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Abstract:Theinterfacesbetweennanofillersandthepolymermatrixinnanocompositesare
knowntobeincreasinglyimportantwhennanofillersbecomesmaller.AP(VDF-TrFE-CFE)
terpolymerisusedasthetemplatepolymermatrixandlow-K(dielectricconstant)SiO2andhigh-
KBaTiO3nanoparticlesasfillerstodeterminetheenhancementeffectoftheinterfaces.Forboth
kindsoffillers,anomalousincreasesinthedielectricconstantandpolarizationresponseare
observedatnanoparticleloadinglessthan1%(volumefraction).Theseincreasesarenotrelated
totheintrinsicdielectricpropertiesofthenanofillersandthechangeofcrystallinityofthe
terpolymer.Thecrystallinephaseisslightlychangedfromanon-polarstructuretowardsamore
polarone,improvingthedielectricresponseintheinterfacialregions.Aninterfacialmodelis
proposedandthenon-uniformdielectricresponseoftheinterfacialregionsisresponsibleforthe
observeddielectricphenomena.Theoverlappingoftheinterfacialregionsleadstothemaximum
dielectricresponseofthenanocompositeswithcertainparticleloading.
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纳米添加物-聚合物界面效应增强PVDF基
三聚物纳米复合材料的介电响应

车亚萍1,初宝进1,谭 启2

(1.中国科学技术大学材料科学与工程系,中国科学院能量转换材料重点实验室,安徽合肥230026;2.广东以色列理工学院,广东汕头515063)

摘要:在纳米复合材料中,随着纳米颗粒尺寸的减小,纳米颗粒与聚合物基体间的界面起着越来越大的作
用.为此以P(VDF-TrFE-CFE)三元共聚物作为聚合物基体,以低介电系数的SiO2 和高介电系数的BaTiO3
纳米颗粒为填料研究了界面的增强效应.对于这两种纳米颗粒,当体积分数低于1%时,其介电系数和极化
响应均出现异常的增加.这些增加与纳米颗粒本身的介电性能及三聚物的结晶度变化无关.聚合物中的结
晶相由非极性结构向极性结构有轻微的转变,因此提高了界面区域的介电响应.对此提出一种界面模型,解
释了界面区域的非均匀介电响应是引起该介电现象的主要原因.在某一纳米颗粒含量下,界面区域的重叠
可带来纳米复合材料最大的介电响应.
关键词:介电材料;纳米复合物;界面效应;三聚物

0 Introduction
The incorporation of nano-size fillers in

polymerstoform nanocompositeshasbeenan

importantstrategytoenhancethepropertiesof
polymers,which has been often exploited to
improvethe mechanicalpropertiesofpolymers,
throughutilizationoftheinterfacesbetweenthe



polymermatrixandnanofillers[1-2].Nanocomposites
havealsobeenutilizedtoimprovethedielectric
constant (K ) and dielectric strength of
polymers[3-8].However,theeffectofnanofillers
onthedielectricpropertiesofpolymersisamore
complexissue.Itisgenerallyacceptedthatthe
dielectricpropertiesofcompositesfallbetween
thoseofconstituentmaterials.Fillerswithhigh
dielectricconstantareexpectedtoresultinahigher
compositedielectricconstant.Surprisingly,the
addition of nanofillers with lower dielectric
constanthasbeenreportedtoanomalouslyenhance
dielectricpropertiesinsomenanocomposites[9-11].
Forexample,asignificantenhancementofthe
dielectricpolarizationofapolyvinylidenefluoride
(PVDF)-basedterpolymerwasobservedwhena
lowfractionofZrO2nanoparticles,whichhavea
dielectric constant comparable to that ofthe
terpolymer,wasincorporated[9-10].Thiseffectwas
hypothesized to originate from theinterfacial
regions between the polymer matrix and
nanofillers.Oneofthemodelsabouttheinterfacial
regions comprises several layers of different
electricalpropertiesand microstructuresagainst
thepolymermatrix[11-15].However,howthistype
ofinterfacecontributestodielectricresponsesof
nanocomposites requires further study. The
understandingoftheinterfacialroleiscrucialto
thedesignofhigh-performancecompositeswith
enhanceddielectricproperties.

PVDF ferroelectric polymers have been
intensivelyinvestigatedduetothefunctionalitiesof
thesepolymers,allowingtheiruseinflexible
sensors,actuators,transducers, and energy-
related applications. Modification with TrFE
(trifluoroethylene)andCFE (chlorofluoroethylene)
converts the polymer to relaxor ferroelectric
P(VDF-TrFE-CFE) terpolymer with greater
dielectricconstant (> 40)[16-18]. PVDF-based
polymersareoftenusedunderhighelectricfields,
allowinginductionofapolarizationresponsewitha
greatermagnitudebyelectricfields.Thisinturn
givesrisetoabetterfunctionalityinferroelectric
polymersand pronouncedinteractions between
polymermoleculesandincorporatedfillers.

