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deteriorate mechanical properties and processing perfor-
mance of material [5, 6]. Therefore, improving the dielec-
tric constant while remaining the concentration of ceramics 
particles is the target on achieving desirable material with 
better dielectric properties.

In recent years, one of the trends in this area is to incor-
porate conductive nanoparticles or fibers into the ferroelec-
tric/polymer two-phase composites. According to the per-
colation theory, dielectric constant of conductor/polymer 
has an abrupt increase when the content of conductive filler 
is close to percolation threshold [7, 8]. Thus ferroelectric/
conductor/polymer three-phase composites possess higher 
permittivity than ferroelectric/polymer two-phase com-
posites. Nevertheless, some conductive fillers are liable to 
aggregate in the polymer matrix and lead to a high dielec-
tric loss which definitely limits the application of compos-
ites [9].

Several methods like surface oxidation and surface 
modification have been tried to reduce the dielectric loss 
which cause by the agglomeration of conductive nanopar-
ticles. However, to prevent conductive particles to contact 
with each other directly is still considered to be difficult 
[10–13]. Currently, some investigations have been focused 
on preparing core–shell nanoparticles with insulated shell 
that can restrain conductive particles from interconnect-
ing. Liang et  al. modified the surface of silver nanoparti-
cles to form core–shell structured Ag@SiO2 and then add 
them into  BaTiO3/poly(vinylidene fluoride)(PVDF) matrix. 
The permittivity of this resultant three-phase composites 
achieves 723 while remaining the dielectric loss of 0.82 at 
100 Hz [14].

In this study, we present a CB@TiO2/BaTiO3/epoxy 
three-phase composites with higher dielectric constant than 
 BaTiO3/epoxy two-phase nanocomposites obtained by a 
similar technique. Epoxy resin was chosen as the polymer 

Abstract High-k (High permittivity) dielectric compos-
ites with low dielectric loss exhibit great potential applica-
tions in embedded capacitors and energy storage systems. 
In this study, CB@TiO2 core–shell particles and  BaTiO3 
powder were incorporated into the epoxy matrix to fabri-
cate three-phase composites. Morphology of CB@TiO2 
particles and dielectric properties of CB@TiO2/BaTiO3/
epoxy composites were investigated. Results showed that 
the dielectric properties of the composites can be improved 
by the addition of CB@TiO2 particles. The dielectric con-
stant of the composites with 30 vol%  BaTiO3 and 20 vol% 
CB@TiO2 can reach 32.14 at the frequency of 1 kHz while 
the dielectric loss (tanδ) of the composites still keeps low 
(0.016 at 1 kHz). Additionally, the positive effect of surface 
coating on the application of conductive filler is indicated 
by the results.

1 Introduction

Ferroelectric/polymer composites with high dielectric con-
stant have enormous potential in electrical energy storage. 
Various high permittivity ferroelectric ceramics, such as 
 BaTiO3,  PbTiO3,  SrTiO3 and  CaCu3Ti4O12(CCTO), have 
been employed as fillers for high-k composites [1–4]. In 
order to achieve composites with improved dielectric con-
stant, the content of ferroelectric ceramics powder should 
be higher. However, excessively high loading of filler can 
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matrix because it is a kind of excellent insulating material 
that applied widely in the field of electronic manufactur-
ing due to its excellent insulating property, strong ability of 
adhesion and anti-moisture, chemical stability and process-
ing flexibility with printed circuit boards [15, 16]. Moreo-
ver,  BaTiO3 was chosen as the ferroelectric filler mainly 
because of its high permittivity which contributes to its 
extensive application in electrical engineering [17, 18].

Among various conductive fillers, carbon black(CB) is 
especially attractive because of its excellent conductivity, 
low cost and friendliness of environmental protection [19]. 
With a small content of CB adding into the ferroelectric-
polymer composites, the permittivity of the obtained com-
posites can realize an enhancement. That is the reason why 
carbon black was chosen as the conductive filler for the 
three-phase nanocomposites. Nevertheless, as mentioned 
above, the dielectric loss is critical for preparing compos-
ites with satisfactory dielectric performance. In present 
work, a semi-conductive  TiO2 layer is formed on the sur-
face of the CB particles via a wet chemical method. It is 
assumed that the  TiO2 layer can avoid the interconnection 
of CB nanoparticles and act as a barrier layer to prevent the 
movement of free charge carriers thus suppressing dielec-
tric loss.

