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Ceramic/polymer composites combining high permittivity fillers and high breakdown strength matrix
have shown great potential applications in power system. However, the compatibility between the two
phases in composite is always a key factor influencing its dielectric performance. Surface modification on
fillers using traditional modifiers can improve the breakdown strength of the composites but also increase
the dielectric loss at the same time, which reduces the energy efficiency of the material. In this work, we
report a modifier for the surface modification of barium titanate (BT) nanoparticles, which as modifier for
nanoparticles has not been demonstrated before. The poly(vinylidene fluoride) (PVDF) composites filled
with the modified BT have good compatibility, high breakdown strength and low dielectric loss.
Especially, the breakdown strength is much higher than that of the composites filled with unmodified BT

nanoparticles. When filler volume fraction is 40%, the increase of the breakdown strength can reach
81.3%. A high energy density of 9.4 J/cm3 is achieved at 400 MV/m when the volume fraction is 10%,
which is two times higher than that of the unmodified BT/PVVDF composites. The abstract should be a

single paragraph which summarises the content of the article.

Introduction

Capacitors are vital in nearly all modern electronic devices and
electrical power systems, such as cell phones, computers,
automotive vehicles, Kinetic energy weapons, and high power
microwave systems.*®> Compared with other energy storage
devices (e.g., batteries, fuel cells), high energy density capacitors
possess the advantage of fast charge and discharge capability.®”
In a dielectric material, the electric energy density is limited to
KEp2/ 2, where « is the permittivity of the material and E,, is the
breakdown strength. Therefore, highly insulating materials with
both large permittivity and high breakdown strength are desired
for high electric energy storage.

The permittivity of organic polymers is small, so high energy
density would be achieved only under extremely high electric
field;® while ceramics with large permittivity have low
breakdown strength and poor processability. Therefore composite
comprising polymer matrix and ceramic fillers has become a
strenuous topic of research for energy storage applications.®*
The idea underlying this composite approach is to integrate
complementary elements, such as processability and high
breakdown strength of the polymer and large permittivity from
the ceramic particles, to get a substantially enhanced energy
density.***> However, the high surface energy of nanoparticle
fillers usually leads to agglomeration and phase separation from
the polymer matrix, resulting in poor interfacial interaction and
high defect density. The defects in composites will make the
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electric field highly inhomogeneous and result in the decrease of
breakdown strength.™>

So far, the efforts to fight against the deficiency are mainly
concentrated in two aspects, one is developing new compounding
(dispersion) technology,™ another is modifying the surface of
nanoparticle fillers.’*2° As to the latter, although many available
modifiers have be used, there are still some limitations in
practical use. For example most modifiers hardly diffuse into the
agglomerates owing to their long molecular chains and many of
them don’t have chemical specificity to the polymer matrix. In
recent years, small molecule phosphonic acids are frequently
used in surface modification and considered to be the most
promising modifier,*% since they are thought to couple to the
surface of metal oxides with a high level of coverage. However,
in composites, high adsorption of modifier will significantly
lower the permittivity, or lead to high leakage current and
dielectric loss.?

In this work, we use a small molecule carboxylic acid 2,3,4,5-
tetrafluorobenzoic acid (FAC for short) as modifier to treat the BT
nanoparticles with a low level surface coverage and find that the
use of the modified BT nanoparticles (FACBT) as filler leads to
well-dispersed composite films with low dielectric loss, ultra high
breakdown strength, and a high energy density of 9.4 Jcm®. To
our best knowledge, 2,3,4,5-tetrafluorobenzoic acid as the
modifier for nanoparticles has not been studied before, and the
improvements on breakdown strength and energy density are very
significantly in the composites filled with the surface modified
ceramic fillers. In our previous study, we demonstrated the
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tetrafluorophthalic acid as surface modifier could improve the
breakdown strength of BT/PVDF composites.?® Following further,
the 2,3,4,5-tetrafluorobenzoic acid was used as modifier in this
paper, aiming to study the influence of modifier on the dielectric
performance and compatibility between the fillers and matrix,
and provide further insight into the relation between the modifier
structure, level of coverage and dielectric properties of the
composites.

