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Abstract: Recently, hybrid fillers have been found to be more advantageous in energy-harvesting
composites. This study investigated the mechanical and electromechanical performances of silicone
rubber-based composites made from hybrid fillers containing conductive nanocarbon black (NCB) and
molybdenum disulfide (MoS;). A hybrid filler system containing only 3 phr (per hundred grams of
rubber) MoS, and 17 phr NCB provided higher fracture strain, better tensile strength, and excellent
toughness values compared to the 20 phr NCB-only-filled and 5 phr MoS,-only-filled rubber composites.
The chemical cross-link densities suggest that NCB promoted the formation of cross-links, whereas MoS;
slightly reduced the cross-link density. The higher mechanical properties in the hybrid filler systems
suggest that the filler particles were more uniformly distributed, which was confirmed by the scanning
electron microscope study. Uniformly distributed filler particles with moderate cross-link density in
hybrid filler systems greatly improved the fracture strain and fracture toughness. For example, the
hybrid filler with a 17:3 ratio of NCB to MoS, showed a 184% increment in fracture toughness, and
a 93% increment in fracture strain, compared to the 20 phr NCB-only-filled composite. Regarding
electromechanical sensing with 2 kPa of applied cyclic pressure, the hybrid filler (17:3 CB to MoS,)
performed significantly better (~100%) than the 20 phr NCB-only compound. This may have been due
to the excellent distribution of conducting NCB networks and piezoelectric MoS, that caused symmetric
charging—discharging in the toughened hybrid composite. Thus, hybrid composites with excellent
fatigue resistance can find dynamic applications, such as in blood pressure measurement.

Keywords: silicone rubber; nanocarbon black; molybdenum disulfide; nanocomposites; energy harvester

1. Introduction

Recently, silicone rubber has become increasingly popular in various electronic, medical,
and soft robotic applications, either directly or in combination with reinforcing fillers [1-6].
Silicone rubber is a highly dielectric material, and cannot transmit electricity. It exhibits a very
high actuation value in the presence of electrical fields, considering its application in the field
of soft robotics [7]. Inversely, it exhibits fluctuations in the electrical dipoles upon mechanical
deformation, and converts mechanical energy to electrical energy. These properties make it
valuable for applications in electromechanical pressure, strain, and other sensors [8,9].

To fabricate a soft and flexible electromechanical sensor, silicone rubber must be
compounded with a conducting filler. Among various nanofillers, carbon black (CB), nano
graphite (NG), and carbon nanotubes (CNTs) are the most suitable that can sufficiently
improve the mechanical and electrical properties of silicone rubber [6]. CB is of particular
interest because of its isotropic filler structure, excellent reinforcing properties, and good
electrical properties. Owing to their isotropic shape, the composites are very stable, with
fatigue in all directions; they are suitable for dynamic applications such as tires. Thus,
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electrodes made of CB in silicone rubber should maintain a uniform conductivity, which is
necessary for electromechanical sensing.

Recently, instead of using a single filler, a hybrid filler was used to make rubber
composites to reduce filler percolation and achieve synergistic mechanical and electrical
properties [10]. The hybridization of different-dimensional fillers in rubber could be useful
for improving filler dispersion, reducing filler percolation, and improving the stretchability
of hybrid filler networks. These advantages make hybrid-filler-based rubber composites
tougher than single-filler-based rubber composites. Furthermore, CB has recently been
hybridized with silica [11], nano clay [12], graphene [13], and carbon nanotubes [14,15] in
different polymers.

After the significant achievements of two-dimensional (2D) graphene in science and
technology, many other 2D nanomaterials, such as hexagonal boron nitride, graphitic
carbon nitride, and transition metal dichalcogenides (TMDs), have been investigated as
alternatives to graphene [16,17]. Among the different TMDs, MoS; has gained significant
interest because of its electronic properties that are complementary to those of graphene.
Unlike graphene, MoS; has an intrinsic bandgap that enables its use in semiconducting
electronic and optoelectronic applications [18,19]. Single-layered MoS; has an extraordinary
fracture strength of ~23 GPa and an elastic modulus of 300 GPa, which are similar to those
of chemically reduced graphene [20]. Moreover, MoS, is a piezoelectric material [21].
Therefore, MoS; can be used as a reinforcing filler. Different polymer composites [22-26],
including rubber composites [27-31], have been fabricated using modified and unmodified
MoS; particles for mechanical, microwave absorption, and tribology applications. Tang
etal. [31] hybridized CB and 2D-MoS, particles to reinforce natural rubber, and found about
a 50% enhancement in the tensile modulus from a single CB-loaded composite. Although
2D MoS; remarkably improves the properties of rubber composites, few studies have
investigated silicone rubber composites for improving its toughness and its applications in
electromechanical energy harvesting.

Reinforcing filler, with a high aspect ratio such as CNT, can simultaneously improve
the electrical and mechanical moduli, but can significantly reduce the fracture strain [32].
Hence, a low aspect ratio with an electrically conductive filler could be useful to make a soft
and stretchable energy harvester for low-energy sensing applications. This research aimed
to improve the mechanical properties, especially the fracture strain and fracture tough-
ness, of silicone rubber composites that can find suitable applications in energy harvesting
devices for low mechanical energy sensitivity. Nano carbon black (NCB) is a very useful
reinforcing filler for all types of rubber, owing to its considerable mechanical and electrical
properties. NCB provides good electrical conductivity at 15-20 phr of filler amounts in
silicone rubber [33]. In rubber-based flexible piezoresistive strain sensors, the sensitivity de-
pends highly on the gauge factor. At low deformation, the gauge factor is significantly low.
However, at higher deformation, the gauge factor could be enhanced, but the stability of
the piezoresistive strain sensor gradually decreases. Ding et al. prepared flexible electrodes
for energy harvesting devices, considering carbon black and polydimethylsiloxane rubber
have low energy loss and high durability [34]. Due to the isotropic structures of the filler
particles and good filler-polymer interactions, the fatigue life of the rubber composites may
be very high [35]. Although the mechanical modulus at this filler level was sufficient, the
fracture toughness could be improved by increasing the fracture strain value. Toughness
and stretchability are two important factors for most stretchable electronic applications.
Hence, the present study investigated the effects of two-dimensional MoS, particles on
NCB-reinforced room-temperature-vulcanized (RTV) silicone rubber composites, for tough
but stretchable energy harvesting applications. The mechanical properties and fatigue
under cyclic deformation were studied to determine the importance of hybrid-filler-based
rubber composites. The composites were tested as electrodes in a flexible-type capacitor
such as an energy harvesting device. Owing to the effects on the mechanical and piezo-
electric properties of different amounts of MoS,, the hybrid composites can be synergized.
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The synergistic effects were described, followed by filler distribution and filler—polymer
interactions in hybrid filler systems.

