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Abstract

This paper investigates the nonlinear properties of graphene nanoplatelets (GNPs), decorated
with Fe;O4 magnetic nanoparticles (MaNPs). Nanocomposite MaNP/GNP samples were
prepared by a solvothermal method with three different MaNP loading concentrations of

17 wt%, 28 wt% and 40 wt%, and deposited on a metallic interdigitated electrode (IDE). Three
different models are proposed to assess measurements, with the objective to explain the
electronic transport in the nanocomposites. At first, a thermionic transport model is proposed to
fit the DC nonlinear current—voltage characteristics for the three concentrations. It is observed
that the barrier height decreases to 0.312, 0.310 and 0.281 eV, following a decrease in the MaNP
loading. A second model, dynamic random resistor network (DRRN) further shows that the
impedance of IDE increases following the decreasing MaNP loading rate, 40 wt% > 28 wt%

> 17 wt%, and that charge transport takes place through a resistor—capacitor (RC) rectifying
percolating network. Finally, impedance spectroscopy performed at different applied DC biases
shows that a constant phase element (CPE) is necessary in the equivalent circuit in order to fit
the Cole—Cole plot AC response of the IDE, instead of the classical parallel RC circuit. The
presence of the CPE confirms the hypothesis of random phenomena occurring in the transport
according to the DRRN model. CPE is associated with a spatial distribution of different RC
circuits, due to disorderness that arises from inhomogeneities in the Fe;O4—GNP samples.

Supplementary material for this article is available online
Keywords: nanostructure, magnetite, impedance spectroscopy, equivalent circuit, graphene

(Some figures may appear in colour only in the online journal)

1. Introduction techniques to decorate graphene oxide (GO) with magnetite

nanoparticles (MaNPs). GO is intrinsically a bad conductor
This paper explores the potential of graphene nanoplatelets or highly resistive carbon material, due to the presence of
(GNPs), which provide a large 2D surface area for func- defects and oxygenated groups (such as -COOH, -OH, -COC,
tionalization by nanoparticles (NPs) for a wide variety of depending on the technique used to oxidize graphite), and can-
applications. In [1], Mederos-Henry et al reported different not be utilized directly for electromagnetic interference (EMI)
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shielding applications requiring conductive materials. Thus,
unmodified GNPs and their combination with various doping
compounds (such as Fe; Oy, nickel, cobalt) become the natural
alternative for EMI-related applications [2].

In general, exfoliated GNPs with high surface area (approx.
900 m? g—!) are ideal for physical and chemical functionaliza-
tion. They can be used in composite structures in combination
with a variety of inorganic materials such as metals or metal
oxides [3, 4]. In the past, the growing interest of the scientific
community for coupling nano-carbons and magnetic materials
has led to the production of multifunctional structures such as
variable EMI shielding structures with different loading rates
(LRs) [5], improved Li-ion capacitors [6], sensors and detect-
ors [7, 8], magnetic switches [9] and solar cells [10]. Trans-
ition metal or metal oxide NPs such as Fe, Co, Ni, Fe;0y,,
Fe;05; and Co3;04 [11-13] anchored on graphene nanosheets,
have been extensively reported due to their exceptional elec-
trical and magnetic properties derived from synergetic effects
such as rectifying behavior, enhanced magnetic saturation,
magneto-resistance, or tunable electromagnetic parameters
[14-18].

The charge transport phenomenon through the hybrid com-
posite depends on a number of factors such as chemical func-
tionalization, interfacial interactions, temperature, chemical
treatments, etc [19, 20]. For carbon nanotubes (CNTs) dec-
orated with iron oxide, a few scientific reports presented the
DC characterization of electronic properties and charge trans-
fer mechanisms through the hybrid composite [21]. Also,
some studies investigated the current behavior under the vari-
ation of temperature, magnetic field and applied bias, in order
to explore the electronic properties of these nanostructured
materials [21, 22]. There are many reports about the synthesis
of Fe;04@GNP nanocomposites, mainly focusing on their
use for energy storage or sensor applications [23, 24]. Also,
successful theoretical approaches to the formation/stability of
graphene-like systems that are interacting/decorated with dif-
ferent metal-atom-containing species are available, and which
also make use of the temperature molecular dynamics and ab
initio molecular dynamics tools [25-28]. Nonetheless, a thor-
ough analysis of the charge transport behavior and electronic
properties of these nanocomposites has not yet been realized.
Hence, in this paper, we explore the electronic properties and
current transport mechanism of Fe;04 @ GNP nanocomposites
having different LRs of Fe;O4 NPs on GNPs, clearly demon-
strating the impact of the MaNPs on the electrical properties
of the graphenic material.

