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Polymer-based dielectrics play an important role in electrostatic capacitor by their high energy density (U,) and flexibility. Herein,
we designed a simple high U, polymer-based dielectrics by controlling the morphology and surface modification of inorganic
fillers. To decrease the difference in dielectric properties between fillers and matrix of the nanocomposites, HfO, acting as the buffer
layer with high insulation and appropriate permittivity coated onto the surface of TiO, nanosheets (TiO, Ns) to form a core—shell
structure. The introduction of HfO,@TiO, nanosheets (HfO,@TiO, Ns) makes the nanocomposite with higher dielectric
permittivity and lower dielectric loss than poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-HFP)) matrix. In addition, the
HfO,@TiO, Ns can establish an efficient barrier to limit the space charge conduction, hamper the growing electric trees, and the
HfO, layer with high insulation could hinder the mobility of charge carriers. The breakdown strength (E,) of nanocomposite is
superior to that of polymer matrix. A small addition of 3 wt.% HfO,@TiO, Ns into P(VDF-HFP) matrix can raise the E, to
480.7 MV/m and present a maximum discharged U, of 13.9 J/cm®. This work demonstrates that it is an effective strategy to improve
the U, via designing the structure and surface state of inorganic filler simultaneously.

Keywords: Nanosheets; nanocomposite dielectrics; passivation layer; breakdown strength; energy density.

1. Introduction

With the increasing demand for energy in modern society,
renewable energies such as wind, hydro, solar and nuclear
resources have attracted more and more attention and
research. In order to maximize the utilization of these energy
resources, reliable and efficient energy storage equipment
appears especially essential.' Polymer-based dielectrics
have been investigated and utilized in commercials by reason
of ultrahigh power density, fast charge—discharge rate and
flexibility, such as in pulsed power generators, rail
guns, lasers, and electromagnetic launch systems.*’
However, the low U, critically hinders the application of
polymer dielectrics in electronics field. Therefore, it is nec-
essary to improve its U, to meet the practical application
requirements.®’

In practical applications, the electric displacement (D) and
discharged U, of the dielectric capacitors can be calculated by
the following formulas®:

D:€05rE7 (1)

ﬂCorrcsponding authors.
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where g, €,, E, Dy., D, are the permittivity of vacuum,
relative permittivity, electric field, maximum electric dis-
placement, and remnant electric displacement. It can be seen
that U, is closely associated with the €, and E. Therefore,
high-¢, ceramic fillers, such as BaSrTiO;(BST) and
CaCu;Ti4O,(CCTO), were usually added into polymer to
improve the ¢,.”?

The ¢, of composites is equal to the integral
e. = fie] + /5, where €1, &,, f; and f; are the ¢, of polymer,
€, of fillers, volume fraction of polymer and fillers,
respectively.'? It is generally necessary to introduce a lot of
inorganic ceramics to realize the obvious increase of dielec-
tric permittivity of polymer-based nanocomposites. Never-
theless, nanofillers can agglomerate with high surface energy,
causing poor dispersity in matrix.'* Moreover, the addition of
large amount of ceramic fillers may lead to field distortion
and structural defects, which is unfavorable to improving
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U,. To improve the dispersion of ceramics and the difference
of electrical properties between polymer and ceramic in
nanocomposites, such as ceramic surface ionization, surface
grafting, organic coating and inorganic coating could be used
as a way of surface treatment.'>™'” For example, the Huang
research group has reported an effective way to prepare poly
(methyl methacrylate) (PMMA)-based nanocomposites.”” In
these nanocomposites, the PMMA@BT was dispersed in
matrix, and the PMMA @BT nanocomposites showed a sig-
nificantly increased ¢, and lower dielectric loss compared
with pristine PMMA. Zhai prepared a core—shell structured
AlLO;@BT ferroelectric nanoparticle, amorphous Al,O3
layer with wide band gap that can effectively inhibit the
leakage current and field distortion, thereby enhancing
the U,.>!

Recently, it has been shown that nanostructures and filler
loads have a significant impact on the U, of nanocompo-
sites.”?> Compared with nanoparticles, 2D nanosheets can
more greatly enhance the U, at low content of inorganic fil-
lers.'>23 The reason is that the nanosheets with large aspect
ratio can build a charge barrier in the nanocomposite, which
limits the growth of the breakdown path. Therefore, the 2D
nanosheets can enhance the U, of nanocomposites.* !>

TiO, can be widely used as an inorganic filler of polymer-
based nanocomposites because of its excellent corrosion
resistance, thermal stability and biocompatibility.>** In ad-
dition, the preparation method of TiO; is very simple, and the
reaction conditions and growth rate of different crystal planes
can be controlled by extremely simple methods. The final
TiO, products with different morphologies and dimensions
were obtained, mainly including hollow microspheres,
nanosheets, nanowires, morphology, etc.’° As a widely
used inorganic material, titanium dioxide (TiO,) has wide
band gap and high ¢,. For instance, Ki-Seok introduced
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2D TiO, nanosheets (TiO, Ns) into the PVA matrix and the
nanocomposite reaches a high ¢, of 43.8.°° Wong selected
the 2D TiO, Ns as the electron scattering source to
enhance the U, of the nanocomposite, which possesses the
largest E, of 561.2 MV/m.?! Introducing dopamine-modified
TiO,(TiO,@PDA) nanosheets into the PVDF matrix, 9 wt.%
TiO,@PDA/PVDF with a superior U, of 10.53 J/cm®, which
is 1.75 times of pristine PVDF (6.01J/cm®).>> Therefore,
TiO, Ns is a kind of convenient and effective inorganic filler,
which can be used to improve the ¢, and E; of the nano-
composite.*?