2. Materials and Methods
2.1. Materials

The silicone rubber was condensation-cured one-component room-temperature vul-
canized (RTV)-silicone rubber (SR, grade KE-441) purchased from Shin-Etsu Company,
Tokyo, Japan. The catalyst (CAT-RM) for room-temperature vulcanization was provided
by the same company. The RTV-thinner was purchased from Shin-Etsu Company, Tokyo,
Japan. Molybdenum disulfide (particle size < 2 um) was purchased from Sigma-Aldrich.
Nanocarbon black (NCB, Conductex SC Ultra grade, electrical conductivity = 2.55/cm [36])
was purchased from Saehan Silichem Corporation, Ltd., Seoul, Republic of Korea. All
materials were used as received.

2.2. Characterization of Fillers

Primary characterization of the fillers was performed using an X-ray diffractometer
(XpertPro-PANanalytical-Diffractometer) with an X-ray wavelength for CuK« (0.154 nm),
with scanning Bragg angles (20) from 10° to 80°. Field emission scanning electron mi-
croscopy (FE-SEM, 5-4800, Hitachi, Japan) was used to investigate the morphology of the
filler structures.

2.3. Preparation of Rubber Nanocomposites

The different amounts of materials used for fabricating the rubber nanocomposites are
provided in Table 1. The required amounts of filler(s) (in phr) were added to 100 g of RTV
silicone rubber and mechanically mixed using a stirrer for 10 min. After homogeneous
mixing, 2 phr vulcanizing initiator was added and thoroughly mixed for 1 min. The
compounded rubber was poured into a mold and maintained for 24 h under compressed
conditions. The vulcanisates were stored in a refrigerator to protect them from further
curing. Before measuring the chemical and mechanical properties, the samples were
removed and maintained for 24 h at room temperature (~25 °C).

Table 1. Formulation table of the silicone rubber-based composites.

Formulation RTV-SR (phr) NCB (phr) MoS; (phr) Vulcanizing Agent (phr)
SR-unfilled 100 - - 2
SR/20-NCB 100 20 - 2
SR/19-NCB/1-MoS; 100 19 1 2
SR/17-NCB/3-MoS; 100 17 3 2
SR/15-NCB/5-MoS; 100 15 5 2

SR/5-MoS, 100 - 5 2

2.4. Measurement of Cross-Link Density

The cross-link densities of the silicone rubber composites were measured using the
equilibrium swelling method [37] after 7 days of immersion in toluene.

V.= — [111 1-V,)+V, +XV3] JATATZYE

where V. is the cross-link density, V, is the volume fraction of rubber in the swollen
sample, x = 0.465 is the interaction parameter between toluene and silicone rubber [32],
and Vs = 106.2 is the molar volume of toluene. The V, values were calculated as follows:

Ve = (wr/dy)[(w,/dy) + (ws/ds)]

where w; is the weight of the rubber, d, is the density of the rubber, w; is the weight of the
swelled toluene, and d; is the density of toluene.
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2.5. Mechanical and Hysteresis Properties

The compressive and tensile mechanical properties were investigated using a universal
testing machine (UTM, LLOYD, United Kingdom) with a 1 kN load cell. Cylindrical
samples (h = 10 mm x d = 20 mm) were used for analysis of the compressive mechanical
properties. For the tensile properties, dumbbell-shaped test specimens were used according
to ISO 37, Type 2 (gauge length = 25 cm). The average of four tests was calculated for each
reported value. For the hysteresis test, a cylindrical sample was used with 30% dynamic
compressive strain over 100 cycles.

2.6. Filler Distribution Studies

The filler distribution was characterized using scanning electron microscopy (SEM).
The level of filler dispersion was investigated, followed by an energy-dispersive spec-
troscopy (EDS) mapping technique fitted with the SEM instrument.

2.7. Fabrication of Energy Harvesting Device

Electrodes of 0.1 mm thickness were painted on both sides of the 1 mm thick unfilled
elastomer slab, following the method described previously [38]. NCB (20 phr) or hybrid
filler (20 phr of NCB: MoS, at 17:3 ratio) was used to fabricate electrode composites, in
addition to 60 phr of thinner and 100 phr of RTV silicone rubber. The painted electrodes
were then coated with protective silicone rubber layers.

3. Results and Discussion
3.1. Crystal Structure and Morphology of Filler

The characteristic X-ray diffraction (XRD) plots of MoS, and NCB are shown in
Figure 1a,b, respectively. The different major peaks in Figure 1a with 20 values of 14.402°,
32.631°, 33.459°, 35.833°, 39.510°, 44.233°, 49.781°, 55.992°, 58.236°, 60.33°, 72.831°, and
76.009° correspond to the 002, 100, 101, 102, 103, 104, 105, 106, 110, 008, 203, and
116 crystal planes, respectively, for the hexagonal crystal system of pure molybdenum
disulfide according to the reference (JCPDS card no. 00-024-0513). Similarly, the different
major peaks in Figure 1b with 20 values of 24.029°, 43.731°, 44.533°, and 47.723° correspond
to the 009, 104, 015, and 018 crystal planes, respectively, of the rhombohedral crystal system
of NCB, according to the card reference (JCPDS card no. 01-074-2328). Figure 1c shows an
SEM image of plate-like MoS, layers stacked together to form larger particles. The SEM
image in Figure 1d shows spherical particles aggregated to form branched structures of
NCB, which are responsible for electrical conductivity.

