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Abstract Exploiting polymer nanocomposites as dielectric
and heat storage devices is an important approach to develop
high performance materials. Graphite (GT), thermally reduced
graphene oxide (TRG), and hybrid consisting of TRG and
ionic liquid (1-Ethyl-2, 3-dimethylimidazolium bis
(trifluoromethylsulfonyl) imide) modified carbon nanotubes
(IMCNT) were added to natural rubber and membranes were
fabricated via melt mixing method. The amount of the GT,
TRG, TRG+IMCNT used in this work was in the range of
0.5 to 5 wt%. Mechanical properties of NR nanocomposites
revealed that the hybrid (TRG+IMCNT) (5 wt%) system
showed high tensile strength, high modulus and low elongation
at break as compared to neat NR, NR reinforced with GT
(5 wt%) and NR reinforced with TRG (5 wt%) systems owing
to the synergistic hybrid effect caused by the network formation
of the hybrid fillers inside NR matrix. Dielectric properties of

the prepared membranes were studied at 2.5, 10 and 20 GHz in
the microwave frequency region using a Split Post Dielectric
Resonator (SPDR) based technique. The incorporation of micro
and nanofillers in the natural rubber (NR) matrix results in
consistent improvement in dielectric constant and lower loss
tangent values. In certain cases the samples containing 5 wt%
of filler exhibited high loss or conducting behaviour at higher
frequencies (10 and 20 GHz). Different techniques had to be
employed for measuring the dielectric constant and loss tangent
of the prepared membranes where they showed a high loss or
conducting behaviour. Moreover, thermal history like glass
transition temperature and the change in heat capacity were
estimated using Differential Scanning Calorimetry (DSC). In
addition, the dispersion of micro and nanofillers inside the
NR was estimated using X-ray followed by Transmission Elec-
tronMicroscopy for the morphology architecture of nanofillers.
The morphology of the prepared membranes was correlated
with the mechanical, dielectric and thermal properties. The hy-
brid system (TRG+IMCNT) exhibited high dielectric constant
(5.6) and low heat capacity value (0.32 J/g/°C) as compared to
GT and TRG systems.

Keywords Thermally reduced graphene oxide . Carbon
nanotube . Graphite . Natural rubber

Introduction

Nano fillers which are especially generated from carbon such
as carbon black, fullerenes, graphenes, carbon nanotubes, and
graphite platelets have been attracting much attention in poly-
mer composites owing to their excellent electrical, mechanical
and optical properties [1–9]. The incorporation of these micro
and nanofillers into the polymers led to the formation of het-
erogeneous hybrid materials having both nanofiller and
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polymer properties. These kind of materials can be useful for
manifold applications in electrical engineering, automobiles
etc. The main purpose here is to add these nanofillers into
polymers to reduce the cost of the material and to achieve
better properties compared to bulk polymers. At present,
graphenes and carbon nanotubes are gaining a lot of
interest among the carbon based fillers because of their
abnormal electrical and mechanical properties which had
lead to the fabrication of flexible energy storage de-
vices, conductors for sensing applications [10–13].
Graphene is a two dimensional sheet filler and all carbon
atoms are arranged in the hexagonal geometry. An unabated
issue regarding graphene is its electrical property which is
induced by the delocalization of π electrons at room tempera-
ture. Carbon nanotubes are generated from graphenes via
wrapping of carbon nanotubes. The structural arrangements
of carbon atoms are same as that in graphene. The main dis-
crepancy between graphene and carbon nanotube (CNT) is
that graphene is a sheet shaped and CNT is a rod shaped
material. The end of the CNT tube carbon can exist in sp2

and sp3 hybridizations.
The materials which can absorb or store microwave energy

are much beneficial for various applications like microwave
signal detectors (antenna, radars) and energy storage, sensing
devices. Many research reports have been published on
graphene and CNT filled polymer composites [14–17]. Core
amount of research work has been devoted to microwave di-
electric properties of CNT filled polymer composites [18–20].
However, to date, no study has been unveiled based on
graphene and ionic liquid modified multi walled carbon nano-
tubes (IMCNTs) hybrid filled natural rubber (NR) system as-
sociated with dielectric studies at microwave frequencies.
First Omar et al. [21] have reported microwave studies based
on carbon black and graphene filled natural rubber composites
and they limited the frequency region up to 12 GHz. They
used graphene from Hayzen Engineering Co. Ankara, and
the maximum amount incorporated was 10 wt%. They have
achieved a maximum dielectric constant of 2.5 at the lower
frequency range [21, 22].