Inthiswork,weselectthehigh-K P(VDF-
TrFE-CFE)terpolymerasthepolymermatrixto
studythecontributionoftheinterfacialregion.In
orderto probetheinterfacialrole,weselect
nanoparticles with both low-K (SiO2
nanoparticles)andhigh-K (BaTiO3nanoparticles)
valuesrelativetothepolymer.BaTiO3hasaK
valuehigherthan500evenataparticlesizeof~85
nm,andthedielectricconstantofSiO2is~3.9[19-20].

Fillers with K valuelowerthanthatofthe
terpolymer are not supposed to increase the
dielectricconstantandpolarization magnitudeof
nanocompositesintermsofconventionalcomposite
principle.Ifthereisacommonaltyindielectric
responsesthatisindependentoftheK valuesof
thefillers,it mustberelated witheitherthe
polymermatrixorthepolymer-fillerinterface.In
addition,theadditionofpolarfunctionalityonthe
nanofillersurfaceisexpectedtofurtherrevealthe
effectofthebondingstrengthbetweenpolymers
andnanoparticlesondielectricproperties.

1 Experimentalprocedures
P(VDF-TrFE-CFE)(63%/29.7%/7.3%

(molefraction))waspurchasedfrom Piezotech,
Arkema.TheBaTiO3(particlesizeapproximately
100 nm) nanoparticle was purchased from
ShandongSinoceraFunctionalMaterialCo.Ltd.
(Shandong, China). The SiO2 (20 nm )
nanoparticle was purchased from XFnano
(Nanjing,China).NanocompositesofP(VDF-
TrFE-CFE)with differentvolumefractionsof
BaTiO3andSiO2werepreparedbyasolutioncast
method.Theterpolymerwasdissolvedinamixed
solvent(90% DMFand10% MEK).Allthe
nanofillersweredriedat120℃inavacuumoven
for5htoremovetheadsorbed wateronthe
surfaces. After that, the nanofillers were
dispersedinamixedsolvent(90% DMFand10%
MEK).Themixturewasstirredandsonicatedin
anultrasoundcleanertoobtainabetterdispersion
ofthenanoparticlesinthesolvent.Theterpolymer
solution and the nanofiller suspension with
differentvolumefractionsweremixed,stirredand
sonicated.Finally,themixturewaspouredontoa
glassslideanddriedat90℃for20minand70℃
for 2 h. After drying,the terpolymer and
nanocompositefilm waspeeled offfrom glass
slidesandplacedinavacuumovenat110℃for5h
toremovetheresidualsolventandfurtherincrease
thecrystallinityoftheterpolymer.

In addition, BaTiO3 nanoparticles were
treatedbyhydrogenperoxide (H2O2)tograft
morehydroxylgroupsontotheparticlesurface.
Typically,0.2gBaTiO3nanoparticleswereadded
into80mlH2O2aqueoussolutionandstirredat
90℃fordifferentdurations.Then,theparticles
werefilteredandwashedwithde-ionizedwater.
Finally,themodifiednanoparticlesweredriedat
105℃for5htoremovethewater.Todetermine
theamountofhydroxylgroupsonthesurfaceof
BaTiO3 nanoparticlesafter H2O2 treatmentfor
differenttimes,thetreated nanoparticles were
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driedforthesamedurationandthenexposedinthe
airtoabsorb waterfor50h.Theamountof
hydroxylgroupswasmeasuredbytheweightloss
oftreated particles using athermogravimetric
analysis(TGA,Q5000IR,TAInstruments,USA).

Fordielectric measurement,goldelectrodes
weredepositedonthesurfaceoftheterpolymer
anditsnanocompositesusingaDCsputtercoater
(EMS150T, Electron Microscopy Sciences,
Hatfield,PA,USA).Thepolarization-electric
field(P-E)hysteresisloopsweremeasuredusinga
modifiedSawyerTowercircuit(Polyktech,State
College,USA).Thedielectricbreakdownfieldof
thefilmsampleswasmeasuredusingabreakdown
testcircuit(Polyktech,StateCollege,USA)anda
high-voltageamplifier(Trek610E,Trek,USA).
Theweak-fieldcomplexdielectricresponseswere
measuredusingasetupcomposedofanE4980LCR
meter (AgilentTechnology,SantaClara,CA,
USA)andafurnace.TheX-raydiffraction(XRD)
dataofthecompositeswereobtainedonaRigaku
Smartlabdiffractometer(Rigaku,Tokyo,Japan).
The FTIR (Fourier transform infrared
spectroscopy)-ATR (attenuatedtotalreflectance)
ofthesampleswasobtained with Nicolet6700
(Nicolet,Madison,WI,USA).Themicrostructure
ofthecomposites wasobservedonascanning
electronmicroscope(SEM,SU8220,HITACHI,
Japan).Differentialscanningcalorimetry (DSC,

TAQ2000,TAInstruments,USA)wasusedto
obtaincrystallinity,themeltingtemperature,and
crystallizationtemperatureoftheterpolymerand
nanocomposites.

