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A B S T R A C T   

A double-percolation model for predicting electrical properties in hybrid carbon black (CB)-graphene nano
platelet (GNP) nanocomposites is proposed. This model is based on DC and EIS measurements. From DC mea
surements, a non-ohmic behavior is observed for low-filled nanocomposites whereas at high-filled ones, an ohmic 
behavior is noticed. From EIS analysis, the behavior of the system can be modeled by an equivalent circuit 
formed by a series of inductance-resistance capacitance (LRC), for contact and intrinsic electrical mechanisms, 
and resistance–capacitance (RC) elements, for tunneling transport, where the capacitances are substituted by 
Constant Phase Elements (CPEs) due to the presence of scattering effects. The complex impedance analysis shows 
a GNP-dominated electrical behavior at a high CB/GNP ratio. At a medium CB/GNP ratio a double percolating 
network is formed. At a low CB/GNP ratio, the electrical transport is CB-dominated. The proposed model based 
on the classical percolation theory with a double threshold properly fits the electrical measurements.   

1. Introduction 

In recent decades, there has been an increasing interest in the use of 
carbon nanoparticles such as carbon black (CB), carbon nanotubes 
(CNTs), or graphene nanoplatelets (GNPs) due to their exceptional 
mechanical, electrical, and thermal properties [1,2]. 

In this sense, the use of hybrid carbon nanofillers is also gaining 
interest, as it is possible to achieve synergistic properties in this way. For 
example, it has been reported that the addition of a very small amount of 
hybrid CNT-GNP nanofillers may lead to an enhanced electrical network 
with superior electrical properties [3,4]. Similar behavior is observed in 
hybrid CB-CNT nanocomposites, where a synergistic effect is observed in 
terms of electrical conductivity when adding a small content of CBs to 
the CNT electrical network [5,6]. The use of hybrid nanofillers has 
proved to be an effective way to enhance, for example, the strain-sensing 
behavior of the system indeed [7,8]. Here, it is important to understand 
in a detailed way the electrical transport mechanisms to achieve the best 
properties depending upon the application. 

To date, there are a lot of analytical and numerical models dealing 
with different effects such as nanoparticle orientation, aggregate 

distribution, or waviness for single-filled nanocomposites such as CNT 
[9–12], GNP [13] or CB-based ones [14]. In addition, other studies 
present theoretical models adaptable to different nano- and microfillers 
taking various aspects into account such as the geometry of the nano
filler, aspect ratio, dispersion method, etc. [15]. However, the electrical 
transport mechanisms in hybrid nanocomposites are quite hard to un
derstand and model. 

In this regard, theoretical approaches have been developed for 
different hybrid systems such as CNT-carbon nanofibers (CNFs), where 
the effect of nanofiller alignment has been proved to be a critical factor 
for predicting the electrical conductivity of the system [16]. Moreover, 
some studies explored the piezoresistive properties of CNT-CB nano
composites [17,18]. Others reported the electrical and piezoresistive 
properties of GNP-CNT nanocomposites using analytical modeling and 
Monte Carlo simulations [19,20]. However, most of these studies 
involve the use of complex models and statistical tools and often fail to 
give a simple overview of electrical transport mechanisms in this type of 
materials, as they suppose random distribution of nanoparticles which, 
in most cases, is not the real situation. 

For this reason, this work aims to explore a different approach to 
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thoroughly understanding electrical transport mechanisms. Some 
studies have dealt with the development of a simple theoretical 
approach to model the electrical percolating network in a hybrid 
nanocomposite. For example, M. Haghgoo et al. [21] developed a 
tunneling-assisted model for hybrid CNT/chopped carbon fibers (CF) 
composites Furthermore, Y. Sun et al. [22] proposed a simple theoretical 
approach to estimate the percolation threshold, that is, the critical vol
ume fraction where the polymer becomes electrically conductive, of 
hybrid CNT-CB nanocomposites, then modified by Z.Y. Xiong et al [23] 
to take some parameters such as the nanofiller aspect ratio into account 
in polymer blends with hybrid CNT-CB nanofillers. However, depending 
on the dispersion procedure and, thus, on the electrical network created, 
which can be sometimes very complex, this simple model may not 
predict the electrical behavior effectively [24]. Here, in some cases, 
CNTs or CB will form dead networks due to the interconnections be
tween CNT branches or CNTs and CB, as proposed by J. Sumfleth et al. 
[25] and, thus, it is necessary to deeply explore the electrical properties 
and transport mechanisms in this type of materials. For these reasons, 
this study aims to develop a simple model that properly reflects these 
electrical transport mechanisms, as well as the possible interconnections 
between the nanofillers for hybrid nanocomposites formed with GNPs 
and CBs in an epoxy matrix. 

