
Vol.:(0123456789)1 3

Journal of Materials Science: Materials in Electronics (2018) 29:15931–15945 
https://doi.org/10.1007/s10854-018-9679-7

Enhancement of dielectric properties and AC electrical conductivity 
of nanocomposite using poly (vinyl chloride-co-vinyl acetate-co-2-
hydroxypropyl acrylate) filled with graphene oxide

A. Y. Yassin1,2 · A. Raouf Mohamed2 · A. M. Abdelghany3 · E. M. Abdelrazek4

Received: 6 April 2018 / Accepted: 16 July 2018 / Published online: 19 July 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Synthesis of a new nanocomposite composed of poly (vinyl chloride-co-vinyl acetate-co-2-hydroxypropyl acrylate) (PVVH) 
copolymer and graphene oxide (GO) was successfully achieved using solution casting technique. Dielectric properties of 
the nanocomposite were investigated in the frequency range (10 Hz to 10 MHz) over the temperature range (298–373 K). 
Many variables such as: dielectric constant, dielectric loss, loss tangent, electric moduli and AC conductivity were studied 
with changing frequency and temperature, showing improvement in the nanocomposite properties with both of them. The 
non-Debye behaviour of the samples was confirmed from the electric modulus analysis. AC conductivity (σac) was found to 
follow Jonscher’s universal power law. The enhancement in (σac) with frequency and temperature has implied the presence 
of free charge carriers that pass by hopping through defect sites over the potential barriers separating them in the PVVH/GO 
matrix. The correlated barrier hopping (CBH) model was found to be the best choice for describing AC conduction mecha-
nism in the current nanocomposite over the above temperature range. Scaling of (σac) carried out for the prepared samples 
has exhibited that charge carriers within the current matrix follow a common conduction mechanism. A comparison between 
maximum barrier height and activation energy has been carried out to demonstrate the charge carriers transport mechanism. 
The PVVH-based nanocomposite with the highest concentration of GO (4 wt%) has achieved the highest enhancement in 
(σac) and mechanical properties, suggesting the feasibility of using it in designing electrochemical and energy storage devices.

1  Introduction

Nowadays, nanoscience and nanotechnology play an effi-
cient and essential role in our daily lives which are largely 
affected by the development introduced into materials, espe-
cially in the nanometer range. These novel materials with 
improved functionality are significantly useful in numerous 
fields such as; medical, biological, material science, as well 

as engineering fields, extending to industrial and electronic 
applications, etc. One of those substantial improved prop-
erties is the dielectric properties which pave the way for 
introducing many significant applications such as; sensors, 
microwave devices, high storage devices, electrical and elec-
tronic industries [1–5].

Carbon-based materials such as; carbon nanotube, black 
carbon, graphene and graphene-related materials (including 
graphene oxide) are widely used as nanofillers for improving 
the dielectric properties of the polymers owing to their large 
surface area, which endow nanocomposites prepared with a 
good interfacial polarization [3, 6]. One of these promising 
nanofillers is graphene oxide (GO), which is defined as a 
2D conductive material composed of monolayer of graph-
ite oxide and represents the contiguous arrangement of sp2 
carbon–carbon bonds packed densely in hexagonal shape to 
form a honeycomb lattice based on the hybridized carbon 
atoms. It is also characterized by a few oxygen-containing 
groups on its basal plane and edges [7, 8].

It is worth mentioning that GO is much better in form-
ing nanocomposites with good mechanical and dielectric 
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properties than other traditional dielectric fillers. The rea-
son is because it successfully create percolation structure 
with only small quantity in order to keep up these properties 
without breaking down for potential applications related to 
energy storage and high performance electromagnetic shield-
ing. Moreover, its oxygen-containing functional groups such 
as; hydroxyl, carboxyl, carbonyl and epoxide groups could 
considerably useful for enhancing the interfacial interaction 
of GO with polymers used [9], forming hydrogen bonds and 
consequently strengthen the nanocomposites obtained. In 
addition to increment in interfaces leads to increasing the 
interfacial polarization which means improving dielectric 
properties of the polymer nanocomposites.

Polarization of polymer nanocomposites in an electric 
field is another side that represents dielectric constant, so 
that the enhancement in one of them implies improving the 
other one and vice versa.

