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Abstract: This paper deals with the electrochemical characterization and the equivalent circuit
modeling of screen-printed electrodes, modified by an epoxy composite and loaded with carbon
nanotubes (CNTs), pristine and functionalized NH,, and graphene nanoplates (GNPs). The fabrication
method is optimized in order to obtain a good dispersion even at high concentration, up to 10%,
to increase the range of investigation. Due to the rising presence of filler on the surface, the cyclic
voltammetric analysis shows an increasing of (i) electrochemical response and (ii) filler concentration
as observed by the scanning electron microscopy (SEM). Epoxy/CNTs-NH; and epoxy/GNPs, at 10%
of concentration, show the best electrochemical behavior. Furthermore, epoxy/CNTs-NH; show a
lower percolation threshold than epoxy/CNT, probably due to the direct bond created by amino
groups. Furthermore, the electrochemical impedance spectroscopy (EIS) is used to obtain an electrical
equivalent circuit (EEC). The EEC model is a remarkable evolution of previous circuits present in the
literature, by inserting an accurate description of the capacitive/inductive/resistive characteristics,
thus leading to an enhanced knowledge of phenomena that occur during electrochemical processes.

Keywords: nanocomposite; electrical equivalent circuit; electrochemical impedance spectroscopy;
graphene; carbon nanotubes

1. Introduction

Properties of carbon nanostructure are useful to obtain nanocomposites, characterized by excellent
mechanical, electrical, and thermal properties far above those of base polymers, [1-3] and aimed
at producing automotive components, medical devices, conducting plastics, lubricating additive,
electromagnetic interference shielding/absorbers [4,5]. In order to give these outstanding properties,
an accurate and engineered preparation method has to be selected. As a matter of fact, an appropriated
process can allow obtaining a well disperse composite, avoiding the presence of an agglomerate of
fillers that impact negatively the material properties [6]. Although the optimization of the preparation
method may be performed, the nature of the interface between the filler and the matrix still plays
an important role, so that the choice of a proper matrix, or the use of a dispersive agent, such as the
surfactant, may be needed.
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In order to improve the filler matrix interface, a no-covalent functionalization strategy can
be used [7]. In particular, the use of a dispersive agent, e.g., melamine, is useful to avoid
filler agglomeration and to create pure chemical bonds between matrix and filler, increasingly
enhancing the electrical/mechanical properties. Among the plethora of polymeric matrices useful for
composite fabrication, epoxy resin is one of the most studied matrixes. Epoxy resin is a well-known
engineered thermosetting polymer with applications in electronics, anticorrosive coatings, marine,
aerospace, and automotive systems. It has a better behavior than polyester, phenolic, and melamine
resins, because it manifests no volatile loss and little shrinkage during the curing process, good
chemical resistance and inertness, as well as versatility in selecting curing agents and conditions [8].
To make a more specific application example, epoxy resin nanocomposites are one of the most used
nanocomposites in aeronautics and aerospace fields, due to the possibility to improve EMI shielding,
and mechanical/electrical properties, while maintaining lightness [9-11].

For completeness, it is worth mentioning an additional remarkable property of nanocomposite
materials, namely their electrochemical behavior, which allows the development of electrochemical
sensors and energy storage devices, e.g., biological screening/detection and application to modified
electrodes to enhance efficiency. The different carbon—carbon covalent bonds (hybridization) and
organization of the carbon atoms into the structure of the nanocarbon allotropes determine different
electrochemical properties. Consistently, from an electrochemical reaction kinetics point of view, it is
known that the physical, chemical, and electronic properties of carbon electrodes have a dramatic effect
on their electrochemical response.

In this contribution, we focus on carbon nanotubes (CNTs) and graphene (GNP) nanocomposites,
that have been investigated in different electrode configurations by electroanalysis. As it holds for
graphene [12], their unique and outstanding features, such as electrical conductivity, high aspect ratio,
chemical stability, and mechanical strength, are enabling properties for many applications. For example,
CNT-based sensors often enable higher sensitivity, lower limits of detection, and faster electron-transfer
kinetics for target analytes as compared to traditional sensors based on bulk graphitic carbon electrodes.
Nevertheless, a complex and detailed description of an equivalent electrical circuit is missing: To our
best knowledge, only Randles circuit [13] or a parallel resistance—capacitance (RC) combination, and a
variable number of RC series in parallel [14], were used so far to model the electrochemical behavior
of nanocomposites.

Usually, carbon nanostructures are mixed with a binder (pasting liquid), so called carbon paste [15],
with an alternative to carbon paste found in nanocomposites based on epoxy resin.

The main aim of this paper is to propose a preparation method involving an ARV-310 vacuum
planetary mixer (Thinky Corporation, Tokyo, Japan) in order to produce high quality and highly
reproducible nanocomposites, reducing air bubbles, and increasing the homogeneity of the filler
dispersion, even at a very high filler concentration. As known from the literature [16,17], the planetary
centrifugal mixing action can help obtain a well dispersion in a short time and, operating at low
pressure, to reduce the presence of air inside the matrix.

More specifically, CNT and GNP as fillers and epoxy resins as the matrix are used according to a
good interaction between the filler/matrix interface suggested by the Hansen Solubility Parameters
(Epon 828 & = 20 MPa'/? [18], Graphene § = 21 MPa'/? [19], CNT & = 19.5 MPa'/? [20]). Furthermore,
CNTs-NH; are used to improve the filler/matrix interaction creating a chemical bond between each other.
Finally, the above nanocomposites have been characterized both from microscopic and electrochemical
points of view and have been successfully applied to obtain a modified screen-printed electrode.
In addition, and in parallel to the above activity, we introduced a novel methodology for deriving a
lumped electrical circuit element, which is electro-physically equivalent to the chemical process used
in the synthesis of nanocomposite materials. With respect to a previous work [14], we developed a
more accurate technique, based on MATLAB software, for the optimal extraction of the set of electrical
parameters that best fit the measured impedance (resulting from the cyclic voltammetry analysis) in
terms of modulus and phase, as functions of the frequency. In particular, given an assumed topology
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for the equivalent circuit derived from a chemical/physical understanding of the system, as described
later, and that can possibly be composed of a relatively large number of components, each with multiple
parameters to be estimated, a parametric model of the circuit was derived. The genetic algorithm
implemented in the MATLAB optimization toolbox was then used to explore the large parameter
space to find the optimal or near-optimal solution, which can then be further refined by a second-stage
simulated annealing optimization.