To achieve this purpose, first, DC electrical conductivity measure
ments have been carried out, as the I-V characteristic curves can give an 
initial approach to the electrical properties of these systems. However, 
they do not give a detailed approach to the main electrical transport 
mechanisms. In this sense, the analysis of the electrical impedance 
behavior will be more useful. 

AC measurements have been used to characterize the frequency- 
dependent behavior of the electrical conductivity as a function of 
nanofiller content in carbon-based nanocomposites [26,27] and, even, 
for the determination of the electrical properties of carbon fibers [28]. 
Furthermore, Electrical Impedance Spectroscopy (EIS) has been also 
used in other studies as a technique for determining the main electrical 
transport mechanisms in CNT [29] and GNP [30] nanocomposites, 
separately. Here, the electrical impedance response can be fitted by a 
simple equivalent circuit that properly captures these transport mech
anisms between nanoparticles. 

In this work, the main goal is to adapt this EIS analysis to hybrid CB- 
GNP nanocomposites for a better understanding of the electrical prop
erties. More specifically, a correlation between the electrical impedance 
behavior and the classical percolation theory adapted to hybrid nano
fillers will be carried out. Here, the agreement between the measured 
data and the theoretical predictions would validate the proposed model. 

The main novelty of the present work lies in the fact that there are no 
papers reporting the EIS behaviour of these systems (GNP-CB) by using 
an equivalent electrical circuit for modelling the electrical behaviour. 

More specifically, the use of equivalent circuit for modelling the 
electrical response has been reported in previous studies [29,30], as 
commented before, but only for GNP or CNT-based nanocomposites, so 
the investigation of this type of electrical modelling remains unexplored 
for hybrid nanofillers. 

Here, with the incorporation of this electrical model, it would be very 
easy to understand the governing electrical transport mechanisms in 
GNP-CB based nanocomposites. The incorporation of the double 
percolation mechanism has been proved in polymer blends reinforced 
with single filler (CB, CNT or GNP) [31,32], but their incorporation for 
predicting the electrical conductivity of hybrid-nanofiller remains un
explored. By using this simple approach, it would be possible to estimate 
the precise contribution of the two nanofillers having a much more 
detailed knowledge of the material. 

In this way, it would be possible to better understand the main 
transport mechanisms in a simple but effective way, which would be a 
first step for the fabrication of hybrid nanocomposites with tunable 
properties. 

2. Experimental 

2.1. Materials 

The epoxy resin was a mono-component low-viscosity resin recom
mended for Resin Transfer Moulding (RTM), with a commercial formula 
called HexFlow RTM 6, based on diglycidyl ether of bisphenol (DGEBA) 
cured with aromatic amines, supplied by Hexcel. 

Two types of nanofillers were used: carbon black (CB) and graphene 
nanoplatelets (GNPs). CBs were supplied by Songhan Imerys with the 
commercial name Ensaco 250G, with a BET surface area of 65 m2/g and 
a density of 0.17 g/cm3. GNPs were commercially named M25, supplied 
by XG Sciences, with an average lateral size of 25 μm, a thickness of 6–10 
nm, and a density of 2.2 g/cm3. 

2.2. Manufacturing of CB-GNP nanocomposites 

The manufacturing of CB-GNP nanocomposites followed three steps: 
(1) dispersion of the nanofiller, (2) degasification step, and (3) curing 
process. 