Generally, dielectric constant for most polymers are very 
weak, so researchers [4, 10–14] over the last few decades 
have tried to overcome this problem by incorporating (one or 
more) fillers into polymers matrices. Several methods have 
been carried out in an attempt to produce and develop more 
efficient dielectrics characterized by high dielectric constant 
as well as low dielectric loss, which are highly desirable [15, 
16]. The significant expansion in scientific interest with pol-
ymer nanocomposites has stemmed from their low cost, high 
compression strength, easy processability and their ability to 
improve numerous properties of advanced materials to meet 
the necessity [17, 18].

Poly (vinyl chloride-co-vinyl acetate-co-2-hydroxypropyl 
acrylate) (PVVH) is a copolymer composed of 81 wt% vinyl 
chloride, 15 wt% 2-hydroxypropyl acrylate and 4 wt% vinyl 
acetate monomers. It is transparent, sensitive to changes in 
temperature and flexible copolymer with good film forma-
tion property.

Only few reports for PVVH have been found in litera-
ture [19–23]. Ahmed et al. [21–23] reported the dielectric 
properties of PVVH using TSDC-TS technique. Whereas 
some polymer composites with GO were reported in order to 
improve flexibility, structural, thermal, electrical, mechani-
cal and dielectric properties [17, 23–27]. Tantis et al. [12] 
have fabricated nanocomposites based on PVA and chemi-
cally derivatized graphene via combining solution process-
ing and compression molding. In their study, dielectric 
measurements exhibited enhancement of the electrical 
permittivity for the prepared nanocomposites. Despite all 
these researches, further modifications on polymers are still 
required to improve their dielectric properties to meet the 
necessity for fabricating high energy storage devices with 
high performance and low cost.

In the present study, GO has been synthesized in a sim-
ple approach from natural graphite by modified Hammers 
method. PVVH/GO nanocomposites have been mainly 

prepared by varying GO concentration using a solution 
casting process to improve their dielectric and mechanical 
properties. This work has been also carried to investigate 
their AC conductivity for using them in potential applica-
tions such as; high energy storage devices and embedded 
capacitors. Comparison between maximum barrier height 
and activation energy has been performed with a view to 
gain an insight into the charge carriers transport mechanism. 
More details are mentioned in the following sections.

2 � Experimental details

2.1 � Materials

All chemicals used were purchased from Sigma-Aldrich 
and are of analytical reagent grade. PVVH of (81 wt% vinyl 
chloride; 15 wt% 2-hydroxypropyl acrylate; 4 wt% vinyl 
acetate) has molecular weight ca. 33,000 g/mol. Potassium 
permanganate (KMnO4) and sulphuric acid (H2SO4) were 
used as oxidant agents. Natural graphite nanopowder was 
bought for preparing graphene oxide by modified Hammers 
method [28]. Tetrahydrofuran (THF) was purchased from 
Fisher Scientific (UK) for dissolving PVVH.

2.2 � Preparation of graphene oxide

The preparation steps are shown in Fig. 1. In brief, 3 g of 
graphite powder and 150 mL conc. sulphuric acid were 
mixed together with stirring the solution mixture in ice bath 
for 1.5 h. Then, 11 g of KMnO4 was carefully added in small 
amounts with increasing temperature to 40 °C for 40 min. 
After 12 h, 250 mL of distilled water was gradually added 
with heating the mixture to 98 °C for 30–40 min, then fol-
lowed by adding 10 mL of hydrogen peroxide (30%). The 
resultant collected product was washed several times with 
aqueous solution of HCl and distilled water. The final prod-
uct was dried at 55 °C in oven for 24 h.

2.3 � PVVH/GO nanocomposite preparation

PVVH (3.5 g) dissolved in 350 mL of THF was mixed 
together with GO solution with stirring the mixture for 3 h at 
40 °C. GO was added with different concentrations (0.2, 0.4, 
0.8, 1.6, 3 and 4 wt%; symbolized as PG1, PG2, PG3, PG4, 
PG5, PG6), then were sonicated for 30 min. Pure PVVH film 
designated as PG0 was prepared under the same conditions 
to use as a reference. Finally, the mixtures resulted were 
carefully dropped onto clean glass Petri dishes, and then 
were left to dry for 48 h at room temperature.
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2.4 � Measurements

XRD analysis for GO was carried out using DIANO corpo-
ration, USA with Cu-Kα radiation (λ = 1.5406 Å) at 15 kV 
in the range of 2θ = 5°–60° at room temperature. Moreover, 
pure GO resulted was characterized using Nicolet iS10 type 
FT-IR spectrometer, USA in the range of 4000–400 cm−1, 
while its Raman spectrum was recorded via Raman spec-
trometer (LABRAM HR) equipped with 633 nm laser. The 
dielectric properties of the prepared samples and their AC 
conductivity were carried out using the broadband dielectric 
spectrometer with Novo control technology in combination 
with QUATRO Cryo-system (concept 40), which has tem-
perature stability ± 0.01 °C. The results were recorded in 
the frequency range from 10 Hz to 10 MHz with changing 
temperature from room temperature to 373 K. Mechani-
cal properties were examined using LS universal testing 
machine from Lloyd Instruments (UK) with high accuracy 
YLC series load cells.

