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olymer—metal oxide nanocompos-

ites are currently of considerable in-

terest as solution processable high-
permittivity materials for electronic
applications such as embedded capacitors,
multilayer capacitors, high-energy-density
capacitors, and gate insulators in organic
field effect transistors.'® These nanocom-
posites can have both high permittivity and
high dielectric strength and can be solu-
tion processed on large and flexible sub-
strates at low temperatures and ambient
pressures. However, the high surface en-
ergy of dielectric nanoparticles usually leads
to agglomeration and phase separation
from the polymer host matrix, resulting in
poor processability of the films and a high
defect density.

Recently, we have shown that surface
modification of BaTiOz and other perov-
skite nanoparticles with functional phos-
phonic acids can allow the formation of
high quality nanocomposite films that ex-
hibit good solution processability, low leak-
age current, high permittivity, and high di-
electric strength.’ Previous studies suggest
that the volume fraction of the high permit-
tivity component (nanoparticle filler) has to
be increased above a certain threshold (usu-
ally 30%) to increase the effective permittiv-
ity of the nanocomposite.2%” However, in-
creasing the volume fraction of
nanoparticles typically decreases the appar-
ent dielectric strength of the nanocompos-
ite owing to the enhancement of the local
electric field in the host material 2° There-
fore, the filler volume fraction of a nano-
composite should be rationally optimized
in order to maximize the stored energy
density.
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ABSTRACT The dielectric permittivity and electric breakdown strength of nanocomposites comprising
poly(vinylidene fluoride-co-hexafluoro propylene) and phosphonic acid surface-modified BaTiO; nanoparticles
have been investigated as a function of the volume fraction of nanoparticles. The mode of binding of
pentafluorobenzylphosphonic acid on the BaTi0; particles was investigated using infrared and *'P solid-state
nuclear magnetic resonance spectroscopy, and the phosphonic acid was found to form well ordered, tightly bound
monolayers. The effective permittivity of nanocomposites with low volume fractions (<50%) was in good
agreement with standard theoretical models, with a maximum relative permittivity of 35. However, for
nanoparticle volume fractions of greater than 50%, the effective permittivity was observed to decrease with
increasing nanoparticle volume fraction, and this was correlated with an increase in porosity of the spin-coated
nanocomposite films. The dielectric breakdown strength was also found to decrease with increasing volume
fraction of the BaTi0; nanoparticles, with an abrupt decrease observed around 10% and a gradual decrease for
volume fractions of 20—50%. Comparison of these results with model calculations, using statistical particle
packing simulations and effective medium theory for the permittivity and breakdown strength, indicates the
important roles of nanoparticle percolation and porosity of the nanocomposites on the dielectric properties. The
measured energy density at a field strength of 164 V/jpum, well below the breakdown strength, increased to a
value of 3.2 J/cm® as the nanoparticle volume fraction is increased to 50%, roughly in line with the trend of the
permittivity. The calculated maximum energy densities indicate maximal extractable energy (7—8 J/cm® at 1 kHz)
for two different particle volume fractions, as a result of the interplay of the dependencies of permittivity and
breakdown strength on volume fraction.

KEYWORDS: dielectric nanocomposite - barium titanate - surface
modification - permittivity - dielectric breakdown - energy storage

Ferroelectric polymers based on poly(vi-
nylidene fluoride) and its copolymers are
considered to be useful materials for en-
ergy storage because of their large permit-
tivities and dielectric strengths.’®~'> How-
ever, their large dielectric loss (~10%) limits
their use in applications that require fast
charge/discharge cycles in the 100 kHz—1
MHz frequency range. Therefore, the combi-
nation of high permittivity nanoparticles
with low loss and a ferroelectric polymer
host can potentially provide high permittiv-
ity, high dielectric strength, and low loss
nanocomposite materials that retain
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comparable processability to polymeric materials. How-
ever, nanocomposites with a large volume fraction of
nanoparticles can exhibit porosity'® that is detrimental
to their dielectric performance.” This raises the question
of what is the optimum volume fraction of a nanocom-
posite that gives the maximum extractable energy at a
certain frequency. In this regard, we investigated the
role of the volume fraction of high permittivity nano-
particles on the dielectric properties (permittivity, di-
electric loss, and breakdown strength) of nanocompos-
ites in order to determine the optimum volume
fraction(s).

Herein we report a systematic study of the effect of
nanoparticle volume fractions on the dielectric proper-
ties of nanocomposites based on phosphonic acid-
modified BaTiO; (BT) and poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDF-HFP)). The surface
modification of BT with a fluorinated phosphonic acid
has been investigated using FT-IR, thermogravimetric
analysis, and solid-state NMR spectroscopy to deter-
mine the coverage and the nature of the binding of the
phosphonic acid ligand. The morphology of the BT/
P(VDF-HFP) nanocomposites was investigated using
scanning electron microscopy to probe for the pres-
ence of air voids in high volume fraction composites.
The frequency dependent dielectric permittivities and
loss, and the DC-breakdown strength of the nanocom-
posites as a function of nanoparticle volume fraction are
reported. We have employed self-consistent effective
medium theory (SC-EMT) and statistical particle pack-
ing simulations with finite difference calculations to
model the dielectric properties of nanocomposites with
a wide range of nanoparticle volume fractions, includ-
ing possible air voids, the results of which showed good
agreement with the experimental data. On the basis of
these studies, guidelines for the optimization of dielec-
tric nanocomposites for energy storage applications are
presented.