The nanofillers dispersion in turn followed two different techniques. 
In the case of CB-based nanocomposites, the nanofillers were dispersed 
by toroidal stirring using a Dispermat dissolver at 6000 rpm with a 
rotating disc of 50 mm diameter for 15 min. The reason for the use of 
toroidal stirring, in this case, is justified as it is highly scalable and al
lows the fabrication of large batches. However, it is not a proper tech
nique for the dispersion of GNPs. For this reason, in the case of GNP- 
based nanocomposites, the nanoplatelets were dispersed by a three- 
roll-milling process using a single cycle of a 40 μm gap between rolls 
at a rotating speed of 250 rpm. This single calendering cycle was 
selected to avoid the breakage of the nanoplatelets, as proved in a pre
vious study [33]. 

In the case of hybrid nanocomposites, first, the CBs were dispersed by 
toroidal stirring in a single batch containing 11 wt% of nanoparticles for 
15 min. Then, the resin and the GNPs were added to get the desired 
concentration and they were dispersed using the previously commented 
single cycle of three-roll-milling. 

After dispersion, the resulting mixture was degassed at 90 ◦C at 
vacuum conditions for, at least, 15 min to remove the possible entrapped 
air, and, after degasification, it was poured into a metallic mold that was 
previously prepared with a liquid demolding agent Frekote and cured 
with an isothermal cycle at 180 ◦C during 120 min in a convection oven. 
Table 1 summarizes the different nanocomposites fabricated and Fig. 1 
shows a schematic of the manufacturing process. It is important to point 
out that no further nanofiller contents were explored due to the 
extremely high viscosity of the mixture, which difficulted the proper 
processing. 

Table 1 
. Summary of designations and conditions manufactured.  

Designation GNP content (wt.%) CB content (wt.%) 

G-1 1 −

G-2 2 −

G-3 3 −

CB-3 − 3 
CB-5 − 5 
CB-8 − 8 
CB-11 − 11 
CB3-G1 1 3 
CB3-G2 2 3 
CB3-G3 3 3 
CB5-G1 1 5 
CB5-G2 2 5 
CB5-G3 3 5  
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2.3. Microstructural characterization 

Microstructural characterization was carried out using a Field 
Emission Gun-Scanning Electron Microscope (FEG-SEM) Nova NanoSEM 
FEI 230 from Philips. Transversal sections of fractured materials were 
characterized. This fracture was conducted under cryogenic conditions 
to create a smooth surface and a 3.1 nm thickness Pt layer was deposited 
by sputtering on the surface before observation. The aim was to properly 
observe the nanofiller distribution in the final nanocomposites. 

2.4. Electrical characterization 

Electrical characterization was carried out through DC measure
ments and EIS analysis. DC volume conductivity was evaluated ac
cording to ASTM D257 using a Source Measurement Unit (SUM) of 
Keithley Instrument Inc. (mod. 2410) connecting through an interface 
GPIB to a PC. I-V characteristics curves were obtained for each condition 
using 5 samples of 10 × 10 × 1 mm. Silver paint was used to ensure good 
contact with the electrodes of the 10 × 1 mm section. The voltage range 
was set at 0–200 V for every condition. 

EIS analysis was conducted in, at least, two samples of 30 × 10 × 3 
mm for each conductive condition. The measurements were done in an 
AUTOLAB PGSTAT302 N potentiostat at a frequency range of 0.1–105 Hz 
and a voltage amplitude of 30 mV at room temperature conditions. Two 
copper wires attached with silver ink to the nanocomposite surface were 
used as electrodes. The adjustment of the measured data with electrical 
circuits was carried out by Nova 2.1 software. 

3. Results and discussion 

In this section, first, an analysis of DC measurements is carried out to 
gain first knowledge about the electrical properties of the nano
composites. Then, a detailed analysis of electrical transport mechanisms 
by complex impedance measurements is conducted, with an equivalent 
circuit modeling. Finally, a connection between DC measurements and 
electrical impedance performance is proposed by a simple analytical 
model based on a double-percolation theory. 

3.1. Analysis of DC measurements 

Fig. 2 summarizes the I-V curves for the GNP, CB, and hybrid CB-GNP 
nanocomposites. It is important to point out that there is not a linear 
correlation between the applied voltage and the current in some con
ditions. This non-ohmic behavior has been observed in many studies 

based on graphitic nanofilled nanocomposites [34–36]. 
More specifically, a linear-exponential correlation can be found be

tween the applied voltage, V, and the current flow through the nano
composite, I [37]: 

I = GVexp(kV) (1) 

where G is the conductance at 0 V and k is a fitting parameter. A 
higher value of k denotes a more prevalent exponential behavior. 

