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ABSTRACT: Nanocomposite materials based on polydimethylsi-
loxane (PDMS) reinforced by electrospun poly(vinylidene
fluoride) (PVDF) nanofibers and barium titanate (BTO) nano-
particles were fabricated and tested as dielectric materials for
capacitive energy storage applications. Two types of BTO
nanoparticles were examined, prior and after ball milling, to
investigate the effect of interfacial area and size on the dielectric
properties. The morphology of the produced PVDF nanofibers was
evaluated via scanning electron microscopy (SEM) to ensure the
optimum electrospinning conditions and verify the incorporation
of BTO nanoparticles. The composite systems were analyzed by
dielectric spectroscopy, and three dielectric processes were
revealed: the dynamic glass-to-rubber transition processes of
PDMS and PVDF and an interfacial polarization process. It was observed that the dynamic glass-to-rubber transition process of
the PVDF nanofibers strongly depends on the size of the BTO nanoparticles that introduce confinement effects and affect thus the
temperature dependence of the relaxation. In addition, as verified by ac conductivity, ball milling reduced the conduction of the
nanocomposites by 80%, indicating the increase of the charge carrier trapping area around the BTO nanoparticles. Finally, the
developed nanocomposites were tested as dielectric materials for capacitor applications at room temperature conducting charge/
discharge measurements under the influence of a dc electric field, and their discharge performance and efficiency were examined at
various dc voltages (50−300 V) and cycle life. Here, experimental evidence regarding the importance of interfacial area on the
energy storage performance in nanodielectrics is presented that will aid the development of more efficient energy materials.
KEYWORDS: nanodielectrics, electrospinning, PDMS, energy storage, nanocomposites

1. INTRODUCTION
With the increasing demand of energy toward the development
of global economy, energy storage and harvesting are
important areas for science, engineering, and society.1

Considering the depletion of fossil fuels and the urgency
caused by climate change, renewable energy sources need to be
utilized and efficient electrical storage devices need to be
developed.2,3 To meet both environmental and socioeconomic
requirements, new energy materials characterized by high
efficiency, low cost, and eco-friendly properties are required.
Among the three major types of electrical storage devices
(dielectric capacitors, supercapacitors, and batteries) dielectrics
are promising candidates as renewable electrical storage
devices due to their long lifetime and cycling stability.
However, they suffer from low energy density values, an
issue that has attracted significant research interest over the
past decades and led to the development of “nanodi-
electrics”.4,5

Despite their significantly low dielectric permittivity,
polymers are an attractive choice for lightweight electrical
energy storage applications due to their insulating properties

that result in high breakdown strength values.6−8 To enhance
the dielectric permittivity without compromising the break-
down strength, high-permittivity insulating/semiconducting
nanofillers are employed, introducing thus the aforementioned
new class of materials, namely polymer nanodielectrics.9−11

The current benchmark of capacitor applications is pristine
biaxially oriented polypropylene which exhibits high break-
down strength, ultralow dielectric loss, and easy processability
but suffers from low dielectric constant and low volumetric
energy density.12 Poly(vinylidene fluoride) (PVDF) has been
one of the most studied polymers for its dielectric and
piezoelectric properties, and it is considered one of the best
candidates for capacitive energy storage in capacitor
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applications, especially when combined to BTO nano-
particles.13,14

In nanodielectric systems, the interfacial characteristics
govern the resulting dielectric properties and thus the energy
storage and harvesting performance.15,16 A way to increase and
control the interfacial area between the constituents of a
nanodielectric system and thus their interfacial interactions in
energy materials is by employing fiber fabrication techniques
like electrospinning.17,18 The multifunctional character of
electrospun fibers is based on their high surface area and
porosity that make them particularly interesting for energy
storage applications, such as batteries, supercapacitors, and
dielectrics.19−21 Electrospinning can also assist in improving
the particle distribution in nanocomposite fibers which in
response affects greatly the space charge distribution resulting
in enhanced dielectric properties.22 Electrospun PVDF nano-
fibers have been extensively investigated as piezoelectric
nanogenerators or actuators and sensors.23−27 However,
there are not many studies that implement the composite
nanofibers in capacitor applications,28,29 despite that they bring
together the interfacial benefits from electrospinning and the
dielectric properties of both materials.
In the present work, nanodielectric systems were developed

consisting of a matrix of polydimethylsiloxane (PDMS)
reinforced with poly(vinylidene fluoride) (PVDF) electrospun
nanofibers and barium titanate (BTO) nanoparticles. The
BTO nanoparticles were used to reinforce either the PDMS
matrix or the PVDF nanofibers or both and were also
subjected to ball milling to reduce their size and break
aggregates. The effect of ball milling was additionally
investigated toward the dielectric response, relaxation dynam-
ics, and dc charge/discharge capacitor properties. The