CALCULATION OF EFFECTIVE PERMITTIVITY
AND BREAKDOWN STRENGTH OF
NANOCOMPOSITES

The nanocomposites studied herein can be consid-
ered as a 0—3-type composite of high permittivity
nanoparticle fillers discretely distributed in a continu-
ous dielectric polymer matrix. Simple composite me-
dium theories, such as the Kerner model, treat the di-
electric filler particles as polarizable spheres, in which
dipoles are induced under an applied electric field. The
reduction in electric field within the high permittivity
filler particles is considered, but the effect of the par-
ticles on the field in the host medium is neglected. The
effective permittivity, e, is calculated using an aver-
age of the host and the filler particle permittivities,
wherein the contributions are weighted by the volume
fraction and the field in each component, as given
below:
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where g, fi, and g, f; are the permittivities and the vol-
ume fractions of the host and filler, respectively, and E¢
and E, are the fields in the respective components.'”
Other commonly used composite models include the
Clausius—Mossotti and Maxwell Garnet treatments, and
the Lichtenecker logarithmic law of mixing,'® 2 all of
which have been shown to reasonably predict the di-
electric properties of composites at relatively low vol-
ume fraction, =20%.%' These simple models do not take
into account the influence of the particle—particle dipo-
lar interactions or their effect on the surrounding me-
dium, which become important at higher volume
fractions.

To better model the effective permittivity of a com-
posite system at high filler volume fractions, Jayasun-
dere and Smith (JS) developed a modified Kerner model
that accounts for dipolar interactions between pairs of
neighboring spherical filler particles, which leads to a
modified local field in the medium® and results in the
following expression for the effective permittivity:

. enfo + ef(AB)
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where
3g,
- g + 2¢g,
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An alternative approach to the calculation of the ef-
fective permittivity and the breakdown strength of a
nanocomposite over a wide range of volume fractions
is the use of self-consistent effective medium theory
(SC-EMT). With SC-EMT, the effects of interactions be-
tween neighboring particles and the inclusion of pos-
sible air voids in the composite can be readily modeled
as a three component (host, particles, and air voids) sys-
tem.?2 This model incorporates the effects of introduc-
ing high dielectric constant fillers into a lower dielectric
matrix, which can produce localized hot spots of in-
creased electric field concentration in the host. The ef-
fective permittivity (e¢) is expressed as

e = & T f(e;, — g))a, + fi(e; — €))a; (3)

where the host matrix, filler, and possible voids repre-
sent phases 1, 2, and 3, respectively, and a, denotes the
electric-field concentration factor in each phase, r. The
electric field concentration factor relates the average
electric field in phase r to an applied electric field E, as
(E,) = a,E,. The effective medium approximation pro-
vides a reasonable estimate of a, which is expressed as?
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where s is the depolarization factor and is /5 for spheri-
cal particles. The field concentration factor for the host
matrix can be determined from the normalization
condition:

i fa, =1 (5)
r=1

Using eqs 4 and 5, eq 3 is solved self-consistently for
Eoff.

The inclusion and interaction of high permittivity
filler particles in a host matrix induces an enhance-
ment of the average field in polymer host, (E;), which
in turn reduces the apparent dielectric breakdown
strength. One criterion for the apparent breakdown
strength is based on the average field in the host
polymer

(E) = aE = E, (6)

where E, is the breakdown field of the pure host poly-
mer. Because dielectric breakdown is a statistical pro-
cess that is subject to spatial fluctuations in the local
field, the above criterion that simply uses an average
field overestimates the breakdown strength and thus
is not sufficiently accurate to reasonably predict break-
down fields. Therefore, the statistical fluctuation of the
average field has been taken into account for more ac-
curate breakdown field predictions.?®

E) +VED — E) = E, )
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With this approach, the apparent breakdown criterion

becomes
1 8‘c:eff 2
—_ >
Eo(a1 * A / f I, a, ) = E, (8)

RESULTS AND DISCUSSION

Surface Modification of BT for Incorporation in Fluoropolymer
Host. BaTiOs (BT) nanoparticles tend to form large aggre-
gates because of their high surface energy and large
surface area, which can lead to a highly inhomoge-
neous film when simply blended in a polymer matrix.
To mitigate this problem for incorporation of BT into a
fluoropolymer matrix, poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDF-HFP)), BT nanoparticles
(30—50 nm, Aldrich) were surface modified using a flu-
orinated organophosphonic acid ligand, pentafluo-
robenzyl phosphonic acid (PFBPA), in an ethanol/water
mixture (Figure 1). The surface-modified BT nanoparti-
cles (PFBPA—BT) were washed thoroughly to remove

www.acsnano.org

substrate

Figure 1. Schematic illustration of surface modification of
BT, nanocomposite formation, and the geometry of fabri-
cated nanocomposite thin film capacitors.

excess ligand, then mixed with P(VDF-HFP) in N,N-
dimethylformamide (DMF) at a known volume ratio.

