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Abstract. Three polymers, poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA) and poly(methyl methacrylate)
(PMMA), are used as matrices to synthesize three nanocomposites each with reduced graphene oxide (RGO) fillers
(5 wt%). The dielectric properties of these nanocomposites, RGO–PVA, RGO–PAA and RGO–PMMA, are 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 e0 and e00 —the real and imaginary parts of complex dielectric constant with H at some frequencies. Thus at
100 kHz for the increase of H from zero to 1 T e0 decreases by 5% in RGO–PVA and by 4% in RGO–PAA, whereas e0
increases by 4% in RGO–PMMA. The observed magnetodielectric effects, though small, are significant. They show both
decrease and increase of e0 depending on the polymer. This fact is the indicative of the interaction between RGO filler
particles and polymer chains.
Keywords. Reduced graphene oxide; reduced graphene oxide–polymer nanocomposites; dielectric properties;
magnetodielectric effects.

1.

Introduction

Graphene is the first two-dimensional (2D) atomic crystal
isolated and studied by Geim, Novoselov and their colleagues. Its rise, status and prospects and roadmap are
reviewed in [1–3]. It is a 2D atomic crystal of sp2 bonded
carbon atoms in a honeycomb structure. It has exceptionally
high mechanical, electrical, thermal and other properties.
Because of these unique properties it has the potential of
carrying out many applications. The synthesis, properties
and applications of graphene-based materials are an
important area of research [4–6]. Its one branch is graphene–polymer nanocomposites. Graphene-based materials
are mixed as nanofillers in polymer matrices. Because of the
excellent properties of graphene-based materials the
mechanical, thermal, electrical and other properties of the
polymer are improved with very low content of the fillers.
Stankovich et al [7] first synthesized an electrically conductive graphene-based composite with polystyrene. To the
phenyl isocyanate-treated graphene oxide (GO) dispersion
in solvent dimethylformamide (DMF), the polymer polystyrene was added and thoroughly dissolved by stirring. The
mixture was reduced with dimethyl hydrazine. They found
the increase of the electrical conductivity of the composite

with a percolation threshold of the filler content near
0.1 vol%. Since then many works in this field have been
published. Kim et al [8], Potts et al [9], Kuilla et al [10],
Cai and Song [11], Verdejo et al [12], Huang et al [13],
Young et al [14], Li et al [15], Marsden et al [16] and Hu
et al [17] have reviewed the vast field of the graphene–
polymer nanocomposites.
The properties of the nanocomposites depend on how
well the fillers are dispersed in the polymers and the
interaction between polymer chains and fillers. Besides the
processing techniques, the properties of the fillers and
polymers and their morphology, orientation and aspect
ratio, etc. determine the properties. The reviews [8–17] and
references therein should be consulted for details.
Two important graphene-based materials are GO and
reduced graphene oxide (RGO). In the chemical methods
for the production of graphene [4,18–21] at first graphite
oxide is synthesized from graphite. The graphite oxide is
exfoliated into single layers in water or other solvent by
ultrasonication. The single layer is called GO because it is a
graphene layer with four oxygen-containing functional
groups, epoxides, hydroxyls, carboxyls and carbonyls
[22,23]. GO is an electrical insulator because the sp2 network of graphene is strongly disrupted where the groups are
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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 functional groups are
largely removed and the sp2 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 other types of graphene-based material such as
chemically modified GO/RGO. Stankovich et al [7] had
actually synthesized isocyanate-treated GO and finally fabricated RGO–polystyrene composite. It is a common practice to
designate any graphene-based material–polymer composite
simply as a graphene–polymer composite. To be specific it is
better to designate the composite as GO–polymer/RGO–
polymer like GO–poly(vinyl alcohol) (PVA)/RGO–PVA.
Reinforcement and improvement in mechanical properties of polymer occur for both GO and RGO fillers. Similarly thermal properties are improved by them. But for
improved electrical conductivity only conductive fillers like
RGO fillers are needed. The improved mechanical, thermal
and electrical properties for a large number of polymers
have been reported. They are reviewed in [8–17]. But the
dielectric properties of GO–polymer/RGO–polymer
nanocomposites are reported only in a few studies and not
reviewed in [8–17]. For polymer PVA the works of Mitra
et al [24] and Tantis et al [25] are on the dielectric properties of nanocomposites. Mitra et al investigated a RGO–
PVA nanocomposite and found small magneto-dielectric
effects in magnetic field up to 1 T. We have been studying
the dielectric properties of the graphene–polymer
nanocomposites. First we have studied a GO–PVA
nanocomposite. It is found that compared with the pristine
PVA, the dielectric parameters like the real and imaginary
parts of the complex dielectric constant and dielectric loss
factor are higher at lower frequencies. The ac conductivity
shows the normal power law of variation with frequency.
But no magnetodielectric effects are found in GO–PVA
nanocomposites.
Now in the present work we report about the dielectric
properties and magnetodielectric effect in three RGO–
polymer nanocomposites—RGO–PVA, RGO–poly(acrylic
acid) (PAA) and RGO–poly(methyl methacrylate)
(PMMA), RGO content being 5 wt% in each of the
composites. We have measured the dielectric parameters
in zero magnetic field and the magnetic fields up to 1.2
T. The magnetodielectric effects, variation of e0 and e00
with the magnetic field at some frequencies, are found.
Unlike in GO polymer nanocomposites we have found
non-zero magnetodielectric effects in RGO–polymer
nanocomposites. The results though small are significant
with possible application. e0 decreases with magnetic field
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in RGO–PVA and RGO–PAA, but e0 increases in RGO–
PMMA nanocomposites.