In our present study, we have modified the multiwalled
carbon nanotubes using ionic liquid (1-Ethyl-2, 3-
dimethylimidazolium bis (trifluoromethylsulfonyl) imide)
and synthesized thermally reduced graphene oxide (TRG)
by Hummer method. Thereafter, graphite (GT), TRG and hy-
brid TRG+IMCNTs filled natural rubber, thin films have been
fabricated by melt mixing method. The dielectric properties
(at microwave frequencies) and their thermal properties (espe-
cially change in heat capacity) were compared and correlated
with their developed morphologies. Besides, the state of dis-
persion of these nanofillers inside NR was evaluated using
Wide angle X-ray scattering (WAXS) and connected with
the achieved mechanical, microwave and thermal (heat capac-
ity) properties.

Materials and experimental methods

Materials

Natural rubber (ISNR-5) was received from Rubber Re-
search Institute of India, Kottayam, Kerala. The number
average molecular weight of natural rubber is around
1×106. Graphite powder, KMnO4, NaNO3, H2SO4, and
30 % H2O2 were received from Merck. Multi walled carbon
nanotubes and 1-Ethyl-2,3-dimethyl imidazol ium
bis(trifluoromethylsulfonyl) imide ionic liquid were received
from Nanocyl, Belgium.

Modification of multi walled carbon nanotubes
using 1-Ethyl-2, 3-dimethylimidazolium bis
(trifluoromethylsulfonyl) imide ionic liquid

Multi walled carbon nanotubes were mixed with ionic liquid
in the ratio of 1:3. It implies that 1 g CNT mixed with 3 mmol
of ionic liquid (1 mmol=Molecular weight/1000). CNT and
ionic liquid were ground physically in an agate mortar for
30 min and then sonicated using bath sonicator for
30 min in ethanol. Thereafter, evaporated the solvent
at room temperature and finally dried in vacuum oven
at 50 °C.

Preparation of thermally reduced graphene oxide

Initially graphene oxide was prepared by Hummer meth-
od [23] and is well-documented in literature. Thereafter,
graphene oxide was taken into a crucible and kept the
inside furnace for thermal exfoliation at 200 °C for 1 h.

Preparation of NR polymer nanocomposites

To fabricate NR-GT, NR-TRG, and NR-(TRG+IMCNT)
composites, initially Haake melt mixer was used to mix NR
and the filler TRG at 125 °C for 10 min. Afterwards, the
curatives were added to the NR-TRG mixture within the melt
mixer and the mixing was continued around 15 min. The
mixed formulation of composites is shown in Table 1. The
TRG was added at five different loading of 0.5, 1, 2, 3 and
5 wt%. In a similar way NR-GT and NR-(TRG+IMCNTs)
composites were fabricated.

Characterization

Raman spectroscopy

TRG and IMCNT were characterized using Horiba
JobinYvon, HR800 PL-Raman spectroscopy and the wave-
length of the laser used was 513 nm.
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Wide angle X-ray scattering (WAXS)

The TRG and NR-TRG composites were characterized by
XRD (D8-Advance of Bruker, Germany). The energy of the
radiation was 8.04 keV and wavelength 1.54 Å.

Transmission electron microscopy (TEM)

Themorphology was analyzed by TEM (JEOL), TRG powder
(0.5 mg) was sonicated using a bath sonicator for 5 min in
THF solvent and then drop cast on TEM grid. The polymer
composite samples were cryogenically cut prior to analysis
using an ultramicrotome (Leica, Ultracut UCT).

Mechanical testing

The mechanical properties of the selected NR composites
were performed using Universal Testing Machine (Tinius
Olsen H50KT).

Differential Scanning Calorimetry (DSC)

TA instrument DSC Q200 was used to investigate the thermal
properties of NR-TRG composites. It was calibrated with In-
dium as standard prior to analysis under nitrogen atmosphere.
Each sample was equilibrated at −100 °C then heated to 30°C
and completed the three cycles.

