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Abstract

The polymers poly(vinyl alcohol) (PVA) is used as matrices to synthesize a nanocomposite with reduced graphene oxide
(rGO). The structural and optical properties of the rGO and the nanocomposites (rGO-PVA) are studied by XRD, FTIR
analysis, FESEM studies, Raman spectroscopy and UV-VIS absorption spectroscopy analysis. Interaction of PVA polymer
chains with rGO is confirmed from FTIR study. The bandgap of the PVA and rGO-PVA nanocomposites has been studied
from UV-VIS absorption spectrum. The refractive index and optical dielectric constants of PVA, GO, rGO and rtGO-PVA
nanocomposites have been discussed from optical spectrum analysis. The visual structures of the GO, rGO and rGO-PVA
nanocomposites are observed from FESEM study. The electric modulus M*(®) formalism used in the analysis enabled us
to distinguish and separate the relaxation processes, dominated by marked conductivity in the e*(®) representation. In the
ceramics studies, the relaxation times are thermally activated and the dipole process has a clearly non-Debye behaviour. The
relaxation process is described with the use of the activation energy of approximately £,=0.12 eV and the characteristic
relaxation time, 7,=2.07 x 10~ s. The dielectric property of the nanocomposite (rGO-PVA) is studied in zero magnetic field
and in magnetic field (H) up to 1.2 T. From these data, magnetodielectric effects are obtained as the variation of real (¢') and
imaginary (&") parts of complex dielectric constant with H at some frequencies. In our study at 100 kHz for the increase of
H from zero to 1 T &' decreases by 2.5% in rGO-PVA. This fact is indicative of the interaction between rGO filler particles
and PVA polymer chains.

1 Introduction

Graphene, an exceptionally electrical and thermal conduc-
tive material, is the initial two-dimensional (2D) atomic
crystal isolated and studied by Geim, Novoselov and their
partners. Its ascent, status and possibilities, and guide are
audited in [1-3]. It is a 2D atomic crystal of sp>-bonded
carbon atoms with a honeycomb structure. It has espe-
cially high mechanical, electrical, thermal and different
properties. As a result of these remarkable properties it
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has the capability of numerous applications. The synthe-
sis, properties and utilizations of graphene-based materi-
als belong to a significant zone of research [4—6]. Its one
branch is graphene—polymer nanocomposites. Graphene-
based materials are blended as nanofillers in polymer
frameworks. Inferable from its few remarkable proper-
ties, graphene is a handy component as a strengthening
material mixed with polymers to support their mechanical
properties [7-9] and electrical conductivities [10-12]. Due
to the brilliant properties of graphene-based materials the
mechanical, thermal, electrical and different properties of
the polymer are improved with low substance of the fill-
ers. Stankovich et al. [13] first integrated an electrically
conductive graphene-based composite with polystyrene.
From that point forward numerous works are right now
distributed. Kim et al. [8], Potts et al. [15], Kuilla et al.
[16], Cai et al. [17], Verdejo et al. [18], Huang et al. [19],
Young et al. [20] and Li et al. [21], Marsden et al. [22] and
Hu et al. [23] have checked on the tremendous field of the
graphene—polymer nanocomposites. The properties of the
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nanocomposites rely upon how well the fillers are scat-
tered in the polymers and the connection between polymer
chains and fillers. Other than the preparing strategies, the
properties of the fillers and polymers and their morphol-
ogy, orientation and viewpoint proportion and so on decide
the properties. The reviewers [14-23] and references in
that ought to be counselled for subtleties. Two significant
graphene-based materials are graphene oxide (GO) and
reduced graphene oxide (rGO). In the chemical techniques
for the production of graphene, [4, 24—-27] at first graphite
oxide is synthesized from graphite. The graphite oxide is
peeled into single layers in water or other solvent by ultra-
sonication. The single layer is called graphene oxide(GO)
in light of the fact that it is graphene layer with four oxy-
gen-containing functional groups epoxides, hydroxyls, car-
boxyls and carbonyls [28, 29]. GO is an electrical insulator
because the sp network of graphene is strongly disrupted
where the groups are bonded. To remove the groups the
dispersion of GO in water or other solvents is reduced by
chemicals like hydrazine, sodium borohydride, ascorbic
acid etc. The thermal method of simultaneous exfoliation
and reduction can also be applied. On reduction the func-
tional groups are largely removed and the sp? network of
graphene is restored over most portions of the layer. rGO
is an electrical conductor far better than GO by several
orders of magnitude. Still the conductivity is less than
that of pristine graphene because of the residual groups
of rGO. So rGO is not exactly graphene but close to it
depending on the degree of reduction.

