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Abstract: In this paper, we analyze the dc and ac electrical conductivities, in the 240 to
400 K temperature range and 10” to 10° Hz frequency range, of a percolating system
synthesized by mixing reduced graphene oxide (rGO) particles in insulating epoxy resin
matrix, diglycidyl ether of bisphenol A (DGEBA). We found that the dc electrical
conductivity of the samples is strongly related to the rGO content, indicating a percolating

behavior with percolation threshold (I)C =~ 4 %. The critical behavior of the dc electrical

conductivity as a function of the temperature indicates a strong positive temperature
coefficient and a negative temperature coefficient of resistivity below and above the
transition temperature T, respectively. Moreover, the results showed that the dc
conductivity obeys the Arrhenius law and the ac electrical conductivity is both frequency
and temperature dependent and follows the Jonscher’s power law.

Keywords: Composites, Dielectric properties, Fillers, Glass transition, Graphene.

Introduction

Electrically conductive polymer composite
materials, formed by inserting conductive
particles, such as graphite, carbon black (CB),
carbon nanotubes (CNTs), ... etc., into an
insulating polymer matrix, are considered to be
an important group of multifunctional materials
for many potential engineering applications [1-
3]. Since its discovery by Geim’s group in 2004
[4], graphene (GE) has proven to be better than
other carbonaceous materials concerning many
unique properties, such as very large Young’s
modulus (= 1 TPa) and fracture strength (= 130

GPa), high thermal conductivity (= 5000 W/
mK), high electrical conductivity (= 6000 S/cm)
and high surface area (= 2600 m’/g) [5]. These
properties attracted great interest in the modern
electronics and electrical engineering fields and
provide graphene the potential to enhance
electronic devices, sensors, energy storage
systems, potential battery cells and biomedical
applications [6-7]. Recently,  extensive
investigation has been focused on the
exploration of the graphene-based materials
properties for the fabrication of nanocomposites
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with different polymer matrices [8], on the
description of the synthesis methodologies of
these nanocomposites and on the
characterization of their mechanical properties
[9]. However, there is a scarce amount of reports
addressing the electrical and dielectric properties
of polymer/graphene composite materials. In our
previous work [10], we presented the impedance
spectroscopy analysis of composite materials,
fabricated by mixing reduced graphene oxide
(rGO) in an epoxy resin, over a broad frequency
and temperature range.

In the present work, our primary interest is to
analyze the dc and ac electrical conductivities of
epoxy resin polymer loaded with rGO particles,
in the 240 to 400 K temperature range over the
10% up to 10° Hz frequency range. Secondly, we
focus our interest on the analysis of the positive
temperature coefficient (PTCR) [11-13] and
negative temperature coefficient (NTCR) [14]
effects which are observed on the electrical
measurements, at temperatures below and above
the glass transition temperature (Tg).
Furthermore, we used some theoretical models
dealing with the charge transport mechanisms in
disordered materials to fit the experimental
results.

Experimental
Materials

The samples investigated in this study are
reduced graphene oxide (rGO) particles
dispersed in an epoxy resin matrix (DGEBA).
The rGO was purchased from Graphenea, with
an average particle size of about 260-295 nm, the
density is 1.91g.cm™ and the specific surface
area [15] is between 423 and 500 m’.g”. The
insulating resin epoxy prepolymer D.E.R. 321
has an epoxy equivalent weight of 180-188
(g/eq), a density of 1.14 gecm™ at 25 °C, a
viscosity of 500-700 (mPa.s) at 25 °C and a
glass transition temperature T, = 360 K. Eight
samples with 0 (pure polymer), 2, 3, 4, 6, 8, 10
and 14 wt % of rGO were synthesized by mixing
the desired volume fraction ¢ with the
prepolymer, followed by the curing process.
Gelation took 5 minutes for each sample and
subsequently, the mixture was poured into a
mold. After a few hours, the samples were
unmolded and left to rest for about 24 h, in order
to complete the polymerization process and to
promote the homogeneity of the inclusion
distribution in the polymer matrix [10]. The
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sample morphology of the rGO/epoxy composite
materials was analyzed using by scanning
electron microscopy SEM (SEM, HITACHI S-
3200N).

