to about 80 nm, about 10 nm to about 60 nm, about 10 nm to about 40 nm, about 20 nm to

about 80 nm, or about 30 nm to about 60 nm.

[0047] The ceramic nanostructures may comprise or consist of a ceramic material such as,

but are not limited to, barium titanate, strontium titanate, calcium titanate, magnesium titanate,

neodymium titanate, lead titanate, lead zirconate, barium zirconate, barium titanyl oxalate,

boron nitride, titanium nitride, silicon nitride, tantalum nitride, and mixtures thereof. In

various embodiments, the ceramic nanostructures are selected from the group consisting of

barium titanyl oxalate, barium titanate, boron nitride, titanium nitride, silicon nitride,



tantalum nitride, and mixtures thereof. In specific embodiments, the ceramic nanostructures

comprise or consist of barium titanate.

[0048] The ceramic nanostructures may be essentially monodisperse, whereby the term

^'monodisperse!Lrefers o- the nanost e

nanostructures may not be regular in shape and/or be of the same shape, the term "size" as

used herein refers to the maximal dimension of the nanostructures. In various embodiments,

the maximal dimension of the nanostructure is less than 100 nm.

[0049] The ceramic nanostructures may be attached to a surface of the polymer, such that

the ceramic nanostructures cover at least partially a surface of the polymer. In various

embodiments, the ceramic nanostructures cover a substantial portion of the polymer surface.

In so doing, a ceramic-polymer nanocomposite having a core-shell structure, with the ceramic

nanostructures making up the shell and the polymer making up the core, may be formed.

[0050] In various embodiments, attaching the ceramic nanostructures to the graft

copolymer includes functionalizing the ceramic nanostructures with an -OH group, and

chemically reacting the ceramic nanostructures with the graft copolymer to covalently attach

the ceramic nanostructures to the graft copolymer.

[0051] In specific embodiments, functionalizing the ceramic nanostructures with an -OH

group may take place by reacting the ceramic nanostructures with an alkaline solution.

Examples of alkaline solution that may be used have already been described above. In cases

where the functionalizing agent comprises or consists of an alkaline solution, the ceramic

nanostructures may react with residual alkaline solution from formation of the functionalized

polymer, such that the ceramic nanostructures are functionalized with an -OH group.

[0052] Chemically reacting the ceramic nanostructures with the graft copolymer to

covalently attach the ceramic nanostructures to the graft copolymer may be carried out at any

suitable temperature and for any suitable length of time. In various embodiments, chemically

reacting the ceramic nanostructures with the graft copolymer is carried out at a temperature in

the range of about 80 °C to about 150 °C, such as about 80 °C to about 130 °C, about 80 °C

to about 100 °C, about 90 °C to about 120 °C, about 100 °C to about 150 °C, about 90 °C,

about 100 °C or about 110 °C. In specific embodiments, chemically reacting the ceramic

nanostructures with the graft copolymer is carried out at about 100 °C. In specific

embodiments, the reaction is carried out for about 2 hours.



[0053] In various embodiments, attaching the modified ceramic nanostructures to the

functionalized polymer includes chemically reacting the modified ceramic nanostructures

with the functionalized polymer to covalently attach the modified ceramic nanostructures to

the functionalized polymer.

[0054] In various embodiments, chemically reacting the modified ceramic nanostructures

with the functionalized polymer is carried out at a temperature in the range of about 80 °C to

about 150 °C, such as about 80 °C to about 130 °C, about 80 °C to about 100 °C, about 90 °C

to about 120 °C, about 100 °C to about 150 °C, about 90 °C, about 100 °C or about 110 °C.

In specific embodiments, chemically reacting the modified ceramic nanostructures with the

functionalized polymer is carried out at about 100 °C.

[0055] Grafting of the cross-linking agent to the functionalized polymer and/or the

ceramic nanostructures may be carried out in a reflux condenser. Similarly, attaching ceramic

nanostructures to the graft copolymer, and/or attaching the modified ceramic nanostructures

to the functionalized polymer to form a ceramic-polymer nanocomposite may also be carried

out in a reflux condenser. Advantageously, refluxing provides effective stirring for an

extended period of time without the need to add more solvent or the fear of reactants boiling

dry in the reaction vessel, as any vapor is immediately condensed in the condenser.

[0056] As mentioned above, by grafting a cross-linking agent to a polymer or to ceramic

nanostructures, agglomeration of ceramic nanostructures in the ceramic-polymer

nanocomposite may be disrupted. This translates into homogeneously dispersed ceramic

nanostructures in the ceramic-polymer nanocomposite. Due to the improved dispersion of

ceramic nanostructures in the ceramic-polymer nanocomposite, improvements in electric

properties such as dielectric properties and energy density have been demonstrated for

ceramic-polymer nanocomposites prepared using a method disclosed herein.

[0057] The invention refers in a second aspect to a ceramic-polymer nancomposite

prepared by a method according to the first aspect. Examples of ceramic nanostructures and

polymers that may be used have already been described above.