To characterize the surface modification of the BT
nanoparticle surface with the PFBPA ligand, FT-IR and
31P solid-state NMR (SS-NMR) spectra were recorded.
The binding of phosphonic acids to the BT surface is re-
flected in the changes in the FT-IR spectra before and
after the surface modification (Figure 2). The aromatic
skeletal vibration modes at 1502 and 1528 cm ™' and
the C—F stretching mode at 1126 cm™' of PFBPA were
detected in PFBPA-modified BT nanoparticles. There
was a significant reduction in the intensity of surface hy-
droxyl stretching (3400—3500 cm ™) of the BT nanopar-
ticles and the broad free-hydrogen-bonded (P)O—H
stretching mode (2240—2380 cm™ ") implying the con-
densation of surface hydroxyl groups of BT and the hy-
droxyl groups of PFBPA in the surface modification re-
action. In the fingerprint region, the initially complex
pattern of P—0 (1200 cm~") and P—O (1090—990
cm™ ) stretching modes collapses to two major peaks
at 1095 and 1045 cm ™ that are assigned as the asym-
metric and symmetric P—O—M (M = surface metal)
stretching modes.>?*

31P solid-state NMR (SS-NMR) revealed further de-
tails of the binding modes of PFBPA on the BT surface
(Figure 3). Large chemical shifts were observed be-
tween unbound PFBPA (3 = 27.9 ppm) and bound
PFBPA (3 = 20.8 and 14.5 ppm) on BT. The majority of
bound PFBPA was associated with peaks centered at &
=14.5,8 = 17.0,and 8 = 20.6 ppm. The largest change
in chemical shift from free PFBPA to bound PFBPA on
the BT nanoparticle surface was 13.4 ppm. This change
is close to the value for octylphosphonic acid binding to
BT surface (Ad = 14.3 ppm), which has been assigned
as a combination of tridentate and bidentate configura-
tions.> The other peak is interpreted as the less associ-
ated monodentate configuration. There was no evi-
dence of phosphonate gel that might have been
formed by a self-condensation reaction, which would
be expected to appear as a sharp peak around —4.0 to
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Figure 2. FT-IR absorption spectra of unmodified BT, PFBPA, and PFBPA-BT. (a) Wide
range spectra and (b) expanded view of P—O stretching region. The spectra for BT and
PFBPA—BT were normalized using the lattice Ti—O absorption peak centered at ~540
cm™'. The spectrum of PFBPA was normalized using the maximum absorption peak.

b) weight loss from the surface bound PFBPA
10 BT g 05 BT was found to be 3.49%, which corresponds
= to 76% of a theoretical monolayer, assuming
0.5 4 -g that the footprint of each phosphonic acid
2 /\_/\ is 24 A? (Figure 4).2
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—7.0 ppm.? Long-chain alkyl phosphonic acids bind-
ing to the BT nanoparticle surface are known to form
densely packed crystalline-like layers, upon which the
C—H stretching peaks shift to smaller wavenumbers in
FT-IR spectrum. The alkyl phosphonic acids loosely
bound to the BT nanoparticle surface do not seem to
form crystalline-like layers, since they are detected only
in the direct-polarization 3'P SS-NMR, and are not en-
hanced in the cross-polarization method. In contrast,
PFBPAs binding to the BT nanoparticle surface appear
to form crystalline-like layers, irrespective of the bind-
ing mode, as all of the 3'P peaks are detected in the
cross-polarization experiment. This is attributed to the
strong w— interaction between adjacent PFBPA
molecules.

To determine the surface coverage of PFBPA on BT
nanoparticles, measurements of the BET specific sur-
face area of dried and unmodified BT nanoparticles
(25.8 m?/g) and thermogravimetric analysis of both BT
and PFBPA-BT nanoparticles were performed. The net

CP
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Chemical Shift (3)

Figure 3. 3'P MAS SS-NMR spectra of free PFBPA (black,
cross-polarization) and PFBPA-BT (blue, cross-polarization
and red, direct polarization).
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imaging the top surface and the freeze-
fractured cross sections of nanocomposite
films using a scanning electron microscope
(SEM). Figure 5 shows the SEM images of the
top surfaces and the freeze-fractured cross
sections of PFBPA-BT:P(VDF-HFP) nanocom-
posite films. The surface-modified BT nanoparticles
with PFBPA formed uniform and high quality nanocom-
posite thin films in the P(VDF-HFP) host.

Dielectric Characterization of PFBPA—BT:P(VDF-HFP)
Nanocomposites. The effective permittivities of the
PFBPA—BT:P(VDF-HFP) nanocomposites were deter-
mined using dielectric spectroscopy for films with vary-
ing volume fractions of nanoparticles. The results are
compared with the values obtained from several mod-
els in Figure 6. The experimental permittivity values
gradually increased with increasing nanoparticle vol-
ume fraction followed by a maximum in the permittiv-
ity at around 50—60%, after which the permittivity de-
creased rapidly with further increase of the nanoparticle
volume fraction. A large discrepancy between ob-
served and calculated permittivities was observed at

100 4 100
S oo 80
=
c
2
() 98 4 60
% 3.49 %
T g7 loss | Lao0
o
2 BT
- — ——PFBPA — 1>
X 9q —PFBPABT 20
95 1o

160 260 360 4(130 5(l)0 660 760 8(130 900
Temperature (°C)

Figure 4. Thermogravimetric analysis of dried and unmodi-
fied BT (black), PFBPA-BT (blue), and PFBPA (red). Note that
the scale of weight loss for BT and PFBPA-BT is the left Y-axis
and the scale of weight loss for PFBPA is the right Y-axis.
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volume fractions above 60%, as associated with the de-
crease in the experimentally observed permittivities.