In addition, the electrical conductivity at 0 V can be estimated from 
the conductance and the geometry of the sample: 

σ0 =
GL
A

(2) 

Being L and A the length between the electrodes and the electrode 
contact area, respectively. 

In this sense, Fig. 2e and f show the values of fitting parameters for 
the different conditions. It is important to point out that the samples 
with only 3, 5, and 8 wt% CB showed a conductivity below the range of 
the multimeter, so they will be considered non-electrically conductive, 
that is, they do not form electrical percolating networks. 

It can be observed that, generally, the values of the k parameter 
decrease with increasing the nanofiller content. The non-ohmic 
behavior is explained because, when increasing the applied voltage, a 
temperature increase is observed due to the heat dissipation by Joule’s 
effect [38,39]. This temperature increase will affect the main electrical 
transport mechanisms inside the graphitic network and, thus, the elec
trical conductivity will change. For this reason, a linear relationship 
between applied voltage and current could not be observed. 

More specifically, it can be elucidated that there is a more prevalent 
exponential correlation between the voltage and the current of low- 
filled nanocomposites with a high value of k. This is explained 
because, at low nanofiller contents, the electrical transport mechanisms 
are more dominated by the matrix, which usually exhibits a positive 
dependence on the electrical conductivity with temperature [40]. 
However, when increasing the nanofiller contents, there is more prev
alence of contact mechanisms between adjacent nanoparticles, and, 
therefore, the collision between the free electrons and the carbon atoms 
in the graphitic nanofillers would become more probable [41]. For this 
reason, when increasing the nanofiller content, a less prevalent increase 
of the electrical conductivity with temperature is observed, even a 
reduction [42]. This would be reflected, thus, in a detriment of the k 
parameter, as observed. 

Furthermore, when analyzing the values of σ0, it can be noticed that, 
for the neat GNP and CB-only doped samples, it increases with nanofiller 

Fig. 1. Schematics of dispersion procedure of CB-GNP nanocomposites.  
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content, as expected, due to the presence of more conductive electrical 
pathways that lead to the creation of more efficient electrical networks. 
However, in the case of CB-GNP hybrid nanocomposites, the evolution 
of this parameter is quite more complex. For a fixed CB content, it is 
observed that it increases with GNP content, as there are more con
nections between CB and GNPs and, thus, there are more electrical 

pathways inside the nanocomposite. However, when comparing the 3 wt 
% CB and 5 wt% CB-based hybrid nanocomposites, the differences be
tween σ0 are very low. This can be explained because the 5 wt% CB 
hybrid nanocomposites present a more aggregated distribution of 
nanoparticles, especially in the case of CBs, being the presence and size 
of agglomerates much more prevalent than in the case of 3 wt% CB 

Fig. 2. Representative I-V curves of (a) G1, (b) CB11, (c) CB-3G1 and (d) CB3-G3 samples, where the dots represent the measurements and the solid line (in red) the 
fitting by Equation (1) (the rest of I-V curves can be found in Fig. S1), and (e) electrical conductivity at 0 V and (f) values of k parameter (the precise values can be 
found in Table S1). 
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nanocomposites (Fig. 3a and b). 
This highly inefficient electrical network can be explained by the 

effectiveness of the dispersion procedure. As a general fact, although 
toroidal stirring is a technique that promotes a high homogenization of 
the nanofillers, it is a much less aggressive dispersion technique than 
three-roll-milling, and, for this reason, in the case of a highly viscous 
mixture, the size of the agglomerates will be higher [10]. Therefore, the 
incorporation of GNPs with the three-roll-milling process will be less 
efficient in highly CB-filled composites and, thus, the enhancement of 
the electrical conductivity will be less significant. 

The analysis of DC measurements may offer a global overview of the 
electrical properties, but they do not give detailed information about the 
dominant electrical transport mechanisms, specifically, in hybrid 
nanofilled composites. For this reason, a detailed analysis of the elec
trical impedance behavior will be carried out. 