2. Materials and methods

GNPs decorated with different Fe;O4NP LRs were syn-
thesized using a solvothermal method, as described in sec-
tion 2.1. The resulting materials were then characterized by
x-ray powder diffraction (XRPD), thermogravimetric ana-
lysis (TGA) and transmission electron microscopy (TEM) to
determine the deposited NPs’ chemical composition, size, LR
and spatial distribution.

2.1 Synthesis of MaNPs@GNPs

GNPs were supplied by TIMCAL (Switzerland),
FeCl;e6H,0, polyethylene glycol PEG-400, ethylene glycol
(EG) and NaOH pellets were purchased from Sigma Aldrich,
Merck, Alfa Aesar or VWR and used as received.

The solvothermal production of GNPs decorated with mag-
netite NPs has been carried out as described for GO in [1].Ina
typical synthesis, 250 mg of GNPs were dispersed into a mix-
ture composed of 67 ml EG, 33 ml polyethylene glycol 400
(PEG-400) and 33 ml Milli-Q water. The suspension was son-
icated for 2 h in a VWR ultrasound cleaner USC 1200-THD
at 80 W sonication power. Afterwards, a certain amount of
FeCl;06H,0 was added under magnetic stirring in order to
obtain the desired Fe;04/GNP (% w/w) LR (e.g. 484 mg for
an intended 40% LR). After complete dissolution of the salt,
crushed NaOH pellets were added until the solution pH value
was set at 13. The mixture was then transferred into a stainless-
steel autoclave, heated to 180 °C (approx. 50 min) and main-
tained at that temperature for 23 h. The autoclave temperature
was automatically regulated by a Parr 4836 temperature con-
troller (Parr Instrument Company, USA) having an average
heating rate of 4 °C min~!. The autoclave inner atmosphere
was neither purged nor modified in any manner during the syn-
thesis, while the system pressure was left to build up during
heating without any type of external control. When the heating
time was completed, the autoclave was immediately immersed
in an ice bath and cooled to ambient temperature. The obtained
products were separated by magnetic decantation, filtered over
a PVDF filter (Millipore GVWP02500, 0.22 psm pore size) and
rinsed six times, alternating Milli-Q water and ethanol. After-
wards, they were dried under vacuum at room temperature for
12 h.

2.2. Scanning and transmission electron microscopies (SEM
and TEM)

Samples were dispersed in hexane by sonication. Three drops
of the supernatant were then deposited onto a holey carbon
film supported on a copper grid (C-flat, Protochips, USA) and
left to dry overnight at room temperature under vacuum. The
as-prepared grids were then analyzed by SEM and TEM, as
described below.

A FEG-SEM Ultra55 instrument (Carl Zeiss, Germany)
equipped with an Oxford Inca EDX system (Oxford Instru-
ments, UK) was used. Images were acquired with Smart
SEM software (Carl Zeiss, Germany) at different acceleration
voltages ranging between 3-15 keV, using InLens and SE2
detectors.

TEM images were obtained on an LEO 922 Omega Energy
Filter TEM operating at 120 kV.

2.3. Electrical DC and AC measurements

DC current—voltage curves were measured using an Agilent
source meter connected to interdigitated electrodes (IDEs), as
described in section 2.4. Low-frequency bias-dependent meas-
urement was performed using a VNA ENA5061B connected
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through Bias-Tee to a source meter. Scattering parameters and
current—voltage characteristics were obtained under applied
voltage bias. The IDEs were calibrated using the SOLT method
[29] to measure the scattering parameters for each sample [30].
This paper focuses on the electrical properties of the nanocom-
posites at low frequencies under DC applied bias. The analysis
of the behavior under DC magnetic field could also be relev-
ant, but is not addressed here.

2.4. Sample preparation

The Fe;O4@GNP composites having 17 wt%, 28 wt% and
40 wt% MaNP LRs were suspended in ethanol (1:1 wt vol™!
ratio). A homogeneous dark suspension was obtained after
1 min of sonication. A similar procedure was also followed
to prepare a pure GNP suspension [1]. As shown in figure 1,
the suspension was then deposited by drop-casting between
copper IDEs fabricated on a Rogers 3000 substrate having per-
mittivity of €, = 3.3. The casted film was dried under ambient
atmosphere for 2 h and the electrodes were carefully cleaned
with ethanol. The IDE illustrated in figure 1 was chosen due to
its ease of fabrication and simplicity in modeling. Its theoret-
ical calculation can be found in [26]. IDE structures are widely
used in sensing applications due to their excellent ability to
detect the smallest change in the properties of the materials
under test [31-33].