2.

Experimental

2.1 Preparation of the three RGO–polymer
nanocomposites
There are different methods of nanocomposite fabrication—
solution mixing, melt blending, in situ polymerization, latex
technology, etc. We synthesized the three RGO–polymer
nanocomposites following the solution mixing method.
We first describe the procedure for water-soluble polymers PVA and PAA. Graphite oxide powder, prepared by
the modified Hummers method [26,27], was dispersed in
water and exfoliated by ultrasonication. This dispersion was
ultra-centrifuged to remove un-exfoliated particles. By the
repeated use of these two procedures finally a stable aqueous dispersion of GO was prepared. The polymer PVA was
dissolved in hot water at 90°C. The polymer PAA was
dissolved in water at room temperature. 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 nanofillers and remained
uniformly dispersed within the polymer matrix. Being
surrounded by the polymer the RGO fillers were prevented from restacking and aggregation and remain as
separated fillers in the polymer matrix. The mixture was
poured into Petri dishes. After the evaporation of water
thin films are formed. The thin films of RGO–PVA and
RGO–PAA nanocomposites were peeled off from the
Petri dishes. Salavagione et al [28] had applied this
method to synthesize RGO–PVA nanocomposites of
various concentrations of RGO. They found the electrical
percolation threshold between 0.5 and 1 wt%.
The polymer PMMA is not water soluble. It is soluble in
tetrahydrofuran (THF). Paredes et al [29] had shown that
stable GO dispersion can be prepared in water and 13 other
organic solvents like DMF, THF, N-methylpyrrolidone, etc.
So to prepare RGO–PMMA, THF was taken as the common
solvent for the GO dispersion and polymer solution. They
are separately prepared in THF and then mixed. Alternatively ultrasonication and stirring were applied to the mixture (in an ice bath to reduce the fictional heat produced) the
reduction of GO into RGO was performed by the addition
of hydrazine to the mixture and the constant stirring was
applied. Finally the mixture was poured into Petri dishes.
After the evaporation of the THF thin films were formed.
Ramanathan et al [30] had synthesized functionalized graphene sheet (FGS)–PMMA nanocomposites. Like RGO,
FGS is a conductive graphene-based material, but FGS
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differs from RGO in its structure as it is produced by a
thermal method from graphite oxide. The solution mixing
method with common solvent THF was followed to fabricate FGS–PMMA. They studied the improved thermal and
mechanical properties of the nanocomposites.

2.2

Characterization

To check whether the aqueous GO dispersion had the right
quality we had taken its UV–visible absorption spectrum by
UV–visible spectrometer (Perkin-Elmer Lambda 35). The
X-ray diffraction (XRD) studies of graphite oxide, the
pristine polymers and their nanocomposites were performed
with the apparatus Rigaku Miniflex 600 (Cu target). To
know the morphological structure of RGO–polymer
nanocomposites, field emission scanning electron microscopy (FESEM) was performed. The RGO–polymer thin
films are silvered on the top and bottom sides of the films to
which wires were attached to make parallel plate capacitors.
The dielectric properties were measured by the LCR meter
(HIOKI 352250 LCR Hi TESTER) (frequency range 1 Hz–
100 kHz) with zero magnetic field and with magnetic field
(H) up to 1.2 T. How the sample was placed in the gap
between two pole-pieces of the electromagnet is shown in
figure 1, the schematic diagram of the experimental set-up.