2 Resultsanddiscussion
2.1 Analysisofmicrostructureinnanocomposites

Fig.1(a)showstheXRDpatternofBaTiO3
nanoparticles,revealingaperovskitestructure.
Theparticlesizewasdeterminedtobe~100nmby
thedynamiclightscatteringmethod,asshownin
theinsetofFig.1(a).Theseparticlesarebig
enoughtoexhibithighpolarityandadielectric
constant much greater than 500, which can
increase both the dielectric constant and the
polarizationoftheterpolymercomposite.These
particlesaretypicallyaddedinalargeamountto
generateananodielectriccompositewithahigh
dielectricconstant;however,theadditionofthis
largeamountcanalsoresultinlowermechanical
and dielectric strength. In this study, we
purposelykeptthefillerloadingminimaltoavoid
theseissues.Fig.1(b)showsthedispersionof
BaTiO3particlesintheterpolymermatrix.The
BaTiO3nanoparticlesappearaswhitedotsandare
relativelywell-dispersedintheterpolymermatrix.
Nomajoragglomeratesgreaterthan200nminsize
areobserved.

(a)TheXRDpatternsofBaTiO3particles.TheinsetshowsthesizedistributionofBaTiO3nanoparticlesintheDMFsolventdetectedby
dynamiclightscatteringtechnique.(b)TheSEMimageofnanocompositecontaining0.8%(volumefraction)BaTiO3nanoparticles.

Fig.1 Themicrostructure,particlesizeoftheBaTiO3nanoparticles,andtheirdispersionintheterpolymer

  Asasemicrystallinepolymer,theterpolymer
exhibitsstrongdielectricpropertieslargelyfromits
crystallinephase.Highercrystallinityisfavorable
forthedielectricproperties.Inordertodetermine
theinfluenceofaddedBaTiO3nanoparticlesonthe
crystallinity and the thermalstability ofthe
terpolymer,DSC measurementsweretakennear
themeltingtemperature,asshowninFig.2.The
analysisofthesecurves providedthe melting

temperature and melting heat data for the
terpolymer and the nanocomposites, as
summarizedinTab.1.Itisseenthattheaddition
ofnanoparticlesdoesnotchangethemeltingheat
andthemeltingtemperaturesoftheterpolymer
significantly.

Fig.3(a)showstheXRD patternsofthe
terpolymer and nanocomposites prepared with
differentBaTiO3concentrations.Thecrystalline
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Fig.2 DSCcurvesofnanocompositeswithvarious
BaTiO3particleloadings(volumefraction)

Tab.1 Themeltingpeaktemperature,meltingenthalpyand
crystallizationtemperatureofnanocompositeswith
variousBaTiO3particleloadings(volumefraction)

Compositions
Melting
peak

temperature/℃

Melting
enthalpy
/(J·g-1)

Crystallization
temperature/℃

Terpolymer 128.50 17.30 108.56

0.5%BaTiO3 127.75 16.91 109.71

0.8%BaTiO3 128.46 17.09 109.54

1.2%BaTiO3 128.13 17.64 108.94

1.5%BaTiO3 128.70 17.57 108.70

3%BaTiO3 127.85 14.41 108.95

phaseofP(VDF-TrFE-CFE)terpolymerhasaα-
like structure and in the composites, the
terpolymer matrixremainsinanα-likecrystal
structure,withnosignificantchangesinthecrystal
structuresasdeterminedbytheXRDpatterns[21].