3.2. Curing Properties

The cross-link densities of the different rubber composites after 24 h of curing are
shown in Figure 2. NCB enhanced the cross-link density, and MoS, slightly reduced the
cross-link density, compared to unfilled rubber. The hybrid filler-containing vulcanisates
showed cross-link densities that were between the NCB and MoS;-only compounds. The
surface chemistry of the filler particles may have been the reason for the different cross-
linking densities in the different filler systems. The cross-link density in condensation-cured
silicone rubber depends mainly on the curing catalyst and filler surface functionalities. Since
MoS; particles are platelet-shaped without hydrolyzable functional groups, they may act as
a barrier to moisture, which may influence condensation-cured silicone rubber with a lower
cross-link density [39,40]. In contrast, NCB promotes the cross-linking of condensation-
cured silicone rubber because of its hydrolyzable surface functional groups [41].
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Figure 2. Cross-link densities of different vulcanizates.

3.3. Mechanical Properties of Rubber Nanocomposites
3.3.1. Compressive Mechanical Properties

The compressive stress—strain curves for the different rubber composites are shown in
Figure 3a. From the different curves, it is evident that the compressive stress increased with
slightly higher values after 15% of compressive strain. This could be due to the generation
of filler percolation and polymer chain packing at higher compressive strains [42]. The
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addition of NCB significantly improved the compressive stress at 35% strain. Little improve-
ment in the mechanical properties was observed with the addition of MoS,, unlike in the
case of the unfilled rubber. This could be due to the cure retardation of sulfur-based MoS,
particles in silicone rubber [39,40]. The highest compressive stress at 35% of deformation
was obtained for the SR/17-NCB/3-MoS, hybrid composite, which was much higher than
that for the unfilled rubber. The elastic modulus values of the different composites are
shown in Figure 3b. The enhanced compressive stress and elastic modulus of the SR/17-
NCB/3-MoS; hybrid composite over those of the SR/20-NCB composite may indicate an
improved filler distribution in the composite matrix [43]. The elastic modulus obtained
in the compressive mode was much higher than the elastic modulus determined in the
tensile mode in the present study. It is believed that the filler networks have a significant
effect on the compressive modulus compared to the tensile modulus. In the compressive
mode of detection, the filler particles became closer to agglomerate, which resulted in filler
percolation, and improved the mechanical strength of the composite. On the other hand,
filler particles became separated by the tensile strain that reduced the filler percolation, and
filler networks showed slightly different behavior to the elastic modulus obtained via the
tensile mode. The higher elastic modulus of SR/17-NCB/3-MoS, than that of SR/20-NCB
indicates more homogeneously distributed filler particles that require higher energy for
packing at a higher compressive strain.
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Figure 3. Compressive mechanical properties of different composites; (a) compressive stress—strain
and (b) compressive elastic modulus.

3.3.2. Tensile Mechanical Properties

The different tensile mechanical properties are shown in Figure 4a—e. From the stress—
strain curves in Figure 4a, it is evident that hybrid filler-containing composites provide
better stretchability, and the area under the curve is also higher than those of the single and
unfilled rubber composites. This could be due to the higher flexibility of the rubber matrix,
followed by controlled cross-links and strong filler-polymer interactions through NCB.
Thus, in the presence of MoS,, more flexible NCB filler networks may be formed that can
withstand larger deformations. From Figure 4b of the elastic modulus chart, it is evident
that the addition of MoS, to the NCB-containing composites resulted in a varied elastic
modulus with increasing MoS; content. The SR/20-NCB composite showed the highest
elastic modulus in tensile mode, which could be due to the higher reinforcing efficiency of
carbon black that restricted the movement of the rubber chains. At 1 phr of MoS; in the
hybrid (SR/19-NCB/1-MoS;,), the decrease in the elastic modulus was mainly due to the
sum of the reduced chemical cross-links and insufficient filler dispersion. At 3 phr of MoS,
(SR/17-NCB/3-Mo0S;), strong and mutual dispersion [43] of fillers may have occurred,
which resulted in a further increase in the elastic modulus with a subsequent increase in the
tensile strength, fracture strain, and fracture toughness, as shown in Figure 4c—e. Another
reason for the improved tensile strength in hybrid filler systems may be the increase in the
effective surface area owing to better filler dispersion, which improves the van der Waals
interactions between the polymer and filler particles [44]. Further additions of MoS, may
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result in reduced mutual filler dispersion and a reduced number of polymer cross-links, as
shown by the reduced elastic modulus in Figure 4b. Thus, MoS; in the hybrid filler controls
curing and improves mutual filler dispersion, which provides long-range filler-polymer
connectivity. At similar modulus values in different composites, higher toughness indicates
that the sample can withstand larger deformations. Hence, for stretchable electronic devices,
a higher toughness is necessary to achieve higher durability. Table 2 compares the tensile
properties of a few silicone rubber composites where CB is the main filler material [45,46].
From this table, it can be concluded that CB/MoS; hybrid filler obtained overall good
mechanical properties. Moreover, the fracture toughness was highly improved, which
could be beneficial for improving the electromechanical energy harvesting, which was not
reported in the literature [45,46].
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Figure 4. Tensile mechanical properties of different composites; (a) stress—strain, (b) elastic modulus,
() tensile strength, (d) fracture strain, and (e) fracture toughness.
Table 2. Comparison of tensile properties of silicone rubber composites with carbon black as the
main filler material.
Composites Filler (Grade) Amount of Filler Tensile Strength (MPa)  Elongation at Break (%) References
SR/CB (N990) CB (N990) 20 phr 0.61 93.5 [45]
SR/CB (Vulcan XC-72) CB (Vulcan XC-72) 20 phr 3.6 257.3 [45]
SR/CNT/CB (BP 2000) CNT/CB (BP 2000) 5.76 vol% 45 211 [46]
CB (Conductex SC .
SR/17-NCB/3-MoS, Ultra) /MoS, 20 phr 1.57 177.67 This study