Specifically, we i) added a contact resistance to simulate the liquid/composite interface, ii) replaced
the RC series with a RCL series, for a better simulation of the current flowing in the fillers, and
iii) included the hopping conduction mechanism (L) for CNT/epoxy, CNT-NH;/epoxy, and GNP/epoxy
nanocomposites [21-23].

2. Materials and Methods

For the preparation of nanocomposite materials, the commercial epoxy resin EPON™ 828,
a medium-low density resin marketed by Hexion, was used as a matrix. Tetraethylene pentamine,
modified with the addition of formaldehyde thanks to a nucleophilic addition reaction, was used as a
curing agent, called A1 [24,25].

Commercial CNTs (Heji) and CNT-NH, (NANOLAB) were used as fillers. The former nanotubes
have an external diameter between 8 and 15 nm, the latter have an external diameter of 15 + 5 nm, and
both have a degree of purity greater than 95%.

The graphene nano platelets (GNPs), instead, were prepared in the laboratory starting from
the Asbury® expandable graphite, of 99.1% purity and containing 3.508% sulfur, by means of the
microwave-assisted thermal expansion technique [11,26].

The graphite is placed in a special ceramic crucible and inserted into a homemade microwave
oven, which operates at a power of 800 W. This technique requires that the substances intercalating
the graphite decompose quickly, causing their expansion thanks to the thermal shock suffered by
the material. During the microwave treatment, the intercalated substances start to decompose at a
temperature of about 140 °C (+20 °C). The developing gases modify the dielectric constant of the air to
the point that the electric field of the microwaves exceeds the dielectric strength generating a voltaic
arc. This causes a sudden temperature increase of over 1000 °C, further decomposing the intercalating
substances and self-feeding the process. This rapid thermal shock is necessary to ensure good material
expansion. The expansion process ends in about 10 s [27].

After weighing the appropriate amounts of the two components, the dispersion of the carbonaceous
filler in the matrix started with an ultrasonic tip. The mixing of the two phases is continued, to ensure
a good homogeneity of the sample, with two programs of the Planetary Vacuum Mixer (ARV-310
Thinky Corporation). These steps were also necessary to eliminate the air bubbles present in the epoxy
resin, which would compromise the homogeneity of the nanostructured composite [10]. Afterwards,
the curing agent (22% by weight of the composite) Al is added and the third and final program of
the ARV-310 is started, which is used to mix the hardener with the composite and to complete the
elimination of the air bubbles. Finally, the obtained composite is left to rest in the air for more than
20 h. This procedure was used to produce the nanocomposite at 0.25%, 1%, and 2%.

Since at a 10% loading level of nanofillers the composite immediately becomes extremely viscous
and sonication with the tip becomes practically impossible. Furthermore, as the viscosity increases,
mixing with a planetary mixer improves the efficacy. Therefore, we replace the ultrasounds tip with
a supplementary step in ARV-310 to obtain a good homogeneity of mixture, as demonstrated in a
previous work [17]. In fact, the ARV-310 generates a big centrifugal force during the planetary motion
that is able to mix and de-aerate at the same time. In addition to this, ARV-310 has a rotary pump
to help the removal of the air contained in the mixture. Inside the sample holder, shear stresses are
generated, thus permitting to mix and homogenize two different phases. These shear stresses are
directly linked with the viscosity of the medium: The higher is the viscosity, the higher are the shear
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stresses and more efficient the mixing is, and so is the air evacuation. In the case of a high amount of
filler, 10%, the ARV-310 works as the most efficient method of mixing.
We chose this range of concentrations because:

- The 0.25%, 1%, and 2% concentrations were investigated earlier with different techniques [9], they
are close to the percolation threshold;

- In the nanocomposite fields, it is quite hard to obtain good dispersed samples at a high
concentration. By means of ARV-310, we could overcome this limitation and probe the high filler
content composite properties.

Even so, it is too difficult to go above 10% due to excessive viscosity of the matrix, which does not
allow for the realization of homogeneous dispersion of the filler.

Finally, we modified a screen-printed electrode (SPE) DRP-110 (available from Dropsens) with
a drop of each nanocomposite to obtain a new SPE in which it should be possible to measure the
electrochemical properties of each nanocomposite.

In order to study the electrochemical behavior of the modified SPE versus the loading of filler, cyclic
voltammetry (CV) characterization was performed. K;[Fe(CN)s] was used as detectable electrochemical
species, at a concentration of 5 mM in KCl 0.01 M. The CV were carried out in the range of —0.1-0.6 V,
with a scan rate of 100 mV/s.

2.1. Theory and Calculation

Equivalent Electrical Circuits

From the experimental data obtained by electrochemical impedance spectroscopy, the parameters
of an electrical model can be determined. To this end, an equivalent electrical circuit can be used,
which is a refinement of that proposed in [14], as previously stated. In this refinement, we introduce
the “constant phase elements”, which have a frequency-dependent admittance given by Y(w) = wg
C(j w/wp)N where C and N are parameters. C is the equivalent capacitance at an arbitrary frequency
w = wy, and N, with 0 < N < 1, determines the phase shift. The modulus of the admittance increases
with frequency at a fixed rate of 20 N dB per decade, while the displacement is -N 7v2 at all frequencies,
hence the element name. The particular cases N = 0 and N = 1 correspond to a standard resistor and
capacitor, respectively, while the case N = 12 is known as the Warburg element, useful to model the
diffusion of a liquid inside a matrix. In Figure 1, we denote the “constant phase element” by Q1 = wy
C2(j ww)N2, whereas the remaining “constant phase element” W1 is obtained from Q2 = wy C3(j
wwo)N3 in the particular case N3 = 1/2.

Figure 1. Equivalent electrical circuit used for fitting.

