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Abstract Polyaniline deposited BaTiO3 hybrid nanoparticles (BT@PANI) were synthesized via in-situ polymerization 

increased with the increment of PANI in BT@PANI(while the fraction of BT decreased in the composite), which was 
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1 Introduction

dielectric constant have drawn much attention due 
to their potential applications in many fields[1,2]

such as embedded capacitors[3,4], actuators[5,6] gate 
dielectrics[7] and so on. Efforts have been made to 
prepare ceramics/polymer composites composed of 
ferroelectric ceramic fillers including BaTiO3

[8-10],
BST[11],  PZT[12] and PMN-PT[13] and polymer 

dielectric constant due to the low dielectric constant 
[9] reported that the 

dielectric constant of BaTiO3/polyimide composites 
containing 40 vol% BaTiO3 was only 18. Dielectric 
constant of BaTiO3

loading of 60 vol% BaTiO3 was about 27[10]. In 
order to obtain a dielectric constant larger than 20, 
the ceramic concentration has to be increased to 
50 vol% or higher, which however, will deteriorate 

limit their applications[14]. On the other hand, some 
attempts have been focused on the conductor/
polymer composites with high dielectric constant and 

of dielectric constant of the conductor/polymer 
composites is given by the following power law on 

the basis of percolation theory[15]:

       
(1)

where k is the dielectric constant of the composite, k0

fc is the 
percolation threshold, s s

1), and f is the volume concentration of conducting 
fillers. As is mentioned above, when the volume 

value, the dielectric constant of the composites 
increases a few orders of magnitude due to the 
formation of conductive networks induced by the 
conducting fillers. Rao and Wong et al.[16] reported 
that a high dielectric constant of 2000 was obtained 

composites[17]. Unfortunately, some disadvantages 
have been found in such percolative composites 
including (1) the large loss is caused by leakage 
current near percolation threshold; (2) the dielectric 
constant of the composites will drop remarkably with 
the increase of frequency; (3) the dielectric constant 
remains a low value unless the concentration of 
conducting fillers reaches percolation threshold; 
and (4) the dielectric properties of the composites 
are sensitive to the content of conducting fillers 

attributed to the enhanced interfacial polarization induced by the conducting PANI. The value of k increased from 17 for 0 

wt% PANI to 53 for 26 wt% PANI. No typical percolation effect was observed in the composite and when the content of 

PANI in the BT@PANIreached 26 wt%, the conductivity maintained a low value of 1.64×10 6 S/m. Besides, the dielectric 

constant of the composites jumped remarkably inthe measured temperature range from 60  to 100  as anevidenceof the 

molecule chains around Tg (90 )and the phase transition of BT near the curie point 120 .

Keywords polymers; BaTiO3; polymeric composites; dielectricproperties
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threshold[15-18]. In order to improve the dielectric 
constant of materials, some groups have introduced 
conducting fillers and ferroelectric ceramics 

three-phase dielectric composites. For instance, 
Dang et al.[14] reported the three-phase Ni-BaTiO3/
PVDF composites. George et al.[15] reported the 
three-phase Silver-Ca[(Li1/3Nb2/3)0.8Ti0.2]O (CLNT)/

show a typical percolation effect.
In this paper, polyaniline(PANI) was deposited on 

the BT surface to obtain hybrid nanoparticles (BT@

BT@PANI particles were incorporated into the 

deposition amount, on the dielectric properties of 
the composites were investigated. Results showed 
that the dielectric properties of the composite can be 
well-tailored through controlling the PANI content in 
the BT@PANI hybrid. The dependence of dielectric 
behavior on frequency and temperature was analyzed 
systematically.

2 Experimental

2.1 Materials

Barium titanate nanoparticles with an average 
diameter of 100 nm(BT) were obtained from Guoci 
Co., Ltd. Aniline (C6H7N, 99.5%), Ammonium 
persulfate (APS, (NH4)2S2O8, reagent grade, 98%), 
Sodium dodecyl benzene sulfonate (SDBS) (all from 
Shanghai Lingfeng Chemical Reagent Co., Ltd) 
and Hydrochloric acid (HCl) (Dongguan Dongjiang 
Chemical Reagent Co., Ltd) were used as monomer, 
initiator, emulsifier and dopant, respectively. The 

Dicyandiamide and 2-Ethyl-4-methylimidazole 
(2E4MI) (both from Shanghai Lingfeng Chemical 
Co., Ltd) were used as curing agent and catalyst, 
respectively.  Butanone, Ethanol (both from 
Tianjin Kaitong Chemical Co., Ltd) and Dimethyl 
formamide (DMF) (Shanghai Lingfeng Chemical 
Reagent Co., Ltd) were selected as solvent. Copper 
foil was purchased from Changchun Chemical Co., 
Ltd, Taiwan, China. All the chemicals were used as 
received without any treatment.