Microwave dielectric properties

The microwave dielectric properties of these NR polymer
composites were determined using an Agilent 8722 ES vector
network analyzer by employing the Split Post Dielectric Res-
onator (SPDR) basedmeasurement technique [24]. The SPDR
based measurement technique gives a high accuracy for mea-
surement of complex permittivity of thin sheets of insulators at
spot frequencies in the frequency range of 1–20 GHz. The
SPDR operates with the TE01 mode, which has only the azi-
muthal electric field component so the electric field remains
continuous on the dielectric interfaces. The measurement is
carried out for unloaded quality factor and resonance

frequency of a resonator with and without sample. The
unloaded Q-factor depends on the conductor and dielectric
losses and related parameters. The complex permittivity can
be derived usingmeasured resonant frequencies, quality factor
and physical dimensions. For this purpose one has to measure
the resonance frequency and quality factor (f0, Q01) of the
empty resonator and do the same (fs, Qs) with the thin sample.
The real part of permittivity of the sample is found on the basis
of the measurements of the resonant frequencies and the thick-
ness of the sample as an iterative solution to Eq. (1).

ε ¼ 1þ f 0 þ f sð Þ
hf 0Ks εrhð Þ ð1Þ

Here, h is the sample thickness, fo is the resonance frequen-
cy of the SPDR without the thin sample, and fs is the reso-
nance frequency of the SPDRwith the sample. Ks is a function
of the sample’s dielectric constant ϵr and thickness h. Since K
is a slowly varying function of ϵr and h, the iterations using the
formula (1) converge rapidly. The loss tangent is computed
using the Eq. (2):

tanδ ¼ Q−1−Q−1
Dr−Q

−1
c

Pes
ð2Þ

where, Q is the unloaded Q factor of the SPDR containing the
dielectric sample and Pes is the electrical energy-filling factor
of the sample. Qc is the Q factor corresponding to metal losses
of the SPDR containing the dielectric sample and QDr is the Q-
factor corresponding to the dielectric losses in the dielectric
resonators of SPDR set-up.

Results and discussion

Characterization of ionic liquid modified multi walled
carbon nanotubes (IMCNTs)

Figure 1 illustrates the modification of MWCNT, neat
MWCNT shows the deformation D band at 1318 cm−1, gra-
phitic G band at 1575 cm−1. The D band represents the defects
present in CNTs owing to the minute amount of metal oxides
and the G band corresponds to the hexagonal arrangement of
carbon atoms. In addition, pristine MWCNTexhibits 2D band
at 2635 cm−1, it indicates that the electronic effects associated
with graphitic carbon atoms. The increase in intensities and
slight frequency shift of D and G band towards higher fre-
quency were observed for IMCNT after the modification
MWCNT with ionic liquid. The attributing factor for this is
due to the ionic liquid can interact with CNT through π–π
interactions [25, 26]; it clearly confirmed that CNT has been
successfully modified. Moreover, the doping of ionic liquid
can cause the increase in defects of MWCNT. Interestingly,
increase in intensity and high frequency shift of 2D band of

Table 1 Formulations of NR composites (amounts are taken in %W/
W ratio)

TRG NR ZnO Stearic acid TMTM TQ CBS Sulphur

0 100 5 2 0.1 3 1.5 2.5

0.5 100 5 2 0.1 3 1.5 2.5

1 100 5 2 0.1 3 1.5 2.5

2 100 5 2 0.1 3 1.5 2.5

3 100 5 2 0.1 3 1.5 2.5

4 100 5 2 0.1 3 1.5 2.5
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IMCNT also were noticed owing to charge transfer between
ionic liquid and CNT.

Characterization of thermally reduced graphene oxide
(TRG)

Raman spectrum unveils the transformation of graphite (GT)
to TRG. The Raman spectrum of GT as shown in Fig. 2 indi-
cates a small deformation D band (1343 cm−1) and a strong
graphitic G band (1573 cm−1). D band reflects the deforma-
tions present in the GTand G band reveals the arrangement of
carbons through cyclic ring structures. The position of the G
band shifted in the order TRG>GO>GRTowing to decrease in
number of layers in solid state [27]. The 2D band of GT at
2715 cm−1 indicates overtone of the D band. After oxidation,
comparing with raw GT, GO provides a significant enhance-
ment in the intensity of D band while a decrease in the inten-
sity of G band. It is confirmed that during functionalization of
GT, the graphitic structure might be disturbed by the oxygen
functionalities. Furthermore, the intensity of 2D band be-
comes broaden and decreased for GO and TRG indicating that
presence of defects in graphitic materials [28]. Moreover, the
intensity of D band and G band ratios (ID/IG) increases in the
order from GT (0.12) to 0.96, 0.98 for GO and TRG and it
clearly revealed that the transformation of TRG from GT has
successfully been achieved.