[0058] The ceramic nanostructures may be covalently bonded to the polymers, and may

form network connections in the nanocomposite. This reduces the breakdown voltage and

increases the dielectric loss of the nanocomposite, and associated thin films containing the

nanocomposite.



[0059] The ceramic nanostructures are attached to a surface of the polymer. In so doing,

the ceramic nanostructures may at least partially cover surface of the polymer, such that a

ceramic-polymer nanocomposite having a core-shell structure is formed.

_[0060] Advantageously^the— ceramic—nanostraetures-in the nanocomposites ~ act as a

nucleating agent to increase degree of crystallinity of the amorphous polymer matrix. The

crystallinity may improve with an increase in loading level of nanostructures. This in turn

leads to enhanced polarizability, thereby resulting in improved electrical properties.

[0061] The amount of ceramic nanostructures in the ceramic-polymer composite may be

in the range of about 5 wt% to about 40 wt%, such as about 5 wt% to about 35 wt%, about 5

wt% to about 30 wt%, about 10 wt% to about 40 wt%, about 15 wt% to about 40 wt%, about

20 wt% to about 40 wt%, about 10 wt% to about 30 wt%, about 10 wt%, about 20 wt%, or

about 30 wt%. In specific embodiments, the amount of ceramic nanostructures in the

ceramic-polymer composite is about 30 wt%.

[0062] In line with the above, the amount of polymer in the ceramic-polymer composite

may be in the range of about 60 wt% to about 95 wt%, such as about 65 wt% to about 95

wt%, about 70 wt% to about 95 wt%, about 60 wt% to about 90 wt%, about 65 wt% to about

85 wt%, about 65 wt% to about 75 wt%, about 70 wt% to about 75 wt%, about 70 wt%,

about 80 wt%, or about 90 wt%. In specific embodiments, the amount of polymer in the

ceramic-polymer composite is about 70 wt%.

[0063] The invention refers in a further aspect to use of a ceramic-polymer nanocomposite

prepared by a method according to the first aspect in an electrostatic capacitor, an energy

storage device, power electronics, and display device.

[0064] Hereinafter, the present invention will be described more fully with reference to

the accompanying drawings, in which exemplary embodiments of the invention are shown.

This invention may, however, be embodied in many different forms and should not be

construed as limited to the exemplary embodiments set forth herein. Rather, these

embodiments are provided so that this disclosure will be thorough and complete, and will

fully convey the scope of the invention to those skilled in the art. In the drawings, lengths and

sizes of layers and regions may be exaggerated for clarity.

[0065] As used herein, the term "and/or" includes any and all combinations of one or more

of the associated listed items. The terminology used herein is for the purpose of describing

particular embodiments only and is not intended to be limiting of the invention. As used



herein, the singular forms "a", "an" and "the" are intended to include the plural forms as well,

unless the context clearly indicates otherwise. It will be further understood that the terms

"comprises" and/or "comprising," when used in this specification, specify the presence of

^ate dJfeaJ¾res,Lintegers,_steps, operations^elements^and/or eomponents, but do not preclude

the presence or addition of one or more other features, integers, steps, operations, elements,

components, and/or groups thereof.

[0066] The invention illustratively described herein may suitably be practiced in the

absence of any element or elements, limitation or limitations, not specifically disclosed

herein. Thus, for example, the terms "comprising", "including", "containing", etc. shall be

read expansively and without limitation. Additionally, the terms and expressions employed

herein have been used as terms of description and not of limitation, and there is no intention

in the use of such terms and expressions of excluding any equivalents of the features shown

and described or portions thereof, but it is recognized that various modifications are possible

within the scope of the invention claimed. Thus, it should be understood that although the

present invention has been specifically disclosed by preferred embodiments and optional

features, modification and variation of the inventions embodied therein herein disclosed may

be resorted to by those skilled in the art, and that such modifications and variations are

considered to be within the scope of this invention.

[0067] The invention has been described broadly and genetically herein. Each of the

narrower species and subgeneric groupings falling within the generic disclosure also form

part of the invention. This includes the generic description of the invention with a proviso or

negative limitation removing any subject matter from the genus, regardless of whether or not

the excised material is specifically recited herein.

[0068] Other embodiments are within the following claims and non- limiting examples. In

addition, where features or aspects of the invention are described in terms of Markush groups,

those skilled in the art will recognize that the invention is also thereby described in terms of

any individual member or subgroup of members of the Markush group.

EXPERIMENTAL SECTION

[0069] In exemplary embodiments, in situ synthesis was used to prepare core-shell

structured ceramic-polymer nanocomposites, whereby the dielectric nanostructure shell is



attached well on insulating polymer core surface to prevent aggregation problem for

nanocomposite.

[0070] Core-shell structured ceramic-polymer nanocomposites were prepared using

various types of cross-linking agents via- t -synthesis-methods for the benefit of h gl

embodiments, the core-shell structured PVDF-g-HEMA/BaTi0 powder was formed under

reflux, whereby in situ synthesis of the core-shell structured PVDF-g-HEMA/BaTi0 3 powder

was carried out in a reflux condenser.