Above all, the morphology design and surface
treatment of inorganic fillers can greatly enhance the ¢,
and U, of nanocomposites.’>** In addition, HfO, is a
ferroelectric with high Ej, moderate ¢, (compared with
Si0, and Al,O3) and wide band gap. Therefore, HfO, can
act like a shell layer to reduce the field distortion and
leakage current density, thereby improving the E, of
nanocomposites.** Inspired by that, we prepared 2D TiO,
Ns by hydrothermal method. To decrease the difference in
e, between TiO, Ns and polymer, HfO, acting as the
passivation layer with high insulation and moderate ¢,
coated on the TiO, Ns surface forms 2D core—shell
nanosheets. HfO,@TiO, nanosheets (HfO,@TiO, Ns)
make the nanocomposites with higher ¢, and lower
dielectric loss than polymer matrix. Furthermore,
HfO,@TiO, Ns can establish an efficient barrier to inhibit
the space charge conduction, and hamper the growing
electric trees during the breakdown process.>>*¢ HfO,
layer with high insulation could trap the charge carriers to
hinder the mobility of charge carriers, and then improve
the E,. The 3wt.% P(VDF-HFP)/HfO,@TiO, Ns sample
presents a maximum U, of 13.9J/cm’® and charge—dis-
charge efficiency of 55.1%.

Washing with

deionized
water and

| oy -
o~
Cl—Hf—a 4 o + ..
ons N N
Cl
HfCI, CTAB TiO, Ns

Scheme 1. Schematic diagram of preparation of the 2D TiO, Ns and core—shell HfO, @TiO, Ns.
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2. Experimental
2.1. Preparation of TiO, Ns

TiO, Ns were prepared by a simple hydrothermal metho
as illustrated in Scheme 1. The TiO, Ns sample was obtained
as follows: First, 25 mL tetrabutyl titanate (chemically pure)
was added into a Teflon-lined with 2 mL of hydrofluoric acid
(analytically pure, 40%) under magnetic stirring for 10 min to
get a stable suspension. Subsequently, the suspension was
reacted at 200°C for 24 h and then cooled to room temper-
ature. The resulting samples were washed with deionized
water and ethanol, and then dried at 110°C for 12h.

d37,38

2.2. Preparation of HfO,@TiO, Ns

HfO,@TiO, Ns were synthesized according to our previous
work with slight modifications.** 0.3 g HfCl,(chemically
pure) and 10g TiO, Ns were added to a mixed solution
(consisting of ethanol, CTAB powder and deionized water)
and stirred for 2 h. The mixture was stirred at 80°C, and the
as-prepared gel was dried at 110°C and calcined at 800°C to
remove the residual solvents and organics. The product was
named as HfO,@TiO, Ns.

2.3. Preparation of P(VDF-HFP)/HfO,@TiO,
nanocomposites

The P(VDF-HFP)/HfO,@TiO, nanocomposites were
prepared in the following process. First, 0.3g poly(vinylidene
fluoride-co-hexafluoropropylene) (P(VDF-HFP)) was dis-
solved in 10 mL DMF before the required amount of TiO, Ns

Intensity (a.u.)
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was added. The suspension was ultrasonicated for 30 min and
vigorously stirred. Second, the P(VDF-HFP) and HfO, @TiO,
Ns suspension was cast onto the glass slides and dried at 70°C
for several hours to remove the solvent completely. Finally, all
the composites were treated at 180° C to eliminate the potential
defects. For comparison purposes, P(VDF-HFP)/TiO, Ns
nanocomposites without HfO, shell were prepared in the same
procedure.

2.4. Characterization

X-ray diffraction (XRD) patterns were performed on a Bruker
D8 ADVANCE diffractometer in the range of 10°-80° with
Cu Ko radiation. The transmission electron microscopy
(TEM) was performed using a JEM-F200. Scanning electron
microscopy (SEM) was measured by a Quanta FEG 250. The
dielectric performance was performed using a Novocontrol
Concept 80 impedance analyzer with an applied voltage of
1V and ranging from 1Hz to 1 MHz. E, obtained by the
RK2674B at a rate of 200 V/s. D-E loops (100Hz) are
recorded via Premier II ferroelectric test system.

3. Results and Discussion

SEM images of three types of TiO, products with different
reaction times are shown in Fig. 1. It can be seen that the TiO,
presents a regular spherical morphology with 12h reaction
time. Along with the reaction time increasing, the morphol-
ogy of TiO, gradually changes from spherical to regular 2D
flake. Therefore, in this paper, TiO, Ns with hydrothermal

(004) (200)
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Fig. 1. SEM image of TiO, obtained with different reaction times: (a) 12h, (b) 24h and (c) 36 h. (d) XRD pattern of TiO,.
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Fig. 2. (a) TEM image, (b) HR-TEM image of TiO, Ns.

reaction time of 36 h is selected as the inorganic filler of the
nanocomposites. The obtained TiO, Ns shows a regular
square shape with a side length of about 0.5-1 ym. And it is
basically tiled on the surface of the conductive adhesive,
indicating that its size is small in the thickness direction.

Figure 1(d) shows the XRD patterns of the TiO, Ns from
the hydrothermal process in different reaction times. As the
reaction time increases, the XRD diffraction peak becomes
sharper. Moreover, TiO, Ns possesses a single-phase tetrag-
onal structure without any impurities and all of the diffraction
peaks can be perfectly corresponded to typical anatase
structure (JCPDS No. 21-1272). To further study the structure
of TiO, Ns, Figure 2 shows the TEM and HR-TEM images of
TiO, Ns, the as-obtained TiO, Ns is semitransparent under
the electron beam. It is indicated that the TiO, Ns was very
thin and had large aspect ratios. The HR-TEM image shows
that the lattice spacing of TiO, Ns is 0.235 nm.