3 � Results and discussion

3.1 � Characterization of GO

In order to study the degree of exfoliation and confirm the 
successful synthesis of GO from natural graphite, X-ray 
diffraction technique was used and the corresponding pat-
tern is shown in Fig. 2. The peak observed at 2θ ≈ 10.5° is 
attributed to GO, and corresponds to (001) diffraction plane 
[15, 29]. Absence of the characteristic peak of graphite at 
2θ ≈ 26° implies that GO sheets were efficiently exfoliated 
into individual sheets.

Further, the synthesized GO was investigated by FT-IR 
and Raman spectroscopy to provide a deeper insight 
into its chemical structure for completing the picture. 
Figure  3 exhibits FT-IR spectrum of GO in the region 
4000–400  cm−1, where its characteristic peaks were 
observed. The broad peak at 3420 cm−1 is ascribed to O‒H 
stretching vibration that originated from hydroxyl groups 

Fig. 1   Preparation steps of PVVH/GO nanocomposites
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on the basal plane of GO. The distinct bands at 2928, 1723 
and 1623 cm−1 are attributed to asymmetric CH2 stretching, 
C=O stretching of COOH functional groups and C=C skel-
etal vibration, respectively [11, 24]. The bands that represent 
C‒O stretching vibrations of carboxyl, epoxide and alkoxy 
groups of GO are detected at 1406, 1249 and 1052 cm−1, 
respectively [30].

Furthermore, the Raman spectrum of GO is depicted 
in Fig. 4, which consists of two characteristic bands. The 
intense peak at 1350 cm−1 is attributed to D band, which 
corresponds to SP3 hybridized carbon, implying the presence 
of defects and disordered carbon. The broad band observed 
at 1590 cm−1 is ascribed to G band related to the vibration of 
ordered SP2 hybridized carbon [25, 29]. The intensity ratio 
of D band to G band (ID/IG) is 0.83, which is in agreement 
with the results reported by Frindy et al. [31] and Deshmukh 
et al. [24]. This result indicates that many defects are created 

and a high level of disorder in GO layers are introduced 
through oxidation and ultrasonic exfoliation of graphite, 
confirming the successful synthesis of GO.

3.2 � Dielectric spectra analysis

3.2.1 � Variation of dielectric constant and dielectric loss 
with frequency and temperature

Complex permittivity is generally employed for providing a 
successful description about dielectric behaviour of a mate-
rial, and is given by [32]:

where, ε′ is the dielectric constant that represents the 
stored energy and ε" is the dielectric loss which represents 
the dissipated energy. Real and imaginary parts of the dielec-
tric constant (ε′) and (ε″), respectively are calculated using 
the following relations [11]:

where Cp is the capacitance of the sample under investiga-
tion measured in parallel mode, d its thickness, A is the 
electrode cross-sectional area, ω is the angular frequency 
and εo (= 8.85 × 10−12 F/m) is the permittivity of free space.

Figure 5a shows the frequency dependence of (ε′) of PG0 
at various temperatures. From the graphs, it is evident that 
ε′ at low frequencies has attained higher values and have 
been increased with temperature. PVVH copolymer is char-
acterized by the presence of vinyl chloride, vinyl acetate and 
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Fig. 2   XRD pattern of pure graphene oxide

Fig. 3   FT-IR spectrum of GO in the region 4000–400 cm−1

Fig. 4   Raman spectrum of GO
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Fig. 5   The frequency dependence of (ε′) of a PG0, b PG1, c PG2, d PG3, e PG4, f PG5, g PG6 at various temperatures
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2-hydroxypropyl acrylate monomers. These monomers con-
tain polar functional groups such as –OH, C=O, ≡CCl, HCl, 
etc., where dipoles are created because of the imbalance in 
electrons distribution. These dipoles orient themselves with 
the electric field, increasing dipole polarization. Also, they 
have a receptivity to absorb moisture from the atmosphere, 
where the presence of moisture increases the dielectric con-
stant and reduces resistivity. With the increase in tempera-
ture, polymer chains move faster as well as dipoles follow 
the rapid and periodic alternation of the field direction, rais-
ing the dielectric constant values. Moreover, this may be 
attributed to the dominance of electrode polarization, where 
space charges exist at the interfaces between PG0 sample 
and the electrode.

