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Original Research Paper

Dielectric performance of high permitivity
nanocomposites: impact of polystyrene
grafting on BaTiO3 and TiO_

Christopher A. Grabowski*2, Scott P. Fillery?, Hilmar Koerner*, Maxim Tchoul’,
Lawrence Drummy?, Christopher W. Beier3, Richard L. Brutchey3, Michael F. Durstock!

and Richard A. Vaia**

'Air Force Research Laboratory, Materials and Manufacturing Directorate, Wright-Patterson Air Force Base, OH, USA

2UES, Inc, Dayton, OH, USA

3Department of Chemistry, University of Southern California, Los Angeles, CA, USA

Abstract Polymer nanocomposites are a promising
concept to improve energy storage density of
capacitors, but realizing their hypothetical gains
has proved challenging. The introduction of high
permittivity fillers often leads to reduction in breakdown
strength due to field exclusion, which intensifies the
applied electric field within the polymer matrix near
nanoparticle interfaces. This has prompted research
in developing new nanoparticle functionalization
chemistries and processing concepts to maximize
particle separation. Herein, we compare the
dielectric performance of blended nanocomposites
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to matrix free assemblies of hairy (polymer grafted) nanoparticles (HNPs) that exhibit comparable overall morphology.
The dielectric breakdown strength of polystyrene grafted BaTiO, (PS@BaTiO,) systems was over 40% greater than a
blended nanocomposite with similar loading (~25% v/v BaTiO,). Hairy nanoparticles with TiO, cores followed similar
trends in breakdown strength as a function of inorganic loading up to 40% v/v. Dielectric loss for PS@BaTiO, HNPs was
2-5 times lower than analogous blended films for a wide frequency spectrum (1 Hz to 100 kHz). For content above 7%
v/, grafting the polymer chains to the BaTiO, significantly improved energy storage efficiency. Overall this study indicates
that polymer grafting improves capacitor performance relative to direct blending in likely two ways: (1) by mitigating
interfacial transport to lower dielectric loss, irrespective of the dielectric contrast between matrix and nanoparticle, and (2)
by restricting particle—particle hot-spots by establishing a finite minimum particle separation when the dielectric contrast

between matrix and nanoparticle is large.

Keywords Polymer nanocomposites, Hairy nanoparticles, Dielectric breakdown, Barium titanate, Titanium dioxide
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Introduction

Developing polymer nanocomposites (PNCs) for electrostatic
capacitors, batteries, and fuel cells has rapidly expanded in
recent years. Previous efforts to utilize PNCs for improved
capacitive energy storage density (~¢, E %) have focused
on increasing effective composite permittivity (¢) by using
high permittivity inorganic nanofillers, while simultaneously
retaining the high dielectric breakdown strength (£, ) and
gradual failure mode of the matrix polymer.'=* As evidenced by

*Corresponding author, email richard.vaia@us.af.mil

effective medium theories, permittivity does not scale linearly
with inorganic content and significant gains require loadings
of dispersed fillers above 20% v/v. At these intermediate to
high loading levels, achieving good nanoparticle dispersion
- especially in non-polar polymer matrices - is challenging
due particle agglomeration during film preparation.* Field
intensification in the matrix phase, along with extended filler
clusters, reduce £, and enhance charge migration along the
interfaces of the percolated fillers. This leads to a decrease
in £, as filler is added to increase ¢ . This behavior, for exam-
ple, has been observed in finite difference simulations and

© 2016 United States Government. Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1 a Overview of HNP “click” chemistry synthesis; nanoparticles are functionalized with azide ligands that facilitate
grafting of alkyne-terminated polystyrene chains. b lllustration of ideal assembled hairy nanoparticle film. TEM images of ¢
bare BaTiO, and d TiO, nanoparticles. e Representative TEM of 22% v/v HNP PS@BaTiO,, demonstrating evidence of fractal-

like structure

supported experimentally with BaTiO,/ferroelectric polymer
blended nanocomposites, where a 50% reduction in break-
down strength was measured for a 40% v/v BaTiO, PNC film.>®