The structure of HfO,@TiO, Ns could be confirmed
through the TEM, HR-TEM and XRD, as displayed in Fig. 3.
Clearly, the HfO,@TiO, Ns with a compact shell layer. In
Fig. 3(c), TiO, Ns and HfO,@TiO, Ns both exhibit a typical
anatase structure and without any other impurities. The XRD
peak intensity of HfO,@TiO, Ns weakened after coating
with HfO,, which was attributed to the shielding effect of
HfO,. A similar phenomenon occurs in the literature with
HfO,@BT and SiO,@SiC particles.***° Meanwhile, the
homogeneity of HfO, and TiO, Ns could be further

confirmed by the elemental mapping analyses (Fig. 4), sug-
gesting that a homogenous and tight HfO, layer is coated on
the TiO, Ns surface.

The dispersion of the inorganic fillers is a major factor in
dielectric properties for nanocomposites.*’ SEM images of
3 wt.% P(VDF-HFP)/HfO, @TiO, are shown in Fig. 5, sheet-
like HfO,@TiO, Ns (indicated by the red dashed boxes) are
mainly observed. The HfO,@TiO, Ns can be well dispersed
in the polymer without any obvious voids and interfacial
flaws. It is indicated that these composites have high quality
for the strong interfacial interaction between fillers and the
matrix. Figure 5(b) shows the SEM micrographs of fractured
surface of 3 wt.% P(VDF-HFP)/HfO,@TiO, Ns. The results
indicate that the HfO, @TiO, Ns are parallelly oriented in the
polymer matrix (indicated by the red arrows), which is good
for improving the E, of nanocomposites.

The €, may reflect the polarization characteristics in dif-
ferent conditions.*' The frequency dependence of ¢, and loss
tangent for P(VDF-HFP)/HfO,@TiO, Ns nanocomposites
are summarized in Fig. 6(a). Clearly, the ¢, of P(VDF-HFP)/
HfO,@TiO, Ns was larger than that of polymer matrix be-
cause the HfO,@TiO, Ns has a higher ¢,. In addition,
stronger interfacial polarization with massive charges could
accumulate at the fillers/matrix interface because of the dif-
ference in electrical performance between the fillers and
matrix.*> For example, 15wt.% P(VDF-HFP)/HfO,@TiO,
N illustrates the largest €, of 19.7 at 1kHz (33.6 at 1 Hz).

l 1 h HfO,@TiO, Ns

TiO, Ns

Intensity (a.u.)

20 30 40 50 60 70 80
2 Theta (degree)

Fig. 3. (a) TEM image, (b) HR-TEM image of HfO,@TiO, Ns. (c) XRD pattern of TiO, Ns and HfO, @TiO, Ns.
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Hf

Fig. 4. EDS element mapping images of HfO,@TiO, Ns.

Meanwhile, with the frequency increasing, the &, of
nanocomposites presented a downtrend due to the delayed
response of dipole.*’ In dielectrics, dielectric loss can be
generally composed of the following parts: electrical polari-
zation, interfacial polarization and dipole polarization.
In Fig. 6(a), with the frequency increasing, loss tangent of all
the nanocomposites decreases firstly and then increases.
In nanocomposites, the loss tangent mainly comes from
interfacial ~ polarization and electronic  conduction.
The difference in electrical performance at interface region
can cause strong interfacial polarization to increase the

dielectric loss.'*** Meanwhile, in the semiconductor fillers of
TiO, Ns with relatively high conductivity, the electronic
conduction plays a major role in the nanocomposites.

To better evaluate the effect of the HfO, passivation layer
for dielectric properties, a comparison of ¢, and loss tangent
(@ 1kHz) for nanocomposites is shown in Fig. 6(b).
Obviously, the P(VDF-HFP)/HfO,@TiO, Ns nanocompo-
sites exhibit a relatively low ¢, and loss tangent, which may
be due to the following factors. First, the shell of HfO, with
moderate dielectric permittivity may relieve the dielectric
mismatch of the interface region to decrease the interfacial

Fig. 5. (a) Top view and (b) cross-sectional SEM images of 3 wt.% P(VDF-HFP)/HfO,@TiO, Ns nanocomposites.

0.25
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oy 5 215 0.15 &
] e 5 1> e
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Fig. 6. (a) Frequency dependence of ¢, and loss tangent for nanocomposites. (b) Comparison of €, and loss tangent of nanocomposites of TiO,

Ns and HfO,@TiO, Ns at 1 KHz.
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Fig. 7. Temperature dependence of the €, and loss tangent for the nanocomposites with 3 wt.% of (a) TiO, Ns and (b) HfO,@TiO, Ns.