3.3.3. Hysteresis Losses on Dynamic Loading—Unloading Cycles

The hysteresis losses in the filled compounds were mainly due to the breakdown of the
filler structures and rubber networks [47]. Up to a certain deformation, the expended energy
was used to break down the filler structures. After the complete breakdown of the filler
structure, the expended energy caused the breakdown of the rubber networks [47]. The
hysteresis loss increased up to a certain level, and then decreased because the breakdown
of the filler network was proportional to the first-order deformation, while the breakdown
rubber network was proportional to the second-order deformation [47]. Thus, a lower
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hysteresis loss signifies bonding stability. Figure 5a,b show the variations in load values of
100 cycles of cyclic compression and relaxation for up to 30% deformation of the rubber
composites. From Figure 5¢, it can be seen that the area under the first cyclic deformation is
higher for the NCB-only compound than for the hybrid filler-loaded SR/17-NCB/3-MoS,
composites. In addition, Figure 5a,b show that the highest load value at maximum deforma-
tion reduced more rapidly, with increasing cycles for the SR/20-NCB composite compared
to that for the hybrid filler-based SR/17-NCB/3-MoS, composite. A higher number of
inelastic changes, such as the permanent deformation of filler structures, indicates higher
fatigue than the elastic change of filler networks [47]. In this respect, it seems that the
hybrid filler containing the SR/17-NCB/3-MoS; composite is more flexible, and returns
to quick equilibrium networks with higher fatigue resistance than the only NCB-filled
SR/20-NCB composite.
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Figure 5. Hysteresis losses in rubber composites; (a) SR/20-NCB with 100 deformation cycles,
(b) SR/17-NCB/3-MoS, with 100 deformation cycles, and (c) SR/20-NCB & SR/17-NCB/3-MoS,
with first 6 deformation cycles.

3.4. Filler Dispersion

The filler dispersion was investigated using SEM analysis. The SEM images in Figure 6a—
show that a more homogeneous filler distribution was possible in the SR/17-NCB/3-MoS,
composite (Figure 6b) compared with the higher MoS;-containing SR/15-NCB/5-MoS, com-
posite (Figure 6¢), as reflected by the mechanical properties having lower values than those of
the highly dispersed fillers in the SR/17-NCB/3-MoS, compound. Moreover, the NCB was
well dispersed in the SR/17-NCB/3-MoS, composite (Figure 6b) compared to the SR/20-NCB
composite (Figure 6b).

The reduced filler distribution in SR/15-NCB/5-Mo0S, can be confirmed from the EDS
mapping shown in Figure 7a—f. Figure 7a shows the area under investigation. While the
carbon, silicon, and oxygen elements in Figure 7b—d show homogeneity in the matrix,
the MoS; particles are distributed heterogeneously, as shown in Figure 7e—f. Figure 7e—f
also show that nano-range filler dispersion was possible along with microdispersion. The
increased nano-level filler dispersion may be due to the increased filler—filler mechanical
interactions during mixing [43]. Thus, an optimum filler ratio could be the best for obtaining
improved reinforcing properties.
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Figure 7. Elemental mapping of SR/15-NCB/5-MoS, composite; (a) SEM image of mapping area,
(b) carbon, (c) silicon, (d) oxygen, (e) molybdenum, and (f) sulfur.

From the mechanical properties, cross-link densities, and SEM analysis, it was evident
that MoS, has a small reinforcing effect on silicone rubber. However, due to its lubricating
properties, it can promote the distribution of NCB particles that have greater interactions
with silicone rubber. Thus, in hybrid filler systems, more homogeneously distributed
fillers showed improved physical interactions with the silicone rubber matrix, and largely
enhanced the fracture toughness in the hybrid composites. At 17 phr NCB and 3 phr
MoS;, the hybrid composites showed excellent filler distribution of both NCB and MoS,,
which is beneficial for improving the toughness value. It is believed that in highly tough
rubber composites, the stress distribution is more homogenous and could result in higher
electromechanical sensitivity, as found in the later section.
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3.5. Electromechanical Sensing Performance of Energy Harvester

To study the effect of MoS; on the capacitance-based electromechanical performance,
two specimens, one with 20 phr CB (SR/20-NCB) and the other with 20 phr hybrid filler
containing a 17:3 CB to MoS, ratio (SR/17-NCB/3-MoS,), were prepared according to
the method described above (Section 2.7). The samples were tested for up to 5000 cycles
of repeated dynamic loading and unloading in a machine, and the results are shown
in Figure 8a—d. With the same applied cyclic pressure up to 2 kPa, the output voltage
was much higher for the SR/17-NCB/3-MoS; composite than the SR/20-NCB controlled
composite. The decrease in voltage efficiency with increasing cycles may be due to the
permanent breakdown of conducting NCB filler networks in the controlled composite, while
a similar or increasing efficiency in the SR/17-NCB/3-MoS, composite may indicate better
retention of the conducting filler networks [48,49], which is also evident from Figure 5a,b,
with a lower stress softening tendency for the hybrid composite. The energy output was
~100% higher in the SR/17-NCB/3-MoS; composite compared to the SR/20-NCB controlled
composite as an electrode. This could be due to the improved CB filler dispersion aided by
MoS;, and the piezoresistive effect of the electronic band gap of MoS; under strain [50,51]
that may enhance the output voltage difference. Moreover, due to the higher toughness
in the SR/17-NCB/3-MoS, composite, the stress distribution was more homogeneous
throughout the matrix than the SR/20-NCB controlled composite. The approximately 100%
higher efficiency of SR/17-NCB/3-MoS; with only 3 phr MoS; compared to the control
composite indicates the role of the electronic band gap of MoS; in the sensitivity of the
electromechanical energy harvesting performance. It was also evident from Figure 8b,d
that the SR/17-NCB/3-MoS, composite had very uniform sensitivity compared to the
SR/20-NCB controlled composite as an electrode. Hence, two-dimensional MoS, could be
very useful in combination with conducting fillers for capacitance-type energy harvesters
for electromechanical sensing applications [52-54]. Although the peak sharpness is much
better in Figure 8d than in Figure 8b, this could be further enhanced by increasing the
conductivity and the elasticity of the composite. Since viscoelastic materials undergo typical
stress relaxation behavior and have a slow stress relaxation rate, charging and discharging
are consequently not fast, and may reduce the sharpness of the peaks.

