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P
olymer materials with high dielectric
constant are highly desirable for ap-
plications such as capacitors,1 piezo-

and pyroelectric sensors,2 and field-activated
actuators.3,4 Increasing the permittivity of
such materials will enhance their function-
ality in cases where other required proper-
ties, such as mechanical stiffness and elec-
trical breakdown strength, remain mostly
unaffected. As reported previously, polymer
composites based on conducting particles
can show large percolation-related en-
hancements of the permittivity.5-8 How-
ever, an accompanying increase in low-
frequency conductivity and the reduction
in breakdown strength of suchmaterials are
frequently observed detrimental effects.9

In the present paper, a new strategy for
permittivity enhancement employing con-
ducting particles dispersed inside silica filler
particles is evaluated, in which the permit-
tivity enhancements are obtained at very
low volume fractions of the conducting
filler. The essence of the strategy is a non-
random spatial immobilization of the con-
ducting particles within the filler material,
such that the conducting nanoparticles pos-
sess a narrow distribution in separation
distance. This is achieved by synthesizing
the conducting metallic Cu nanoparticles
(φ = 5 ( 1 nm) in nonconductive mesopor-
ous silica microspheres (φ = 700 ( 100 nm)
employed as the scaffold. Silica micro-
spheres with and without Cu nanoparticles
were mixed into a soft thermoplastic elas-
tomer matrix (SEBS rubber) to produce
polymer composites, on which dielectric

relaxation spectra were recorded. The pre-
sence of Cu nanoparticles was found to
result in permittivity enhancement in the
entire observable frequency spectrum, with-
out the introduction of loss mechanisms
associated with the Cu nanoparticles. This
is found by comparing with the Bruggeman
dielectric mixing model,10 which fits well
with expectations for the matrix with silica
filler but fails to predict the dielectric con-
stant when the Cu nanoparticles are added.
The synthesis route for the Cu-loaded

silica microspheres is described shortly in
the following (see Supporting Information
(SI) for a detailed description of all individual
steps and analysis). The silica microspheres,
which function as a scaffold for the Cu nano-
particles,weresynthesizedbyco-condensation
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ABSTRACT A new strategy for the synthesis of high permittivity polymer composites is

demonstrated based on well-defined spatial distribution of ultralow amounts of conductive

nanoparticles. The spatial distribution was realized by immobilizing Cu nanoparticles within the

pore system of silica microspheres, preventing direct contact between individual Cu particles. Both

Cu-loaded and unloaded silica microspheres were then used as fillers in polymer composites

prepared with thermoplastic SEBS rubber as the matrix. With a metallic Cu content of about

0.26 vol % in the composite, a relative increase of 94% in real permittivity was obtained. No

Cu-induced relaxations were observed in the dielectric spectrum within the studied frequency range

of 0.1 Hz to 1 MHz. When related to the amount of conductive nanoparticles, the obtained

composites achieve the highest broad-spectrum enhancement of permittivity ever reported for a

polymer-based composite.

KEYWORDS: nanocomposite . broad-spectrum permittivity enhancement . metal
nanoparticles . uniform spatial arrangement
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of two silane precursors (tetramethylorthosilane
“TMOS”, mercaptopropyltrimethoxysilane “MPTMS”) in
a basic water-methanol mixture, with a common
surfactant (hexadecyltrimethylammoniumchloride
“CTMACl”) employed as a structure directing agent.11

Acid extraction of the template from the as-prepared
material yields spherical silica particles (microspheres)
with narrow size distribution (700 ( 100 nm) being
completely mesoporous (pore diameter ca. 2.4 nm).
Due to the co-condensation of MPTMS with TMOS,
both inner and outer surfaces of the silicamicrospheres
contained thiol groups stemming from MPTMS. The
thiol groups facilitate the subsequent adsorption of Cu
ions from aqueous solutions of either copper acetate
(Cu(CH3COO)2) or copper nitrate (Cu(NO3)2).