TheFTIRanalysiswasfurtherperformedto
investigate the effect of nanofillers on the
microstructureofthenanocomposites,andthe
FTIR spectraofthecomposites with different
compositionsareshowninFig.3(b).Toprobethe
possibleslightchangeofthe microstructureof
nanocomposites,thenormalizedintensityofthe
FTIRspectrawasshowninthefigure,whichwas
calculatedby

In =(I-Imin)/(Imax-Imin) (1)
whereI,Imin,andImaxarethemeasuredintensity,
the minimum intensity, and the maximum
intensityfromtheFTIRspectrumofamaterial.
As revealed by the spectra,the terpolymer
exhibitsamicrostructureclosetotheα-likephase,
andthepeakat1290cm-1,whichisassignedto
Tm>4conformation,isweak[22].Theadditionof
nanofillersslightlychangesthemicrostructureof

theterpolymerandthepeakintensityat1290cm-1

increaseswithparticleloading.Accordingly,the
peakatapproximately800cm-1,whichisrelated
totheTGTG’conformation,slightlydecreases
withtheadditionofnanoparticles.Thepeakat
approximately850cm-1,whichisassignedtoT3G
conformation,almost does notchangein the
composites.TheFTIRresultssuggestthatthe
additionofBaTiO3caninducemorepolarphases
fromtheoriginallynon-polarα-likephaseinthe
terpolymer. Since the particle loading of
compositesislow,thestructurechangeofthe
terpolymeris believed to occur atinterfacial
regionsbetweentheterpolymerandnanoparticles.
2.2 Weak-fielddielectricresponses

The weak-field dielectricresponsesofthe
terpolymerandnanocompositesasafunctionof
temperatureweredeterminedasshowninFig.4
(a).TheP(VDF-TrFE-CFE)terpolymerisa
typical relaxor ferroelectric material, which
exhibitsabroaddielectricpeakataround20℃.
Theaddition of BaTiO3 nanoparticles did not
significantly change the temperature-dependent
dielectricbehavioroftheterpolymer,butthere
wasanincreaseinthedielectricconstantacrossthe
entiretemperaturerange.Atlowtemperatures,
thedielectricloss ofthe nanocomposites was
similartothatoftheterpolymer.Atabove40℃,
thedielectriclossofthenanocompositeswaseven
lowerthanthatoftheterpolymerforBaTiO3
concentrationsbelow1.5%(volumefraction).The
frequencydependenceofthedielectricpropertiesof
both terpolymer and nanocomposites atroom
temperaturewasdeterminedandarealsoshownin
Fig.4(b).From20Hzto1MHz,thedielectric
constantofthecompositeswashigherthanthatof
theterpolymercontrol.Thedielectriclossofthe
nanocompositeswasalmostthesameasthatofthe
terpolymer.Theeffectofthesmallamountof
nanofiller on the dielectric constant of the
terpolymerwasreplottedasshowninFig.4(d).
Theintroductionofnanoparticlescausedtwotypes
ofdielectricenhancement:arapidincreaseinthe
dielectric constant from ~ 40 to ~ 49 at
concentrations below 1% (volume fraction)
BaTiO3,andaslowincreaseto~50above1%
(volumefraction)BaTiO3.
BaTiO3isatypicalferroelectricmaterialwith

ahighdielectricconstantandahighspontaneous
polarization.BaTiO3 particles of 100 nm in
diametershouldhaveadielectricconstantmuch
higherthan40oftheterpolymer.Onemaythink
thattheenhancementofthedielectricconstantin
the nanocomposites is a normal phenomenon
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(a)TheXRDpatterns.(b)TheFTIRspectra.
Fig.3 ThemicrostructureoftheterpolymerandthenanocompositeswithdifferentBaTiO3particleloadings(volumefraction)

(a)Thetemperaturedependenceofthedielectricresponsesfortheterpolymer/BaTiO3nanocompositesat1kHz.(b)Thefrequency
dependenceofthedielectricresponsesatroomtemperaturefortheterpolymer/BaTiO3 nanocomposites.(c)Thefrequency
dependenceofthedielectricresponsesatroomtemperaturefortheterpolymer/SiO2nanocomposites.(d)Thevariationofweak-field
dielectricconstantoftheterpolymernanocompositeswiththeconcentrationofBaTiO3andSiO2.

Fig.4 Theweak-fielddielectricresponsesofP(VDF-TrFE-CFE)terpolymer,terpolymer/BaTiO3nanocomposites,
andterpolymer/SiO2nanocompositeswithdifferentparticleloadings(volumefraction)

associatedwiththeadditionofBaTiO3nanofillers.
Thesubsequentexperimentalresultsinterpolymer
compositescontaininglow-KSiO2nanoparticlesdo
notsupportthisassumption.By adding SiO2
(dielectricconstant K ~3.9),the dielectric
constantshouldbereducedbecauseoftheaddition
principle.However,asimilarincreaseindielectric
constant was also observed for terpolymer
contained a similarly low fraction of SiO2

nanoparticles.Fig.4(c)showsthe weak-field
dielectric properties of the terpolymer/SiO2
nanocomposites with different amounts of
particles. The dielectric constant of the
terpolymer/SiO2 composites was obviously
enhancedaftertheadditionofSiO2atlevelsbelow
1.8%(volumefraction),asshowninFig.4(d).
Thiscomparativestudyrevealsanunusualbut
common phenomenon in low-filled terpolymer
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compositesthatisindependentoftheK valuesof
nanofillers.Therefore,thiscommonaltyinthe
dielectricconstantenhancementshould havea
closerelationship with theinterfaces between
nanoparticlesandthepolymermatrix.