3. Results and discussion

3.1. Fe30,@GNP characterization

XRPD and TGA characterization results are given in
the Supplementary Information (SI) (available online at
https://stacks.iop.org/JPD/00/0000/mmedia). The former
technique confirmed that the deposited NPs are, in all cases,
mainly composed of magnetite, while the latter informed us of
the achieved MaNP LRs. Figure 2 shows a series of SEM and
TEM images of the Fe;0,@GNP nanocomposites produced
with different MaNP LRs. It can be seen that the solvothermal
strategy produced nanocomposites in which the GNPs are
densely decorated with MaNPs. In all decorated materials,
the spatial distribution of the deposited Fe;O4 NPs is mostly
homogeneous even though small areas of the nanoplatelets
were left uncovered. This might be due to the highly reduced
state of the used GNPs. Indeed, it has been shown that NPs
distribute more homogeneously on nanocarbon supports pos-
sessing a higher rate of oxygenated surface functions that act
as nucleation centers [1].

3.2. DC properties

Figure 3(a) presents the nonlinear current—voltage behavior of
the Fe;04@GNP composites for 17 wt%, 28 wt% and 40 wt%
LRs. The dI/dV versus V parabolic conductance curves in
figure 3(b) suggest that the electron transport is dominated by
a tunneling mechanism between conductive percolative paths

Graphene
Nanoplatelets

Fe,0,@GNPs

P

s |
. g

Figure 1. (top) TEM images of GNPs and Fe304. (bottom)
Schematic of IDEs having finger dimensions of: w = 0.4, g = 0.2,
s=4,1=17.1,L = 16.5. Units in mm.

Figure 2. SEM (top) and TEM (bottom) images of Fe3;O4@GNPs
with an LR of magnetite (Fe3O4) NPs: (a) and (b) 17 wt%, (c) and
(d) 28 wt%, (e) and (f) 40 wt% (g) SEM micrograph of pristine
GNPs.

[21, 22, 34]. In a general scenario, pure Fe;04 @GNPs distrib-
uted homogeneously throughout the powder forming a random
resistor—capacitor-like network.

The electronic properties of bulk Fe;O4 are quite differ-
ent to that of any other transition metal oxide. Magnetite
crystallizes with an inverse spinel cubic structure at room
temperature and possesses a weak electrical conductivity of
o ~ 50 S cm’! [35]. In the octahedral coordination spheres
in the crystal structure, Fe3* and Fe?T (Fe,) ions are fer-
romagnetically coupled through a so-called double-exchange
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Figure 3. (a) Current—voltage characteristics according to (1) for
17 wt%, 28 wt% and 40 wt% samples and (b) dI/dV-V conductance
curves according to (2).

mechanism, which dominates the electronic properties of mag-
netite. Electron hopping between the Fe?t and Fe’™ sites of
the octahedral holes mediates the relatively moderate room-
temperature conductivity of magnetite [36, 37].

Multilayer graphitic sheets have limited defects in 2D-sp>
hybridized carbon planes, but Fe;O4 entities attached to the
graphene surface disrupt the extended sp? conjugated network
of nanosheets, inducing a significant decrease in conductivity
[38]. The electron conduction in the percolating system occurs
mainly through the interconnected network in the hybrid com-
posite, which is illustrated in figure 4(b).

The conductivity is thus governed by the nano-inclusions
and contacts between them. These observations suggest that
GNPs homogeneously decorated with Fe;O4 NPs form a
distributed resistor—capacitor-like network spread randomly.
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Figure 4. (a) Nonlinear component extracted from original current
curves, for the composite samples 17 wt%, 28 wt% and 40 wt%. (b)
Schematic illustration of charge transport indicated by arrows inside
the Fe304@GNP nanocomposite: electronic transport occurs in the
graphene sheets and through Fe3O4 via tunneling. (c)

In(dI/dV) versusV from (2).

This might be the reason for the symmetrically nonlinear elec-
trical behavior of the hybrid system.

3.2.1. Thermionic model. As shown in figure 3, the
I-V curve of Fe;O,@GNPs and conductance curves
dl/dV versus V display a loading-dependent behavior.
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Table 1. Parameters of the thermionic equation (1).