morphology of the electrospun nanofibers was identified by
means of scanning electron microscopy (SEM), and the
dielectric properties were examined in a broad frequency (10−1

to 105 Hz) and temperature (−160 to 140 °C) range with
broadband dielectric spectroscopy (BDS). Finally, the ability of
the nanodielectrics to store and recover capacitive energy was
tested in dc conditions by charging and discharging their host
capacitors at various voltages ranging from 50 to 300 V and
cycle life at a constant voltage (150 V). This work highlights
the importance of interfacial area between the constituents of a
polymer nanodielectric and how it governs the resulting energy
density, efficiency, and dielectric loss values toward improved
capacitor performances.

2. EXPERIMENTAL SECTION
2.1. Materials. A two-part polydimethylsiloxane (PDMS) with Mw

∼ 60000 g/mol (Dow Corning EI-1184 Optical Encapsulant Kit) was
purchased from Ellsworth Adhesives Ltd. and used as the matrix
material in the developed polymer nanodielectric systems. According
to the manufacturer, this type of PDMS is designed for electronics
insulation and thus exhibits stable dielectric properties and high
dielectric breakdown strength (19 MV/m) that ensures insulation
from large leakage currents. Barium titanate (BTO) particles were
purchased from Dow with average diameters ranging from hundreds
of nanometers up to a few micrometers. Poly(vinylidene fluoride)
(PVDF) with a weight-average molecular weight and a number-
average molecular weight of 275 kg/mol and 107 kg/mol,
respectively, was obtained from Merck. Dimethylformamide (DMF)
and acetone, both purchased from ACROS Organics, were used to
dissolve PVDF.
2.2. Ball Milling of Barium Titanate Particles. Ball milling was

used to reduce the average diameter of BTO, and then ball-milled and
pristine particles were separately employed in composite materials and

Scheme 1. Schematic Illustration of the Different Samples Analyzeda

aThe PDMS matrix is represented as a gray slab; the BTO particles are represented as red spheres; the PVDF electrospun fibers are represented as
green cylinders; the PVDF electrospun fibers embedding BTO nanoparticles (PVDF/BTO) are depicted as red cylinders.
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compared based on the resulting dielectric properties. BTO powder
was mixed with DMF, which is one of the components in the solution
for dissolving PVDF, and 5 mm alumina balls were used to break
aggregates for 13 h by a ball milling machine. The ball-milled BTO/
DMF dispersion was directly used for preparation of the PVDF/BTO
dispersion intended for electrospinning.
2.3. Electrospinning of PVDF and PVDF/BTO. In this study,

PVDF fibers were electrospun with or without BTO particles. Prior to
electrospinning, PVDF solutions at a concentration of 22% w/v were
prepared by mixing PVDF with DMF and acetone (1.5:1
DMF:acetone ratio) at 60 °C for 3 h until the PVDF pellets were
fully dissolved, and the solution became colorless. Subsequently, the
BTO particles were added to the PVDF solution at a concentration of
10% w/v (relative to the PVDF solution), and the dispersion was
stirred for 1 h. The prepared PVDF solutions and PVDF/BTO
dispersion were transferred to 5 mL syringes with steel needles (50
mm length and 0.8 mm diameter), which were later connected to a
syringe pump. For the electrospinning process, a positive electrode
clip was fixed at the needle, and a negative electrode clip was
connected to a metallic plate (collector) covered with aluminum foil.
The following experimental parameters were used to produce PVDF
fibers and PVDF/BTO fibers: an applied voltage of 11 kV, a flow rate
of 0.8 mL/h, and a needle−collector distance of 15 cm.

The positive and negative wires were connected to a direct
current−voltage generator to control the voltage between the needle
and collector. To optimize the fabrication of the nanosized fibers, four
parameters can be controlled: the distance between the needle tip and
plate collector, the extrusion speed of pumping machine, the voltage,
and the concentration of the solution. The resulting quality of the
fibers depends on these four parameters. The fiber quality control was
assured by means of optical microscopy until the optimized
combination of electrospinning parameters was achieved.
2.4. Preparation of Multilayered Composites. The electro-