XRD is an efficient tool to investigate the changes in gra-
phitic materials and the results (Fig. 3) clearly confirm the
changes from GT to TRG. The sharp peak at 2θ ~27 indicates
the (002) plane (hexagonal arrangement of carbons) of GT.
Oxidation of GT results in the shift of (002) peak to lower 2θ

values which clearly indicates that the interlayer spacing be-
tween GT layers has been increased by the hydroxyl and acid
groups of oxygen functionalities. After the reduction of GO,
the peak (2θ value (10°)) disappeared and small hump at 2θ
value (27°) retained as in the case of GT, providing an evi-
dence that the TRG is an exfoliated state and also it clearly
confirm that the as formed TRG contains a few layers of
graphene.

Fig. 1 Raman spectra of CNT and IMCNT

Fig. 2 Raman spectra of GT, GO and TRG

Fig. 3 XRD spectra of GT, GO and TRG
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TEM micrographs of TRG are shown in Fig. 4, it can be
clearly understood that the graphene layers have been success-
fully separated from GT. Thermal reduction process playing a
crucial role in order to obtain fine attenuated TRG sheets.
From the TEM images, it can be seen that the TRG contains
mixed of few layers in the middle and edge portions.
Supporting the TEM observations, XRD analysis of TRG
shows a hump because of this combination of few layers of
graphene. This is a clear evidence for the fact that graphene
contains mixture of layers. Research reports had already been
highlighted the wrinkled nature of graphene synthasized from
graphite materials [23, 29].

Characterization of NR composites

The Fig. 5 illustrates the stress-strain behavior of the NR com-
posites. From the Figure it is clear that the neat NR exhibits
strain induced crystallization phenomena as expected. This is
because of the stereo regularity of cis 1,4 polyisoprene units of
NR. Consistent improvement in tensile strength and modulus
were observed from the stress-strain curves of graphite
(5 wt%) , TRG (5 wt%) and hybrid (IMCNT+TRG) (5 wt%)
filled NR composites as compared to neat NR. It is interesting
to note that 5 wt% of hybrid (IMCNT+TRG) system showed
high tensile strength, and modulus as compared to neat NR,
graphite and TRG filled systems. Attributing factor for this
behavior is due to the synergistic effect induced by the net-
work formation between IMCNT and TRG throughout NR
chains leading to high stress transfer from the filler to the
NR chains. Similar kind of tensile properties were reported
by Pots et al. [30] where they used NR latex stage
compounding method. Moreover, the improvement in modu-
lus is significantly contributed by the nano hybrid (IMCNT+

TRG) filler system and also the mechanical interlocking
among the TRG, IMCNT and NR chains. Modulus data at
different strains (100 and 300 %) are shown in Fig. 6. It is
clear that form the figure that the modulus of graphite, TRG
and IMCNT+TRG filled NR composites were higher than that
of neat NR. Moreover, high modulus values are observed at
300 % strain owing to strain induced crystallization behavior
of NR chains. Besides, the elongation at break of hybrid
(IMCNT+TRG) system is lower than that of neat NR, graphite
and TRG systems. This could be due to the surface of hybrid
fillers sticking to the NR chains via non covalent interactions
leading to the formation a rigid amorphous phase (RAF)
which can resist the deformation of NR chains.

The dispersion pattern of nano fillers inside NRmatrix was
analyzed by X-ray diffraction. Figure 7 portrays the X-ray
spectra of TRG and hybrid (TRG+IMCNT) filled NR com-
posites. Interestingly, vulcanized neat NR exhibits peaks

Fig. 4 TEM micrograph of thermally reduced graphene oxide (TRG)

Fig. 5 Stress- strain curves of graphite, TRG and IMCNT+TRG filled
NR composites

Fig. 6 Modulus of NR nano composites at various strains
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((100) (022) (101)) at 2θ between 32 to 38° which are con-
tributed by the ZnO curing agent [31, 32]. From the re-
sults, it can be noticed that with the addition of TRG
nanofiller to the NR, the intensity of the characteristic
peak of TRG at 27° decreases and or sometimes almost
vanished, it implies that the nano filler exfoliated nicely
inside a rubber matrix. In a similar manner, many re-
ports have been revealed the state of dispersion of car-
bon fillers such as graphenes and CNTs inside the poly-
mer matrix using XRD [33–35]. However, from XRD
analysis, it is very difficult to distinguish the dispersion
of the filler with respect to concentration.

