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Abstract—This work systematically investigates the effect of modifier polyvinylpyrrolidone (PVP) on the microstruc-
ture, dielectric and energy storage properties of BaTiO,/PVDF composites. The results demonstrate that the BaTiO,
nanoparticles modified by PVP are uniformly dispersed in the composites, and the defects including cracks and voids
are obviously decreased in contrast to the composites with unmodified BaTiO; nanoparticles. Due to the enhanced
interfacial polarization, the composites with BaTiO;@PVP show improved dielectric properties compared with the
composites with unmodified BaTiO; nanoparticles. For instance, at 1 kHz, the dielectric constant and dielectric loss of
the composite with 50 vol% of BaTiO;@PVP nanoparticles are 80.4 and 0.085, while of which the BaTiO,/PVDEF are 35
and 0.265, respectively. The discharge energy density of the composites is largely improved with PVP engineered
BaTiO; nanoparticles. The composite with 30 vol% BaTiO;@PVP achieves a discharged energy density of 4.06 J/cc at
240 kV/mm, which is 116% larger than that of pure PVDF (1.88 J/cc). This research provides an effect modifier to pre-

pare high performance dielectric materials.
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INTRODUCTION

High performance dielectric materials for high power density
capacitors have been a focus for theuir potential applications in
advanced electronic devices and electric power systems, such as
embedded capacitors, multilayer capacitors, and gate insulators in
organic field effect transistors [1-8]. Compared with the lithium
battery and other renewable energy systems, dielectric composites
possess the advantage in power density, while the relatively low
energy density is still the bottleneck problem that limits its applica-
tion [9-12]. The main parameters determining the energy density
of dielectric composites are dielectric constant and breakdown
strength [13-16].

Common ferroelectric ceramics, such as BaTiO; [17,18], Pb(Zr,
Ti)O; (PZT) [19], and Pb(Mg,;;Nb,,;)O5-PbTiO; (PMN-PT) [20],
usually have high dielectric constant (~>1,000) and low dielectric
loss. Therefore, they are considered as an ideal dielectric material.
However, due to their low breakdown strength, brittle, and poor
processing performance, ceramics are often subjected to great restric-
tions. In contrast, polymer has excellent flexibility, high breakdown
strength and low dielectric loss, but its dielectric constant is very
low; generally less than 10 [21-25]. It is obvious that the single com-
ponent ceramic or organic polymer is not an ideal dielectric mate-
rial [25,26]. Therefore, ceramic/polymer composite is considered to
be one of the most promising high-performance dielectric materi-
als, which can combine high dielectric constant from ceramics with
high breakdown strength from polymers [27-31]. However, due to
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the high surface energy of the ceramic powders and the poor com-
patibility between ceramic powders and polymer matrix, the ceramic
powders easily aggregate in the composite and weakly bond with
the matrix [32-34]. Unavoidable defects caused by agglomeration of
ceramic particles in the composites and weak interfacial adhesion
between inorganic ceramics and organic matrix would reduce the
dielectric constant and increase the dielectric loss of the composites.

Recently; much attention has been focused on exploring the effects
of modifiers on improving the dispersion and compatibility of
ceramic fillers in the polymer matrix [35-38]. Preparation of core-
shell structured ceramic fillers using living polymerization method,
such as in situ atom-transfer radical polymerization (ATRP), was
considered to be a potential method to improve the dispersion and
compatibility problems [33,39,40]. A core-shell structured of BaTiO;
hybrid nanostructures (BaTiO,-HBP) using grafting hyperbranched
aromatic polyamide to the surface of BaTiO, nanoparticles was
reported; the dielectric properties of the composites were modu-
lated due to the controllable core-shell structures [41]. However, this
method is hard to control due to the harsh conditions and com-
plex process. Therefore, finding a simple and effective modifier to
modify the surface of ceramic fillers in large-scale application is
imminent. An environmentally friendly and low-cost modifier hy-
dantoin epoxy resin was proposed for the first time to engineer the
surface of BaTiO; nanoparticles. The results showed that the mod-
ified BaTiO; nanoparticles were homogeneously dispersed in the
polymer matrix, and energy storage density of the composite was
obviously improved [42]. Their works give a good beginning for
large-scale practical application by a simple method, while which is
far from enough.