M

M

0.05 - 0.05

@ 1 MHz ====P(VDF-HFP)TiO, Ns @ 100 KHz =====P(VDF-HFP)/TiO, Ns
= P(VDF-HFP)/HfO,@TiO, Ns PVDE-HERYHIO @TiO, N

0.04 0.04 F

0.03 0.03 F

0.02 E 0.02 |

0.01 0.01 F

0.00 b L L L L L L L L 0.00 b " f L L L L L L

40 <20 0 200 40 60 80 100 120 140 40 20 0 20 40 60 B0 100 120 140

Temperature (°C) Tempcraturc (°C)

0.05 0.05

@ 10 KHz ====P(VDF-HFP)/Ti0, Ns
s P(VDF-HFP)HIO @TiO, N

000" 1 i 'l i 1 i 1 " 1 i 1 i L 1 i 1 i
40 -20 0 20 40 60 80 100 120 14C
Temperature (°C)
0.04
@ 100 Hz === P(VDF-HFP)TIO, Ns
——P(VDF-HFPYHIO @TiO, Ns
0.03 1
0.02 1
0.01 +
0.00 k4 L L L L L L L L
-40 =20 0 20 4 60 80 100 120 140

Temperature (°C)

@ | KHz ===P(VDF-HFP)TiO, Ns
e P(VDF-HFPYHIO @TiO, Ns

0.03

0.00

-40 -20 0 20 40 60 80 100 120 140
Temperature ("C)
@ 10 Hy === P(VDF-HFP)/TIO, Ns
—— P(VDF-HFPYHIO,@TiO, Ns
40 20 0 20 40 60 80 100 120 140

Temperature (°C)
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Fig. 9. Frequency dependence of M" for P(VDF-HFP) nanocomposites with 3 wt.%: (a) TiO, Ns and (b) HfO,@TiO, Ns.

polarization. Second, the amorphous HfO, shell with highly
insulating acting as a passivation layer can -effectively
suppress the charge migration to reduce the space charge
polarization.

As shown in Fig. 7, to further evaluate the dielectric
behavior of these nanocomposites, we provide the tempera-
ture dependence of the ¢, and loss tangent for the
nanocomposites. It can be found that at low frequency (1 Hz),
the ¢, for two nanocomposites shows obvious relaxation peak
at about —20°C, which is caused by the T, of polymer. With
the frequency increasing, the relaxation peak gradually
moves toward high temperature, owing to the internal seg-
ments of the polymer requiring more energy to complete the
motion at high frequency.”’ In addition, the difference
between the two nanocomposites becomes more obvious with
the increase of temperature, the loss tangent of P(VDF-HFP)/
HfO,@TiO, Ns is obviously smaller than P(VDF-HFP)/TiO,
N. It is mainly because the high insulation buffer layer HfO,
can significantly reduce the conduction loss. It indicated the

9l O P(VDE-HFPYHfO,@TiO, Ns
O P(VDF-HFP)TIO, Ns

E =0.92 eV

(o NN
—T T

ln(fr‘nax)

E=113eV

240 245 250 255 2.60 265 2.70
1000/T (1/K)

Fig. 10. Activation energy plots of P(VDF-HFP)/TiO, Ns and
P(VDF-HFP)/HfO,@TiO, Ns samples.
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core—shell HfO,@TiO, Ns can improve the €, and restrain
the dielectric loss of nanocomposites.

The dielectric loss of nanocomposites increased dramati-
cally at elevated temperature, which will cover other loss
mechanisms. Interpreting the dielectric relaxation data by
electrical modulus is an effective method. The real and imagi-
nary parts of modulus (M’ and M") can be calculated as follows:
E/ M//

M =yrimn O
Figure 8 shows the temperature dependence of M” for nano-
composites with 3% fillers at various frequencies. We can see
only one relaxation peak in the high-frequency region. It is due
to the molecular motions in the crystalline region of
P(VDF-HFP). In polymer nanocomposites, the interfacial po-
larization is attributed to the differences in conductivity of in-
organic fillers, crystalline and amorphous regions. With the
reduction of frequency, in addition to the a relaxation, another
relaxation peak appears at high temperature attributed to the
interfacial polarization.*¢~**

The M” of nanocomposites filled with 3 wt.% of TiO, Ns
and HfO,@TiO, Ns is shown in Figs. 9(a) and 9(b). As the
temperature increases, the M"” peaks for the interfacial
polarization process move to a higher frequency.
This phenomenon is correlated with the charges blocked on
the inorganic fillers (or crystalline regions)/amorphous
boundaries.

Interfacial polarization can be represented by the
Arrhenius behavior and the activation energy (E,) of
charge carriers hopping could be calculated from the fol-
lowing equation:

!/

- 2 4 g2 ’

E,
lnfmax = lnﬁ) - ﬁv (4)

where f; is the pre-exponential factor, k is the Boltzmann
constant, T is the temperature. Figure 10 shows the Arrhenius
plots of the variation of In(f;,,,) with the inverse of temper-
ature (1000/T") for the nanocomposites with 3 wt.% fillers.
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Fig. 11. Weibull distribution of £, for P(VDF-HFP) nanocomposites; (b) The E;, of the nanocomposites with different contents of TiO, Ns and

Hf02 @ T102 Ns.

The calculated E, of P(VDF-HFP)/HfO,@TiO, Ns is higher
than P(VDF-HFP)/TiO, Ns. It indicates that the passivation
shell layer of HfO, could effectively limit the free electrons
migrations and enhance the E, and U,.*

In order to analyze the breakdown failure behavior of
these nanocomposites, the E, and electric failure P(E) are
described as follows:

ro-1-en (£

where E and f are the experimental £, and shape parameter,
respectively. Figure 11(a) shows the Weibull distribution
plots of E, for nanocomposites with different contents of

(s

~

HfO,@TiO, Ns. The E, increases from 394.9MV/m to
480.7MV/m as the HfO,@TiO, Ns increases to 3 wt.%.
Further, the E, of 15wt.% nanocomposites dramatically
decreases to 203.1 MV/m. The E, of nanocomposites with
various filler contents is summarized in Fig. 11(b). All of the
nanocomposites exhibit a higher f value, confirming the
nanocomposites with high quality and stability.*’ In addition,
the £ value and E; of the P(VDF-HFP)/HfO,@TiO, Ns are
larger than that of the P(VDF-HFP)/TiO, Ns. The E,, of the
3 wt.% P(VDF-HFP)/HfO,@TiO, Ns (480.7 MV/m) is about
1.3 times that of the 3wt% P(VDE-HFP)/TiO,
Ns (368.6MV/m). The improvement of the E, for
nanocomposites by HfO, shell is attributed to the following

x107°

x107

110

Fig. 12. The (a), (b) voltage, (c), (d) electric field redistribution, (e), (f) current density of 3 wt.% P(VDF-HFP)/TiO, and P(VDF-HFP)/