Numerous motifs have emerged to mitigate particle aggre-
gation (and thus moderate field exclusion), such as aligning ani-
sotropic fillers’® and adopting particles with graded interfaces™
or core-shell architectures.”-"* Recent advances in surface ini-
tiated ATRP and Cu-catalyzed “click” chemistry have led to an
increasingly diverse group of polymer grafted, hairy nanopar-
ticles (HNPs) that feature high ¢ and refractive index core plus
a polymer corona with tunable structure.>-'7 Solution cast films
of these HNPs without an accompanying polymer matrix have
recently been characterized for dielectric performance. Tchoul
et al. reported that hairy PS@TiO, matrix free assemblies at 27%
v/v inorganic loading have a relative dielectric constant of 6.4,
compared to 2.4 for neat PS, while maintaining low dielectric loss
similar to PS (tan & = 0.04 at 1 kHz)."® X-ray scattering demon-
strated excellent particle dispersion with no visible clustering;
thus, the deleterious effects of percolation that create conduction
pathways and increase dielectric loss were avoided.” Similarly,
Paniagua et al. demonstrated that films of PMMA@BaTiO, HNPs
achieved a maximum extractable energy density of 2 J/cc at inter-
mediate loadings (22% v/v) — a twofold increase over a physically
blended nanocomposite at comparable BaTiO, loading.*® These
findings were attributed to an increased permittivity and greater
energy storage efficiency; however, detailed measurements of
dielectric breakdown strength and complex permittivity to elu-
cidate the relative impact of the HNP architecture and PNC mor-
phology were not reported.

To gain better insight into the relative roles of morphol-
ogy and interface architecture, we compare the dielectric
strength, complex dielectric permittivity, and energy storage
efficiency for traditional blends and matrix free assemblies of
polymer-grafted nanoparticles. The nanocomposites all fea-
ture polystyrene, a representative low breakdown strength
polymer with low permittivity and dielectric loss. Two different

Nanocomposites 2016 voL. 2
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high permittivity nanoparticle cores, TiO, and BaTiO,, are inves-
tigated to establish the broader implications of these findings.
Blended nanocomposites and matrix free assemblies of HNPs
exhibited similar overall well-dispersed morphologies. While
HNP systems are afforded more separation between nano-
particle surfaces due to the high molecular weight surface
functionalization, no appreciable improvement in particle
ordering was observed.

Dielectric breakdown experimental results, however, show
strong dependence on nanoparticle (NP) architecture; grafted
high-¢ NPs have 40-50% higher breakdown strength (E,) as
compared to analogous traditional blends across 25-40% v/v
inorganic loadings. This compliments similar studies of low
permittivity contrast systems (e.g. silica NPs and polystyrene;
silica NPs and poly methyl methacrylate?'??), where the break-
down strength trends of HNPs and blends were comparable
with inorganic loading and depended on the relative break-
down strength of the nanoparticle and matrix. In concert with
E,, an appreciable reduction in dielectric loss (up to 1 order
of magnitude) was observed for all HNP assemblies, regard-
less of relative permittivity matching. The combination of £,
enhancement and reduced dielectric loss in high-¢ composites
translated to increased energy storage efficiencies at inter-
mediate and high loadings (>15% v/v). The overall improve-
ments in dielectric performance for single component HNPs
demonstrate the importance of interface architecture when
designing nanocomposites for dielectric applications.

Experimental

Materials and synthesis

All nanocomposites were prepared with polystyrene, a
non-polar polymer that exhibits relatively low breakdown
strength (measured at 175 V/um in this study) and relative
permittivity (2.4 at 1 kHz), but maintains a low dielectric loss
(¢"=107) across 1 Hz to 100 kHz frequency. Spherical barium

.3
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3% vvPS@BaTi03+PS
7% vivPS@BaTiO3+PS

