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Polymer-based dielectrics play an important role in electrostatic capacitor by their high energy density (Ue) and flexibility. Herein,
we designed a simple high Ue 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, HfO2 acting as the buffer
layer with high insulation and appropriate permittivity coated onto the surface of TiO2 nanosheets (TiO2 Ns) to form a core–shell
structure. The introduction of HfO2@TiO2 nanosheets (HfO2@TiO2 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
HfO2@TiO2 Ns can establish an efficient barrier to limit the space charge conduction, hamper the growing electric trees, and the
HfO2 layer with high insulation could hinder the mobility of charge carriers. The breakdown strength (Eb) of nanocomposite is
superior to that of polymer matrix. A small addition of 3wt.% HfO2@TiO2 Ns into P(VDF-HFP) matrix can raise the Eb to
480.7MV/m and present a maximum discharged Ue of 13.9 J/cm

3. This work demonstrates that it is an effective strategy to improve
the Ue via designing the structure and surface state of inorganic filler simultaneously.
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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.1–3 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.4,5

However, the low Ue critically hinders the application of
polymer dielectrics in electronics field. Therefore, it is nec-
essary to improve its Ue to meet the practical application
requirements.6,7

In practical applications, the electric displacement (D) and
discharged Ue of the dielectric capacitors can be calculated by
the following formulas8:

D ¼ "0"rE; ð1Þ

Ue ¼
Z Dmax

Dr

EdD; ð2Þ

where "0, "r, E, Dmax, Dr are the permittivity of vacuum,
relative permittivity, electric field, maximum electric dis-
placement, and remnant electric displacement. It can be seen
that Ue is closely associated with the "r and E: Therefore,
high-"r ceramic fillers, such as BaSrTiO3(BST) and
CaCu3Ti4O12(CCTO), were usually added into polymer to
improve the "r.

9–12

The "r of composites is equal to the integral
"r ¼ f1"

α
1 þ f2"

α
2, where "1, "2, f1 and f2 are the "r of polymer,

"r of fillers, volume fraction of polymer and fillers,
respectively.13 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.14 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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Ue. 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.15–19 For example, the Huang
research group has reported an effective way to prepare poly
(methyl methacrylate) (PMMA)-based nanocomposites.20 In
these nanocomposites, the PMMA@BT was dispersed in
matrix, and the PMMA@BT nanocomposites showed a sig-
nificantly increased "r and lower dielectric loss compared
with pristine PMMA. Zhai prepared a core–shell structured
Al2O3@BT ferroelectric nanoparticle, amorphous Al2O3

layer with wide band gap that can effectively inhibit the
leakage current and field distortion, thereby enhancing
the Ue.

21

Recently, it has been shown that nanostructures and filler
loads have a significant impact on the Ue of nanocompo-
sites.22 Compared with nanoparticles, 2D nanosheets can
more greatly enhance the Ue at low content of inorganic fil-
lers.15,23 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 Ue of nanocomposites.4,15

TiO2 can be widely used as an inorganic filler of polymer-
based nanocomposites because of its excellent corrosion
resistance, thermal stability and biocompatibility.24,25 In ad-
dition, the preparation method of TiO2 is very simple, and the
reaction conditions and growth rate of different crystal planes
can be controlled by extremely simple methods. The final
TiO2 products with different morphologies and dimensions
were obtained, mainly including hollow microspheres,
nanosheets, nanowires, morphology, etc.26–29 As a widely
used inorganic material, titanium dioxide (TiO2) has wide
band gap and high "r. For instance, Ki-Seok introduced

2D TiO2 nanosheets (TiO2 Ns) into the PVA matrix and the
nanocomposite reaches a high "r of 43.8.30 Wong selected
the 2D TiO2 Ns as the electron scattering source to
enhance the Ue of the nanocomposite, which possesses the
largest Eb of 561.2MV/m.31 Introducing dopamine-modified
TiO2(TiO2@PDA) nanosheets into the PVDF matrix, 9 wt.%
TiO2@PDA/PVDF with a superior Ue of 10.53 J/cm

3, which
is 1.75 times of pristine PVDF (6.01 J/cm3).25 Therefore,
TiO2 Ns is a kind of convenient and effective inorganic filler,
which can be used to improve the "r and Eb of the nano-
composite.32