In this work, we employed a kind of common industrial raw mate-
rial polyvinyl pyrrolidone (PVP) as the modifier of BaTiO; nano-
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particles using a simple one-step method, and provided a demon-
stration of its ability to enhance the dispersibility and compatibility
of BaTiO; nanoparticles in polyvinylidene fluoride (PVDF) poly-
mer matrix. Due to the improved dispersion and compatibility of
BaTiO; nanoparticles, the composite achieved enhanced perfor-
mance. The dielectric constant of and dielectric loss of the com-
posite with 50 vol% of BaTiO;@PVP are 80.4 and 0.085, respectively,
at 1 kHz. The discharge energy density of the composites is largely
improved to 4.06 J/cc, which is more than two times the pure PVDF
(1.88]/cc) at 240 kV/mm. This work provides an effective modifier
for a wide range of ceramic fillers to prepare high performance poly-
mer based capacitors.

EXPERIMENTAL SECTION

1. Materials

Polyvinyl pyrrolidone (PVP) (99.5%) and H,O, (35 wt%) were
purchased from Guoyao, China. BaTiO; nanoparticles with the
average size of approximate 100 nm and the purity of 99.9% were
purchased from Aladdin Co. Shanghai, China. Poly(vinylidene
fluoride) (PVDF) polymer was provided by PolyK Technologies,
LLC. All chemicals were used ‘as received, unless indicated.
2. Functionalization of the BaTiO; Nanoparticles

10 grams of BaTiO, nanoparticles was added into 80 mL of H,0,
aqueous solution with a round-bottomed flask. The mixture is
sonicated for 20 min and refluxed at 106 °C for 6 h. The nanopar-
ticles were recovered by centrifugation at 6,000 rpm for 1 min. The
obtained BaTiO; nanoparticles were washed by deionized water
and dried under vacuum at 70 °C for 24 h. Subsequently, 1 gram
of PVP was dissolved in ethanol and mixed with 10g of H,0,
treated BaTiO; nanoparticles, and stirred for 10 min. The solution
was stirred for 24 h at room temperature to ensure that the BaTiO;
nanoparticles were completely coated by PVP. After that, the sus-
pension was centrifuged for 3 min at 6,000 rpm and dried at 70 °C
for 24 h.
3. Preparation of BaTiO;@PVP/PVDF Composites

PVDF can be effectively dissolved in the mixed solvent of ace-
tone and DME Acetone is a kind of solvent with low boiling point
(approximately 56 °C), which is much lower than that of DME
Therefore, the acetone will be rapidly volatilized during the pro-
cess of drying, which can prevent the BaTiO, nanoparticles from
settling as far as possible. Therefore, the mixed solvent of acetone
and DMF (Vi : V=7 : 3) was selected as the solvent PVDE
The detailed experimental section is shown in Fig. 1. First, 4 grams
of PVDF was added into 46g as-prepared component solvent
(Vacetone : Voar=7 : 3) and the solution was stirred at 40 °C until it is
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Fig. 1. Schematic illustration of process for BaTiO,@PVP/PVDF
composites.

transparent. Then, the BaTiO;@PVP particles were added into the
PVDF solution to prepare the suspensions with the loadings of 10,
20, 30, 40 and 50 vol%, respectively. Secondly, the suspensions were
all stirred for another 24h to obtain homogeneous suspension.
Subsequently, the composite films were prepared using tape-cast-
ing method on a glass substrate and dried at 80 °C. The films were
further hot-pressed at 200 °C and 15 MPa. The Au electrodes were
sputtered on the surface of the composites using the metal mask
with a diameter of 2 mm, and the thickness of the samples was ap-
proximately 20 um. In contrast, composites with unmodified BaTiO;
nanoparticles were prepared. The detailed process is as follows: the
purchased BaTiO; nanoparticles without any treatment were added
into the PVDF solution to prepare the suspensions with the load-
ings of 10, 20, 30, 40 and 50 vol%, respectively. Secondly, the sus-
pensions were all stirred for another 24 h to obtain a homogeneous
suspension. Subsequently; the composite films awere prepared using
tape-casting method on a glass substrate and dried at 80 °C. The
films were further hot-pressed at 200 °C and 15 MPa.
4. Characterization