] —14% v/vPS@BaTiO3
] ——22% vivPS@BaTiO3

4% v/vPS+BaTiO3
]——15% wvPS+BaTO3
1—25% v/wPS+BaT03

0.01 0.1

Figure 2 a-c SEM cross-sections of PS@BaTiO, HNP films with 3, 14, and 22% v/v inorganic content, respectively. The 3%
viv film contains free polystyrene, while the 14 and 22% samples have no free polymer. d—f SEM cross-sections of PS +BaTiO,
blends with 4, 15, and 25% v/v inorganic content, respectively. g Small angle X-ray scattering intensity for 3, 7, 14, and 22% v/v
PS@BaTiO, HNP films and h 4, 15, 25% v/v PS +BaTiO, blends

titanate (BaTiO,) nanoparticles, approximately 7.0 + 1.5 nmin
diameter,”*** were grafted with polystyrene (102 kg/mol M, )
following a previously reported procedure involving phospho-
nate coupling and click chemistry'® (Fig. 1a-c, see Supporting
Information for full details). In brief, the BaTiO, NP surface is
functionalized with azide ligands in the presence of a CuBr
catalyst. These azide end groups react with alkyne-termi-
nated PS chains, completing the “click” reaction. Polystyrene
graft densities of 0.036 and 0.022 chains/nm? yielded neat
HNP samples containing 14 and 22% v/v BaTiO,, respectively.
Titanium dioxide (TiO,) nanoparticles were obtained from
Ishihara Sangyo Kaisha LTD, Osaka, Japan and are rodlike in

3

shape, 18 nm in diameter and 40-50 nm in length according
to TEM images (Fig. 1d). The particles were also grafted with
polystyrene (100 kg/mol M) using a similar click chemistry
approach, fully detailed in Ref.'®. Graft density was varied from
0.09 to 0.62 chains/nm? to generate volume fractions from
12.8% up to 39.1% v/v.

Polymer nanocomposite formation procedures

Matrix-free BaTiO, HNP films were prepared using the 14 and
22% v/v samples described above. Lower volume fractions
of BaTiO, were obtained by blending the 22% v/v BaTiO,

Nanocomposites 2016 VoL. 2 NO. 3

Distribution A. Approved for public release (PA): distribution unlimited.

Dielectric Performance of High Permitivity Nanocomposites

119



Grabowski et al.

120

Dielectric Performance of High Permitivity Nanocomposites

(a) 1 : . . . —
/
| /]
8 /
Ve
6 //(?‘
S
w ] ey ]
Cp ,//
ol =7 o psgeaTios |
© PS@BaTiO3 +PS
o PS+BaTiO3
o

0 5 10 15 20 25 30
BaTiO, volume fraction (%)

(b) T T T T
201 o Ps@Tio2
© PS@TiO2+PS
15
“w 104
5 4
0 T .

0 10 20 30 40
TiO, volume fraction (%)

(c) 10°iﬂ . .

0.
Duﬂuaﬂ&
1074

" 25" ook Mw PS
—o— 7% viv PS@BaTi0 3+PS
—0—6.5% viv PS+BaTiO3
—=—22% vA PS@BaTiO3
—— 25% vi PS+BaTiO3

oq,
o0 Sog
e “%'__!"

YO0 A A
: 000000

PO g
0000 0g g o
OO 0000000000000 07

%
Po00000000000000000000000 0T

-
<

10° 10’ 107 10° 10* 10°
Frequency (Hz)

Figure 3 a Real dielectric permittivity ¢’ measured at 1 kHz
for PS@BaTiO, HNPs (filled), HNP blends (half-filled), and
PS +BaTiO, blends (open) and b TiO,/PS PNC films. Error
bars represent uncertainty in film thickness and impedance
measurement reproducibility. Solid lines correspond to the
Bruggeman effective medium approximation, assuming
&' =150 for BaTiO,, 85 forTiO,, and 2.4 for PS. ¢ Dielectric loss
¢” measured as a function of frequency for neat polystyrene
and select BaTiO, PNCs. Electrode losses cause the slight
increase in ¢" at high frequency

HNPs with free polystyrene of identical molecular weight.
Traditional blended nanocomposites, up to 25% v/v azide
ligand functionalized BaTiO, NPs and polystyrene (102 kg/mol
M, ), were prepared using high-shear mixing (Ultra-TurraxT18,
IKA). All BaTiO, nanocomposites were solution cast from DMF
onto aluminum-coated glass substrates and thermally com-
pressed at 130 °C under 50 MPa pressure for 2 min, yielding
films 20-30 pm thick. 10 um thick films of PS@TiO, HNPs were
flow-coated from chlorobenzene onto aluminum-coated glass
substrates.