Figure 7 shows the results of dielectric spectros-
copy measurements on the nanocomposites with vary-
ing volume fractions of BT over the frequency range of
20 Hz to 1 MHz. The dielectric loss is expressed as the
loss tangent (tan d), also known as the dissipation fac-
tor, which is defined as the ratio of the imaginary part to
the real part of the permittivity (¢''/¢’). The dielectric
spectroscopy for the PFBPA—BT:P(VDF-HFP) films for
each nanoparticle volume fraction revealed that the di-
electric loss is mainly due to a resonance of the host
material,®®2?° as evidenced by the strong reduction in
loss as a function of BT particle volume fraction. The BT
nanoparticles used in this study have an average diam-
eter of 30—50 nm and their crystalline phase was iden-
tified as cubic phase (paraelectric) by powder X-ray dif-
fraction (see Supporting Information). It is generally
accepted that the Curie temperature of BT at this size
is slightly above room temperature with very small di-
electric anomaly.3%3' The dispersion of the loss becomes
very small as the BT volume fraction approaches 80%
and, concomitantly, the frequency dependence of the
dielectric constant becomes quite flat. At a BT volume
fraction of 80% the loss at 1 kHz is ~0.01 and at 1 MHz
is about 0.02, showing that the loss associated with the
phosphonic acid-coated BT nanoparticles is very low.
The P(VDF-HFP) host polymer contains less than 15%
HFP, according to the manufacturer specification, and
the films of it exhibited relaxor ferroelectric behavior in
the temperature range 40—70 °C that matches well
with a previously published result with 14% HFP.? How-
ever, this behavior was almost unnoticeable with the
addition of 50% vol. of PFBPA—BT (see Supporting In-
formation). This is attributed to the interactions of the
nanoparticles with the polymer matrix that interferes
the segmental motion or alters the semicrystalline
structure of the ferroelectric polymer host, which would
otherwise contribute to the relaxor ferroelectric behav-
ior in the same temperature range.

The dielectric breakdown strength was also mea-
sured for the nanocomposites with BT volume frac-
tions from 0 to 50% and analyzed using Weibull
statistics.3>33 The Weibull analysis is based on an empiri-
cal failure probability distribution that is typically de-
scribed using three parameters:

P:(E) = 1 — exp[—{(E—y)/a}’] 9

where « is a scale parameter, B is a shape parameter
that shows dispersion of E, and vy is a threshold param-
eter below which value of E no failure occurs. For the
analysis of breakdown results of nanocomposites in this
study, y was set to zero. The failure probability can
then be expressed as

log[—In{T — PL(E)}] = B log E—f log o (10)
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Figure 5. (a) SEM images of top surfaces of PFBPA-BT:P(VDF-HFP)
nanocomposite films with different nanoparticle volume fractions.
Scale bars are 300 nm. (b) SEM images of the freeze-fractured cross
sections of PFBPA—BT:P(VDF—HFP) nanocomposite films with differ-
ent nanoparticle volume fractions. Scale bars are 1 pum.

This probability is equated with a median ranked posi-
tioning which is expressed as**
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Effective Permittivity

Pe(i,n) = [(i — 0.3)/(n + 0.4)] x 100 (11

where i is the index (1, 2, 3,.., n) and n is the sample
size. The measured n (typically n > 20 in this study)
breakdown field values (E) are reordered in ascending
order and then the failure probability, P¢(E), for each E
is given from the positioning equation. A linear fitting of
log{—In(1 — P)} vs log E gives the parameters « and (.
The breakdown field for the data set is found to be Eg =
a when the failure probability is 63.2% (i.e., 1 — 1/e).
These parameters can be inserted into eq 9 to find the
cumulative distribution function (CDF) which repre-
sents the probability of failure as a function of applied
field (Figure 8). Samples with volume fractions of 5%
and 15% were also prepared and measured to better re-
solve the dielectric behavior of the nanocomposite
around 10% volume fraction. These results were repro-
duced within the error range from a few separate
batches of samples.

The breakdown behavior of high volume fraction
(>50%) nanocomposites is thought to be closely re-
lated to the increase in the volume fraction of air voids,
which will significantly lower the breakdown strength
of the nanocomposites due to the low breakdown
strength of air (~3 V/um).3> The breakdown strengths
for the nanocomposites above 50% volume fraction
varied strongly from sample to sample, likely due to
the significant and randomly distributed porosity in the
nanocomposites, and thus consistent values were not
obtained from the analysis. The effect of porosity on the
dielectric properties of the nanocomposites will be dis-
cussed below.

The results in Figure 8b clearly show that the break-
down strength (at a failure probability of 63.2%) de-
creases upon addition of BT nanoparticles to the host
material as expected. It should be noted that there is a
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Figure 6. Comparison of measured effective relative permittivity
(at 1 kHz) of nanocomposites as a function of PFBPA—BT nanopar-
ticle volume fraction with predicted values from different theoreti-
cal models. Permittivity values used were 80 for PFBPA—BT nano-
particles and 11.9 for the polymer host.?”
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Figure 7. Dielectric spectroscopy of each PFBPA—BT:P(VDF-
HFP) nanocomposite from 20 Hz to 1 MHz: dielectric con-
stant (a) and the loss tangent (b). The dielectric loss gradu-
ally increases with increasing frequency and it is mainly due
to a resonance of the polymer host.