3.2. Electrical impedance analysis 

Fig. 4 shows the Nyquist plots (real, Z’, versus imaginary part, − Z’’, 
of the complex impedance) for the different nanocomposites. It can be 
observed that the shape of the Nyquist plots is quite different when 
comparing pure GNP and CB nanocomposites. In the case of GNP-based 
composites, a wide semicircle is observed (Fig. 4a), whereas, in the case 
of CB-based ones, two semicircles are observed (Fig. 4b). This would 
denote that the electrical transport mechanisms are different depending 
on the nanofiller used. In addition, when comparing the CB-GNP hybrid 
composites, a change in the electrical impedance behavior is observed 
when varying the GNP to CB ratio, denoting a prevalence of GNP-type or 
CB-type transport mechanisms depending on the proportion of each 
constituent (Fig. 4c-e). 

For a better comprehension of complex impedance behavior, an 
equivalent circuit model will be used. This electrical circuit is based on 
RC and LRC elements, following the same procedure as in other studies 
dealing with nanoparticle-based composites [29,30]. The tunneling 
mechanisms are modeled by a parallel R-C element, where R corre
sponds to the tunneling resistance, Rtunnel, modeled by G. Simmons [43], 
denoting the hopping conduction between neighboring nanoparticles; 
and C corresponds to the insulating medium. On the other hand, the 
contact and intrinsic mechanisms are modeled by a series–parallel L-R-C 
element, where the L-R terms correspond to the intrinsic resistive- 
inductive behavior of the nanoparticles [44] and the capacitance 
regards to their micro-capacitive behavior when adding to an insulating 
medium [26]. 

However, the use of a capacitor element is only valid in ideal sys
tems, where no energy scattering is expected. In this case, these capac
itive elements are substituted by Constant Phase Elements (CPEs). They 
are capacitive-resistive elements whose impedance is defined as Z =

1/(Q0(jω)
n
), where Q0 is a frequency-independent factor related to the 

capacitance, and n is an exponent ranging from 0 to 1, indicating the 
capacitive behavior of the element. A value of n = 0 denotes a purely 
resistive element, while n = 1 indicates a pure capacitive element. Here, 
the use of CPE denotes energy scattering, as commented before, in op
position to the energy conservation of a pure capacitor [45]. 

Therefore, the schematics of the electrical circuit used for fitting the 
measurements and the correlation between the fitted and the measured 
data are shown in the solid lines of Fig. 4, where a high correlation is 
found, highlighting the validity of the proposed circuit for properly 
capturing the electrical impedance behavior of the system. Moreover, 
the values of the fitting parameters are summarized in Fig. 5. 

Several statements can be made when analyzing the values of fitting 
parameters. On the one side, there is a general reduction of the electrical 
resistance of both intrinsic/contact and tunneling mechanisms when 
increasing the nanofiller content. More specifically, it is possible to 
analyse the evolution the electrical resistance from the percolation 
threshold (set as 11 wt% for CB-based and 1 wt% for GNP-based 
nanocomposites) to nanofiller contents widely above this threshold. 
The reduction of the intrinsic and contact resistance is explained 
because, when increasing the nanofiller content, the number of parallel 
pathways increases due to the higher number of contact points between 
adjacent nanoparticles. Moreover, the reduction of the electrical resis
tance associated with tunneling mechanisms decreases for the same 
reason as well as due to the lower interparticle distance between 
neighboring nanoparticles when increasing the nanofiller content, 
which leads to a reduction of tunneling resistance according to J.G. 
Simmons formula [43]. 

Furthermore, it can be also noticed that for pure GNP and CB 
nanocomposites, an increase in the nanofiller content is manifested in an 
increase in the ratio Rintrinsic/Rtunnel as shown in Fig. 6a. This means that, 
at higher nanofiller contents, a higher prevalence of contact mechanisms 
takes place due to the presence of a more agglomerated network (Fig. 6b 
and c). 

However, the behavior is quite more complex in the case of CB-GNP 
hybrid nanocomposites. First, it can be noticed that, for a fixed CB 
content, an increase in the GNP content leads to a drastic change in the 
complex impedance response. More specifically, the electrical imped
ance behavior is more like pure-CB nanocomposites when increasing the 

Fig. 3. FEG-SEM images of (a) CB5-G1 and (c) CB3-G1 samples where the CB agglomerates are highlighted in yellow circles.  
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GNP content. This behavior can be contradictory at first sight but can be 
explained by analyzing the electrical network formed within the nano
composite. At low GNP contents, the nanoplatelets are isolated from the 
CBs (Fig. 6d), whereas at higher GNP contents, many connections be
tween the nanoplatelets and the CBs are formed (Fig. 6e and f). 

