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SnO2 nanoparticles with an average diameter of about 4 nm were coated on the surface of BaTiO3

(BT) (�100 nm) by chemical treatment. With the introduction of BT@SnO2, the dielectric

permittivity of poly(vinylidene fluoride) (PVDF) composite was significantly increased to 90 at

103 Hz, which is �40% higher than that of the BT/PVDF composites. It was attributed to the

enhanced interfacial polarization in the interlayers between BT and PVDF due to the addition of SnO2

nanodots. The distance of SnO2 nanodots on the adjacent BT surfaces is close enough for the electron

transport in the matrix by tunneling effect. Besides, the semiconductive SnO2 leads to the weak

insulating-conducting transition close to the percolation threshold. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4866269]

Developments for both electrical and electronic industry

depend on the tailoring of materials properties to suit specific

application requirements. Due to their excellent dielectric

properties, the ceramic particles have been used as fillers in

polymer composites as dielectrics.1–4 In such composite sys-

tems, the polymer matrix can balance the disadvantages of ce-

ramic materials, such as high density, brittleness, and low

processability. At the same time, the composites can possess

the superior dielectric properties of the ceramic materials.

With the particle size decreasing to nanometer scale, the inter-

face between the matrix and fillers became significant, which

is closely related to the physical and chemical properties of

the composites. Therefore, the filler/matrix interface has been

actively investigated in the development of nanocomposites.

Since the conception of “nanometric dielectrics” had

been put forward in 1994, many researchers had attempted to

propose a model or mechanism as a useful guideline to mate-

rial design.5 Lewis proposed the concept of “electrical dou-

ble layer in surface chemistry” to explain the interfacial zone

between the nanofiller and polymer matrix.6 Tanaka et al.
suggested a hypothetical multi-layered core model for the

interfaces in the nanocomposites with the spherical inorganic

particles embedded in polymer matrix.7 The presence of the

interfacial layers will dramatically alter the polymer behav-

iors. In the light of this, what if the nanodots with different

electrical properties from the ceramic fillers and/or polymer

matrix were introduced as part of the interface? The nano-

scale particles might contribute to the composites by generat-

ing disturbance to charge distribution of the interlayers under

electric field. This could result in the enhanced polarization

in the composite system. As a result, it would significantly

influence on the dielectric properties of the nanocomposites.

In this Letter, the BaTiO3@SnO2 (BT@SnO2) hybrid

particles with semiconductive SnO2 nanodots coated onto

commercial BT nanoparticles were prepared by a simple

chemical approach which has been proved to be a proper

technique.8–10 Poly(vinylidene fluoride) (PVDF) as one of the

dielectric polymer was used as the matrix owing to its ferro-

electric superiority (i.e., higher dielectric permittivity). The

preparation and dielectric properties of the PVDF nanocom-

posites containing different volume fractions of BT@SnO2

were investigated. The introduction of SnO2 on BT surface

gave rise to the high dielectric permittivity within a certain

frequency range. This behavior may be attributed to the

excellent properties of the nanometer SnO2 and the weak

insulating-conducting transition when the BT@SnO2 concen-

tration is close to the percolation threshold. However, there

has been no report on the fabrication and properties studies

on SnO2 nanodots coated BT nanoparticles filled PVDF ma-

trix composites, in particular, their dielectric applications.

The BaTiO3 particles (�100 nm) provided by Aladdin

was used as core particles in this work. Prior to the surface

modification, 10 g BT were well dispersed in 100 ml

H2O/ethanol (v/v¼ 1:1) for 30 min with applied ultrasonic.

Subsequently, a 900 ml mixture of SnCl2 (29 mM, Tianjin

Jinke Institute of Fine Chemicals, China) and diluent hydro-

chloric acid (72 mM, Beijing Chemicals Works, China) in

H2O/ethanol was added. During the whole process, the me-

chanical agitation and ultrasonication were applied. The

chemical reaction can be described as follows:

2Sn2þ þ 2H2Oþ O2 ! 2SnO2 þ 4Hþ:

After reacting for 50 min, the dispersion was centrifuged at

4000 rpm for 5 min. Subsequently, the sediment was washed

twice with the same concentration of diluent hydrochloric

acid in H2O/ethanol under centrifugation. After drying at

70 �C for 4 h under vacuum, the BT@SnO2 hybrid particles

were obtained. The PVDF (Shanghai 3 F Company, China)

nanocomposites filled with the resulted BT@SnO2 were pre-

pared by the following steps. First, the BT@SnO2 fillers

were dispersed in the N, N-dimethylformamide (Beijing

Chemical Works, China) for half an hour using ultrasonic.
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Second, the PVDF was added and the mixture was mechani-

cally stirred in water bath at 70 �C for 6 h. Subsequently, the

mixture was casted on a clean glass plate and heated at 65 �C
for 7 h in a vacuum oven. The prepared composite films

were stacked up and further molded by hot pressing at about

200 �C and 20 MPa. Finally, the disk shaped samples with

�1.0 cm in diameter and �1.0 mm in thickness were

obtained. The morphologies of the SnO2 nanodots were ana-

lyzed by high-resolution transmission electron microscopy

(HRTEM, JEM-2100). Dielectric properties of the samples

were measured using an impedance analyzer (Agilent

4294A) in the frequency ranges from 102 to 106 Hz at room

temperature and integral temperature changing cycles,

respectively.

Morphologies of the raw BT and BT@SnO2 hybrid par-

ticles are shown in Figs. 1(a) and 1(b), respectively. It is

clearly seen that the nanodots with a diameter of �4 nm are

spread out on the core particle surface using chemical modi-

fication by acidic SnCl2 solution.

Frequency dependence of dielectric permittivity (e), loss

tangent (tan d), and alternating current (AC) conductivity of

the BT/PVDF and BT@SnO2/PVDF nanocomposites with

the filler volume fraction (ffiller) of 20 vol. % and 45 vol. %

are shown in Fig. 2. We can see that the dielectric permittiv-

ities increase with the increase of filler concentration in the

two systems. As shown in Figs. 2(a) and 2(b), e of the

BT@SnO2/PVDF nanocomposites at ffiller¼ 45 vol. % is

about 90 (see Fig. 2(a)) and tan d is up to 0.47 at 103 Hz (see

Fig. 2(b)). Frequency dependence behavior of e in the low

frequency range is mainly ascribed to the interfacial polar-

ization, which occurs when there is an accumulation of

charge carriers at an interface. In this case, the SnO2 nano-

dots coated on the different BT particles are almost in con-

tact with each other. But the composites still remain

insulating because of the existence of PVDF layer.

Therefore, the carriers accumulated on the SnO2 nanodot

surface give rise to strong interfacial polarization, thus lead-

ing to the increase of e. Meanwhile, the SnO2 nanodots are

close enough to each other that the electrons transport easily

among these nanodots by tunneling effect, resulting in the

relatively higher loss tangent (see Fig. 2(b)) and AC conduc-

tivity (see Fig. 2(c)) in the BT@SnO2/PVDF nanocompo-

sites. It is worth noting that, when ffiller is 20 vol. %, e of the

BT@SnO2/PVDF nanocomposites is also higher than that of

the BT/PVDF system, as shown in Fig. 2(d). However, the

tan d still remains very low in the whole range of frequency.

It might be caused by the special characteristic of SnO2

nanodots,11 which is just smaller than that of exciton Bohr

radius (2.7 nm).12 According to Takagahara’s theory,13 due

to the combination of quantum size effect, small size effect,

and dielectric confinement effect, the reduction of the energy

band gap occurs. Consequently, the electrons are more likely

to excite from the valence band to the conduction band.

Additionally, the SnO2 is an N-type semiconductor. It is easy

for the carriers (mainly electrons) to pile up on SnO2 nano-

dots due to the surface effect. These carriers would induce

the further polarization, which possibly contribute to the

more obvious increment of dielectric permittivity in the

BT@SnO2/PVDF nanocomposites.