There are different kinds of graphene-based material,
for example, chemically modified GO/rGO. Stankovich
et al. [13] had really combined isocyanate-treated GO
lastly manufactured rGO—polystyrene composite. It is a
typical practice to assign any graphene-based material-
polymer composite just as graphene—polymer compos-
ite. To be explicit it is smarter to assign the composite
as GO-polymer/rGO—polymer like GO-PVA/rGO-PVA.

Support and improvement in mechanical properties
of polymer happen for both GO and rGO fillers. Like-
wise thermal properties are improved by them. But for
improved electrical conductivity just conductive fillers like
rGO fillers are required. The improved mechanical, ther-
mal and electrical properties for countless polymers have
been reported. They are reviewed in [14-20]. In any case,
the dielectric properties of GO—polymer/rGO—polymer
nanocomposites are reported for just in a couple of stud-
ies and not explored in [14-23, 32]. For polymer PVA the
works of Mitra et al. [30] and Tantis et al. [31] are on the
dielectric properties of nanocomposites. Mitra et al. [30]
examined a rGO-PVA nanocomposite and found small
magnetodielectric impacts in magnetic field up to 1 T. We
have been examining the magnetodielectric properties of
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the graphene-polymer nanocomposites. The electric modu-
lus plot shows the usual relaxation behaviour.

Presently, in the current work, we report about the die-
lectric properties and magnetodielectric effect and electric
modulus properties in an rGO—polymer nanocomposite
rGO-PVA, rGO content being 2 wt% in the composites.
We have estimated the dielectric parameters in zero mag-
netic field and the magnetic fields up to 1.2 T. The mag-
netodielectric effects variation £’ and &” with the magnetic
field at some frequencies are found. Unlike GO—polymer
nanocomposite we have found non-zero magnetodielectric
effects in rGO—polymer nanocomposites. The results though
small are significant with possible application. ¢’ decreases
with magnetic field in rGO-PVA nanocomposites. In this
paper, we investigate the electric relaxation properties of
the rGO-PVA nanocomposites in a wide temperature range
by means of dielectric measurement. The electric modu-
lus formalism is applied to analyse the dielectric data. It
is demonstrated that this approach is a very effective and
simple method to characterize relaxation properties of the
rGO-polymer nanocomposite studied.

2 Experimental
2.1 Sample preparation

There are various techniques for nanocomposite manufac-
ture—solution mixing, melt blending, insitu polymerization,
latex technology and so on. We orchestrated the rGO—poly-
mer nanocomposites following the solution mixing method.
We initially depict the method for water-dissolvable poly-
mers PVA. Graphite oxide powder prepared by modified
Hummers technique [33, 34] was scattered in water and shed
by ultrasonication. This dispersion was ultracentrifuged to
remove unexfoliated particles. By the repeated use of these
two procedures finally a stable aqueous dispersion of gra-
phene oxide (GO) was prepared. The polymer PVA was dis-
solved in hot water at 90 °C. When the polymer solution
was cooled the requisite amounts of the GO dispersion and
polymer solution are mixed by constant stirring. Then the
requisite amount of hydrazine was added to the mixture and
it was stirred constantly overnight. The colour of the mixture
turned black but no precipitate was formed. It meant that
the GO nanofillers were converted into the rGO nanofill-
ers and remained uniformly dispersed within the polymer
matrix. Being surrounded by polymer the rGO fillers were
prevented from restacking and aggregation and remain as
separated fillers in the polymer matrix. The mixture was
poured into petridishes. After the evaporation of water thin
films are formed. The thin films of rGO-PVA nanocom-
posites were peeled off from the petridishes. Salavagione
et al. [35] had applied this method to synthesize rtGO-PVA
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nanocomposites of various concentration of rGO. They
found the electrical percolation threshold between 0.5wt%
and 1wt%.
rGO-PVA

