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ABSTRACT: Polymer−ceramic nanocomposites have been thor-
oughly investigated previously for high energy storage devices.
However, the increase in performance of these nanocomposites has
proven to be significantly lower than predicted values. Through
surface functionalization of high dielectric constant nanoparticles
(NP), the flaws that reduce composite performance can be
eliminated to form high energy density composite materials.
Functionalization methods utilize high throughput printing and
curing techniques (i.e., inkjet printing and xenon flash lamp curing)
that are crucial for rapid adoption into industrial production.
(Ba,Ca) (Zr,Ti)O3 NPs (50 nm) are synthesized through the solvothermal method and functionalized with alkene terminated
methoxysilanes. A thiol−ene monomer ink system, PTD3 [pentaerythritol tetrakis (3-mercaptopropionate) (PEMP, P), 1,3-
Diisopropenylbenzene (DPB, D), 2,4,6-Triallyloxy-1,3,5-triazine (TOTZ, T)], is used as a high breakdown polymer matrix. Neat
polymer, alkene terminated NP−polymer composites, and hydrophilic, TBAOH functionalized NP−polymer composites were
spin coated onto both copper laminated glass slides and printed onto copper substrates in 1 cm2 patterns for testing. Alkene
functionalized NPs increased the breakdown strength by ∼38% compared to the nonfunctionalized NPs. Functionalized NPs
increased both the breakdown strength and dielectric constant compared to the neat polymer, increasing the energy density
nearly 3-fold from 13.3 to 36.1 J·cm−3.
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1. INTRODUCTION

With recent focus on renewable energy production, high
energy, high power density electrical storage methods have
become a necessity to improve grid scale load leveling for
instantaneous and periodic fluctuations.1−4 Over the next 20
years, the global energy demands are expected to increase over
50% to nearly 600 quadrillion BTU, increasing the demand for
not only energy generation, but also energy storage.5−7 Current
technologies, such as Pb-acid8,9 or Li-Ion batteries,10−14 have
gained significant interest due to their high gravimetric energy
densities; however, next generation energy storage must have a
large capacity, be capable of rapid charge/discharge, and have
superior wear properties including high cycling and charge
retention.15−19 Solid state dielectric capacitors are the only
energy storage method that have intrinsically high power
densities and the desirable wear properties, making them an
attractive candidate for further development.20−27

The major drawback for dielectric capacitors is their relatively
low energy density. The energy density of dielectric capacitors
is approximately 3 orders of magnitude less than that of Li-ion
technologies. Improving the energy density of dielectric
capacitors has been of particular interest over the past 10
years focusing on high dielectric constant ceramics,26−39 high
breakdown polymers,40−51 and composites of these materi-
als.24,32,52−61 Research on dielectric capacitors aims to improve
the two material properties that dictate the energy density of a

device (i.e., dielectric constant and breakdown field). From the
volumetric energy eq 1, it is clear that the most significant
contribution is from the breakdown field, Eb, which increases
the energy density by its square. Hence, the majority of current
research is in polymer dielectrics, focusing on maximizing the
breakdown field in exchange for a lower dielectric constant.

ε ε= EED
1
2v o r b

2
(1)

Ultimately, both the dielectric constant and breakdown field
need to be improved in order to obtain energy densities that
rival current battery technologies. By combining high dielectric
constant ceramic NPs with high breakdown strength polymers,
significant progress has been made in increasing the energy
density of dielectric capacitors.24,53,62−67 However, the interface
between high permittivity NP and low permittivity polymer
matrix leads to an incoherent interface, creating a charge
concentration region, which ultimately lowers the breakdown
strength and lowers the energy density. These defects are the
most significant factor in reducing device performance, even at
low volume fraction of NPs. Because of the importance of
eliminating the interfacial defects, significant work has been put
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into engineering the interface between NP and polymer
including using Van der Waal attraction, hydrogen bonding,
and polymer grafting to associate the polymer matrix with the
ceramic NPs.60−63,66