Figure 5b-g shows the frequency dependence of (ε′) of 
PVVH filled with different levels of GO at various tempera-
tures. From the graphs, it is evident that ε′ at low frequen-
cies has attained higher values and have been enhanced with 
increasing temperature, denoting the dominance of electrode 
polarization, and this confirms the non-Debye behavior of 
the samples [33]. While at high frequencies, it has decreased 
rapidly and became relatively constant with the change in 
frequency. The high values of ε′ at low frequencies are due to 
accumulation of unbounded charge carriers at the interfaces 
of PVVH with GO, where they do not have enough energy 
to overcome the potential barrier that restricts them [12, 34]. 
Further, in the low-frequency region—the permanent and 
induced dipoles had enough time to easily follow the slow 
alternation of the applied field by aligning themselves to be 
in the same direction, thereby enhancing polarization. On 
the other hand, the (ε′) value in the high-frequency region 
shows a slight change with increasing frequency, because it 
has resulted only from the small contributions of ionic and 
electronic polarization.

In other words, the decrease in (ε′) observed at higher 
frequencies has resulted from the inability of charge carri-
ers to follow the rapid and periodic alternation of the field 
direction, as well as it has originated from the decrease in 
interfacial polarization that took place owing to the accumu-
lation of charges at the PVVH–GO interfaces [35].

The high values of (ε′), i.e., stored energy, especially at 
low frequencies, are assigned to either improved conductivity, 
interfacial polarization, electrode polarization or all of them. 
Electrode polarization (EP) is due to the existence of space 
charges at the interfaces between the electrode and the sam-
ple under investigation and it is distinguished by very high 
values of both (ε′) and (ε″) [35, 36]. All samples were investi-
gated under the same conditions and had similar constituents. 
Therefore, if EP had the greatest effect in a certain sample, it 
would be the dominant in all other samples as well. Taking this 
point of view into account, the high value of (ε′) is assigned 
to conductivity and interfacial polarization. The sample with 
the highest concentration of GO (PG6) has achieved the best 

electrical enhancement, which recommends using this nano-
composite in designing energy storage devices.

In the literature, the same behavior of increasing dielectric 
constant with the increase in the filler content has reported in 
some studies [24, 37]. This increase is assigned to the forma-
tion of microcapacitors within PVVH matrix due to the pres-
ence of conducting GO.

The variation of (ε″) with frequency for the PVVH/GO 
nanocomposites is represented in Fig. 6a–g. The distinct 
increase in (ε″) when incorporating GO into the PVVH matrix, 
is due to the electrical conductive nature of GO. The tem-
perature dependence of (ε′) and (ε″) for the current system 
displayed in Figs. 5 and 6 are due to the high charge carriers’ 
density as well as the increase in DC contribution. ε″ largely 
depends on temperature; because the higher the temperature, 
the greater the degree of dissociation and re-dissociation of 
ions aggregations, consequently increasing the free charge car-
riers’ density [35]. Few of these charge carriers may leak by 
creating tunneling path causing the observed increase in dis-
sipated energy. Also, with increasing temperature, the move-
ment of polymer chain was maintained leading to the dipolar 
loss.

Overall, the charge carriers or dipoles at low frequencies 
can easily orient themselves with the electric field, which 
increase the mobility of polymer segments, leading to the high 
values of (ε′) and (ε″) observed at high temperatures [38]. But 
at high frequencies they cannot shift as fast as the applied field 
changes, resulting in the temperature independence of (ε′) and 
(ε″). Moreover, the enhancement observed in dielectric prop-
erties of PVVH/GO nanocomposites has stemmed from the 
possibility of forming microcapacitors structure due to the 
dielectric nature of PVVH that isolates GO sheets [15].