12,13 Sub-
sequent thermal treatment of the Cu-ion infused mi-
crospheres, first in air at 450 �C (calcination), then in
diluted hydrogen gas flow (H2/Ar, 5:95) at 230 �C
(reduction) induces the conversion of the adsorbed
Cu ions into metallic Cu and its coalescence into Cu
nanoparticles (as confirmed via a separate study using
XRD and XPS analysis; see SI).
Figure 1 shows transmission and scanning electron

microscope (SEM and TEM) images of silica micro-
spheres loaded with Cu nanoparticles after calcination
and reduction. The silica microspheres after Cu loading
are shown in Figure 1a, in which the spheres can be
clearly seen, while the Cu nanoparticles are not visible.
The presence of Cu nanoparticles with a size of about
5 ( 1 nm in the microspheres is evident from the TEM
images in Figure 1b,c. The images show that no Cu
nanoparticles are located on the outer surface of the
microspheres. Within the microspheres, the Cu nano-
particles are all spatially separated. Moreover, these
images suggest that the spatial arrangement of im-
mobilized Cu nanoparticles is nonrandom, which is
due probably to the homogeneous dispersion of Cu
ions after adsorption as well as a limited range of Cu-
ion diffusion during the subsequent thermal treat-
ment, so that Cu nanoparticles form only locally via

surface diffusion and sintering. A homogeneous dis-
tribution of adsorbed Cu ions is explained by binding
to the uniformly present SH groups on the surface of

MPTMS-derived silica microspheres after template re-
moval via acid extraction. The SEM image (a) confirms
the narrow size distribution (ca. 700 nm diameter) of
the silica microspheres as well as the absence of large
Cu particles on the outer silica surface.
A number of subsequent analyses were made, in-

cluding BET, ICP-OES, XPS, and XRD as described in the
SI. The density of the pure silica microspheres was
estimated from BET data, whereas the total amount of
copper in the Cu-loaded silica microspheres was de-
termined with ICP-OES.
As suggested by XPS analysis, a fraction of the Cu is

present in the form of CuO and CuSO4. However,
relative permittivities of both CuO andCuSO4 aremuch
lower thanmetallic Cu (which canbe taken as infinite in
comparison). The relative permittivity of CuO at room
temperature was reported as 3-4, increasing to values
of not more than 10 in the region below 100 �C.14 For
CuSO4, a value between 7.4 and 10 was reported,
where the higher value corresponds to the presence
of water.15 Since the amounts of CuO (0.075 at %) and
CuSO4 (0.071 at %) are both lower than that of metallic
Cu (0.195 at %), and also their relative permittivities are
low, no significant impact on composite permittivity is
expected. Using these data and the data presented in
SI, the volume fraction of metallic Cu particles in the
silica microspheres is calculated as 0.46 vol %.
Composites of thermoplastic SEBS rubber (polysty-

rene ethylene butadiene styrene with polyolefinic oil,
εr = 2.3; see SI) with unloaded and Cu-loaded silica
microspheres as fillers were prepared for electrical
breakdown measurements (described in SI) and di-
electric relaxation spectroscopy, with the compositions
given in Table 1. For sample preparation, the elastomer
was dissolved in toluene andmixedwith the respective
filler to achieve a filler fraction of 55, such that for
sample C the content of metallic Cu in the composite
volume amounted to 0.26 vol % (see also SI).
Dielectric relaxation spectroscopy (DRS) was per-

formed on samples A (SEBS), B (SEBS with unloaded
SiO2), and C (SEBS with Cu-loaded SiO2) at different
temperatures (see Figure 2), with temperatures from
233 to 393 K in steps of 10 K, in the frequency range

Figure 1. Images of Cu-loaded silica microspheres (P1, low Cu loading) after oxidation-reduction cycle recorded by (a) SEM
and (b,c) TEM. The SEM image (a) confirms that no nanoparticles are found on the outer surface of the silicamicrospheres (see
also Supporting Information). The TEM image (b) and furthermagnified TEM image (c) show the Cu-containing nanoparticles
(Cu, CuO, CuSO4) distributed in the mesoporous silica matrix.
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from 0.1 Hz to 1 MHz, with repeatable results. Shown
are the values of the real (top row) and imaginary
(bottom row) components of the complex relative
permittivity, ε~ = ε0 - iε0 0.
It was found that composite samples were highly

sensitive to the influence of air humidity. An experi-
ment was made in which a sample of composition B
(SEBS-SiO2) was exposed to ambient conditions with a
temperature of 22 �C and an average air humidity of
70% for 10 days prior to DRS, whereas another sample
was dried in an exsiccator at 50 �C for 5 days. Compar-
ing DRS of dried and nondried SEBS-SiO2 (see SI)
reveals an enormous difference in the permittivity
spectra, that is, a large relaxation peak appearing in
the spectra for the nondried sample. To exclude hu-
midity-related effects, all samples were dried several
days in an exsiccator at 50 �C prior to DRS analysis,
giving rise to the spectra shown in Figure 2.