[0071] From the experiments carried out, it has been found that dielectric constant of 30

wt% core-shell structured PVDF-g-HEMA/BaTi0 3 nanocomposite may reach a value of 333

with a dielectric loss 0.73 for in situ synthesis at a frequency of 1 kHz. Energy density of 10

wt% core-shell structured Dopamine-BaTi0 3/PVDF nanocomposite may reach a value of

18.38 J/cm3 for in situ synthesis.

[0072] Example 1: Mechanism for in situ synthesis of core-shell structured ceramic-

polymer nanocomposite

[0073] Due to very high chemical stability of fiuoropolymers, extremely harsh conditions

are generally required to modify the surface on the molecular scale. This may be achieved via

chemical route, etching, or exposure to high energy radiation. Electron beams are able to

break the chemical bonds of fiuoropolymers, and produce free radicals depending upon the

radiation dose. PVDF polymer was preirradiated using an electron beam.

[0074] In the case of PVDF polymer, bond strength of C-H bond is weaker than C-C and

C-F bonds. When low radiation dose is used, there is a highest possibility of abstraction of H

from C-H bond. Therefore, the active sites of PVDF to initiate the polymerization are the

alkyl radicals: (i) mid chain -CF -C*H-CF2- (ii) and end chain -CF -C*H2- as shown in FIG.

1A.

[0075] To modify PVDF to form the groups that are capable of reacting with HEMA

molecules, a chemical dehydrofluorination with an alkaline solution was carried out.

Reaction of PVDF with organic or inorganic bases mainly leads to the elimination of HF and

formation of unsaturated bonds, such as that shown in FIG. IB. In the experiments carried

out, irradiated PVDF was suspended in a 1 NaOH solution in a flask.

[0076] After treatment with sodium hydroxide (NaOH), the solution is mixed with

hydroxyethylmethacrylate (HEMA) monomer to initiate the graft polymerization of HEMA



to PVDF. A definite amount of the monomer (HEMA) was added. The graft polymerization

was performed at a particular temperature for a definite time period under stirring in a heating

mantle fitted with a reflux condenser which was sealed.

[0077] During the first-step of-initiation-the monomer diffuses through t e aft¾ p ¾ ion

and reacts with other radicals.

[0078] The second step of propagation involves addition of monomer to the reactive sites

of the matrix and further propagation of the monomer forming macroradicals.

[0079] In the third step of termination as shown in FIG. 1C, polymeric macroradicals

combine to yield the final product.

[0080] After completion of grafting reaction, BaTi0 3 solution is added into the HEMA-g-

PVDF solution and the reaction is carried out at 100 °C for 2 h using a reflux condenser.

Surface of BaTi0 3 nanoparticle contains OH groups. Based on covalent bonding, the -OH

group of PVDF-g-HEMA is expected to strongly bind to BaTi0 surface as illustrated in FIG.

ID.

[0081] After the grafting reaction, in situ formed core-shell structured power (PVDF-g-

HEMA/BaTi0 3) was centrifuged at 8000 rpm and washed with deionized water and methanol

for several times to remove residual o unreacted HEMA monomer and possible

homopolymers that were formed.

[0082] Subsequently, the core-shell structured PVDF-g-HEMA/BaTi0 3 power was dried

in oven at 100 °C.

[0083] Example 2: Core-shell structured ceramic-polymer powder prepared using

refluxing method

[0084] The HEMA is grafted onto PVDF surface. Subsequently, the in situ BaTi0 3

nanopartice synthesis is carried out using refluxing method in presence of PVDF-g-HEMA to

form the PVDF-g-HEMA/BaTi0 3 nanocomposites.

[0085] It may be clearly seen in FIG. 2B that BaTi0 nanostructures are dispersed very

homogeneously without severe aggregation, and attached very well on the outer surface of

PVDF particles after in situ synthesis.

[0086] Example 3 : Core-shell structured ceramic-polymer powder prepared by

different cross-linking agents

[0087] Optimal experimental condition of grafting HEMA-g-PVDF has been used as

established using the following methodology.



[0088] Irradiated PVDF (200 mg) was suspended in a known amount of distilled water in

a flask. A definite amount (1.5 mL) of the HEMA monomer was added. Subsequently,

nitrogen was purged through the solution for 30 min to remove oxygen. After that, the graft

polymerization was performed at a particular temperature (55- G)^nderstirring in a heating

mantle fitted with a reflux condenser which was sealed. After the completion of reaction, the

grafted powder (HEMA-g-PVDF) was filtered and washed with hot water, then extracted by

methanol in Soxhlet apparatus to remove residual HEMA monomer and possible

homopolymer that was formed. Finally, the HEMA-g-PVDF powder was dried to constant

weight in vacuum oven at 50 °C.

[0089] The BaTi0 3 solution was prepared by co-precipitation method which contains -OH

group on the BaTi0 3 nanoparticle surface. Based on covalent bonding, the -OH group of

PVDF-g-HEMA is expected to strongly bind to BaTi0 3 nanoparticle FT-IR was carried out

and spectra as shown in FIG. 8 were generated for pristine PVDF and HEMA-PVDF with 30

wt % of BaTi0 3 nanostructures to confirm the successful grafting and in situ synthesis.