2.2 Measurement instruments with set parameters

X-ray diffraction (XRD) patterns were carried out with the
apparatus Rigaku Miniflex 600 (Cu target) using CuKa
(A=1.54°A) radiation to know the morphological structure
of rGO-polymer nanocomposites. The Fourier transform
infrared (FT-IR) spectra were collected with a Magna-IR
560 E.S.P spectrometer. FESEM was performed to deter-
mine the degree of exfoliation and the quality of the nano-
filler dispersion in the nanocomposite. Raman spectra were
recorded on a Renishaw inVia confocal Raman microscope
system using green (532 nm) laser excitation. The optical
spectra of the prepared samples were recorded by using Shi-
madzu-Pharmaspec-1700 UV-VIS spectrometer with wave-
length range 200 nm to 70 nm after ultrasonication of the
samples in the solvent water. The dielectric properties and
electric modulus were measured by the LCR meter (HIOKI
3536 LCR METER) (frequency range 1 Hz-300 kHz) with
zero magnetic field and with magnetic field (H) upto 1.2 T.
How the sample was placed in the gap between two pole
pieces of the electromagnet with gap (d) 0.5 cm is shown in
Fig. 1, the schematic diagram of experimental set-up.

Fig.1 Schematic diagram of the
experimental set-up
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Fig.2 XRD pattern of GO, PVA, and rGO-PVA Nanocomposites

3 Results and discussion
3.1 XRD studies of the nanocomposites

The XRD pattern of GO, PVA and rGO-PVA Nanocom-
posites is shown in Fig. 2. The most prominent and unique
peak of GO is observed around 260 =10° corresponding
(001) plane diffraction [36]. From the figure it is seen that
no peak of graphite oxide is present in the nanocomposite

P HIOKI 3536 LCR METER

~ Sample Holder

d=gap between two pole-pieces of
the electromagnet

1\
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diagrams. It indicates that rGO is uniformly dispersed into
the PVA polymer matrix. The diffraction of PVA peak arises
at 20=19.9° corresponding to (101) plane [37]. Further
the main peak of PVA at 260=19.9° (in Fig. 2) was slightly
shifted to lower 20=19.2° in tGO-PVA and it is also broad-
ened. It means that some interaction between polymer chains
and rGO particles had occurred due to dispersion and exfo-
liation of rGO nanosheets into PVA matrix with somewhat
disorder and loss in its structural regularity. Meanwhile, the
crystalline structure of PVA was slightly affected by the
incorporation of rGO.

3.2 FT-IR studies of the nanocomposites

Figure 3 shows the FT-IR spectra of graphite, GO, rGO, PVA
and the rGO-PVA nanocomposite. Within the spectrum of
GO the presence of various oxygen-containing groups on
the GO surface was confirmed by peaks at 3430 cm™! due
to O—H stretching vibration of carboxyl groups and also the
absorbed water. The peaks at 1385 and 1270 cm™! corre-
spond to the skeletal vibrations of C—-OH and C—O-C. The
peak at 1630 cm™! corresponds to C=C skeletal stretch-
ing vibration. The characteristic peak for C=O stretching
vibration appears at 1730 cm™, respectively [25, 38, 39].
After solvothermal treatment of GO colloidal dispersions,
the partial reduction of GO to rGO is conclusive, based on
the significant attenuation of O-H bond peak intensity at
3430 cm™~! and therefore the disappearance of C=0 bond
peak at 1730 cm™!. However, other peaks from C—OH and

(a) PVA C-H
O-H
1735
¥eg1 5% C-OH 18?5
b) rGO-PVA
930 1730 087

Transmittance(a.u)