Frequency dependence of dielectric properties of the

BT@SnO2/PVDF nanocomposites with different filler con-

tents at room temperature is shown in Figs. 3(a) and 3(b). It

can be clearly seen that when ffiller is lower than 35 vol. %,

with the increase of frequency, the e and tan d of the nano-

composites almost remain almost constant. When ffiller is

close to 35 vol. %, the e and tan d demonstrates slight de-

pendence on frequency. However, at ffiller> 45 vol. %, the

obvious frequency dependence of dielectric properties is

observed. Namely, the e and tan d decreases dramatically

with the increase of frequency. However, this phenomenon

is less pronounced when compared with the composites with

conductive fillers.14,15 This behavior can be explained as fol-

lows. When ffiller is lower than the percolation threshold, the

BT@SnO2 hybrid particles in the composites are so far from

each other that no percolation network is established.

Consequently, the dependence of dielectric permittivity on

frequency is not significant. When the BT@SnO2 concentra-

tion approaches to the percolation threshold, the SnO2 nano-

dots coating on the BT particles are so close with each other

that the percolation networks are well formed, thus resulting

the increment of conductivity of the composites with fre-

quency as shown in Fig. 3(c). Nevertheless, with regard to

the low conductivity of SnO2, even when ffiller is as high as
FIG. 1. HRTEM images of (a) crude BT particles and (b) BT@SnO2 hybrid

particles.
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55 vol. %, the direct current (DC) conductivity of the compo-

sites only reach the order of 10�10 S/cm (see Fig. 3(d))

which is the boundary of the semiconductor and insulating

material.

Fig. 4 displays the temperature dependency of (a) AC

conductivity, (b) dielectric permittivity, and (c) loss tangent

of the BT/PVDF and BT@SnO2/PVDF composites at

ffiller¼ 45 vol. %. Due to the weak temperature sensitivity of

BT, the temperature dependency of the composites is domi-

nated by the PVDF matrix. With the increase of temperature,

one can see that the conductivity of the BT@SnO2/PVDF

nanocomposite increases more rapidly than that of BT/PVDF

nanocomposites, as shown in Fig. 4(a). According to the rela-

tionship between Hall mobility and carriers with temperature

in the SnO2 crystals,16 the periodic lattice potential well in

the relatively low temperature range captures most of the car-

riers. Thus, the lower conductivity of the BT@SnO2/PVDF

nanocomposites is obtained. With increasing the temperature,

the kinetic energy of the electrons increases by thermal exci-

tation. The enhanced kinetic energy makes the electrons more

easily to jump out of the well, thus resulting in the increased

carrier concentration. Additionally, the tunneling effect is

induced by the SnO2 nanodots on the neighboring BT par-

ticles because the electrons transports easily among these

FIG. 2. Frequency dependence of (a)

dielectric permittivity, (b) loss tangent,

(c) AC conductivity of the BT/PVDF

and BT@SnO2/PVDF nanocomposites

of 20 vol. % and 45 vol. %, and (d) the

details of the composites of 20 vol. %.

FIG. 3. Frequency dependence of (a)

dielectric permittivity, (b) loss tangent,

(c) AC conductivity, and (d) DC con-

ductivity of the BT@SnO2/PVDF

nanocomposites with ffiller from 0 to 60

vol. %.
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nanodots. This leads to the sharp increase in conductivity in

high temperature range and even eliminates the negative

effect on carrier mobility of PVDF in low temperature range

(�20 �C–40 �C). The e of the BT@SnO2/PVDF nanocompo-

site increases with the temperature as shown in Fig. 4(b).

These behaviors can be explained as follows. First, with

increasing temperature, the mobility of polymer chain seg-

ments increases sharply, which is beneficial to the dipole

polarization. On the other hand, the increase of carriers indu-

ces the strong interfacial polarization. Therefore, the dielec-

tric permittivity of the nanocomposite increases significant,

which is also favorable for the increase of the conductivity.

Fig. 4(c) shows the variation of loss tangent of the

BT@SnO2/PVDF nanocomposites with temperature. The re-

markable enhancement in tan d is mainly ascribed to the

relaxation of polymer dipole and leakage current.

In summary, the BT@SnO2 fillers with nanometer semi-

conductive SnO2 particles coated on the BT surface were

prepared by a simple chemical treatment. It was found that

even low concentration of SnO2 nanodots could have great

influence on the dielectric properties of the BT/PVDF nano-

composites. The results indicated that the BT@SnO2 hybrid

particles have the potential to serve as ideal fillers in the

polymer composites with excellent dielectric properties.
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