[0090] In the spectrum of pristine PVDF powder, the characteristic absorption bands at

1198 cm ' and 1412 cm 1 are due to the absorption peaks of -CF 2 stretching and CH2

stretching modes respectively. The asymmetric and symmetric stretching vibrations of the

CH2 group in the pristine PVDF can be located, respectively, at 3028 cm 1 and 2975 cm 1.

The spectrum for HEMA grafted PVDF with 30 wt% BTO nanocomposites clearly shows the

existence of vibration modes corresponding to C=0 bands at 1749 cm 1 and C=C band stretch

at around 1635 cm 1. The C=C stretch mode at 1635 cm 1 can be well attributed to the HEMA

monomer, which is present on the surface of the PVDF. The peaks at 1407 cm 1 and 1188 cm

correspond to CH2 and C-O groups in the grafted poly HEMA chains. Meanwhile, the C-H

stretching of the PVDF structure located at 2975 cm 1 and 3028 cm 1 weakened with grafting

of HEMA graft chains in the modified PVDF powder.

[0091] The above results provide strong evidence for the successful grafting of HEMA

onto the PVDF through covalent bonds. The band at 600 cm 1 is attributed to Ti-O bond of

Ti0 6 octahedron in BaTi0 3. The peak at 1059 cm 1 corresponds to v C-OTi group of BaTi0 .

When compared to that in FIG. 8(a), the stretching band of the -OH group was shifted to a

higher wave number at 3467 cm in FIG. 8(b), indicating a change in interaction strength of

hydrogen bonding after in situ surface functionalization. In addition, the characteristic



absorption at the range of 3300 cm 1 to 3500 cm 1 assigned to the hydroxyl groups becomes

broader and stronger since the HEMA units were introduced on the BaTi0 3 surface.

[0092] The crystal structures of the synthesized nanocomposites via in situ surface

mnetionalization-of HEMA-PVDF with various percentages of BaTiO^are investigated s n g

XRD.

[0093] FIG. 9 shows that the corresponding XRD peaks of the in situ surface

functionalized BaTi0 nanostructures belong to the cubic phase (JCPDS card 310174:

a=4.031 A) with various weight% of BaTi0 3 (a) 10 wt%, (b) 20 wt% and (c) 30 wt%. The

peak at 29=26.5°, can be attributed to the (022) diffractions from γ crystal plane, indicating

the existence of minority γ -PVDF phase. In additon, the peaks at about 18.5° and 20.1° are

the (020) and ( 110) diffractions of the γ phase crystal planes, respectively. The diffraction

peaks due to BaTi0 become increasingly evident with increasing weight percentage of

BaTi0 3.

[0094] The size of BaTi0 3 nanostructures synthesized using refluxing method was less

than 100 nm as shown in FIG. 10A. In addition, the pristine PVDF particle is shown in FIG.

10B. The XRD patterns of BaTi0 3 nanostructures and PVDF match well with cubic phase

and γ -phase, respectively as shown in FIG. 11, where FIG. 11(a) BaTi0 nanoparticle

synthesized using refluxing method at 100 °C/2 hrs, FIG. 11(b) pristine PVDF powder, and

FIG. 11(c) 10 wt% dopamine-BaTi0 /PVDF in situ synthesized composite.

[0095] After in situ surface functionalization, the BaTi0 3 nanostructures were attached

well on the PVDF surface as shown in FIG. IOC. In situ surface functionalization of

nanocomposite has been confirmed successfully by FT-IR.

[0096] FIG. 10D-(I) shows FT-IR result of the pure nanostructures BaTi0 3 synthesized

by refluxing method. The broad peak at 3400 cm 1 indicates OH group in the pure BaTi0 3

sample. The OH group of BaTi0 3 nanoparticle is expected to react with OH group of

dopamine to form the covalent bond as illustrated by the reaction mechanism in FIG. 10B.

FT-IR result of pristine of PVDF power is shown in FIG. 10D-(II). The peaks at 2984 cm 1

and 3022 cm 1 can be assigned to the CH asymmetric and symmetric stretching for PVDF.

FIG. lOD-(III) shows the FT-IR spectra of BaTi0 3-dopamine/PVDF particles after in situ

surface functionalization (10 wt% dopamine-BaTi0 /PVDF with 10 wt% BaTi0 ) . A broad

band centered at 3460 cm 1 can be assigned to the stretching mode of OH. Several additional

vibrations due to various modes of aryl oxygen stretching, NH3
+ deformation and NH



bending are observed at 1276 cm 1, 1451 cm ' , and 1566 cm 1, respectively. It confirms the in

situ surface functionalization by dopamine was successful on BaTi0 particle surface.

[0097] Example 4 : Electrical properties of core-shell structured PVDF-g-

HEMA/BaTiOy

[0098] FIG. 3A and FIG. 3B show respectively, the dielectric constant and dielectric loss

for the nanocomposite with various weight percentages of BaTi0 3 nanostructures as fillers.