RESULTS

In Figure 2, all three real spectra (a, c, e) are char-
acterized by a large flat plateau. Only in the region of
particularly low frequencies and high temperatures is a

deviation found, which can be reconciled with the
universal behavior common for electrically insulating
polymers.16 The imaginary response shows no relaxa-
tion peaks and was found to increase with decreasing
frequency and increasing temperature for all samples
(Figure 2b,d,f), which is also typical for insulating
polymers.17 Interestingly, a large global increase in
the plateau value of the real permittivity is found, both
whengoing from sample A to B andwhengoing fromB
to C, the physical background of which will be dis-
cussed in detail further below.
Electrical breakdown experiments (see SI) were car-

ried out on samples A, B, and C. The results indicate that
the breakdown field of pure SEBS drops when adding
the unloaded silica microspheres, from approximately
90.1 ( 14.8 to 27.0 ( 7.9 V/μm, which is almost
identical to the value for pure silica. The breakdown
field when using copper-loaded silica microspheres is
approximately 22.8 ( 6.9 V/μm, within experimental
error the same value as for unloadedmicrospheres. It is
therefore concluded that the presence of copper
nanoparticles does not influence the breakdown prop-
erties of the composite. Since percolation leads to
strong reductions in electrical breakdown strength
already at very low loading,9 it can be inferred that
percolation effects are not present in this composite. In
other words, the electrical breakdown measurements
strongly indicate that copper nanoparticles are well-
separated from each other, with almost uniform se-
paration between nearest neighbor particles.
An investigation of the ac conductivity, σ0(ω) =

ωε0ε0 0(ω), shows whether samples are inherently con-
ducting or insulating. A model by Dyre and Schrøder18

for ac conductivity due to transport in a disordered

Figure 2. Dielectric relaxation spectra with temperature variation of samples A (SEBS), B (SEBS-SiO2), and C (SEBS-SiO2-Cu)
(from left to right), showing increases in both real (top row) and imaginary parts (bottom row) of the permittivity fromA to B to
C. The increases are seen to be global, raising the real permittivity by the same amount throughout the entire frequency and
temperature range, with no relaxation peaks in the imaginary part.

TABLE 1. Composition of Samples for Dielectric

Spectroscopy

sample description

mesoporous

SiO2, vol %

metallic

Cu, vol %

A (SEBS) pure SEBS 0 0
B (SEBS-SiO2) SEBS and silica

microspheres
55 0

C (SEBS-SiO2-Cu) SEBS and Cu-
loaded silica microspheres

55 0.26
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solid finds a universal frequency dispersion behavior,
written as

σ0(ω) ¼ σDC
ω

ωc

� �n

, for ω.ωc (1)

Themodel is validwhen themeasurement frequency is
near the critical frequency, ωc, where conductivity
processes switch from purely charge carrier mediated
to capacitive switching.18 For a regular conductor,
n = 0, a perfect insulator has n = 1, while a disordered
solid has 0.6 < n < 1.0.
The model (eq 1) was fitted to the conductivity

spectra of samples A (SEBS) and C (SEBS-SiO2-Cu)
(Figure 3), in both cases returning n = 0.63 correspond-
ing with a disordered solid18 (the experimental curve
deviates from the theoretical expression above 1 kHz
for sample A due to limitations in the measurement
equipment, effects of which can also be seen in the
imaginary permittivity of A in the upper frequency
range, Figure 2). The fit also returns the upper esti-
mates for σDC, corresponding in both cases to well-
insulating polymers. Since n is equal for A and C, the
mechanism of conductivity is similar, in both cases
governed by disordered transport. For A, the disorder is
given by the domain structure in the physically cross-
linked thermoplastic elastomer,19 while the upward
shift in dc conductivity is explained by the presence of
the silica material which leads to further disordered
transport mechanisms. Finally, since n = 0.63 is far
above 0, it can be concluded that the metallic Cu
nanoparticles do not contribute significantly to con-
ductivity and are therefore not in direct electrical
contact throughout the bulk composite.
The changes in real permittivity from A to B to C are

highlighted in Figure 4, showing room temperature
spectra for all three samples. As mentioned above, a
strong dispersion is found at frequencies below 100Hz,
a universal behavior typical for polymers.17,19 Hence,
we can conclude that the dispersions are due to
processes arising within the polymer, whereas the
global upward shift in real permittivity is due to an
increase in the background permittivity, caused by
high-frequency responses of the filler particles. At
1 kHz, the value of real permittivity increases from

pure polymer (εA = 2.3) over polymer with 55 vol %
pure silica (εB = 3.3) to polymer with 55 vol % silica with
Cu nanoparticles (εC = 6.4).
A number of mixing models4,20 can predict the

permittivity of composites, based on the amounts of
matrix and filler as well as their respective permittiv-
ities. The commonly used Bruggeman model10 makes
good predictions4