e

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.3 FT-IR spectra of (a) PVA, (b) tGO-PVA nanocomposite, (c)
rGO, (d) GO, (e) graphite
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C-0 bonds remain almost unchanged, which indicates that
the obtained rGO still remains some oxygenated functionali-
ties. Advantageously, the residual oxygenated functionali-
ties can generate strong interactions with the PVA matrix
mainly by hydrogen bonds [35, 40, 41]. From the spectra
of PVA and rGO/PVA nanofillers, we are able to see that
there is absorption peak between 3000 cm™! and 3500 cm™!,
which is that the O-H stretching, indicating the existence of
strong intermolecular and intramolecular hydrogen bonding
[42]. The shift of the peak from 3351 cm™! (pure PVA) to
3344 cm™! for 2 wt% rGO-PVA nanocomposites is attrib-
uted to the increase and stronger hydrogen bonding interac-
tion exists between the oxygen-containing functional groups
(carboxyl, five membered ring lactols, and hydroxyl on both
the basal plane and the edge hydroxyls) of GO and there-
fore the hydroxyl groups on the PVA molecular chains and
also with increase in GO doping concentration also lead to
increase in the formation of CTC with OH groups of PVA
matrix. Moreover, within the FT-IR spectra of GO and PVA,
a stretching vibration band at 2800-3000 cm™' belong-
ing to C-H, and the peak at 1090 cm™' resulting from the
stretching of C—O groups are observed. The change of -OH
stretching bands is associated to hydrogen bonding [35, 41,
43, 44]. When rGO was incorporated into PVA, the quality
of stretching vibration band at 2800-3000 cm™! becomes
stronger. The nanofillers also show a deformation vibration
band at 1300-1500 cm™! (CH/CH,, deformation vibrations).
From Fig. 3, it can be found that the peak for —OH stretching
shifts to a lower wavenumber with the increase of rGO load-
ings; the band corresponding to -C—OH stretching (around
1095 cm™!) displays an analogous behaviour. In the mean
time, the extending vibration of C=0 shifts to 1730 cm™!,
showing up with higher force inside the rGO-PVA range,
demonstrating that hydrogen bond among C=0 and OH has
been set up.

These phenomena indicate the existence of hydrogen
bonding between the hydroxyl groups in PVA and therefore
the remaining oxygen-containing functional groups in rGO
[45, 46]. The results indicate that there are strong molecular
interactions between rGO nanosheets and PVA chains. The
strong molecular interactions at the filler—matrix interface
are mainly attributed to the hydrogen bonding between the
oxygenated groups remaining in rGO surface and the -OH
groups of PVA chains [47].

3.3 FESEM studies of the nanocomposite

In order to determine the degree of exfoliation and the
quality of the nano rGO dispersion in PVA, scanning elec-
tron microscopy (SEM) was employed. Figure 4 shows
the SEM images of the GO, rGO and fracture surface of 2
wt% rGO-PVA nanocomposites. The FESEM of the rGO
(Fig. 4b clearly indicates the formation of fine nano flakes
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Fig.4 SEM (FESEM) image of the a GO; b rGO; ¢ rGO-PVA nanocomposites; d rGO-PVA nanocomposites
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Fig.5 Raman spectra of graphite, GO, PVA and the rGO-PVA nano-
fillers. Inset is the zoom of the PVA Raman spectrum

with smooth surfaces. The FESEM diagram of the nano-
composite (tGO-PVA) is given in Fig. 4c, d. It is seen that
nano flakes of rGO are well dispersed inside PVA matrix.
The evolution of agglomerated sheets is evident for nano-
composites of TGO-PVA. Many wrinkles are formed within

the composite and rGO nano flakes are penetrated inside
PVA polymer chains are marked by red circles in Fig. 4c
and arrow sign in Fig. 4c, d, respectively. The wrinkles are
formed due to stress and stain inside PVA polymer chains.

3.4 Raman spectroscopy studies
of the nanocomposite

Figure 5 shows the Raman spectra of pure PVA, rGO, GO
and rGO-PVA nanocomposite. For pure PVA the intensity
of the Raman signal is almost constant with respect to the
intensity of rGO, GO, rGO-PVA nanocomposites. However,
the amplified image (Inset of Fig. 5) of the pure PVA shows
a small signal peak around 1430 cm™! inside the scope of
1000 cm™'=2500 cm™" [48]. The zoom of the PVA Raman
spectrum is shown in the inset of Fig. 5. By examination,
the characteristic peaks at 1345.5 and 1592.7 cm™! show up,
relating to D band and G band for GO. The characteristics
peaks for rGO arise at 1348.5 and 1598.83 cm™!, relating to
D and G bands, respectively. For rtGO-PVA nanocomposites,
D and G groups are situated at 1354.5 and 1597.75 cm™!,
individually. The power proportion of the D band to the G
band for rGO and rGO-PVA is 2.25 and 2.01, respectively.
This proportion for GO and rGO-PVA is 1.51 and 1.21,
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respectively. The correction of D/G proportion recommends
the age of a bigger number of sp® carbon spaces with a lit-
tler normal size in rGO-PVA [49]. We additionally found
that the area of D and G bands moved to bring upper wave
number compared to GO and rGO. The explanation of area
of D and G moved towards higher Raman shift i.e. orginal
wavenumber to higher wavenumber possibly is the recupera-
tion of the hexagonal system of carbon particle.