After in situ synthesis of the core-shell structured nanocomposite, the BaTi0 3 nanostructures

were dispersed homogeneously in the PVDF matrix, which minimizes the particle

agglomeration issue for the nanocomposite. Hence, the dielectric constant increases

throughout the measured frequency range with increasing BaTi0 3 wt%.

[0099] The dielectric constant of nanocomposite increases sharply and reaches as high as

610 (100 Hz) with 30 wt% BaTi0 3 as shown in FIG. 3A. The results show that the dielectric

constant of in situ synthesized core-shell structured PVDF-g-HEMA/BaTi0 3 composites

greatly increases to 13 times higher than those of BaTi0 3/PVDF composite at 100 Hz at 0.5

volume fraction of BaTi0 3.

[00100] The large enhancement in dielectric constant of the core-shell structured

nanocomposites with increase in particles loadings demonstrated may be linked to uniform

dispersion of the nanostructures as result of improved interaction between hydrophilic

polymer matrixes as well as strong bonding between BaTi0 3 and PVDF-g-HEMA.

[00101] Interaction of the nanostructures with the polymer matrix interfered with the

segmental motion or alters the semicrystalline structure of the polymer host, leading to

enhanced dielectric properties. In addition, the largest improvement of dielectric constant for

the core-shell structured nanocomposites synthesized via the novel in situ synthesis may be

attributed to the following.

[00102] Firstly, BaTi0 3 with a perovskite structure is a strong dielectric material and

contributes significantly to the nanocomposite.

[00103] Secondly, dielectric constant of HEMA (2-hydroxyethyl metharylate)-graft - poly

(vinylidene fluoride) (PVDF) copolymers is much higher with increase in polarizability, due

to the high dipole and polarizability of the O-H bond.

[00104] Finally, these nanostructures subsequently act as a nucleating agent and improve

the degree of crystallinity of the polymer matrix. As the crystalline region in the polymer is

responsible for polarization, an improved crystallinity with increase in nanostructures loading



offers a high polarizability and an enhanced dielectric constant. Furthermore since the

polymer matrix (PVDF-g-HEMA) is more amorphous as compared to pristine PVDF, there is

more charge accumulation at the amorphous/ crystalline interface in the nanocomposites with

-increasingioading which results inhigher-dielectric propertiesr

[001 05] The dielectric loss of PVDF-g-HEM A BaTi0 3 composite is given in FIG. 3B. The

dielectric loss increases with weight percentage of ceramic fillers. For the samples, with

highest nanoparticle loading, the dielectric loss increased substantially, presumably due to

imperfect filler packing, and agglomerization of the nanofiller.

[00106] Example 5 : Electrical properties of core-shell structured dopamine-

BaTiOVPVDF

[00107] Another cross-linking agent for core-shell structured ceramic-polymer

nanocomposite via in situ synthesized has been investigated as well. The mechanism for in

situ synthesis of core-shell structured dopamine-BaTi0 3/PVDF nanocomposite is shown in

FIG. 4.

[00108] FIG. 4A to FIG. 4C depict a scheme for in situ polymerization of dopamine-

BaTi0 3/PVDF, where FIG. 4A shows surface functionalization of BaTi0 3 nano-powders

with dopamine; FIG. 4B shows dehydrofluorination with an alkaline solution; and FIG. 4C

shows binding of dopamine-BaTi0 3 on PVDF nanoparticle surface.

[00109] In the experiments, barium titanate (BaTi0 3) nanostructures of sub- 100 nm

diameters were synthesized using refluxing method at 100 °C for 2 hrs. Dopamine was

dissolved in Tris buffer. After that, the dopamine solution was added to the BaTi0 3

nanostructures suspension.

[001 10] Refluxing was carried out at 100 °C for 2 hrs until the mixture changes into yellow

color. Covalent bonding is formed between dopamine and BaTi0 3 nanostructures by

refluxing method. The yellow color solution changes into brown color during refluxing.

[001 11] The irradiated PVDF (250 mg) was suspended in a known amount of dopamine-

BaTi0 3 solution in a flask for refluxing at 100 °C for about 2 hrs. After the reaction is

completed, the in situ synthesized core-shell structured powder (Dopamine-BaTi0 3- PVDF)

was washed with water for five times and collected using a centrifuge in order to remove the

residual free surfactant. Washed powders were dried for 12 hrs at 100 °C on a hot plate.

[001 12] Electrical properties of in situ synthesis of core-shell structured dopamine-

BaTi0 /PVDF nanocomposite are shown in FIG. 5 and FIG. 6 .



[001 13] For in situ:

[001 14] The dielectric constant and loss with various weight percentage of nanoparticle in

the nancomposite is plotted in FIG. 5A and FIG. 5B. The dielectric constant increases with

inerease-in-BaTi0 3-eontentr-At— 5-wt%-content of-the dopam e- T 0 3 nanoparticle,

PVDF based nanocomposite exhibits a dielectric constant of 29. Dielectric loss increases with

increasing weight percentage of ceramic fillers.

