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There is an increasing demand to improve the energy density of dielectric capacitors for satisfying the next generation material
systems. One eﬀective approach is to embed high dielectric constant inclusions such as lead zirconia titanate in polymer matrix.
However, with the increasing concerns on environmental safety and biocompatibility, the need to expel lead (Pb) from modern
electronics has been receiving more attention. Using high aspect ratio dielectric inclusions such as nanowires could lead to
further enhancement of energy density. Therefore, this paper focuses on the development of a lead-free nanowire reinforced
polymer matrix capacitor for energy storage application. Lead-free sodium niobate nanowires (NaNbO3 ) were synthesized using
hydrothermal method, followed by mixing them with polyvinylidene fluoride (PVDF) matrix using a solution-casting method
for nanocomposites fabrication. Capacitance and breakdown strength of the samples were measured to determine the energy
density. The energy density of NaNbO3 /PVDF composites was also compared with that of lead-containing (PbTiO3 /PVDF)
nanocomposites and previously developed Pb(Zr0.2 Ti0.8 )O3 /PVDF composites to show the feasibility of replacing lead-containing
materials. The energy density of NaNbO3 /PVDF capacitor is comparable to those of lead-containing ones, indicating the possibility
of expelling lead from high-energy density dielectric capacitors.

1. Introduction
Electrical energy storage plays an important role in modern
electronic devices such as stationary power systems, mobile
devices, and pulse power applications [1]. The most common
devices used for storing electrical energy are batteries and
capacitors. Compared to batteries, capacitors typically have
lower power density but can be charged/discharged very
quickly and has a significantly higher range of operating
voltage [2]. Currently, there are many types of capacitors in
use, such as dielectric capacitors, electrolytic capacitors, and
electric double layer capacitors (EDLC or supercapacitors)
[3]. Among these, the dielectric capacitor is still the most
widely used because of its low cost, easy processing capability,
low dielectric loss, high operation voltage, and reliability.
Within dielectric capacitors group, there are two main types
of capacitors: polymer based and ceramic based [1].

Polymer-based capacitors are more widely used because
of their high breakdown strength, lightweight, and easy processing capability [1]. To date, dielectric polymer film capacitors have been used for power electronics, power conditioning, and for pulse power applications such as motors, lighting, and portable defibrillators [4]. Dielectric film capacitors
are commonly used in pulse forming network (PFN) for conversion of available electrical energy into the necessary
short and fast pulses of energy in the megajoule range
[5]. Typical commercial polymer capacitors are shown in
Figure 1(a), where the dielectric polymer film and metal
electrodes are rolled together into a cylindrical shape to minimize volume, as indicated by Figure 1(b). However, polymers have low relative dielectric constants (typically <4),
which limits the energy density and requires extremely high
operating voltages and high breakdown strength materials to
achieve high-energy density [6].