Compounds P (eV) n I(mA)
40 wt% 0.3116 96 84
28 wt% 0.3104 90 88
17 wt% 0.2808 193 279

As the magnetite LR increases, the total conductance
(dl/dV),_, decreases with increasing LR, following
17 wt% < 28 wt% < 40 wt%. The electron transport in
the composite system takes place through circuit elements
between GNP-Fe;04-GNP nanostructures as well as through
clusters of stacked nanosheets of GNPs—GNPs as visible in
the SEM/TEM images (figure 2). As the LR of magnetite
increases, the resistive-capacitive nature of the composite
increases too. This results in a more nonlinear charge transfer
through the disordered structures, represented by a distribu-
tion of energy barriers and tunneling processes between the
nearest neighbors. In the thermionic charge transport model,
the current dependence on the applied bias is expressed as
[39]:

I=1, (qu/"kT - 1) , (1)

where I, = A, A** T2e(—49¢/¥T) i the dark saturation current, A,
is the active area of the contact electrode, A** is the Richard-
son constant, k is the Boltzmann constant, 7 is the temperature,
 is the effective barrier height and n is the number of junc-
tions along the percolation network [35]. Taking the derivat-
ive, (dI/dV = (dl;+, —dI;) / (dVi+1 — dV;) where i is the number of
data points in the plot of equation (1), and plotting its logar-
ithm versus applied bias, the result can be fitted with a linear
equation as follows:

In(dl/dV) = In(I,q/nkT) + qV/nkT. )

In expression (2), the ideality factor n can be calculated from
the slope of the line, and its zero-intercept the saturation cur-
rent /; and the effective barrier height ¢ can be extracted, as
given in table 1 [40].

From table 1, it is observed that the barrier height increases
with loading concentration whereas the dark saturation cur-
rent is reduced. Sample 17 wt% has the highest saturation
current at 279 mA, which may be large enough for charge car-
riers to cross over any barrier without difficulty. This is also
observed in the I-V curve figure(3)(a) which shows overall
near-linear ohmic current behavior. The other two samples,
40 wt% and 28 wt%, have comparatively high barrier height
(¢),1.e.0.3116 and 0.3104 eV, and much lower saturation cur-
rent /;,84 and 88 mA, respectively, meaning a more diode-like
rectifying behavior visible in the /-V curve. A heterostructure
material consists of two or more materials having different
electronic properties where junction interfaces have different
Fermi-level energies causing a barrier for charge transport. In
our nanocomposite, the material properties are characterized
by the work function () difference between Fe;O4 and GNPs,
which 1S Qyagneriee — Penes = 0.65 eV. Hence, under external

bias, the field-assisted electron tunneling through insulating
channels is thereby changing the conductivity and nonlinear
conduction of individual junctions [22].

Figure 4(a) shows the nonlinear component of the cur-
rent for the whole composite obtained by subtracting the
linear values from the N-degree polynomial fitting of the
current.Figure 4(b) shows a schematic diagram illustrating
the microscopic arrangements of Fe;O04 and GNPs respons-
ible for multiple reflections, scattering and interfacial polar-
ization mechanisms mimicking the lossy mechanisms in
the composites. Figure 4(c) represents the logarithmic curve
In (dI/dV) versus V curve from equation (2). It has to be men-
tioned that the measurement of IDC empty or covered with
pristine GNPs showed no nonlinear behavior.

The thermionic transport model allows us to fit cur-
rent curves, but is unable to provide information about the
link between disordered media and its conduction behavior.
In order to further investigate the conduction through dis-
ordered media such as in the Fe;04 @ graphene nanocompos-
ite, another model is described in section 3.2.2. It assumes that
the percolating network is well above the critical value of per-
colation even at low voltage; hence, a significant conductance
is obtained, as can be seen in figure 3(b).

3.2.2. Dynamic random nonlinear network. Magnetite
crystals possess bad conducting properties and, when
distributed in a conductive matrix, can be modeled as a non-
linear random resistor network in which conducting/insulat-
ing inclusions consist of microscopic circuit elements. The
dynamic-random resistor-network (DRRN) model assumes
that conduction is linear, but for a sufficiently strong local
field, a non-conducting channel becomes conducting on the
microscopic scale caused by nonlinear hopping or tunneling
of charge carriers [40, 41]. Gefen et al found that the DRRN
model fitted very well experimental I-V curves, using the
equation I = GV + G'V” where G is linear conductance and
G’ is higher order conductance, which suggests that current
transport takes place preferably through tunneling [40, 41].
However, Gupta et al [42] suggested that exponential terms
describe better the entire nonlinear regime of current—voltage
curves rather than the power-law behavior of a polynomial
function. Furthermore, it has been suggested that quantum-
mechanical tunneling between the conductive phases takes
place across the potential barriers and its conductance falls
off exponentially with the tunneling distance, so that the cur-
rent is a nonlinear function of the potential difference across
the macroscopic bonds [42, 43]. Therefore, the conductance
curve can be fitted to the following equation, which results
from homogenization over various conductances associated
with different percolative channels through the Fe;O4 @ GNP
composite [42]:

G = Go+ G4[1 —exp(—AAV)"], 3)
where:

e G is obtained as G = (dI/dV) = (dliy1 —dI;) / (dVit1 — dVy),
where i is the number of data points. AV=V -V, G, =
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Table 2. Fitted values for the exponential equation (3).

Compounds Go Gy n A
17% 0.053 0.100 1.016 0.50
28% 0.040 0.093 1.75 0.47
40% 0.035 0.085 1.85 0.38
0.09 T T T T
® Fe,0,@CNPs(17w1%)
[ ] 1%
0.08. Fe,0,@GNPs(28w:%) o
A Fe,0,@GNPs(40w2) :,
- — fitting .,/.
0.07 - Ak -
=
2
O 0.061 .

0.051

0.04 1

T

0.4

T

08 1.2 16 20

Voltage (V)

0.0

Figure 5. Conductance versus positive applied bias for the three
samples fitted with equation (3).

Gy — Gy, V, is a certain constant voltage up to which con-
ductance is nonzero, in our case V, =0

o Gyis saturation conductance at higher bias while A and n are
the coefficient and exponent of nonlinearity, respectively.
e The intercept Gy can be given as [44, 45]:

“

dE
Go = (dI/dV)y=o o< exp l— S C] ;

kgT

where x =+/2m¢/h* and ¢, d and E. are the barrier
height, tunneling distance and electrostatic activation energy,
respectively. The extracted fitting parameters of equation (3)
calculated from G = (dI/dV) are given in table 2 and plotted
in figure 5.

The conductive behavior of each microscopic circuit
element is intrinsically nonlinear, and this nonlinearity is
amplified due to the complex structure of the distributed con-
ducting network traversing the entire hybrid system. By apply-
ing equation (3), we observed from table 2 that the exponent
of nonlinearity, n, increases from sample 17 wt% to 40 wt%
and the corresponding conductance Gy and Gy is higher for
17 wt% than for 28 wt% and 40 wt%. This may be attrib-
uted to a lower number of available direct conductive pathways
for the charge transport when increasing the magnetite LR,
as expected from what has been described above. Under AC
regime, the nonlinear current produces frequency-independent
behavior of resistances at different biases applied over a wide
low-frequency range, as will be discussed below.

——n

| |
1 o o 2
|

par

Csh Csh

Figure 6. Equivalent circuit of impedance Z embedded in
capacitances Cg, and Cp,r of an empty IDE.

3.3. AC properties

3.3.1. Impedance measurements.  AC transmission beha-
vior has been measured, for all three materials deposited
between the IDE, at different applied voltages and between
40 kHz-3 GHz. In the past, Ouriemi et al [41] reported on the
DC and AC response of unmodified semiconducting CNTs in
between IDEs, and proposed an equivalent circuit involving
elements accounting for the nonlinear electrical characterist-
ics of semiconducting CNTs. A similar approach is discussed
here for the Fe;O4 @GNP nanocomposites. The impedance Z
between the input and output port of the IDE is extracted from
the equivalent circuit shown in figure 6, while figures 7 and
8 show the measured impedance Z for the three Fe;04@GNP
samples 40 wt%, 28 wt% and 17 wt% as well as for pristine
GNPs. Z is extracted from admittance matrix Y obtained by S
to Y conversion formulas [46] and the corresponding 7t-circuit
model shown in figure 6. The admittance matrix Y is written
as [47]:

Yii Yo
Y=
[ Yo Y }

1 { 1 -1 ]
R(v)| -1 1 ’
o] GG+ G V)4 G
Cj (V) + Cpar Com + Cj (V> + Cpar

&)
where R;(V),C;(V) are voltage-dependent junction res-
istance and capacitance of a material whereas Cg, Cpur
are shunt pad-capacitances and parasitic capacitance (Cper =
Cpp+Cp), and C,p, Cp, are pad-to-pad and finger-to-pad
capacitance in an empty line, respectively. When the sample

materials are deposited between the IDE, C,,, is assumed to
be negligible (for the sake of simplicity) since the structure
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Figure 7. Measured real and imaginary part of Z impedance for (a)
and (b) GNP sample (c) and (d) 17 wt% sample. Black: 0 V, red:
0.25V, green: 0.75 V, blue: 1 V.