Experimental
Materials

The solvent of acetone, butanone and ethanol were purchased
from Letai Co., China. PVDF powder was obtained from
Shanghai 3F New Materials Ltd., China. The surface modifier
2,3,4,5-tetrafluorobenzoic acid was purchased from Alfa Co.,
China. BT nanoparticles with an average size about 100 nm were
purchased from Sinocera Co., China. All solvents and chemicals
were used as received.

Preparation of modified BT nanoparticles (F4CBT for short)
BT nanoparticles were added into an ethanol/water (95/5, v/v)
solution with ultrasonic for 30 min, and then the 2,3,4,5-
tetrafluorobenzoic acid was added. The mixture was
ultrasonicated for 10 min, followed by stirring at 80 <C for 1 h.
The nanoparticles were separated via centrifugation, and rinsed
repeatedly with excess ethanol/water solvent, then dried
overnight under vacuum at 80 <C to get the modified BT
nanoparticles.

Fabrication of the FACBT/PVDF composite films

2 g PVDF powder was dissolved in 15 ml mixed solvent
composed of 50% acetone and 50% butanone. F4CBT
nanoparticles were dispersed into the PVDF solution with
different volume fractions and the suspensions were ball-milled
for 4 h. After ball-milling, the homogeneous suspension was tape
casting onto the PET substrate. The composite films on the
substrates were standing at 80 <C for 30 min to evaporate the
solvent followed by thermal treating at 200 <C for 1 h, and then
immediately quenched into ice water. The thickness of the
obtained composite films was 15-20 pm.

F4C

O-H

Transmittance (%)

A L N L " " 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)
Figure 1 FTIR spectra of modifier FAC, pristine BT, and the surface modified
BT with FAC.
Characterization

Fourier transform infrared (FTIR) (Bruker Tensor27) spectra and
thermo gravimetric analyses (TGA) (NETZSCH STA449C) were

carried out in air atmosphere for BT and modified BT
nanoparticles. The microstructure of the composite was observed
by a scanning electron microscopy (SEM, JSM-6460, JEOL,

60 Tokyo, Japan). For electric measurement, gold electrodes with

thickness of about 50 nm were sputtered on both sides of the film
samples. Dielectric measurement covering a frequency range
from 1 kHz to 10 MHz was carried out using an impedance
analyzer (Agilent 4294A, Palo Alto, CA) at room temperature.

65 The energy storage property was evaluated through the dielectric

displacement-electric field (D-E) hysteresis loops measured by
TF analyzer 2000 system (aix ACCT, Aachen, Germany).

Results and discussions
The FTIR spectra of modifier FAC, pristine BT and modified BT

70 nanoparticles are shown in Fig. 1. The spectrum of dried BT

nanoparticles exhibits a absorption peak at 1434 cm™*, which is
assigned to the stretching of O-H.?® The BT nanoparticles were
synthesized by hydrothermal method, so there are some hydroxyl
groups (-OH) on the surface of the BT nanoparticles.?” As shown

7 in Fig. 1, the FTIR spectrum of the modifier FAC shows the

characteristic peaks at 1730-1685 cm™, which are attributed to the
C=0 vibrations.?® The bands appearing at 3000, 2800 and 2600
cm are assigned to the O-H vibrations, which derive from the
carboxylic acid group. However, after coupling to the surface of

g0 BT nanoparticles, the characteristic peak of C=0 vibration

disappear and presents a new peak at 1594 cm™ in the spectrum
of FACBT, which attributed to the C=O vibration from
carboxylate group.? The characteristic peak changes from
carboxyl group to carboxylate group in the FTIR spectra may

g5 indicate the formation of chemical bonds between the modifier

Q2

and the BT nanoparticles. Otherwise, the FACBT nanoparticles
have more surface oxygen functional groups compared with
pristine BT nanoparticle.

B

DSC (mW/mg)

300 400 500
Temperature (°C)

200

100

300 400 500 600
Temperature (°C)

200

Figure 2 (a) TGA and (b) DSC curves of BT, FAC, and FACBT measured in air
atmosphere.