sudden decrease in the dielectric strength when the
volume fraction changes from 10 to ~20%. Similar
trends have been observed in previous work, although
an explanation of the behavior was not provided.2® Our
interpretation of this behavior is based on percolation
of the BT nanoparticles in the composite. As previously
described by Calame,” the percolation of particles in a
composite can be viewed as occurring in two different
regimes: the “soft” percolation and the “hard” percola-
tion regimes. In the soft percolation regime, where ex-
tended networks of connected particles begin to form,
a percolative pathway consisting of contacted particles
that span across the nanocomposite thin film can be
formed. When this soft percolation occurs, then the
breakdown strength will be abruptly reduced, as the
charge conduction along the percolative pathways can
occur, facilitating breakdown. This effect appears to be
effectively suppressed with the use of surface-modified
nanoparticles, owing in part to the passivation and re-
duction in the number of ionizable surface sites by the
phosphonate layer. As a result, the magnitude of the
drop in the breakdown strength in this regime can be
mitigated as compared to the nanocomposites with un-
modified nanoparticles. In our study, the onset of such
a percolation pathway appears to occur between the
volume fractions of BT of 10 and 20%. With a further in-
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crease of the nanoparticle volume fraction, “hard” per-
colation can take place, in which the local packing den-
sity of the particles reaches a maximum. At this point,
most of the particles are in contact with neighboring
particles and the further addition of particles does not
increase the particle density. The composites may un-
dergo a relaxation process to find a denser packing con-
figuration to reduce the local concentration of air voids,
but this process is typically kinetically controlled, as in
the spin-coating film fabrication process. Increasing the
particle/polymer ratio in an effort to increase the vol-
ume fraction of the particles results only in the creation
of localized air voids in the composite, owing to an in-
sufficient amount of polymer to fill the interstitial free
volume generated by the random packing of the par-
ticles. Therefore, the dielectric breakdown strength de-
creases and is strongly dependent on the local distribu-
tion of the air voids. Since the particles are typically
randomly packed, the air void distribution is also ran-
dom and thus the breakdown behavior shows a large
statistical variation.

Another interesting observation is that the failure
probability of a pure P(VDF-HFP) film at moderate fields
is higher than those of nanocomposites with 5% and
10% PFBPA—BT (Figure 8a). This implies that doping of
the polymer host with high permittivity filler under the
“soft” percolation threshold can reduce the failure prob-
ability under moderate fields at which the capacitors
may be operated. Even under a relatively low applied
electric field, there is a finite probability for carrier gen-
eration inside the nanocomposite film that may lead to
breakdown. The high permittivity nanoparticles can
act as traps for these charges and also effectively scat-
ter charges in the nanocomposite film, that results in
the reduction of the failure probability. This result is
somewhat similar to a previous observation by Tuncer
et al, who reported that doping poly(vinyl alcohol) with
10—30 wt % TiO, nanoparticles makes the dielectric
breakdown behavior more reproducible and improves
the breakdown characteristics.>

The Effect of Porosity. The discrepancy between the ex-
perimental and model calculation results for the effec-
tive relative permittivities at high volume fractions
shown in Figure 6 is attributed mainly to the porosity
in the nanocomposite film. When this occurs, the nano-
composite is no longer a 0—3 composite since the poly-
mer phase is no longer a continuous phase in all three
directions. Consequently, the porosity effect at high fill-
ing ratios should be taken into account in the treat-
ment of the effective permittivity.

The volume fraction of air voids as a function of the
intended nanoparticle volume fraction has been com-
puted previously using a statistical cellular packing
model along with finite difference calculations.” We
have used such simulations in this study in order to cal-
culate the maximum volume fraction of nanoparticles
that is achievable without creating air voids and the
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Figure 8. (a) Percent cumulative distribution function (% probability of

device failure) of each nanocomposite as a function of applied electric field

and (b) the breakdown strengths (failure probabilities: 63.2%) at each vol-
ume fraction as determined from the Weibull analysis.

void volume dependence on intended particle volume
fraction. The simulation used a model space with 200
cubical cells per each x, y, and z axis. These cells were
filled with dielectric spheres that have a radius of 15
cells. When filling the space with spheres, partial
spheres were also allowed near the edges, as long as
the center of the sphere was located within the model
space. Once a particle was placed, the center position
was not allowed to move (i.e., the particle was “frozen”
and no relaxation processes were allowed). Therefore,
the models do not represent a maximally dense com-
posite. In this particular simulation, the maximally filled
model space contained 283 particles including partial
particles, corresponding to a particle volume fraction of
0.397. This threshold corresponds to the maximum par-
ticle volume fraction, for which there are no air voids in-
side the composite. Any further addition of particles
would be accompanied by the creation of voids, as the
particles are not allowed to undergo relaxation to form
a denser composite. Representative packings of par-
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f=0.201

f=0.301

f=0.397

Figure 9. Examples of particle packing in finite difference
simulations at different volume fractions. Note that at f =
0.397, a maximal number of spherical particles has been
placed in a given model space and no additional particle
can be added to this model space. The intended increase of
particle volume fraction over f = 0.397 can only be made by
decreasing the volume of host polymer, which inevitably
creates air voids.

ticles in a model space at selected volume fractions
are shown in Figure 9.