2.2 Preparation of BT@PANI Nanoparticles

The polyaniline deposited BT nanoparticles were 

Firstly, 20.00 g BT particles with a mean size 
of 100 nm and 0.60 g SDBS were dispersed in 
deionized water in a 500 mL beaker with ultrasound 
treatment for 2 h to get a fine aqueous dispersion. 

neck flask, followed by the addition of aniline in 
2 mol/L HCl solution. The monomer-BT-water 

room temperature for 1 h to produce a homogenous 
 in an 

ice bath. After that, an aqueous solution of APS 
was dropwise added into the above solution (15-20 
min intervals) to initiate a polymerization. The molar 
ratio of aniline : HCl : APS was adjusted to 1 : 1 : 2. 
The polymerization was carried out at 0  for 1 
h, accompanied with mechanical stirring. A dark 
green colour of precipitate was formed at the end of 
reaction. The precipitate was collected by filtration 
and washed with distilled water and ethanol until 
SDBS was removed absolutely. At last, the obtained 
products were dried in a vacuum oven at 80  for 24 
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h. According to above method, the PANI deposited 
BT (BT@PANI) nanoparticles with different weight 
fractions of PANI in the BT@PANI (5 wt%, 10 
wt%, 17 wt%, 20 wt% and 26 wt% PANI) were 
synthesized, as were given in Table 1.

2.3 Fabrication of the BT@PANI/Epoxy 

Composites

dissolved in butanone and DMF, respectively. And 
10.00 g BT@PANI nanoparticles were dispersed 
into butanone with ultrasound treatment. Then the 

was obtained through adding 2E4MI into the above 

120  for 1 h to evaporate the residual solvent and 
then cured at 150  for 2 hrs.

2.4 Characterization

The morphology of BT@PANI nanoparticles was 

of Nova Nona 450. Thermogravimetry analyses 
(TGA) was performed by TA DSC Q20 in nitrogen 

with a heating rate of 10 /min from 30  to 
1000 . The Fourier transform infrared (FT-IR) 
spectra were recorded from 4000 cm 1 to 400 cm 1

paste was painted on the surface of specimens as 
electrode for dielectric measurement with impedance 
analyzer Agilent 4294A at the frequencies of 102

—

107 Hz. The effect of temperature on dielectric 

characterized with impedance analyzer Agilent 
4294A equipped with a THMS 600 temperature 

a T95-LinkPad temperature programmer (Linkam 

50  to 100 .

3 Results and Discussion

3.1 The Morphology of BT@PANI Nanoparticles

Fig. 1 presents SEM images of pure BT and BT@
PANI nanoparticles with different weight fractions of 
PANI. As is shown in Fig. 1 (a), the surface of pure 
BT nanoparticles is smooth. In contrast, the surface 
of BT@PANI hybrid nanoparticles is rough with 

Table 1 The parameters of BT@PANI nanoparticles and BT@PANI/epoxy composites
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some PANI particles distributed on it, as is shown in 
Fig. 1(b)—(d). It is noted that the PANI particles and 
layer coexist on the surface of BT when PANI content 
is increased to 26 wt%, as is shown in Fig. 1(d). 