spun mats (PVDF or PVDF/BTO) were cut into pieces of 3 × 3 cm2.
PDMS prepolymer was prepared by mixing part A solution and part B
solution at a ratio of 1:1 with or without BTO particles. Each square
of fibrous mat was weighted and placed on a Petri dish. The PDMS
prepolymer was poured on the surface of fibers and left for a few
minutes to penetrate the mat porosity. If necessary, air bubbles were
removed using a needle. Then, another layer of fibers was placed on
top of the uncured PDMS, and additional PDMS was poured onto the
new layer. This layer-by-layer approach continued until the overall
thickness of the composite multilayered structure reached around 1
mm. The composite systems were stored overnight at room
temperature to allow for the complete curing of PDMS. The same
procedure was used for composites based on PDMS/BTO. In this
case, prior to the assembly of the composite systems, PDMS and BTO
were mixed in a constant weight ratio of PDMS:BTO equal to 19:1.
In Scheme 1, an illustration of the different samples analyzed is
provided. In Table 1, a summary of the weight concentrations of the
multilayer samples prepared is given. To distinguish between the
composite matrix (PDMS/BTO) and the composite fibers (PVDF/
BTO) in Table 1, information about the two phases is provided
separately, named Phase A and Phase B, respectively. The
characteristic name of each multilayered composite is defined as
Phase A + Phase B. The total weight fraction of BTO particles is also
provided in the last column of the table as it affects the dielectric
properties.
2.5. Materials Characterization. The morphology of the

materials was investigated by means of scanning electron microscopy
(SEM). A Phenom Desktop SEM by ThermoFisher Scientific and a
field emission gun scanning electrode microscope (FEG SEM)
supplied by JEOL Ltd. were used for this study. Prior to SEM
imaging, the samples were coated with Au/Pt. During imaging, a 5 kV
accelerated voltage was applied. The morphology of the PVDF/BTO
fibers and PDMS+PVDF/BTO fibers is presented in Figures S1 and
S2, respectively.

The thermal behavior of the samples was analyzed by means of
differential scanning calorimetry (DSC) employing a TA Instruments
Q-2000 differential scanning calorimeter. High-precision TZero pans

with lids were used, and nitrogen was continuously purged at 50 mL/
min during the experiments. A protocol of three consecutive thermal
cycles (heating−cooling−heating) from −80 to 200 °C at a rate of 10
°C/min was used to record the thermal transitions present on the
samples under study. The thermal behavior of the samples is
presented in Figure S3.

The AC dielectric response of the samples was investigated by
means of broadband dielectric spectroscopy (BDS) using a Solatron
1296 dielectric interface in combination with a Schlumberger SI 1260
impedance/phase gain analyzer. The root-mean-square voltage (Vrms)
of the applied field was kept constant at 7 V, while frequency varied
from 10−1 to 105 Hz. Isothermal scans were conducted in the
temperature range from −160 to 140 °C, in steps of 10 °C. The
temperature was controlled via Lake Shore 332 temperature
controller, and the gold-coated (K550X sputter coater; 3 min on
each side; 20 mm coated diameter) samples were mounted in a Janis
Research STVP-200-XG system cryostat. Liquid nitrogen was
employed for cooling at the temperature range of −160 to 20 °C,
while the entirety of scans was done under a helium atmosphere to
avoid condensation and oxidation at low and high temperatures,
respectively.

The DC measurements were performed using a 4339B high-
resistance meter provided by Agilent Technologies (Santa Clara, CA).
An automatic measurement process is included in the experimental
apparatus to record the charging and discharging electric current. A
two parallel-plate electrodes apparatus was used with the sample lying
in between throughout the experiment. It should be noted that before
every experimental measurement a discharge and short-circuit
procedure was performed to avoid the accumulation of charges. To
calculate the stored and recovered energy density, the real part of
dielectric permittivity was recorded from the dielectric measurements
at the lowest measured frequency (0.1 Hz), where the dielectric
permittivity is closer to its static value (also referred as dielectric
constant) of the material.30,31 Three types of experiments were
conducted for each sample, all at room temperature: (i) Charging
Voltage Variation: Six charge and discharge cycles, each at a different
voltage from 50 to 300 V with a step of 50 V, were examined. At each
time the capacitor was charged for 60 s and discharged, in the absence
of applied field, for 360 s. (ii) Capacitor State of Charge: The
capacitor was charged at six different voltages, from 50 to 300 V with
a step of 50 V at a charging time of 60 s at each level and then
gradually discharged, by decreasing the voltage by 50 V each time, for
60 s at each level. (iii) Capacitor Cycle Life: Fifty consecutive
charge−discharge cycles at 150 V at constant charging and
discharging periods of 30 s.