TEM morphological micrographs are shown in Fig. 8;
morphology of hybrid system (TRG+ IMCNT) at 5 wt%
showed that IMCNT is acting as a bridge between TRG
layers and thus the dispersion of TRG in NR phase is
greatly improved by the IMCNTs. Consequently, we have

observed an improvement in dielectric properties as well
as change in heat capacity of the hybrid system as com-
pared to TRG and GT filled NR systems. In the case of
TRG system, the TRG layers were not well dispersed as
in the case of hybrid system. There was some sort of
heterogeneous structure which emphasizes that it consists
of both well dispersed and agglomerated regions inside
the rubber phase. The attributing factor for establishing
bridge structures and nice exfoliation of hybrid fillers in-
side the rubber phase may be due to the strong π–π in-
teractions anchoring between CNT and TRG associated
with ionic liquid. Moreover, TRG sheets acting as an aux-
iliary substance for CNT carrier and thus greatly restrict
the inevitable aggregation of CNTs. In the TEM micro
graph, red circles (Fig. 8a) represent the bridge formation
between CNT and TRG, red arrow indicates the agglom-
erated region of TRG. While blue arrows (Fig. 8b) show

Fig. 7 XRD spectra of NR
composites a NR-TRG b NR-
Hybrid (IMCNT+TRG)

Fig. 8 TEM micrographs of
selected NR composites a hybrid
(IMCNT+TRG) at 5 wt% b TRG
at 5 wt%
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exfoliated region of TRG layers and it clearly supports
that the TRG layers have been distributed in a heteroge-
neous manner in the NR matrix.

Thermal characteristics of GT, TRG and hybrid IMCNT+
TRG filled NR composites were shown in Fig. 9. It can be
noticed that there is not much significant changes in glass
transition (Tg) of neat NR with the addition of fillers owing
to high molecular weight of NR and also the filler concentra-
tion may not be sufficient to suppress the mobility of NR
chains. However, there is a consistent decrease in change in
heat capacityΔCp of the systems and these values are shown
in Table 2. Generally, change in heat capacity associated with
the segmental mobility of polymer chains. The attributing fac-
tor for decrease in change in heat capacity is that the filler may
stick some portions of the NR polymer chains and leads to
restricted segmental mobility of the NR chains. It clearly in-
dicates the confinement of NR chains and the formation of
rigid amorphous (RAF) phase at the surface of GT, TRG and
IMCNT+TRG hybrid fillers. Among all systems, hybrid
(IMCNT+TRG) system shows large decrease in change in
heat capacity as compared to GT and TRG systems. Hybrid
system comprising both TRG and IMCNT can exhibit a syn-
ergistic due to the nonpolar–non polar (π–π) interactions lead-
ing to the formation of a strong rigid amorphous phase (via

bridge network) resulting in good improvement in change in
heat capacity. Research reports have revealed similar polymer

Table 2 Glass transition and heat capacity values of NR composites

Sample Tg (onset) Tg (endset) Tg (mid) Δ Cp (J/g/°C)

NR −63.4 −59.8 −61.7 0.52

TRG-(0.5 %) −62.6 −57.3 −60.0 0.44

TRG-(1 %) −62.9 −58.0 −60.5 0.44

TRG-(2 %) −62.8 −58.0 −60.5 0.46

TRG-(3 %) −63.0 −58.4 −60.8 0.47

TRG-(5 %) −62.9 −58.7 −60.9 0.37

GT (0.5 %) −62.0 −57.8 −60.1 0.42

GT (1 %) −62.6 −58.9 −61.0 0.36

GT (2 %) −63.3 −58.9 −61.6 0.40

GT (3 %) −62.3 −58.8 −61.0 0.34

GT (5 %) −62.8 −59.2 −61.5 0.36

TRG+
IMCNT(0.5 %)