Itshouldbepointedoutthatinthiswork,the
studyismainlyfocusedontheterpolymer/BaTiO3
compositesandtheterpolymer/SiO2 composites
areinvestigatedtoshowtheeffectofdielectric
properties of the nanofillers on those of
composites.Thereare manystudiesregarding
nanocomposites filled by SiO2, and except
dielectricproperties,wewillnotprovidestructural
investigationinthiswork[23-30].
2.3 High-fieldpolarizationresponses

Theeffectofnanofillersonthedielectric
terpolymer was nextinvestigated under high
electricfields.Toavoidthecomplicationsdueto
breakdowndamagesinthesampleswhentesting
under high electric fields,the DC dielectric
breakdownvoltage was measured priortothe
polarizationtests.Theresultsfortheterpolymer,
terpolymer/BaTiO3 (volume fraction 0.8%)
nanocomposites,and terpolymer/SiO2 (volume
fraction0.3%)nanocompositesarepresentedas
Weibulldistributions,asshowninFig.5.The
characteristicbreakdownstrengthwasdetermined
as344MV/mfortheterpolymer,299MV/mfor
theterpolymer/BaTiO3composite,and310MV/m
fortheterpolymer/SiO2composite.

pfisthecumulativefailure,andEisthebreakdownelectric
fieldofthetestedsamples.
Fig.5 TheWeibullanalysisofthebreakdownstrength

oftheP(VDF-TrFE-CFE)terpolymer,the
nanocompositescontaining0.8%(volumefraction)
BaTiO3,andthenanocompositescontaining0.3%

(volumefraction)SiO2

Inthepolarizationswitchingtests,anelectric
fieldof200 MV/m wasusedtoensurethatthe
materialwasfarfromthebreakdownlimit.Fig.6

(a)shows the P-E hysteresis loop of the
terpolymerandtheBaTiO3-containingcomposites.
AninspectionontheP-Eloopsrevealsasubtle
composition dependence of the high-field
polarizationresponse.Re-plottingthedependence
indicatesthatthenanocompositespossessagreater
polarizationresponsethanthecontrolsample,as
showninFig.6(c).Differentthantheweak-field
dielectricresponse,theinducedpolarizationpeaks
ataBaTiO3loadingof0.8%(volumefraction).
Afterareductionat1.2%(volumefraction),the
polarization then increased continuously with
increasingBaTiO3loading.

The similar effect of the low-K SiO2
nanoparticleonthehigh-fieldpolarizationwasalso
observed,asshowninFig.6(b)andFig.6(c).
Thedipolarhysteresisloop(Fig.6(b))exhibitsa
similarchangewithincreasedSiO2loading.The
maximumpolarizationwasobservedinacomposite
containing0.3%(volumefraction)SiO2(Fig.6
(c)).DifferentfromthebehavioroftheBaTiO3
nanocomposites, SiO2 composites exhibit
decreasingpolarizationvaluesafterreachingthe
maxima.Thepolarizationfurtherdecreaseswith
increasingSiO2loading,becominglowerthanthat
oftheterpolymeratamountsabove>1%(volume
fraction).

TheresultsinFig.6suggestthattheenhanced
polarizationresponseinbothnanocompositeswith
nanofillerslowerthan1%(volumefraction)may
bedominatedbythesamemechanismregardlessof
K valuesofthenanofillers.Moreover,thisis
moreassociatedwiththeinterfacialresponsetothe
appliedelectricfieldinbothcases.Theanomalous
phenomenondominatesthedielectricresponsesof
thecompositesonlyatlowamountsofnanofillers
(0.8%(volumefraction)forterpolymer/BaTiO3
compositesand 0.3% (volume fraction)for
terpolymer/SiO2 composites). The lower
thresholdforterpolymer/SiO2 mayreflectthe
strongercontributionofsmallerparticlesizeof
SiO2(~20nm).
2.4 Effectofenhancedfiller-polymerinterfaces

Inordertobetterunderstandthedominant
mechanismofthefiller-polymerinterfaceonthe
dielectricproperties,wenextaddedhighlypolar
functionalitybygraftingthenanofillersurfacewith
hydroxylgroups.Thisaddedfunctionalityshould
generateastrongerinteractionbetweenthepolar
fillers and polar polymer,and thus further
constraintheinterfacialdipoles.Changingthe
amountofthehydroxylgroupsonthesurfaceof
BaTiO3nanoparticlesshouldsignificantlychange
thestrengthofbondingbetweentheterpolymer
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(a)P-Eloopforterpolymer/BaTiO3atroomtemperature;(b)P-Eloopsforterpolymer/SiO2allmeasuredat10Hzand200
MV·m-1;(c)ThevariationofpolarizationresponsewiththeconcentrationofBaTiO3andSiO2under200MV·m-1.