3.5 UV-Visible absorption spectroscopy

Figure 6 represents the UV-Visible absorption spectra for
pure GO, rGO, PVA, and PVA-rGO composite films with
2 wt% loading of rGO. Figure 6a shows absorption spec-
trum of pure PVA. Pure PVA exhibits long-tailed absorp-
tion edge around 211.67 nm assigned to n-z* transitions
followed by small absorption peak at 273.7 nm which cor-
responds to # — z* transition of carbonyl group of PVA
polymer [50]. The maximum absorption of GO arises at
234.5 nm due to plasmon z— 7* transition with a small peak
at 304.45 nm due to n-z* transition shown in Fig. 4c [51].
The maximum absorption of rGO exhibits peak at 273.7 nm
shown in Fig. 4c. The reduction of GO leads to the restora-
tion of the sp® hybridization carbon atoms within rGO and
increase of electron concentration exhibits new absorption
peak for rGO [52].

However, in composite samples, the characteristic peak
of rGO around 273.7 nm starts disappearing and it shows
a new strong absorption at 255.91 nm. The intensity of this
characteristic absorption peak within the composite system
increases along with large blue shifting with respect to rGO.
The large blue shifting in peak clearly indicates the forma-
tion of bonding between rGO layers and PVA polymer chains.
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Fig.6 UV-VIS spectra of a PVA; b rGO; ¢ GO; d rGO-PVA nano-
composite; Inset [A] is the plot of (ahv)? vs. energy (hv); Inset [B]
is the plot of (cthv)? vs. energy (hv)
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We calculate the bandgap of the pure PVA and rGO-PVA
nanocomposite by considering direct bandgap treatment.
Optical absorption coefficient has been calculated in the
wavelength region 205—750 nm. The bandgap of the PVA and
rGO-PVA nanocomposites are determined from the relation:
(ahv)'= c(hv—E,), where c is a constant, E, is the bandgap
of the material, « is the absorption coefficient, factor n=2
for direct bandgap materials and n=1/2 for indirect bandgap
materials [53, 54]. Inset [A] & [B] of Fig. 6 shows the plot
of (ahv)'? vs. energy (hv) & (ahv)? vs. hv, respectively, and
it is used to determine bandgap [55]. The bandgap (indirect
bandgap) of the PVA and rGO-PVA composites are found to
be 4.95 eV and 3.35 eV, respectively. The direct bandgap of
the PVA and rGO-PVA composites are found to be 4.92 eV
and 3.8 eV, respectively [56].

3.6 Refractive index and optical dielectric constants
study from UV-Visible absorption spectrum

The refractive index (n) of the material is calculated from
reflectance (R) and extinction coefficient (K) of the material
by using the following formula [57, 58].

n=[1+R)/(1-R|++/[{4R/(1 =R’} - K?],

where K=al/4xat and R=1—-(A+T), A=absorption,
T=transmittance, 4 is the wavelength and ¢ is the sample thick-
ness. The T values are calculated from Beer’s law [54, 59].

The variation of refractive index (RI) as a func-
tion of wavelength of pure PVA, rGO, GO, rGO-PVA
composites is shown in Fig. 7b. It is clear that the RI of
PVA <rGO < GO <rGO-PVA. The results of RI (n) reveal that
the incorporation of rGO into PVA polymer matrix can tune
the refractive index of the composite material and therefore
increase the n value from 1.28 to about 2.49 at 1=500 nm.
The plot of the extinction coefficient (K) as a function of wave-
lengths is shown in Fig. 7a. It can be seen that the K value of
the rGO-PVA composites is larger than pure PVA and pure
rGO at any wavelengths.