3.2.2 � Electric modulus analysis

The dielectric moduli (M′ and M″) analysis is always used 
to reveal the real dipolar contribution owing to its effective 
role in suppressing the influence of electrode polarization [39]. 
Also, it provides a deeper insight into the charge transport 
mechanisms which can be useful in understanding electrical 
properties of the samples being investigated. The real part of 
electric modulus (M′) and the imaginary part (M″) can be writ-
ten as follow [38]:

The variation of (M′) of the prepared samples (PG0 and 
PG6, as examples) with temperature and frequency is shown 
in Fig. 7a, b, where the spectra are characterized by a part 

(4)M� =
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Fig. 6   The variation of (ε″) with frequency for a PG0, b PG1, c PG2, d PG3, e PG4, f PG5, g PG6 at various temperatures
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of a sigmoid shape. It is observed that the value of (M′) at 
low frequencies approaches zero and the width of this part 
increased with the increase GO percentage within PVVH 
matrix as demonstrated in Fig. 7c, which indicates the suc-
cessful suppression of electrode polarization effect [39]. 
Further, it exhibits a step-like transition with increasing 

frequency and then attains a constant value, implying that 
the current nanocomposite has a significant capacitive 
nature.

Figure 8a, b depicts the variation of (M″) with tempera-
ture and frequency, where the spectra are characterized by 
a well-defined dielectric relaxation peak. This loss peak 
is centered at a frequency [known as relaxation frequency 
(fmax)] at which the step-like transition and dispersion took 
place as exhibited in (M′) spectra. Moreover, it is considered 
as a turning point from long-range motion of charge carriers 
[the low-frequencies side left to fmax] to short-range motion 
[the high-frequencies side right to (fmax)]. Our experimental 
observation is in agreement with results reported by Amrin 
et al. [34]. It is also assigned to interfacial polarization 
effect, which represents the prevalent source of dielectric 
relaxation at PVVH–GO interfaces.

The charge carriers at lower frequencies can move freely, 
while at high frequencies, they undergo localized motion and 
are confined to a potential well [40]. It is noteworthy that, 
this distinct peak is shifted towards higher frequencies with 
increasing temperature, where more charge carriers are ther-
mally generated, indicating that the conduction mechanism 
is hopping-type conduction.

Figure 8c shows the variation of (M″) for the nanocom-
posites with frequency at different levels of GO recorded 
at room temperature. The distinct decrease in (M″) with 
increasing GO loading provides a clear indication about the 
PVVH interaction with GO in the prepared nanocomposites. 
This decrease is in agreement with Maxwell–Wagner–Sillars 
(MWS) type of relaxation [38]. The difference between the 
conductive and dielectric nature of GO and PVVH, respec-
tively has resulted in interfacial polarization, where the 
increase in GO content introduces new interfacial regions 
and increases the accumulation of free charge carriers in 
these regions. This accumulation reduced the relaxation 
time, consequently led to the shift observed in relaxation 
peak towards the higher frequencies, confirming the above 
observation.

In comparison with the symmetrical peak of the ideal 
Debye response, the observed broad peaks of PG0 and 
PVVH/GO nanocomposites are considered asymmetrical 
peaks.

The complex electric modulus (M*) can be written as 
follow [34, 38]:

where M∞ is the asymptotic value and �(t) is the Kohl-
rausch–Williams–Watts (KWW) function [41], defined by:

(6)
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Fig. 7   The variation of (M′) for a PG0 and b PG6 (as examples) with 
temperature and frequency. c The frequency dependence of (M′) for 
the nanocomposites at different levels of GO recorded at room tem-
perature
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where τm is the conductivity relaxation time and β is a 
parameter linked to stretching with value 0 < β ≤ 1. However, 
the single parameter [i.e., (β)], is not sufficient to elucidate 
the asymmetrical nature and broadness of (M″) spectra. So, 
in order to explain the asymmetrical nature of these peaks, a 
general equation for susceptibility should be assumed.

According to Bergman equation [42] that depends on the 
modified KWW function, the relation between (M″) and its 
maximum value ( M′′

max
 ) at (fmax) can be represented as:

where a and b are independent parameters on shape for 
low and high frequencies, and c is a parameter related to 
smooth of the relaxation peak. For the ideal Debye response, 
a = b = 1 and c = 0, then Eq. (8) reduces to,

This equation, that represents simulation of the ideal Debye 
response, is shown in Fig. 9 in comparison to the actual experi-
mental results at 298 and 348 K for PG6 sample. From this 
figure, it is revealed that the experimental data has deviated 
from the ideal Debye response, confirming the non-Debye 
behaviour of the samples.