Table 1. Names and Concentrations of Each Sample
Examined in This Studya

phase A (PDMS/
BTO) (% w/w)

phase B
(PVDF/BTO)

(% w/w)

sample PDMS BaTiO3 PVDF BaTiO3

total BTO
(% w/w)

PDMS 100 0 0 0 0
PDMS+PVDF 89.5 0 10.5 0 0
PDMS+PVDF/BTO 92.5 0 6.7 0.8 0.8
PDMS+PVDF/BTO
(b-m)

91.5 0 7.6 0.9 0.9

PDMS/BTO 95.0 5.0 0 0 5.0
PDMS/BTO+PVDF 88.9 4.6 6.5 0 4.6
PDMS/BTO+PVDF/
BTO

87.9 4.6 6.7 0.8 5.4

PDMS/BTO+PVDF/
BTO (b-m)

88.8 4.6 5.9 0.7 5.3

aThe samples containing ball-milled BTO nanoparticles are
designated with “(b-m)” in the first column.
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3. RESULTS AND DISCUSSION
3.1. Dielectric Relaxations. The dielectric relaxation map

of the PDMS-based samples at the examined temperature
range is depicted according to broadband dielectric spectros-
copy in Figure 1 employing the loss tangent at 1 Hz as a
function of temperature. The loss tangent is defined according
to eq 1

tan =
(1)

where ε″ and ε′ are the imaginary and real parts of dielectric
permittivity, respectively.
Three distinct areas can be seen (highlighted with circles in

the graph) with the first being a sharp peak located at −120 °C
and attributed to the α-relaxation of PDMS (known as
segmental relaxation or dynamic glass-to-rubber transition
process).32 At about −30 °C a weak peak is visible but only in
the case of the samples that contain the PVDF electrospun
fibers, and it is attributed to the α-relaxation of PVDF
(dynamic glass-to-rubber transition process).33 Therefore, this
peak should not be associated with the melting of PDMS
crystalline fractions because no transition was observed in
PVDF-free samples nor any cold crystallization at temperatures
between −100 and −80 °C.34 In most cases, the PVDF
content is in the range of 6.5% w/w and thus the weakness of
the peak. At around 100 °C another peak or shoulder is visible
and is attributed to the Maxwell−Wagner−Sillars interfacial
polarization (MWS-IP) between the nanocomposites’ con-
stituents.35−38 In addition to interfacial polarization, in the
vicinity of 110 °C (Curie temperature), a ferroelectric-to-
paraelectric structural transition is also expected for barium
titanate.39−41 The aforementioned phase change is easily
observable via BDS in BTO microparticles with a characteristic
peak in the real part of dielectric permittivity values at low
frequencies.42 In our systems (Figure S5), the ferroelectric-to-
paraelectric structural transition is clearly observed only in the
case of the PDMS + BTO sample (Tc = 106 °C at 10−1 Hz).
The PVDF-containing samples all exhibit a significant rise of

permittivity (ε′) values at temperatures over 50 °C, ascribed to
MWS-IP. Because of its semicrystalline and highly polar
nature, even pure PVDF exhibits MWS-IP, between the
crystalline and amorphous regions.43 As a result of the intensity
of MWS-IP upon the high-temperature permittivity (ε′)
values, the ferroelectric-to-paraelectric structural transition is
not visible for the rest of the materials. The reduction of the
BTO particle sizes as a result of ball milling suppresses the
phase transition as evident in Figure S5 where no peak is
observed via BDS.42 At the same temperature range, a peak
attributed to the MWS-IP is also present at the neat PDMS
sample but with considerably lower loss values compared to
the other samples. The MWS-IP process for neat PDMS is
ascribed to impurities although an additional contribution to
high-temperature loss could be attributed to the relaxation of
pendant chains.44,45 Because PDMS is a type B polymer, no
normal mode relaxation is expected ascribed to multisegment
cooperative chain motions.46 As it is apparent indirectly in
Figure 1 and directly in Figure S5, there are no signs of the
parasitic effect of electrode polarization in our samples. The
physical mechanism behind electrode polarization is attributed
to the immobilization of charge carriers at the interface
between the dielectric material and the electrodes and thus the
formation of very large dipoles that increase the real and
imaginary parts of dielectric permittivity. Because our samples
are not electronically semi-conductive nor ionically doped, it is
sensible that we do not observe that dielectric phenomenon. In
the following sections, each recorded dielectric process is
discussed in more detail.

3.1.1. Dynamic Glass-to-Rubber Transition Process of
PDMS. The dielectric response of the samples under study at
−120 °C (the vicinity of glass-to-rubber transition temper-
ature) is provided in a Cole−Cole plot in Figure 2. The
addition of the PVDF fibers and the BTO nanoparticles is
increasing the dielectric permittivity values, with the highest
being the PDMS/BTO sample. Evidently, the samples
containing ball-milled BTO nanoparticles exhibited permittiv-
ity values comparable with the neat PDMS sample at this

Figure 1. Loss tangent as a function of temperature at 1 Hz for all the systems under study. The dielectric processes observed are highlighted with
green circles.
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temperature. After ball milling the average size of the BTO
nanoparticles decreases, corresponding thus to significant
surface area increase that produces stronger polymer−particle
adhesion. As a result, the polymer segments responsible for
glass-to-rubber transition are less mobile, and thus the
orientational polarization is hampered.47