The target of this investigation was to examine the effect 
of CB@TiO2 nanoparticles and the  TiO2 layer on the die-
lectric performance of CB@TiO2/BaTiO3/epoxy compos-
ites system. The experimental results would be helpful for 
the improvement of high-k dielectric composites in the 
field of electronic packaging.

2  Experimental

2.1  Materials

Epoxy (bisphenol A epoxy resin, type E-44) used in this 
study was purchased from Guangzhou Dongfeng Chemical 
Industrial Cooperation Limited. Barium titanate particles 
with a grain size of 600 nm were supplied by Guangdong 
Fenghua Advanced Technology Holding Cooperation Lim-
ited. Carbon black was supplied by Cabot Chemical Coop-
eration Limited.

2.2  Sample preparation

2.2.1  Surface modification of the CB particles

Prior to being coated with  TiO2, carbon black particles 
were modified with  HNO3 to improve their dispersity in the 
ethanol solvent. The following procedure was used 5 g CB 
was dispersed in 150 mL  HNO3 solution (the mass fraction 
of  HNO3 was 65 wt%) under ultrasonic for 30 min. Then 

the suspension was agitated mechanically at 80 °C. After 
5  h, the achieved mixture was centrifuged. The obtained 
powder (denoted as H-CB) was washed by ultra-pure water 
and placed in a drying oven at 80 °C for 24 h.

2.2.2  Preparation of the CB@TiO2 particles

The H-CB achieved above was dispersed in ammonia/ alco-
hol solution (the volume fraction of  NH3·H2O was set at 
0.3%) and ultrasonically agitated for 30  min followed by 
an addition of 1.2 mL tetrabutyl titanat (TBOT). Then the 
mixture was mechanically stirred at 45 °C. After 12 h, the 
CB@TiO2 powder was collected by centrifugation and then 
washed with ethanol and dried to remove the residue.

2.2.3  Surface modification of  BaTiO3

KH550 was used for surface treatment of the  BaTiO3 par-
ticles. The content of KH550 was 1.5% by weight (wt%) of 
 BaTiO3 amount. The detailed procedure refers to the litera-
ture [20].

2.2.4  Preparation of the CB@TiO2/BaTiO3/epoxy thin film

Figure 1 presents the steps of preparation of the CB@TiO2/
BaTiO3/epoxy thin film. Firstly, the epoxy resin was dis-
solved into the butanone followed by the addition of BT 
powder which was modificated by surfactant (KH550) in 
order to enhance its compatibility in the epoxy matrix. The 
volume fraction of BT was 30%. Ultrasonic agitation was 
used for 25  min to improve the dispersion of BT powder 
by breaking its agglomeration. Secondly, the CB@TiO2 
powder was added into the as-prepared mixture and then 
ultrasonically agitated for 30 min and then stirred at 60 °C 
for 1 h. Thirdly, the curing agent (pyromellitic dianhydride, 
PMDA) was added into the suspension at a ratio of 40:100 
by weight (curing agent:epoxy). With the volatilization of 
the butanone solvent, the mixture became more viscous and 
has a form of a slurry. Finally, achieved pulp was coated 
on the copper substrate by scratch coating and cured at a 

Fig. 1  Schematics of fabrication processes of CB@TiO2/BaTiO3/
Epoxy composites thin film
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temperature 160 °C for 4  h. Conductive silver paste was 
applied on the surface of the film as the top electrode.

2.3  Characterization

The microstructures of the CB@TiO2 particles and the sur-
face of the three-phase composites were observed by scan-
ning electron microscopy(SEM;Nova Nano SEM 430). And 
the core–shell structure of the particles was investigated by 
transmission electron microscopy (TEM;JEM-2100HR). 
Fourier Transform Infrared (FTIR) spectra obtained by a 
FTIR Spectrometer (Vector33) were applied to detect func-
tional groups on unmodified and KH550 modified  BaTiO3 
particles. Dielectric properties were measured by an Agi-
lent 4294  A impedance analyzer in the frequency range 
from 1 kHz to 1 MHz at room temperature.

3  Results and discussion

3.1  Morphology of CB@TiO2 particles

Figure  2 shows the morphology of the CB@TiO2 
core–shell particles. From Fig.  2(a), It is found that the 
synthesized CB@TiO2 particles grouped into agglom-
erates which consisted of lots of particulates. Such an 
observation mainly resulted from the conglomeration of 
the primary particles of CB. The spherical primary par-
ticulates of CB tend to melt into larger aggregates(usually 
bigger than 1 μm) due to their large surface area and mas-
sive functional groups on the surface. In other words, the 
core of CB@TiO2 core–shell particles is the coacervate 
of CB. In addition, it is observed that some nanoparticles 

appeared on the surface of aggregates (Fig. 2b) which are 
considered to be  TiO2.