The optical dielectric functions (g,’, €,") are likewise
concentrated by optical spectroscopy which are helpful in
the assurance of the overall band structure of the material.
Refractive index (n) and dielectric constant are two helpful
parameters utilized for characterizing the optical properties
of materials [60]. From the got estimations of n and K, we can
just figure the optical dielectric parameters (¢,’, ;") using the
following relations [60]:

Optical dielectric constant (¢}) = n* — K*

Optical dielectric loss (£]) = 2nK
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Fig.7 The variation of a Extinction coefficient (K) vs. wavelength (A); b Refractive index (n) vs. A; ¢ Optical dielectric constant (g,") vs. A; d
Optical dielectric losses (g,") vs. A of (a) PVA, (b) rGO, (c) GO, (d) rGO-PVA nanocomposite

Figure 7c shows the variation of €," with wavelength for
all the samples. It trends to be seen that at higher wave-
lengths the optical dielectric constants are practically steady
for PVA, rGO, rGO-PVA. In case of GO it slightly decreases
with increase in wavelength. The real part of the optical
complex dielectric constant shows how much it will slow
down the speed of light in the material, and is straightfor-
wardly identified with the refractive index (nx \/ g,"). Fig-
ure 7d represents the variation of &,” with wavelength (1)
and corresponding energy (&) =hc/A for pure PVA, GO, rGO,
rGO-PVA composite samples. It is clear that at low photon
energy i.e. high 4 the PVA, rGO, rGO-PVA samples display
practically constant estimation of ¢,”. In case of GO, ¢,"
slightly diminishes with increase in wavelength. The imagi-
nary part relates to the absorption coefficient [60, 61]. It was
accounted for that the imaginary component of the dielectric
function (¢;"), predominantly portrays the electron transition
from the occupied states to unoccupied states [62]. The pro-
cess of transition of electrons between the bands of a solid
is well known by interband absorption process. The absorp-
tion edge is brought about by the onset of optical transitions
across the fundamental bandgap of a material.

3.7 Dielectric measurement and electric modulus

We took the rGO-PVA thin films of square shape of area
A and thickness d. The dielectric properties of a medium
under alternating electric field of angular frequency o
are described by frequency-dependent complex dielectric
constant.

£ (w) = € (w) — ie” (w),

wherei = \/—_1 , = 2xf,f =frequency &' (w) =real part
of £* ¢’ (w) = imaginary part of £*.

The polarization lags behind the field by the frequency-
dependent phase 6(@). Then

"

tan = 66—, (1)

From measurement

e'=£ 2
Co 2
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where C,=capacitance of the empty capacitor = 503,
€£o=vacuum permittivity =8.85 x 10~'2 Fm~!, C = capaci-
tance of the film capacitor.

The ac conductivity is given by

6, = we)E" (3)

Electric modulus compares to the unwinding of the elec-
tric field in the material when the electric dislodging stays
steady. The electric modulus approach started when the
proportional complex permittivity was talked about as an
electrical analogue to the mechanical shear modulus [63].

From the physical perspective, the electrical modulus
identifies with the loosening up of the electric field in the
material when the electric displacement remains constant.
Consequently, the modulus speaks to the genuine dielectric
relaxation process [64—66].

The complex modulus M*(w) was introduced to describe
the dielectric response of non-conducting materials. This
formalism has been applied similarly to materials with non-
zero conductivity. The convenience of the modulus portrayal
in the investigation of unwinding properties was exhibited
both for vitreous ionic conductors [67] and polycrystalline
ceramics [68].

M*(w) could be expressed as Fourier transform of a relax-
ation function ¢(¢) [67, 69]

M*(w) = 1. M (©) +iM" (w) = M, [1 - /w e—"’”f{ do®) }dt]
e* 0 dt
“
B
where the function () = exp [— <t/TM) ] represents time

evolution of the electric field within the material [70] where
p(0 < p < 1)is the stretched exponent and 7, is the conduc-
tivity relaxation time. This function ¢(¢) gives the time evo-
lution of the electric field within the dielectrics:

W@ = D
e'(w) +e"(w) 5
, () (%)
M (w) =

5’(60)2 + 6”(60)2

Based on Eq. (5) we have changed the form of presenta-
tion of the dielectric data from &'(w) and £”(w) to M'(w)
and M"”(w). The dielectric parameters were obtained from
the data measured by the LCR meter using Eqs. (1), (2)
and (3). In our experiments, we had measured the dielectric
parameters of the 2wt% rGO—PVA nanocomposites in zero
magnetic field for the entire frequency range upto 1.5 MHz.