1- v ¼ ε2 - εc
ε2 - ε1

ε1
εc

� �1=3

(2)

where v is the volume fraction of the filler and ε2, ε1,
and εc are the permittivities of the filler, thematrix, and
the composite, respectively. Infinite filler permittivity
can be assumed for electrically conductive particles.
The relative increase in permittivity due to addition

of pure silica can be reconciled with the Bruggeman
prediction (eq 2), from which a value for the filler
permittivity of 4.3 is calculated. This value compares
well with that of pure glass, which has a real permittiv-
ity of 3.8-9.0 (depending upon composition15); in this
case, 1 SH bond is present for every 6 Si atoms. Since
the dipole moment of this bond is relatively low, this
could possibly explain the slight elevation of the filler
permittivity.
The value of the real permittivity for the SEBS-SiO2-

Cu composite of 6.4 cannot be reconciled with the
Bruggeman model, as will be shown now. The content
of metallic Cu in the filler particles amounts to 0.46 vol
%, corresponding to 0.26 vol % in the composite. Using
the Bruggeman equation, assuming infinite permittiv-
ity for the metallic particles, the predicted composite
permittivity would be 3.34, which is far below the
observed 6.4. Also, the Bruggeman equation implies
a permittivity of 13.5 of the Cu-loaded silica micro-
spheres, which again according to the Bruggeman
equation would require 32 vol % of metallic Cu, which
is clearly not the case. In conclusion, the presence of
metallic Cu nanoparticles in ultralow amounts leads to
a very high increase in permittivity, far above what is
expected from classical mixing models.
As has been just demonstrated, the impact of the

metal nanoparticles on broadband real permittivity is
high compared to the volume fraction present. A figure

Figure 3. Conductivity of samples A (SEBS) (black) and C
(SEBS-SiO2-Cu) (red), which are found to have the same
slopen=0.63 in the log-log representation, corresponding
in both cases to transport in a disordered solid and not to
bulk metallic transport.

Figure 4. Permittivity spectra of samples A (black), B (blue),
and C (red). The increase in the plateau permittivity from A
to B can be reconciled with the Bruggeman equation, while
from B to C, the increase is far larger than predicted.
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of merit (FOM) can be defined, which describes the
relative enhancement of permittivity with respect to
the volume fraction of conducting particles v

FOM ¼
εc - ε1
ε1

� �

v
(3)

FOMs are listed in Table 2. For comparison, data have
been extracted from literature.6,9,21-23 For a proper
comparison, the permittivity values at the lowest filler
concentrations were chosen, and FOMs were calcu-
lated for both 1 kHz and 1 MHz to accommodate for
low-frequency dispersion (Table 2). In all cases quoted,
higher FOMs are found at higher filler ratios; however,
here the focus is on comparing systems in which the
lowest amount of filler provides the highest possible
permittivity enhancement. Hence, the values quoted
pertain to composite systems which are far from the
percolation threshold, as is the case for the system
discussed here. As can be observed directly, the FOM
for this system is almost 1 order of magnitude higher
than the second highest listed.
We now discuss possible mechanisms behind the

observed permittivity increase. A first explanation is
suggested based on a volumetric effect, in which each
of the metal clusters contributes to the permittivity
through its higher dipole moment (as compared to
the matrix). The classical polarizability of a metal
sphere24,25 is R = 3V, where V is the volume of the
particle, hence, permittivity scales with the volume of
the particle. In our case, if the same amount of Cu is
present as one large particle, or as many small nano-
particles, this will not change the permittivity of the
whole. Further, since the total amount of metallic Cu
material in the composite comprises only 0.26 vol %,
the overall effect on the composite permittivity due to
the classical dipole moment of themetal nanoparticles
can be neglected.
As mentioned above, the apparent permittivity of

the Cu-loaded silicamicrospheres was εr = 13.5, a value
much higher than predicted by the Bruggeman theory;
hence other mechanisms must be invoked. Classical
percolation theory for randomly oriented, spherical
conducting particles suggests a 3D percolation threshold

of ≈15 vol %.26 As seen from the TEM analysis
(Figure 1), the Cu nanoparticles are close to spherical,
yet their amount is just 0.46 vol %, and they are not
randomly distributed; hence classical percolation can-
not explain the increase in permittivity. Also, the elec-
trical breakdown experiments did not show a signifi-
cant drop in electrical breakdown field (see SI), which is
otherwise taken as a strong indication of percolation.9