behaves more like a resistive line. Hence, voltage-dependent
resistance and capacitance associated with series impedance
Z = Ryt + 1/jw Cyy are easily represented from the Y, para-
meter as [48]:

=R (V) + R, (6)

where Cjp and R, are the junction capacitance and resistance
at zero bias, whereas V,; are the applied bias and built-in
potential and M represents the doping profile of the junction
layer. This circuit can be put in correlation with figure 4(b),
since nonlinear resistance and capacitance model the interac-
tion at the interface between GNP and Fe;04 NPs, while Cgy,
and C,, are associated with the IDE geometry in figure 1.

Figures 7(a) and (b) show that the IDE covered with unmod-
ified GNPs has a resistance real(Z) of 50 2 between 50 kHz—
100 MHz and does not vary with applied bias voltage since
unmodified GNP is a purely conductive material. Sample
17 wt% having the lowest MaNP loading amongst all has a
resistance real(Z) around 67-69 €2 and almost negligible vari-
ation is observed with applied bias. Likewise, its imaginary
part Im(Z) remains zero in the low-frequency spectrum, as
shown in figures 7(c) and (d).

The significant variation in impedance is observed for
samples 40 wt% and 28 wt%. It is well known that increasing
the applied bias injects more charge carriers, hence increasing
the conductance of the sample, which is very well observed
here. In figures 8(a) and (c), samples 28 wt% and 40 wt%
have resistance real(Z) around 91 and 98 €2 at zero bias while
it decreases to 72 and 81  at applied DC voltage of 1V,
respectively, between 50 kHz—100 MHz. The reactance part

00 b
Fe 0, @GNP(28w°%)

o 0,@NP 28

)
=]
[~}

real Z ()
imag Z (Q2)

=]

—y  —(.25V
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Figure 8. Measured real and imaginary part of Z impedance (a) and
(b) 28 wt% sample (c) and (d) 40 wt% sample. Black: 0 V, red:
0.25V, green: 0.75 V, blue: 1 V.

of these samples imag(Z) also shows a significant peak shift
as well as a decrease in magnitude between 10-100 MHz, as
shown in figures 8(b) and (d). The reactances have their max-
imum value at different frequencies (f; ), called relaxation fre-
quencies, which depend on increasing applied bias. Gener-
ally, a frequency fy is a threshold level up to which sample
conductivity is frequency independent at low frequencies.
Therefore, a higher f( indicates better connectivity between
the particles and a smaller correlation length [49, 50]. This
concept describes the mechanism of current flow in which
electrons cross over the potential barrier with finite exponen-
tial behavior where large isolated clusters as well as the main
backbone percolating network contribute to the conduction
process. The correlation length is the length-scale between two
points in a finite cluster or junctions through which charge
transport takes place in a disordered system. Higher threshold
frequency f, is thus indicative of smaller correlation lengths,
which gives rise to better conductivity and less disorder in the
system [51]. The peak observed above 1 GHz is attributed to
the intrinsic resonance of the IDE and is therefore insensitive
to DC bias. Figures 7 and 8 also show that the real part of Z
clearly increases from 70 €2 for 17% Fe; 04 loading to 90 €2 for
40%. This is due to the increase of the magnetic permeability
of the medium surrounding the IDE, due to the magnetic nature
of the MaNPs, which induces an increase of the impedance of
the IDE through its characteristic impedance proportional to
permeability [52].

3.3.2. Impedance spectroscopy model.  To investigate fur-
ther the transport phenomenon in our samples, we present our
results using the Cole—Cole representation. Figure 9 repres-
ents the measured curve Im(Z) versus Real(Z) for both samples
40 wt% and 28 wt% under applied bias. Sample 17 wt% does
not show any significant variation in the impedance under
applied bias, as can be seen in figures 7(a) and (b).
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Figure 9. Cole—Cole plots for Fe304@GNP composites under
applied bias (0-1 V) for the (a) 28 wt% sample and (b) 40 wt%
sample. Dashed lines show Cole—Cole fit.

Figure 9 reveals that curves are flattened/squeezed com-
pared with perfect hemi-circles that are associated with imped-
ance spectroscopy theory to simple RC parallel circuits.

