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ABSTRACT: Reduced sedimentation of barium titanate (BaTiO3, BT) nanoparticles during solution casting to prepare the BT/poly(vi-

nylidene fluoride) (PVDF) films is systematically investigated by surface modification of the BT nanoparticles. The surface of BT

nanoparticles is hydroxylated by hydrogen peroxide (H2O2) or aminated by c-aminopropyl triethoxysilane (c-APS). It is found that

the compatibility between the fillers and polymer matrix is remarkably improved by such surface treatments. As a result, the agglom-

eration and sedimentation of BT nanoparticles in the BT/PVDF composite films are significantly reduced, which is supported by

morphology observation. Better dielectric properties such as higher dielectric constant, higher breakdown strength, and lower dielec-

tric loss are also obtained for the composite films with surface-modified fillers than those with raw fillers. VC 2015 Wiley Periodicals, Inc.

J. Appl. Polym. Sci. 2015, 132, 42662.
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INTRODUCTION

Polymer films used as dielectric materials are characterized by

their excellent properties such as high insulating resistance, low

dielectric loss, high breakdown strength, good mechanical proper-

ties, perfect processability, and low cost, which are completely dif-

ferent from dielectric ceramics.1 The most widely used dielectric

polymers are polypropylene (PP), polyethylene (PE), polystyrene

(PS), poly(methyl methacrylate) (PMMA), poly(vinylidene fluo-

ride) (PVDF), epoxy resin, and polyimide (PI).2–14 However, most

of them have low dielectric constant (e), which limits their appli-

cations as energy-storage dielectric materials in capacitors, piezo-

and pyroelectric sensors, and field-activated actuators. To increase

the e of polymer materials, a variety of methods have been pro-

posed in the past decades.15,16 Among them, the most frequently

employed one is to prepare polymer composites by adding fillers

with high e or high electrical conductivity (r) into the polymer

matrix. High-e fillers are mainly ceramics such as BaTiO3 (BT),

SrTiO3, TiO2, and CaCuTiO3, while high-r fillers include metals

such as Ag and Al, or carbon materials such as carbon black (CB),

graphite, carbon fiber (CF), carbon nanotube (CNT), and graph-

eme are often used to increase the dielectric permittivity of poly-

mers by means of percolation effect.17–25

A great challenge during the preparation of such polymer nano-

composite films is how to homogeneously disperse fillers in the

polymer matrix, which is critical to the final properties of

films.20,22 Most nano-size fillers have strong tendency to

agglomerate due to the small size and high surface-to-volume

ratio.26 Besides, vertical gradient of fillers’ distribution is often

observed due to the gravity, which causes big discrepancy from

the upper to lower surfaces. This sedimentation problem is usu-

ally more serious for solvent casting processing than for melt

blending due to the lower viscosity of the solution than that of

the melt. Obviously, this phenomenon will deteriorate the final

properties of the nanocomposite films.

This work will focus on how to solve this sedimentation prob-

lem. BT nanoparticles and PVDF are chosen as the fillers and

the matrix, respectively. The surface of BT nanoparticles will be

hydroxylated by hydrogen peroxide (H2O2) or aminated by

c-aminopropyl triethoxysilane (c-APS). Then agglomeration and

sedimentation of the surface-modified fillers during solution

casting with N,N-dimethyl formamide (DMF) as solvent will be

checked and compared with the raw fillers. The effect of such

surface treatments on the dielectric properties will also be

investigated.

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4266242662 (1 of 6)

http://www.materialsviews.com/


EXPERIMENTAL

Materials

PVDF (type FR901) pellets with density of 1.78 g cm23, molec-

ular weight is 300,000 and melt flow index of 26 g (10 min)21

were purchased from Shanghai 3F New Materials Company

(China). BT nanoparticles (99.9%, trace metals basis) with

diameter of 100–200 nm, and density of 6.0 g cm23 were pur-

chased from Aladdin Industrial Corporation (China). H2O2

(30 wt %, AR), c-APS (CP), DMF (AR), and toluene (AR) were

purchased from National Medicine Group Chemical Reagent

(China), Beijing Tranche Reagent Factory (China), Beijing

Chemical Plant (China), and Beijing Blue Yi Chemical Products,

respectively.

Surface Hydroxylation of BT Nanoparticles

BT nanoparticles were hydroxylated according to a method

given in literature.27 15 g BT nanoparticles and 80 mL aqueous

solution of H2O2 (30 wt %) were added into a 100 mL flask.