The thermo-gravimetric analysis (TGA) and differential

100 Scanning calorimeter (DSC) curves of BT, FAC, and FACBT are

shown in Fig. 2. As shown in Fig. 2a, the pristine BT has a
negligible weight loss in the tested temperature range, which
derives from the adsorbed water and the bonded hydroxyl group
on the surface of the BT nanoparticles. The weight loss of FAC is

105 complete below 300 °C, accompanied by two sharp exothermic

peaks on DSC curve (Fig. 2b), which can be deduced that the
modifier has experienced a combustion reaction. In the TGA
curve of FACBT, there is a small weight loss (about 0.80%) at
temperature range from 310°C to 470 “C. The weight loss is close

10 t0 a theoretical monolayer surface coverage,® but it is lower than

that of the conventional modifiers since the influence of molecule
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structre.’#* At the same time, there is an endothermic peak on
the DSC curve of FACBT, corresponding to the TGA plot change,
which presents a degradation process of FAC from the BT
surface.”

3

PVOF

Medifier PVDF

Matrix

(F4C)

PVOF e

Figure 3 Mechanism for synthesis of FACBT/PVDF composites.

Fig. 3 shows the synthesis mechanism of FACBT/PVDF
composites, the possible chemical structure of modified filler
15 FACBT and interfacial interaction in the composites. The
modifier molecules are anchored on the surface of BT
nanoparticles through chemical bonds between the carboxyl
group and metal oxide, forming an organic shell. On the other
hand, the aromatic fluorine groups in the modifier molecule
20 generate electrostatic interactions and may form hydroxyl bonds
with the PVDF matrix.
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Figure 4 Morphology of PVDF composites filled with pristine BT and FACBT,
(a) 10% BT, (c) 20% BT, (e) 30%, (g) 40%; (b) 10% FACBT, (d) 20% FACBT,
(f) 30% FACBT, (h) 40% FACBT.

so  The fracture surface morphology of the composites filled with
pristine BT and FACBT s investigated by SEM (Fig. 4). As
shown in the SEM images of FACBT/PVDF composite (Fig. 4(b),
(d), (), (h)), the nanoparticles are uniformly embedded in the
polymer matrix, and well compatible with the PVDF matrix
ss without phase separation. On the other hand, the composites
filled with pristine BT nanoparticles (Fig. 4(a), (c), (e), (g)) also
show good distributions of the filler in PVDF matrix due to using

the ball-milling technology,™ but the compatibility between them
is poor. Although there are some -OH groups bonded on the

e0 pristine BT surface, its effectiveness is limited, large amount of
the BT nanoparticles are still found to be free from the matrix.
The results indicate that although few F4C are introduced onto
the surface of BT nanoparticles, the compatibility of the
composites still significantly improved. The main reason lies in

es that the fluorinated aryl group in the modifier molecule can
generate electrostatic interactions and may form hydroxyl bonds
with the PVDF matrix (as shown in Fig. 3)%, so the interfacial
interaction between the modified filler and the matrix is stronger
than that in the composites filled with pristine BT, the

70 compatibility of the composites FACBT/PVDF is also
significantly improved.
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Figure 5 Frequency dependences of (a) permittivity and (b) dielectric loss of
100 the FACBT/PVDF composites.

The dielectric properties of the PVDF-based composites are
shown in Fig. 5. As shown in Fig. 5a, the permittivity of the
composites exhibits nearly independence on frequency up to 1
MHz, and then decreases especially when the volume fraction of

1s FACBT is increasing, which mainly due to the dielectric response
of BT at high frequency.® The permittivity increases steadily as
the filler volume fraction increasing until 40%. After that, further
addition of filler particles leads to a gradual decrease in the
permittivity, which can be attributed to the voids and interfacial

1o defects induced by agglomeration between excess fillers.*> The
loss tangent (Fig. 5b) exhibits little variation in the frequency
range from 1 kHz to 1 MHz and then increases to a sharp peak,
which is attributed to the glass transition relaxation of the PVDF
polymer matrix.*

115
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Figure 6 Comparison of the dielectric properties of the BT/PVDF and
FACBT/PVDF composites with different volume fractions at 1 kHz.