To perform the fitting of the parameters, it is necessary to define a distance function that describes
how much the circuit response is (dis)similar to the measured data. The standard Euclidean distance
was deemed inappropriate given the fact that measured data span multiple orders of magnitude.
Hence, we used the distance:

d =Y logio([x(@)]) + w(w)[I(log1o(x(w)))] )
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where
Z(w)

Yo) = 2 @

is the ratio of measured impedance Z(w) to modeled impedance Z.(w), and w(w) is a weighting factor
to balance amplitude matching versus phase matching w(w) was empirically set to a starting value of
10 at low frequencies and then decreased to 1 for frequencies greater than 2 kHz, to account for less
accurate phase measurements at these higher frequencies.

3. Results

As previously demonstrated [17], the realization process, carried out by the ARV-310 planetary
mixer, is powerful to prepare nanocomposite materials of high quality dispersion: The scanning
electron microscopy (SEM) characterization, carried out by means of a Tescan Vega II microscope,
highlights a good dispersion of all types of filler in the investigated range.

In Figure 2, the surface of GNP composites at 2% and 10% were selected to highlight the differences
of the surface:

| 1 r g e 5 r . v f
SEM HV: 20.00 kv WD: 11.69 mm VEGAW TESCANSEM HV: 20.00 kV WD: 12.27 mm L] VEGAW TESCAN

SEM MAG: 5.42 kx Det: SE 10 pm 7 SEM MAG: 1.84 kx Det: SE 20 pm
Vac: Hivac Date(mid/y). 05/09/16 NEXT - LNF - INFN“ vac: Hivac Date(m/diy). 12111714 NEXT - LNF - INFN u

Figure 2. SEM image of the graphene nanoplate (GNP)/epoxy composite loaded at 2%w/w (a) and
loaded at 10%w/w (b).

At low concentration, no regions of agglomerate fillers are visible (Figure 2a). Furthermore,
the surface of the nanocomposite appears with a high porosity in which nanofillers protrude from the
holes (see Appendix A, Figure A5). The nanocomposite loaded at 10% of filler shows the analogous
features, such as no agglomerates and porosity, besides an outstanding presence of filler on the surface,
according to the amount of loading. The increase of superficial area, due to the presence of filler,
is most evident in these nanocomposites.

These surface properties, porosity, and nanofiller emerging from the pores, could influence
the electrochemical behavior of the nanocomposite as an electrode and increase the superficial area
of SPE modified with nanocomposites with respect to the SPE modified with epoxy resin. In fact,
the superficial area plays an important role in the electrochemical process: The greater the superficial
area is, the greater the number of redox processes that occur on the electrode surface.

The nanocomposites were studied from an electrochemical point of view using cyclic voltammetry (CV).

Firstly, we analyze the cyclic voltammetric behavior of nanocomposites having pristine carbon
nanotubes as a filler. The cyclic voltammograms are reported in Figure 3 for each filler concentration.
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—— Epoxy + CNT 1%
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Figure 3. Cyclic voltammograms obtained by the screen-printed electrode (SPE) modified with epoxy
and carbon nanotubes (CNT) nanocomposites at different filler concentrations.

From these cyclic voltammograms, the CV trend is visible but there are no peaks related to
the reduction and oxidation of the analyte (Fe?*/Fe3*). The comparison among the pure resin and
nanocomposite filled with CNT showed an increase in the conductivity of the nanocomposites as the
concentration of the nanofiller increases. Furthermore, it is possible to distinguish the percolation
threshold between 1% and 2%, in good agreement with previous results using other techniques (1.5%
reported in [9]).

To verify the stability and improve the response of the samples, we proceeded by placing the SPE
in water in order to condition them and acquire the voltammetric measurements after various time
intervals (up to three days).

The conditioning improves the response of the composites to the electrochemical stimulus by
presenting the peaks to the discharge potential of the electroactive species used. In particular, it is
interesting to note that the conditioning time decreases as the concentration of the nanofiller present in
the matrix increases, observing the shorter time in the nanocomposite, loaded at 10%.

In Figure 4, the CVs show the behavior of the nanostructured composite, loaded at 10% of CNT
pristine, before and after conditioning. The conditioning time in water is really shorter, 3 h, than the
conditioning time for the other nanocomposite, three days. Thus, it could suggest an important role of
water percolation in the electrochemical processes: In fact, this could be the effect of the superficial
swelling and absorption of water that allows a more efficient electrochemical ion exchange.

4

CurrentipA

W C19cnt10% dop
W C19ent10% 32

010 0.00 010 020 030 040 050 060
PotentiallV’

Figure 4. Cyclic voltammetry (CV) of CNT/epoxy composite, 10%, before (red curve) and after 3 h
(blue curve) in water.

Then, we analyze the behavior of nanocomposites having carbon nanotubes functionalized with

NH, groups as fillers. The cyclic voltammograms are reported in Figure 5 for each concentration of
the filler.
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Figure 5. Cyclic voltammograms obtained by the SPE modified with epoxy and CNT-NH;
nanocomposites at different filler concentrations.

As visible from the curves reported in Figure 5, the composites having the CNT-NH; nanofiller
show the classic trend of a CV and present peaks related to the redox process, starting from 2% and well
visible in the 10% nanocomposite. Furthermore, it is possible to distinguish the percolation threshold
also in these nanocomposites: In this case, the percolation threshold is considerably lower than the
percolation threshold of CNT pristine nanocomposite. In fact, the percolation threshold is estimated
below 1%. This phenomenon could be explained by analyzing the curing process of the epoxy resin,
as shown in Scheme 1.

L
/ >
/
N
L
H
Al
P
o o H H
NN O N AN A AN,

OH H H

Scheme 1. Curing process in which a nucleophilic group (hydroxyl or amine) is involved in the epoxy
ring opening.

In this scheme, the opening mechanism of the epoxy ring by means of a curing agent (A1l [24]) is
reported, in particular by means of a nucleophilic group, in this case the hydroxyl or amine group
present in the Al.

The reactivity of the epoxy ring is obviously connected by nucleophilicity of functional groups
and also by steric hindrance. Therefore, the amine group present on the surface of a carbon nanotube
could react and open the epoxy ring if not sterically hindered. Probably, the amine group present on
the edge of CNT-NH; could be in the best position to open the epoxy ring [28], as shown in Scheme 2.

Scheme 2. Curing process in which an amine group on the edge of CNT-NHj is involved in the epoxy
ring opening.
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In this hypothesis, a chain of epoxy resin is directly linked to the carbon nanostructure,
as represented in Scheme 2, and could more efficiently enhance the conductivity pathway.