Direct covalent bonding between the high dielectric ceramic
particle and high breakdown polymer matrix is the most direct
way of eliminating the incoherent interface that diminishes the
energy storage potential of nanocomposites. By covalently
attaching alkene terminated methoxysilanes onto ceramic NPs,
NPs can be directly connected into a thiol-click based polymer
matrix creating a strongly bound, coherent interface between
ceramic NP and polymer network, eliminating defects that
would reduce the breakdown strength. Thiol−ene polymers
have been proven as a potential versatile high breakdown
polymer matrix due to their ease of handling,68 potential for
high throughput processing,69 and high degree of cross-linking.
From the design of materials perspective, versatility of click
chemistry allows a large library of functional groups, structures,
and varieties of chemistry to be assembled in user defined
structures. The relatively low energies necessary to cure without
the need for photoiniators decreases processing time,
improving production throughput and combinatorial testing.
The click mechanism of curing allows for the careful control of
polymer structure. Because of this, thiol−ene polymers have
begun to become of interested for dielectric applications.68−70

As the NP surface functionalization matches the chemistry of
the polymer system, the resulting solution can be treated as a
well dispersed NP ink, allowing it to be printed and cured using
high throughput methods such as inkjet printing and photonic
processing, facilitating its adoption into industrial production.
The following paper will describe a novel approach to
eliminating the incoherent interface between ceramic NPs
and polymer matrix for dielectric nanocomposites, allowing for
simultaneous increase in both dielectric constant and break-
down strength, leading to a dramatic increase in energy density.

2. EXPERIMENTAL SECTION
2.1. Nanoparticle Growth, Functionalization, and Character-

ization. High dielectric constant BZCT NPs [(Ba0.7Ca0.3) (Zr0.2Ti0.8)-
O3] were grown for 16 h using a modified solvothermal method.71

Barium nitrate and n-Decanol were obtained from Alfa Aesar (Ward
Hill, MA). Calcium acetate, Titanium butoxide, Zirconium isoprop-
oxide, oleic acid, and tetrabutyl ammonium hydroxide were obtained
from Sigma-Aldrich (St. Louis, MO). Sodium hydroxide was obtained
through VWR (Radnor, PA). After growth, NPs were washed in a
mixture of ethanol and acetone and centrifuged at 6000 rpm for 10

min to collect the particles. TEM (FEI G2 F30 Tecnai TEM) was used
to confirm particle size and distribution. XRD, Raman Spectroscopy,
and XPS were used to determine crystal structure, tetragonality, and
elemental confirmation, respectively.

Scheme 1 summarizes the functionalization and composite curing
process. BZCT NPs were refluxed for 24 h at 110 °C in 2 M NaOH
aqueous solution to remove oleic acid chains through ester
saponification. The resulting solution was sequentially washed
(ultrasonicated for 10 min, centrifuged for 20 min at 11 000 rpm) in
toluene, tetrahydrofuran (THF), and methanol. After the final wash
step, particles were magnetically stirred and heated at 65 °C for 24 h in
a 30% peroxide solution to increase hydroxide surface functionaliza-
tion.58 The particles were washed as previously described. The
coupling agent 7-octenyltrimethoxysilane (Alk7) was obtained from
Gelest, Inc. (Arlington, VA). 500 mg of Alk7 was reacted at room
temperature with ∼80 mg of hydroxilated NP in toluene under
nitrogen overnight. These particles were washed as described above.
As a control, as-grown BZCT NPs were reacted with 1 M TBAOH/DI
H2O overnight at 50 °C to form hydrophilic BZCT. These samples
were designated BZCT TBAOH and were used as a negative control,
forming a defined incoherent interface between the particle and
polymer matrix.

FTIR was used to confirm the covalent attachment of active alkene
groups to the surface of the NP. The CC bond at 1650 cm−1, the
CH bond around 1100 cm−1, and the CCH bond at 3100
cm−1 were used as confirmation of alkene functionalization. TGA
weight loss data was used to determine the total amount of coupling
agent on the NPs and calculate the average attachment density. Curves
were normalized to the weight at 200 °C, as to not include the water
loss in the calculation. Decomposition of surface alkene groups did not
start until 250−300 °C.

2.2. Dielectric Inks. Supporting Information (SI) Figure S1 shows
the chemical structure of all monomers used in the creation of the UV
curable ink. All monomer solutions were obtained from Sigma-Aldrich
(St. Louis, MO). Pentaerythritol tetrakis(3-mercaptopropionate) (6
mol %, PEMP), 1,3 Diisopropenylbenzene (82 mol %, DPB), and
2,4,6-triallyloxy 1,3,5-triazine (11 mol %, TOTZ) were combined as
previously described to form the PTD3 monomer ink.69 For NP−
polymer composite inks, 6 wt % (1 vol %) of hydrophilic (BZCT-
TBAOH) and alkene functionalized (BZCT Alk7) NPs were mixed
into thiol−ene PTD3 inks and ultrasonicated for 5 min to form a well-
dispersed solution. For testing, 1 in2 samples were spin coated onto
copper laminated glass substrates (0.7 mL, 500 rpm 20 s, 2000 rpm 45
s) and 1 cm2 layers of ink were printed onto 30 μm copper foil
substrates (Oak Mitsui, Hoosick Falls, NY). Inkjet samples were
printed using a Fujifilm Dimatix 2800 Inkjet printer with 10 pL print
heads using a standard inkjet waveform with the voltage adjusted to
control the drop velocity and volume to approximately 8 m/s and 6
pL, respectively.