By analyzing the values of Rintrinsic/Rtunnel, it can be observed that, in 
the case of 5 wt% CB hybrid nanocomposites, there is a lower prevalence 
of contact mechanisms for CB5-G2 samples, whereas in the case of 3 wt 
% CB hybrid ones, CB3-G3 samples presented a lower prevalence of 
contact mechanisms. This effect can be explained by how the electrical 
percolating network is formed in these hybrid nanocomposites. 

In this regard, for better comprehension, schematics of electrical 

transport mechanisms for CB-GNP hybrid nanocomposites are shown in 
Fig. 7. It can be stated that, at low GNP/CB ratios, the electrical transport 
mechanisms take place mainly through the percolating GNP network, 
whereas the CB domains remain almost isolated from the electrical 
network (Fig. 7a). Here, it is important to point out that the CB content 
(3 or 5 wt%) is far below the percolation threshold of the pure-CB (be
tween 8 and 11 wt%) so these domains are not able to form a percolating 
network by themselves. By increasing the GNP content, several con
nections between the percolating GNP network and the isolated CB 
domains are created, and the electrical transport mechanisms occur 
through the GNPs and the CB domains (Fig. 7b). At this point, the 
electrical percolation takes place through both GNPs and CBs from the 

Fig. 4. Nyquist plots (− Z’’ versus Z’) of (a) G1, (b) CB11, (c) CB5-G1, (d) CB5-G2 and (e) CB5-G3 nanocomposites, where the black dots denote the experimental 
results and the solid lines the fitting with (f) the equivalent circuit (the rest of Nyquist plots can be found in Fig. S2). 
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connections created between them (Fig. 6e), and, thus, tunneling 
mechanisms are prevalent, as observed in the graph of Fig. 6a. Finally, at 
higher GNP contents, these connections between the CBs and the GNPs 
are much more prevalent (Fig. 6f) and the electrical transport mecha
nisms take place mainly through the CB domains (Fig. 7c) as they pre
sent a lower contact and intrinsic resistance due to their 0D nature when 
compared to the 2D nanoplatelets, as well as due to their highly 
aggregated state. For this reason, a drastic increase of Rintrinsic/Rtunnel is 
noticed (Fig. 6a), as the aggregated areas are the most relevant for the 
electrical transport in this type of material. In the case of 3 wt% CB 
hybrid nanocomposites, the interconnections between GNPs and CBs are 
formed at higher GNP contents, as the CB domains are much more iso
lated, and, thus, the decrease of Rintrinsic/Rtunnel is noticed at 3 wt% 
GNPs, indicating that, at this point, a double-percolation transport be
tween both the GNP and CB domains is created. 

Apart from the electrical transport mechanisms in CB-GNP nano
composites, the analysis of fitting parameters also sheds light on how 
ideal this transport between nanoparticles is. Particularly, it can be 
observed that the value of the n parameter of the CPE element associated 

with intrinsic and contact mechanisms is much lower in the case of CBs 
(0.73 for 11 wt% CB nanocomposite) than in the case of GNPs (around 1 
in every case). As commented before, a lower n value denotes a higher 
resistive behavior which implies a more significant energy scattering. In 
this regard, it can be stated that the contact between the CBs is more 
irregular than in the case of GNPs (Fig. 8) as the nanoparticles are not 
totally in contact throughout a plane but in a single point (highlighted in 
Fig. 8) and, therefore, it would explain the higher scattering effects and 
the less ideal behavior of the system. 

Furthermore, in the case of CB-GNP hybrid nanocomposites, a 
decrease of the n parameter is observed for a fixed CB content when 
increasing the GNP one. This is in good agreement with the previous 
observations highlighting the prevalence of CB transport mechanisms 
when increasing the GNP amount, due to the connections created be
tween both nanofillers. This reduction of the n parameter is more 
prevalent for 5 wt% CB hybrid nanocomposites than for 3 wt% CB ones, 
as the electrical transport mechanisms through the CBs once inside the 
percolating network, are more relevant in the first case. 