3.1.2. Dynamic Glass-to-Rubber Transition Process of
PVDF. The glass-to-rubber transition process of the electro-
spun PVDF fibers, within the PDMS matrix, was observed in
the temperature range of −50 to 0 °C (depending on the
frequency) which agrees with the literature for bulk PVDF.48

At 103 Hz, the α-relaxation peak is observed at −30 to −20 °C
for all the PVDF-containing samples as presented in Figure 3a.
The temperature dependence of the PVDF dynamic glass-

to-rubber transition process is presented in Figure 3b where in
most cases it follows the Vogel−Fulcher−Tammann−Hesse
(VFTH) equation:

f f e DT T T
0

/( )V V= (2)

where f 0 is a pre-exponential factor that corresponds to the
time a molecule needs to move into some free space, and it is
expected to follow phonon-like frequency scales, on the order
of 1013 Hz.49−51D is a dimensionless constant that can be
related to the fragility of the relaxation process, TV the Vogel
temperature or ideal glass transition temperature, and T the
absolute temperature.52 Interestingly, the samples containing
ball-milled BTO nanoparticles exhibited Arrhenius-type
temperature dependence of the α-relaxation which is attributed
to confinement effects.53,54 The Arrhenius equation is

f f e E k T
0

/A B= (3)

where EA and kB are the activation energy and the Boltzmann
constant, respectively. In greater detail, the finer size of ball-
milled BTO nanoparticles is causing stronger constraints due
to the immobility of the ceramic particles; therefore, the
cooperative nature of relaxation dynamics diminishes and local
fluctuations seems to prevail, as also supported by means of
DSC presented in Figure S3b.52 A similar effect was observed
in Figure 2 with the real part of dielectric permittivity values in
the vicinity of α-relaxation of PDMS. The effect that ball-
milling has upon the size of BTO nanoparticles was verified
and presented in Figure S2 via SEM. The temperature-

dependent dynamics of the PVDF’s α-relaxation are provided
in Table S1.

3.1.3. Secondary Relaxations. Figure 4 shows master curves
at −120 and −110 °C normalized based on the α-relaxation
intensity and frequency loss peak position. At the low-
frequency edge, a weak shoulder is visible only in the case of
PVDF-containing samples ascribed to the β-relaxation of
PVDF.55 The molecular mechanism behind the β-relaxation of
PVDF is associated with the localized motions of side polar
groups in the glassy state and is expected to merge with α-
relaxation at temperatures close and above the glass-to-rubber
transition.56 The fact that the two relaxation processes (the α-
and β-relaxations) are merging at temperatures over the Tg
indicates an association between them. However, the
molecular mechanism behind that association is not yet
clear, and it is out of the scope of the present work.54

3.1.4. Maxwell−Wagner−Sillars Interfacial Polarization.
Because the contribution of dc conductivity is often masking
the high-temperature low-frequency relaxation processes, to
discern the interfacial polarization in the dielectric spectra, the
complex electric modulus formalism is employed, following eq
4

Figure 2. α-Relaxation of PDMS represented in a Cole−Cole plot of
all samples under study at −120 °C.

Figure 3. (a) Imaginary part of dielectric permittivity as a function of
temperature at 103 Hz to investigate the PVDF α-relaxation process.
(b) Temperature and frequency dynamics of the PVDF α-relaxation
process which follows a VFTH dependence. As an inset, the relaxation
dynamics of the same process in the ball-milled samples is provided
which were observed to follow the Arrhenius equation.
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where M′ and Μ″ are the real and the imaginary parts of
electric modulus, respectively. When the electric modulus
formalism is employed, the dc conductivity contribution to the
ac dielectric response transforms from a frequency power law
to a peak with the value of dc conductivity being directly linked
to the frequency loss peak position of the conductivity
relaxation.36,57 It is evident in Figure 5 that at around 75 °C
there is a strong peak that is attributed to MWS interfacial
polarization between the PDMS matrix and the reinforce-
ments. This effect is visible also in the case of the plain PDMS
matrix and is attributed to hardener residuals or catalyst
impurities.58 Apart from MWS-IP, a contribution to the
observed high-temperature peak for the BTO-containing
samples could be the ferroelectric-to-paraelectric structural
transition, particularly on the PDMS+BTO sample. By
obtaining the temperature loss peak positions at the examined
frequencies, it was possible to examine the frequency−
temperature dependence of the MWS-IP for two samples as
shown in the insets within Figures 5a and 5b, respectively. In
both cases, the dielectric processes followed the Arrhenius
model given at eq 3, as expected for interfacial polarization.
The comparison between the two samples, PDMS+PVDF/
BTO and PDMS/BTO+PVDF/BTO, shows that the addition
of BTO nanoparticles in the PDMS matrix decreases the
MWS-IP activation energy, facilitating thus the activation of
the interfacial polarization process. At temperatures higher