The comparisons of the permittivity and loss tangent of the
composites filled with FACBT and BT nanoparticles are shown in
Fig. 6. As seen that the permittivity of the FACBT/PVDF
composite is lower than that of the composite filled with pristine
BT particles. As the volume fraction of filler increases, the
permittivity of the composites filled with FACBT nanoparticles
gets lower than that of the composites with untreated BT
nanoparticles. The result is caused by the modifiers coated on the
surface of BT nanoparticles, which act as a passivation layer,
have negative influences on the interfacial polarization, and then
might decrease the dielectric permittivity of the composites.® On
the other hand, dipole polarization is a dominant factor in
determining the composite permittivity compared with the
interfacial polarization. The modifier layer may weaken the
intensity of dipole polarization.® However, the diminution of the
permittivity is limited when compared with that of the composites
modified by tetrafluorophthalic acid and other conventional
modifiers due to the molecule structure and low surface coverage
of FAC. It is noteworthy that the dielectric loss is almost
independent of the filler content, indicating a minimized
agglomeration of the filler in the composites.’> Compared with
BT/PVDF composites, the dielectric losses of FACBT/PVDF
composites don’t deteriorate, further indicating that unlike
traditional modifies, FAC does not cause more leakage current in
composites. Dielectric measurement results indicate that the
interfacial areas of the composites have been influenced by the
40 modifier on the surface BT nanoparticles.
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s5 Figure 7 Comparison of breakdown strength of the composites filled with BT
and FACBT nanoparticles with various volume fractions.

The breakdown strength is a critical parameter of dielectric
materials, which denotes the highest electrical field that can be
applied to the films without losing their insulating property.® The

oo first favorable feature of the FACBT/PVDF composites is the
significantly improved breakdown strength. The comparison of
breakdown strength for composites filled with BT and FACBT
nanoparticles as function of volume fraction is shown in Fig. 7. It
is worth noting that the electric breakdown strength of the

65 composites filled with FACBT nanoparticles are greatly enhanced
compared with that of the composites filled with pristine BT
nanoparticles. When the filler volume fraction is 10%, the
breakdown strength of the composite with FACBT nanoparticles
can reach 400 MV/m, which increased by 42.8% compared with

70 that of the BT/PVDF composite. When the filler volume fraction
is 40%, the breakdown strength of the composite filled with
FACBT nanoparticles is 290 MV/m, about 81.3% higher than that
of the composite filled with BT nanoparticles. Previous reports
prove that the breakdown of composites easy to occur at the

75 interfaces between ceramic filler and polymer matrix due to the
large difference of permittivities between them will produce
highly inhomogeneous electric field in composites.*”® In this
contribution, the FAC modifiers form a transition layer between
the inorganic fillers and the polymer matrix, which is a strong

g0 potential barrier where charge carriers are blocked. On the other
hand, the modifier molecule bounded on the surface of BT
particles extends into the PVDF matrix, which makes the
influence of space charges on the breakdown strength subside.*
Besides, the FAC modifiers serve as a surface shell layer to
s prevent BT nanoparticle from aggregating.“
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Figure 8 The D-E loops of composites FACBT/PVDF with various volume
fractions.

1o Except breakdown strength, the maximum polarization and
remnant polarization also have important effect on the discharged
energy density of the composites. As a result of the ultra high
breakdown strength, the FACBT/PVDF composites could be
polarized under high electric field, leading to much increased

105 electric displacement. As shown in the P-E loops (Fig. 8), the
maximum displacement is 7.5 |iC/cm? under 400 MV/m when the
FACBT volume fraction is 10%. Further introduction of FACBT
to 40%, the maximum displacement increases to 11.1 },C/cmz,
even though the composites is early breakdown at 290 MV/m. On

10 the other hand, the remnant polarization increases from 1.5
Clem? to 3.2 Clem?, which indicates the composites have more
defects when the filler loading increase.
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Figure 9 (a) Discharged energy density of the composites FACBT/PVDF and
BT/PVDF with different volume fractions as a function of electric field; (b) the
comparison of D-E loops between the composites FACBT/PVDF and
BT/PVDF at same electric field.

Being ferroelectric in nature, the PVDF matrix could be
polarized significantly under a high electric field, giving rise to a
deviation from the linear behavior of the electric displacement
versus the electric field for the PVDF-based composites.** So the
energy densities of the composites are calculated from each
displacement hysteresis loop by the integral,