HfO,@TiO, nanocomposite.
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Fig. 13. D-E loops of P(VDF-HFP)-based nanocomposites.

factors. First, the HfO,@TiO, Ns can establish an efficient
barrier to limit the space charge conduction, and hamper the
growing electric trees during the breakdown process. Second, the
HfO, acting as a passivation layer with moderate ¢, can also
effectively alleviate the electric mismatch between the matrix and
fillers. Third, the HfO, layer with high insulation could hinder
the mobility of charge carriers, and then improve the Ej,.'>>°
In order to further study the electrical breakdown mech-
anism of P(VDF-HFP) nanocomposites filled with TiO, Ns
and HfO,@TiO, Ns, the electric field distribution and leak-
age current density of nanocomposites were analyzed through
finite element simulation by COMSOL Multiphysics, as
depicted in Fig. 12. The fillers were uniformly dispersed in
matrix, and the ¢, of P(VDF-HFP), TiO, Ns and HfO, were
set as around 10, 50 and 25, respectively. First, the electric
potential of nanocomposite is deduced (Figs. 12(a)
and 12(b)). Figures 12(c) and 12(d) give the distribution of
electric field strength, the local electric field strength in
nanocomposite with HfO, @TiO, Ns is much lower than that
of nanocomposite with TiO, Ns. From the high-magnification
image of electric field strength, we can clearly see that the
field distortion mainly located in tips of the two adjacent TiO,
Ns, and the local electric field of TiO, Ns is significantly
higher than that of HfO, @TiO, Ns. This is due to the fact that
HfO, shell can facilitate alleviation of the field strength be-
cause of the HfO, with moderate dielectric permittivity
(~ 25). In other words, the HfO, shell acts as a passivation
layer to redistribution of the electric field between the high ¢,
fillers and the low &, polymer matrix and thus avoids

breakdown under high electric field. Moreover, suppressing
leakage current can help improve the E,.>° The current
density of nanocomposites filled with 3 wt.% TiO, Ns and
HfO,@TiO, Ns is displayed in Figs. 12(e) and 12(f).
The P(VDF-HFP)/HfO, @TiO, Ns nanocomposites showed a
relatively lower local current density, the HfO, coated on the
TiO, surface to restrict the overall current. Therefore, the
results further verified the conclusion that the passivation
layer of HfO, shell could enhance the E), for nanocomposites.

The D-E loops of the P(VDF-HFP)/HfO, @TiO, Ns are
given in Fig. 13. With the increase of HfO, @TiO, Ns content,
the D,,.x of the nanocomposites increases and the E), increases

cm’)
o0
L

,
/

——P(VDF-HFP)
1 wt%
3 wt%
2 5 wit%
8 wit%
s i i n 15 wt% ki

0
0 100 200 300 400 500
Electric Field (MV/m)

Displacement (uC
S

Fig. 14. D-E loops of P(VDF-HFP)/HfO,@TiO, Ns nanocompo-
sites at maximum electric field.
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Fig. 15. The (a) U, and (b) 5 of P(VDF-HFP)/HfO,@TiO, Ns nanocomposite.

first and then decreases (as indicated by Fig. 14). After
introducing HfO,@TiO, Ns, the D,,, of nanocomposites
increases remarkably. The significantly enhanced D, of
P(VDF-HFP)/HfO,@TiO, Ns nanocomposites owing to the
increased E, and ¢,. For example, 3 wt.% P(VDF-HFP)/
HfO,@TiO, Ns has the largest D, of 9.4 uC/cmz, which is
1.7 times of pristine P(VDF-HFP) (5.5 uC/cmz).

The U, and charge—discharge efficiency () of the nano-
composites are calculated and shown in Fig. 15(a). According
to Eq. (2), the E}, has a greater influence on the U,. Therefore,
3 wt.% P(VDF-HFP)/HfO, @TiO, Ns represents the largest U,
of 13.9 J/cm3, which is 1.7 times that of matrix. The # can be
expressed as 7 = U, /U x 100%, it is also a critical parameter
in energy storage equipment. It can be found that the intro-
duction of HfO,@TiO, Ns will cause a slight increase in the
remanent displacement, which causes a decrease in 7. As
shown in Fig. 15(b), # of nanocomposite is slightly lower than
polymer matrix. The # of 3 wt.% P(VDF-HFP)/HfO,@TiO,
Ns nanocomposite is 55.1% at 475 MV/m.

To demonstrate the advantage of the 2D HfO,@TiO, N,
the U, and 5 of nanocomposites as an instance for

<®— P(VDF-HFP)

—8—3 wt% P(VDF-HFP)/TiO, Ns

—A—3 wi% P(VDF-HFPYHIO, @TiO, N
5 k 3

Discharged Energy Density (J/cm?)

Il 1 L

50 100 150 200 250 300 350 400 450 500
Electric Field (MV/m)

(a)

comparison are shown in Fig. 16. The U, of P(VDF-HFP)/
HfO,@TiO, Ns is 13.9J/cm® almost 1.6 times of
corresponding  P(VDF-HFP)/TiO, Ns nanocomposite
(8.9J/cm®). Meanwhile, 3wt.% P(VDF-HFP)/HfO,@TiO,
shows a high 7 of 62.1% while the corresponding P(VDF-
HFP)/TiO, Ns is only 52.3% at 400 MV/m. Even at the
maximum electric field of 475 MV/m, the 5 of P(VDF-HFP)/
HfO,@TiO, nanocomposite remains at 55.1%.