Above all, the morphology design and surface
treatment of inorganic fillers can greatly enhance the "r
and Ue of nanocomposites.22,33 In addition, HfO2 is a
ferroelectric with high Eb, moderate "r (compared with
SiO2 and Al2O3) and wide band gap. Therefore, HfO2 can
act like a shell layer to reduce the field distortion and
leakage current density, thereby improving the Eb of
nanocomposites.34 Inspired by that, we prepared 2D TiO2

Ns by hydrothermal method. To decrease the difference in
"r between TiO2 Ns and polymer, HfO2 acting as the
passivation layer with high insulation and moderate "r
coated on the TiO2 Ns surface forms 2D core–shell
nanosheets. HfO2@TiO2 nanosheets (HfO2@TiO2 Ns)
make the nanocomposites with higher "r and lower
dielectric loss than polymer matrix. Furthermore,
HfO2@TiO2 Ns can establish an efficient barrier to inhibit
the space charge conduction, and hamper the growing
electric trees during the breakdown process.35,36 HfO2

layer with high insulation could trap the charge carriers to
hinder the mobility of charge carriers, and then improve
the Eb. The 3wt.% P(VDF-HFP)/HfO2@TiO2 Ns sample
presents a maximum Ue of 13.9 J/cm3 and charge–dis-
charge efficiency of 55.1%.

Scheme 1. Schematic diagram of preparation of the 2D TiO2 Ns and core–shell HfO2@TiO2 Ns.
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2. Experimental

2.1. Preparation of TiO2 Ns

TiO2 Ns were prepared by a simple hydrothermal method37,38

as illustrated in Scheme 1. The TiO2 Ns sample was obtained
as follows: First, 25mL tetrabutyl titanate (chemically pure)
was added into a Teflon-lined with 2mL of hydrofluoric acid
(analytically pure, 40%) under magnetic stirring for 10min 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 12 h.

2.2. Preparation of HfO2@TiO2 Ns

HfO2@TiO2 Ns were synthesized according to our previous
work with slight modifications.34 0.3 g HfCl4(chemically
pure) and 10 g TiO2 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 HfO2@TiO2 Ns.

2.3. Preparation of P(VDF-HFP)/HfO2@TiO2

nanocomposites

The P(VDF-HFP)/HfO2@TiO2 nanocomposites were
prepared in the following process. First, 0.3g poly(vinylidene
fluoride-co-hexafluoropropylene) (P(VDF-HFP)) was dis-
solved in 10mL DMF before the required amount of TiO2 Ns

was added. The suspension was ultrasonicated for 30min and
vigorously stirred. Second, the P(VDF-HFP) and HfO2@TiO2

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)/TiO2 Ns
nanocomposites without HfO2 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 Kα 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 1MHz. Eb obtained by the
RK2674B at a rate of 200V/s. D–E loops (100Hz) are
recorded via Premier II ferroelectric test system.

3. Results and Discussion

SEM images of three types of TiO2 products with different
reaction times are shown in Fig. 1. It can be seen that the TiO2

presents a regular spherical morphology with 12 h reaction
time. Along with the reaction time increasing, the morphol-
ogy of TiO2 gradually changes from spherical to regular 2D
flake. Therefore, in this paper, TiO2 Ns with hydrothermal

Fig. 1. SEM image of TiO2 obtained with different reaction times: (a) 12 h, (b) 24 h and (c) 36 h. (d) XRD pattern of TiO2.

C. Chen et al. J. Adv. Dielect. 14, 2340003 (2024)

2340003-3



reaction time of 36 h is selected as the inorganic filler of the
nanocomposites. The obtained TiO2 Ns shows a regular
square shape with a side length of about 0.5–1�m. 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 TiO2 Ns from
the hydrothermal process in different reaction times. As the
reaction time increases, the XRD diffraction peak becomes
sharper. Moreover, TiO2 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 TiO2 Ns, Figure 2 shows the TEM and HR-TEM images of
TiO2 Ns, the as-obtained TiO2 Ns is semitransparent under
the electron beam. It is indicated that the TiO2 Ns was very
thin and had large aspect ratios. The HR-TEM image shows
that the lattice spacing of TiO2 Ns is 0.235 nm.