Electrical Measurements

For the electrical measurements, the samples
were prepared as discs with a diameter of 15 mm
and a thickness of 2 mm and the electrical
contacts were formed by painting both opposite
faces with a conductive silver paint. The dc

electrical conductivity G, measurements were

made in a helium atmosphere, in the temperature
range from 240 to 400 K using a Keithley 617
programmable electrometer. The temperature
dependent alternating current (ac) impedance
spectra were measured by using an Agilent
4292A impedance analyzer in the Cp-Rp
configuration over broad frequency (100 kHz -1
MHz) and temperature ranges (240-400K). The
complex admittance y*(w)=1/Z *(0) = G(o) + /B(®)
could be converted into the complex permittivity
formalism  g*(w)=¢'(w)—je"(w) using the
e'(w) =B(w)e/ g, Ao and
e"(0)=G(w)e/g,An, where A is the cross-

relations

sectional area of the sample, ¢ is its thickness
andeg, is the free space permittivity. The terms
G(w)and B(w) are, respectively, the
conductance and the susceptance of the samples

[16-17]; afterward, the ac electrical conductivity
can be calculated wusing the relation

c,.(0)=own.tg,& [16].

Results and Discussion
Morphological Characteristics

The SEM micrographs of the rGO/epoxy
nanocomposites, with rGO concentrations of
¢ =4.42 % and ¢ =6.21 %, are shown in Fig. 1.
The reduced graphene oxide particles are
selectively dispersed in the epoxy polymer and
with further increase of the rGO gradually, a
continuous conductive path forms in the polymer
matrix. Both micrographs show rGO clusters due
to their tendency to agglomerate in the polymer
matrix. Aggregation and overlapping structures
are easily formed in the graphene/polymer
composites, because the graphene nanoparticles
have a large specific surface area (423 — 500
m’/g) [14].
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FIG. 1. SEM mlcrographs of the rGO/epoxy comp051tes w1th 4.42 % (a) and 6.21 % (b) filler concentrations.

Percolation Threshold

Fig. 2 shows the dc electrical conductivity of
the rGO/epoxy composites as a function of the
rGO concentration, at room temperature. It is
observed that, at very low filler loading, the
electrical conductivity is dominated by the
insulator polymer matrix and the conductivity
values in this range are around 10 (S.m”)
typical of dielectric materials. On the other hand,
for higher filler loadings, a sharp increase in the
electrical conductivity, over 8 orders of
magnitude (from 1.52x107"" S/m for 3.66 % to
1.93x107° S/m for 4.93 % of rGO), is observed.
This abrupt transition indicates the formation of
an interconnected rGO network, causing a
decrease in the distance that separates the sheets.

The percolation threshold is clearly observed and
the experimental ¢ value was estimated to be

around = 4 %. The obtained percolation
threshold is higher than those of a series of
rGO/polymer composites reported by A. J.
Marsden et al. [18]. This disagreement may be
related to the shape of the conductive particles
(rGO) [19], aggregation and overlapping of
reduced graphene oxide due to its large specific
surface area [20-21], the viscosity of the
composite, because the very low percolation
thresholds are always achieved with a low
viscosity system [22] and could be also a result
of the degree of dispersion between rGO
particles and the polymer matrix [22].
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FIG. 2. dc electrical conductivity, G, versus tGO concentration in the tGO/epoxy composites, at room
temperature T= 300 K.
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Electrical Resistivity Analysis

The distribution of the conductive particles in
a polymer insulating matrix can give rise to
electrically conductive polymer composites and
some of these materials can exhibit a critical
behavior around the glass transition temperature
(T,). Below Tg, some materials show an abrupt
increase in resistivity when the temperature

changes only over a few degrees. This
phenomenon is known as PTCR effect.
Fig. 3 depicts the electrical resistivity

(p=1/0,,) of the rtGO/epoxy composites as a

function of temperature, for concentrations
above the percolation threshold. In order to
analyze and understand the data presented in Fig.
3, it is necessary to consider three regions: (i)
from 240 to T, = 356 K [10], in which the
resistivity decreases with temperature, which is a
typical behavior for semiconductors and
insulators; (ii) from 356 to 380 K, where the

conductive materials: an increase of the
electrical resistivity with temperature, showing a
PTCR effect. The mechanism responsible for
this behavior may be attributed to the tunneling
effect and it can be explained as follows: above a
critical temperature (T,), the epoxy polymer
volume expansion is enhanced and the
interparticle distance tends to rapidly increase
with increasing temperature, causing a sharp
increase in the resistivity [12, 23-24]; (iii) Above
380 K, a similar variation occurs as observed in
(1). In the latter temperature region, one can see a
decrease of the resistivity with increasing
temperature, showing the NTCR effect. It is
generally accepted that the NTCR effect is
attributed to the reaggregation of the conductive
fillers and the reformation of the conductive
networks [14]. Overall, one can say that the
electrical resistivity temperature variation of the
composite materials above the threshold filler
concentration is consistent with a PTCR effect
above the glass transition temperature T,.

opposite behavior is observed, typical of
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FIG. 3: Temperature dependence of the resistivity of the rGO/epoxy composites, for concentrations above the
percolation threshold 4.42 % (a), 6.21% (b) and 8.84 % (c).