[001 15] The electrical energy density of dopamine-BaTi0 3/PVDF was measured by a

modified Sawyer-Tower circuit. As summarized in FIG. 6B, the addition of BaTi0 3

nanostructures into the polymers greatly increases the energy density of the material. The

electrical energy density dropped dramatically with further increase of the filler weight to

12.5 wt%.

[001 16] Without wishing to be bound by theory, it is postulated that the suitable

hydrophilic group on the polydopamine modified nanoparticle acts as a bridge-link between

interfaces of BaTi0 nanostructures and polymer matrix. These links facilitate elimination of

aggregate formation, followed by reduction in the concentration and mobility of ionizable

hydroxyl groups on the nanostructures surface which ultimately minimizes the leakage paths,

thereby translating to high dielectric properties. Furthermore, nanostructures in the

nanocomposites act as a nucleating agent which increases degree of crystallinity of the

amorphous polymer matrix. Such an improved crystallinity with increase in nanostructures

loading offers a high polarizability which results in higher electrical properties.

[001 17] FIG. 6A shows that electric displacement- field (D-E) loop measured for pristine

PVDF and dopamine-BaTi0 /PVDF nanocomposite with different weight percentages of

BaTi0 3 under an applied field of 266 MV/m using modified Sawyer-Tower circuit. The

electric displacement increased with increasing weight percentage of dopamine-BaTi0 3

nanostructures up to 10 wt%. The electric displacement reached more than 15 µ in the

PVDF composite with 10 wt% dopamine-BaTi0 3 nanostructures. The electrical energy

density dropped dramatically with further increase of the filler weight to 12.5 wt% due to

higher dielectric loss as shown in FIG. 6A.

[001 18] In the experiments carried out, a method of fabricate thin film by in situ synthesis

core-shell structured powder is carried out as follows:

[001 19] The core shell structured nanocomposite powders, which have been formed by in

situ surface functionalization, were dissolved in organic solvent at room temperature. For



example, Ν ,Ν -dimethylformamide (DMF) solvent was used to make thin film. Other organic

solvents that may be used include, but are not limited to, butanone (MEK) and/or acetone.

The solution was stirred overnight. The thin film was drop-coated or tape-coated onto a clean

testing the electrical properties.

[00120] The BaTi0 3 nanostructures may form network connections in the film, and in

doing so, reduce the breakdown voltage and increase the dielectric loss of the nanocomposite.

This accounts for the high dielectric loss observed at 12.5 wt% dopamine-BaTi0 /PVDF.

[00121] As demonstrated, energy density of nanocomposite reaches up to 18.38 J/cm for

10 wt% dopamine-BaTi0 3/PVDF. Incorporation of the nanostructures notably raises the

electric displacement, which accounts for remarkably improved energy densities in the

nanocomposite over the pristine polymer as summarized in FIG. 6B. Compared to the

pristine polymer matrix, the nanocomposites exhibit increased polarization hysteresis and

dielectric loss which increase progressively with the applied field as shown in FIG. 7A to

FIG. 7E. These results indicate strong charge injection and trapping in the composite because

the BaTi0 3 nanostructures with a higher permittivity greatly enhance the local electric field

dropped across the polymer phase.

[00122] It has been reported that the lower crystalline of the films with the same crystal

phases led to a higher maximum and remnant polarization. In the present case, BaTi0 was

synthesized by alkaline solution. Residual alkaline solution reacts with PVDF to form

nanocomposite by in situ surface functionalization. Meanwhile, this process also breaks the

PVDF crystals to form lower crystalline of PVDF which results in high polarization by

increasing weight percentage of dopamine-BaTi0 3 nanostructures.

[00123] Example 6: Commercial applications

[00124] The global market for relevant materials and technologies is provided below.

[00125] 1. Capacitor: According to a technical market research report from BCC. The

global market for capacitors, flywheels and SMES systems will rise at an average annual

growth rate (AAGR) of 5.9 %, from $9.1 billion in 2005 to $12.2 billion in 2010. Mature

capacitor technologies that include aluminum, tantalum and ceramic capacitors account for

98.7 % of all capacitor sales.

[00126] 2. High performance films: According to a new technical market research report

from BCC, the U.S. market for high-performance films is worth an estimated $ 1.3 billion in



2010, but is expected to increase to $13.5 billion in 2015, for a 5-year compound annual

growth rate (CAGR) of 3.6 %.

[00127] 3. Utility power storage technologies: According to a technical market research

from $2.3 billion in 2007 to an estimated $2.6 billion by the end of 2008. It should reach $3.8

billion by 201 3, a compound annual growth rate (CAGR) of 8.0 %.

[00128] 4. Power electronics: According to a technical market research report from BCC,

the global market for power electronics was worth $9.8 billion in 2007. This is expected to

reach $10.2 billion by the end of 2008 and $17.7 billion in 2013, for a compound annual

growth rate (CAGR) of 1.7 %.