When electrical conducting filler disperses in dielectric rubber, such as in silicone
rubber, a capacitor can be produced. Since the capacitance depends on the electrode
surface area and the distance between electrodes, mechanical deformation can change the
capacitance, followed by changing the electrode surface area and the distance between
the electrodes [55]. Due to the deformation, the capacitance value of the capacitor is
changed, and the charging—discharging results as negative and positive output voltages.
In the hybrid filler system, it is believed that the conducting networks are distributed
homogeneously in the rubber matrix, which enhances the capacitance. Since a higher
capacitance belongs to a higher charge, hence the amplitudes of output voltages become
higher. Moreover, in a hybrid filler system, due to the piezoelectric behavior of MoS;, some
additional potential gradients may be generated, and can further increase the efficiency of
the capacitor sensor. Such a type of capacitance-based sensing is a very low-energy process,
and can be useful as a pressure sensor in health monitoring applications [55]. For example,
under normal body conditions, the systolic (16 kPa) to diastolic (11 kPa) pressure difference
is 5 kPa, which is much higher than the applied pressure (<2 kPa) in this experiment.
Hence, this composite can easily detect and measure blood pressure.
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Figure 8. Output voltages in energy harvester with increasing cycles for selective composites as
electrodes; (a,b) SR/20-NCB and (¢,d) SR/17-NCB/3-MoS,.

4. Conclusions

This study examines the mechanical and electromechanical sensing performance of
conducting NCB and MoS, hybrid fillers in RTV silicone rubber. In examining the me-
chanical properties and fatigue properties, it was evident that a suitable ratio of NCB and
MoS; in silicone rubber can provide excellent fracture toughness with improved tensile
strength and fracture strain compared to unfilled and single-filler systems. Such improve-
ments in the mechanical properties could be due to the mutually interacting fillers for
excellent filler dispersion in the rubber matrix. Owing to the controlling effect of MoS; on
excessive cross-links in the silicone rubber matrix, the hybrid composites showed higher
elongation properties, and maintained better conductivity of the NCB networks in the
rubber composites. Thus, the hybrid filler with 17 phr CB and 3 phr MoS; in silicone rubber
provides improved mechanical properties and excellent efficiency for electromechanical
sensing. A nearly 100% higher energy harvesting efficiency was obtained with <2 kPa
of applied pressure for the 17:3 ratio of NCB to MoS, hybrid compared to NCB only at
20 phr, which confirmed better electromechanical sensitivity of the hybrid composite. The
improved sensitivity of the hybrid filler-loaded composite could be attributed to higher
charging and discharging during capacitance change followed by the piezoelectricity of the
two-dimensional MoS, particles during mechanical deformation. Hence, 2D MoS; could
be a fascinating hybrid component filler with nanocarbon black for the future develop-
ment of rubber nanocomposites with advanced mechanical and electromechanical energy
harvesting and sensing applications.

Author Contributions: Conceptualization, M.N.A.; methodology, M.N.A., VK. and T.J.; validation,
M.N.A,, VK, TJ. and S.-S5.P; formal analysis, M.N.A., VK. and T]J.; investigation, M.N.A.; data
curation, M.N.A. and V.K,; writing—original draft preparation, M.N.A_; writing—review and editing,
M.N.A,, VK, TJ. and S.-5.P; visualization, M.N.A. and S.-S.P.; supervision, S.-5.P.; project administra-
tion, S.-S.P; funding acquisition, S.-S.P. All authors have read and agreed to the published version of
the manuscript.



Polymers 2023, 15, 2189 12 of 14

Funding: This research is funded by the Korea Government (MOTIE, 2022, The Competency Devel-
opment Program for Industry Specialist) (Grant no. P0002092).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data will be available based on request to the corresponding author.

Acknowledgments: This research was supported by the Korea Institute for Advancement of Tech-
nology (KIAT).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Shit, S.C,; Shah, P. A review on silicone rubber. Natl. Acad. Sci. Lett. 2013, 36, 355-365. [CrossRef]

2. Wolf, M.P,; Salieb-Beugelaar, G.B.; Hunziker, P. PDMS with designer functionalities—Properties, modifications strategies, and
applications. Prog. Polym. Sci. 2018, 83, 97-134. [CrossRef]

3. Liu,J,; Yao, Y, Li, X.; Zhang, Z. Fabrication of advanced polydimethylsiloxane-based functional materials: Bulk modifications
and surface functionalizations. Chem. Eng. J. 2021, 408, 127262. [CrossRef]

4. Lo, TY,; Krishnan, M.R.; Lu, K.Y.; Ho, R M. Silicon-containing block copolymers for lithographic applications. Prog. Polym. Sci.
2018, 77, 19-68. [CrossRef]

5. Ly, X;; Tang, Y,; Tian, Q.; Wang, Y.; Ding, T. Ultra-stretchable membrane with high electrical and thermal conductivity via
electrospinning and in-situ nanosilver deposition. Compos. Sci. Technol. 2020, 200, 108414. [CrossRef]

6. Kumar, V,; Alam, M.N.; Manikkavel, A.; Song, M.; Lee, D.].; Park, S.S. Silicone rubber composites reinforced by carbon nanofillers
and their hybrids for various applications: A review. Polymers 2021, 13, 2322. [CrossRef]