Nanocomposites 2016 VoL. 2
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Dielectric characterization

Dielectric characterization was performed on films with a
deposited circular aluminum electrode 6.3 mm? in area and
200 nm thick. Dielectric breakdown trials were performed
using a 10 kV Spellman SL300 high voltage supply controlled
by a ramping circuit. The ramp was set such that a breakdown
event occurs at 10-20 s, in accordance to ASTM standard
protocol for short-term dielectric strength tests (which cor-
responded to 10-25 V/s, depending on the sample).?> Once
>1 mA current passes through the device, a silicon rectifier
switch activates and breaks the circuit. The breakdown volt-
ages were read from a Fluke 289 multimeter set in peak cap-
ture mode. A minimum of 15 tests were conducted for each
sample. Note that the areas under breakdown investigation
are larger than localized probe measurements previously
conducted by the authors (~1 mm?). Recorded dielectric
strengths when sampling an area 1 order larger in magnitude
are characteristically 15—-30% lower due to a higher proba-
bility of probing larger sample flaws.?® Permittivity, dielectric
loss, and energy storage efficiency measurements were all
conducted in an N, purged environment at room tempera-
ture employing the same type of electrical contacts used for
breakdown experiments. Permittivity was measured at dis-
crete frequencies, swept over the range 1 Hz - 100 kHz at an
AC driving voltage of 1V, using a broadband impedance ana-
lyzer (Novocontrol). Energy storage efficiency measurements
were conducted on films using a Premier Il ferroelectric tester
(Radiant Technologies, Inc.), equipped with a Trek 10/10B-HS
high voltage amplifier. The applied voltage was a bipolar sinu-
soidal wave driven at 100 Hz frequency.

Morphology characterization

Electron micrographs of all materials were taken on a Philips
CM200 transmission electron microscope from FEI Company
operating at 200 kV and on a LVEM5 transmission electron
microscope from Delong Instruments operating at a nominal
accelerating voltage of 5 kV. Films were microtomed to 75 nm
thickness at room temperature using a RMC PowerTome.
Individual particles were deposited from solutions on ~15 nm
thickamorphous carbon. Small angle X-ray experiments were
carried out on a Rigaku S-MAX 3000 3 pinhole SAXS system in
transmission mode at a sample to detector distance of 150 cm.
CuKa radiation was generated on a Rigaku Ultrax RAG system
and focused via a confocal multilayer optic system. Data was
corrected for dark current, background, and transmission.

Simulations

Modeling of electric field distribution within the composite
was performed using the commercial software packages
COMSOL Multiphysics and Mathematica. Nanoparticles were
represented as 2D circles of fixed diameter and permittivity,
distributed in a uniform dielectric slab. Parallel conductive
plates used to apply the external DC field are placed suitably
far away to prevent fringing effects and field concentration
near sharp corners. A Mathematica routine employing a ran-
dom number generator distributes particles with a minimum
distance between neighboring particles as set by the user.
Four cases were investigated: (1) particle separation distance

NO. 3
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Figure 5 Summary of characteristic breakdown strength E
as a function of inorganic volume fraction for BaTiO, and
TiO, PNCs. Error bars represent 1 standard deviation of the
collected data. Straight lines are guides showing the trends
for blends (red) and matrix-free HNPs (black)

d = 0.25R, where R is particle radius, (2) d = R, (3) clustered
aggregates, where particles can approach each other as close
as possible, and (4) an idealized hexagonal close packing. Case
1 represents a morphology generated by blending low M sur-
face functionalized nanoparticles with polymer, while case 2
represents particles grafted with a high M, polymer brush that
ensures a minimum particle separation is maintained. Cases
3 and 4 provide the extremes of disorder and well ordered.
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The electric field distributions were plotted as 2D heat maps,
where color denotes the magnitude of the local field relative
to the applied field. Probabilities of finding regions where field
exclusion exceeds £/E, were calculated for distributions of 200
particles, which occupy 25% of the area under investigation.