Fig. 5. Values of the fitting parameters for (a) Rint, (b) Rtun and (c) n parameter of intrinsic term (the rest of the fitting values are given in Table S2).  
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Fig. 6. (a) Values of Rintrinsic/Rtunnel from the fitting parameters using the equivalent circuit of Fig. 5a and FEG-SEM images of (b) CB5, (c) CB11, (d) CB5-G1, (e) CB5- 
G2, and (f) CB5-G3 nanocomposites. 
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3.3. Doble percolation modeling 

The analysis of fitting parameters from Fig. 5 can give detailed in
formation about the predominance of some electrical transport mecha
nisms in hybrid CB-GNP nanocomposites, as commented before. In this 
way, it is possible to understand how electrical percolation takes place in 
these materials. 

In this sense, a double percolation threshold can be determined for 
each constituent (CB and GNP). This double percolation threshold 
concept was first coined by M. Sumita et al. [46] for the dispersion of 
nanofillers inside polymer blends. In particular, the effective volume 
fraction of nanofiller in co-continuous morphologies can be estimated 

from the volume of the phase in which the nanofiller is localized and its 
real volume fraction [31,32]. Here, a novel concept is proposed. 

For a CB-GNP hybrid nanocomposite, the percolation threshold of 
the system can be determined from the percolation threshold of the CB 
constituent, the GNP one, or a mix between both percolation thresholds. 
More specifically, for a fixed CB content, i.e., 5 wt%, at low GNP con
tents (1 wt%) the electrical transport mechanisms take place through the 
GNP nanofillers, as they form an electrical percolating network. That is, 
the electrical percolation threshold of the system is the same as the pure- 
GNP nanocomposite, which is defined as ϕGc. When increasing the GNP 
content to 2 wt% a co-continuous electrical network is formed between 
the GNPs and the CBs. Here, both the GNPs and the CBs form electrical 

Fig. 7. Schematics of electrical transport for (a) low, (b) medium and (c) high GNP-filled hybrid composites based on the electrical impedance analysis, where the 
orange lines denote the preferential electrical pathways. 

Fig. 8. Contact mechanisms between adjacent GNPs and CBs (marked in red).  
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percolating networks, as observed before. The effective volume fraction 
of CBs, ϕCBeff, can be calculated from this expression, which is inspired 
by that proposed in co-continuous blends with nanofillers [31]: 

ϕCBeff =
ϕCB

(1 − ϕGinf )
(3) 

Where ϕCB is the CB volume fraction and ϕGinf the volume of influ
ence of the GNPs. This volume of influence depends on how GNPs are 
dispersed through the material and denotes the area affected by the 
electrical transport mechanisms of these nanoparticles (gray areas of 
schematics of Fig. 9). Therefore, the volume fraction of the phase in 
which the CBs are localized is (1 − ϕGinf ). 

The volume of influence of the GNPs can be easily calculated in our 
case supposing that, with 2 wt% GNPs, the 5 wt% CB network forms a 
percolating one and, thus, ϕCBeff coincides with the percolation 
threshold determined experimentally. Here, from the DC measurements, 
the percolation threshold was found to be between 8 and 11 wt% CB, so 
it will be considered at an intermediate weight fraction, that is ϕCBc = 10 
wt%. 

Finally, at higher GNP contents (3 wt%), the electrical transport 
mechanisms occur mainly through the CB areas, and, therefore, the 
electrical percolation threshold is more like that from the pure-CB 
nanocomposite. 

With all these assumptions, it is possible to estimate the value of the 
electrical conductivity for every case by using the following expressions, 
based on the classical percolation theory with scaling power law [47]: 

σ = σ0G(ϕG − ϕGc)
twhenϕCBeff ≪ϕCBc  

σ = a • σ0G(ϕG − ϕGc)
t
+ b • σ0CB

(
ϕCBeff − ϕCBc

)twhenϕCBeff ϕCBc (4)  

σ = σ0CB
(
ϕCBeff − ϕCBc

)twhenϕCBeff ≫ϕCBc 

Being σ0G and σ0CB two pre-exponential factors for GNPs and CBs, 
respectively, that depend on the intrinsic electrical conductivity of the 
nanofillers and their geometry (i.e. aspect ratio) [48]; t an exponent 
which ranges typically from 1.3 to 2, both obtained from fitting the DC 
conductivity of pure-GNP and CB materials; and a and b, two parameters 
ranging from 0 to 1 (a + b = 1), which depend on the prevalence of GNP 
or CB mechanisms. 