Analogously as CNT/epoxy nanocomposites, we proceeded in placing the SPE in water in order
to condition them and acquire the voltammetric measurements after various time intervals (up to
three days).

Moreover, although in this case the conditioning process improves the electrochemical response
of SPE, i.e. Figure 6, the process seems not to be dependent on the concentration. In particular,
composites loaded at 0.25% and 1%, of CNT-NH,, show a marked improvement in the response to
electrochemical stress (see Appendix B). On the other hand, the composite obtained at a concentration
of 2% shows an improvement in conductivity, but the peaks, related to the discharge potential of
the electroactive species used, appear broad, not useful for the detection purpose (see Appendix B,
Figure A13).

CurrentipyA

W D1cnt-NHZ 10%
204 B D1 cnt-NHZ 10%

010 0.00 010 020 030 040 50 060
PotentialV

Figure 6. CV of the CNT-NH,/epoxy composite, 10%, before (red curve) and after 1 h (blue curve)
in water.

The cyclic voltammograms of the 10% composite of CNT-NH, show the best electrochemical
response in this series, as it responds very well to electrochemical stress showing the discharge signal
of the electroactive species. The improvement of the electrochemical response of SPE strengthens
the suggestion of a superficial water absorption on the electrode interface, the importance of water
percolation, and confirms the superficial swelling and absorption water.

Finally, we analyze the behavior of nanocomposites having graphene nanoplates as fillers.
The cyclic voltammograms are reported in Figure 7 for each filler concentration:

0.10 ——Pure Epoxy
Epoxy + GNP 0,25%
——Epoxy + GNP 1%
———Epoxy + GNP 2%
—— Epoxy + GNP 10%

0.05 4
0.00

-0.05

—/

%
-0.10 /

=
-0.15 4

1 0‘0

Current (uA)

071 00 01 02 03 04 05 0f

Potential (V)
0.1 02 03 04 05 0.6
Potential (V)

-0.20
-0.

Figure 7. Cyclic voltammograms obtained by the SPE modified with epoxy and GNP nanocomposites
at different filler concentrations.
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Even for these nanostructured composites, at low concentrations of carbon nanofiller, no significant
peak is obtained without conditioning. Nevertheless, the percolation threshold is determined between
2% and 10%.

We carried out the conditioning in water for these nanocomposites, too.

Even for composites with GNP as the filler, the conditioning step greatly improves the
electrochemical sensitivity. In this case, it is interesting to highlight that the necessary conditioning
time decreases as the concentration of the nanofiller dispersions in the polymer matrix increases.

From cyclic voltammograms, in Figure 8, we can see how the electrochemical response of the
nanocomposite enhances after conditioning, even if the peaks relative to the redox process are just
present before the conditioning step.

CurrentipA

M D5 gnp 10% dopc
B D5gnp 10% 32

040 0.00 0.10 020 030 0.40 050 050
Potential’V

Figure 8. CV of the CNT-GNP/epoxy composite, 10%, before (red curve) and after 1 h (blue curve)
in water.

Then, we would argue that the conditioning step influences the electrochemical properties of the
modified SPE: We suppose that the improvement of the electrochemical properties is due to the water
percolation onto the electrode surface. The water, absorbed in the inner layers of the nanocomposite,
promotes the electrochemical processes, previously restricted partially by the epoxy resin. The presence
of carbon nanofillers mitigates the epoxy restriction and, in the case of highest concentration, promotes,
in turn, the redox reactions due to the marked presence at the surface.

Since the conditioning step has an important role in the electrochemical behavior and the best
electrochemical response is present in nanocomposites loaded at 10% of the filler, we studied the
electrochemical impedance spectroscopy (EIS) to analyze and model the equivalent electrical circuit,
justifying the electrochemical behavior and highlighting the circuit elements responsible for the
working principles.

The screen-printed electrodes with 10% filler (MWCNT pristine, NH, and GNP) were characterized
by electrochemical impedance spectroscopy, before and after immersion in water.

The Nyquist plots are shown in Figures 9 and 10.

The Nyquist plots show a complex pattern of impedance, not attributable to a classical
Randle’s circuit.

In order to provide a compact and efficient model of the overall process, we investigate and
propose an equivalent lumped elements electrical circuit, that, on the one hand, is based on a previous
article of the literature [14], and, on the other, provides a remarkable and definite improvement of it in
terms of applicability. In fact, the general aim is also to use the equivalent circuit as a design tool for
the optimal setup of the global chemical process. In the following, we will make use of the concepts
introduced in Section 3.

In Reference [14], a parallel RC combination (modeling the epoxy resin) and a variable number of
RC series in parallel to the previous one (modeling the fillers network) were considered to achieve a
good fit between the network and the measured equivalent impedance.
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-Z' /MO

zZ/MQ

Figure 9. Nyquist plots of neat epoxy resin before (blue curve) and after (red curve) conditioning and
CNT/epoxy 10% before (green curve) and after (orange curve) conditioning.

" /kQ

Z/kQ
Figure 10. Nyquist plots of CNT-NH,/epoxy 10% before (pink curve) and after (grey curve) conditioning
and GNP/epoxy 10% before (brown curve) and after (light blue curve) conditioning.

In this work, in order to refine the base equivalent electrical circuit, we decide to modify the circuit
by adding the contact resistance to simulate the liquid/composite interface and replacing the RC series
with an RCL series to simulate the mechanisms of current flow in the fillers, including the hopping
conduction mechanism (L) [21-23].

Finally, since the CV characterization showed an important role of the conditioning step, we
decide to add the Warburg element, which takes into account the diffusion of a liquid inside the matrix.
In fact, it is possible to demonstrate that the Warburg impedance, defined by:

1
 ovVio

is correlated with the ion diffusion in the electrochemical system, considering the second Fick’s law
and defining the “Warburg capacitance” as:

o= LaPild <) @

Zw

®)

in which F is the Faraday constant, E is the potential difference between the working and counter
electrodes, A is the unit area of electrode, z; is the ion charge, D; is the diffusion coefficient, and ¢; is the
concentration of ions [29].
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As it is possible to see in the comparison of Figure 11, the equivalent electrical circuit proposed
in the present work is simpler and more precise than previously proposed. In Figure 11, we define
Q1 = wy C2(j wiw)N2.

o— @
R1

O AMN\———®

R2 2

e\ —e—ii—o

R3 3
—sle A\ \—e—Ji—epo

R4 c4

e\ —o—ii—

R5 c5

e

R& <6

o MNN—o— =
(a) (b)

Figure 11. Comparison between the old [14], (reproduced with permission from Nanotechnology,

IEEE Transactions on 24 April 2020) (a), and new (b) equivalent electrical circuit.