The microstructure of the composites was observed by a scan-
ning electron microscope (SEM, Nova NanoSEM230, USA). Trans-
mission electron microscopy (TEM, Titan G260-300) was taken to
observe the morphology of BaTiO; and PVP modified BaTiO; nano-
particles, using an accelerating voltage of 300kV. Fourier-trans-
form infrared (FT-IR, Nicolet 6700) spectroscopy was performed
over the range of 4,000-450 cm™" to determine the functionaliza-
tion of BaTiO; nanoparticles. Thermogravimetric analysis (TGA,
NET-ZSCH STA 449) was conducted at a heating rate of 10 °C/
min in a nitrogen flow (20 mL/min). Frequency-dependent per-
mittivity and dielectric loss were measured using an Agilent 4294A
LCR meter with the frequency ranging from 1kHz to 10 MHz.
Electric displacement-electric field loops and leakage current were
measured by a Precision Premier II ferroelectric polarization tes-
ter (Radiant, Inc.) at room temperature and 10 Hz.

RESULTS AND DISCUSSION

Fourier-transform infrared spectrum (FT-IR) was used to con-
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Fig. 2. FT-IR spectra of BaTiO,, BaTiO;@PVP and PVP.
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firm that the PVP was successfully coated on the surface of BaTiO,
nanoparticles (results are shown in Fig. 2). There was no charac-
teristic peak detected in the range from 1,800-1,600 and 1,400-1,200
cm™" in curve of BaTiO;. In contrast, after the BaTiO, nanoparticles
were modified by PVP, two obvious peaks at 1,632 and 1,291 cm™"
were detected, respectively, which originated from -C=0 vibrational
transition, and -C-N- stretching vibrations from the PVPE and two
peaks were also detected at the same wavenumbers in the curve of
the PVP sample. These results indicate that the PVP was success-
fully coated on the surface of BaTiO; nanoparticles.

Transmission electron microscope (TEM) images were used to
observe the morphology of BaTiO; nanoparticles and PVP modi-
fied BaTiO; nanoparticles. Fig. 3(a) shows the TEM bright field
images of the BaTiO,@PVP nanoparticles. As can be seen, the
average diameter of the BaTiO; nanoparticles is ~100 nm, and an

@)

obvious resin layer can be found on the surface of every BaTiO,
nanoparticles, which can be distinguished by the different colors.
The coated layer can be further confirmed by the high resolution
transmission electron microscopy (HR-TEM) image due to the dif-
ferent lattice fringes. The PVP layer is amorphous, which can be
easily distinguished with a thickness of approximately 5 nm. In con-
trast, the TEM images of BaTiO; nanoparticles without modifica-
tion are shown in Fig. 2(c) and 2(d), which can further help to
distinguish the PVP layer. These results further prove that PVP was
successfully coated on the surface of BaTiO, nanoparticles.

The sectional scanning electron microscope (SEM) images of the
composites with BaTiO,@PVP, and unmodified BaTiO; are shown
in Fig. 4(a) and 4(b), respectively. As can be seen, the BaTiO; nano-
particles modified by PVP are embedded in the polymer matrix
and show excellent dispersibility in the composite. Obviously de-

Fig. 3. (a) TEM images and (b) high-resolution TEM images of BaTiO;@PVP nanoparticles, (c) TEM images and (d) high-resolution TEM

images of BaTiO; nanoparticles.

Fig. 4. Sectional SEM images of the composites with (a) BaTiO;@PVP, and (b) unmodified BaTiO; nanoparticles.
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creased defects including agglomeration and voids are found in
the composites with BaTiO;@PVP, which is beneficial from the
PVP layer. Because the oxygen atom from the PVP can form hydro-
gen bond with the hydrogen atom from the matrix; thus the PVP
can adhere to the matrix tightly [42,43]. In contrast, due to the dif-
ference of surface energy between BaTiO; nanoparticles and PVDF
matrix, the unmodified BaTiO; nanoparticles are seriously accu-
mulated in the composites, and voids and cracks are clearly found
in the composites, as shown in Fig. 4(b) and the insert image. The
results indicate that PVP is an effective modifier for ceramic particles.

