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Abstract: Nickel nanoparticles coated with few layers of carbon have been embedded into
the polydimethylsiloxane (PDMS) matrix in concentrations up to 11 vol %. Dielectric and
magnetic properties of composite materials have been studied in wide frequency (20 Hz–1 MHz)
and temperature (130–430 K) ranges. It was demonstrated that the temperature behavior of
dielectric properties is determined by glass transitions in the PDSM matrix below 200 K and the
Maxwell–Wagner relaxation above room temperature. The possibility of using fabricated composites
on the basis of the PDMS matrix for producing a wide range of passive electromagnetic components,
such as frequency-selective filters, wide-band detectors/sensors of a bolometric type, and even
electromagnetic “black holes” is also discussed.

Keywords: composite materials; dielectric properties; magnetic properties; glass transition;
superparamagnetic particles

1. Introduction

Recently composites based on polymer matrices with the inclusion of magnetic nano-sized
particles has become a point of interest of many research groups. Interest is mainly focused on
elastomagnetic effects [1] and the wide prospects of applications as actuators, sensors [2–5], and
shape-memory materials [6,7]. These materials also demonstrate prospects for biomedicine [8,9],
recording media, and high-frequency applications [10–12].

Being ferromagnetic or superparamagnetic Ni nanosized particles are very promising materials
for electromagnetic absorbing devices. The attenuation of such type of composites may reach up
to 50 dB [13]. It was recently demonstrated that absorption properties depend on nanoparticle
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fractions [12], the average size of nanoparticles [11], and the influence of graphite shell on a particle’s
surface [14]. However, the thermal behavior of broadband dielectric and magnetic properties has not
been studied yet.

Polydimethylsiloxane (PDMS) is a well known polymer for bioapplications [15] and
3D-printing [16]. The glass transition in PDMS occurs below room temperature [17], so in normal
conditions it is the soft material. One of the main applications of PDMS is the production of stamps
and molds for soft lithography [18–20]. For the purposes of soft lithography, the controllable glass
transition (Tg) temperature is important because of the difference in properties below and above Tg [21].
It is also important to produce composite materials based on PDMS matrices with variable properties
of PDMS, such as stiffness and hydrophobicity [22], conductivity [23,24], and thermal, mechanical [25],
and magnetic properties [26]. Due to the appearance of magnetic properties Ni@C/PDMS composites
might be used for effective absorption of electromagnetic waves in a wide spectral range, achieving
better impedance matching when organizing them into regular structures by, e.g., 3D printing.
Combining two strategies, (i) the addition of Ni@C to PDMS and (ii) the 3D printing of different
mashes with particular geometries using magnetic PDMS, it will be possible to develop a wide range of
passive electromagnetic components, such as frequency-selective filters, wide-band detectors/sensors
of a bolometric type, and even electromagnetic perfect absorbers [27–29] (so-called “black holes” or
wave concentrators).

In this paper, we study the dielectric and magnetic properties of composite materials based on a
PDMS matrix with different concentrations of nanosized Ni@C core–shell particles in wide temperature
and frequency ranges.

2. Methodology

Ni nanoparticles covered with carbon Ni@C were produced by evaporation of an overheated
(2000 ◦C) liquid drop of Ni in the flow of inert gas (Ar) containing a hydrocarbon (butane). Two types
of acid treatments (with HCl or HF) were used to remove metal oxide from the nanocomposites.
As a result, a carbon encapsulated core–shell structure was produced. Carbon layers are ordered and
arranged well and closely compacted to form the quasi onion nanostructure and surround the nickel
nanoparticles. The size of Ni nanoparticles ranges from 2 to 10 nm. The nanocapsules contain a metal
particle encapsulated in the cavity, and the outer shell is composed of several carbon layers of a few
nanometers in thickness [30–32].

The polydimethylsiloxane (PDMS), Sylgard, was purchased from Dow-Corning (Midland, MI,
USA) as a two-part material. Ni@C nanoparticles were dispersed in isopropanol (IPA) and sonicated
to break up the agglomerates. After obtaining the homogeneous dispersion, the uncured PDMS was
added to the mixture. Next, the system was placed into a vacuum to remove isopropanol from the
mixture. Curing of the PDMS–nanoparticle mixture at 60 ◦C for 2 h and 40 ◦C overnight resulted in
films with good nanoparticle dispersion (see Figure 1) [33]. Samples with 1, 5, 7, 9, and 11 vol % of
Ni@C dispersed in PDMS were prepared.