The results of the fitting performed using an optimization toolbox for MATLAB are reported in
Table 1; we use the formula Q2 = wy C3(j w/iwo)N3 where Nj was fixed at 12, being Q2 = W1 a Warburg
element. The best fitting parameters confirm the improvement of electrochemical properties given by
loading of the nanofiller: In fact, it is possible to observe a general decreasing of values of resistance
with respect to the neat epoxy resin and an increase in capacitance values.

Table 1. Best fitting parameters obtained by nonlinear regression using the proposed equivalent
electrical circuit in Figure 1.

R1 R2 R3 C1 2 N2 L1 w1

kQ] kO] kO] [uF] [uF] [pHI [uF]

Epoxy resin 5.50 1137.1 - - 0.57 1.00 - 0.10
Epoxy resin cond 4.84 595.0 - - 1.18 1.00 - 0.42
CNT/epoxy 0.17 197.7 844.69 99.50 0.08 0.79 4511 0.05
CNT/epoxy cond 0.00 7.9 89.14 0.93 0.56 1.00 96.96 0.06
GNP/epoxy 0.17 8584.0 137 8.61 99.99 0.92 27.82 6.60
GNP/epoxy cond 0.13 0.18 8.62 12.42 2.52 0.91 40.69 1.86
CNT-NHy/epoxy 0.12 9.14 0.24 15.78 87.16 0.99 29.00 5.29
CNT-NH,/epoxy cond 0.10 6.57 229.42 74.87 6.94 0.77 76.54 3.94

In particular, the resistance at the liquid/composite interface is sensibly decreased, as shown in
Figure 12.
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& &
o ’ ‘ﬁ\@o** o o
o

Figure 12. Best fitting values of resistance liquid/composite interface (R1) for all samples.

The decreasing in resistance allows the charge/discharge processes to the SPE. However,
this parameter is not enough to guarantee that redox processes occur at the SPE. In fact, beyond
the reduced resistance at the liquid/composite interface, it is essential that a conductive pathway occurs
and promotes the electron migration from the SPE bulk to the redox species. The inductance (L1) and
all capacitive elements (C1, C2, and W1) could suggest the electronic pathway.

In fact, the inductance models the electronic hopping between different nanofillers or the matrix
and nanofiller [21-23]. In the nanocomposite, the inductance increases after the conditioning step,
as shown in Figure 13.

L1

1004
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404
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G“ﬂ @“?‘ o ,;v’“!
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Figure 13. Best fitting values of electronic hopping (L1) for all nanocomposites.

After conditioning, we observe an increment of more than 50% for nanocomposites loaded with
CNT and CNT-NH,, and an increment of 30% for nanocomposites loaded with GNP. This enhancement
could be attributed to the water diffusion inside the pores of the matrix. Furthermore, we can notice that
the best fitting values of the CNT/epoxy nanocomposite are higher than both one of the CNT-NH,/epoxy
and GNP/epoxy, contrary to the results of CV characterization, in which the CNT-NH,/epoxy and
GNP/epoxy work better than the CNT/epoxy one. For a complete explanation of this electrochemical
phenomenon, we analyze the trend of capacitive elements, as shown in Figure 14.
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Figure 14. Best fitting values of filler capacitance (C1), matrix capacitance (C2), and Warburg capacitance
(CW) for all samples.

The best fitting values obtained for the capacitive elements show the highest capacitive contribution
for the CNT-NHj/epoxy and GNP/epoxy with respect to the neat epoxy resin. The sum of capacitance
of the system (C1, related to filler capacitance; C2, related to matrix capacitance; Warburg capacitance,
related to water and ion diffusion inside the matrix) can explain the good behavior as an electrode for
CNT-NH;/epoxy and GNP/epoxy systems. Therefore, the conditioning step, as observed during CV
characterization, has a real positive effect on the electrochemical behavior: In fact, the conditioning step
affects all capacitances since the diffusion of water in the matrix changes the response of nanocomposites
and, furthermore, allows the ions to penetrate inside the matrix and to have a higher electrochemical
area for redox processes, as shown by the values of Warburg capacitance. On the other hand, the
Warburg capacitance values for CNT-NH,/epoxy and GNP/epoxy systems are in good agreement
with CV characterization: In fact, we observe a low improvement after the conditioning step for these
systems. A possible explanation could be the high electroactive area due to the nature of the fillers:
In fact, if GNPs have a great superficial area, thanks to their aspect ratio, that protrude dramatically at
the SPE surface, the CNTs-NH; play a role together with the matrix, since they are linked directly with
the epoxy chain, i.e., Scheme 2, obtaining some conducting region of epoxy resin and hence increasing
the electroactive area.

4. Discussion

The analysis provides various and interesting results: We can state that the response to the
electrochemical stimulation of these nanocomposites improved with the increase in the concentration
of the filler used. It is hypothesized that this improvement can be attributed to the increasing presence
with the concentration of nanocharges on the surface of the electrode, as observed in the SEM images.
These surface nanostructures greatly increase the electrode area, a crucial parameter for electrochemical
measurements, expanding the electrode-solution interface. Moreover, the remarkable conductivity of
these nanostructures promotes the redox processes and the current passage generated by them.

Another experimental evidence shows that, for the composites having medium-low concentrations,
the conditioning step is necessary. This is because the epoxy resin used, being hydrophobic, requires
a certain amount of time for the water to penetrate and reach the nanostructures (which for low
concentrations we do not find an appreciable quantity on the surface). The conditioning, thus, facilitates
the passage of the analyte (present in the aqueous solution) from the solution to the surface of the
composite and the achievement of this by the nanocharges, allowing the oxidation/reduction process.
The characteristics of the modified electrodes are summarized in the following graphs in which the
values of potential, area, height of the peak, and the difference between the cathodic and anodic peaks
of each composite are reported (Figures 15-18).
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Figure 18. Potential redox (AV) values of modified SPE.