[00129] 5. Thick film devices, processes and applications: The global market for thick

film devices is estimated to increase at a 13.2 % compound annual growth rate (CAGR)

during the forecast period, yielding revenues increasing from $26.7 billion in 2009 to $49.8

billion by 2014. Energy devices are the largest market segment, worth $14.5 billion in 2009.

This market is expected to reach $31.1 billion in 2014, a compound annual growth rate

(CAGR) of 16.5 %. Display devices are the fastest growing segment, increasing at a

compound annual growth rate (CAGR) of 18.5 %. This market was valued at $1.2 billion in

2009 and is expected to increase to $2.8 billion in 2014.

[00130] In summary, the core-shell structure of ceramic-polymer nanocomposite was

successfully prepared by using different cross-linking agent via in situ synthesis method.

PVDF-g-HEMA/BaTi0 and dopamine-BaTiCVPVDF core-shell structured nanocomposite

powders have been prepared.

[00131] While the present invention has been particularly shown and described with

reference to exemplary embodiments thereof, it will be understood by those of ordinary skill

in the art that various changes in form and details may be made therein without departing

from the spirit and scope of the present invention as defined by the following claims.



CLAIMS

Method for preparing a ceramic-polymer nanocomposite, the method comprising

a) providing-a polymer comprising radicals on a surface thereof;

b) contacting the polymer with a functionalizing agent to form a functionalized

polymer; and

c) either

(i) grafting a cross-linking agent onto the functionalized polymer to form a

graft copolymer, and attaching ceramic nanostructures to the graft copolymer

to form a ceramic-polymer nanocomposite, or

(ii) grafting a cross-linking agent onto ceramic nanostructures to form

modified ceramic nanostructures, and attaching the modified ceramic

nanostructures to the functionalized polymer to form a ceramic-polymer

nanocomposite.

Method according to claim 1, wherein the polymer comprises or consists of a

fluoropolymer.

Method according to claim 1 or 2, wherein the polymer comprises or consists of a

polymer or copolymer of tetrafluoroethylene, hexafluoropropylene, or vinylidene

fluoride.

Method according to any one of claims 1 to 3, wherein the polymer comprises or

consists of a polymer or copolymer of vinylidene fluoride selected from the group

consisting of polyvinylidene fluoride (PVDF), poly(vinylidenefluoride-co-

trifluoroethylene) (PVDF-TrFE), poly(vinylidenefluoridehexafluoropropylene)

(PVDF-HEP), poly(vinylidene fluoride chlorotrifluoroethylene) (PVDF-CTFE),

vinylidene fluoride-trifluoroethylene-chlorofluoroethylene terpolymer (PVDF-TrFE-

CFE), and mixtures thereof.

Method according to any one of claims 1 to 4, wherein providing a polymer

comprising radicals on a surface thereof comprises irradiating a polymer with



radiation selected from the group consisting of ultraviolet light, plasma, X-rays, γ -rays,

electron beam, ion beam, and combinations thereof.

-Method—according- to any-one of claims—1— to— wh erein providing - a ly

comprising radicals on a surface thereof comprises irradiating a polymer with an

electron beam.

Method according to any one of claims 1 to 6, wherein the functionalizing agent

comprises or consists of an alkaline solution selected from the group consisting of

alkali metal hydroxides, ammonium hydroxide, and mixtures thereof.

Method according to any one of claims 1 to 7, wherein the functionalizing agent

comprises or consists of sodium hydroxide.

Method according to any one of claims 1 to 8, wherein the functionalized polymer

comprises an -OH group.

Method according to any one of claims 1 to 9, wherein the cross-linking agent

comprises a -OH group.

Method according to any one of claims 1 to 10, wherein the cross-linking agent is

selected from the group consisting of 2-hydroxymethyl methacrylate (HEMA),

dopamine, and mixtures thereof.

Method according to any one of claims 1 to 11, wherein the ceramic nanostructures

are selected from the group consisting of barium titanyl oxalate, barium titanate,

boron nitride, titanium nitride, silicon nitride, tantalum nitride, and mixtures thereof.

Method according to any one or claims 1 to 12, wherein the ceramic nanostructures

comprise or consist of barium titanate.



14. Method according to any one of claims 1 to 13, wherein attaching the ceramic

nanostructures to the graft copolymer comprises

a) functionalizing the ceramic nanostructures with an -OH group, and

_b)_chemieally_reacting— the—ceramic—nanostruetures— w-it-h—the—graft—copolymer to

covalently attach the ceramic nanostructures to the graft copolymer.

15. Method according to claim 14 wherein chemically reacting the ceramic nanostructures

with the graft copolymer is carried out at a temperature in the range of about 80 °C to

about 150 °C.

16. Method according to any one of claims 1 to 13, wherein attaching the modified

ceramic nanostructures to the functionalized polymer comprises chemically reacting

the modified ceramic nanostructures with the functionalized polymer to covalently

attach the modified ceramic nanostructures to the functionalized polymer.

17. Method according to claim 16, wherein chemically reacting the modified ceramic

nanostructures with the functionalized polymer is carried out at a temperature in the

range of about 80 °C to about 150 °C.