The structure of HfO2@TiO2 Ns could be confirmed
through the TEM, HR-TEM and XRD, as displayed in Fig. 3.
Clearly, the HfO2@TiO2 Ns with a compact shell layer. In
Fig. 3(c), TiO2 Ns and HfO2@TiO2 Ns both exhibit a typical
anatase structure and without any other impurities. The XRD
peak intensity of HfO2@TiO2 Ns weakened after coating
with HfO2, which was attributed to the shielding effect of
HfO2. A similar phenomenon occurs in the literature with
HfO2@BT and SiO2@SiC particles.34,39 Meanwhile, the
homogeneity of HfO2 and TiO2 Ns could be further

confirmed by the elemental mapping analyses (Fig. 4), sug-
gesting that a homogenous and tight HfO2 layer is coated on
the TiO2 Ns surface.

The dispersion of the inorganic fillers is a major factor in
dielectric properties for nanocomposites.40 SEM images of
3wt.% P(VDF-HFP)/HfO2@TiO2 are shown in Fig. 5, sheet-
like HfO2@TiO2 Ns (indicated by the red dashed boxes) are
mainly observed. The HfO2@TiO2 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 3wt.% P(VDF-HFP)/HfO2@TiO2 Ns. The results
indicate that the HfO2@TiO2 Ns are parallelly oriented in the
polymer matrix (indicated by the red arrows), which is good
for improving the Eb of nanocomposites.

The "r may reflect the polarization characteristics in dif-
ferent conditions.41 The frequency dependence of "r and loss
tangent for P(VDF-HFP)/HfO2@TiO2 Ns nanocomposites
are summarized in Fig. 6(a). Clearly, the "r of P(VDF-HFP)/
HfO2@TiO2 Ns was larger than that of polymer matrix be-
cause the HfO2@TiO2 Ns has a higher "r. 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.42 For example, 15wt.% P(VDF-HFP)/HfO2@TiO2

Ns illustrates the largest "r of 19.7 at 1 kHz (33.6 at 1Hz).

Fig. 2. (a) TEM image, (b) HR-TEM image of TiO2 Ns.

Fig. 3. (a) TEM image, (b) HR-TEM image of HfO2@TiO2 Ns. (c) XRD pattern of TiO2 Ns and HfO2@TiO2 Ns.
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Meanwhile, with the frequency increasing, the "r of
nanocomposites presented a downtrend due to the delayed
response of dipole.43 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.13,44 Meanwhile, in the semiconductor fillers of
TiO2 Ns with relatively high conductivity, the electronic
conduction plays a major role in the nanocomposites.

To better evaluate the effect of the HfO2 passivation layer
for dielectric properties, a comparison of "r and loss tangent
(@ 1 kHz) for nanocomposites is shown in Fig. 6(b).
Obviously, the P(VDF-HFP)/HfO2@TiO2 Ns nanocompo-
sites exhibit a relatively low "r and loss tangent, which may
be due to the following factors. First, the shell of HfO2 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 3wt.% P(VDF-HFP)/HfO2@TiO2 Ns nanocomposites.

(a) (b)

Fig. 6. (a) Frequency dependence of "r and loss tangent for nanocomposites. (b) Comparison of "r and loss tangent of nanocomposites of TiO2

Ns and HfO2@TiO2 Ns at 1KHz.

Fig. 4. EDS element mapping images of HfO2@TiO2 Ns.
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(a) (b)

Fig. 7. Temperature dependence of the "r and loss tangent for the nanocomposites with 3wt.% of (a) TiO2 Ns and (b) HfO2@TiO2 Ns.

Fig. 8. Temperature dependence of M 00 for the P(VDF-HFP) nanocomposites with 3wt.% of TiO2 Ns and HfO2@TiO2 Ns.
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polarization. Second, the amorphous HfO2 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 "r and loss tangent for the
nanocomposites. It can be found that at low frequency (1Hz),
the "r for two nanocomposites shows obvious relaxation peak
at about �20○C, which is caused by the Tg 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.45 In addition, the difference
between the two nanocomposites becomes more obvious with
the increase of temperature, the loss tangent of P(VDF-HFP)/
HfO2@TiO2 Ns is obviously smaller than P(VDF-HFP)/TiO2

Ns. It is mainly because the high insulation buffer layer HfO2

can significantly reduce the conduction loss. It indicated the

core–shell HfO2@TiO2 Ns can improve the "r 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 ofmodulus (M 0 andM 00) can be calculated as follows:

M 0 ¼ " 0

" 02 þ " 002
; M 00 ¼ M 00

M 02 þM 002
: ð3Þ

Figure 8 shows the temperature dependence of M 00 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 α relaxation, another
relaxation peak appears at high temperature attributed to the
interfacial polarization.46–48

The M 00 of nanocomposites filled with 3wt.% of TiO2 Ns
and HfO2@TiO2 Ns is shown in Figs. 9(a) and 9(b). As the
temperature increases, the M 00 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 (Ea) of
charge carriers hopping could be calculated from the fol-
lowing equation:

ln fmax ¼ ln f0 �
Ea

kT
; ð4Þ

where f0 is the pre-exponential factor, k is the Boltzmann
constant, T is the temperature. Figure 10 shows the Arrhenius
plots of the variation of ln(fmax) with the inverse of temper-
ature (1000/T) for the nanocomposites with 3wt.% fillers.

(a) (b)

Fig. 9. Frequency dependence of M 00 for P(VDF-HFP) nanocomposites with 3wt.%: (a) TiO2 Ns and (b) HfO2@TiO2 Ns.

Fig. 10. Activation energy plots of P(VDF-HFP)/TiO2 Ns and
P(VDF-HFP)/HfO2@TiO2 Ns samples.
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The calculated Ea of P(VDF-HFP)/HfO2@TiO2 Ns is higher
than P(VDF-HFP)/TiO2 Ns. It indicates that the passivation
shell layer of HfO2 could effectively limit the free electrons
migrations and enhance the Eb and Ue.

43

In order to analyze the breakdown failure behavior of
these nanocomposites, the Eb and electric failure PðEÞ are
described as follows:

PðEÞ ¼ 1� exp � E

Eb

� �β� �
; ð5Þ

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

HfO2@TiO2 Ns. The Eb increases from 394.9MV/m to
480.7MV/m as the HfO2@TiO2 Ns increases to 3wt.%.
Further, the Eb of 15wt.% nanocomposites dramatically
decreases to 203.1MV/m. The Eb of nanocomposites with
various filler contents is summarized in Fig. 11(b). All of the
nanocomposites exhibit a higher β value, confirming the
nanocomposites with high quality and stability.49 In addition,
the β value and Eb of the P(VDF-HFP)/HfO2@TiO2 Ns are
larger than that of the P(VDF-HFP)/TiO2 Ns. The Eb of the
3wt.% P(VDF-HFP)/HfO2@TiO2 Ns (480.7MV/m) is about
1.3 times that of the 3wt.% P(VDF-HFP)/TiO2

Ns (368.6MV/m). The improvement of the Eb for
nanocomposites by HfO2 shell is attributed to the following

Fig. 12. The (a), (b) voltage, (c), (d) electric field redistribution, (e), (f) current density of 3wt.% P(VDF-HFP)/TiO2 and P(VDF-HFP)/
HfO2@TiO2 nanocomposite.

(a) (b)

Fig. 11. Weibull distribution of Eb for P(VDF-HFP) nanocomposites; (b) The Eb of the nanocomposites with different contents of TiO2 Ns and
HfO2@TiO2 Ns.
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factors. First, the HfO2@TiO2 Ns can establish an efficient
barrier to limit the space charge conduction, and hamper the
growing electric trees during thebreakdownprocess. Second, the
HfO2 acting as a passivation layer with moderate "r can also
effectively alleviate the electricmismatch between thematrix and
fillers. Third, the HfO2 layer with high insulation could hinder
the mobility of charge carriers, and then improve the Eb.

15,50

In order to further study the electrical breakdown mech-
anism of P(VDF-HFP) nanocomposites filled with TiO2 Ns
and HfO2@TiO2 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 "r of P(VDF-HFP), TiO2 Ns and HfO2 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 HfO2@TiO2 Ns is much lower than that
of nanocomposite with TiO2 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 TiO2

Ns, and the local electric field of TiO2 Ns is significantly
higher than that of HfO2@TiO2 Ns. This is due to the fact that
HfO2 shell can facilitate alleviation of the field strength be-
cause of the HfO2 with moderate dielectric permittivity
(� 25). In other words, the HfO2 shell acts as a passivation
layer to redistribution of the electric field between the high "r
fillers and the low "r polymer matrix and thus avoids

breakdown under high electric field. Moreover, suppressing
leakage current can help improve the Eb.