Scheme 1. Process of Nanoparticle Functionalization and Incorporation into the Polymer Matrix
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2.3. Xenon Flash Lamp Curing. The Pulseforge 1300
(Novacentrix, Austin, TX) was used to cure the printed films using
the pulse profile is as follows: 450 V, 3000 μs, 5 μp, 50% duty cycle.
The curing fluence and intensity were 4 J/cm2 and 6 kW/cm2

respectively. Films were cured in groups of 10 pulses at 1 Hz until
they demonstrated mechanical stability through a scratch test. All films
were cured after 30 pulses. A multimeter was used to confirm the
formation of an electrically insulating layer. Wiping the films with
acetone without any material loss demonstrated chemical stability.
2.4. Morphological Characterization. Optical microscopy was

used to inspect for wrinkles, cracks, pinholes, other flaws, and pattern
registry. Surface morphology, cross section, and film thickness were
examined with a Hitachi S-4800 FESEM.
2.5. Dielectric and Energy Storage Characterization. 500 μm

diameter gold electrodes were sputtered onto cured polymer films for
testing. Dielectric properties were tested using an Agilent 4294a
impedance analyzer (Agilent Technologies, St. Clara, CA) with the
frequency range 100 Hz to 1 MHz using a two terminal set up. 4−5
electrodes were measured for each sample. Breakdown measurements
were made using Radiant Technologies’ (Albuquerque, NM) Premier
II Ferroelectric tester with 10 kV amplifier (Trek Inc., Lockport, NY).
Breakdown strength was determined by taking repeated leakage
current measurements with a 500 ms soak and 1000 ms read time. The
voltage was increased according to the sample thickness to obtain a 0.1
MV/cm field increase each test. Failure was considered when the
leakage current of 1 mA was measured. Breakdown measurements
were conducted 8−12 times in order to perform a Weibull analysis.
The resulting Weibull distribution was used in the linear dielectric
energy eq 1 to calculate the volumetric energy density distribution.

3. RESULTS AND DISCUSSION
3.1. Synthesis of BZCT Nanoparticles. Figure 1 shows

TEM images of the NPs with an average size of ∼41.7 nm.

Particles exhibit mostly cubic morphology with some corners
unevenly cut off. Few NPs had spherical morphologies. The
inset of Figure 1 shows the size distribution of the synthesized
NPs. The average particle side length is 41.7 nm. Less than 25%
of particles had side lengths of >50 nm. The narrow particle
distribution produced by the solvothermal growth method is a
significant benefit for inkjet printing which can face a number
of issues if particles are too large including complete clogging,

uneven drop formation, and printhead misfiring. SI Figure S2
shows the XRD scan, Raman spectrum, and XPS spectrum of
the grown BZCT NPs. SI Figure S2a shows phase pure
perovskite BZCT. Raman spectroscopy (SI Figure S2b)
confirms tetragonality of the perovskite phase with peaks
present at 304 cm−1. XPS analysis (SI Figure S2c) confirms the
presence of all 5 elements in the BZCT ceramic.

3.2. Refunctionalization of Grown BZCT Nanopar-
ticles. Figure 2 shows the FTIR spectrum for each step in the

refunctionalization process for solvothermally grown BZCT
NPs. As-grown NPs show oleic acid peaks at 1650, 2800−3000,
and 3600 cm−1. The large, broad peak from 400 to 600 cm−1 is
due to the bulk absorbance of BZCT NPs. The NaOH reflux
spectrum clearly shows the removal of oleic acid during the 2 M
NaOH reflux due to the loss of the CC (1650 cm−1) and
CH (2800−300 cm−1) peaks. The return of these peaks in
Alk7 coupling shows that the surface alkene functionalities were
successfully attached.
Figure 3 shows the TGA analysis for the refunctionalization