18. Method according to any one of claims 1 to 17, wherein c) is carried out in a reflux

condenser.

19. Ceramic-polymer nanocomposite prepared by a method according to any one of

claims 1 to 18.

20. Use of a ceramic-polymer nanocomposite prepared by a method according to any one

of claims 1 to 18 in an electrostatic capacitor, an energy storage device, power

electronics, and display device.













































A. CLASSIFICATION OF SUBJECT MATTER

C04B 35/634 (2006.01) C04B 35/00 (2006.01) C04B 35/468 (2006.01) C04B 35/58 (2006.01) B82Y 30/00 (2011.01)
C08F 259/08 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPODOC (WPI) and Chemical Abstracts Online, keywords for polymers, radicals, functionalisation, cross-linking and ceramic
nanoparticles.

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.

Documents are listed in the continuation of Box C

|x I Further documents are listed in the continuation of Box C | | See patent family annex

* Special categories of cited documents:
"A" document defining the general state of the art which is not "T later document published after the international filing date or priority date and not in

considered to be of particular relevance conflict with the application but cited to understand the principle or theory
underlying the invention

"E" earlier application or patent but published on or after the "X document of particular relevance; the claimed invention cannot be considered novel
international filing date or cannot be considered to involve an inventive step when the document is taken

alone
"L" document which may throw doubts on priority claim(s) or "Y document of particular relevance; the claimed invention cannot be considered to

which is cited to establish the publication date of another involve an inventive step when the document is combined with one or more other
citation or other special reason (as specified) such documents, such combination being obvious to a person skilled in the art

"O" document referring to an oral disclosure, use, exhibition
or other means document member of the same patent family

"P" document published prior to the international filing date
but later than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

1 July 2014 0 1 July 2014

Name and mailing address of the ISA/AU Authorised officer

AUSTRALIAN PATENT OFFICE Graeme Broxam
PO BOX 200, WODEN ACT 2606, AUSTRALIA AUSTRALIAN PATENT OFFICE
Email address: pct@ipaustralia.gov.au (ISO 900 1Quality Certified Service)

Telephone No. 0262832435

Form PCT/ISA/210 (fifth sheet) (July 2009)



ont nuat on .

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

LEE, P. S., et. al. "Flexible high performance capacitors for portable power systems,"
Prep. Pap.-Am. Chem. Soc, Div. Fuel Chem (2012), Vol. 57 (1), pages 850-85 1.

X Experimental, conclusions 1-4, 11-14, 16, 18-20

Y Experimental, conclusions 1-6, 11-20

A Experimental, conclusions 7-10

THAKUR, V. K., et. al., "Green aqueous modification of fluoropolymers for energy
storage applications", J. Mater. Chem. (2012), Vol. 22, pages 595 1-5959.

Y Abstract, introduction, Experimental Section, Scheme 1 and Scheme 2 . 1-6, 11-20

A Abstract, introduction, Experimental Section, Scheme 1 and Scheme 2 . 7-10

US 2006/0004147 Al (PARK et. al.) 05 January 2006

A Examples, claims. 1-20

DE 102008045982 A l (FRAUNHOFER-GESELLSCAHFT ZUR FORDERUNG DER
ANGEWANDTEN FORSCHUNG E.V.) 11 March 20 10

A Examples, claims. 1-20

US 2013/0022752 A l (ANTONAKAS) 24 January 2013

A Abstract 1-20

DARGAVILLE, T. R. et. al., "High energy radiation grafting of fluoropolymers", Prog.
Polym. SW.(2003), Vol. 28, pages 1355-1376.

A Abstract, 5. The use of additives in grafting. 7-10

Chemical Abstracts Accession No. 1966:483086.

& NAKAGAWA, T., "Chemical reforming of polymer films. II. Reaction of ultra-
violet-preirradiated vinylidene chloride-vinyl chloride copolymer films with aqueous
ammonia", Kogyo Kagaku Zasshi (1966), Vol. 69 (4), pages 755-8.

A Abstract. 7-10

LIN, M.-F. et. al., "Formation of PVDF-g-HEMA/BaTi0 3 nanocomposites via in situ
nanoparticle synthesis for high performance capacitor applications", J. Mater. Chem. A,
(2013), Vol. 1, pages 14455-14459.

T Whole document is relavent. 1-20

Form PCT/ISA/210 (fifth sheet) (July 2009)



Information on patent family members PCT/SG2014/000199

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report Patent Family Member/s

Publication Number Publication Date Publication Number Publication Date

US 2006/0004147 A 1 05 January 2006 US 7342072 B2 1 Mar 2008

CA 2509703 A 30 Dec 2005

MX PA05007 175 A 22 Feb 2006

DE 102008045982 Al 1 March 201 None

US 2013/0022752 A l 24 January 2013 None

End of Annex

Due to data integration issues this family listing may not include 0 digit Australian applications filed since May 2001 .
Form PCT/ISA/21 0 (Family Annex)(July 2009)


	abstract
	description
	claims
	drawings
	wo-search-report