Ue= J EdD @)

where E is the electric field and D is the electric displacement.®

Fig. 9a shows discharged energy density as a function of applied
field for composites FACBT/PVDF and BT/PVDF. It can be
observed that the discharged energy density increases with the
filler loading and electric field. As a result of the high breakdown
strength, the maximum discharged energy density of 9.4 J/cm?® is
achieved at 400 MV/m in the FACBT/PVDF film samples with
10% filler volume fraction. Compared with composites filled
with unmodified BT nanoparticles, the composites FACBT/PVDF
have higher discharged energy density at low filler loading (10%)
under the same electric field. As filler volume fraction increasing,
the discharged energy density of BT/PVDF gradually overtakes
that of FACBT/PVDF. The discharged energy density is strongly
depending on the maximum polarization and remnant
polarization. As shown in Fig. 9b, the maximum polarization of
composites BT/PVDF is lower than that of FACBT/PVDF at the
same electric field when the filler loading is 10%. And then

so increasing the filler loading to 20%, the maximum polarization of
composites BT/PVDF becomes higher than that of FACBT/PVDF.
The variation trend is consistent with the performance of
discharged energy density of the composites. The results indicate
that the modifiers form a passivation layer at the surface of BT

ss nanoparticle, obstruct the formation of dielectric channels and
weaken the intensity of dipole polarization. At the same time, the
passivation layer reduces the Maxwell-Wagner-Sillars (MWS)
interfacial polarization and space charge polarization of the
composites,*> which makes the composites have lower remnant

60 polarization than composites BT/PVDF (Fig. 9b) and able to
tolerate higher voltage without breakdown.

(a)
—a— 10%
0.9+ \ —v—20%
65 \ —a— 30%
08l : —e—40%
>
2
o 0.7
8
=
W oos|
70
05
0 50 100 150 200 250 300 350 400 450
Electrical Field (MV/m)
7 (b)
0.9
—@— F4CBT/IPVDF
—&— BT/PVDF
08l 80 MVIm
>
0
3
A
r
w
80 ? 06
]
o
w
0.5
04 1 1 1 1
0.1 0.2 0.3 0.4

Volume Fraction

85 Figure 10 (a) Efficiencies of the composites FACBT/PVDF with different
volume fractions as a function of the electric field; (b) the comparison of
efficiency between the composites FACBT/PVDF and BT/PVDF at 80MV/m.

For practical applications, the composites not only need to
have a high energy density, but also desired to maintain a high
90 efficiency, since high energy loss in capacitor will lead to more
heat, which destroy the performance and reliability of the whole
device. The energy storage efficiency (1) could be calculated
according to the formula,

e @

Ue +Uloss

95 Where Uy is the energy loss. The energy loss was calculated by
the numerical integration of the closed area of the hysteresis
loops.”*® Fig. 10a shows the efficiencies of the composites as
function of electric field with different filler loading. It is clearly
shown that the efficiencies decrease as electric filed increasing

100 Under low electric filed. And then the tendency of the efficiency
curve tends to be flat and exhibits nearly independence on electric

_ discharge energy
charge energy
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field. Below 100MV/m, the efficiencies of the composites
decrease as the concentration of filler increasing. After that, the
trends are not obvious as electric field increasing but they are all
higher than 45% before breakdown. Fig. 10b shows the efficiency
of composites FACBT/PVDF and BT/PVDF with various volume
fractions at 80MV/m. Compared with BT/PVDF composites,
F4CBT/PVDF composites exhibit much higher energy efficiency
within all the filler loadings. The improved efficiency is
attributed to the reduction of the remnant polarization of the
composites FACBT/PVDF, which is technologically meaningful
for energy storage because a low remnant polarization generally
indicates low energy loss. The reduction of remnant polarization
in the composites becomes more remarkable with the increase of
the filler content. The results demonstrate that the composites
developed here can capitalize upon the combination the large
permittivity of inorganic materials and the high breakdown
strength of polymers to achieve high energy density and high
efficiency.

Conclusions

In summary, homogeneous composites comprising PVDF
polymer and the fluorocarboxylic acid modified BT nanoparticles
were prepared via a chemical route. The FTIR spectra and the
thermo gravimetric analyses show that the F4C modifier shell
layer was bonded to the surface of the BT nanoparticles, which
provides significant effects on the resulting dielectric behaviors
and energy density of the composite. Large breakdown strengths
have been obtained with an increase of 81.3% compared with the
composite filled with 40% unmodified BT nanoparticles; a high
energy density of 9.4 J/cm?® has been achieved at 400 MV/m with
10% volume fraction, which is two times as high as that of
pristine BT/PVDF composites. The results demonstrate that the
fluorocarboxylic acid as modifier can effectively improve the
dielectric performance of PVDF based composites, thus
providing an excellent modifier for the composites’ development
in pulsed power capacitors.