Fig.6 ThepolarizationresponsesofterpolymercompositeswithBaTiO3andSiO2nanoparticlesofdifferentloadingfractions(volumefraction)

Fig.7 (a)TGAplotofBaTiO3particlestreatedinH2O2fordifferentdurations.
(b)DipolarP-Eloopsofthenanocompositeswith0.5%(volumefraction)BaTiO3testedat10Hz.

andnanoparticles.Topreparethesematerialsto
testthishypothesis,BaTiO3 nanoparticleswere
treatedinH2O2fordifferentamountsoftimeto
achievedifferentquantitiesofhydroxylgroups.
Thetreatedparticleswerethenexposedintheair
for50h.Becausethehydroxylgroupshavea
strongaffinitywithwater,theamountofadsorbed
watercanbeusedasanindicatoroftheamountof
hydroxylgroupsonthesurfaceoftheBaTiO3.

Fig.7(a)showstheTGanalysisoftheH2O2-
treatedBaTiO3 nanoparticles.Theearly weight
lossbetween100℃and200℃canbeattributedto
thedissociationoftheadsorbedwater,andtheloss
athighertemperaturesisassociated with the
removalofthehydroxylgroups[31].Theresults
indicated that the increased length of H2O2
treatmentresultedinincreased density ofthe
hydroxyl groups on the surface of BaTiO3
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nanoparticles.
Thepolarizationresponsewasnexttestedfor

thesesampleswithdifferentamountsofhydroxyl
groups,usingthesameP-Etestprotocolasthat
usedforthenon-modified materials.Fig.7(b)
showsthe P-E loops of the nanocomposites
containing 0.5% (volume fraction) BaTiO3
nanoparticleswithandwithoutH2O2-treatment.
Overall, the H2O2 treatment on BaTiO3
nanoparticlesreducedthepolarizationresponseof
thenanocomposites,andthiswastrueforsamples
modifiedfordifferentlengthsoftime.Thisresult
suggeststhattheinterfacialinteractionbetween
theterpolymer matrixandnanoparticlesindeed
plays an important role in the polarization
response. For the nanoparticles with more
hydroxyl groups (longer treatment), the
interaction between polymer molecules and
nanoparticles wasstronger,whichlimitedthe
mobilityoforientationoftheinterfacialdipolesand
thusloweringthepolarizationenhancement.For
nanoparticlestreatedfor3horlonger,theextra
hydroxylgroupsmayalsorespondtotheelectric
fieldinadditionaltotheinterfacialdipoles,which
willalterthetotalpolarizationresponseofthe
composites.

Conventionally,in order to enhance the
dielectricpropertiesofpolymers,ahighvolumeof
inorganicnanofillerswithhighdielectricproperties
areaddedtothepolymers.Althoughthedielectric
propertiesofpolymerscanbeimprovedbythis
compositeapproach,someadverseeffectsmaybe
produced.Theflexibilityofpolymersbecomes
deteriorated by adding a large amount of
nanofiller.Furthermore,forsomehigh-electric-
fieldapplications,thedielectricbreakdownfieldof
nanocompositescanbesignificantlyreducedowing
tothe concentration of electricfieldsin the
polymerphasewithalowdielectricconstantand
thegenerationofalargeamountofdefectsafter
theadditionofnanofillers.However,therearea
few (though rare)reports showing thatthe
additionofasmalleramountofnanofillercan
significantlyimprovethedielectricresponseof
nanocomposites,eventhatthedielectricconstant
ofthenanofillersiscomparabletothatofpolymer
matrix[9,10,11,32].Becauseonlyasmallamountof
nanoparticle is added, the flexibility and
breakdownfieldofthecomposites willnotbe
muchaffected,asalsoobservedinthiswork.This
enhancement effectis anomalous because the
dielectricresponseofthenanocompositesismuch
higherthanthatpredictedbyanyexistingdielectric
modelfordiphasiccomposites,which mayraise