For further discussion of the PTCR effect, it
is important to consider the PTCR intensity /.,
defined as the ratio of the maximum resistivity
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(P,ay ) to the resistivity at room temperature

(Pgr), which can be calculated from the

temperature dependence of the composite’s
resistivity, as shown in Eq. (1) [23]:
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pmaX
Ipre = /4. (1)

Prr

Fig. 4a shows the PTC intensity of the
rGO/epoxy composites as a function of the rGO
content, for concentrations above the percolation
threshold. As expected, the rGO concentration
has a significant influence on the PTC intensity.
We see that the highest value is obtained for

¢ =6.21 %, then it decreases with increasing

rGO content. Fig. 4b and Fig. 4c show some
results of the PTC intensity from other
rGO/epoxy composites of our previous works,
made from epoxy resin-filled carbon nanotubes
(CNTs); namely, CNT/polyester composite (Fig.
4b) [16] and CNT/epoxy composite (Fig. 4c)

[25]. These indicate that the Ipyc for the
rGO/epoxy is relatively high compared to the
other polymeric composite materials; this result
can be explained by the strong agglomeration of
the conductive particles (rGO) in the polymer
matrix, because agglomeration may have a
strong influence on the PTCR effect of the
composite materials [14]. Additionally, we
would like to indicate that the increase of
resistivity with the increment of the temperature
seen in the rGO/epoxy composites has been
largely studied and such information is critical
for the development of multifunctional polymer
composites. A similar study has also been
reported by Jun-Wei Zha et al. [26] for CB/
MWNT/HDPE and CB/HDPE composites’
materials.

5
(b)

PTC intensity

¢ (%)

FIG. 4. PTC intensity of the rGO/epoxy composites compared with other systems from our previous works.

AC Electrical Conductivity Analysis

To a better understanding of the frequency
and temperature dependence of the electrical
properties of the studied samples, ac electrical
conductivity measurements were carried out for
all samples. Fig. 5 summarizes the ac
conductivity as a function of frequency for
several temperatures, for a concentration below
the percolation threshold (3.66 %). It is visible

NTC/epoxy

—
0

)

NTC/Polyester

¢ (%)

that at low frequencies, the ac electrical
conductivity remains constant, especially for
high temperatures; this is attributed to the dc
electrical conductivity contribution. At higher
frequencies, it becomes strongly frequency and
temperature dependent and increases with
increasing frequency for all the evaluated
temperatures.

185



Article Nioua et al.
—— Fit with Jonscher's eq.
10 400 K
10°F
‘T/\ " i O P T (o ok b s
E_ 10 Tttt
L
) 107
@) ShpREEP
10°
10°F 3.66 (%)
| Ll bl AR AT
10° 10° 10° 10° 10’
Frequency (Hz)

FIG. 5. Ac conductivity as a function of the frequency for various temperatures, for a concentration below the
percolation threshold, 3.66 %. The solid curve represents the fitting according to the Jonscher’s universal power

law.

Fig. 6 reports the obtained results for
¢ =6.21%; ie., above the percolation

threshold. It is also clear that the ac electrical
conductivity is both frequency and temperature

dependent. At low frequencies, C,. remains

constant or tends to constant values, but it is
strongly dependent on the temperature. The low-

frequency plateau in G, consists of the dc

conductivity contribution. At higher frequencies,
the conductivity becomes strongly frequency
dependent and the origin of this behavior is
related to the relaxation phenomena arising from
mobile charge carriers [27]. The observed
frequency dependence of the ac conductivity can
be described by the Jonscher’s universal power
law [27-28].

o, (oT)=c,+Ax’ (2)
where o4 is the frequency independent
component of the ac conductivity, ® is the
angular frequency, A4 is a temperature dependent
parameter and the exponent s is interpreted as a
measure of the degree of interaction between the
charge carriers and the environment in their