3.2.3 � Variation of loss tangent with frequency 
and temperature

Figure 10 shows the frequency dependence of loss tangent 
(tan δ) at 298 K of the studied samples at different levels of 
GO, where it has been calculated using the following equation,

This figure is characterized by a broad peak observed in 
the dispersion region of the corresponding ε′. Further, this 

(8)
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Fig. 8   The variation of (M″) for a PG0 and b PG6 (as examples) with 
temperature and frequency. c The variation of (M″) for the nanocom-
posites with frequency at different levels of GO recorded at room 
temperature

Fig. 9   Simulation of the ideal Debye response in comparison to the 
actual experimental results at 298 and 348 K for PG6 sample
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peak is shifted towards higher frequencies with the increase 
in GO content, reducing the relaxation time due to accu-
mulation of free charge carriers at the interfaces between 
PVVH and GO. The relaxation peak detected is assigned 
to β-relaxation [24], which is originated by orientation of 
the polar groups such as; OH, C–O and/or C=O in the cur-
rent polymeric matrix. This type of relaxation is known as 
a dipolar group relaxation [43]. In other words, this broad 
peak is ascribed to the localized movements of the poly-
meric segments [44]. Moreover, the amorphous regions are 
characterized by the irregular and entangled chains, which 
make them more flexible, increasing their capability to ori-
ent themselves, whereas the chains in crystalline regions 
are regularly arranged. This irregularity leads to weakness 
in molecular packing and density of the amorphous regions 
which pave the way for enhancing conductivity.

The dipoles of C–O and O–H groups on the edges of 
the basal plane of GO will orient themselves at a certain 
frequency governed by two main forces, where the elastic 
restoring force, which keeps the dipoles at their equilibrium 
positions, is sufficient to push against the rotational fric-
tional forces exerted by their neighbors [34, 45]. The rich of 
amorphous regions inside the PVVH/GO nanocomposites 
is useful for the dipolar molecules to orient themselves and 
absorbing energy over a wide range of frequency and tem-
perature [39].

The relaxation times (τ) for the studied samples have been 
calculated using the formula 2πfmax τ = 1, and their values are 
presented in Table 1. From this table, it is found that their 
values are on the order 10−4 s suggesting that dipoles behav-
ior in the applied electric field match well with Cole–Cole 
model [46], which confirms the results of dielectric constant. 
The decrease in relaxation time with the increase in tempera-
ture and GO loading into PVVH matrix is attributed to the 
increase in the movement of polymer chains and mobility of 

charge carriers in the polymer matrix. This is also assigned to 
the reduction of free volume with increasing GO concentra-
tion. For example, the τ value for PG0 at room temperature is 
20.04 × 10−4 s, whereas that of PG6 is 2.9 × 10−4 s. The later 
became 8.75 × 10−5 s at 373 K as shown in Fig. 11, which indi-
cates thermally activated relaxation for the charge carriers. The 
same behaviour has been reported by Chen et al. [34, 38, 47].

Figure 11 exhibits the frequency–temperature dependence 
of (tan δ) for PG6 sample, where its value is found to be tan 
δ = 0.19 at room temperature and decreased to 0.13 at 373 K. 
Rathod et al. [48] reported that the best value of tan δ was 10 
for PVA/GO composite at 5 wt% of GO at room temperature, 
while Chakraborty et al. [49] found that its value was 350 for 
10 wt% of MWCNT incorporated into PVA at 423 K. This 
gives our nanocomposites in the current work a comparative 
advantage over other composites by using only 4 wt% of GO. 
The activation energy associated with relaxation process (Ea) 
was determined by plotting log fmax versus reciprocal of tem-
perature as in Fig. 11 (inset) according to the following relation 
[12, 50],

(11)fmax = foe
−Ea∕KT

Fig. 10   The frequency dependence of loss tangent (tan δ) at 298 K of 
the studied samples at different levels of GO

Table 1   The activation energy (Ea) and relaxation time (τ) calculated 
for the PVVH-based nanocomposites

Samples Activation energy (eV) Relaxation time (s)

PG0 1.23 20.05 × 10−4

PG1 1.11 14.90 × 10−4

PG2 1.03 13.19 × 10−4

PG3 0.95 11.50 × 10−4

PG4 0.88 9.41 × 10−4

PG5 0.8 5.00 × 10−4

PG6 0.76 2.91 × 10−4

Fig. 11   The frequency–temperature dependence of (tan δ) for PG6 
sample
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The (Ea) values are listed in Table 1. It is evident that 
(Ea) values decreased with the increase in GO loading 
into PVVH matrix. This amount of energy is ascribed 
to the quantum confinement, where it is used for charge 
carriers to overcome the potential barrier that restrict 
them during relaxation process. This decrease indicated 
that the potential wells in PVVH/GO nanocomposites 
became less deep than that of the pure copolymer due 
to the addition of GO. Finally, it is observed that (tan 
δ) became relatively constant at high frequencies, which 
suggest the feasibility of using these nanocomposites in 
high frequency devices.