The transmission electron microscopy (TEM) image 
of the CB@TiO2 particles illustrates the core–shell struc-
ture. As shown in Fig. 3, a stable and dense amorphous 
titanium dioxide shell was directly observed on the sur-
face of CB particlesand the shell thickness is 10–20 nm. 
The result demonstrates that  TiO2 has been successfully 
deposited onto the surface of the CB.

Fig. 2  SEM micrograph of CB@TiO2 particles (magnifications of ×20, 000 was used for (a), and ×50, 000 for (b))

Fig. 3  TEM micrograph of CB@TiO2 particles
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3.2  Dielectric properties of  BaTiO3/Epoxy composites

3.2.1  FTIR analysis on  BaTiO3 modified by KH550

Figure  4 shows the FTIR spectra of pristine  BaTiO3 and 
 BaTiO3 particles modified by KH550. It is observed that 
 BaTiO3 treated by KH550 has absorption peaks at 2922 
and 2858 cm−1, assigned to asymmetric stretching vibration 
of methylene and symmetric stretching vibration of methyl-
ene, respectively [21–23]. Additionally, compared with the 
spectra of pure  BaTiO3 particles, mixture of BaTiO3 and 
KH550 displays a new absorption band at 1085 cm−1 which 
is the characteristic peak of Si–O–C group from KH550. 
Hence, chemical adherence of KH550 to the surface of 
 BaTiO3 can be confirmed [24].

3.2.2  Effect of  BaTiO3 loading on  BaTiO3/Epoxy 
composites

Figure 5 presents the variation of permittivity of  BaTiO3/
Epoxy two-phase composites with different volume frac-
tion of the  BaTiO3 content at the frequency of 100  kHz. 
A gradual increment in dielectric constant with  BaTiO3 
loading can be observed in the composites. The increase 
in dielectric constant of  BaTiO3/Epoxy two-phase compos-
ites is mainly due to higher permittivity of  BaTiO3 (1200 
at 100  kHz) compared to epoxy resin (2.9 at 100  kHz). 
Moreover, more interfaces of the epoxy matrix and  BaTiO3 
ceramic appear in the composite and hence interfacial 
polarization is strengthened, which lead to higher dielectric 
constant of the  BaTiO3/Epoxy composites. Therefore, the 
content of  BaTiO3 in the composites is a necessary factor 
in improving permittivity of the composites. However, a 
limitation of  BaTiO3 content is existing for  BaTiO3/Epoxy 

two-phase composites to enhance its dielectric properties. 
Reports show that more defects begin to emerge in the 
composites when the  BaTiO3 loading is more than 30 vol% 
thus leading to lower breakdown strength [25]. Hence, in 
this study, epoxy with 30  vol%  BaTiO3 is considered for 
further studies to investigate the effect of CB@TiO2 fillers 
on the dielectric properties of CB@TiO2/BaTiO3/Epoxy 
three-phase composites.

3.3  Dieletric properties of CB@TiO2/BaTiO3/Epoxy 
composites

3.3.1  Dieletric constant of CB@TiO2/BaTiO3/Epoxy 
composites

Figure 6 shows the frequency dependence of dielectric con-
stant of CB@TiO2/BaTiO3/Epoxy composites. A gradual 
decrease in dielectric constant with frequency is observed 
for all the composites. This is expected since polarization 

Fig. 4  FTIR spectra of pristine  BaTiO3 and  BaTiO3 particles modi-
fied by KH550

Fig. 5  Dielectric constant of  BaTiO3/Epoxy composites (at 100 kHz)

Fig. 6  Frequency dependence of dielectric constant of the CB@
TiO2/BaTiO3/Epoxy composites
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mechanisms are frequency dependent, the intensity of 
polarization usually decrease with an increasing frequency. 
At the range of 1  kHz–1  MHz, the polarization in CB@
TiO2/BaTiO3/Epoxy composites is mainly built by the 
carriers at the interfaces between each two different inclu-
sions. Therefore, the gradual reduction of permittivity with 
frequency is due to the decreasing intensity of interfacial 
polarization [26]. In addition, it can be observed that CB@
TiO2/BaTiO3/Epoxy composites with high loading fraction 
of CB@TiO2 has a greater dielectric constant. The permit-
tivity of the CB@TiO2/BaTiO3/Epoxy three-phase com-
posites with 20 vol% of CB@TiO2 filler reaches 32.14 at 
the frequency of 1 kHz, in contrast to 14.96 for the  BaTiO3/
Epoxy two-phase composites. However, when the content 
of CB@TiO2 reaches 25%, the dielectric constant drops to 
25.57 in 1 kHz.