The variation of the real part of the dielectric constant (&)
and imaginary part of the dielectric constant (&") with fre-
quency under four different temperatures (30°, 50°, 70°, 90°,
110 °C) are shown in Fig. 8a, b, respectively. Both dielectric
constants decrease with increase of frequency upto 1.5 MHz
for a particular temperature. The value of the real and imagi-
nary part of the dielectric constants increase with increase
of the temperature for any particular frequency.

The variety of imaginary part of electric modulus M"
and real part of electric modulus M’ versus frequency for
the rGO-PVA nanocomposite at different temperatures are
delineated in Fig. 9a, b, respectively, using Eq. (5).

It is clearly seen that M’ values are low at low frequency
and increases with increase in frequency and almost con-
stant with the rise of higher frequencies. In the low-fre-
quency region the values of M’ decrease with increase in
temperature and the high-frequency side, on expanding
temperature the M’ bends rise representing the non-exist-
ence of electrode polarization effect in the rGO-PVA
nanocomposite. In the high-frequency region, M’ values
are merged at all temperatures. The variation of M"” with
frequency shows the appearance of a peak at a particular
frequency. This unwinding top will in general move of M”

Fig.8 The variation of the a

real part of the dielectric con-
stant (¢') and b imaginary part
of the dielectric constant (&”)
with frequency of rGO-PVA
nanocomposite under five dif-
ferent temperatures (30 °C, 50
°C,70°C, 90 °C, 110 °C)
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Fig.9 A Frequency dependence of the imaginary component of the
electric modulus at temperatures from 30 to110 °C at an interval of
20 °C; B Frequency dependence of the imaginary component of the
electric modulus at temperatures from 30 to 110 °C at an interval of
20 °C; C Electric modulus vs. 1/T for rtGO-PVA nanocomposite

towards higher frequencies with expanding temperature.
This temperature subordinate conduct of M" can be clari-
fied on the premise that the charge transporters get ther-
mally enacted with an expansion in the temperature and
thus they secure a quick development. This prompts a
reduction in the relaxation time and hence increases the
relaxation frequency. This causes the shifting of the relax-
ation peak towards higher frequency with an increase in
the temperature and thus signifying the occurrence of
temperature-dependent relaxation processes in rtGO-PVA
nanocomposite. The frequencies at which the peaks in M"
spectroscopic plots are observed follow the relation
, where @,,,, is the angular fre-

O Ty = L Or 73 =

1
27 imax
quency corresponding to the peak maximum. It is seen in
Fig. 9a that these relaxation times satisfy an almost linear
dependence and hence typically observed that z,, follows

the Arrhenius law given by [71],

max

7 = roexp (Evir ), ©6)

where E, the activation energy and 7 is the pre-expo-
nential factor. By fitting In (z,,) with (1/T) (see Fig. 9c¢),
we find 7, and E,. The values determined from the
resultant fitting are E, = 0.12 eV and 7, = 2.07 X 1077 s,
respectively.

Scaling of the electric modulus can give further infor-
mation about the dependence of the relaxation dynamics
on the temperature. Figure 10 shows the scaling results at
different temperatures for the rGO-PVA nanocomposite,

where M/ and @,,,, are used as the scaling parameters

o _ = 30°C

e T e 50°C

- ¥ 70°C

0s L 4 v 90°C

# 110°C
: | ¥
'<F06 | o
= 4
= [ %%
= &

04 |

#
R f 5
02 | o S

0.0 |-

10' 10?

NPT B A Ty |

107 107" 10°
fIf .

Fig. 10 Scaling of the electric modulus M” (@) for rtGO-PVA nano-
composite sample at different temperatures

for M"" and w, respectively. Plainly all modulus spectra
can be seen to totally overlap and are scaled to a single
master curve showing that the relaxation dynamics does
not change with temperature.