Acknowledgment and Notes

This work was supported by National Basic Research Program of
China (2015CB654603).

Electronic Materials Research Laboratory, Key Laboratory of Ministry of
Education & State Key Laboratory for Mechanical Behavior of Materials,
Xi’an Jiaotong University, Xi'an 710049, China. Fax: +86-29-82660974;
e-mail: hwang@mail.xjtu.edu.cn

References

1 Sarjeant, W. J.; Zirnheld, J.; MacDougall, F. W. Capacitors leee T.
Plasma Sci. 1998, 26, 1368-1392.

2 Sarjeant, W. J.; Clelland, I. W.; Price, R. A. Capacitive Components
for Power Electronics P. leee 2001, 89, 846-855.

3 Yuan,J. K, Yao, S. H.; Dang, Z. M.; Sylvestre, A.; Genestoux, M.;
Bai, J. Giant Dielectric Permittivity Nanocomposites: Realizing True
Potential of Pristine Carbon Nanotubes in Polyvinylidene Fluoride
Matrix through an Enhanced Interfacial Interaction J. Phys. Chem. C
2011, 115, 5515-5521.

4 Wu, S,; Li, W,; Lin, M.; Burlingame, Q.; Chen, Q.; Payzant, A.; Xiao,
K.; Zhang, Q. M. Aromatic Polythiourea Dielectrics with Ultrahigh
Breakdown Field Strength, Low Dielectric Loss, and High Electric
Energy Density Adv. Mater. 2013, 25, 1734-1738.

60

70

75 10

11
80
12

85 13

14

90
15

95 16

17

100

18

105

19

110
20

21
115

22

120

23

125

Guo, M.; Hayakawa, T.; Kakimoto, M.-a.; Goodson, T. Il Organic
Macromolecular High Dielectric Constant Materials: Synthesis,
Characterization, and Applications J. Phys. Chem. B, 2011, 115,
13419-13432.

Kim, Y.; Kathaperumal, M.; Smith, O. N. L.; Pan, M. J; Cai, Y,;
Sandhage, K. H.; Perry, J. W. High-Energy-Density Sol-Gel Thin
Film Based on Neat 2-Cyanoethyltrimethoxysilane ACS Appl. Mater.
Interfaces 2013, 5, 1544-1547.

Tang, H.; Sodano, H. A. Ultra High Energy Density Nanocomposite
Capacitors with Fast Discharge Using Bao,SrosTiO3 Nanowires Nano
Lett. 2013, 13, 1373-1379.

Rabuffi, M.; Picci, G. Status quo and Future Prospects for Metallized
Polypropylene Energy Storage Capacitors leee T. Plasma Sci. 2002,
30, 1939-1942.

Hardy, C. G.; Islam, M. S.; Gonzalez-Delozier, D.; Morgan, J. E.;
Cash, B.; Benicewicz, B. C.; Ploehn, H. J.; Tang, C. Converting an
Electrical Insulator into a Dielectric Capacitor: End-Capping
Polystyrene with Oligoaniline Chem. Mater. 2013, 25, 799-807.

Xie, L.; Huang, X.; Huang, Y.; Yang, K.; Jiang, P. Core@Double-
Shell  Structured BaTiOs-Polymer Nanocomposites with High
Dielectric Constant and Low Dielectric Loss for Energy Storage
Application J. Phys. Chem. C 2013, 117, 22525-22537.

Li, J. Y.; Zhang, L.; Ducharme, S. Electric Energy Density of
Dielectric Nanocomposites Appl. Phys. Lett. 2007, 90, 132901.

Li, J.; Claude, J.; Norena-Franco, L. E.; Il Seok, S.; Wang, Q.
Electrical Energy Storage in Ferroelectric Polymer Nanocomposites
Containing Surface-Functionalized BaTiO; Nanoparticles Chem.
Mater. 2008, 20, 6304-6306.

Peruani, F.; Solovey, G.; Irurzun, I. M.; Mola, E. E.; Marzocca, A;
Vicente, J. L. Dielectric Breakdown Model for Composite Materials
Phys. Rev. E 2003, 67, 066121.

Kim, J.; Grzybowski, B. A. Controlling Reversible Dielectric
Breakdown in Metal/Polymer Nanocomposites Adv. Mater. 2012, 24,
1850-1855.