4. Conclusions

In conclusion, HfO,@TiO, Ns have been successfully
designed and constructed by combining the high ¢, 2D TiO,
Ns and HfO, passivation layer. The high aspect ratio of
HfO,@TiO, Ns in the polymer matrix can not only enhance
€,, but also establish a potential barrier to limit the migration
of charges. The HfO, layer leads to a uniform distribution of
electric field and the high insulation HfO, layer can also
inhibit dielectric loss and current density. The finite element
results further show that the passivation layer of HfO, can

100
{e
X
SN
> 80F
Q
-]
Q
2
=
= 60
84|
)
5 40
=
Q
2
2 2t —&— P(VDF-1IFP)
gﬁ —8— 3 wt% P(VDF-HFP)TiO, Ns
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(b)

Fig. 16. Comparison of (a) U, and (b) # for pristine P(VDF-HFP) and 3 wt.% P(VDF-HFP)-based nanocomposites.
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redistribute the electric field and suppress the current density
to improve the E, and U,. A high U, of 13.9J/cm’ was
accessed for 3 wt.% P(VDF-HFP)/HfO,@TiO, Ns sample at
475MV/m. This research provides an efficient strategy for
the development of high U, polymer-based dielectrics, with
the expectation of applying them to advanced power elec-
tronics systems.

Acknowledgments

This work was supported by the Key Research and
Development Plan of Shaanxi Province (2021GY-251,
2021GY-219).

ORCID
Chao Chen (@ https://orcid.org/0000-0002-6496-0962
Chen Guo @ https://orcid.org/0009-0000-0760-4497

Xiaoyong Wei
Pengfei Wang

https://orcid.org/0000-0001-9677-4227
https://orcid.org/0000-0002-5285-9832

References

Is. Koohi-Fayegh and M. A. Rosen, A review of energy storage
types, applications and recent developments, J. Energy Storage
27, 101047 (2020).

L. T. Yang, X. Kong, F. Li, H. Hao, Z. X. Cheng, H. X. Liu, J. F.
Li and S. J. Zhang, Perovskite lead-free dielectrics for energy
storage applications, Prog. Mater. Sci. 102, 72 (2019).

M. T Feng, Y. Feng, T. D. Zhang, J. L. Li, Q. G. Chen, Q. G. Chi
and Q. Q. Lei, Recent advances in multilayer-structure dielectrics
for energy storage application, Adv. Sci. 8, 2102221 (2021).

4H. B. Zhang, M. A. Marwat, B. Xie, M. Ashtar, K. Liu, Y. W. Zhu,
L. Zhang, P. Y. Fan, C. Samart and Z. G. Ye, Polymer matrix
nanocomposites with 1D ceramic nanofillers for energy storage
capacitor applications, ACS Appl. Mater. Inter. 12, 1 (2020).

SL. Dou, Y. H. Lin and C. W. Nan, An overview of linear dielectric
polymers and their nanocomposites for energy storage, Molecules
26, 6148 (2021).

Y. L. Qiao, X. D. Yin, T. Y. Zhu, H. Li and C. B. Tang, Dielectric
polymers with novel chemistry, compositions and architectures,
Prog. Polym. Sci. 80, 153 (2018).

7J.S.HoandS.G. Greenbaum, Polymer capacitor dielectrics for high
temperature applications, ACS Appl. Mater. Inter. 10, 29189 (2018).

8X. Zhang, B. W. Li, L. J. Dong, H. X. Liu, W. Chen, Y. Shen and
C. W. Nan, Superior energy storage performances of polymer
nanocomposites via modification of filler/polymer interfaces, Adv.
Mater. Interfaces S, 1800096 (2018).

°F.E. Bouharras, M. Raihane and B. Ameduri, Recent progress on
core—shell structured BaTiO;@polymer/fluorinated polymers
nanocomposites for high energy storage: Synthesis, dielectric
properties and applications, Prog. Mater. Sci. 113, 100670 (2020).

197 B. Pan, L. M. Yao, G. L. Ge, B. Shen and J. W. Zhai, High-
performance capacitors based on NaNbO; nanowires/poly(vinyli-

dene fluoride) nanocomposites, J. Mater. Chem. A 6, 14614
(2018).

J. Adv. Dielect. 14, 2340003 (2024)

'S Adireddy, V. S. Puli, S. C. Sklare, T. J. Lou, B. C. Riggs, R.
Elupula, S. M. Grayson and D. B. Chrisey, PVDF-BaSrTiO;
nanocomposites for flexible electrical energy storage devices,
Emerg. Mater. Res. 3, 265 (2014).

'2Q. G. Chi, X. B. Wang, C. H. Zhang, Q. G. Chen, M. H. Chen,
T. D. Zhang, L. Gao, Y. Zhang, Y. Cui, X. Wang and Q. Q. Lei,
High energy storage density for Poly(vinylidene fluoride)
composites by introduced core-shell CaCu;TiyO;, @Al,04
nanofibers, ACS Sustain. Chem. Eng. 6, 8641 (2018).

'37. M. Dang, J. K. Yuan, J. W. Zha, T. Zhou, S. T. Li and G. H. Hu,
Fundamentals, processes and applications of high-permittivity
polymer matrix composites, Prog. Mater. Sci. 57, 660 (2012).