186

vicinity [29]. In general, the exponent s values
are in the 0 < s < 1 range. The experimental
values of s, extracted using the Jonscher’s power
law in the o, plots of the rGO/epoxy composites
(at 300 K), for concentrations below and above
percolation threshold, are reported in our
previous work [10]. For samples above the
percolation threshold, we can see that the
temperature effect on the ac electrical
conductivity shows a PTCR and NTCR effect
below and above the glass transition temperature
T,, respectively. This can be clearly observed in
Fig. 6, for 6.21 % of GO, as an example. Three
distinct regions are observed: below 350 K,
where there is an increase of the ac electrical
conductivity with increasing temperature (Fig.
6a), from 360 to 380 K (Fig. 6b), where an
opposite behavior is observed, indicating the
PTCR effect and finally, the results above 380 K
(Fig. 6c) indicate an NTCR effect. A similar
phenomenon has also been reported by K.
Abazine et al. [16] for CNT/polyester
composites below and above the glass transition
temperature.
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FIG. 6. Frequency dependence of the ac conductivity, G, for a concentration above the percolation threshold,

6.21 %, for temperatures below and above the glass transition (Ty).
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The experimental values of the s parameter
are plotted in Fig. 7 for samples above the
percolation threshold, where one can see that it is
temperature dependent and we can identify the
three distinct domains, for all samples. The
typical value of s between 0 and 1 suggests ac
conductivity through a hopping mechanism. The

highest value of s describes a completely
correlated system. In our case, the obtained value
is low, which can be related to the effect of the
distribution of relaxation path times and the
degree of interaction between the charge carriers
and the environment in their vicinity.
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FIG. 7. Jonscher’s exponent s versus temperature for concentrations above the percolation threshold, (a) 6.21 %
and (b) 8.84 %.

In addition, Fig. 8 illustrates the Ln(c, )

dependence with the inverse of the temperature
above T, = 360 K, for composites with
composition below and above the percolation

threshold. Above the percolation threshold ¢

(Fig. 8b), a change in the slope of the In (og4)
versus 1000/T plot, around T = 380 K, is visible.
As one can see, oy increases exponentially with
the temperature, indicating that the conductivity
is thermally activated. The dependency was
found to follow an Arrhenius behavior, as
expressed by Eq. (3):
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3)

~E
Oe = Oo-Xp(-—7)

B

where o, is a pre-exponential factor, E, is the
activation energy, kg is the Boltzmann’s constant
and T is the temperature. The values of the
activation energy for the wvarious rGO
concentrations below and above the percolation
threshold were calculated and illustrated in Table
1.
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Fig. 8: Arrhenius plot of the dc conductivity versus 1000/T for concentrations of rGO particles below (a) and
above (b) the percolation threshold. The solid lines are the least square linear fits to the Arrhenius relation.

Table 1. The activation energy for the various rGO concentrations below and above the percolation
threshold ¢, = 4% , for the composite rtGO/DGEBA.

Concentration (%) 1.21

242  3.66 6.21 8.48

E,(eV) 1.02

093 0.88 0.08 0.015

As can be seen in this table, there is a
decrease of the activation energy as the filler
concentration increases; this behavior may be
due to an increase of polarization energy and/or
charge carrier density, leading to a decrease of
the domain boundary potential of rGO into the
epoxy polymer matrix.

Conclusion

We described the dc and ac electrical
conductivities of  percolative systems,
synthesized by mixing rGO particles in an epoxy
resin polymer, below and above the percolation
threshold. The dc electrical conductivity is
strongly dependent on the rGO content,
indicating a percolating behavior with a
percolation threshold around = 4 %. This
relatively high value can be explained by the
shape of the rGO particles and their tendency for
agglomeration in the polymer matrix. The
temperature dependence of the -electrical
conductivity obeys the Arrhenius law and
indicates that there is a negative temperature
coefficient in  resistivity (NTCR) for
concentrations below the percolation threshold
¢ < ¢c. Above the percolation threshold, ¢ > ¢c,
three regions are observed: below 350 K, there is

an increase of the electrical conductivity with
increasing temperature, from 360 to 380 K an
opposite behavior is observed, indicating a
positive temperature coefficient in resistivity
(PTCR) effect and finally, above 380 K, the
measurements indicate an NTCR effect. A
comparison of the rGO/epoxy composites’
PTCR effect with other different composites
from our previous works indicates that the PTC
intensity of the rGO/epoxy samples is
significantly higher compared to those of the
other polymeric materials. Finally, the ac
electrical conductivity is both frequency and

temperature  dependent and follows the
Jonscher’s power law.
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