The graphs show that the electrodes modified with 10% CNT-NH, and GNP composites have
better properties than the other modified electrodes and similar values to the unmodified electrode.
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From the cyclic voltammetric analysis, it is possible to deduce that the composites having the
functionalized nanotube-filler (-NH;) respond to the electrochemical stimulus better than the others.
A possible justification for this behavior concerns precisely the functionalization present on the
nanotubes. In fact, it makes the nanostructures more polar, thus increasing the wettability of the
composite; moreover, thanks to the amine functionalization, in the crosslinking step of the composite,
the epoxy resin rings, once opened, bind directly to the nanostructure, lowering the percolation
threshold of the composite.

The CV analysis is supported by the EIS characterization and relative modeling of an equivalent
electrical circuit. A dedicated equivalent electrical circuit is proposed in which resistance to the
liquid/composite interface and water diffusion phenomenon (Warburg capacitance) are taken into
account. All best fitting values are summarized in Figure 19.
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Figure 19. Best fitting parameters obtained by nonlinear regression using the proposed equivalent

electrical circuit.

The best fitting parameters of an equivalent electrical circuit, performed using the optimization
toolbox for MATLAB, confirms the observation during the CV analysis and SEM characterization,
revealing the importance of the water diffusion phenomenon and increased surface electrode area.
This refined and elegant equivalent electrical circuit is able to demonstrate and confirm the previous
analysis, simplifying the old circuit present in the literature and enriching the knowledge of phenomena
that occur during electrochemical processes.
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5. Conclusions

This paper proposes a preparation method involving a vacuum planetary mixer (ARV-310,
Thinky Corporation) to produce a high-quality nanocomposite, reducing air bubbles, at a very high
filler concentration, up to 10%. The microscopic characterization confirms a good filler dispersion
inside the matrix and an increase in surface area due to the presence of filler at the air/composite
interface, especially at high concentration. The screen-printed modified electrodes, obtained using
the nanocomposites, show a good electrochemical behavior due to the increase in surface area and
the electrical properties of the fillers. Moreover, we demonstrate from the electrochemical point of
view that nanocomposites based on a 2D filler work better than the ones based on a 2D filler due to the
better filler/matrix interaction. In addition, we demonstrate that a direct chemical bond (NH,) between
the filler and matrix is more effective than the filler/matrix interaction. Finally, the new proposed
equivalent circuit model analyzes in detail all the possible electrical processes that can occur. This
result allows engineering of the nanocomposite to enhance a particular electrical property in spite
of others.

For some future research directions, a change of the polymer matrix could be useful to test the
model and to engineer specific new nanocomposites. Furthermore, the use of GNP-NH, should be
investigated to confirm the improvement of nanocomposite properties due to a direct chemical bond.
The use of nanocomposites is one of the key developments of technological platforms for a broad
range of applications and operating frequencies, covering the radio-frequency (RF) spectrum, up to the
microwave/mm-wave region [30].
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Appendix A

SEM characterization

SEM HV: 30.00 kv WD: 12.01 mm VEGAW TSCAN
SEM MAG: 2.66 kx Det: SE 20 pm ¥
Vac: HiVac Date{m/d/y): 06/10/16 NEXT - LNF - INFN n

Figure A1. SEM image of CNT/Epoxy composite loaded at 2%w/w.
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SEM HV: 30.00 k¥ WD: 11.92 mm VEGAW TESCAN
SEM MAG: 121.41 kx Det: SE 500 nm v
Vac: Hivac Date(m/dfy). 05/10/16 MNEXT - LNF - INFNn

Figure A2. SEM image of CNT/Epoxy composite loaded at 2%w/w

SEM HV: 5.00 kv WD: 11.34 mm L 11 v 1 | VEGAWTESCAN
SEM MAG: 363 x Det SE 200 pm -
Vac: Hivac Date(m/d/y): 05/10/16

NEXT - LNF - INFNn

Figure A3. SEM image of CNT-NH2/Epoxy composite loaded at 2%w/w.

SEM HV: 30.00 kv WD: 10.89 mm VEGAN TESCAN
SEM MAG: 199.67 kx Det SE 200 nm -
Vac: Hivac Date(m/d/y): 05/10/16 NEXT - LNF - INFN!

Figure A4. SEM image of CNT-NH,/Epoxy composite loaded at 2%w/w.
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SEM HV: 5.00 kv WD: 11.54 mm VEGAN TESCAN
SEM MAG: 29.43 kx  Det SE 2pm -
Vac: Hivac Date(m/d/y): 05/09/16 NEXT - LNF - INFNn

Figure A5. SEM image of GNP/Epoxy composite loaded at 2%w/w.

SEM HV: 30.00 KV WD: 17.36 mm Lot VEGAW TESCAN
SEM MAG: 99.56 kx  Det: SE 500 nm -
Vac: Hivac Date(m/d/y): 09/21/16 NEXT - LNF - INFN n

Figure A6. SEM image of CNT/Epoxy composite loaded at 10%yy/,

SEM HV: 20.00 kV WD: 8.472 mm VEGAW TESCAN
SEM MAG: 22.35kx  Det: SE 2pm 4
Vac: Hivac Date(m/d/y): 11/27/15 NEXT - LNF - INFN n

Figure A7. SEM image of CNT-NH,/Epoxy composite loaded at 10%;,s.
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Appendix B

CurrentiyA

PotentialV

Figure A8. CV of CNT/epoxy composite, 0.25%, after 3 days in water.
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Figure A9. CV of CNT/epoxy composite, 1%, after 3 days in water.
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Figure A10. CV of CNT/epoxy composite, 2%, after 3 h in water.

CurrentipA

Figure A11.
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CV of CNT-NHj/epoxy composite, 0.25%, after 3 days in water.

W 85 dopo Thinh2:
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CurrentipyA

010 0.00 010 0.20

Potential/V

Figure A12. CV of CNT-NH;,/epoxy composite, 1%, after 3 days in water.