It has been proved that in 0-3 composites (polymer composite
with spherical ceramic nanoparticles), the relative permittivity will
increase with increasing BaTiO; nanoparticles followed by a maxi-
mum in the permittivity at around 50-60 vol%, after which the per-
mittivity will decrease rapidly with further increase of the nano-
particles loadings [44]. In addition, the composites with high ceramic
loadings will lead to high mass density; low flexibility and poor
mechanical performance [45]. Therefore, the maximum volume
ratio of BaTiO, nanoparticles is 50%. Fig. 5 displays the results of
the dielectric properties of BaTiO,@PVP/PVDF and BaTiO,/PVDF
composites with different BaTiO; loadings.

Fig. 5(a) and 5(b) are the frequency-dependent dielectric constant
and the dielectric loss over the range of 1kHz to 10 MHz of the
composites with BaTiIO;@PVD, respectively. The dielectric constant
of the composites increases with the loadings of the BaTiO;@PVP.
For example, the dielectric constant of the composite increases to
80.4 at 1 kHz when the loading of BaTiO,@PVP is 50 vol%, which
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is more than eight-times the PVDF (9.5 at 1 kHz), and the dielec-
tric loss is still as low as 0.085 due to the BaTiO;@PVP nanoparti-
cles being embedded in the polymer matrix with excellent dispers-
ibility in the composites. In addition, the dielectric constant of
composites decreases gradually with the increase of frequency,
which is especially obvious when the BaTiO;@PVP loading is up
to 50 vol%. For example, the dielectric constant of the composite
with 50 vol% BaTiO,@PVP is 80.4 at 1 kHz, and the dielectric con-
stant is reduced to 53.0 at 1 MHz. This is the result of the existence
of electrical conductivity in the materials [46]. The interfacial polar-
ization is mainly in the low frequency region., the interfacial polar-
ization decreases with the frequency increases. In contrast, the di-
electric constant and dielectric loss of the composite with unmodi-
fied BaTiO; nanoparticles are shown in Fig. 5(c) and 5(d), respec-
tively. The obvious features are that the dielectric constant is lower
than that of composites with BaTiO,@PVP at the same condition.
The dielectric constant of the composites is mainly attributed to
the Maxwell-Wagner-Sillars (MWS) interfacial effects [47]; the un-
modified BaTiO, nanoparticles are seriously accumulated in the
composites, which form less interfacial area and interfacial polar-
ization. The high dielectric loss is due to accumulated unmodified
BaTiO; nanoparticles in the composites leading to a large number
of defects such as holes and cracks in the composites.

The breakdown strength of the composites with various load-
ings of BaTiO;@PVP nanoparticles is shown in Fig. 6, which was
analyzed with a two-parameter Weibull distribution function via
the equation: P(E):l—exp[—(E/Eo)ﬁ], where P(E) is the cumulative
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Fig. 5. Frequency dependence of (a) dielectric constant and (b) dielectric loss of the BaTiO;@PVP/PVDEF composites, (c) dielectric constant
and (d) dielectric loss of the BaTiO,/PVDF composites at room temperature.
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Fig. 6. (a) Weibull distribution of the breakdown strength of composites with various BaTiO,@PVP nanoparticles, (b) the characteristic

breakdown strength from Weibull distribution of the samples.

probability of electric failure, E is experimental breakdown strength,
and E, is the characteristic breakdown strength, which is also the
value of applied electric field on the samples when their cumula-
tive probability of electric failure reach 63.2%. Sis the shape param-
eter. X axis parameters are derived from the breakdown strength
of all the measured samples with an ascending order and Y axis
parameters are derived from the cumulative probability of electric
failure of the samples calculated from the equation P,=(i—0.44)/
(n+0.25), where i is the order number of the measured samples and
n is the number of the measured samples [48,49]. Eleven samples
were measured for each composite with different BaTiO; load-
ings, as shown in Fig. 6(a). The pure PVDF has the highest char-
acteristic breakdown strength value of 360.6 kV/mm, and which is
monotonically decreased with the increase of BaTiO;@PVP load-
ings, e.g,, the characteristic breakdown strength is decreased to 224.7
with 30 vol% BaTiO;@PVP nanoparticles. Unavoidable defects will
form with the increase of BaTiO,@PVP loadings, which is the main
reason that lead to the decrease of breakdown strength.