Then the mixture was sonicated at room temperature for 30

min and refluxed at 1058C for 4 h. Afterwards, the nanoparticles

were recovered by centrifugation at 103 rpm for 10 min and

washed with deionized water twice. Finally, the obtained

hydroxylated BT nanoparticles were dried up under vacuum at

808C for 12 h.

Surface Amination of BT Nanoparticles

BT nanoparticles were aminated according to a method given in

the literature.28 10 g BT-OH nanoparticles and 80 mL toluene

were added into a 100 mL flask and then sonicated at room

temperature for 30 min. Subsequently, 5 g c-APS was added

and the mixture was heated up to 808C and kept isothermal for

24 h under a nitrogen (N2) atmosphere. Afterwards, the nano-

particles were recovered by centrifugation at 103 rpm for 10

min and washed with toluene twice. Finally, the obtained ami-

nated BT nanoparticles were dried up under vacuum at 808C

for 12 h.

Preparation of BT/PVDF Nanocomposites

A given amount of the raw or surface-modified BT nanopar-

ticles was ultrasonically dispersed in DMF for 0.5 h. PVDF

pellets were dried completely in a vacuum oven at 808C

Figure 1. FTIR spectra of the raw and modified BT nanoparticles. All the

curves are shifted vertically for clarity. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 2. SEM micrographs of the cross-section (a1, b1, c1), upper surface (a2, b2, c2), and lower surface (a3, b3, c3) of the BT/PVDF nanocomposite

films with various fvBT of 10.0 vol % (a), 20.0 vol % (b), and 30.0 vol % (c) raw BT nanoparticles, respectively.
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overnight before they were dissolved in DMF under mechani-

cal stirring at 708C for 1 h. Then the BT suspension was

added to the PVDF solution and the mixture was further

stirred at 708C for 2 h. Afterwards, the mixture was casted

on a clean glass plate and dried up in an oven at 808C for

6 h. The mass fraction of PVDF in the solution was fixed at

20 wt % when preparing the nanocomposites with various

volume fractions of BT. The thickness of the final dry films

was set to be ca. 10 mm for the convenience of comparison.

A similar method of preparing the nanocomposite films was

also used in the literature.29,30

Fourier Transform Infrared (FTIR) Spectroscopy

The chemical structure of the BT and the modified-BT were

characterized by the KBr disc method with a Fourier-transform

infrared (FT-IR) spectrometer (Thermo Nicolet 6700) over the

wavelength range of 3500-500 cm21 with an interval of 2 cm21

and repeat times of 15.

Scanning Electron Microscopy (SEM) Observation.

The nanocomposite samples were first fractured in liquid nitro-

gen before the fractured surfaces were sputtered with gold.

Then the morphology observation was carried out on an S4700

SEM (Hitachi, Japan) running at an accelerating voltage of

20 kV.

Dielectric Measurements

For the dielectric measurements, the nanocomposite films pre-

pared above were cut into circles with an area of ca. 1 cm2.

Both sides of the films were coated with silver as electrodes.

The dielectric measurements were carried out on an Agilent

4294 Impedance Analyzer (Agilent Technologies, USA) at room

temperature over the frequency range of 1022106 Hz.

Differential Scanning Calorimetry (DSC) Measurements

DSC measurements were performed on a DSC-60 (Shimadzu,

Japan) in nitrogen atmosphere. The temperature and enthalpy

calibration was made with indium as a standard. The samples

of 5–10 mg were dried in a vacuum oven before they were

sealed in aluminum crucibles. The samples were first heated to

2208C and kept isothermal for 3 min to eliminate the complex

thermal history. Then they were cooled to 308C at 10 K min21

and kept isothermal for 3 min. Subsequently, they were heated

to 2208C again at 10 K min21. Both the first cooling and sec-

ond heating were recorded for analysis.

Figure 3. SEM micrographs of cross-section (a1, b1), upper surface (a2, b2), and lower surface (a3, b3) of PVDF nanocomposite films with fvBT of 20

vol % hydroxylated (a) and aminated (b) BT nanoparticles, respectively.
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Breakdown Strength Measurements

The electrical breakdown tests were performed on a high-

voltage instrument (CS2674A, Nanjing Changsheng Instrument)

with 25 mm diameter spherical electrodes. During the test, the

applied voltage was increased rapidly with a rate of 2 kV s21 till

the samples were broken down. All the measurements were

made on five different film samples. The breakdown strengths

were averaged over nine measurements on each sample.