7. Schmitt, E; Piccin, O.; Barbé, L.; Bayle, B. Soft robots manufacturing: A review. Front. Robot. AI 2018, 5, 84. [CrossRef]

8. Pang, C.; Lee, G.Y;; Kim, T.I; Kim, S.M.; Kim, H.N.; Ahn, S.H.; Suh, K.Y. A flexible and highly sensitive strain-gauge sensor using
reversible interlocking of nanofibres. Nat. Mater. 2012, 11, 795-801. [CrossRef]

9.  Huang, X;; Yin, Z.; Wu, H. Structural Engineering for High-Performance Flexible and Stretchable Strain Sensors. Adv. Intell. Syst.
2021, 3,2000194. [CrossRef]

10. Luo, X.; Yang, G.; Schubert, D.W. Electrically conductive polymer composite containing hybrid graphene nanoplatelets and
carbon nanotubes: Synergistic effect and tunable conductivity anisotropy. Adv. Compos. Hybrid Mater. 2022, 5, 250-262. [CrossRef]

11. Rattanasom, N.; Saowapark, T.; Deeprasertkul, C. Reinforcement of natural rubber with silica/carbon black hybrid filler. Polym.
Test. 2007, 26, 369-377. [CrossRef]

12.  Liu, Y,; Li, L.; Wang, Q. Effect of carbon black/nanoclay hybrid filler on the dynamic properties of natural rubber vulcanizates.
J. Appl. Polym. Sci. 2010, 118, 1111-1120. [CrossRef]

13.  Zhang, H.; Wang, C.; Zhang, Y. Preparation and properties of styrene-butadiene rubber nanocomposites blended with carbon
black-graphene hybrid filler. J. Appl. Polym. Sci. 2015, 132, 41309. [CrossRef]

14.  Socher, R.; Krause, B.; Hermasch, S.; Wursche, R.; Pétschke, P. Electrical and thermal properties of polyamide 12 composites with
hybrid fillers systems of multiwalled carbon nanotubes and carbon black. Compos. Sci. Technol. 2011, 71, 1053-1059. [CrossRef]

15. Gao, J.; He, Y.,; Gong, X.; Xu, J. The role of carbon nanotubes in promoting the properties of carbon black-filled natural
rubber /butadiene rubber composites. Results Phys. 2017, 7, 4352—4358. [CrossRef]

16. Xu, M,; Liang, T.; Shi, M.; Chen, H. Graphene-like two-dimensional materials. Chem. Rev. 2013, 113, 3766-3798. [CrossRef]
[PubMed]

17. Wan, C.; Zhou, L,; Xu, S;; Jin, B.; Ge, X; Qian, X.; Xu, L.; Chen, E; Zhan, X,; Yang, Y.; et al. Defect engineered mesoporous graphitic
carbon nitride modified with AgPd nanoparticles for enhanced photocatalytic hydrogen evolution from formic acid. Chem. Eng. ].
2022, 429, 132388. [CrossRef]

18. Perkins, EK,; Friedman, A.L.; Cobas, E.; Campbell, PM.; Jernigan, G.G.; Jonker, B.T. Chemical vapor sensing with monolayer
MoS,. Nano Lett. 2013, 13, 668—673. [CrossRef] [PubMed]

19. Zong, X.; Yan, H,; Wu, G.; Ma, G.; Wen, E; Wang, L.; Li, C. Enhancement of photocatalytic H, evolution on CdS by loading MoS,
as cocatalyst under visible light irradiation. J. Am. Chem. Soc. 2008, 130, 7176-7177. [CrossRef]

20. Castellanos-Gomez, A.; Poot, M.; Steele, G.A.; Van Der Zant, H.S.; Agrait, N.; Rubio-Bollinger, G. Elastic properties of freely
suspended MoS; nanosheets. Adv. Mater. 2012, 24, 772-775. [CrossRef] [PubMed]

21. Zhu, H,; Wang, Y,; Xiao, J.; Liu, M.; Xiong, S.; Wong, Z.].; Ye, Z.; Ye, Y.; Yin, X.; Zhang, X. Observation of piezoelectricity in
free-standing monolayer MoS,. Nat. Nanotechnol. 2015, 10, 151-155. [CrossRef]

22. Zhou, K,; Liu, J.; Zeng, W.; Hu, Y.; Gui, Z. In situ synthesis, morphology, and fundamental properties of polymer/MoS;
nanocomposites. Compos. Sci. Technol. 2015, 107, 120-128. [CrossRef]

23. Wang, D.; Song, L.; Zhou, K.; Yu, X,; Hu, Y.; Wang, ]. Anomalous nano-barrier effects of ultrathin molybdenum disulfide
nanosheets for improving the flame retardance of polymer nanocomposites. J. Mater. Chem. A 2015, 3, 14307-14317. [CrossRef]

24. Eksik, O.; Gao, J.; Shojaee, S.A.; Thomas, A.; Chow, P.; Bartolucci, S.F,; Lucca, D.A.; Koratkar, N. Epoxy nanocomposites with

two-dimensional transition metal dichalcogenide additives. ACS Nano 2014, 8, 5282-5289. [CrossRef]


https://doi.org/10.1007/s40009-013-0150-2
https://doi.org/10.1016/j.progpolymsci.2018.06.001
https://doi.org/10.1016/j.cej.2020.127262
https://doi.org/10.1016/j.progpolymsci.2017.10.002
https://doi.org/10.1016/j.compscitech.2020.108414
https://doi.org/10.3390/polym13142322
https://doi.org/10.3389/frobt.2018.00084
https://doi.org/10.1038/nmat3380
https://doi.org/10.1002/aisy.202000194
https://doi.org/10.1007/s42114-021-00332-y
https://doi.org/10.1016/j.polymertesting.2006.12.003
https://doi.org/10.1002/app.32486
https://doi.org/10.1002/app.41309
https://doi.org/10.1016/j.compscitech.2011.03.004
https://doi.org/10.1016/j.rinp.2017.09.044
https://doi.org/10.1021/cr300263a
https://www.ncbi.nlm.nih.gov/pubmed/23286380
https://doi.org/10.1016/j.cej.2021.132388
https://doi.org/10.1021/nl3043079
https://www.ncbi.nlm.nih.gov/pubmed/23339527
https://doi.org/10.1021/ja8007825
https://doi.org/10.1002/adma.201103965
https://www.ncbi.nlm.nih.gov/pubmed/22231284
https://doi.org/10.1038/nnano.2014.309
https://doi.org/10.1016/j.compscitech.2014.11.017
https://doi.org/10.1039/C5TA01720C
https://doi.org/10.1021/nn5014098