Fig. 7(a) exhibits a typical P-E loop of the nonliner dielectric
materials, in which the saturation polarization (Ps) and remanent
polarization (Pr) are defined. In addition, much other information
is shown, such as the blue color region area represents the dis-
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charged energy density (U,) value, and the orange region area rep-
resents the energy loss, the stored energy density inludes the dis-
charged energy density and energy loss (U,,,). The insert image is
the stucutre of capacitor device, which includes the electrode layer
and dielectric materials central layer. Fig. 7(b) shows the results of
discharged energy density and energy efficiency of the composites
with the BaTiO,@PVP loading and applied electric field. The U, is
calculated from the polarization-electric (P-E) loops according to
the equation Ud=jEdD, where D is the electric displacement, E is
the applied electric field [50,51]. As can be seen the composites with
higher BaTiO;@PVP loading achieve higher discharged energy den-
sity due to the higher dielectric constant and higher polarization at
the same electric field. The composite with 30 vol% BaTiO,@PVP
achieved a discharge energy density of 4.06]J/cc, which is much
higher than that of pure PVDF (1.88J/cc) at 240 kV/mm. Energy
efficiency (7)) is also a key parameter for the dielectrics, and the
eqution is defined as: 7=U,/(U;+U,). Although the 77 decreased
with the increase of applied electric field and BaTiO,@PVP load-
ing due to the high energy loss, the composites possess relative high
energy efficiency, such as the composite with 30 vol% BaTiO,@PVP
achieves an energy efficiency of 55.2% at 240 kV/mm. The results
showed that composites with BaTiO;@PVP nanoparticles simulta-
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Fig. 7. (a) Typical P-E loops (the insert image is the capacitor device structure) and (b) the discharged energy density and energy efficiency of
the composites with the BaTiO;@PVP loading and applied electric field.
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Table 1. Comparison of performance for dielectric composites with different modifiers at applied electric field

Matrix Fillers Modifier Dielectric constant Dielectric loss Uy, (J/em?) n (%) Ref.
P(VDE-HFP) BaTiO, Paraffin 60.8 0.06 2.09 9.95 37
P(VDE-HFP) PMN-PT Dopamine 65.1 0.037 1.02 / 20
P(VDF-HFP)  BaTiO, PHFDA ~45 0.02 ~2.7 / 33
P(VDF-HFP)  BaTiO, PFBPA ~32 ~0.03 32 / 44
P(VDE-HFP) BaTiO;@TiO, Dopamine 14.7 0.037 2.8 ~30 13
PVDF BaTiO, PVP 80.4 0.085 4.06 55.2 This work

neously obtained high energy density and energy efficiency. Table
1 summarizes the performance of some typical dielectric compos-
ites with the electric field, which indicates that PVP is an effective
modifier for high performance dielectric composites.

CONCLUSIONS

Polyvinylpyrrolidone (PVP) is employed as the modifier of BaTiO,
nanoparticles for energy storage application, of which the ability of
improving the dispersibility and compatibility of BaTiO; nanopar-
ticles in the PVDF composites and enhancing the energy density
are proved. The results show that the composite with BaTiO,@PVP
showed improved dielectric constant compared with the compos-
ite with unmodified BaTiO; nanoparticles, and the discharge energy
density of the composites was largely improved with the PVP engi-
neered BaTiO;,. A high discharge energy density of 4.06J/cc and
energy efficiency of 55.2% were simultaneously obtained when the
composite was incorporated with 30vol% BaTiO,@PVP at 240
kV/mm. This research proves that PVP is an effective modifier for
a wide range of ceramic particles in ceramic/polymer composites.
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