3.

Results and discussion

3.1 UV–visible absorption spectroscopy of the GO
dispersion in water
The stable aqueous dispersion of GO is required to prepare
the RGO–PVA and RGO–PAA nanocomposites, as described in section 2.1. The spectrum is shown in figure 2.
Paredes et al [29] had obtained for the aqueous GO dispersion a maximum at 231 nm with a shoulder at 300 nm.
Our results are maximum at 232.4 nm and shoulder at 309.6
nm. So the agreement is very good.

Figure 2. UV–visible absorption spectroscopy of the GO dispersion in water.

3.2

XRD studies of the nanocomposites

The XRD pattern of graphite oxide is shown in figure 3a.
Figure 3b shows the XRD pattern of PVA and RGO–
PVA. Figure 3c and d shows the same for PAA and
PMMA.
From the figures it is seen that no peak of graphite oxide
is present in the nanocomposite diagrams. It indicates that
RGO is uniformly dispersed. Furthermore, the main peak of
PVA at 2h ¼ 20:39 in figure 3b was slightly shifted to
lower 2h ¼ 19:51 RGO–PVA and it is also broadened. It
means that some interaction between polymer chains and
RGO particles had occurred. Similar features in figure 3c
and d are present.

3.3

FESEM studies of the nanocomposite

The FESEM diagrams of the nanocomposites are given
in figure 4a–c. It is seen that nanofillers are well
dispersed.

3.4

Figure 1.

Schematic diagram of the experimental set-up.

Study of the magnetic property of nanocomposites

To explain the magneto-dielectric effects we have to know
the magnetic properties of the nanocomposites. The polymers are diamagnetic. But RGO and graphene-based
materials have shown all types of magnetic properties—
ferromagnetic, super paramagnetic, paramagnetic, diamagnetic, etc. due to the defects and functional groups [31–36].
It is seen that the nanocomposites with 5 wt% RGO are all
diamagnetic at room temperature.
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Figure 3. XRD patterns of (a) graphite oxide, (b) PVA and RGO–PVA nanocomposites, (c) PAA and
RGO–PAA nanocomposites and (d) PMMA and RGO–PMMA nanocomposites.

Figure 4. SEM (FESEM) image of (a) the RGO–PVA nanocomposites, (b) the RGO–PAA nanocomposites and (c) the RGO–PMMA
nanocomposites.

3.5

Dielectric measurement

We took the RGO–polymer thin films of square shape of area A
and thickness d. The dielectric properties of a medium under
alternating electric field of angular frequency x is described by
frequency-dependent complex dielectric constant:
e ðxÞ ¼ e0 ðxÞ  ie00 ðxÞ;

pﬃﬃﬃﬃﬃﬃﬃ
where i ¼ 1, x ¼ 2pf , f = frequency, e0 ðxÞ ¼ real part
of e and e00 ðxÞ ¼ imaginary part of e :
The polarization lags behind the field by the frequencydependent phase dðxÞ. Then
tan d ¼

e00
:
e0

ð1Þ
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From the measurement
e0 ¼

C
;
C0

ð2Þ

where C0 = capacitance of the empty capacitor = e0(A/d); e0
= vacuum permittivity = 8.85 9 10-12 F m-1; and C =
capacitance of the film capacitor.
The ac conductivity is given by
rac ¼ xe0 e00 :