3,50 The current
density of nanocomposites filled with 3wt.% TiO2 Ns and
HfO2@TiO2 Ns is displayed in Figs. 12(e) and 12(f).
The P(VDF-HFP)/HfO2@TiO2 Ns nanocomposites showed a
relatively lower local current density, the HfO2 coated on the
TiO2 surface to restrict the overall current. Therefore, the
results further verified the conclusion that the passivation
layer of HfO2 shell could enhance the Eb for nanocomposites.

The D–E loops of the P(VDF-HFP)/HfO2@TiO2 Ns are
given in Fig. 13.With the increase of HfO2@TiO2 Ns content,
theDmax of the nanocomposites increases and the Eb increases

Fig. 14. D–E loops of P(VDF-HFP)/HfO2@TiO2 Ns nanocompo-
sites at maximum electric field.

Fig. 13. D–E loops of P(VDF-HFP)-based nanocomposites.
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first and then decreases (as indicated by Fig. 14). After
introducing HfO2@TiO2 Ns, the Dmax of nanocomposites
increases remarkably. The significantly enhanced Dmax of
P(VDF-HFP)/HfO2@TiO2 Ns nanocomposites owing to the
increased Eb and "r. For example, 3 wt.% P(VDF-HFP)/
HfO2@TiO2 Ns has the largest Dmax of 9.4�C/cm

2, which is
1.7 times of pristine P(VDF-HFP) (5.5�C/cm2).

The Ue and charge–discharge efficiency (η) of the nano-
composites are calculated and shown in Fig. 15(a). According
to Eq. (2), the Eb has a greater influence on the Ue. Therefore,
3wt.% P(VDF-HFP)/HfO2@TiO2 Ns represents the largestUe

of 13.9 J/cm3, which is 1.7 times that of matrix. The η can be
expressed as η ¼ Ue=U � 100%, it is also a critical parameter
in energy storage equipment. It can be found that the intro-
duction of HfO2@TiO2 Ns will cause a slight increase in the
remanent displacement, which causes a decrease in η. As
shown in Fig. 15(b), η of nanocomposite is slightly lower than
polymer matrix. The η of 3wt.% P(VDF-HFP)/HfO2@TiO2

Ns nanocomposite is 55.1% at 475MV/m.
To demonstrate the advantage of the 2D HfO2@TiO2 Ns,

the Ue and η of nanocomposites as an instance for

comparison are shown in Fig. 16. The Ue of P(VDF-HFP)/
HfO2@TiO2 Ns is 13.9 J/cm3 almost 1.6 times of
corresponding P(VDF-HFP)/TiO2 Ns nanocomposite
(8.9 J/cm3). Meanwhile, 3 wt.% P(VDF-HFP)/HfO2@TiO2

shows a high η of 62.1% while the corresponding P(VDF-
HFP)/TiO2 Ns is only 52.3% at 400MV/m. Even at the
maximum electric field of 475MV/m, the η of P(VDF-HFP)/
HfO2@TiO2 nanocomposite remains at 55.1%.

4. Conclusions

In conclusion, HfO2@TiO2 Ns have been successfully
designed and constructed by combining the high "r 2D TiO2

Ns and HfO2 passivation layer. The high aspect ratio of
HfO2@TiO2 Ns in the polymer matrix can not only enhance
"r, but also establish a potential barrier to limit the migration
of charges. The HfO2 layer leads to a uniform distribution of
electric field and the high insulation HfO2 layer can also
inhibit dielectric loss and current density. The finite element
results further show that the passivation layer of HfO2 can

(a) (b)

Fig. 16. Comparison of (a) Ue and (b) η for pristine P(VDF-HFP) and 3wt.% P(VDF-HFP)-based nanocomposites.

(a) (b)

Fig. 15. The (a) Ue and (b) η of P(VDF-HFP)/HfO2@TiO2 Ns nanocomposite.
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redistribute the electric field and suppress the current density
to improve the Eb and Ue. A high Ue of 13.9 J/cm3 was
accessed for 3wt.% P(VDF-HFP)/HfO2@TiO2 Ns sample at
475MV/m. This research provides an efficient strategy for
the development of high Ue polymer-based dielectrics, with
the expectation of applying them to advanced power elec-
tronics systems.
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