2
Ceramics are the other common material broadly used in
dielectric capacitors [7]. Compared with polymers, ceramics
such as BaTiO3 , Pb(Zrx Ti1−x )O3 (PZT), and lanthanumdoped PZT (PLZT) have significantly higher relative dielectric constants. However, the breakdown strength of ceramics
is typically two orders of magnitude lower than dielectric
polymers [8], which results in lower energy density. Moreover, due to its fragility and brittleness, it is diﬃcult to
manufacture ceramic capacitors with desired capacity for
energy storage applications [9].
Therefore, a good deal of research eﬀort has been devoted
to combine the high dielectric constant of ceramics and
high breakdown strength of polymers through the composite
approach. To date, many research groups increased the
energy density of dielectric capacitors using a nanocomposite
approach, including barium titanate (BaTiO3 ) nano particles reinforced polycarbonate (PC) [10], poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) [11], modified
BaTiO3 nanoparticle with PVDF [12, 13], titanium dioxide
(TiO2 ) nanoparticles with PVDF terpolymer [14], calcium
copper titanate (CCT) reinforced polyimide [15], silver
nanoparticle/poly (vinyl pyrrolidone) core-shell structure
for high dielectric constant and low loss epoxy matrix
composite [16], and PZT or PLZT powders reinforced PVDF
[1, 17].
While the foregoing eﬀorts have shown some improvements in energy density, the enhancement of energy density
is still limited because of the use of ceramic particles or low
aspect ratio nanorods [1]. Recently, Andrews et al. developed a micromechanics model to show that using higher
aspect ratio nanowires instead of nanoparticle inclusions
could lead to significant increase in the dielectric constant
of the nanocomposites [18]. Further, Tang et al. experimentally demonstrated that the use of nanowires instead
of nanoparticles could significantly increase the dielectric
energy density of the nanocomposites [19]. While the use
of nanowire could lead to higher energy density capacitor,
most of the high dielectric constant inclusions used has
lead- (Pb-) containing materials, such as PZT and PLZT,
which make the resulting nanocomposites toxic and not
compatible with biological applications. Expelling lead from
commercial applications and materials such as solders, glass,
and gasoline has been receiving extensive attention because
of the concerns regarding its toxicity.
Therefore, this paper focuses on the development
of a lead-free nanowire reinforced polymer capacitor
with comparable dielectric properties to lead-containing
capacitors. In details, sodium niobate (NNO, lead free)
and lead titanate nanowires (PTO, lead containing, control
samples) were first synthesized using hydrothermal methods,
followed by characterization using Scanning Electron
Microscopy (SEM) and X-ray diﬀraction (XRD) analysis.
Solution casting process was then carried out to fabricate two
types of nanocomposites: NNO reinforced PVDF and PTO
reinforced PVDF. The dielectric constant and breakdown
strength of nanocomposites with volume fractions ranging
from 5% to 30% were experimentally tested to determine
the energy densities of both nanocomposites. Testing results
have shown that the NNO/PVDF composites have higher
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dielectric constants, lower dielectric loss, and comparable
energy density. Therefore, this report demonstrates the
feasibility of developing lead-free high-energy polymer
capacitors to ultimately replace lead-containing ones.

2. Experimental Procedure
The fabrication process of the NNO/PVDF and PTO/PVDF
nanocomposites utilized a two-step procedure; NNO and
PTO nanowires were first synthesized using hydrothermal
technique, respectively, as shown in Figure 2, followed
by dispersing nanowires in PVDF and dimethylformamide
(DMF) solution to form nanocomposites by solution casting
method. Samples with volume fractions ranging from 5% to
30% were prepared to study the nanowire volume fraction
influence on energy density.
2.1. NaNbO3 Nanowires Synthesis. Sodium niobite nanowires were synthesized following a hydrothermal method
developed by Jung et al. [20]. In a typical process, a 12 M
NaOH solution was prepared by dissolving 33.6 g of NaOH
(Acros Organics, 98%) into 70 mL of deionized water (DI).
Subsequently, 3.5 g of Nb2 O5 (Aldrich, 99.99%) were added
into the NaOH solution. After stirring for a period of 30 minutes at room temperature, the mixture was transferred into a
160 mL Teflon lined stainless steel autoclave with a fill factor
of 80%. The autoclave was placed inside an electrical oven
to undergo hydrothermal reaction at 180◦ C for 4 h. After
cooling down to room temperature, white precipitate was
filtered, washed with DI water for several times, and dried at
80◦ C for 12 h. Finally, NNO powders were annealed at 550◦ C
for 4 h in order to obtain crystallized NNO nanowires.
2.2. PTO Nanowires Synthesis. PTO nanowires were synthesized using a hydrothermal method similar to those
previously reported [19, 21]. Titanium (IV) n-butoxide
(Acros Organics, 99%) ethanol solution (0.09 M) was precipitated by 0.15 M ammonia solution under vigorous magnetic
stirring. The white precipitation was separated by centrifuge
and subsequently washed three times with DI water. The gel
was dispersed in DI water followed by an inclusion of lead
(II) nitrate (Pb(NO3 )2 ) (Fischer Chemical, 99%), potassium
hydroxide (KOH) (Acros, pellets, 85%), and poly(vinyl
alcohol) (PVA) (Aldrich chemistry, 99+% hydrolyzed) in the
form of aqueous solution. Final solution had concentrations
of 0.11 M Pb(NO3 )2 , 0.5 M KOH, and 0.4 g/L PVA. After
continuous stirring for 30 minutes, solution was transferred
into a 200 mL Teflon lined stainless steel autoclave with a fill
factor of 80%. The reactor was placed on a hot plate with
a heating band to undergo hydrothermal reaction at 200◦ C
for 4 h under vigorous stirring. After cooling down to room
temperature, PTO powders were recovered through filtration, washed with DI water and ethanol for three times, and
dried at 80◦ C for 12 h. Finally, PTO powders were annealed
at 600◦ C for 2 h to obtain crystallized PTO nanowires.
2.3. Nanocomposites Fabrication. PVDF (Aldrich, Mw∼
53,4000) and DMF (Acros, 99.8%) were mixed at a 1 : 10
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Figure 1: Commercial dielectric polymer film capacitors, (a) digital picture view, and (b) schematic cross-section view. Source:
http://www.capacitorlab.com/.