Results and discussion

Drop cast polystyrene-grafted PS@BaTiO, nanoparticles
formed dense, uniform films, as evidenced by SEM cross sec-
tions generated from freeze fracturing (Fig. 2a-c). PS +BaTiO,
blended films with comparable inorganic content are shown
for comparison (Fig. 2d-f). Overall, the nanoparticle morphol-
ogy in both systems is comparable, consisting of a random,
disordered packing of nanoparticles. The differences in sample
morphology were resolved via small angle X-ray scattering;
profiles for both types of BaTiO, PNCs are displayed in Fig.
2g, h.The slight intensity increase at low g implies a distribu-
tion of fractal-like aggregates consisting of a few particles.
Evidence for few-particle clustering seen throughout PS@
BaTiO, HNP films is supported by TEM (Fig. 1e). The absence
of a pronounced interference peak and intensity decrease in
the pattern at intermediate g (0.05 and 0.1 A) confirms the
lack of an ordered lattice of evenly spaced and monodisperse
HNPs. One distinction between the systems, however, is a
more pronounced Guinier knee (0.07 A-") for blends as com-
pared to HNP films. Detailed analysis with a Percus and Yevick
hard sphere model”” confirms BaTiO, NP size (r=3.5 nm) and
the presence of a small fraction of closed packed particles
in both systems (see Supporting Information, page 3). The
difference in scattering profiles can be explained by a larger
particle—particle distance in HNP films due to the covalently
attached polystyrene chains. Due to the composite sample
dimensions (>10 um thick) as compared to the nanoparticle
size, the HNP architecture does not lead to a highly ordered
morphology across the macroscale dimension; instead, it aids
in controlling particle spacing and impacts local ordering.
Fig. 3@ summarizes the relative dielectric permittivity
(¢') at 1 kHz for BaTiO, and TiO, polystyrene PNCs (full fre-
quency sweeps are presented in Figs. S3 and S4, Supporting
Information). Permittivity rises monotonically for both HNPs
and blends with increasing inorganic content. The effective
permittivity of the 22% v/v PS@BaTiO, HNP film was 5.8, com-
pared to 2.4 for neat polystyrene, while PS@TiO, HNP films
with 39% v/v inorganic content showed ¢’ = 12.8. Therefore,
the highest TiO, loaded sample would improve capacitance
by a factor of 5 above a comparable device using neat pol-
ystyrene. The permittivity increases observed with BaTiO,
andTiO, loading are in agreement with Bruggeman effective
medium theory,?® assuming a BaTiO, relative permittivity of
150 and TiO, relative permittivity of 80. Dielectric loss (¢')
measurements are displayed in Fig. 3b, comparing neat poly-
styrene to intermediate and high loaded BaTiO, PNC films, as
a function of frequency (see Fig. 54 for PS@TiO, HNPs). Blends
yielded loss values 2-3 times higher at 1 kHz frequency and
6-8 times higher at 1 Hz frequency as compared to HNP sam-
ples of similar inorganic content. Comparable behavior was
observed previously in silica/polystyrene PNCs near 15% v/v
silica loading,?? where HNP films had dielectric loss nearly 1
order of magnitude smaller than blends at 1 Hz frequency.
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Figure 6 Energy discharge efficiency, calculated from
polarization loop experiments, plotted as a function of applied
electric field for neat polystyrene and BaTiO,/PS PNCs