3.2 FTIR and TGA Analysis of BT@PANI 

Nanoparticles

Fig. 2 shows FT-IR spectra of pure BT, PANI and 
BT@PANI nanoparticles with different amounts of 
PANI. As is shown in Fig. 2, the absorption peaks 
of pure BT nanoparticles at 578 cm 1 and 450 cm 1

correspond to Ti-O vibration and characteristic of 
BaTiO3, respectively. And the absorption peaks 
of PANI at 1584, 1504, 1303, 1240, 1154 and 820 
cm 1 are attributed to the main absorption bands of 
PANI. Among these peaks, the absorption bands at 
1584, 1504 and 1303 cm 1 are due to the stretching 
mode of N quinine (Q) N ring, N-benzene 
(B)-N ring and C-N (C aromatic-N) deformation, 
respectively[19-21]. The strong characteristic peak 
at 1154 cm 1 originates from “electron-like band” 
and is considered to be a measure of electron 
delocalization, leading to the conductive feature 
of PANI, as is reported by Macdiarmid et al.[22-23].
The absorption band at 1240 cm 1(C-N  stretching 
vibration) indicates the doped form of PANI. The 
FT-IR curves of BT@PANI nanoparticles contain 
the peaks of both BT nanoparticles and PANI, 
and the characteristic peaks from PANI become 

much stronger with the increase of PANI content. 
However, the absorption peak at 578 cm 1 from 
BT nanoparticles is suppressed as a result of the 
coverage of PANI on BT surface, as is illustrated in 
Fig. 2 (a) to (e), further confirming the successful 
synthesis of the BT@PANI nanoparticles.

Fig. 2. FT-IR spectra of (a) pure BT, (b) PANI and BT@PANI 

nanoparticles with (c) 5 wt%, (d) 17 wt% and (e) 26 wt% PANI, 

respectively

Fig. 3 presents the thermogravimetric analysis of 
pure BT and BT@PANI nanoparticles with different 
PANI contents. The weight of pure BT nanoparticles 
almost maintains a constant value in the whole 
measured temperature range, as is shown in Fig. 3 (a). 
The weight loss of BT@PANI nanoparticles within 

Fig. 1. SEM images of (a) pure BT and BT@PANI nanoparticles with (b) 5 wt%, (c) 17 wt% and (d) 26 wt% PANI, respectively
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100—250  may result from the loss of bound water 
molecules serving as secondary dopants in PANI, 
because the synthesis was carried out in an aqueous 
medium. The major weight loss starts at 700  for 
the BT@PANI nanoparticles[21]. According to the 

nanoparticles are about 5 wt%, 17 wt% and 26 wt% 
through the whole curves, respectively.

Fig. 3. The thermogravimetric analysis of (a) pure BT and BT@

PANI nanoparticles with (b)5 wt%, (c)17 wt% and (d)26 wt% 

PANI, respectively

3.3 The Dielectric Properties of the BT@PANI/

Epoxy Composites

Fig. 4 displays dependence of dielectric constant k
and loss tan  of the BT@PANI/epoxy composites 
on PANI weight fraction, based on the BT@PANI 
hybrid nanoparticles. As is shown in Fig. 4, the 
dielectric constant of the composite increases with 
the increase of PANI. When the content of PANI 
increases from 0 wt% to 26 wt%, the k rises from 17 
to 53 at 100 Hz. The enhanced dielectric constant 
in the composite should be demonstrated by the 
interfacial polarization. According to the Maxwell-
Wagner-Sillar (MWS) effect[24-27], the interfacial 
polarization takes place in heterogeneous system 

and the charge carriers are blocked at the internal 
surfaces or interfaces between matrix and fillers[28].
The BT@PANI/epoxy composites consist of PANI 
with conducting feature, and both of BT and epoxy 
with insulating nature. The protons (hydrogen ions) 
provided by the doping acid in the PANI on the 
surface of BT move along the PANI chains, but 
these charge movements will be blocked by the BT 
and epoxy matrix, leading to large amount of space 
charges accumulating at the interfaces of PANI-BT 
and PANI-epoxy, which results in a large interfacial 
polarization[29,30]. For the loss of the BT@PANI/
epoxy composites, when the PANI content ranges 
from 5 wt% to 17 wt%, the tan  almost keeps a 
constant low value of 0.05, but it exceeds 0.1 as the 
content of PANI approaches 20 wt% or above, as is 
present in Fig. 4. The reason is that when the PANI 
content was low, a few discrete PANI particles were 
deposited on the surface of BT. The charge carriers 
are limited in the area of a single PANI particle, 
and they only need to move a short distance and 
reach the interfaces between PANI and other phases 

Fig. 4. Dependence of dielectric constant k and loss tan  of the 

BT@PANI/epoxy composites on the weight fraction of PANI 

(based on the BT@PANI hybridnanoparticles) at 100 Hz
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to establish interfacial polarization under external 
field, which leads to a low energy consumption. 
In contrast, when the concentration of PANI is 
increased to higher values, a continuous PANI layeris 
formed on the surface of BT, as is shown in Fig. 1 (d). 

to move a longer distance than that of a single PANI 
particle to accomplish interfacial polarization, which 
consumes more energy and results in increased loss. 
Meanwhile, they introduce a large amount of charge 
carriers (hydrogen ions) and interfaces, which results 
in the larger interfacial relaxation process.