“H. Luo, X. F. Zhou, C. Ellingford, Y. Zhang, S. Chen, K. C. Zhou,
D. Zhang, C. R. Bowen and C. Y. Wan, Interface design for high
energy density polymer nanocomposites, Chem. Soc. Rev. 48,
4424 (2019).

M. H. Yang, Q. M. Li, X. M. Zhang, E. Bilotti, C. Zhang, C. Xu,
S. H. Gan and Z. M. Dang, Surface engineering of 2D dielectric
polymer films for scalable production of high-energy-density
films, Prog. Mater. Sci. 128, 100968 (2022).

16y, Zhou, C. Yuan, S. J. Wang, Y. J. Zhu, S. Cheng, X. Yang,
Y. Yang, J. Hu, J. L. He and Q. Li, Interface-modulated nano-
composites based on polypropylene for high-temperature energy
storage, Energy Storage Mater. 28, 255 (2020).

173, Kango, S. Kalia, A. Celli, J. Njuguna, Y. Habibi and R. Kumar,
Surface modification of inorganic nanoparticles for development
of organic—inorganic nanocomposites — A review, Prog. Polym.
Sci. 38, 1232 (2013).

BL. Y. Xie, X. Y. Huang, Y. H. Huang, K. Yang and P. K. Jiang,
Core@double-shell structured BaTiOz-polymer nanocomposites
with high dielectric constant and low dielectric loss for energy
storage application, J. Phys. Chem. C 117, 22525 (2013).

195 H. Liu, S. X. Xue, B. Shen and J. W. Zhai, Reduced energy loss
in poly(vinylidene fluoride) nanocomposites by filling with a
small loading of core—shell structured BaTiO3/SiO, nanofibers,
Appl. Phys. Lett. 107, 032907 (2015).

L. Y. Xie, X. Y. Huang, C. Wu and P. K. Jiang, Core-shell
structured poly(methyl methacrylate)/BaTiO; nanocomposites
prepared by in situ atom transfer radical polymerization: A route
to high dielectric constant materials with the inherent low loss of
the base polymer, J. Mater. Chem. 21, 5897 (2011).

2IS. H. Liu, J. Wang, H. S. Hao, L. M. Zhao and J. W. Zhai,
Discharged energy density and efficiency of nanocomposites
based on poly (vinylidene fluoride) and core—shell structured
BaTiO; @Al,0O5 nanoparticles, Ceram. Int. 44, 22850 (2018).

*2H. Li, F. H. Liu, B. Y. Fan, D. Ai, Z. R. Peng and Q. Wang,
Nanostructured ferroelectric-polymer composites for capacitive
energy storage, Small Methods 2, 1700399 (2018).

2D. L. He, Y. Wang, L. Y. Zhang, S. L. Song and Y. Deng, Poly
(vinylidene fluoride)-Based composites modulated via multiscale
two-dimensional fillers for high dielectric performances, Compos.
Sci. Technol. 159, 162 (2018).

%K. Prabakaran, S. Mohanty and S. K. Nayak, Influence of surface
modified TiO, nanoparticles on dielectric properties of PVDEF-
HFP nanocomposites, J. Mater. Sci.: Mater. Electron. 25, 4590
(2014).

*J.J. Xu, C. Fu, H. Y. Chu, J. Qian, W. Y. Li, X. H. Ran and
W. Nie, Improved discharge energy density of poly(vinylidene
fluoride)-based nanocomposites via a small amount of dopamine-
modified TiO, nanosheets, J. Electron. Mater. 50, 4250 (2021).

2340003-11



C. Chen et al.

26y, Diebold, The surface science of titanium dioxide, Surf. Sci.
Rep. 48, 53 (2003).

275, W, Liu, J. G. Yu and M. Jaroniec, Tunable photocatalytic selec-
tivity of hollow TiO, microspheres composed of anatase polyhedra
with exposed [001] facets, J. Am. Chem. Soc. 132, 11914 (2010).

2x. G. Han, Q. Kuang, M. S. Jin, Z. X. Xie and L. S. Zheng,
Synthesis of titania nanosheets with a high percentage of exposed
[001] facets and related photocatalytic properties, J. Am. Chem.
Soc. 131, 3152 (2009).

*D. V. Bavykin, J. M. Friedrich and F. C. Walsh, Protonated tita-
nates and TiO, nanostructured materials: Synthesis, properties,
and applications, Adv. Mater. 18, 2807 (2006).

30p. Jang, S. Y. Park, S. K. Kim, D. Jung, W. Song, S. Myung,
S. S. Lee, D. H. Yoon and K. S. An, Strategic customization of
polymeric nanocomposites modified by 2D titanium oxide
nanosheet for high-k and flexible gate dielectrics, Small 17,
2007213 (2021).

3g, Jian, Y. Jiao, L. Feng, Q. Z. Meng, N. Yang, S. T. Zhu, M. F. Lu
and C. P. Wong, High energy density of BaTiO; @TiO, nanosheet/
polymer composites via ping-pong-like electron area scattering
and interface engineering, NPG Asia Mater. 14, 4 (2022).

32y, K. Zhu, H. Yao, P. K. Jiang, J. D. Wu, X. Zhu and X. Y. Huang,
Two-dimensional high-k nanosheets for dielectric polymer nano-
composites with ultrahigh discharged energy density, J. Phys.
Chem. C 122, 18282 (2018).

3M. F. Guo, J. Y. Jiang, Z. H. Shen, Y. H. Lin, C. W. Nan and
Y. Shen, High-energy-density ferroelectric polymer nanocompo-
sites for capacitive energy storage: Enhanced breakdown
strength and improved discharge efficiency, Mater. Today 29, 49
(2019).