In summary, both TEM and electrical breakdown mea-
surements strongly indicate the absence of percolation.
The average distance between the equally spaced

metallic particles can be estimated based on their size
and concentration, suggesting an average particle-
particle separation of≈55 nm. This separation is some-
what too high to permit the occurrence of tunneling
effects; however, if there are local fluctuations in size
and interparticle separation, percolation-type en-
hancement might still be a possible explanation. An-
other tunneling-based explanation could be the
Gor'kov-Eliashberg (GE) effect,27 relying on conduct-
ing nanosized domains in a chain-like arrangement,
separated by insulating barriers, which could lead to
very high permittivity along the chain. However, as
mentioned by Halperin,25 the existence of the effect
remains dubious. As a final suggestion, the effects of
surface plasmon resonances (SPR) might be invoked as
being responsible for the permittivity enhancement.25

SPR was, for instance, observed using UV-vis spec-
troscopy in gold nanoparticles with a size distribution
of 3.5 ( 0.6, embedded in a polystyrene matrix.28

Hence, SPR would lead to relaxation at frequencies
much higher than those observable using DRS, with a
corresponding increase in real permittivity. We ob-
served such an effect experimentally applying DRS to
the composite (C) SEBS-SiO2-Cu.
An interesting feature of the permittivity enhance-

ment is the fact that it appears globally in the entire
frequency range, leading to an upward shift in permit-
tivity for all temperatures and frequencies. In a general
dielectric relaxation process, the real and imaginary
(loss) parts of the permittivity are linked by the
Kramers-Kronig relation,17 which states that the inte-
grated area under the loss curve equals the real
permittivity, as schematically illustrated in Figure 5.
As indicated in Figure 5, enhancement can lead to large
losses in the usage interval; hence it would be of large
practical importance to shift such losses to higher
frequencies. In the present case, no relaxation is found
in the spectra, apart from the unrelated low-frequency
dispersion discussed previously; hence the responsible
enhancement has a relaxation time much faster than
any time scale in the experiment, τ ≈ 1/fmax = 1 μs,
where fmax = 1 MHz is the highest measurement
frequency. The experimental observation made here
is consistent with the interpretation of SPR being
responsible for the observed enhancement of real

TABLE 2. FOM Calculated for Different Polymer/Conduc-

tive Filler Composites

matrix/filler v filler FOM @1 kHz FOM @1 MHz

PVDF/Ni6,a 0.05 10.3 47.6
VMQ/CB21,b 0.005 50.1 58.0
PBT/SWCNT22,c 0.01 0.8 8.7
SEBS/CB9,d 0.005 44.3 40
PE/Fe23,e 0.1 4.6 4.5
SEBS-SiO2-Cu 0.0026 344.8 344.5

a Poly(vinylidene difluoride)/Ni. b Vinyl silicone rubber/carbon black. c Poly(butylene
terephthalate)/single-wall carbon nanotubes. d Poly(styrene-co-ethylene-co-buty-
lene-co-styrene)/carbon black. e Polyethylene/Fe.
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permittivity (the SPR peak lies at≈600 nm,∼0.5 THz for
Cu nanoparticles29).
In conclusion, mesoporous silica microspheres were

synthesized and loaded with metallic Cu nanoparticles
of 5 ( 1 nm, placed with fairly uniform interparticle
distances. The Cu content in the silica microspheres
amounted to 0.46 and 0.26 vol % in an SEBS-SiO2-Cu
composite. Dielectric analysis of SEBS and SEBS-SiO2 as
well as SEBS-SiO2-Cu composites revealed an extre-
mely high impact of the Cu nanoparticles on permit-
tivity, that is, an improvement from the 3.3 of the silica-
filled composite to a value of 6.4 when immobilized Cu
nanoparticles are added. A figure of merit was estab-
lished, showing that the impact of the nanoparticles
was much larger than hitherto observed for similar
systems of conducting filler composites. The high
impact for such a low amount of material is difficult
to reconcile with common theories, such as the polar-
izability of metal spheres, the Bruggeman mixing rule,
or classical percolation theory. Remarkably, the per-
mittivity enhancement was found to be global, apply-
ing in the entire measurement range, a result which
could be of great importance for a number of applica-
tions. We propose that the effect is induced due to the
small size of the particles, as well as their uniform
spatial distribution in the mesoporous silica micro-
spheres. Hence, we propose that a mechanism based
on surface plasmon resonances at frequencies above
the DRS measurement range could provide an expla-
nation for the observed enhancement in permittivity.
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