As explained in [53, 54], the deformation of the curves with
respect to RC behavior is associated with a spatial distribution
of RC circuits having different time constants. These distrib-
uted circuits mimic the dispersive and disordered nature of the
dielectric or carbon-based material, along with spatial inhomo-
geneity, doping concentration and frequency dependence of
the conductivity of the nanocomposite powders. Measured
complex impedance data can be used to construct the
equivalent circuit of figure 10, which helps to represent the
charge transport mechanism [53, 55]. This corresponds to the
Z impedance of the IDE covered by Fe;04@GNP NPs.

The data summarized for circuit elements in tables 3 and
4 for samples 40 wt% and 28 wt%, respectively, show values
under applied bias from 0—1 V. The Cole—Cole plots compris-
ing squeezed semicircles are fitted with the equivalent circuit
shown in figure 10, which consists of a serial combination of a
two parallel connection of resistances and constant phase ele-
ments (CPE) as [Ry||CPE|] and d [R3||CPE3], the whole con-
nected in series with resistance R;. The two R — CPE blocks in
the circuit represent the presence of different electrical charac-
teristics in the material: Fe;O4 contribution is represented by
[R>|ICPE,], while the bulk property of the carbon material is
represented by [R3||CPE,]. Interactions between CPE blocks
are illustrated in figure 4(b). The resistive contribution R; is
higher than R; due to the insulating nature of the Fe; O, oxide,
while GNPs are more conductive. The presence of the metallic

CPF,

—l— shl

CshZ
—L—

T

Figure 10. Equivalent circuit model for Fe304 @ GNP composites
including IDEs TL.

Table 3. Extracted equivalent circuit element values for sample
40 wt%.

CPE; CPE;
0O o (0} a

0 50.36 36.18 10.96 4.3013e-09 0.86055 2.9266e-08 0.77150
0.25 50.35 33.80 10.51 3.9513e-09 0.87131 2.0927e-08 0.78615
0.5 50.35 29.20 10.17 3.4706e-09 0.87925 1.1315e-08 0.81636
1.0 50.35 19.41 11.51 3.0539e-09 0.89714 0.5912e-08 0.83918

v R, R, R3

IDE itself is represented by R; accounting for ohmic resist-
ance of the IDE, while C; is its interdigitated capacitance and
L its inductance [56, 57].

CPE models distributed circuit elements associated with
the dispersive and disordered nature of the Fe;O4 and GNP
materials supporting the electronic transport in the structure
schematized in figure 4(b). CPE takes into account the dis-
tributed energy barriers and time constants caused by the
inhomogeneous distribution of resistivity and/or dielectric
constant and provides the excellent fitting to the measured
impedance of disordered materials [46, 58]. CPE has imped-
ance in the form of:

Zp (w) = (jw) Q7" 7

where Q is a physical material parameter independent of
frequency and « is the exponent having the value 0 < o < 1.
The exponent o describes the degree of capacitive nature, i.e.
o = 1 represents capacitive behavior, and « < 1 is a discon-
tinuous element [56].

R, Now, total impedance Zcpg_71ya1 0f the R — CPE circuit
of figure 10 having additional parallel resistances R, and R3
can be written as [57]:

Zepri = (jw) " Y0,

Zcpe2R3
Zerr + Ry

Zcpe1 Ry
Zcppr + Ry

®)

ZCPETotal =

The total impedance is fitted with the measured impedance
shown in figure 9, using parameter «; and Q| for CPE| and o
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Table 4. Extracted equivalent circuit element values for sample
28 wt%.

CPE, CPE,
0 Qi (o)) 1%

0  50.36 36.18 10.96 4.3013e-09 0.86055 2.9266e-08 0.77150
0.25 50.35 33.80 10.51 3.9513e-09 0.87131 2.0927e-08 0.78615
0.5 50.35 29.20 10.17 3.4706e-09 0.87925 1.1315e-08 0.81636
1.0 50.35 19.41 11.51 3.0539e-09 0.89714 0.5912e-08 0.83918

v R Ry R3
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Figure 11. Frequency behavior of CPE elements for the 28 wt%
sample.