Rigol), both connected to a 20 MHz function/arbitrary
waveform generator (33220A, Agilent). In order to avoid
arcing prior to breakdown, nanocomposites were held inside
a 500 mL beaker filled with silicon oil. Breakdown voltage
was recorded through a digital multimeter (DranTech TRMS
System PRO Multimeter, Dranetz BMI) connected to the
high voltage power supply.
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3. Results and Discussion
Figure 2: Schematic diagram for the hydrothermal process followed
for growing PTO and NNO nanowires.

weight ratio and heated up at 80◦ C for 30 minutes to fully
dissolve the PVDF. Nanocomposites were prepared by dispersing NNO or PTO nanowires into PVDF/DMF solution
by manual stirring and horn sonication (Branson, S-450A)
until a homogeneous mixture was obtained. Subsequently,
solution was casted onto a PTFE film and dried at 80◦ C
for 6 h. In order to achieve a consistent thickness over the
entire film, nanocomposites were hot pressed at 160◦ C for
15 minutes under a constant pressure of 1 ton (Carver,
3850). Finally, top and bottom surfaces of nanocomposites
were coated with silver paint as electrodes for electrical
testing. The fabrication process of the nanocomposites is
schematically shown in Figure 3.
2.4. Characterization. The crystal structure of the asprepared nanowires was determined through Bruker D8
Discover XRD using Cu Kα radiation. The morphology of
the samples was analyzed using S-4800 SEM. Frequencydependent capacitance and dielectric loss tangent were
measured using HP 4284A LCR meter within a frequency
range between 1 kHz and 1 MHz at 1 Vrms with a parallel
equivalent circuit. The breakdown voltages were measured
according to ASTM standard (ASTM D149-09) [22]. Experimental setup utilized a 30 kV high voltage power supply
(PO3HP2, Acopian) and a digital oscilloscope (DS1102E,

The morphology of the synthesized PTO and NNO
nanowires (NWs) is shown in Figures 4(a) and 4(b),
respectively. It is shown that PTO NWs have an average
diameter of 100 nm and an average length of 10 μm, while
NNO NWs have an average diameter of 400 nm with length
up to 20 μm. Dispersion of PTO and NNO nanowires in
the PVDF polymer matrix is shown in Figures 4(c) and
4(d), respectively. Note that the volume fractions are both
30% for nanocomposites shown in Figures 4(c) and 4(d).
As indicated from the SEM images, homogeneous dispersion
of the nanowires throughout the entire sample is achieved
and no voids are shown in the samples. As expected, SEM
images displayed random orientation of nanowires inside the
polymer matrix.
After the morphology characterization, XRD analysis of
PTO and NNO nanowires was performed to characterize the
crystal structure of the nanowires. The XRD peaks for the asprepared nanowires are shown in Figure 5. NNO nanowires
displayed orthorhombic phase and excellent crystallinity.
The calculated lattice parameters for these nanowires are
a = 5.5625 Å, b = 15.5495 Å, and c = 5.5135 Å, which are
similar values to the ones previously reported on literature
[23, 24]. PTO nanowires displayed tetragonal structure
and lattice parameters of a = b = 3.9024 Å and c =
4.1583 Å. All PTO peaks matched with previous research
eﬀorts and indicated great crystallinity [25, 26]. For both
PTO and NNO, the entire diﬀraction peaks match with
those indicated by standard card JCPDS of PTO (no. 01074-3218) and NNO (no. 01-072-7753); no other peaks
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Figure 3: Schematic diagram of the manufacturing process of nanocomposites.
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Figure 4: SEM images of PTO and NNO NWs and nanocomposites: (a) PTO NWs, (b) NNO NWs, (c) PTO/PVDF nanocomposite, and
(d) NNO/PVDF nanocomposite.

were determined, indicating that both PTO and NNO have
excellent crystallinity.
Followed by the fabrication of nanocomposites, the
electrodes were applied on top and bottom surfaces of the
samples to form capacitors in parallel plate fashion, where
the energy density is defined by [27],

was indirectly determined by the relationship of capacitance
and relative dielectric constant, defined by the following
equation:

1
2
,
W = ε0 εr Ebd
2

where C is the capacitance (F), measured by inductancecapacitance-resistance (LCR) meter, t is the thickness (m)
of the nanocomposites, and A is the surface area (m2 ) of
the electrode. For breakdown strength, it can be directly
measured according to ASTM standard [22].
To characterize the influence of nanowire volume fraction on relative dielectric constant, dielectric constants of
various volume fractions nanocomposites under frequency
of 1 kHz are tested and shown in Figure 6. Results demonstrated an increment in the dielectric permittivity of the

(1)

where ε0 is the permittivity of vacuum (8.85 × 10−12 F/m),
εr is the relative dielectric constant, Ebd = Vbd /t is the
breakdown strength of the material, Vbd is the breakdown
voltage, and t is the thickness of the capacitor. Therefore, in
order to determine the energy density of the nanocomposites, the dielectric constant and breakdown strength must be
determined. The dielectric constant of the nanocomposites

εr =

Ct
,
ε0 A

(2)
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Figure 5: XRD patterns of PTO and NNO NWs.
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Figure 6: Dielectric permittivity constant at 1 kHz of nanocomposites as a function of PTO and NNO NWs volume fractions,
(a) NNO NWs/PVDF nanocomposites and (b) PTO NWs/PVDF
nanocomposites.

nanocomposites as the volume fraction increased, due to the
high dielectric constants of both PTO and NNO, which are
about two orders of magnitude higher than that of PVDF
matrix [28, 29]. Note that 0% volume fraction indicates pure
PVDF samples here. Compared with PTO nanocomposites,
NNO nanocomposites have shown higher dielectric constant
under all volume fractions and frequency ranges. This is
because the relative dielectric constant of bulk NNO (209) is
higher than that of the PTO (180) at 1 kHz [30, 31]. For both
NNO and PTO nanocomposites, it is shown that the relative
dielectric permittivity decreases with the increase of testing
frequencies. The average dielectric value exhibited by 30%
NNO/PVDF nanocomposites is 34.82, 70.1% higher than
that of the 30% PTO/PVDF nanocomposites.
One of the applications for dielectric capacitor is for
high frequency charge and discharge [32]; therefore, the

influence of dielectric constant under high frequency must
be characterized. The relationship between dielectric permittivity constant and frequency is shown in Figures 7(a)
and 7(b). Both PTO and NNO nanocomposites displayed
similar behavior under a frequency range between 1 kHz
and 1 MHz. As frequency increases, dielectric permittivity of
the nanocomposites decreases regardless its volume fraction.
The general trend demonstrates an exponential decay of
dielectric constant; this reduction is more abrupt between
1 kHz and 5 kHz. Nanocomposites with 20% and 30% volume fraction values displayed a faster reduction in dielectric
permittivity when compared with 5% and 10% samples.
When compared with PTO samples, NNO nanocomposites
displayed higher dielectric values among all the frequency
ranges tested.
Another important property of capacitors is the dielectric
loss, which is a measurement of energy dissipation and
degradation of material’s insulation [33]. Therefore, the
dielectric loss of both NNO and PTO nanocomposites
under diﬀerent volume fractions is measured and shown
in Figure 8. It is shown that NNO/PVDF nanocomposites
have lower dielectric loss for all volume fraction samples.
High volume fraction nanocomposites exhibited lower loss
because of the lower dielectric loss of the ceramics, compared
with polymer matrix.
After the characterization of dielectric constant and loss
of the nanocomposites, breakdown strength testing is carried
out to fully understand the energy density. Figure 9 shows the
breakdown strength of both NNO/PVDF and PTO/PVDF
nanocomposites. Because the dielectric strength of PVDF is
orders of magnitude higher than the nanowire inclusions,
the dielectric strength decreases with the increase of volume
fraction for both types of nanocomposites. Pure PVDF
matrix has a breakdown strength of 299 MV/m. Starting
from a volume fraction of 20% PTO and NNO NWs, the
breakdown field starts to stabilize and decreases at a slower
rate; this behavior is similar to previous research eﬀorts
[19]. The breakdown strength of 30% PTO/PVDF nanocomposites doubles the value recorded for 30% NNO/PVDF
nanocomposites, 159.647 to 63.463 KV/m.
The maximum energy density calculated from the
experimental dielectric constant and dielectric strength is
shown in Figure 10(a). Breakdown strength plays a more
important role than dielectric constant (square versus linear)
in governing the energy density, as indicated by (1). Although
the dielectric constant of NNO/PVDF is higher, its dielectric
breakdown strength is lower, leading to lower energy density,
as shown in Figure 10(a). Note that Figure 10(a) shows the
volume energy density (J/cm3 ) and Figure 10(b) shows the
mass energy density (J/g); dielectric constants used are based
on 1 kHz testing frequency [19, 34].
The trend for energy densities for both NNO/PVDF
and PTO/PVDF decreases first then increases with the
increase of volume fraction, with the only exception of 5%
PTO/PVDF as shown in Figure 10(a). This phenomenon is
caused by the combined influence of dielectric constant and
breakdown strength on energy density. As shown in (1), the
energy density is governed by both dielectric constant and
breakdown strength. With the increase of nanowire volume
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Figure 9: Breakdown strength of PTO and NNO nanocomposites
as a function of volume fraction of NWs.