The total volume fraction of air voids for a given par-
ticle volume fraction was obtained by fitting the air void
volume simulation result to a polynomial function with
a threshold volume fraction (f;) for the onset of the air
void formation given below:

V(F) = alf — )P (12)

where fis the volume fraction, f; is the threshold vol-
ume fraction below which no void is formed (ff = 0.397
from finite difference simulation), and a and p are fit-
ting parameters. Using this void volume function, the
actual volume fractions of each constituent (nanoparti-
cle, host, and air void) as a function of intended nano-
particle volume fraction were calculated, and these val-
ues were used in the SC-EMT calculation to obtain the
dielectric properties shown in Figure 10.

The void volume fraction function based on the fi-
nite difference simulation overestimated the amount
of air voids as indicated by the premature and rapid de-
crease of the effective permittivity. This is due to differ-
ences in particle density between the fabricated films
and the statistical packing simulation. The films were
fabricated by spin coating, which is a kinetically con-
trolled process. However, the films were also thermally
treated to allow the relaxation of nanoparticles to re-
duce porosity and improve the quality of the films. This
can effectively shift the threshold volume fraction for
the appearance of air voids to a higher volume fraction
than that obtained from the simulation. The SEM im-
ages in Figure 5 show that the porosity is not signifi-
cant up to 50% nanoparticle volume fraction and the
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Figure 10. Comparison of (a) permittivities at 1 kHz and (b)
breakdown strengths predicted by combined self-consistent
effective medium approximation and finite difference simu-
lation (lines) with experimental values (dots). The break-
down calculation results without field fluctuation and with
field fluctuation are shown in red and blue, respectively.

porosity is obvious above 60% of nanoparticles. On
the basis of this observation, the threshold volume frac-
tion () in eq 12 was adjusted to a more realistic value
of 0.55.

Breakdown strengths predicted without consider-
ing the field fluctuations in the medium are overesti-
mated in comparison to the experimental results. When
the field fluctuations were taken into account, the cal-
culated results were reasonably close to the experimen-
tal values but still did not show the sudden decrease
at around 10% nanoparticle volume fraction.

Figure 11 shows the calculated volume fractions of
each constituent with an adjusted threshold volume
fraction (fr = 0.55). Using the adjusted porosity thresh-
old volume fraction, the SC-EMT calculation resulted in

1.0. T T T o\

0.8F

0.6F
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ActualVolumeFraction

0.0k ‘ 3
0.0 0.2 0.4 0.6 0.8
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Figure 11. The calculated volume fractions of nanoparticle
(blue), polymer (black), and the air voids (red) as functions
of intended nanoparticle volume fraction with adjusted
threshold volume fraction of nanoparticles (0.55) for air void
creation.
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consistent effective medium approximation and finite differ-
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adjusting the onset volume fraction based on SEM observa-
tion. The breakdown calculation results without field fluc-
tuation and with field fluctuation are shown in red and blue,
respectively.

a better agreement with the experimental values as
shown in Figure 12.

It should also be noted that the size of the crystal-
line domains of the P(VDF-HFP) host were observed to
decrease with increasing nanoparticle volume fraction,
as evidenced by the SEM images (Figure 5a) and de-
creased peak intensities associated with the ordered
microstructures of P(VDF-HFP) in X-ray diffractograms
of the nanocomposites (see Supporting Information),
and as might be expected given the effect smaller inter-
particle distances would have on the formation of the
crystalline domains during processsing. This observa-
tion has implications for particle volume fraction de-
pendence of both the permittivity and the energy den-
sity of the nanocomposite. We have not accounted for
this effect in the modeling of the nanocomposite per-
mittivity but we expect that it would lead to a reduction
in the apparent host permittivity as the nanoparticle
volume fraction is increased. This is consistent with the
experimental permittivity values of the nanocompos-
ites at very high particle volume fraction being some-
what lower than what is predicted by the SC-EMT calcu-
lations that do not account for any change in the host
polymer permittivity.

Therefore, the combined self-consistent effective
medium theory and the finite difference simulation of
the particle packing provide a reasonably good ap-
proach to model the dielectric properties of nanocom-
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posites, especially those with high nanoparticle vol-
ume fractions where air voids have a significant role.
However, it should be noted that the sudden drop of
the breakdown strength at ~10% volume fraction of
nanoparticles was not very well predicted by this
model. For particle volume fractions of 5—15%, the
model predicts a drop in breakdown strength that is
more rapid than the experimental data. This may be the
result of charge trapping or scattering that impedes
breakdown as discussed above in regard to the break-
down probability at lower voltages for neat P(VDF-HFP)
compared to low volume fraction nanocomposites.
Such effects could lead to a higher breakdown strength
than predicted for the composites in the 5—15% vol-
ume fraction range. The experimental breakdown
strengths do show a significant drop with increasing
volume fraction between 10 and 20% which we believe
is related to the onset of soft percolation. Breakdown re-
quires a continuous percolative pathway between the
local breakdown sites through the film.3’ In a randomly
packed nanocomposite, the average number of neigh-
boring nanoparticles can be assumed to be approxi-
mately 10.3® Therefore, if there is at least 1 breakdown
occurring out of 10 neighboring sites, then avalanche
breakdown can readily take place. This can be modeled
by using the finite difference simulation, through which
the probability of the electric field enhancement rela-
tive to the applied electric field can be calculated. If we
define the breakdown criteria as the local field exceed-
ing the breakdown strength of pure host material, then
the breakdown strength of the nanocomposites can
be approximately calculated when the applied field in-
duces about 10% probability of the local field exceed-
ing the breakdown strength of the host material.