RESULTS AND DISCUSSION

Figure 1 presents the FTIR spectra of the raw BT, hydroxylated

BT (BT-OH), and aminated BT (BT-NH2) nanoparticles. The

peak at ca. 3512 cm21 for BT-OH can be associated with the

stretching of OAH, which indicates successful hydroxylation of

BT nanoparticles. The peaks at ca. 3512 cm21 and 3443 cm21

for BT-NH2 can be assigned to the stretching of NAH, and the

peak at 1121 cm21 can be assigned to the stretching of CAN,

which indicates successful amination of the fillers. For the raw

BT, there is no peak appearing in this range of wavelength. This

is because that there are some residual groups on the surface of

BT particles which can react with H2O2 and KH550. The group

of AOH might be valuable to polarization and make a strong

contribution to the dielectric permittivity of composite films.

Figure 2 shows the SEM images of the fractured cross-section,

upper surface, and lower surface of the PVDF nanocomposites

with various volume fractions of BT nanoparticles (fv
BT). As can

be clearly seen, the extent of agglomeration and sedimentation of

BT nanoparticles in the PVDF matrix is obviously different with

the content of fillers. For the fv
BT of 10.0 vol %, although the verti-

cal gradient of the filler distribution is not clearly visible in the

cross-section, there is already clear discrepancy between the upper

surface and the lower surface: the former has fewer fillers than the

latter [see Figure 2(a)]. For the fv
BT of 20.0 vol %, even clearer dis-

crepancy between the upper surface and the lower surface can be

seen and somehow clear vertical gradient of filler distribution can

be seen [see Figure 2(b)]. For the fv
BT of 30.0 vol %, both the ver-

tical gradient of filler distribution and the discrepancy between the

two surfaces are highly visible [see Figure 2(c)]. Therefore, the

extent of agglomeration and sedimentation of fillers in the poly-

mer matrix increases with increasing content of fillers.

Figure 3 presents the SEM micrographs of the cross-section,

upper surface, and lower surface of BT-OH/PVDF and BT-NH2/

PVDF nanocomposite films with fv
BT of 20 vol %. Compared

with the raw BT/PVDF nanocomposite films with the same filler

content as shown in Figure 2(b), the modified BT/PVDF nano-

composites show much less distinct vertical gradient of the filler

Figure 4. Frequency dependence of e(a) and tand (b) at room tempera-

ture of the pure PVDF and PVDF nanocomposite films with various con-

tents of the raw or modified BT nanoparticles. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. DSC HF traces of PVDF and BT/PVDF nanocomposite films in

the cooling (a) and the second heating (b). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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distribution. The vertical gradient distribution of fillers was also

observed in BT/PS nanocomposites and BT/PI nanocompo-

sites.14,22 Besides, the discrepancy between the upper and lower

surfaces is also less remarkable. All these results can be explained

by the stronger interaction between the modified fillers and the

polymer matrix than that between the raw fillers and the poly-

mer matrix. The comparison between Figure 3(a,b) also shows

that the nanocomposite films with hydroxylated fillers shows less

vertical gradient and less discrepancy between the two surfaces

than the nanocomposite films with aminated fillers, which can

be explained by stronger interaction between hydroxylated fillers

and polymer matrix than that between aminated fillers and poly-

mer matrix. After the chemical modification (hydroxylation and

amination), some chemical groups are produced on the surface

of filler nanoparticles, which helps separate these nanoparticles.

As a result, both the agglomeration and the sedimentation of the

fillers are reduced. The more effective anti-agglomeration and

anti-sedimenation by BT-OH nanoparticles than by BT-NH2

might be due to the lower amount of hydrogen bonds formed

between BT-OH nanoparticles and PVDF matrix than between

BT-NH2 and PVDF matrix. Therefore, a strong interfacial inter-

action in this work is formed between BT and PVDF when the

BT-OH modification nanoparticles are dispersed into PVDF.

This strong interaction makes the BT-OH nanoparticles a better

dispersion and prevents the sedimentation of BT-OH nanopar-

ticles during solution casting. However, the BT-NH2 nanopar-

ticles make a poor contribution to these questions, which may be

from the loss of –NH2 during the modification.