than 100 °C another process is visible. In the cases where the
peak of this process is present within the examined
temperature range, a comparison with the loss tangent is
made (Figure S4) where the peak is formed when tan δ = 1
(crossover point between ε′ and ε″) attributing thus this
process to conductivity relaxation.59,60 From Figure 5 it is also
evident that ball milling of the BTO nanoparticles significantly
affects the high-temperature dielectric behavior of the
examined nanodielectrics; both MWS-IP and conductivity
relaxation are pushed to higher temperatures, outside the
window of observation of our study. In the case of MWS-IP,
higher-temperature loss peak positions are equivalent to longer
relaxation times through the time−temperature superposition
principle, indicating that greater heterogeneity is caused due to
the greater surface area of the ball-milled BTO nanoparticles.36

The effect that ball milling has on the temperature loss peak
position of the conductivity relaxation is discussed later in
Figure 5.
As mentioned in Figure 5, the temperature loss peak

position of the conductivity relaxation when ball-milled BTO
nanoparticles are used is pushed to higher temperatures, which
is equivalent to lower frequencies. This result implies a
decrease in dc conductivity which is attributed to a greater
charge carrier trapping area between the matrix and the
reinforcements induced by the increased surface area of the
BTO nanoparticles. As it can be appreciated in Figure 6, the
presence of ball-milled BTO nanoparticles decreases the ac
conductivity at 0.1 Hz by 80% as compared with the
corresponding untreated BTO-containing samples. The charge
carriers are captured into the traps during their alignment with
the applied ac field, decreasing thus the overall electrical

Figure 4. Normalized loss permittivity master curves against normalized frequency at −120 and −110 °C for (a) PDMS, (b) PDMS+PVDF, (c)
PDMS+PVDF/BTO, and (d) PDMS/BTO+PVDF/BTO. The loss permittivity and frequency are normalized based on the α-relaxation.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.2c01162
ACS Appl. Polym. Mater. 2022, 4, 8203−8215

8208

https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c01162/suppl_file/ap2c01162_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01162?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01162?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01162?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c01162?fig=fig4&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c01162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conductivity of the material and forming induced dipoles that
contribute to the dipolar part of the MWS interfacial
polarization. According to Figure S5 and the real part of
dielectric permittivity at 0.1 Hz, the high-temperature
dielectric process attributed to MWS interfacial polarization
appears to have moved at higher temperatures, outside the
window of observation, for the ball-milled BTO-containing
samples. That agrees with the discussion for Figure 5 when the
electric modulus formalism is employed and essentially
indicates that the greater interfacial area enhances the impact
of heterogeneity which is caused by the ball-milled BTO
nanoparticles.36

3.2. Capacitive Energy Storage and Recovery. One of
the many applications requiring polymer-based materials with

enhanced dielectric properties is the development of capacitors
with improved capacitive energy storage and efficiency.4 The
stored and recovered energy densities, Us and Ur, respectively,
were calculated at 30 °C following eqs 5 and 6

( )
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I t
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1
2
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r

d
2
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where Ic and Id are the charge and discharge currents,
respectively, obtained during the charging and discharging of

Figure 5. Imaginary part of electric modulus as a function of temperature at 0.1 Hz where at (a) the PDMS-based and (b) PDMS/BTO-based
nanodielectrics are presented. The MWS-IP and conductivity relaxations are highlighted, and each subfigure contains an inset with an Arrhenius
plot.
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the capacitor,30,61 ε′ is the real part of dielectric permittivity
measured at 0.1 Hz at 30 °C with broadband dielectric
spectroscopy, ε0 is the dielectric constant of a vacuum, and A is
the effective surface area of the electrodes. To investigate the
efficiency of the samples under study, the coefficient of
recovery efficiency, neff, was calculated following eq 7:

n
U
U

100% r

s
eff =

(7)

Three types of experiments were recorded and are presented
below.

3.2.1. Charging Voltage Variation. Figure 7a presents the
charge and discharge currents as a function of time for the
PDMS/BTO+PVDF/BTO (b-m) sample at charging dc
voltages of 50−300 V with a 50 V step. The dc electric field
was initially applied to charge the capacitor, and as a result the
current intensity decreases exponentially until it reaches a
constant value that corresponds to the charge carriers flowing
through the interface and can be considered as a kind of
leakage current. At 60 s the applied electric field was removed,
and as a result the capacitor discharged as indicated by the
negative sharp current that gradually reaches a plateau value
close to zero. As expected, the charge and discharge currents
values increase with increasing voltage. At Figure 7b, the Us,
Ur, and neff are presented for the same sample (PDMS/BTO
+PVDF/BTO (b-m)) at 300 V. It is evident that the energy
density stored and recovered highly depends on the charging/
discharging time, respectively, with values increasing over 2
orders of magnitude within 60 s. The efficiency of the system
appears to be stable, deviating between 75% and 90% with an
average value close to 80%. A comparison between all the
samples under study at 300 V and 30 s is provided at Figure 7c
where the recovered energy density and the coefficient of
recovery efficiency are examined. It is evident from the results
that the samples containing BTO nanoparticles after ball