Optimization of Volume Fraction for Maximum Energy Density.
The expression for the maximum energy storage den-
sity of a capacitor is given by

_1 2

Umax - ESOSeHEB (13)
where g is the effective permittivity of the composite
and Eg is the breakdown field strength. To have a maxi-
mum energy density, the nanoparticle volume fraction
in a nanocomposite should be rationally chosen in such
a way that the combination of the effective permittiv-
ity and the breakdown strength gives the maximum
value of energy density. The maximum energy storage
densities of the nanocomposite capacitors at each vol-
ume fraction of PFBPA—BT were calculated using eq 13.
Actual energy densities were also measured using a
charge—discharge circuit under a fixed moderate field
well below the breakdown field strength. These energy
density values are compared in Figure 13.

The calculations indicate that a large maximum en-
ergy storage density, =5.4 J/cm? at 1 MHz, may possi-
bly be obtained with PFBPA—BT:P(VDF-HFP) nanocom-
posites for nanoparticle volume fractions of 10% and
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Figure 13. Calculated maximum energy storage density (gray)
and measured energy density (black) of PFBPA—BT:P(VDF-HFP)
nanocomposites with different nanoparticle volume fractions. The
permittivity values measured at 1 MHz and the DC breakdown
strength were used for calculated energy density. Energy densi-
ties were measured under a fixed applied field of 164 V/pm.

50%. At a frequency of 1 kHz, the calculated maximum
energy density is 8 and 7 J/cm?, at 10% and 50% respec-
tively. This energy density is in the range of the value
(6.9 J/cm?3) recently reported by Li et. al for 10% volume
fraction of 30—50 nm TiO, nanorods dispersed in a fer-
roelectric vinylidene fluoride-based terpolymer, for
which the relative permittivity is ~45.'> The measured
energy density values showed a similar trend as the cal-
culated values but were somewhat lower than the cal-
culated values. This is because the energy density mea-
surements are limited by the breakdown and once
samples break down, energy densities at higher fields
cannot be measured. This limits the allowable break-
down probability to more like 10—20%. Accordingly,
the measured energy density is considerably lower than
what is calculated based on the probability of break-
down chosen in the statistics. Energy densities mea-
sured at the same applied field (164 V/pum) showed a
general trend of increase in energy density up to 50%
followed by a decreasing trend due to the presence of
air voids discussed earlier (data not shown). It should be
noted that all the nanocomposites showed a quadratic
increase of energy density with increasing electric field,
indicating that the permittivity of all nanocomposites
remained constant up to the point of breakdown with-
out dielectric saturation (see Supporting Information).
In contrast, the onset of dielectric saturation is clear for
pure P(VDF-HFP) at fields of 350—400 V/um or higher.
Therefore, the dielectric saturation of the barium titan-
ate nanoparticles is not a limiting factor for the mea-
sured energy densities of nanocomposites (see Sup-
porting Information).
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Another important factor to consider in these types
of nanocomposite is the dielectric loss. Typically, high-
energy-density capacitors are used in pulsed power ap-
plications requiring high frequency operation condi-
tions. Dielectric materials with a large dielectric loss
tend to dissipate a fraction of their stored energy in
the form of heat, which can be detrimental to the de-
vice performance as thermally facilitated breakdown
can occur. Therefore, the 50% PFBPA—BT:P(VDF-HFP)
nanocomposite may be desirable for applications that
require low loss characteristics. However, considering
the energy storage per weight and the mechanical
properties of the nanocomposite films, a relatively low
volume fraction could be desirable. In this case, the 10%
nanoparticle volume fraction seems to be the opti-
mum volume fraction for PFBPA—BT:P(VDF-HFP) nano-
composites. The study of the effect of the nanoparticle
volume fraction thus provides a guideline to find an op-
timum nanoparticle volume fraction depending on the
specific application.

CONCLUSIONS AND OUTLOOK

The volume fraction of nanoparticles has a signifi-
cant effect on both the effective permittivity and the di-
electric breakdown strength of PFBPA—BT:P(VDF-HFP)
nanocomposites. Calculations based on various models
for the permittivity of composite materials agreed rea-
sonably well with the experimental findings when no
significant porosity was present in the nanocomposites
(particle volume fractions up to 50%). At high nanopar-
ticle volume fractions (>50%), for which there were sig-
nificant volume fractions of air void, there was a de-
crease of the effective permittivity. The breakdown
strength showed a significant decrease for particle vol-
ume fractions between 10 and 20%. The trends for the
permittivity and breakdown strength over the range of
volume fractions studied were reasonably well de-
scribed by accounting for air voids via a statistical pack-
ing model and using a self-consistent effective me-
dium to calculate the properties of the resulting three
phase (polymer, particles, and air voids) system. Calcu-
lations gave distinct values of the volume fraction (10%
and 50%) of BT nanoparticles in PFBPA—BT:P(VDF-HFP)
nanocomposites with maximal extractable energy den-
sities, with values as high as 7—8 J/cm? at 1 kHz, as a re-
sult of the different trends for the permittivity and
breakdown strength. On the other hand, the measured
energy densities at a fixed field strength, well below
breakdown, were found to show a monotonic increase
with a maximum energy density of ~3.2 J/cm? for the
composite with a 50% BT nanoparticle volume fraction.
Efforts are underway to fabricate large area capacitor
devices based on the developed nanocomposites, mak-
ing use of processing methods that can reduce poros-
ity, and to investigate nanocomposite compositions
based on higher permittivity nanoparticles and poly-
mer hosts as a path to higher energy densities. The suc-
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cess of such efforts, as well as development of ap-
proaches to mitigate dielectric breakdown in
nanocomposite materials, could pave the way to wide

METHODS

Surface Modification and Characterization. Chemicals were ob-
tained from the following commercial sources and used with-
out further purification: BaTiO; (BT, 30—50 nm: “nanosize-
powder”, Aldrich), poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDF-HFP), cat. no. 427187, pellets with
less than 15% of HFP, Aldrich). All other solvents were reagent
grade and used without further purification.