−63.0 −59.5 −61.7 0.39

TRG+IMCNT (1 %) −63.5 −59.9 −62.1 0.41

TRG+IMCNT (2 %) −63.4 −59.5 −61.6 0.39

TRG+IMCNT (3 %) −63.3 −59.5 −61.6 0.41

TRG+IMCNT (5 %) −63.0 −59.7 −61.6 0.32

Fig. 9 DSC curves of NR
composites a graphite-NR b
TRG-NR c IMCNT+TRG-NR
Inside images (a) Neat NR (b)
0.5 wt% (c) 1 wt% (d) 2 wt% (e)
3 wt% (f) 5 wt%
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chain confinement and the formation of rigid amorphous
phase fromΔCp measurements [36, 37]. Schematic represen-
tation of the bridge network formation, constrained and amor-
phous regions of NR-hybrid system is shown in Fig. 10.

Dielectric properties of GT, TRG and TRG+IMCNT
filled NR composites are shown in Table 3. Dielectric
measurements like dielectric constant and dielectric loss
were carried out at microwave frequencies (2.5, 10 and
20 GHz). It is clear that with the addition of GT, TRG
and hybrid TRG+IMCNT to NR, considerable improve-
ment in dielectric constant can be obtained. Dielectric con-
stant mainly related with the polarizability induced by the
chemical composition when an oscillating electric field at
a particular frequency is passed through it. In the case of
TRG and IMCNT+TRG, dielectric constant values are
higher than GT filled NR composites. This is because of

polarizability induced by the residual oxygen groups of TRG
and also ionic liquid in MWCNT. However, the IMCNT+
TRG hybrid system has shown high dielectric constant as
compared to GT and TRG systems. This could be accom-
plished by synergistic effect of both IMCNT+TRG owing to
polar residual oxygen groups of TRG and polar ionic liquid.
Figure 11 shows the dielectric constant and loss tangent values
with variation of frequency for hybrid NR (3 % w/w) TRG+
IMCNT composites. This data has been generated using a
linear fit analysis. The dielectric constant values decrease with
increasing the frequencies from 2.5 to 20 GHz. At higher
frequencies, the relaxation time of NR polymer chains is very
long, and there is not sufficient time to relax the NR polymer
coils when the microwave field passes through it as it varies at
high frequencies, that is with short time periods. Moreover,
higher loadings of fillers (5 wt%) results in a highly lossy or
conducting behavior for the films at 10 and 20 GHz as the
resonant behavior did not appear for the SPDR in these cases.
In order to estimate the dielectric constant and loss at these
microwave frequencies for such high lossy or conducting
samples other measurement techniques will have to be used.
Experiments are underway in this direction to evaluate the
dielectric properties at higher loading. However, dielectric
loss decreases reasonably in case of hybrid system as
compared to TRG system. The GT system exhibits less
loss compared to TRG and hybrid system. This is the
result of reduced polarizability. Interestingly, with 5 wt%
of hybrid system, it has shown a lower dielectric loss. It
can be useful for flexible and hence wearable energy stor-
age devices like capacitors.

Fig. 10 Schematic representation of bridge formation of Hybrid
(IMCNT+TRG) filled NR composite TRG+IMCNT(1:3) composites

Table 3 Dielectric properties of NR composites at microwave frequencies

S. no Sample name 2.5 GHz 10 GHz 20 GHz

Dielectric constant Loss tangent Dielectric constant Loss tangent Dielectric constant Loss tangent

1 Neat NR 2.7 0.012 2.5 0.0078 2.1 0.0068

2 (0.5 %) TRG 2.7 0.053 2.2 0.035 2.3 0.019

3 (1 %) TRG 3.2 0.030 2.4 0.035 2.5 0.020

4 (2 %) TRG 3.6 0.035 3.2 0.038 3.4 0.041

5 (3 %) TRG 3.7 0.046 3.4 0.040 3.5 0.051

6 (5 %) TRG 3.7 0.092 Sample is lossy or conducting Sample is lossy or conducting