fraction, the dielectric constant increases while breakdown
strength decreases; at low volume fraction, the eﬀect of
decrease in breakdown strength is dominant while at high
volume fraction, the eﬀect of increase in dielectric constant is
more significant. For mass energy density of 5% PTO/PVDF,
the breakdown strength did not decrease much, thus leading
to an increase in mass energy density.
Because weight is equally important as volume in
modern materials system design, the mass energy density
is also plotted and shown in Figure 10(b). NNO/PVDF
nanocomposites have lower volume and mass energy density
than PTO/PVDF system throughout the entire volume
fraction range, with a minimum diﬀerence of 45.5%. Compared with previously developed PZT/PVDF nanocomposites, NNO/PVDF displayed similar energy density. Between

the volume fraction range of 20% and 30%, the minimum and maximum diﬀerences in terms of energy density
between PZT/PVDF and NNO/PVDF randomly oriented
nanocomposites are only 5.82 and 12.9%, respectively [19,
34]. Besides, available methods such as nanowire surface
functionalization [34] and nanowire alignment [18] could
lead to further increase of energy density of the NNO/PVDF
nanocomposites, leading to lead-free energy storage devices
for the next generation biologically safe and environmentally
benign materials systems.

4. Conclusions
This paper introduces the fabrication and characterization
of a lead-free nanocomposites dielectric capacitor based

7

5

0.6

4.5
0.5

4
Specific energy (J/g)

Maximum energy density (J/cm3 )

ISRN Nanomaterials

3.5
3
2.5
2
1.5
1

0.4
0.3
0.2
0.1

0.5
0

5
10
15
20
25
Volume fraction of PTO and NNO NWs (%)

30

5

10

15

20

25

30

Volume fraction of NWs (%)
PTO/PVDF
NNO/PVDF

PTO/PVDF
NNO/PVDF
(a)

(b)

Figure 10: Energy density of the nanocomposites, (a) calculated maximum energy density of nanocomposites with diﬀerent volume fractions of PTO and NNO nanowires and (b) specific energy of PTO and NNO nanocomposites as a function of volume fraction.

on NaNbO3 nanowires embedded in PVDF matrix. It
is shown that the NaNbO3 /PVDF nanocomposites have
higher dielectric constants than PbTiO3 /PVDF composites,
with largest diﬀerence of 70.1%. Also, the dielectric loss
of NaNbO3 /PVDF composites is lower than that of the
PbTiO3 /PVDF composites. The energy density of various
volume fraction NaNbO3 /PVDF nanocomposites ranges
from 0.5675 J/cm3 to 0.8511 J/cm3 or 0.1404 J/g to 0.1925 J/g.
Comparing with PbTiO3 /PVDF or PbZrTiO3 /PVDF nanocomposites, the energy densities of NaNbO3 /PVDF nanocomposites are lower but comparable, with a minimal
diﬀerence of 5.82%. Further surface functionalization and
inclusion alignment could significantly enhance the energy
density of the lead-free nanocomposite capacitors. Therefore,
this research eﬀort has shown the feasibility of expelling
lead from high dielectric constant and high-energy density
capacitors in the future.

References
[1] P. Barber, S. Balasubramanian, Y. Anguchamy et al., “Polymer
composite and nanocomposite dielectric materials for pulse
power energy storage,” Materials, vol. 2, pp. 1697–1733, 2009.
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