Niu, Y. J; Yu, K.; Bai, Y. Y; Wang, H. Enhanced dielectric
performance of BaTiOs/PVDF composites prepared by modified
process for energy storage applications leee Trans. Ultrason.
Ferroelectr. Freq. Control 2015, 62, 108-115.

Rong, M. Z.; Zhang, M. Q.; Ruan, W. H. Surface Modification of
Nanoscale Fillers for Improving Properties of Polymer
Nanocomposites: a Review Mater. Sci. Technol. 2006, 22, 787-796.
Berlin, A.; Zotti, G.; Schiavon, G.; Zecchin, S. Adsorption of
Carboxyl-Terminated Dithiophene and Terthiophene Molecules on
ITO Electrodes and Their Electrochemical Coupling to Polymer
Layers. The Influence of Molecular Geometry J. Am. Chem. Soc.
1998, 120, 13453-13460.

Gardner, T. J.; Frisbie, C. D.; Wrighton, M. S. Systems for
Orthogonal Self-Assembly of Electroactive Monolayers on Au and
ITO: An Approach to Molecular Electronics J. Am. Chem. Soc. 1995,
117, 6927-6933.

Matsumoto, A.; Tsutsumi, K.; Schumacher, K.; Unger, K. K. Surface
Functionalization and Stabilization of Mesoporous Silica Spheres by
Silanization and Their Adsorption Characteristics Langmuir 2002, 18,
4014-4019.

Delamarche, E.; Michel, B.; Biebuyck, H. A.; Gerber, C. Golden
Interfaces: The Surface of Self-Assembled Monolayers Adv. Mater.
1996, 8, 719-729.

Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M.; Mujsce, A. M.
Coadsorption  of  Ferrocene-Terminated and  Unsubstituted
Alkanethiols on Gold: Electroactive Self-Assembled Monolayers J.
Am.Chem. Soc. 1990, 112, 4301-4306.

Paramonov, P. B.; Paniagua, S. A.; Hotchkiss, P. J.; Jones, S. C.;
Armstrong, N. R.; Marder, S. R.; Bredas, J.-L. Theoretical
Characterization of the Indium Tin Oxide Surface and of Its Binding
Sites for Adsorption of Phosphonic Acid Monolayers Chem. Mater.
2008, 20, 5131-5133.

Vercelli, B.; Zotti, G.; Schiavon, G.; Zecchin, S.; Berlin, A.
Adsorption of Hexylferrocene Phosphonic Acid on Indium-Tin Oxide
Electrodes. Evidence of Strong Interchain Interactions in Ferrocene
Self-Assembled Monolayers Langmuir 2003, 19, 9351-9356.

Page 6 of 7



Page 7 of 7

RSC Advances

26

10

27

28

15

29

20

30

25 31

32
30

33

35
34

35
40

36
45

37

50

38

55 39

40

60
41

65
42

70 43

Haeshin, L.; Dellatore, S. M.; Miller, W. M.; Messersmith, P. B.
Mussel-Inspired Surface Chemistry for Multifunctional Coatings
Science 2007, 318, 426-430.

Yu, K.; Niu, Y. J;; Xiang, F.; Zhou, Y. C.; Bai, Y. Y.; Wang, H.
Enhanced Electric Breakdown Strength and High Energy Density of
Barium Titanate Filled Polymer Nanocomposites J. Appl. Phys. 2013,
114, 174107.

Paul, J. B.; Provencal, R. A.; Chapo, C.; Roth, K.; Casaes R.;
Saykally, R. J. Infrared Cavity Ringdown Spectroscopy of the Water
Cluster Bending Vibrations J. Phys. Chem. A 1999, 103, 2972-2974.
Choudhury, A. Preparation, Characterization and Dielectric
Properties of Polyetherimide Nanocomposites Containing Surface-
Functionalized BaTiO; Nanoparticles Polym. Int. 2012, 61, 696-702.
Ma, P. C.; Siddiqui, N. A.; Marom, G.; Kim, J. K. Dispersion and
Functionalization of Carbon Nanotubes for Polymer-Based
Nanocomposites: A review Compos. Part A-Appl. S. 2010, 41, 1345-
1367.