Pentafluorobenzyl phosphonic acid (PFBPA) was synthe-
sized by the Arbuzov reaction of pentafluorobenzyl bromide fol-
lowed by hydrolysis with bromotrimethylsilane. PFBPA modi-
fied BT (PFBPA-BT) was prepared using a method reported
previously.® In a typical reaction, 10 g of BT nanoparticles was dis-
persed in 250 mL mixture of 95:5 (v/v) ethanol/H,O by an ultra-
sonic processor. A 3.28 g (12.5 mmol) portion of PFBPA dissolved
in 10 mL of solvent was added to the BT dispersion. The mix-
ture was ultrasonicated for 10 min and stirred at 80 °C for 1 h.
The nanoparticles were separated by centrifugation and rinsed
repeatedly with excess ethanol using ultrasonication at 30—40
°C for 30 min followed by centrifugation. After washing, the
nanoparticles were dried overnight under vacuum at 80 °C.

Fourier transform infrared (FT-IR, Perkin-EImer Spectrum
1000) spectra were obtained by using the KBr pellet method
with 2 cm™" resolution. BET gas adsorption/desorption analysis
of unmodified BT and thermogravimetric analysis (TGA, TA In-
struments, model TA 2950) of PFBPA-BT were used to calculate
the surface coverage. The 3'P magic angle spinning (MAS) solid
state NMR (SS-NMR) spectra were recorded on a Bruker DSX 400
(161.98 kHz 3'P frequency, 10 kHz MAS frequency, 256 scans,

10 s delay time) for both direct polarization (DP, 5 ps 90° pulse
length, high power 'H decoupling) and cross-polarization (CP, 1
ms contact time) experiments. The chemical shift was referenced
using ammonium dihydrogen phosphate (ADP) which was set
tod =1 ppm.

Processing and Characterization of Nanocomposite Thin Films. Nano-
composites were prepared by ball-milling PFBPA—BT in N,N-
dimethylformamide for 2 days, then P(VDF-HFP) was added and
the mixture was further ball-milled for 12 days. Thin films of the
nanocomposite were fabricated by spin-coating the dispersions
on an aluminum-coated glass substrate as the base electrode.
The aluminum surface was pretreated by using a cold plasma
treatment with 3 SCFH (standard cubic feet per hour; 1 cubic foot
~ 28.3 L) air at 750 W for 10 min. The films were soft baked on
a hot plate (70—80 °C) for a few minutes then slowly cooled to
room temperature. The films were subsequently dried in vacuo at
120 °C for an overnight period then slowly cooled to room tem-
perature. The thickness of the films after drying was measured by
using a contact profilometer (Dektac 6M, Veeco). The film mor-
phology was imaged by using a field-emission scanning electron
microscope (Zeiss Ultra60, WD = 4 mm, 5 kV) after gold sputter-
coating. The cross-sectional images of the films were prepared
by fracturing liquid-nitrogen cooled films.

Device Fabrication and Characterization. Parallel-plate capacitors
were fabricated by depositing an array of circular (0.25 and 1.0
mm?) top Al electrodes (500 nm thick) on the dielectric nano-
composite thin films through a shadow mask by using a ther-
mal evaporator (model PVD75, Kurt J. Lesker) at 3 A/s deposi-
tion rate. Frequency-dependent capacitance and loss tangent
(dissipation factor) were measured by using an Agilent 4284A
LCR meter from 20 Hz to 1 MHz at 1 V,,,s with a parallel equiva-
lent circuit. Dielectric breakdown strength was measured using a
Keithley 248 high-voltage supply by sweeping the applied volt-
age from 50 Vpc at approximately 10 V/sec until the point of cata-
strophic device failure, as evidenced by spurious current changes
and pitting of the top electrode.

Energy Density Measurement by Charge —Discharge. A
charge—discharge circuit was used to measure the energy
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ranging applications that take advantage of the en-
ergy storage potential and processability of metal
oxide—polymer nanocomposites.

storage in dielectric samples. A schematic of the measure-
ment setup is provided in Supporting Information. The
sample (DUT) was first charged to the desired voltage using
a high voltage power supply (Trek model 610D) through a
high voltage relay (Kilovac KC-16). Immediately after charg-
ing, the relay was switched to connect the sample to a pair of
current-monitoring resistors (R1 => R2). The voltage drop
V(t) across R2 was measured on an oscilloscope. An opera-
tional amplifier circuit (unity gain) with >1 T€) input imped-
ance was used to prevent current leakage through oscillo-
scope terminals. The total discharged energy was calculated
using the following equation: Energy = (R1 + R2)/

(R2?) [5V2(¢) dt. The discharge time was typically on the or-
der of milliseconds to tens of milliseconds, depending on the
sample characteristics (permittivity, thickness, etc.).
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