3*C. Chen, Y. C. Xie, J. J. Liu, J. Li, X. Y. Wei and Z. C. Zhang,
Enhanced energy storage capability of P(VDF-HFP) nanodi-
electrics by HfO, passivation layer: Preparation, performance and
simulation, Compos. Sci. Technol. 188, 107968 (2020).

38, B. Luo, J. Y. Yu, S. H. Yu, R. Sun, L. Q. Cao, W. H. Liao and
C. P. Wong, Significantly enhanced electrostatic energy storage
performance of flexible polymer composites by introducing highly
insulating-ferroelectric microhybrids as fillers, Adv. Energy Mater.
9, 1803204 (2019).

*°H. Li, D. A, L. L. Ren, B. Yao, Z. B. Han, Z. H. Shen, J. J. Wang,
L. Q. Chen and Q. Wang, Scalable polymer nanocomposites with
record high-temperature capacitive performance enabled by ra-
tionally designed nanostructured inorganic fillers, Adv. Mater. 31
(2019).

TR ML Chen, Z. Jiang, J. L. Qin, Y. Jiang, R. Li, H. Tang and X. F.
Yang, Synthesis and improved photocatalytic activity of ultrathin
TiO, nanosheets with nearly 100% exposed [001] facets, Ceram.
Int. 40, 16817 (2014).

X 1. Lu, X. L. Mou, J. J. Wu, D. W. Zhang, L. L. Zhang, F. Q.
Huang, F. F Xu and S. M. Huang, Improved-performance

J. Adv. Dielect. 14, 2340003 (2024)

dye-sensitized solar cells using Nb-doped TiO, electrodes:
Efficient electron injection and transfer, Adv. Funct. Mater. 20,
509-515 (2010).

%J.Y. Bi, Y. Z. Gu, Z. C. Zhang, S. K. Wang, M. Li and Z. G.
Zhang, Core-shell SiC/SiO, whisker reinforced polymer com-
posite with high dielectric permittivity and low dielectric loss,
Mater. Design 89, 933 (2016).

“0B. Lin, Z. T. Li, Y. Yang, Y. Li, J. C. Lin, X. M. Zheng, F. A.
He and K. H. Lam, Enhanced dielectric permittivity in
surface-modified graphene/PVDF composites prepared by an
electrospinning-hot pressing method, Compos. Sci. Technol. 172,
58 (2019).

41X, Lu, X. W. Zou, J. L. Shen, L. Zhang, L. Jin and Z. Y. Cheng,
High energy density with ultrahigh discharging -efficiency
obtained in ceramic-polymer nanocomposites using a non-ferro-
electric polar polymer as matrix, Nano Energy 70, 104551 (2020).

*2Q. Huang, H. Luo, C. Chen, X. F. Zhou, K. C. Zhou and
D. Zhang, Enhanced energy density in P(VDF-HFP) nano-
composites with gradient dielectric fillers and interfacial polari-
zation, J. Alloy Compd. 696, 1220 (2017).

43C. V. Chanmal and J. P. Jog, Dielectric relaxations in PVDF/
BaTiO5; nanocomposites, Express Polym. Lett. 2, 294 (2008).

“X. Y. Huang and P. K. Jiang, Core—shell structured high-k polymer
nanocomposites for energy storage and dielectric applications,
Adv. Mater. 27, 546 (2015).

457 H.Dai, T. Li, Y. Gao, J. Xu, J. L. He, Y. X. Weng and B. H. Guo,
Achieving high dielectric permittivity, high breakdown strength and
high efficiency by cross-linking of poly(vinylidene fluoride)/
BaTiO; nanocomposites, Compos. Sci. Technol. 169, 142 (2019).

“4OM. W. Yao, S. Y. You and Y. Peng, Dielectric constant and energy
density of poly(vinylidene fluoride) nanocomposites filled with
core—shell structured BaTiO;@Al,O3 nanoparticles, Ceram. Int.
43, 3127 (2017).

“7H. Rekik, Z. Ghallabi, I. Royaud, M. Arous, G. Seytre, G. Boiteux
and A. Kallel, Dielectric relaxation behaviour in semi-crystalline
polyvinylidene fluoride (PVDF)/TiO, nanocomposites, Compos.
Part B: Eng. 45, 1199 (2013).

“N. X. Xu, L. Hu, Q. L. Zhang, X. R. Xiao, H. Yang and E. J. Yu,
Significantly enhanced dielectric performance of poly(vinylidene
fluoride-co-hexafluoropylene)-based composites filled with hier-
archical flower-like TiO, particles, ACS Appl. Mater. Inter. 7,
27373 (2015).

49H. Kojima, Y. Otake, T. Takahashi, N. Hayakawa, K. Hasegawa,
H. Saito and M. Sakaki, Analysis of conditioning and damaging
process in vacuum based on breakdown probability distribution,
IEEE. Trans. Dielectr. Electr. Insul. 23, 43 (2016).

el Chen, Y. C. Xie, M. R. Zhang, J. Li, X. Y. Wei and Z. C. Zhang,
Significantly enhanced energy storage properties in sandwich-
structured polymer composites with self-assembled boron nitride
layers, Appl. Surf. Sci. 598, 153673 (2022).

2340003-12



	Preparation and improved energy storage capability of nanocomposites utilizing ultrathin 2D HfO2@TiO2 nanosheets
	1. Introduction
	2. Experimental
	2.1. Preparation of TiO2 Ns
	2.2. Preparation of HfO2@TiO2 Ns
	2.3. Preparation of P(VDF-HFP)/HfO2@TiO2 nanocomposites
	2.4. Characterization

	3. Results and Discussion
	4. Conclusions
	Acknowledgments
	ORCID
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 900
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