Fig. 5 presents variation of the dielectric constant 
k and loss tan  of the BT@PANI/epoxy composites 
with the weight fraction of BT in the total content of 
(BT+PANI+epoxy) at 100 Hz and 100 kHz. Herein, 
we set the total weight fraction of BT@PANI hybrid 
nanoparticles in the BT@PANI/epoxy composites as 
a constant value of 80 wt% for all samples, and the 
calculated results are depicted in Table 1. Actually, 
when the content of PANI in the BT@PANI increases 
from 0 wt% to 26 wt%, the responding fractionof BT 
in the total content of (BT+PANI+epoxy) decreases 
from 80 wt% to 59.2 wt%. It is worth noting that the 
values of k and tan  increase with the decrease of BT, 
as is shown in Fig. 5, which is assigned to the strong 
interfacial polarization caused by the conducting 
PANI and corresponds to the result given in Fig. 4. 
This phenomenon is in favor of the enhancement 
of dielectric constant and flexibility of materials. 
When the BT content is 66.4 wt% in the BT@PANI/
epoxy composite (17 wt% PANI in the BT@PANI), 
the k and tan  of the composite are 34 and 0.051 at 
100 Hz, respectively, which is superior to that of the 
BaTiO3/polyimide composites with 40 vol% BaTiO3

(k 18)and the BaTiO3/epoxy composites with a high 

loading of 60 vol% (k 27) [9,10]. Additionally, the 
dielectric constant and loss of the BT@PANI/epoxy 
composites at 100 kHz are less than that of 100 
Hz, originating from the weakening of interfacial 
polarization with the measured frequency increasing.

(a) Dielectric constant k

(b) Loss tan

Fig. 5. Dielectric constant k and loss tan  of the BT@PANI/

epoxy composites versus the weight fraction of BT in the total 

content of (BT+PANI+epoxy) at 100 Hz and 100 kHz

Fig. 6 presents dependence of dielectric constant 
k and loss tan  of the BT@PANI/epoxy composites 
on the measured frequency. As is shown in Fig. 6 (a), 
the dielectric constant of the composite with BT@
PANI (17 wt%) or less shows weak dependence 
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on the frequency in the whole measured frequency 
range. However, when the contents of PANI exceed 
17 wt%, the k of the composites shows obvious 
decrement with the frequency at low frequencies 
of 100 Hz to 10 kHz. For example, the k value of 
the composite with BT@PANI (26 wt%) decreases 
from 53 (100 Hz) to 40 (10 kHz). This phenomenon 
is demonstrated through the interfacial polarization 
caused by accumulated charges, which is sensitive to 
the frequency[31]. Interestingly, it is noticed that the 
k of the composites with higher PANI contents still 
maintains a higher value in the high frequency range 
of 10 kHz to 1 MHz due to the diffused electrical 
double layer in the internal interfaces between 
different phases. For instance, the k of the composite 
with BT@PANI(26 wt%) remains a relatively high 
value of 38, more than that of other composites 
at 100 kHz, as is depicted in Fig. 6(a). It can be 
explained that the PANI becomes charged positively 
owing to the protons (hydrogen ions) provided by the 
doping acid, as is mentioned above, and the epoxy 
matrix will respond by establishing an excess counter 
charge atmosphere screening the charge on the 
surface of PANI, which induces the polarization of 

epoxy matrix involving both electronic polarizability 
and the orientation of permanent dipoles, leading to 
the enhanced dielectric constant in the composites 
with higher PANI contents at high frequencies[32].
The loss of the BT@PANI/epoxy composites shows 
similar trend with that of the dielectric constant, as is 
displayed in Fig. 6 (b).