milling are the best performing nanocomposites, with the
PDMS/BTO+PVDF/BTO (b-m) sample exhibiting 50%
improved recovered energy density and 100% improved
efficiency than the plain PDMS sample. The improved
capacitor performance of the ball-milled BTO containing
samples is attributed to the augmented nanoparticle surface.
Comparing the performance of the PDMS/BTO+PVDF/BTO
(b-m) sample with oriented polyethylene/gold nanocompo-
sites, here we observe double recovered energy density and
triple recovery efficiency values, at the same applied voltage.31

Under the influence of a stronger electric field, we expect that
charges that are trapped in the interfaces between the
constituents of the nanodielectric materials would be free, by
overcoming the potential barriers, and contribute toward the
calculation of the stored and recovered energy densities. The
result of that would be a greater difference between the
performance of nanodielectrics and the plain PDMS. However,
this would require different equipment, and it is something
that it will to be investigated in a future study.

3.2.2. Capacitor State of Charge. Another test at dc
conditions was conducted by gradually increasing the applied
electric field to a maximum and then gradually decreasing it�a
test that would be closer to real-life operation of a capacitor
and at the same time unlock more information about the
dielectric material.62 As it can be seen graphically in Figure 8a,
the voltage increases gradually from 50 V up to 300 V in a 50 V
step every 60 s, which causes the spikes in the resulting current.
The gradual charging of the capacitor is affecting the current
spikes in a different way than the distinctive charging/
discharging at different voltages presented previously in Figure
7a. Additionally, the plateau values corresponding to the
charge carriers flowing through the interface do indeed
increase with increasing voltage, as expected. However, during
the gradual discharging period (after 360 s in Figure 8a) the
capacitor initially discharges (negative current), but the plateau

Figure 6. The ac conductivity as a function of frequency at 140 °C is provided for the ball-milled BTO their equivalent nontreated BTO
nanodielectrics. The inset highlights the ac conductivity values at 0.1 Hz.
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values approach and then exceed zero current and as a result
the capacitor charges again. This effect can be visually observed
in an easier way through the energy density values where the
capacitor continuously discharges only after 600 s. This
phenomenon is attributed to the fact that the capacitor after
the first 360 s is in a partially charged state, and therefore the
50 V decrease step is not enough to completely discharge the
capacitor for 60 s. To exclude this effect, in Figures 8b and 8c

we show the data only up to 360 s that correspond to the
charging time.
In Figures 8b and 8c the stored energy density values as a

function of time for the increased applied dc voltage are
presented. According to Figure 8b, it appears that with
increasing voltage the nanocomposites’ stored energy density is
more dependent on the applied voltage than the plain PDMS

Figure 7. Capacitor behavior at dc conditions for the PDMS/BTO
+PVDF/BTO (b-m) sample where (a) the charge and discharge
current as a function of time varying the applied charging voltage and
(b) the stored and recovered energy densities and coefficient of
recovered efficiency at 300 V. (c) Recovered energy density
(columns) and coefficient of recovered efficiency (symbols) that
corresponds at 30 s and 300 V are provided for all the samples.

Figure 8. (a) Applied voltage and resulting current and energy density
for the sample PDMS/BTO+PVDF/BTO (b-m). The stored energy
density as a function of time for the indicated applied voltages for (b)
the PDMS-based and (c) PDMS/BTO-based nanodielectrics. The
highest stored energy density values are presented as insets.
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polymer, indicating that at higher voltages they would present
improved storage behavior. This finding is attributed to the
presence of charge traps, as discussed in Figures 5 and 6, that
bound interfacial charges and therefore require a greater
applied field to allow the detrapping of the charges. Similar to
Figure 7c, the highest values as described by the inset show
that the best performing sample is the PDMS/BTO+PVDF/
BTO (b-m).