The complex dielectric permittivity was measured using the HP4284A LCR meter in the frequency
range 20 Hz–1 MHz. For temperature measurements (130–430 K), the homemade heater and the
cooling system based on liquid nitrogen were used. Samples with a typical 4 mm2 cross section and
a 0.5 mm thickness were studied. The silver paint was used for contacts. Magnetic properties were
studied with a Liquid Helium Free High Field Measurement System (Cryogenic Ltd., London, UK).
The system includes a closed-cycle cryostat. Samples of a typical mass of 500 mg were studied at a
temperature range of 20–300 K, and field properties were measured with magnetic fields of −5–5 T.
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Figure 1. Scanning electron microscopy of composite material with 3 vol % of Ni@C.

3. Experimental Results

3.1. Dielectric Properties

The frequency dependencies of real and imaginary parts of dielectric permittivity of Ni@C/PDMS
composite materials at room temperature are presented in Figure 2a.
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Figure 2. (a) Frequency dependence of the permittivity of Ni@C/PDMS composite with different
amounts of embedded Ni@C particles, (b) dependence of the permittivity on Ni@C fraction at 4 kHz
frequency(symbols), fit with Maxwell Garnett equation (lines).

Loading the samples with Ni@C particles leads to the increase of both real and imaginary parts of
permittivity. The concentration dependence of permittivity at a fixed frequency (it was taken as 4 kHz,
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see Figure 2b, symbols) is almost linear. This type of behavior is governed by the Maxwell Garnett
equation [34]:

ε∗ = ε∗h
1 + 2/3α f
1− 1/3α f

(1)

where ε∗h is the complex permittivity of the matrix host, α is the polarizability of inclusions, and f is the
volume fraction of inclusions. The theoretical prediction of the percolation concentration for spherical
particles using the shape functionals method predicts its value as 28.54 vol % [35], and the Monte Carlo
method predicts value as 31.2 vol % [36], so studied concentration values can be considered as small,
and Equation (1) may be simplified to linear [37]: ε ∼ f (Figure 2b), lines).

Temperature dependences of the dielectric permittivity of composite materials at a fixed frequency
of 24 kHz are presented in Figure 3.
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Figure 3. Temperature dependences of the dielectric permittivity of the composite materials at 24 kHz
with different amount of Ni@C.

The anomalous behavior of the permittivity of the pure PDMS matrix was observed close to
160 K. This behavior is related to the dynamic glass transition of PDMS [38]. The presence of Ni@C
nanoparticles significantly changes the temperature behavior of the permittivity. Firstly, the peak at low
temperatures becomes broader, and the temperature correspondent to the maximum of the dielectric
loss shifts. A second peak of the imaginary part of the dielectric permittivity appears near 375 K.
The position of both peaks of dielectric losses was found to be frequency-dependent (see Figure 4a).

Let us consider the anomalies of the imaginary part of the permittivity occurring at low
temperatures. It can be seen that, with the frequency increase, the maximum shifts to higher
temperatures and becomes smaller. The temperatures of dielectric losses maximum at different
frequencies for all studied samples was tracked and collected and are shown in Figure 4b.

This dependence follows the Vogel–Fulcher law [39]:

ν = ν0exp
−EVF

kb(Tmax − Tre f )
(2)

where Tre f is the static glass transition temperature or the Vogel temperature, Tmax is the temperature
corresponding to the maximum of the dielectric losses (known as the dynamic glass transition
temperature), kb is the Boltzmann constant, and EVF is the activation energy. As shown in Equation (2),
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there is a divergence of ν when Tmax approaches Tre f , and this indicates that the thermally activated
process slows down with decreasing temperature and vanishes at T = Tre f , but not at T = 0 K as
prescribed by the Arrhenius law. Therefore, Tre f can be considered critical for describing the transition
in such a system [40]. The parameters of best fits of experimental data are shown in Table 1. As we can
see, the glass transition temperature increases with the concentration of nanofiller.
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Figure 4. Typical temperature dependence of dielectric losses at different frequencies—here, 5 vol %
Ni@C/PDMS (a). Measured frequencies versus Tmax for composites with different concentrations of
Ni@C at lower temperatures (b).

Table 1. Glass transition temperature, Vogel–Fulcher, and activation energies of Ni@C/PDMS composites.