Fig. 7 presents variation of dielectric constant 
and loss of the BT@PANI/epoxy composites with 
temperature. The k of all the composites shows a 
slight increase below 60 , but increases fast in the 
temperature range of 60  to 100 , as is shown 
in Fig. 7(a). The increasing temperature is in favor 
of charge movements along PANI chains and also 
promotes the motion of polymer PANI molecule 
chains, which enhances the interfacial polarization 
and improves dielectric constant. Additionally, 
the increasing dielectric constant is associated 
with the motion of epoxy molecule chains around 
the transition temperature (Tg) of pure epoxy. In 
this case, the Tg of pure epoxy as given by Fig. 
7 is about 90 . It is wellknown that the dipoles 
with enough mobility can enhance the dielectric 
constant. The polymer in the amorphous state 

                                                               (a)                                                                                                (b)

Fig. 6. Dielectric constant k and loss tan  of the BT@PANI/epoxy composites as a function of frequency
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demonstrates a relaxation field associated with the 
glass transition, and the relaxation process is usually 
named as  and used to present the primary or 
glass-rubber relaxation. From the view of a dipolar 
point, the enhanced dielectric constant is induced 
by large-range motions “dipole-elastic process” 
corresponding to micro-Brownian segmental motion 
of chain near epoxy Tg[33]. On the other hand, the 
dielectric constant could also be influenced by the 
temperature near the curie point (around 120 ) of 
BT, which undergoes a phase transition, resulting in 
the increase of dielectric constant. Correspondingly, 

the loss of the BT@PANI/epoxy composites shows 
the similar variation, as is presented in Fig. 7 (b). 
The tan  increases with the temperature, which 
possibly results from thermally activated conduction 
of BT with a pseudo-cubic structure.

Fig. 8 shows DSC curve of pure epoxy. We can
see that the transition temperature (Tg) of pure
epoxy is 90 , and the cure reaction peak is 152 .

Fig. 8. Differential calorimeter analysis (DSC) of pure epoxy

3.4 The Conductivity of the BT@PANI/Epoxy 

Composites

Fig. 9 shows the effects of frequency and tem-
perature on the conductivity of the BT@PANI/epoxy 
composites. It is noticed that the conductivity of the 
composites increases with the frequency. At 100 Hz, 
the conductivity of all specimens keeps low values of 
less than 10 5 S/m, and it is 1.64×10 6 S/m for 26 wt% 
of PANI in the BT@PANI, further indicating 
insulating nature of the composites, as is depicted 
in Fig. 9 (a). Besides, the decreasing conductivity 
of the composites with the temperature is observed 
in Fig. 9 (b). It is demonstrated that the volume of 
epoxy matrix will expand when the temperature is 
increased, especially near the Tg point, resulting in 
the increasing gap between BT@PANI nanoparticles. 

(a)

(b)

Fig. 7. Dependence of (a) dielectric constant k and (b) loss tan

of the BT@PANI/epoxy composites on temperature at 100 Hz
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Therefore, the conducting path developed by PANI is 
destroyed, which leads to the reduced conductivity.

composite almost keeps a constant value at the whole 
temperature range, which indicates the evidence of 
this phenomenon.

(a) Effects of frequency on the conductivity of the BT@PANI/

epoxy composites

(b) Effects of temperature on the

conductivity of the BT@PANI/epoxy composites

Fig. 9. Effects of frequency and temperature on the 

conductivity of the BT@PANI/epoxy composites at 100 Hz

4  Conclusion

PANI deposited BaTiO3 hybrid nanoparticles 

(BT@PANI) were synthetized through in-situ 
polymerization successfully. As-prepared BT@PANI 
nanoparticles were introduced into epoxy matrix to 
fabricate the special three-phase BT@PANI/epoxy 
composites. The enhancement of dielectric constant 
of the composites with the increase of PANI content 
was due to the interfacial polarization caused by the 
conducting PANI. There was no percolation effect 
appearing in the composite system. Additionally, 
when the measured temperature ranged from 60
to 100 , the dielectric constant of the composites 
increased remarkably. This phenomenon was 
explained by the enhanced interfacial polarization 
induced by the increasing temperature,  the 
strengthened motion of epoxy molecule chains near 
Tg (90 ) and the phase transition of BT near the 
curie point 120 . The composite with a tunable 
dielectric property was potential for practical 
applications.
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