Zhou, H.; Wang, J.; Zhuang, J.; Liu, Q. A Covalent Route for
Efficient Surface Modification of Ordered Mesoporous Carbon as
High Performance Microwave Absorbers Nanoscale 2013, 5, 12502-
12511.

Gao, W.; Dickinson, L.; Grozinger, C.; Morin, F. G.; Reven, L. Self-
Assembled Monolayers of Alkylphosphonic Acids on Metal Oxides
Langmuir 1996, 12, 6429-6435.

Tsurumi, T.; Hoshina, T.; Takeda, H.; Mizuno, Y.; Chazono, H. Size
Effect of Barium Titanate and Computer-Aided Design of
Multilayered Ceramic Capacitors leee T. Ultrason. Ferr. 2009, 56,
1513-1522.

Chon, J,; Ye, S.; Cha, K. J;; Lee, S. C.; Koo, Y. S.; Jung, J. H.; Kwon,
Y. K. High-K Dielectric Sol-Gel Hybrid Materials Containing
Barium Titanate Nanoparticles Chem. Mater. 2010, 22, 5445-5452.
Chen, S.; Yao, K.; Tay, F. E. H.; Liow, C. L. Ferroelectric
Poly(Vinylidene Fluoride) Thin Films on Si Substrate with the Beta
Phase Promoted by Hydrated Magnesium Nitrate J. App. Phys. 2007,
102, 104108.

Dang, Z. M.; Xu, H. P.; Wang, H. Y. Significantly Enhanced Low-
Frequency Dielectric Permittivity in the BaTiOs/Poly(Vinylidene
Fluoride) Nanocomposite Appl. Phys. Lett. 2007, 90, 012901.

Tang, H.; Ma, Z.; Zhong, J.; Yang, J.; Zhao, R.; Liu, X. Effect of
Surface Modification on the Dielectric Properties of PEN
Nanocomposites Based on Double-Layer Core/Shell-Structured
BaTiOs; Nanoparticles Colloids and Surfaces A: Physi. 2011, 384,
311-317.

Han, K.; Li, Q.; Chen, Z.; Gadinski, M. R.; Dong, L.; Xiong, C.;
Wang, Q. Suppression of Energy Dissipation and Enhancement of
Breakdown Strength in Ferroelectric Polymer-Grapheme Percolative
Composites J. Mater. Chem. C 2013, 1, 7034-7042.

Kim, P.; Jones, S. C.; Hotchkiss, P. J.; Haddock, J. N.; Kippelen, B.;
Marder, S. R.; Perry, J. W. Phosphonic Acid-Modiried Barium
Titanate Polymer Nanocomposites with High Permittivity and
Dielectric Strength Adv. Mater. 2007, 19, 1001-1005.

Dang, Z. M.; Yu, Y. F.; Xu, H. P.; Bai, J. Study on Microstructure
and Dielectric Property of the BaTiOs/Epoxy Resin Composites
Compos. Sci. Technol. 2008, 68, 171-177.

Dou, X. L.; Liu, X. L.; Zhang, Y.; Feng, H.; Chen, J. F.; Du, S.
Improved Dielectric Strength of Barium Titanate-Polyvinylidene
Fluoride Nanocomposite Appl. Phys. Lett. 2009, 95, 132904.

Calame, J. P. Finite Difference Simulations of Permittivity and
Electric Field Statistics in Ceramic-Polymer Composites for
Capacitor Applications J. Appl. Phys. 2006, 99, 084101.

Song, Y.; Shen, Y.; Liu, H.; Lin, Y.; Li, M.; Nan, C.-W. Improving
the Dielectric Constants and Breakdown Strength of Polymer
Composites: Effects of the Shape of the BaTiO; Nanoinclusions,
Surface Modification and Polymer Matrix J. Mater. Chem. 2012, 22,
16491-16498.

Yu, K., Niu, Y. J.; Bai, Y. Y.; Zhou, Y. C.; Wang, H. Poly(vinylidene
fluoride) polymer based nanocomposites with significantly reduced
energy loss by filling with core-shell structured BaTiO3/SiO,
nanoparticles Appl. Phys. Lett. 2013, 102 , 102903.

Liu, S. H.; Zhai, J. W. A small loading of surface-modified
BaoeSro4TiO; nanofiber-filled nanocomposites with enhanced

dielectric constant and energy density RSC Adv. 2014, 4, 40973-
40979.