M BT CNT-NH2 1%

Current/iyA

010 000 010 020 030 0.40 050

PotentiallV

Figure A13. CV of CNT-NH,/epoxy composite, 2%, after 3 days in water.

W BI2CNT-NH22?

CurrentipyA
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PotentiallV

W AI7GNP0.25%

Figure A14. CV of GNP/epoxy composite, 0.25%, after 3 days in water.

0

CurrentfpA
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Potential/V
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Figure A15. CV of GNP/epoxy composite, 1%, after 3 days in water.
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CurrentipA

W 517 (gia condizic

-010 0.00 010 020 030 040 050 060
Potential’V

Figure A16. CV of GNP/epoxy composite, 2%, after 3 h in water.

Appendix C

In the following figures we report the measured impedance (amber dots, outliers have been
removed), together with the response of the electrical circuit as fitted by EIS Analyzer free software [17]
(blue line) and by Matlab (red line).
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Figure A17. Best fit of neat epoxy resin for impedance (|Z|) and phase (°).
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Figure A19. Best fit of CNT/epoxy 10% for impedance (|Z|) and phase (°).
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Figure A20. Best fit of CNT/epoxy 10% for impedance (|Z]) and phase (°) after conditioning.
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Figure A21. Best fit of GNP/epoxy 10% for impedance (|Z]) and phase (°).
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Figure A23. Best fit of CNT-NH;/epoxy 10% for impedance (|Z]) and phase (°).
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Figure A24. Best fit of CNT-NH;/epoxy 10% for impedance (|Z|) and phase (°) after conditioning.

Appendix D

Principle of ARV-310 working

The Mixer “ARV-31

0”7, provided by Thinky, is a planetary centrifugal mixer for mixing several

phases (liquid or powder materials) and de-aerating them simultaneously.

The sample holder rotates while revolving in a set radius. This uninterrupted planetary motion
generates a huge centrifugal force and relative shear stress, which compresses introduced air bubbles,
out of the materials and mixes different phases at the same time. The presence of rotary pump helps

the evacuation of the air

Rotation

from the sample. This pump generates a low vacuum down to few millibar.

Revolution

Figure A25. Representation of planetary motion.

In addition to mixing and de-aerating by rotation (max. 1000 rpm)/revolution (max. 2000 rpm),
vacuum decompression achieves higher performance of de-aeration. Because of non-contact method
(with no mixing blade), material deterioration can be prevented. High viscosity resins can be de-aerated
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in a short period of time without overflow. Highly constant reproducibility can be expected in mixing
and de-aerating with no variation, neglecting in this way the operator-dependent errors.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

Xie, X.L.; Mai, Y.W.; Zhou, X.P. Dispersion and alignment of carbon nanotubes in polymer matrix: A review.
Mater. Sci. Eng. R Rep. 2005, 49, 89-112.

Rahmat, M.; Hubert, P. Carbon nanotube—polymer interactions in nanocomposites: A review. Compos. Sci.
Technol. 2011, 72, 72-84. [CrossRef]

Mukhopadhyay, P.; Gupta, R.K. Graphite, Graphene, and Their Polymer Nanocomposites; CRC Press: Boca Raton,
FL, USA, 2012.

Kinoshita, H.; Ono, H.; Alias, A.A.; Nishina, Y.; Fujii, M. Tribological properties of graphene oxide as a
lubricating additive in water and lubricating oils. Mech. Eng. J. 2015, 2, 15-00323. [CrossRef]

Mencarelli, D.; Dragoman, M.; Pierantoni, L.; Rozzi, T.; Coccetti, F. Design of a coplanar graphene-based
nano-patch antenna for microwave application. In Proceedings of the 2013 IEEE MTT-S International
Microwave Symposium Digest (MTT), Seattle, WA, USA, 2-7 June 2013; pp. 1-4.

Papageorgiou, D.G.; Kinloch, I.A.; Young, R.J. Mechanical properties of graphene and graphene-based
nanocomposites. Prog. Mater. Sci. 2017, 90, 75-127. [CrossRef]

Cha, J.; Kim, J.; Ryu, S.; Hong, S.H. Comparison to mechanical properties of epoxy nanocomposites reinforced
by functionalized carbon nanotubes and graphene nanoplatelets. Compos. Part B Eng. 2019, 162, 283-288.
[CrossRef]

Gu, H;Ma, C,; Gu, J.; Guo, J.; Yan, X,; Huang, J.; Zhang, Q.; Guo, Z. An overview of multifunctional epoxy
nanocomposites. J. Mater. Chem. C 2016, 4, 5890-5906. [CrossRef]

Kuzhir, P.; Paddubskaya, A.; Plyushch, A.; Volynets, N.; Maksimenko, S.; Macutkevic, J.; Kranauskaite, I.;
Banys, J.; Ivanov, E.; Kotsilkova, R. Epoxy composites filled with high surface area-carbon fillers: Optimization
of electromagnetic shielding, electrical, mechanical, and thermal properties. J. Appl. Phys. 2013, 114, 164304.
[CrossRef]

Pantano, A.; Montinaro, N.; Cerniglia, D.; Micciulla, F; Bistarelli, S.; Cataldo, A.; Bellucci, S. Novel
non-destructive evaluation technique for the detection of poor dispersion of carbon nanotubes in
nanocomposites. Compos. Part B Eng. 2019, 163, 52-58. [CrossRef]

Dabrowska, A.; Bellucci, S.; Cataldo, A.; Micciulla, F.; Huczko, A. Nanocomposites of epoxy resin with
graphene nanoplates and exfoliated graphite: Synthesis and electrical properties. Phys. Status Solidi B 2014,
251, 2599-2602. [CrossRef]

Mencarelli, D.; Bellucci, S.; Sindona, A.; Pierantoni, L. Spatial dispersion effects upon local excitation of
extrinsic plasmons in a graphene micro-disk. J. Phys. D Appl. Phys. 2015, 48, 465104. [CrossRef]

Bagheri, S.; Amiri, 1.S.; Yousefi, A.T.; Abd Hamid, S.B. Nanocomposites in Electrochemical Sensors; CRC Press:
Boca Raton, FL, USA, 2016.