Ni@C vol % Tre f , K EV F /kb , K ν0, kHz Ea/kb, K

11 154.9 71.1 484.4 20,206
9 152.3 69.7 172.1 18,423
7 142.8 144.6 1870.01 16,926
5 142.4 238.2 13,224.7 18,199
3 136.3 139.5 857.8 17,960
1 130.1 298.0 8763.9 -

Frequency spectra of real and imaginary parts of dielectric permittivity at different temperatures
were also studied. It was found that the sample with 11 vol % demonstrates relaxation behavior.
In particular, a maximum of dielectric losses was observed in dielectric spectra. However, the strength
of the relaxation is quite small (see Figure 5a, symbols). Frequency spectra of ε” may be described with
the Cole–Cole equation (Figure 5a, solid line curves):

ε∗(ν) = ε∞ +
∆ε

1 + (i2πντ)1−α
. (3)

The relaxation strength ∆ε and the parameter α demonstrate the weak dependence on temperature,
while the relaxation time has a more complicated temperature dependency. As obtained, the relaxation
time was recalculated to the relaxation frequency as 1/τ. The temperature dependence of the relaxation
frequency is presented in Figure 5. Two different regions can be clearly seen. The first region is above
150 K, where the relaxation time increases with cooling. The relaxation frequency demonstrates the
Arrhenius behavior. In the second temperature region, below 150 K, the relaxation time becomes
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temperature-independent. We may conclude that these two regions correspond to amorphous and
crystalline phases. This is in good agreement with data shown in Table 1.
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Figure 5. Frequency spectra of composite with 11 vol % of Ni@C (a). Temperature dependence of
relaxation time for composites with 11 vol % of Ni@C (b).

Composites with the lower concentration of Ni@C should also demonstrate the relaxation peak in
ε"(ν) spectra, but the dielectric dispersion in composites is much broader and weaker, so it is practically
impossible to identify the peak in the dielectric spectra of composites.

The glass transition in polymers is strongly related to the mobility of polymer molecules [41].
As temperature decreases, mobility reduces. However, the addition of nanoparticles with high specific
surface area may also impact the mobility. There are several possibilities. In a case where polymer
chains interact with particles, mobility is reduced, and the glass temperature increases [42,43]. On the
other hand, if the interaction of nanoparticles and polymer chains is weak, the density of the polymer
decrease, and, as a result, Tg decreases [44,45]. We can assume that, being introduced into the PDMS
matrix, Ni@C interact with polymer .The glass transition occurs at higher temperatures. In this case,
Ni@C 108 can play the role of crystallization nuclei, similarly to other nanoparticles [46].

As mentioned above, the second anomalous behavior of dielectric losses is observed at higher
temperatures (Figure 4). In contrast to the glass transition maxima, this peak was not observed
for the pure PDMS matrix. Thus, we may assume that this maximum is related to interfacial
Maxwell–Wagner relaxation.

At higher temperatures, the maximum of dielectric losses was also found to be frequency-dependent.
Applying the same protocol described above, we have accurately tracked the frequency dependence of
temperature where the maximum of dielectric losses occurs. The dependence of the maximum position
may be well described by Arrhenius law. Activation energies Ea are shown in Table 1. Except for
samples with 7 vol % Ni@C, activation energies increase with concentration.

We can conclude that the addition of the Ni@C nanoparticles strongly influences the properties of
the composites. Firstly, by means of Ni@C concentration, we can monotonously change the Tg of the
composites. This may happen because the nanoparticles are bonded with polymer chains. At higher
temperatures, the Maxwell–Wagner relaxation may occur due to the polarization on the interface of
conductive particles and the non-conductive polymer matrix.



Coatings 2018, 8, 165 7 of 11

3.2. Magnetic Properties

The field M(B) dependencies for the samples with different concentrations of Ni@C inclusions
at 300 K are presented in Figure 6 (symbols). The curves are slightly shifted from the zero point and
demonstrate negligibly small remanent magnetizations of 0.009 and 0.015 emu/g and coercive forces
of 0.0094 and 0.00916 T for 7 and 11 vol %, correspondingly . The composite with 7 vol % Ni@C achieve
the saturation of magnetization at external fields of 0.813 T, while the sample with 11 vol % does not
demonstrate any saturation even at very high fields. The weak diamagnetic effect of the 7 vol % Ni@C
composite at high fields (see Figure 6, inset) is related to the diamagnetic properties of the polymer [47].
The dependence of magnetization is governed by Langevin’s law (Figure 6 (solid lines)):