Polymers 2023, 15, 2189 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Zhou, K,; Jiang, S.; Shi, Y.; Liu, J.; Wang, B.; Hu, Y.; Gui, Z. Multigram-scale fabrication of organic modified MoS, nanosheets
dispersed in polystyrene with improved thermal stability, fire resistance, and smoke suppression properties. RSC Adv. 2014, 4,
40170-40180. [CrossRef]

Wang, X.; Kalali, E.N.; Wang, D.Y. An in situ polymerization approach for functionalized MoS, /nylon-6 nanocomposites with
enhanced mechanical properties and thermal stability. . Mater. Chem. A 2015, 3, 24112-24120. [CrossRef]

Tang, Z.; Wei, Q.; Guo, B. A generic solvent exchange method to disperse MoS; in organic solvents to ease the solution process.
Chem. Commun. 2014, 50, 3934-3937. [CrossRef]

Tsai, C.Y,; Lin, S.Y.; Tsai, H.C. Butyl rubber nanocomposites with monolayer MoS, additives: Structural characteristics, enhanced
mechanical, and gas barrier properties. Polymers 2018, 10, 238. [CrossRef] [PubMed]

Fuming, K.; Xincong, Z.; Jian, H.; Xiaoran, Z.; Jun, W. Tribological properties of Nitrile Rubber/UHMWPE/Nano-MoS,
water-lubricated bearing material under low speed and heavy duty. J. Tribol. 2018, 140, 61301. [CrossRef]

Geng, H.; Zhao, P.; Mei, J.; Chen, Y;; Yu, R.; Zhao, Y.; Ding, A.; Peng, Z.; Liao, L.; Liao, ]J. Improved microwave absorbing
performance of natural rubber composite with multi-walled carbon nanotubes and molybdenum disulfide hybrids. Polym. Adv.
Technol. 2020, 31, 2752-2762. [CrossRef]

Tang, Z.; Zhang, C.; Wei, Q.; Weng, P.; Guo, B. Remarkably improving performance of carbon black-filled rubber composites by
incorporating MoS,; nanoplatelets. Compos. Sci. Technol. 2016, 132, 93-100. [CrossRef]

Alam, M.N.; Kumar, V.; Lee, D.J.; Choi, J. Synergistically toughened silicone rubber nanocomposites using carbon nanotubes and
molybdenum disulfide for stretchable strain sensors. Compos. Part B Eng. 2023, 259, 110759. [CrossRef]

Kumar, V;; Lee, ].Y,; Lee, D.J. Synergistic effects of hybrid carbon nanomaterials in room-temperature-vulcanized silicone rubber.
Polym. Int. 2017, 66, 450-458. [CrossRef]

Ding, H.; Zang, W.; Li, J; Jiang, Y.; Zou, H.; Ning, N.; Tian, M.; Zhang, L. CB/PDMS electrodes for dielectric elastomer generator
with low energy loss, high energy density and long life. Compos. Commun. 2022, 31, 101132. [CrossRef]

Li, W; Liu, X;; Jiang, Y.; Wu, W,; Yu, B.; Ning, N.; Tian, M.; Zhang, L. Extremely high energy density and long fatigue life
of nano-silica/polymethylvinylsiloxane dielectric elastomer generator by interfacial design. Nano Energy 2022, 104, 107969.
[CrossRef]

Pantea, D.; Darmstadt, H.; Kaliaguine, S.; Roy, C. Electrical conductivity of conductive carbon blacks: Influence of surface
chemistry and topology. Appl. Surf. Sci. 2003, 217, 181-193. [CrossRef]

Yang, X.; Li, Z,; Jiang, Z.; Wang, S.; Liu, H.; Xu, X.; Wang, D.; Miao, Y.; Shang, S.; Song, Z. Mechanical reinforcement of
room-temperature-vulcanized silicone rubber using modified cellulose nanocrystals as cross-linker and nanofiller. Carbohydr.
Polym. 2020, 229, 115509. [CrossRef] [PubMed]

Kumar, V,; Alam, M.N; Park, S.S. Soft composites filled with iron oxide and graphite nanoplatelets under static and cyclic strain
for different industrial applications. Polymers 2022, 14, 2393. [CrossRef]

Moretto, H.-H.; Schulze, M.; Wagner, G. “Silicones” in Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH: Weinheim,
Germany, 2005.

Kochanke, A.; Nagel, J.; Ufﬁng, C.; Hartwig, A. Influence of addition curing silicone formulation and surface aging of aluminum
adherends on bond strength. Int. |. Adhes. Adhes. 2019, 95, 102424. [CrossRef]

Kang, M.J.; Heo, Y.J; Jin, EL.; Park, S.J. A review: Role of interfacial adhesion between carbon blacks and elastomeric materials.
Carbon Lett. 2016, 18, 1-10. [CrossRef]

Martin-Gallego, M.; Bernal, M.M.; Hernandez, M.; Verdejo, R.; Lépez-Manchado, M.A. Comparison of filler percolation and
mechanical properties in graphene and carbon nanotubes filled epoxy nanocomposites. Eur. Polym. ]. 2013, 49, 1347-1353.
[CrossRef]