of the as-synthesized particles, BZCT OL. Weight loss in BZCT

Alk7 was 8% greater than as-grown BZCT NPs. Using the
weight loss and molecular weight of the attached organic
molecules (oleic acid or Alk7), the organic compound chain
density and average number of chains per particle can be
calculated (SI Table S1). The calculation shows an increase in
chain density and the total number of chains per NP from oleic
acid (∼10 000) to Alk7 (∼74 000). This is attributed to the
peroxide reaction step that increases the number of hydroxyl
groups on the NP surface, giving more sites for the coupling
reaction to occur. The calculation is important for future
nanocomposite design, as it would allow for adjustments to be
made in the monomer ink composition to match the number of
thiol and alkene groups, assuring that there is a maximum

Figure 1. TEM images of 50 nm BZCT nanoparticles. Particles show
mostly cubic morphology with rounded corners. Few particles have
spherical morphologies. Inset: Distribution of particle size. n = 50.

Figure 2. FTIR spectra for the refunctionalization process from oleic
acid to alkene couplers. 1) As-grown BZCT NP. 2) NaOH refluxed
NP. 3) Peroxide reacted NP. 4) Alkene coupled NP.

Figure 3. TGA of oleic acid BZCT nanoparticles refunctionalized with
Alk7 coupling agent.
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degree of cross-linking in the final composite with minimal free
ends. By introducing 1 vol % (∼6 wt %) of functionalized NPs
into the polymer matrix, the ratio of available cross-linking
bonds vs linear bonds increases from 0.36 to 1.25 × 10.21 Due
to the large number of potential cross-linking bonds on the NP
(∼74 000), even a small loading of powder drastically increases
the degree of cross-linking in a mostly linear polymer such as
PTD3.
3.3. Energy Storage Properties. 3.3.1. Spin-Coated

Samples. To determine the effect of the interface on
breakdown strength, neat PTD3, BZCT TBAOH-PTD3
composite, and BZCT Alk7-PTD3 samples were spin coated
onto copper laminated glass slides and cured using the pulse
setting detailed above. The BZCT TBAOH particles were
considered to form a nonbonding, incoherent interface with the
resulting polymer matrix due to the drastic difference in polarity
between the OH shell and the PTD3 matrix. BZCT Alk7 NPs
undergo a click reaction and bond directly with the polymer
matrix. SEM cross sections (SI Figure S3) of the three spin
coated samples show highly dense films 1.5−2 μm thick.
Optical microscopy showed mostly uniform films with no
cracks or wrinkles. Due to the lamination process of the copper
onto glass substrates, there are minor fluctuations in substrate
height resulting in local variation of thickness.
Figure 4 includes the Weibull distributions for the spin

coated samples. The BZCT TBAOH-PTD3 nanocomposite

show a significant decrease in the breakdown field compared to
the neat PTD3. This is attributed to the distinct incoherent
interface between the particle and polymer matrix, forming an
artificial porosity in the polymer film. The scale parameter
(alpha, the characteristic breakdown field) decreased by 15%
when the BZCT TBAOH particles were introduced compared
to the neat PTD3 polymer film (1.84 to 1.56 MV·cm−1). In
contrast, BZCT Alk7 NPs increased the breakdown by 17%
(1.85 to 2.16 MV·cm−1). Because creating a coherent interface

between NP and matrix would only maintain the breakdown
strength of the polymer at best, the observed increase in
breakdown field for the presented composite system is
attributed to an increasing in the degree of cross-linking for
PTD3 films. This is supported by the reduction in swell ratio
when NPs were added (PTD: 1.126 and 1%NP-PTD3:1.001).
As described by Yuan et al.,72 increasing the degree of cross-
linking decreases the effective free volume of the polymer film
leading to an increase in breakdown field. The functionalized
NPs increase the degree of cross-linking by adding ∼74 000
bonding sites as suggested above by the chain density and
chains per particle..