Figure 4 shows the frequency dependence of dielectric constant

(e) and loss tangent (tan d) of the pure PVDF, raw BT/PVDF

nanocomposite films, and modified BT/PVDF nanocomposite

films. From Figure 4(a), it can be seen that the e increases with

increasing content of fillers. Moreover, for the same content of

fillers the e increases in the order of BT-OH>BT-NH2>BT. It

is a normal phenomenon that the addition of high-e fillers into

a polymer matrix could increase the e of the latter. This is

because the BT fillers with a dielectric permittivity of about

1000, which is one hundred fold higher than PVDF with a

permittivity of about 10. In addition, It is interesting to see that

the e of the BT/PVDF nanocomposite films is significantly

increased by chemically modifying the BT fillers. It is generally

believed that the interfaces between the fillers and matrix is a

main reason for the lower e than expected for the high-e fillers

filled polymer nanocomposite films.31,32 The chemical modifica-

tion of BT nanoparticles to BT-OH and BT-NH2 nanoparticles

could increase the interaction between fillers and polymer

matrix, which are valuable to polarization between inorganic

phase and polymer phase. Therefore, the e of BT-OH/PVDF

and BT-NH2/PVDF nanoparticle films is higher than that of

BT/PVDF nanoparticles. The e of BT-OH/PVDF nanoparticle

films is even higher than that of BT-NH2/PVDF nanoparticle

films probably due to the formation of stronger hydrogen bonds

in the former. From Figure 4(b), it can be seen that the evolu-

tion of tan d with the addition of different fillers is complex

and dependent on frequency. It is noteworthy that the addition

of 10 vol % BT-OH or BT-NH2 hardly increases the tan d, espe-

cially for the low frequency below 105 Hz.

Figure 5 presents the DSC curves of the pure PVDF, raw-BT/

PVDF nanocomposite films, and modified-BT/PVDF nanocompo-

site films. It can be seen that both the crystallization and melting

peaks shift to lower temperature with increasing content of fillers.

This means that the addition of fillers hinders the crystallization

of polymer matrix, which was also observed in the literature.33 For

the same fv
BT of 10 vol %, the melt crystallization temperature

(Tmc) follows the order: BT-OH/PVDF>BT-NH2/PVDF>BT/

PVDF and the melt crystallization enthalpy (DHmc) also follows

this order except that the difference between the former two are

small. At this fv
BT, the melting temperature (Tm) follows the order:

BT-NH2/PVDF<BT-OH/PVDF<BT/PVDF, while the melting

enthalpy (DHm) follows the opposite one. For the same fv
BT of 30

vol %, a similar trend is found except that the difference among

three different nanocomposite films becomes much smaller. All

these results show that the chemical modification of BT nanopar-

ticles does change the crystallization kinetics because of changes in

interaction between the fillers and polymer matrix.

Figure 6 shows the breakdown strength (Eb) of pure PVDF,

raw-BT/PVDF nanocomposites, and modified-BT/PVDF nano-

composites. It can be seen that the Eb decreases with increasing

fv
BT. For the same fv

BT, the Eb follows the order: BT-OH/

PVDF>BT-NH2/PVDF>BT/PVDF. Compared with pure

PVDF films, the addition of BT nanoparticles into polymer

matrix decreases Eb because of the formation of defects at the

interface between the fillers and matrix.19,22 The order of Eb,

namely, BT-OH/PVDF>BT-NH2/PVDF>BT/PVDF can be

explained by the formation of stronger hydrogen bonds between

BT-OH and PVDF than those between BT-NH2 and PVDF.

CONCLUSION

The effect of the surface modification of BT nanoparticles on

their sedimentation in BT/PVDF films during solution casting

has been systematically investigated. The surface of BT nanopar-

ticles was hydroxylated by H2O2 or aminated by c-APS. It has

been found that the compatibility between fillers and polymer

matrix is remarkably improved by such surface treatments. As a

Figure 6. Eb of the pure PVDF and PVDF nanocomposite films with vari-

ous contents of the raw or modified BT nanoparticles. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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result, the agglomeration and sedimentation in the composites

were significantly reduced, as supported by the morphology

observation. Better dielectric properties such as higher dielectric

constant, higher breakdown strength, and lower dielectric loss

are also obtained for the composites with surface-modified fill-

ers than those with raw fillers. Hydroxylated fillers show a better

effect than aminated ones.
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