thesuspicionwhetherthiseffectisreal.Inour
work,thesimilardielectricenhancementeffect
wasobservedin PVDFterpolymer/BaTiO3 and
PVDF terpolymer/SiO2 nanocomposites with a
smallamountofnanoparticle,confirmingthatthis
anomalous phenomenon is real.Furthermore,
nanoparticleswithdielectricconstantmuchhigher
(BaTiO3,K~1000)ormuchlower(SiO2,K~
3.9)thanthatofPVDFterpolymer(K>40)were
intentionally selected as the fillers of the
composites.Bothnanocompositesexhibitgreatly
enhanced weak-field and high-field dielectric
response (Fig.4andFig.6)regardlessofthe
dielectric properties ofthe nanofillers. These
resultssuggestthattheenhancementatverylow
nanoparticleloadingisageneralphenomenonin
nanocompositesandisnotrelatedtothedielectric
propertiesofnanofillers.However,themagnitude
oftheenhancementcanbeaffectedbydifferent
factors,suchasthesizeandthesurfacechemistry
ofparticles.

Becauseonlyasmallamountofnanoparticle
wasadded,exceptintheinterfacialregions,the
dielectricpropertiesofthemajorityportionofthe
polymer matrix should not be significantly
modified.Theinterfacialregionsshouldcausea
muchhigherdielectricresponsethantheotherpart
of the polymer matrix. At present, the
microscopicmechanismsfortheanomalouslylarge
dielectricconstantintheinterfacialregionsremain
obscureandourworkmayshedsomelightonthe
originoftheinterfacialeffect.ForPVDF-based
semicrystallinepolymers,theirdielectricresponse
mainlyoriginatesfromthecrystallinephase.As
shownintheXRD patternsinFig.1(a),the
crystalstructureofthepolymer matrixalmost
shows no change with the addition of the
nanoparticles.However,amoresubtlestudyby
FTIRshowninFig.3(b)suggestsaslightchange
ofchainconformationfrom TGTG'toTm >4by
theaddition ofthe nanoparticles.Thechange
shouldmainlyoccurintheinterfacialregion.ForP
(VDF-TrFE-CFE)terpolymers,theincorporation
ofseveral percent of bulky CFE causes the
transformationofthecrystallinephasefrompolar
β-phase(mainlyTm >4conformation),tonon-
polar α-like structure (largely TGTG'
conformation).Theexcellentpropertiesofthe
terpolymers,suchashighdielectricresponseand
largefieldinducedstrain,areassociatedwiththe
transitionfrom non-polarphasetopolarphase,
whichcanbeinducedbyappliedelectricfields[33].
TheFTIRstudyofthenanocompositesreveals
thattheadditionofparticlescanalsoinducethe
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similartransitionfrom TGTG'conformationto
Tm>4 conformation, which should primarily
occurintheinterfacialregions.Itimpliesthatthe
energybarrierforthephasetransformationinthe
interfacialregionsisreducedinthenanocomposites
underanelectricfield,andthisisbelievedtobe
one important working mechanism for the
enhancementofthedielectricproperties.Another
possiblefactoraffectingthedielectricpropertiesof
theterpolymersiscrystallinityoftheterpolymer.
The DSC results (Tab.1)indicatethatthe
crystallinityisclosetoorevenlowerthanthatof
terpolymerandthechangeofcrystallinityshould
notberesponsiblefortheenhanced dielectric
properties.

In addition,this work also reveals the
importance of surface chemistry for the
enhancement of dielectric properties. The
existenceofhydroxylgroupsontheparticlesurface
ishelpfulforthedispersionofnanoparticlesinthe
polarsolventandthepolymermatrix.However,
morehydroxylgroupsmayalsoresultinastronger
bodingbetweenthepolymerandnanoparticles,
which constrains polymer chains. This may
increase the energy barrier for the phase
transition.Consequently,ahigherconcentration
of hydroxyl groups weakens the dielectric
enhancementeffect ofthe nanocomposite,as
showninFig.7.

(a)lowloading,(b)mediumloading,(c)highloading.
Fig.8 Theschematicmodelofthedielectricresponse
ofnanocompositeswithdifferentparticleloadings

Althoughinterfacialregionshaveahigher
dielectricresponsethanthemajorityportionofthe
polymermatrix,theirdielectricresponsescouldbe
spatiallynon-uniform.Becausethehydroxylgroup
enhancesthebondingtothepolymer,generatinga
constrainttothepolymerchain,polymerchains
adjacenttotheparticlesurfaceshouldhavealower
dielectricresponsethanthosefarawayfromthe
surface.Itcan beexpectedthatthedielectric
responseofinterfacialregionsincreasesfromthe
surface,reachesamaximumvalue,andthendrops
totheoriginaldielectricresponseofthepolymer.
Thisargumentisconsistentwiththe multilayer
interfacialmodelfornanocomposites[11-12].Thenon-
uniformdistributionofthedielectricresponseof