3.3.2. Inkjet Printed Films. One vol % 50 nm BZCT Alk7-
PTD3 ink was printed into 1 cm test squares to determine the
composite dielectric, breakdown, and energy storage properties.
The inkjet printing behavior of the composite was similar to
that of neat PTD3. Drops formed short tails with a minor
satellite that followed behind the main drop. No changes to the
voltage or waveform were necessary due to the low loading
fraction of NPs. Optical micrographs (SI Figure S4) show
minor defects in printing that were due to incomplete surface
treatment with an acetone wipe necessary to increase the
contact angle between ink and substrate. The nanocomposite
film appears significantly more matte than the neat polymer
film due to the change in optical absorption from the NPs as
well as increased surface roughness.
The frequency dependent dielectric constant studies can be

found in Figure 5a. There are two interesting notes about the
dielectric constant when compositing with the ceramic NP.
First, the increase in dielectric constant is above the predicted
composite dielectric constant according to the rule of
logarithmic mixing. Although the rule of mixing is sufficient
at median loadings, at the highly concentrated and highly dilute
(such as 1 vol %) levels, it is a poor approximation. An increase
from 15 to 17 is a small change however it does lend to an
increase the overall energy storage properties. The second
attribute of note is the decreased frequency dependence of the
dielectric constant that increases the potential range of
applications for this dielectric composite. This is attributed to
the increased ceramic loading that is known for low frequency
dependence over a wide range of frequencies as well as the
increase in cross-linking, limiting polymer chain mobility.
As was seen in the spin-coated samples, there was a

significant increase in the breakdown strength due to the
addition of the alkene functionalized NPs. Figure 5b shows the
Weibull distributions of the neat PTD3 material and the
printed nanocomposites. As can be seen, the inclusion of cross-
linking NPs increases the characteristic breakdown by 50%
from 4.4 MV/cm to 6.7 MV/cm. This change in breakdown
results in a drastic increase in energy storage. The increase in

Figure 4. Weibull distribution for spin-coated neat PTD3 (solid line),
TBAOH functionalized composite (dotted line), and ALK7 function-
alized composite films (dashed line).

Figure 5. (a) Frequency dependent dielectric constant, (b) Weibull distribution, and (c) volumetric energy density for neat PTD 3 (solid line), and
1 vol % BZCT nanocomposite (dashed line).
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breakdown is partially attributed to the decrease in film
thickness as compared to the spin-coated samples. Avalanche
dielectric breakdown can be reduced with a decrease in the
material thickness by allowing conducting electrons to reach
the anode before achieving a cascade event. Thinner samples
also have a greater effective area/volume for heat dissipation,
increasing the thermal breakdown slightly.73−76 Figure 5c
shows the energy storage distributions for neat PTD3 and the
BZCT nanocomposite. It is clear from the distribution that
there is a drastic improvement in the volumetric energy storage
capabilities. Table 1 summarizes the parameters to calculate the
characteristic energy storage of the neat polymer and
nanocomposite film. As can clearly be seen, at the characteristic
breakdown field the increase in breakdown strength results in a
nearly 3-fold increase of the volumetric and gravimetric energy
storage. This increase in breakdown, and therefore energy
storage, is not expected to have such a significant increase in
highly cross-linked polymer dielectrics. These solutions have a
high degree of cross-linking already and would have no added
benefit from the cross-linking aspect of the functionalized NPs.
At most, it is expected that they would have comparable
breakdowns to the neat polymers as, although there is not an
increase in cross-linking; the interface is coherent, minimizing
defects. If the loading could be increased significantly, then they
would have the benefit of no reduction in breakdown but a
significant increase in dielectric constant.

4. CONCLUSIONS

High dielectric constant BZCT NPs were functionalized with
alkene terminated methoxysilanes in order to covalently attach
them into a UV cure, polymer matrix, eliminating the
incoherent interface that drastically reduces the breakdown
strength of ceramic−polymer nanocomposites. The function-
alization procedure produced >70 000 alkene terminated
binding sites for polymer attachment as confirmed by TGA
and FTIR. Spin-coated samples demonstrated that aggravating
the incoherent interface by functionalizing NP with TBAOH
led to a 15% decrease in breakdown strength while creating a
stronger bond between the particle and matrix, through alkene
functionalization, increased the breakdown strength by 17%
compared to the neat polymer. This is concluded as having
been caused by two factors: (1) improving the interface thereby
preventing detrimental charge concentration effects and (2)
improving the degree of cross-linking in the material. To prove
the potential for high throughput processing, neat polymer and
composite films were printed, and it was found that both the
breakdown strength and dielectric constant increased, tripling
the energy density, from 12 to 36 J·cm−3, compared to the neat
polymer films. The advantages given by the photonic curing
processing as well as the increased degree of cross-linking
allows this approach to be applied to other linear polymer
systems that have already demonstrated potential for high
energy density dielectric capacitors.
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