In addition to surface passivation, a potential explanation for
these results is the reduction of particle clustering achieved
in HNPs (as compared to blends). The increased separation of
nanoparticle surfaces likely inhibits charge migration and/or
hopping between particles.?? These measurements conclude
that adopting an HNP architecture helps reduce loss, especially
for films with high inorganic content at low frequencies where
blend nanocomposites exhibit the highest loss behavior.
Fig. 4 compares the dielectric failure probability for
the BaTiO, blend and HNP films (PS@TiO, data is shown in
Supporting Information, Fig. S5). The experimental failure
data was modeled using a two-parameter Weibull cumu-
lative probability function: P(E) = 1 — exp [—(E/E,.)?] where
P(E) is the cumulative probability for failure, E is experimental
breakdown strength, E,  reflects the electric field where there
is 63.2% probability for failure, and B is the shape parameter
associated with the least squares fit of the distribution. The
characteristic breakdown strengths obtained for all PNC films
are summarized in Fig. 5, plotted as a function of inorganic
content. Error bars represent one standard deviation of the
acquired breakdown data. The breakdown strength for blend
and HNP films follow distinct trends with increasing inorganic
content fraction. The non-electronic grade PS exhibited a char-
acteristic breakdown strength of 175 V/um, and was used as
the basis for comparing all PNC breakdown values. PS +BaTiO,
traditional blend films displayed a marked reduction in break-
down strength, decreasing from 139 V/um at 3% v/v down to
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93 V/um at 25% v/v loading - a nearly 50% reduction in E
as compared to neat PS. The breakdown strength for the HNP
PS@BaTiO, and PS@BaTiO3 +PS films ranged from 143 V/um
to 164 V/um, for loading fractions up to 22% v/v. The over-
all maintenance of breakdown strength across BaTiO, load-
ing fractions for the HNP samples is notably different than
observed for the analogous PS +BaTiO, blends. Furthermore,
it should be emphasized that the 3 and 7% v/v HNP samples
are, in fact, hybrid systems where free homopolymer chains
were added to reduce volume fraction. Their breakdown
behavior seems to lie in-between pure HNP and pure blend
values, implying that uniformity in particle spacing and high
molecular weight surface functionalization may play distinct
roles in dielectric failure. PS@TiO, HNP samples were also
studied with even higher inorganic content, up to 39% v/v.
A decreasing trend was also observed for £ ; films yielded a
167 V/um breakdown strength at 13% v/v and 114 V/pum at
39% v/v. Interestingly, the TiO, and BaTiO, HNP films follow
similar breakdown strength trends with increasing inorganic
loading fractions. These results contrast with previous experi-
ments performed on silica/electronic grade PS nanocomposite
films, where the different PNC architectures showed similar
breakdown values.”

Energy storage efficiencies measured for PS+BaTiO,
blends and PS@BaTiO, HNPs are shown as a function of
applied electric field for multiple inorganic volume frac-
tions in Fig. 6. Efficiency was determined by integrating
polarization loop areas; full polarization loop data for
BaTiO,/PS PNCs are shown in Supporting Information,
Fig. S6. Discharge efficiency was comparable for 3%
v/v PS@BaTiO,+PS and 4% v/v PS+BaTiO, and main-
tain a value of >85% for applied fields up to 125 V/um.
Differences between blends and matrix-free HNPs are
evident at higher BaTiO, volume fractions. Significant
drop-offs in efficiency are observed for the 15 and 25%
v/v PS+BaTiO, blends when electric fields greater than
75 V/um are applied, reaching a minimum of 81% at 84 V/
um. Conversely, PS@BaTiO, HNPs at 14 and 22% v/v load-
ing deliver at least 88% efficiency above 100 V/um. These
results mirror low-¢ PS/SiO, nanocomposites, where 15%
v/v PS + SiO, blends exhibited degraded energy storage
efficiencies when driven above 100 V/um, while 18% v/v PS@
SiO, HNPs maintained >90% efficiency, even at 200 V/pm.??

Overall, these findings imply that when introducing
high-¢ nanofillers and achieving comparable overall mor-
phology, adopting a polymer grafting approach yields
enhanced dielectric breakdown performance when com-
pared to traditional blending. Furthermore, HNP films
produced using the high ¢ nanoparticles (BaTiO, and TiO,)
followed the same trend in £, as a function of inorganic con-
tent. This contrasts previous conclusions from silica-based
PNCs that any improvement in increasing minimum parti-
cle-particle separation afforded by HNP architectures did
not ultimately impact breakdown strength.?>**The clear dif-
ference between these studies is the relative permittivity
of the dispersed nanoparticles: silica (¢, = 4) vs BaTiO, and
TiO, (¢, = 150 and 80, respectively). Therefore, we surmise
that the relative permittivity between inclusion and host is
the primary factor causing the diverging behavior in these
two systems.

NO. 3
Distribution A. Approved for public release (PA): distribution unlimited.



Il

Grabowski et al.

(e)
e hcp order .

00027 e dz1R

o e AR

2 e clustered .

P clustere

w

20.014 s i -

E

©

-8 @ L

o g .