In particular, the values of a and b can be estimated from the fitting 
parameters of the complex impedance of Fig. 5 and Table S2 by using the 
following expressions: 

b =

(
nGNP − nCB/GNP

)

(nGNP − nCB)
a = 1 − b (5) 

Where nGNP and nCB are the values of the n parameter for pure-GNP 
and CB, respectively (1 and 0.68 from Table S2) and nCB/GNP the actual 
n value of the hybrid nanocomposite. 

In this sense, Fig. 10 shows the measured and fitted data using 

Equations (4) and (5) of the DC conductivity (σ0 values). Here, a good 
agreement between the theoretical predictions and the experimental 
results is found. More specifically, the model properly captures the 
drastic increase of the electrical conductivity for CB3-G3 and CB5-G2 
samples as, at these conditions, an efficient double-percolating 
network is created through the GNP and CB domains, where the elec
trical transport is dominated by the tunneling connections between the 
GNPs and the CBs. The slight differences observed between the experi
mental and the predicted values at the highest nanofiller content (CB5- 
G3) may be attributed to the presence of a very highly aggregated 
network, as observed before. Here, the percolating networks are not so 
effective, and the model may overestimate the electrical conductivity of 
the system. Anyway, the differences found are not so prevalent and, 
therefore, it can be stated that the proposed model properly captures the 
main electrical transport mechanisms in a hybrid CB-GNP nano
composite from the complex impedance measurements and the analysis 
of the equivalent circuits. 

4. Conclusions 

The analysis of electrical transport mechanisms in hybrid CB-GNP 
nanocomposites has been carried out through DC and EIS 
measurements. 

From DC measurements, it has been observed that the samples with a 
low nanofiller content do not follow an ohmic behavior, due to the 
matrix-dominated electrical mechanisms. However, at high nanofiller 
contents, the I-V curves follow a linear relationship because of the 

Fig. 9. Schematics of electrical percolating networks for CB-GNP nanocomposites as a function of CB-GNP ratio.  

Fig. 10. Values of the DC conductivity by using Equations (4) and (5) for the 
hybrid CB-GNP nanocomposites. 
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prevalence of contact mechanisms and the lower temperature- 
dependent electrical behavior. 

From EIS analysis, it is possible to know the electrical transport 
mechanisms in a more detailed way by adjusting the measured data to 
an equivalent electrical circuit. This circuit is composed of a series of 
LRC, for contact and intrinsic mechanisms between adjacent nano
particles, and RC, for tunneling transport between neighboring ones. 
Here, the capacitances are substituted by CPEs because of the non-ideal 
behavior of the system, especially in the interconnections between CBs. 

The analysis of fitting parameters showed a prevalence of GNP 
transport mechanisms at high CB/GNP ratios as the GNPs form a 
percolating network that is not able to connect the isolated CB domains. 
When increasing the GNP content, some connections between the 
percolated GNP network and the CBs are created and, thus, a double- 
percolating network is formed. Finally, at higher GNP contents, the 
GNPs can connect all the main CB domains, and, thus, the electrical 
transport mechanisms are CB-dominated. 

Therefore, a double-percolation model based on the classical 
percolation theory and the analysis of electrical transport mechanisms 
by DC and EIS measurements has been proposed. This double- 
percolation model properly fits the electrical measurements. In this re
gard, it is a significant progress in comparison with the current models, 
which are based on complex numerical simulations by providing a 
simple but effective analytical approach that properly explains the main 
electrical transport mechanisms in hybrid CB-GNP nanocomposites by 
correlating the value of the n parameter with the prevalence of CB or 
GNP-dominated electrical transport mechanisms with a double perco
lation approach. It would be, thus, very promising for the creation of 
hybrid nanocomposites with tunable properties. 
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