and O, for CPE;_ as defined in figure 10. It is observed from
tables 3 and 4 that under increasing applied voltage, as more
and more charge carriers are injected, the impedance of the
deposited material is reduced, since oy increases. For samples
40 wt% and 28 wt%, under applied bias, the decrease of the
resistances and CPEs indicates smaller correlation lengths,
which correspond to an increase in conductivity along with
a shift in critical onset frequency f observed in figure 8. As
observed in figure 5, there is minimal difference in the DC
behavior of the samples, particularly 40 wt% and 28 wt% com-
posites. DC flow is less sensitive than AC flow, which means
the frequency-dependent AC properties are more sensitive to
the morphology of the nanocomposite than DC properties. The
critical frequency f and characteristic length are greatly influ-
enced by the LR of magnetic NPs on GNPs, but there may be
other factors influencing current transport such as energetic
disorder in the system and interfacial scattering. Overall, it
may be inferred that disorderness or the spatial distribution

of inclusions can play an important role in charge transport
phenomena in this type of nanocomposite [59, 60].

Figure 11 illustrates the impact of the above factors on
the frequency dependence of CPE elements for the 28 wt%
sample, derived from parameters in table 3. As expected, the
phase of the two CPEs is constant versus frequency. How-
ever, the real part of each admittance increases with frequency,
while the equivalent capacitance associated with their ima-
ginary part strongly depends on frequency. As explained in
[45, 58], values of o; coefficients lower than 1 are the signature
of dispersive and distributed behavior induced by disorder and
inhomogeneities in the material. These values induce admit-
tance real(Z¢pg) not equal to zero and a frequency-dependent
capacitance associated with the imaginary part of Z¢pg;. The
frequency-dependent admittance contribution adds to resist-
ance R, or Rz in order to fully model the transport in Fe;Oy4
and GNP. The similar behavior is even more pronounced in
sample 40 wt%, but not shown here for the sake of brevity.

3.4. Comparison of models

In this paper, we introduced three different models. Table 1
reveals that the thermionic model presented in section 3.1 is
not able to clearly discriminate between the three samples,
since extracted values from the fitting of equation (1) are very
close. We explain this by the fact that model (1) does not
represent properly the transport in disorder nanomaterials as
represented schematically in figure 3(b). Therefore, we pro-
posed to investigate in section 3.2.2 the DRRN model. Table 2
reveals that better discrimination between samples is obtained.
The DRRN conductance model results from homogeneization
over various conductances associated with different percolat-
ive channels through the Fe;04@GNP composite, revealing
that distributed mechanisms are involved in the transport. This
is in line with the ‘random’ hypothesis of the model so that
increasing the concentration in Fe;O4 NPs induces more dis-
order in the system. Next, the impedance spectroscopy model
developed in section 3.3.2 reveals that a CPE is necessary to
obtain an accurate fit of the measured Cole—Cole response
to the response of the equivalent circuit, which confirms that
disorder of transport occurs in the AC regime. Tables 3 and 4
show that for samples 28 wt% and 40 wt% the coefficients o
and o, deviate from unity. This is reported to be related to dis-
tributed circuits associated with disorder in the material, this
time clearly evidenced in the AC regime through the presence
of CPE elements. Also, the comparison of tables 1-4 reveals
that DC flow is less sensitive than AC flow in terms of con-
centration and bias, which means the frequency-dependent AC
properties are more sensitive to the morphology of the nano-
composite than DC properties.

The bias-dependent equivalent RLC-circuit is useful for
the design of tunable devices for communication and RF
applications [61, 62], namely metamaterials using varying sur-
face impedance in frequency-selective surface structures. The
present study focuses on iron oxide, but oxides of other trans-
ition metal elements such as yttrium and manganese could be
the subject of future works based on similar considerations.
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4. Conclusion

This paper analyzed the DC and AC electrical responses of
magnetically functionalized GNPs having different LRs of
Fe;O4 NPs. Three different models were proposed to assess
the nonlinearity of electronic transport. The thermionic model
does not provide good discrimination between the samples as
a function of iron oxide amount. The DRRN model, assum-
ing a spatial distribution of resistances, allows better dis-
crimination, since GNPs having high loadings of magnetite
(40 wt% and 28 wt%) show nonlinear current behavior while
the 17 wt% loaded sample possesses more linear ohmic char-
acteristics. The hypothesis of distribution is confirmed through
an equivalent-circuit model: the presence of CPE provides a
good fitting of Cole—Cole plots of impedance and is associated
with the distributed electronic disorderness in the samples.
Due to the nonlinearity observed in these samples, a tunable
impedance effect is obtained in the range 10-100 MHz at
different applied DC biases, with capacitive behavior due to
the high loading of Fe3;O4 NPs that act as dielectric spacers
between graphitic nanosheets.
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