000 & e e 8 o .
1 10 100
gNF’/Spo]ymer

m hep order, E,,/E, = 2.74
0.02+ md21R, E,,/E, =350 T
- .
£ m clustered, E,,/E; = 10.1
-
8 \
© 0.01-
(o™
0.00

Figure 7 2D simulated electric field distributions for 200 particles with permittivity ratio of 100:1. a Clustered particles, where
minimum particle separation, d, is greater than 0.001R, b dispersed particles where d > 0.25R (representing blended films), ¢
where d > R (representing HNP films), and d an idealized hexagonally closed packed structure. Colors correspond to normalized
field intensity E/E, where white regions are areas where E/E, > 3. e Probability of finding a region where E/E > 2.5, as a function
of permittivity ratio. f Cumulative probability for finding a region with field exclusion greater than E/E

COMSOL simulations were performed to illustrate the
impact of nanoparticle permittivity on field exclusion behavior.
Fig. 7 highlights 2D simulations where particles are arranged
to approximate four different nanocomposite morphologies.
In case 1, particles are allowed to aggregate and form clustered
regions (modeling a poor blend); case 2, particles are sepa-
rated by a distance of at least ¥ of a particle radius (d > 0.25R,
representative of well blended films); case 3, where particles
are separated by a full particle radius (d > R, modeling an HNP
film); and case 4, which is an idealized hexagonal close-packed
system. A high dielectric contrast of Exp/ €y = 100 reflects the
contrast seen between BaTiO, and polystyrene. As particle
location becomes more randomized and particle-particle
distance diminishes, the probability of finding regions of high
field intensity (defined here as £/E > 2.5) rises dramatically as
the dielectric contrast between particle and matrix increases.
Conversely, no appreciable rise in probability is seen when
contrast is increased if particles are not allowed to come into
close contact. Similar trends are observed when searching for
the maximum value of £/E. Samples allowed to form larger,
denser particle clusters will yield higher E/E; values, which
becomes greatly enhanced as Ex/Epotymer deviates from unity.
Thus, in our current study, we can understand how high-¢ PS/
BaTiO, nanocomposites benefit from the HNP architecture
due to its ability in limiting close particle packing and miti-
gate field enhancement. The increased nanoparticle disper-
sion most likely prevents preferential charge migration along
the surface of very large filler aggregates. Comparatively,
lower ¢ silica/PS nanocomposites do not draw similar gains

7

in dielectric performance, since field enhancement remains
weak regardless of particle-particle spacing.

Conclusions

We have demonstrated that grafting matrix polymers to
nanoparticle surfaces has significant benefits in maintaining
dielectric breakdown strength and improving dielectric loss
for BaTiO, and TiO,-based nanocomposite devices. At 22%
inorganic loading, HNP PS@BaTiO, films exhibited break-
down strength 18% lower than unfilled polystyrene, whereas
blended PS+BaTiO, films showed a nearly 50% reduction.
Thus, despite the relative similarities in morphology as
observed by X-ray scattering, HNP PS@BaTiO, films maintain
breakdown strength better than blended composites for inor-
ganic contents sufficient to provide enhanced composite per-
mittivity. This equates to a theoretical energy storage density
U = éeoerEBDz) that is 2 times unfilled polystyrene, and 4
times that of the blended BaTiO, polystyrene composite at a
similar loading (22% v/v BaTiO,). The simultaneous improve-
ments to permittivity, while maintaining low dielectric loss
at reasonable field strengths afforded by single component
HNPs, are promising for improved capacitive energy densities
for future energy storage applications.

The BaTiO, and TiO,-based nanocomposites discussed here
exhibit a large dielectric contrast between inorganic filler and
polymer matrix host (>30), which is significantly larger than
silica-based composite films (<2) that have been studied pre-
viously. The findings on silica/polystyrene composites indicate
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that the route (HNP vs. blending) to a well-dispersed mor-
phology has at most a minor impact on breakdown strength
trends with nanoparticle volume fraction; however, polymer
grafting does positively influence dielectric loss and efficiency
properties. In contrast, observations with well-dispersed high
permittivity fillers are most likely attributed to local nanopar-
ticle-nanoparticle structure and field exclusion effects, which
are exacerbated in systems where particles can come closer
into contact. Single component HNP architectures, which have
previously shown improvement over traditional blends in sili-
ca-based PNC systems due to reduced dielectric loss, have the
added benefit of higher breakdown strength by forcing parti-
cles to remain further apart in BaTiO, and TiO, nanocompos-
ites. These findings clearly point to the performance benefits
of functionalizing the nanoparticle surface with high molec-
ular weight polymer for polymer nanostructured dielectrics.
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The supplementary material for this article is available online
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