The present CB@TiO2/BaTiO3/Epoxy composites can 
be considered as the loading of conducting CB particle in 
the insulating  BaTiO3/Epoxy phase. Figure 7 presents both 
experimental and theoretical values of relative dielectric 
constant of CB@TiO2/BaTiO3/Epoxy composites with dif-
ferent volume fraction of CB@TiO2 at 1  MHz. The filler 
content dependence of dielectric constant is given by the 
following power law on the basis of percolation theory 
[27]:

where ε0 is the permittivity of  BaTiO3/Epoxy compos-
ites,  Vc is the volume fraction of CB@TiO2 at percolation, 
V is the volume fraction of CB@TiO2 and q is a critical 
exponent. The experimental values of dielectric constant 

�(V) = �
0

(

Vc − V

Vc

)−q

are in agreement with the equation, with Vc = 24.1  vol%, 
q = 0.41662.

3.3.2  Dieletric loss of CB@TiO2/BaTiO3/Epoxy 
composites

Figure  8 shows the frequency dependence of dielectric 
loss of CB@TiO2/BaTiO3/Epoxy composites. It can be 
observed that the dielectric loss of all composites increase 
gradually with the increasing frequency. This is also caused 
by the frequency dependent of the polarization. The estab-
lishment of polarization in the composites requires a cer-
tain period. When this period is shorter than the period of 
the electric field variation, the direction of polarization can-
not keep up with the variation of electric field, which leads 
to the relaxation of polarization in the composites. It can 
be concluded that the relaxation of interfacial polarization 
strongly affects the dielectric loss of CB@TiO2/BaTiO3/
Epoxy composites. Additionally, as shown in Fig. 8, com-
posite films with CB@TiO2 keep higher dielectric loss than 
 BaTiO3/Epoxy two-phase composites. Moreover, compos-
ites with 25 vol% of CB@TiO2 filler show a highest dielec-
tric loss among composites with different CB@TiO2 filler 
content.

3.3.3  Conductivity of CB@TiO2/BaTiO3/Epoxy composites

Figure 9 presents the frequency dependence of conductivity 
of CB@TiO2/BaTiO3/Epoxy composites. As the CB@TiO2 
filler loading increased, the conductivity of the composite 
film also increased. This could be described to the intro-
duction of more interfaces by the CB@TiO2 particles. The 
space charge tends to accumulate at the interfaces between 
different components. These carries are considered to 
contribute to the leakage current by the influence of elec-
tric field. Therefore, the increasing conductivity is mainly 

Fig. 7  Dielectric constant of CB@TiO2/BaTiO3/Epoxy composites 
with different volume fraction of CB@TiO2 below the percolation 
threshold and the comparison with power law

Fig. 8  Frequency dependence of dielectric loss of the CB@TiO2/
BaTiO3/Epoxy composites
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attributed to the increase of the leakage current caused by 
the carriers at the interfaces.

3.3.4  Morphology of CB@TiO2/BaTiO3/Epoxy composites

The morphology of the surface of CB@TiO2/BaTiO3/
Epoxy composites is shown in Fig. 10. We can see that the 
surface of three-phase composite film which has 5  vol% 
CB@TiO2 filler (Fig.  10a) is relatively smooth. Most of 
filler particles are coated with epoxy and only a few par-
ticles can be observed by SEM. In contrast, composites 
film with 25 vol% CB@TiO2 filler loading keeps a rough 
surface. Massive particles reunite and pile up so that they 
can be discerned even though they are covered by epoxy. 
Therefore, the deterioration of dielectric properties of the 
composites with 25 vol% CB@TiO2 filler can be attributed 
to the relatively more pores which brought by the higher 

loading of CB@TiO2 filler (Fig.  10b). In other words, 
excessive volume of CB@TiO2 filler in the composites 
leads to a greater probability of particle aggregation [28].