M = Ms(coth(
µH
kBT

)− kBT
µH

). (4)
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Figure 6. Field dependence of the magnetization of samples with different concentrations of
Ni@C at 300 K (a). Diamagnetic effect of the sample with 7 vol % of Ni@C at high magnetic fields (b).
Inset: the field dependence around zero-point

The field dependence is typical for composites with superparamagnetic particles [48–50].
The temperature dependences of magnetization were measured in two modes: (i) the sample

was cooled under an external magnetic field with a small value of 17 mT, the field cooling (FC),
and (ii) the sample was previously cooled without an external field, a field of 17 mT was then
switched on, and the magnetization of sample was measured upon heating, the zero field curve (ZFC).
The results of measurements are presented as relative magnetizations as M(T)/M(20 K)|ZFC in Figure 7.
The absolute values of M(20 K)|ZFC are 1.75, 0.016, and 0.0017 emu/g for pure Ni@C powder and the
composites with 11 and 7 vol % of Ni@C, respectively. The wide maximum of magnetization of both
composite samples as well as the pure Ni@C powder was observed in ZFC mode. The temperatures
of the magnetization maxima are close to 120 K for all samples. Such behavior is an argument for
the superparamagnetic nature of the particles. The temperature of the magnetization maximum is
known as the blocking temperature (TB) [51]. Being single domain, the particle has the magnetization
vector in the external field along the easy axis of magnetization, and the random switching of the
magnetization vector directions is the thermally activated process. At particular temperatures (TB),
“freezing” occurs. The obtained value of TB is higher, which was reported for similar particles of
smaller size [51]. The difference may be related to a strong TB dependence on particle size [52] and its
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distribution. The broadness of the maximum that is evident from the distribution of Ni@C particle sizes
causes the distribution of energy barrier [53,54]. FC curves demonstrate the increase in magnetization
upon cooling. It is known that Ni particles with a 5 nm diameter demonstrate a phase transition to
ferromagnetic phases in the studied temperature range [48]. Liu et al. [49] reported a value of 100 K.
Near the phase transition temperature, the FC M(T) dependencies demonstrate slope changing [49].
We observed a similar behavior in studied samples at a temperature of 70 K; however, in contrast
to [49], we evaluated our measurements at low field, significantly lower than the saturation field, so in
our case, this change in slope is substantially diffused.
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Figure 7. FC (a) and ZFC (b) dependencies of the relative magnetization as M(T)/M(T = 20 K)|ZFC for
Ni@C powder and for composite samples with different concentrations of Ni@C measured at 117 mT.

We can conclude that Ni@C particles demonstrate superparamagnetic properties at room
temperature, which is confirmed by the behavior of the ZFC and FC curves.

4. Discussion and Conclusions

Dielectric properties of composites with core–shell Ni@C nanoparticles embedded in a
poly(dimethylsiloxane) matrix were studied in wide frequency (20 Hz–1 MHz) and temperature
(130–430 K) ranges. The permittivity linearly increased from 3.74–0.034i up to 6.71–0.59i for the pure
PDMS and the sample with 11 vol % Ni@C at 4 kHz at room temperature. However, the temperature
behavior of the dielectric properties of the composites changed significantly as the Ni@C fraction
changed. An anomaly of the dielectric properties of both the PDMS and the composite samples, related
to the glass transition of the PDMS, was observed near 160 K. Glass transition temperature increased
monotonously with Ni@C concentrations from 130 to 154 K. The dielectric anomaly for composites
with Ni@C close to 375 K is related to Maxwell–Wagner relaxation. Dielectric properties were governed
by α-relaxation of the polymer at lower temperatures and the Maxwell–Wagner relaxation in the
high-temperature region. These magnetic investigations demonstrate the superparamagnetic nature
of Ni@C particles. The blocking temperature was 120 K for all studied samples. Due to the magnetic
properties at certain applied magnetic fields (see Figure 6), impedance matching may be easier
when organizing them into regular structures of particular geometries [27–29] by, e.g., 3D printing,
which allows for the development of a wide range of passive electromagnetic components, such as
frequency-selective filters, wide-band detectorssensors of a bolometric type, and even electromagnetic
perfect absorbers (so-called “black holes” or wave concentrators).
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