ð3Þ

The dielectric parameters were obtained from the data
measured by the LCR meter using equations (1, 2 and 3). In
our experiments we had measured the dielectric parameters of
the 5 wt% RGO–polymer nanocomposites in zero magnetic
field for the entire frequency range up to 100 kHz. These are
shown in figure 5a and b for RGO–PVA, RGO–PAA and
RGO–PMMA. Then with magnetic fields (H) up to 1.2 T, in
which the film capacitor was placed, the frequency scan of the
dielectric parameters was obtained. From these measurements the variations of e0 and e00 with H at some fixed frequencies were obtained. They are shown in figure 6a and b,
figure 7a and b and figure 8a and b respectively. At a frequency 100 kHz the increase of H from 0 to 1 T e0 decreases
5% for RGO–PVA and by 4% in RGO–PAA. But for RGO–
PMMA an increase of e0 by 4% for field variation for zero to 1
T is obtained at 100 kHz. The magnetodielectric effect is
frequency dependent being higher at low frequency. It is
better to estimate the magnetodielectric effect at very high
frequencies (supplementary information).
We have prepared three RGO–polymer nanocomposites
with 5 wt% RGO. The electrical conductivity percolation
threshold of these composites is within 1 wt%, as reported
in the literature [8–17]. Salavagione et al [28] had found the
percolation threshold of RGO–PVA nanocomposites
between 0.5 and 1 wt% of RGO. We have measured the
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conductivity of our 5 wt% RGO–PVA nanocomposites as
5:0  106 S m1 which agrees well with their value for 5
wt% RGO–PVA. So our nanocomposites are near
percolation.
The electrical conductivity of the nanocomposites is
thoroughly discussed in the reviews [8–17], but the
dielectric properties of the nanocomposites are not discussed. Nan et al [37] have discussed both the electrical
conductivity and the dielectric properties of composites
near percolation. When the percolation threshold is
approached from below the real part of the dielectric constant e0 of the nanocomposite diverges as e0 / e0m j f  fc js
where e0m is the dielectric constant of the insulator matrix
and s is a critical exponent of approximately 1 ( f ¼ volume
fraction of the conductive fillers and fc = its percolation
threshold). This relation predicts that a large dielectric
constant can be obtained as f ! fc . Such a large dielectric
constant enhancement has been observed in the composites
of metal fillers in ferroelectric ceramic matrix at all frequencies. The reason for such behaviour is the formation of
microcapacitor network. Each microcapacitor is formed by
the two conductive fillers with a layer of the matrix
dielectric in between. The large capacitance of these
microcapacitor networks causes a high dielectric constant.
However, for our RGO–polymer nanocomposite the
increase of the dielectric constant near fc at low frequency is
due to the interfacial polarization, also known as Maxwell–
Wagner–Sillars (MWS) effect. At the interfaces of the RGO
fillers and polymer matrix charges are accumulated which
cause additional polarization and hence the increase of the
dielectric constant at low frequency. At high frequencies the
frequency response of the polymer matrix becomes dominant and e0 ! e0m . As discussed in the introduction our study
on dielectric properties of GO–PVA nanocomposites

Figure 5. (a) Variation of e0 with frequency (f) and (b) variation of e00 with frequency (f) for RGO–PVA, RGO–PAA and RGO–PMMA
nanocomposites (in zero magnetic field).
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Figure 6. Variation of (a) e0 and (b) e00 with magnetic field H(G) for RGO–PVA nanocomposites at constant frequencies: (i) 40 kHz,
(ii) 50 kHz, (iii) 60 kHz, (iv) 70 kHz, (v) 80 kHz, (vi) 90 kHz and (vii) 100 kHz.

Figure 7. Variation of (a) e0 and (b) e00 with magnetic field H(G) for RGO–PAA nanocomposites at constant frequencies: (i) 40 kHz,
(ii) 50 kHz, (iii) 60 kHz, (iv) 70 kHz, (v) 80 kHz, (vi) 90 kHz and (vii) 100 kHz.

showed that e0 is considerably higher than that of pure PVA
at low frequencies (*100 Hz) and e0 ! e0m at high frequencies (*100 kHz). e00 showed a similar frequency
dependence. The same type of the frequency dependence is
obtained in the measured dielectric constants e0 and e00 of
RGO–PVA, RGO–PVA and RGO–PMMA in zero magnetic
fields are given in figure 5a and b, respectively.
As GO is an insulator, GO–polymer nanocomposites do
not show magneto-dielectric effect as was noted in the

introduction. But RGO is a conductor. So the interfacial
charge in RGO–polymer nanocomposites moves under the
actions of electric field and magnetic field. The amount of
interfacial charges may decrease or increase causing less or
more interfacial polarization in magnetic fields. The
dielectric parameters e0 and e00 vary with magnetic field (H).
We have found that e0 decreases with H for RGO–PVA and
RGO–PAA and e0 increases with H for RGO–PMMA
nanocomposites. This difference is due to the type of
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Figure 8. Variation of (a) e0 and (b) e00 with magnetic field H(G) for RGO–PMMA nanocomposites at constant frequencies: (i) 40 kHz,
(ii) 50 kHz, (iii) 60 kHz, (iv) 70 kHz, (v) 80 kHz, (vi) 90 kHz and (vii) 100 kHz.