3.3.5  Effect of the  BaTiO3 loading on the dielectric 
properties of CB@TiO2/BaTiO3/Epoxy composites

In order to further confirm the effect of the  BaTiO3 loading 
on the dielectric properties of CB@TiO2/BaTiO3/Epoxy 
composites, CB/BaTiO3/Epoxy composites which filled 
with 25  vol% CB@TiO2 and  BaTiO3 was prepared. Fig-
ure  11 shows the variation of dielectric constant and die-
lectric loss of 25% CB@TiO2/BaTiO3/Epoxy composites 
with different volume fraction of  BaTiO3 at the frequency 
of 100  kHz. The dielectric constant of the composites is 
found to increase with the  BaTiO3 loading. It is predictable 

Fig. 9  Frequency dependence of conductivity of the CB@TiO2/
BaTiO3/Epoxy composites

Fig. 10  SEM images of the CB@TiO2/BaTiO3/Epoxy composites with a 5 vol% CB@TiO2 and b 25 vol% CB@TiO2

Fig. 11  Dielectric constant and dielectric loss of 25%CB@TiO2/
BaTiO3/Epoxy composites (at 100 kHz)
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because increasing content of  BaTiO3 in the composites is 
helpful in enhancing the dielectric constant of the compos-
ites. On the other hand, a gradual increase in dielectric loss 
with the volume fraction of  BaTiO3 is also observed in the 
composites. Higher loading of  BaTiO3 in the composite 
introduces more interface between  BaTiO3 and polymer, 
more defects also emerge in the meantime thus leading 
to a higher dielectric loss of the composites. It is neces-
sary to control the content of  BaTiO3 in the composites 
appropriately.

3.3.6  Effect of the  TiO2 shell on the dielectric properties 
of CB@TiO2/BaTiO3/Epoxy composites

To further investigate the effect of the  TiO2 shell on the 
dielectric properties of CB@TiO2/BaTiO3/Epoxy compos-
ites, CB/BaTiO3/Epoxy composites which filled with pris-
tine CB were fabricated. Frequency dependences of dielec-
tric properties of CB/BaTiO3/Epoxy composites and CB@
TiO2/BaTiO3/Epoxy composites are depicted in Fig.  12. 
Both of these two groups of investigated three-phase com-
posites contain the same volume of CB fillers (5  vol%)
and  BaTiO3 (30  vol%). As shown in Fig.  12, composites 
with CB@TiO2 filler keep higher permittivity than that 
with uncoated CB while the dielectric loss of the former 
is much lower. The reason for this can be considered with 
the characteristics of titanium dioxide and interface polari-
zation effect. Titanium dioxide exhibited higher dielectric 
constant than pristine CB, thus leading to a greater per-
mittivity of CB@TiO2. Moreover, the  TiO2 shell shows a 
more intense interaction with the epoxy matrix and creates 
an interphase which has massive space charges. Stronger 
interface polarizability can be built at the interfaces so that 
higher dielectric constant originates [14, 29]. In addition, 
some of the uncoated CB particles dispersed in the epoxy 

matrix are liable to agglomerate into larger aggregates. 
These particles contact with each other and then result in a 
tendency to form conductive paths in the composites. Free 
charge carriers can move through these conductive paths by 
the influence of an electric field and then enhance the leak-
age current. So the conduction loss which is enhanced by 
leakage current is considered as a reason for the increas-
ing dielectric loss of the composites [8]. By comparison, 
CB@TiO2 particles have a semiconductor shell which can 
prevent directly contact between CB particles. Therefore, 
CB@TiO2 particles are less likely to form conductive paths 
even they are reunited. It can be concluded that the  TiO2 
shell of CB@TiO2 particles not only improve the dielectric 
constant but also plays an important role in reducing the 
dielectric loss of the composites.

4  Conclusions

CB@TiO2 core–shell particles were successfully prepared 
by a wet chemical method and their incorporation with 
 BaTiO3/epoxy three-phase composites shows an improve-
ment of the dielectric properties of the composites. The 
dielectric constant of the composites increases with the 
concentration of the CB@TiO2 until the content reaches 
25% due to the higher probability of particle aggregation. 
Therefore, the CB@TiO2/BaTiO3/Epoxy composites with 
the dielectric constant of 32.14 at 1 kHz remain low die-
lectric loss (0.016 at 1 kHz) is fabricated. Besides that, the 
 TiO2 semiconductor shell on the surface of conductive CB 
particles plays an important role in improving the dielectric 
properties of the composites because it can create isolation 
between CB particles. The results indicated in this study 
demonstrate that CB@TiO2/BaTiO3/Epoxy composites is 

Fig. 12  Frequency dependence of a dielectric permittivity and b dielectric loss of the CB@TiO2/BaTiO3/Epoxy composite and CB/BaTiO3/
Epoxy composite
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suitable to be employed in embedded capacitors and energy 
storage systems.
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