7 (0.5 %) GT 2.9 0.087 2.68 0.0103 2.7 0.0105

8 (1 %) GT 3.0 0.010 2.60 0.0101 2.8 0.0214

9 (2 %) GT 3.2 0.011 2.91 0.0135 2.9 0.0150

10 (3 %) GT 3.4 0.012 2.90 0.0140 3 0.0206

11 (5 %) GT 3.0 0.015 3.70 0.0210 Sample is lossy or conducting

12 (0.5 %) TRG+IMCNT(1:3) 2.9 0.019 2.6 0.016 2.6 0.016

13 (1 %) TRG+IMCNT(1:3) 3.5 0.027 3.2 0.025 3.1 0.028

14 (2 %) TRG+IMCNT(1:3) 3.7 0.031 3.0 0.020 3.3 0.045

15 (3 %) TRG+IMCNT(1:3) 4.7 0.043 3.2 0.044 3.4 0.046

16 (5 %) TRG+IMCNT(1:3) 5.6 0.026 Sample is lossy or conducting Sample is lossy or conducting
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To reveal the microwave absorption properties of hybrid
system of IMCNT+TRG, the reflection loss (RL) values of
IMCNT+TRG (3 % w/w) composites are calculated based on
complex permittivity and permeability. According to trans-
mission line theory [38], RL is given by

RL ¼ 20log
Zin−Zo

Zin þ Zo

�
�
�
�

�
�
�
�

ð3Þ

Where,

Zin ¼ Zo

ffiffiffiffiffi
μr

εr

r

tanh j
2π f d
c

� �
ffiffiffiffiffiffiffiffiffi
μrεr

p� �

ð4Þ

Where, Zo—is impedance of free space, Zin—input imped-
ance of the absorber, μr—complex permeability, εr—complex
permittivity of medium, f—frequency of incident wave, d—
thickness of absorber and c—velocity of electromagnetic wave
in free space.

Figure 12 gives the frequency dependence of RL of IMCN
T+TRG (3wt%) composite with a variation of the thickness of
the sample. The calculated reflection loss curve is above
−2 dB for 0.5 mm thickness of the absorber. The microwave
absorption intensity and peak position also strongly depend on
the thickness of the absorber. The expected microwave ab-
sorption peak will be beyond the 20 GHz frequency. An ap-
proach possible to obtain the absorption peak in the required
frequency range is to increase the thickness of the absorber.
The RL value exceeding −2 and −10 dB is achieved at 20GHz
for 1.0 mm thickness of the absorber. Interestingly, the mini-
mum reflection loss of −30 dB is obtained for the same
absorber at the optimal thickness of 2.0 mm and −15 dB
absorption is observed in the frequency range from 12 to
16 GHz.

Conclusions

Graphene has been prepared from Graphite via Hummer
method and CNT was also successfully modified using ionic
liquid. Fabrication of Graphite, TRG and hybrid (TRG+
IMCNT) filled NR films was done using environment friendly
melt mixing method using Haake. Mechanical testing of NR
composites (5 wt%) clearly revealed the synergistic effect of
hybrid (TRG+IMCNT) system owing to the formation of net-
working inside the NR matrix. Dielectric properties like di-
electric constant and loss tangent values are reported at micro-
wave frequencies. Hybrid system (TRG+IMCNTs) exhibits
high dielectric constant values and lower loss tangent values
as compared to TRG system owing to the polarity induced by
residual oxygen functionalities of TRG and ionic liquid from
IMCNT. In certain cases, with the filler at 5 wt% concentra-
tion, the films showed high loss or conducting behavior at
higher frequencies (10 and 20 GHz). Different techniques
had to be used for measuring the dielectric constant and loss
tangent of the prepared membranes where they showed a high
loss or conducting behavior. Moreover, the change in heat
capacity values clearly unveiled that the hybrid system
(IMCNT+TRG) interacted more through nonpolar–non polar
interactions, thereby homogeneous distribution of the filler
was achieved through TRG & CNT bridge network forma-
tion. It could be clearly observed from morphological micro-
graphs of the systems. Overall, the hybrid system (IMCNT+
TRG) has strong efficacy to perform better dielectric and ther-
mal properties as compared to graphite and TRG systems. The
lossy compositions have been identified as useful materials for
microwave absorption applications while the non lossy com-
positions are useful for energy storage devices like capacitors.

Fig. 12 Frequency dependence of reflection loss with various thickness
of selected hybrid NR with (3 wt%) TRG+IMCNT(1:3) composites

Fig. 11 Frequency dependence of dielectric properties of hybrid TRG+
IMCNT(1:3) filled NR with (3 wt%)
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