De Vivo, B.; Lamberti, P,; Tucci, V.; Kuzhir, P.P.; Maksimenko, S.A.; Bellucci, S. Equivalent electric circuits for
the simulation of carbon nanotube-epoxy composites. IEEE Trans. Nanotechnol. 2013, 12, 696-703. [CrossRef]
Yang, N.; Swain, G.M,; Jiang, X. Nanocarbon electrochemistry and electroanalysis: Current status and future
perspectives. Electroanalysis 2016, 28, 27-34. [CrossRef]

Yao,K.; Adams, D.; Hao, A.; Zheng, ].P.,; Liang, Z.; Nguyen, N. Highly conductive and strong graphite-phenolic
resin composite for bipolar plate applications. Energy Fuels 2017, 31, 14320-14331. [CrossRef]

Levin, V.; Morokov, E.; Petronyuk, Y.; Cataldo, A.; Bistarelli, S.; Micciulla, F.; Bellucci, S. Cluster microstructure
and local elasticity of carbon-epoxy nanocomposites studied by impulse acoustic microscopy. Polym. Eng.
Sci. 2017, 57, 697-702. [CrossRef]

Hansen, C.M. Hansen Solubility Parameters: A User’s Handbook; CRC Press: Boca Raton, FL, USA, 2007.

May, P;; Khan, U.; Hughes, ].M.; Coleman, J.N. Role of solubility parameters in understanding the steric
stabilization of exfoliated two-dimensional nanosheets by adsorbed polymers. J. Phys. Chem. C 2012, 116,
11393-11400. [CrossRef]

Detriche, S.; Nagy, ].B.; Mekhalif, Z.; Delhalle, J. Surface state of carbon nanotubes and Hansen solubility
parameters. . Nanosci. Nanotechnol. 2009, 9, 6015-6025. [CrossRef]


http://dx.doi.org/10.1016/j.compscitech.2011.10.002
http://dx.doi.org/10.1299/mej.15-00323
http://dx.doi.org/10.1016/j.pmatsci.2017.07.004
http://dx.doi.org/10.1016/j.compositesb.2018.11.011
http://dx.doi.org/10.1039/C6TC01210H
http://dx.doi.org/10.1063/1.4826529
http://dx.doi.org/10.1016/j.compositesb.2018.10.097
http://dx.doi.org/10.1002/pssb.201451175
http://dx.doi.org/10.1088/0022-3727/48/46/465104
http://dx.doi.org/10.1109/TNANO.2013.2268209
http://dx.doi.org/10.1002/elan.201500577
http://dx.doi.org/10.1021/acs.energyfuels.7b02678
http://dx.doi.org/10.1002/pen.24608
http://dx.doi.org/10.1021/jp302365w
http://dx.doi.org/10.1166/jnn.2009.1568

Nanomaterials 2020, 10, 850 27 of 27

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Cheng, X.; Yokozeki, T.; Wu, L.; Koyanagi, J.; Wang, H.; Sun, Q. The enhancement effect of carbon-based
nano-fillers/polyaniline hybrids on the through-thickness electric conductivity of carbon fiber reinforced
polymer. Compos. Part A Appl. Sci. Manuf. 2018, 105, 281-290. [CrossRef]

Liu, Y,; Fan, G.; Qu, Y;; Xie, P; Wang, Z.; Zhang, Z.; Fan, R; Yin, X. Negative permittivity behavior of titanium
nitride/polyphenylene sulfide “metacomposites” under radio frequency. J. Mater. Sci. Mater. Electron. 2018,
29,12144-12151. [CrossRef]

Vincenzi, G.; Deligeorgis, G.; Coccetti, F.; Dragoman, M.; Pierantoni, L.; Mencarelli, D.; Plana, R. Extending
ballistic graphene FET lumped element models to diffusive devices. Solid State Electron. 2012, 76, 8-12.
[CrossRef]

Rinaldi, G.; Rossi, D. Particulate composites from epoxy resin and fly-ash for the confinement of medium
and low level radwastes. Polym. Int. 1993, 31, 227-233. [CrossRef]

Bellucci, S.; Balasubramanian, C.; Micciulla, F; Rinaldi, G. CNT composites for aerospace applications. J. Exp.
Nanosci. 2007, 2, 193-206. [CrossRef]

Pierantoni, L.; Mencarelli, D.; Bozzi, M.; Moro, R.; Moscato, S.; Perregrini, L.; Micciulla, F.; Cataldo, A.;
Bellucci, S. Broadband Microwave Attenuator Based on Few Layer Graphene Flakes. IEEE Trans. Microw.
Theory Tech. 2015, 63, 2491-2497. [CrossRef]

Maffucci, A.; Micciulla, F; Cataldo, A.; Miano, G.; Bellucci, S. Bottom-up realization and electrical
characterization of a graphene-based device. Nanotechnology 2016, 27, 095204. [CrossRef] [PubMed]

Shen, J.; Huang, W.; Wu, L.; Hu, Y,; Ye, M. The reinforcement role of different amino-functionalized
multi-walled carbon nanotubes in epoxy nanocomposites. Compos. Sci. Technol. 2007, 67, 3041-3050.
[CrossRef]

Skale, S.; Dolecek, V.; Slemnik, M. Substitution of the constant phase element by Warburg impedance for
protective coatings. Corros. Sci. 2007, 49, 1045-1055. [CrossRef]

Pierantoni, L.; Coccetti, F.; Russer, P. Nanoelectronics: The Paradigm Shift [From the Guest Editors” Desk].
IEEE Microw. Mag. 2010, 11, 8-10. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.compositesa.2017.12.002
http://dx.doi.org/10.1007/s10854-018-9322-7
http://dx.doi.org/10.1016/j.sse.2012.06.004
http://dx.doi.org/10.1002/pi.4990310303
http://dx.doi.org/10.1080/17458080701376348
http://dx.doi.org/10.1109/TMTT.2015.2441062
http://dx.doi.org/10.1088/0957-4484/27/9/095204
http://www.ncbi.nlm.nih.gov/pubmed/26854412
http://dx.doi.org/10.1016/j.compscitech.2007.04.025
http://dx.doi.org/10.1016/j.corsci.2006.06.027
http://dx.doi.org/10.1109/MMM.2010.938552
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Theory and Calculation 

	Results 
	Discussion 
	Conclusions 
	
	
	
	
	References