interaction between RGO fillers and polymer chains. The
charges may decrease or increase for the motion of electrons along polymer chains. The work of Mitra et al [24]
found magneto-dielectric effect in RGO–PVA nanocomposite e0 and e00 decreases with H. Their film is 1 wt% RGO–
PVA nanocomposite and its e0 decreases by 1.8% when the
field is increased from zero to 1 T. In our RGO–PVA the
amount of RGO is 5 wt%. Our film shows a decrease by 5%
for the increase of H to 1 T at 100 kHz. So the agreement is
very good with the result of Mitra et al. Our results are the
first report of magneto-dielectric effect in RGO–PAA and
RGO–PMMA nanocomposites. e0 of RGO–PAA nanocomposite shows a 4% decrease with the increase of H from
zero to 1 T at 100 kHz. The same is for RGO–PMMA
nanocomposite shows a 4% increase for the increase of H
from zero to 1 T at 100 kHz. PAA is water soluble like PVA
and both have the similar polymer structure. So their
interaction with RGO fillers is of the same nature. But
PMMA is a polar polymer and it is not soluble in water. So
in RGO–PMMA the type of interaction between RGO fillers
and polymer is of different nature. This is the reason why e0
of RGO–PVA and RGO–PAA decreases with H, whereas e0
of RGO–PMMA increases with H. So the sign of the effect
is indicative of the interaction between RGO fillers and
polymer chains. The effect is small but still it is significant
in moderate H (*1 T).
Mitra et al [24] had applied the theory of magnetocapacitance in non-magnetic composite media by Parish and
Littlewood [38] and fitted a formula to their e0 and e00 data.
Actually the formula holds only when wt% of RGO = wt%
of polymer = 50%, and the system is truly 2D (H applied
normal to the plane of the composite). The theoretical work
by Catalan [39] on magnetocapacitance without

magnetoelectric coupling may be applied if the conductive
fillers have magnetoresistance and the composite has MWS
effect. We have measured the magnetoresistance of RGO
and found it small. So the applications of both theories [38]
and [39] are not tried by us. Furthermore, we have found
that e0 , e00 of the nanocomposites in non-zero H do not
depend on the relative orientations of electric field and H. It
means that the nanofillers in our samples are three-dimensionally uniformly dispersed in a spherically symmetric
fashion.
As discussed in the ‘Experimental’ section we have
measured the magnetization (M)–magnetic field (H) curves
for the nanocomposite at room temperature and found that
they are diamagnetic like the pure polymers. Although all
types of magnetic behaviours of RGO are reported in the
literature [31–36] 5 wt% RGO–polymer is still diamagnetic.
If they were ferromagnetic, external magnetic field H would
cause magnetostrictive strain in ferromagnetic RGO fillers
and through elastic interaction may cause the change in
interfacial polarization and hence magnetodielectric effect
would result. Such a magnetodielectric effect is observed by
Jayakumar et al [40] in a composite of Fe3O4 fillers in
polymer polyvinylidenefluoride matrix.
Recently Xia et al [41–43] had presented a new effective
medium theory for the dielectric constant of graphene-based
nanocomposites that is derived from the underlying physical process including the effects of graphene orientation,
fillers loading, aspect ratio, percolation threshold, interfacial
tunnelling and MWS polarization. Along with many
parameter values relative dielectric permeability of the
interface is taken as 3. Incidentally there is a theoretical
work of Santos and Kaxiras [44] which gives the electric
field-dependent dielectric constant of pure graphene as
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*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 [45] had
reported e0  109 at 20 Hz (colossal dielectricity) due to
interfaces and defects. A high e0  103 at 50 Hz for RGO
had been reported by Hong et al [46].

4.

Conclusion

We have investigated the magnetodielectric effects in three
RGO–polymer nanocomposites. The small effects in moderate magnetic field are important considering both the
increase and decrease of e0 ; e00 . Two of the three results are
being reported for the first time by our work. We have
studied graphene (RGO) nano-fillers 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 [13]. For the search of high magneto-dielectric
effects all types of graphene–polymer nanocomposites
should be investigated.
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