3.8 Magnetodielectric effect

With magnetic fields (H) upto 1.2 T in which the film
capacitor was placed the frequency scan of the dielectric
parameters were obtained. From these measurements, the
variation of £’ and £” with H at some fixed frequencies were
obtained. They are shown in Fig. 11a, b. At a frequency
of 100 kHz the increase of H from 0 to 1 T ¢’ decreases
2.5% for —GO-PVA. Already S. Mitra et al. [30] had studied
the 1 wt% rGO-PVA and obtained 1.8% magnetodielectric
effect. The magnetodielectric effect is frequency dependent
being higher at low frequency. It is better to estimate the
magnetodielectric effect, at very high frequencies. As GO
is a insulator, GO—polymer nanocomposites do not show
magnetodielectric impact as was noted in the introduction.
But in some cases, rGO is a conductor. So the interfacial
charge in rGO—polymer nanocomposites move under the
activity of electric field and magnetic field. The measure of
interfacial charges may increase or decrease causing more or
less interfacial polarization in magnetic fields. The dielec-
tric parameters ¢’ and &” change with magnetic field (H).
We have discovered that £’ decreases with H for tGO-PVA
nanocomposite. The works by Mitra et al. [30] discovered
magnetodielectric effect in tGO-PVA nanocomposite £’ and
€ decreases with H. Our film shows a decrease by 2.5% for
increment of H to 1 T at 100 kHz. So the comprehension is
commonly fantastic with the outcome of Mitra et al. Mitra
et al. [30] had applied the theory of magnetocapacitance
in non-magnetic composite media by Parish et al. [72] and
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fitted a formula to their £’ and £” data. Actually the formula
holds only when wt% of rGO =wt% of polymer=50%, and
the system is truly two-dimensional (H applied normal to
the plane of the composite). The theoretical work by Cata-
lan [73] on magnetocapacitance without magnetoelectric
coupling might be applied if the conductive fillers have
magnetoresistance and the composite has MSW effect. We
have measured the magnetoresistance of rGO and found it
small. So the use of the two hypotheses [72] and [73] are not
attempted by us. Further we have found that £’,¢”’, M’ and
M" of the nanocomposites in non-zero H do not rely upon
the relative orientations of electric field and H. It implies
that the nanofillers in our samples are three dimensionally
consistently scattered in spherically symmetric style.

From the magnetic field reliance of the dielectric permit-
tivity of this material one will be enticed to utilize it to test
magnetic field. Anyway the impact is honestly very little
for such an application to be feasible. Use as a magnetic
sensor in nanocircuits could still be a chance. Then again,
such materials ought to be investigated for making nano-
generators viz; by applying a alternating magnetic field a
sinusoidal variety of polarization (for example bound charge
density at electrodes)) could be affected.

Recently, Xia et al. [74, 75] had introduced another suc-
cessful medium theory for the dielectric constant of graphene-
based nanocomposites that is gotten from the basic physi-
cal procedure including the effects of graphene orientation,
aspect ratio, fillers loading, percolation threshold, interfacial
tunnelling and Maxwell-Wagner—Sillars polarization [76].
Incidentally there is a theoretical work of Santos et al. [77]
which gives the electric field subordinate dielectric steady of
unadulterated graphene as ~ 3.0 for electric field perpendicular
to the plane of graphene and 1.8 for the electric field in the
plane of graphene. However, the experimental work of Sarkar
et al. [78] had reported £’ ~ 10” at 20 Hz (colossal dielectric-
ity) due to interfaces and defects. A high &’ ~ 103 at 50 Hz for
rGO had been reported by Hong et al. [79].
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4 Conclusion

The composite formation is clearly observed from Raman
spectroscopy analysis and the FESEM study, which shows
that nano flakes of rGO are well dispersed inside PVA
matrix. The strong interaction between rGO nanosheets and
PVA polymer chains is clearly observed from our FTIR anal-
ysis. The direct bandgap of the PVA and rGO-PVA com-
posites are found to be 4.92 eV and 3.8 eV, respectively. The
results of RI (n) shows that the incorporation of rGO into
PVA polymer matrix can increase the refractive index of the
composite material from 1.28 to about 2.49 at 1=500 nm.
We successfully discussed the wavelength-dependent refrac-
tive index and optical dielectric constants. We have investi-
gated the electric modulus approach to the analysis of elec-
tric relaxation and magnetodielectric effects in rGO-PVA
polymer nanocomposites. Scaling of the modulus spectrum
shows that the charge transport dynamics is independent of
temperature. The small effects in moderate magnetic field
are important to decrease of £, &’. We have studied gra-
phene (rGO) nanofillers in polymer matrix composite. There
are other possible types of composite such as layered (layer
by layer assembly) composite of graphene and polymers and
the polymer functionalized graphene nanosheets [19]. For
search of high magnetodielectric effects all types of gra-
phene—polymer nanocomposites should be investigated.
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