thepolymerbetweentwoparticlesisschematically
showninFig.8(a).Inthefigure,thetwoparticles
aretoofarawayfromeachothertohavethedirect
interactionofinterfacialregions.Comparedwith
theneatpolymer,thedielectricresponseofthe
nanocompositesisenhancedduetohighdielectric
responseoftheinterfacialregions.Byincreasing
the particle loading,the interfacial distance
reduces,whichmayleadtotheoverlappingofthe
interfacialregionsandfurtherincrease ofthe
dielectricresponse. As a result,the overall
dielectricresponseofthecompositesvarieswith
thechangeofinterparticledistance.Thehighest
dielectricresponseisreachedwhentheinterfacial
regionsofthetwonearestparticlesmeetatthe
positionwiththemaximumdielectricresponse,as
schematicallyshownin Fig.8(b).Whenthe
interparticle distance is further reduced with
increasingparticleloading,theinterfacialregions
seriouslyoverlapatthepositionexhibitingalower
dielectricresponse,andthedielectricresponseof
polymermatrixisthenreducedasshowninFig.8
(c).Whentheconcentrationofthenanoparticlesis
furtherincreased,the dielectric properties of
nanoparticles will become a dominant factor
affectingthepropertiesofcomposites.Thissimple
schematic model explains the anomalously
enhanced dielectric properties observedin the
nanocompositeswithverylowparticleloadingand
thealsotheobservationofthemaximumdielectric
responseofnanocompositeswithslightlyhigher
particleloading.FromFig.4(d)andFig.6(c),we
canseethattheweak-fielddielectricresponseand
the high-field polarization response exhibit
differentcompositiondependentbehaviors.This
maybecausedbythefactthattheterpolymerisa
non-lineardielectric materialandits dielectric
responseisstrongly dependentontheapplied
electricfield.

Ourresultshaveimportantimplicationforthe
design of dielectric materials with improved
functionalities.Thedielectricproperties,especially
highfieldpolarizationresponse,arecloselyrelated
to some important functional properties of
polymers,suchastheenergystoragedensityand
theelectric-fieldinducedstrain[9,16,18].Ourstudy
suggeststhattheadditionofasmallamountof
nanonanoparticle(typicallylessthan1%(volume
fraction))couldsignificantlyimprovethedielectric
properties.Atsuchlow particleloading,other
important physical properties for practical
applications,suchasthemechanicalflexibilityand
dielectricbreakdownfield,arenotcompromised.
Also,weshowthattheenhancementeffectis
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unrelated to the dielectric properties of
nanoparticlealthoughthesizeoftheparticleis
indeedanimportantparameter.Therefore,wecan
select cheap nanofillers to achieve low-cost
nanocomposites with improved dielectric
properties.

3 Conclusions
ThedielectricpropertiesoftheP(VDF-TrFE-

CFE) terpolymer-based nanocomposites were
investigated using weak field and high field
dielectrictechniques.Thedielectricconstantunder
weakfieldandthepolarizationresponseunderhigh
electricfieldswereanomalouslyenhancedinthe
terpolymercontainingasmallamountofBaTiO3or
SiO2nanoparticles.Thisenhancementisattributed
totheexistenceoftheinterfacialregionswitha
higherdielectricresponsethantheneatpolymer.
Aninterfacialmodelwaspostulatedasaworking
mechanism fortheanomalousenhancementof
dielectric constant and polarization at lower
nanofiller concentrations. In the interfacial
regions,theenhanceddielectricresponseofthe
terpolymerbytheaddition ofnanoparticlesis
causedbythetransformationfrom anon-polar
crystallinephasetoastructurewith morepolar
chainconformation,leadingtoareducedenergy
barrier for the dielectric response upon the
applicationoftheelectricfield.Furthermore,the
dielectricresponseofthepolymerintheinterfacial
regionsisnonuniform.Thebondingbetweenthe
surfaceofparticlesandthepolymermayconstrain
thepolymerchain,leadingtoalow dielectric
response.Thedielectricresponseofpolymersin
interfacialregionsvarieswiththedistancefrom
particlesandexhibitsamaximumvalueatacertain
distance. When the interparticle distance is
reducedwithincreasingtheparticleloading,the
largest dielectric enhancement of the
nanocomposites occurs because the interfacial
regionofthenearestparticlesoverlapsatthe
positionwherethehighestdielectricresponseis
reached.Wealsoshowthattreatingthenanofillers
withhydroxylgroupsusingH2O2canmanipulate
the filler-polymer bonding strength and the
interfacialdipolesinthenanocompositesfora
desirablepolarizationenhancement.Thistypeof
studyisimportantfortheunderstandingofthe
anomalousinterfacialeffectinnanodielectrics.
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