3.3 � AC conductivity analysis

AC conductivity (σac) has been calculated due to its effec-
tive role in understanding charge carriers transport mecha-
nism and in clarifying how does incorporation of GO affects 
the electrical properties of the PVVH/GO nanocomposites. 
The frequency dependence of (σac) for the prepared sam-
ples was investigated under various isothermal stabilization 
in the temperature range 298–373 K. Results obtained for 
PG0 and PG6 samples are shown in Fig. 12a, b as examples. 
The enhancement of (σac) with increasing frequency and 
temperature indicates the presence of charge carriers trans-
ported via hopping through defect sites along the polymer 
chain [51].

Furthermore, it was increased with the increment in 
percentage of GO inside PVVH matrix at 298 K as dem-
onstrated in Fig. 13. The conductivity has a frequency-
independent behaviour in the low frequency region, where 
its value increases at a very small rate, approaching its DC 
value. On the contrary, a frequency dependent behavior has 
appeared in the higher-frequency region, where its value 
increased rapidly with frequency. In other words, charge car-
riers move over long-range distances by applying electric 
field with low frequency, while with increasing the applied 
frequency, their relative movements are changed to short-
range distances, where conductivity exponentially increases 
with frequency. The measured conductivity σ (ω) can be 
expressed as [52]:

where, σdc is the DC conductivity of the sample under 
investigation and it is considered as the frequency inde-
pendent part, C is a temperature dependent constant, ω is an 
angular frequency given by ω = 2πf, S is a frequency depend-
ent exponent (0 < S < 1), and σac = CωS is the real part that 
represents AC conductivity and follows Jonscher’s universal 
power law that characterizes the amorphous materials [53].

The enhancement in (σac) at high frequencies is attributed 
to the increase in the number of free charge carriers that were 
trapped and confined to potential wells. In addition to the 

(12)�(�) = �dc + C�S

formation of conductive network via some sheets of GO which 
were not covered completely by PVVH. This helped charge 

Fig. 12   The frequency dependence of (σac) for a PG0 and b PG6 
samples in the temperature range 298–373 K

Fig. 13   The frequency dependence of (σac) at 298  K of the studied 
samples at different levels of GO
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carriers to move from one site to another within the PVVH 
matrix, resulting in the observed increase in conductivity.

By plotting log (σac) versus log (f) at different temperatures, 
the exponent (S) values were calculated using slopes of the 
curves resulted and are displayed in Fig. 14 for PG0 and PG6 
samples as examples.

In an attempt to describe the temperature–frequency 
dependence of (σac) and its relation with the (S) values, many 
theoretical models have been buildup for AC conductivity in 
amorphous materials. The models depended on relaxation that 
resulted from passing of charge carriers by tunneling or hop-
ping through defect sites over the potential barriers separating 
them [54, 55].

In details, these models can be compared by distinguishing 
their relation to temperature as follows: the frequency exponent 
is independent on temperature (T) in the quantum mechanical 
tunneling model (QMT), while in the small-polaron tunneling 
model (SPT), it increases with increasing (T). But the cor-
related barrier hopping model (CBH) is dominant when (S) 
decreases with the increase in (T) and in case of the overlap-
ping large-polaron model (OLP), (S) also decreases with (T) 
reaching a minimum value then followed by an increase in its 
value [54]. So, the decrease in (S) values with increasing (T) is 
shown in Fig. 14, which indicates that CBH is the predominant 
conduction mechanism inside the prepared samples. In other 
words, CBH model is the best choice among the previously 
mentioned models for describing AC conduction mechanism 
in the current nanocomposites, and the relation between (S) 
and (T) can be written as follow [34, 56]:

(13)S = 1 −
6KT

Wm − KTln
(

1

��m

)

where K is Boltzmann’s constant and Wm is the maximum 
barrier height. For small temperature, Wm ≫ KT ln

(

1

𝜔𝜏m

)

 

and Eq. (12) reduces to [57]:

The maximum barrier height can be calculated via sub-
stituting by (S) and (T) values in Eq. (14) and the results 
obtained are listed in Table 2. The observed decrease in 
(Wm) with increasing temperature is ascribed to the increase 
in amorphous regions inside the prepared samples. The same 
behaviour was reported by Aziz et al. and El-Mallah [58, 
59]. It is noteworthy that Wm value is lower than (Ea), con-
firming that conduction mechanism within the current nano-
composites takes place by hopping transport [59], which 
proves that CBH model was the correct choice for describing 
the AC conduction mechanism.