3.2.3. Capacitor Cycle Life. At Figure 9, the cycle life
performance of the nanodielectric systems under study is
presented at a constant charging voltage of 150 V and
discharging at 0 V. Because most capacitors on the market
operate at voltages between 50 and 300 V, we chose this
voltage value to be in between the average market
values.63Figure 9a shows the first 10 charge/discharge cycles
with the corresponding currents and energy densities of the
PDMS/BTO+PVDF/BTO (b-m) sample. For this measure-
ment we charged and discharged the capacitor for 30 s,
respectively. According to Figure 9b again for sample PDMS/
BTO+PVDF/BTO (b-m), the efficiency is examined as a
function of cycle number, and it exhibits stable values
throughout the cycle life of the capacitor after the first five
cycles. Within the first five cycles the efficiency is particularly
high, even above 100% which is attributed to the insufficient
discharge time that leaves residual charges within the capacitor.
In addition, it appears to depend strongly on the recorded
time, and because the recovered energy density increases over
time, a compromise between the two quantities is required and
should be optimized for the needs of the application. Here, the
efficiency decreases from 80% to 50% after 20 s. For the cycle

life response of all samples, 15 s was chosen as the recorded
time, being half of the charge and discharge, respectively, and
are presented in Figures 9c and 9d. In all cases, the recorded
recovered energy density values initially increase and reach a
plateau value after five cycles for most samples. This increase is
again attributed to the insufficient discharge time as discussed
previously.
All the recovered energy density curves as a function of cycle

number, n, were fitted with the following exponential function:

U U U( )er
n

0= (8)

where U0 is the plateau value, ΔU is the difference between the
initial value and U0, and λ is a reverse time parameter that
shows how fast the Ur values increase against the cycle number.
All the parameters’ values are provided in Table S2. According
to Table S2 and Figure 9d, the sample with the highest U0
value at 150 V (∼0.1 MV/m) is the PDMS/BTO+PVDF/
BTO (b-m), consistently being the better performing nanodi-
electric system as deduced from all the capacitor charge/
discharge measurements. As opposed to different polymer
nanodielectrics at similar low electric fields, the PDMS/BTO
+PVDF/BTO (b-m) sample exhibits more than double
recovery efficiency against epoxy/BTO and epoxy/SrTiO3
nanocomposites59,64 and more than 15 times against
unoriented polyethylene/gold nanocomposite.31 The im-
proved behavior of the aforementioned sample is attributed
to the improved surface properties of the BTO nanoparticles
after ball milling and the resulting augmented interface with
the PDMS matrix and the PVDF nanofibers.

Figure 9. Cycle life behavior of sample PDMS/BTO+PVDF/BTO (b-m): (a) the resulting current and energy density of the first ten charge/
discharge cycles and (b) the efficiency as a function of cycle number varying the recorded time. The recovered energy density as a function of cycle
life at 15 s for (c) the PDMS-based and (d) PDMS/BTO-based nanodielectrics.
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4. CONCLUSION
Nanodielectric systems based on polydimethylsiloxane, con-
taining poly(vinylidene fluoride) nanofibers and barium
titanate nanoparticles, were fabricated and investigated via
differential scanning calorimetry, broadband dielectric spec-
troscopy, and charge/discharge cycling at dc conditions. High
quality bead-free PVDF nanofibers, with or without BTO
nanoparticles, were produced by electrospinning and charac-
terized by SEM. Ball-milled BTO nanoparticles were also used
to reduce the aggregation effects on the resulting dielectric
properties. As a result, improved PVDF/BTO composite
nanofibers were produced, indicating the beneficial effect of
ball milling. The loss tangent at 1 Hz exhibited three dielectric
processes, namely the dynamic glass-to-rubber transition
process of PDMS and PVDF nanofibers at −120 and −30
°C, respectively, and an interfacial polarization process close to
100 °C. The dynamic glass-to-rubber transition process of the
PVDF nanofibers strongly depends on the size of the BTO
nanoparticles because after ball milling there is a shift from
VFT to Arrhenius temperature dependence. This change is
attributed to confinement effects introduced by the BTO
nanoparticles and is supported by SEM and DSC testing. Ball
milling of the BTO nanoparticles resulted in the reduction of
the dc conductivity due to the greater charge carrier trapping
area between the BTO nanoparticles and the polymers
involved, as observed at 0.1 Hz employing the σac formalism
which decreased by 80%. The developed nanodielectrics were
examined in a capacitor configuration for energy storage and
recovery at dc conditions. Three individual charge/discharge
measurements were conducted to test the capacitive ability of
the samples at different charging voltages and at gradual
charging and discharging and finally to examine their cycle life
stability over 50 cycles. According to all the measurements, the
best performing sample was the PDMS/BTO+PVDF/BTO
with ball-milled BTO nanoparticles that exhibited stable
efficiency and recovered energy density of 60% and 0.1 μJ/
cm3 at 150 V (∼0.1 MV/m) at 15 s charge/discharge time
after 50 cycles. This result highlights that the enhanced
interfacial properties due to the reduction of the average
nanoparticle diameter are paramount to the development of
high performing and efficient nanodielectrics.
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