Alam, M.N.; Kumar, V.; Potiyaraj, P.; Lee, D.J.; Choi, J. Mutual dispersion of graphite-silica binary fillers and its effects on curing,
mechanical, and aging properties of natural rubber composites. Polym. Bull. 2021, 79, 2707-2724. [CrossRef]

Liu, Y,; Huang, Y.; Duan, X. Van der Waals integration before and beyond two-dimensional materials. Nature 2019, 567, 323-333.
[CrossRef]

Wang, J.; Li, Q.; Wu, C.; Xu, H. Thermal conductivity and mechanical properties of carbon black filled silicone rubber. Polym.
Polym. Compos. 2014, 22, 393-400. [CrossRef]

Song, P,; Song, J.; Zhang, Y. Stretchable conductor based on carbon nanotube/carbon black silicone rubber nanocomposites with
highly mechanical, electrical properties and strain sensitivity. Compos. Part B Eng. 2020, 191, 107979. [CrossRef]

Kucherskii, A.M. Hysteresis losses in carbon-black-filled rubbers under small and large elongations. Polym. Test. 2005, 24, 733-738.
[CrossRef]

Wang, L.; Choi, ]J. Highly stretchable strain sensors with improved sensitivity enabled by a hybrid of carbon nanotube and
graphene. Micro Nano Syst. Lett. 2022, 10, 17. [CrossRef]

Persons, A.K.; Ball, ].E.; Freeman, C.; Macias, D.M.; Simpson, C.L.; Smith, B.K; Burch, V.R.F. Fatigue testing of wearable sensing
technologies: Issues and opportunities. Materials 2021, 14, 4070. [CrossRef]

Amorim, B.; Cortijo, A.; De Juan, F; Grushin, A.G.; Guinea, F,; Gutiérrez-Rubio, A.; Ochoa, H.; Parente, V.; Roldan, R.; San-Jose, P;
et al. Novel effects of strains in graphene and other two dimensional materials. Phys. Rep. 2016, 617, 1-54. [CrossRef]

Neri, I; Lopez-Suarez, M.; Gammaitoni, L. Tunable MoS; strain sensor. IEEE Instrum. Meas. Mag. 2020, 23, 30-33. [CrossRef]


https://doi.org/10.1039/C4RA02347A
https://doi.org/10.1039/C5TA06071K
https://doi.org/10.1039/c4cc00425f
https://doi.org/10.3390/polym10030238
https://www.ncbi.nlm.nih.gov/pubmed/30966273
https://doi.org/10.1115/1.4039930
https://doi.org/10.1002/pat.5002
https://doi.org/10.1016/j.compscitech.2016.07.001
https://doi.org/10.1016/j.compositesb.2023.110759
https://doi.org/10.1002/pi.5283
https://doi.org/10.1016/j.coco.2022.101132
https://doi.org/10.1016/j.nanoen.2022.107969
https://doi.org/10.1016/S0169-4332(03)00550-6
https://doi.org/10.1016/j.carbpol.2019.115509
https://www.ncbi.nlm.nih.gov/pubmed/31826417
https://doi.org/10.3390/polym14122393
https://doi.org/10.1016/j.ijadhadh.2019.102424
https://doi.org/10.5714/CL.2016.18.001
https://doi.org/10.1016/j.eurpolymj.2013.02.033
https://doi.org/10.1007/s00289-021-03608-x
https://doi.org/10.1038/s41586-019-1013-x
https://doi.org/10.1177/096739111402200405
https://doi.org/10.1016/j.compositesb.2020.107979
https://doi.org/10.1016/j.polymertesting.2005.04.005
https://doi.org/10.1186/s40486-022-00160-9
https://doi.org/10.3390/ma14154070
https://doi.org/10.1016/j.physrep.2015.12.006
https://doi.org/10.1109/MIM.2020.8979520

Polymers 2023, 15, 2189 14 of 14

52.

53.

54.

55.

Trung, T.Q.; Lee, N.E. Flexible and stretchable physical sensor integrated platforms for wearable human-activity monitoringand
personal healthcare. Adv. Mater. 2016, 28, 4338-4372. [CrossRef] [PubMed]

Zhao, S.; Li, J.; Cao, D.; Zhang, G.; Li, J.; Li, K; Yang, Y.; Wang, W.; Jin, Y.; Sun, R,; et al. Recent advancements in flexible and
stretchable electrodes for electromechanical sensors: Strategies, materials, and features. ACS Appl. Mater. Interfaces 2017, 9,
12147-12164. [CrossRef] [PubMed]

Wang, X.; Liu, X.; Schubert, D.W. Highly sensitive ultrathin flexible thermoplastic polyurethane/carbon black fibrous film strain
sensor with adjustable scaffold networks. Nano-Micro Lett. 2021, 13, 64. [CrossRef] [PubMed]

Zang, Y.; Zhang, F; Di, C.A.; Zhu, D. Advances of flexible pressure sensors toward artificial intelligence and health care
applications. Mater. Horiz. 2015, 2, 140-156. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/adma.201504244
https://www.ncbi.nlm.nih.gov/pubmed/26840387
https://doi.org/10.1021/acsami.6b13800
https://www.ncbi.nlm.nih.gov/pubmed/28281337
https://doi.org/10.1007/s40820-021-00592-9
https://www.ncbi.nlm.nih.gov/pubmed/34138311
https://doi.org/10.1039/C4MH00147H

	Introduction 
	Materials and Methods 
	Materials 
	Characterization of Fillers 
	Preparation of Rubber Nanocomposites 
	Measurement of Cross-Link Density 
	Mechanical and Hysteresis Properties 
	Filler Distribution Studies 
	Fabrication of Energy Harvesting Device 

	Results and Discussion 
	Crystal Structure and Morphology of Filler 
	Curing Properties 
	Mechanical Properties of Rubber Nanocomposites 
	Compressive Mechanical Properties 
	Tensile Mechanical Properties 
	Hysteresis Losses on Dynamic Loading–Unloading Cycles 

	Filler Dispersion 
	Electromechanical Sensing Performance of Energy Harvester 

	Conclusions 
	References