3.4 � Scaling of AC conductivity

To get a deeper insight into AC conduction in the current 
system, we used scaling of conductivity owing to its abil-
ity to collapse the spectra obtained to a single master curve 
which clarifies the common conduction mechanism within 
the prepared samples.

According to Summerfield method, the scaling of AC 
conductivity can be represented via the following relation 
[26, 60]:

It is evident from Fig. 15 that the σac spectra of the cur-
rent nanocomposites at different levels of GO largely over-
laps into a single master curve, signifying that the charge 
carriers within the current samples follow a common con-
duction mechanism and are independent on the dopant con-
centration [61].

3.5 � Morphological study

The morphology and interfacial adhesion of PVVH/GO 
nanocomposites with varying levels of GO have been inves-
tigated by employing scanning electron microscopy (SEM). 

(14)S = 1 −
6KT

Wm

(15)
�

�dc
= F

(

f

�dcT

)

Fig. 14   The variation of exponent (S) with temperature for PG0 and 
PG6 samples as examples

Table 2   The maximum barrier 
height (Wm) for PG0 and PG6 
samples

Temperature(K) Wm (eV)

PG0 PG6

298 0.942 0.712
323 0.934 0.700
348 0.922 0.668
373 0.912 0.648
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The SEM microstructure of the prepared samples (PG0 and 
PG6 as examples) is depicted in Fig. 16. It evident that the 
surface of PG0 was relatively smooth, but its sate changed 
to rough as GO was added (PG6). This increase in roughness 
is a good indication about the compatibility between PVVH 
and GO where no phase separation was observed. Moreover, 
it confirms the well-interfacial adhesion between the poly-
mer and the filler which is highly desirable to improve the 
nanocomposite performance.

3.6 � Mechanical properties

Figure  17 exhibits stress–strain curves of PG0 and the 
PVVH/GO nanocomposites. Incorporation of GO into 
PVVH matrix has significantly enhanced both tensile 
strength and Young’s modulus, while elongation at break 
has decreased relatively compared to that of pure PVVH. 
The forth mentioned parameters were calculated and listed 
in Table 3.

This improvement has been attained by addition of only 
4 wt% of GO to the polymer matrix, giving our nanocom-
posites a comparative advantage over other composites 
[62–64]. The tensile strength has increased from 17.11 to 
67.29 MPa, i.e., by 293.28%, in addition to the increase of 
Young’s modulus from 1.14 to 8.97 MPa, i.e., by 686.8%. 
This is due to the strong interaction between GO and PVVH 
and the homogeneous dispersion of GO. However, the elon-
gation at break has decreased from 65 to 12.5 i.e., by 80.8% 
for PG6 sample. This behaviour is in agreement with previ-
ous reports in literature [25, 65]. So, it’s noteworthy that 
the significant enhancement in mechanical properties of the 
prepared nanocomposites is ascribed to the good interfacial 
adhesion of the polymer matrix with GO, where it largely 
limits the movement of PVVH chains.

4 � Conclusion

XRD, FT-IR and Raman studies showed that GO has 
been synthesized and efficiently exfoliated into individual 
sheets. PVVH-based nanocomposites have been success-
fully prepared via solution casting technique with varying 

Fig. 15   Scaling of AC conductivity of the studied samples with vary-
ing concentration of GO

Fig. 16   The SEM micrographs of: a PG0 and b PG6 (as examples) at 
magnification 100 times and c PG6 at magnification 350 times
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GO loading in the PVVH matrix. The SEM results and the 
enhanced mechanical properties confirm the compatibility 
and the well-interfacial adhesion between GO and PVVH, 
which is highly desirable to improve the nanocomposite per-
formance. The dielectric properties and AC conductivity of 
the prepared nanocomposites have been investigated. The 
improved dielectric constant of PVVH/GO nanocomposites 
with the increase in GO content and temperature is ascribed 
to the formation of microcapacitors within the polymer 
matrix. The electric modulus constant exhibited a step-like 
transition with the increase in frequency, implying that the 
current nanocomposite has a significant capacitive nature. 
The asymmetrical nature of (M″) spectra confirmed the non-
Debye behaviour of the prepared nanocomposite. The AC 
conductivity and the maximum barrier height prove that the 
CBH model is the best choice for describing AC conduc-
tion mechanism where charge carriers transport via hopping 
through defect sites along the polymer chain. Thus, these 
findings promote PVVH/GO nanocomposites to be used for 
development of electrochemical and energy storage devices.
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