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Abstract: A new class of graphene-related materials (GRMs) obtained as water suspensions through a
two-step oxidation/reduction of a nanostructured carbon black, namely graphene-like (GL) materials,
has recently emerged. GL materials undergo self-assembly in thin amorphous films after drying
upon drop-casting deposition on different surfaces. The GL films, with thicknesses of less than a
micron, were composed of clusters of nanoparticles each around 40 nm in size. The exploitation
of the GL films for different options (e.g., bioelectronic, sensoristic, functional filler in composite)
requires a deep characterization of the material in terms of their electric transport properties and their
possible interaction with the surface on which they are deposited. In this work, a careful electrical
characterization of GL films was performed at room temperature and the results were compared with
those achieved on films of benchmark graphenic materials, namely graphene oxide (GO) materials,
obtained by the exfoliation of graphite oxide, which differ both in morphology and in oxidation
degree. The results indicate a non-linear current–voltage relationship for all the investigated films.
The extrapolated dielectric constant (ε) values of the investigated GRMs (GL and GO materials)
agree with the experimental and theoretically predicted values reported in the literature (ε~2–15).
Because similar conductance values were obtained for the GL materials deposited on glass and silicon
oxide substrates, no significant interactions of GL materials with the two different substrates were
highlighted. These results are the starting point for boosting a feasible use of GL materials in a wide
spectrum of applications, ranging from electronics to optics, sensors, membranes, functional coatings,
and biodevices.

Keywords: carbon black; graphene-related materials; graphene oxide; graphene-like materials; thin
film; electronic transport measurements

1. Introduction

The peculiar electronic properties of graphene and graphene-related materials (GRMs)
have attracted strong interest in both the experimental and theoretical scientific communi-
ties during the last decade [1–4]. Graphene’s unique properties [5–9], including biocompat-
ibility [10], have been confirmed by both experimental and theoretical approaches [11,12].
However, even if different techniques for growing wafer-scale graphene films have been
developed (such as the segregation growth approach [8], atmospheric pressure graphitiza-
tion of silicon carbide [13], growth on copper foils [14], chemical vapor deposition [15–17],
and layer synthesis in the presence of a Ni-based catalyst [18]), graphene synthesis still
represents the bottleneck of its applications on a large scale. In addition, graphene pro-
cessability also represents a limiting factor in its full exploitation in device development.
Advancements towards next-generation electronics and sensing technology [19,20] have
been achieved through fabrication techniques at the nanoscale, such as electronic lithog-
raphy, gentle etching, nanopatterning [21], material deposition [22–24], and interlayer
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positioning [25]. In particular, this last technique has been investigated for the achievement
of high transparent contact on graphene flakes [25–27], proving to be useful in facilitating
the current passage [20,28–32].

In addition to the consolidated technology based on graphene, the use of GRMs [33–38]
in device development has been proposed [39–41]. GRMs are a wide carbon-based material
family involving graphene oxide (GO), reduced GO (rGO), carbon nanodots, and carbon
nanotubes, to cite some [42]. GRMs exhibit a broad variability in terms of structure and
chemical–physical characteristics (even within the same GRM category, e.g., GO) [42]. As a
consequence, the need for a clear categorization of structure–activity relationships (SARs),
including electric transport characteristics, is of great relevance and of broad interest to
boost practical applications.

The interest in GRMs relies on their low-cost production (they can also be pro-
duced from unusual sources as by-products deriving from the thermochemical valoriza-
tion of residual biomass [43,44] or wastes [45,46]), as well as on their chemical–physical
tunability [40,47] which in turn affects the electric transport characteristics for a given
application [38–40]. This aspect is particularly relevant because it can potentially circum-
vent issues related to the need for advanced fabrication techniques that are usually used
to grow pure graphene films [48,49], thus yielding the future implementation of highly
integrated graphene-based circuits.

In the case of state-of-the-art materials less subject to regulation and standardization
than the wide pool of GRMs, the reproducibility of film fabrication protocols by using
simple and costless deposition techniques (overall, the basic drop-casting technique) is
still challenging due to their less ordered growth and peculiar self-assembly on specific
substrates. For this reason, electronic transport properties, despite deep interest in both
fundamental studies and new applications in several and transversal areas, have been less
investigated [50–53]. Previous studies on the optical and electrical transport properties
of GRMs, such as GO and rGO at room temperature, have been shown by Casero and
coworkers [54]. They investigated the radio frequency (RF) response of the GO materials
and the related reduced GO materials and showed a non-linear dependence between
the electrical impedance of the materials and the frequency of the applied signal. The
RF investigation resulted a feasible method to distinguish GO from its reduced form.
Venugopal et al. [53] showed a four-terminal electrical transport characterization of a GO
thin film as a function of the temperature. The resistance of the GO thin film was around
10 kΩ at room temperature and gradually increased to a ~MΩ when the temperature
decreased to 120 K. Semiconducting behavior was also evidenced in [55,56].

Few studies have investigated the transport properties of GO, and data fitting has been
performed using the charge-hopping model [53,56,57]. Former analyses are useful in sup-
porting the possible integration of GO in advanced electronic circuits based on innovative
materials and architectures. For electronic applications, multilayered graphene materials
showed several advantages over single-layered graphene: the patterned structures are
more robust, the external surface contaminated by fabrication techniques preserves the
interior layers from the environment, and the multilayered film yields intercalation [56],
potentially making any kind of alloy as a result (insulators, semiconductor, ferromagnetic,
superconductor, metal, etc.).

An emerging class of GRMs, prepared from carbon black (CB) as C-rich sources,
has recently been deeply investigated. CB-derived graphene-like materials (hereinafter
referred to as GL materials) have gained growing attention in the scientific community
thanks to their peculiar chemical–physical properties [58–61]. GL materials, differently
from most GRMs, are also promising bio-safe nanomaterials as they are [62,63], as thin
films on challenging hydrophilic substrates (e.g., coating of PDMS [64]), or combined in
hybrid materials to produce bio-interfaces and sensing layers [65–68], forecast feasible
applications in many emerging fields. According to the literature, the GL structure in-
volves short nanometric-sized graphenic stacked layers. GL materials are obtained via a
controlled top-down oxidative demolition of a low-cost nanostructured CB in which they
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are embedded [58,60]. Moreover, GL materials are produced as a stable water suspension
and the GL production protocol allows for the control of the relevant chemical–physical
features and it is suitable for bulk production. GL materials undergo self-assembly in thin
amorphous films (thicknesses of less than a micron) after drying upon the drop-casting
deposition on different surfaces [60]. The basic electrical characterization of GL films high-
lighted an ohmic behavior (up to + −2V of bias voltage) and resistance values of the order
of a few kOhm were estimated [65,67]. In the present study, we present a deep electrical
characterization of drop-casted GL films at room temperature. In order to have a more com-
prehensive understanding of the electrical transport characteristics of GL films, commercial
benchmark graphenic materials (GO type) were also characterized and the results were
compared. Two GO samples, obtained by the wet chemical oxidation of graphite oxide and
the subsequent exfoliation, were selected because they differ in both morphology and in
oxidation degree to highlight the differences and shortcomings compared with GL film.
Current–voltage measurements and conductance vs. voltage curves were performed at
room temperature. The results allowed us to prove the semiconducting behavior of all
the investigated films, which leads to their possible application as detectors [69,70]. In the
framework of the amorphous semiconducting materials [71], the data analysis has been
carried out and the estimated dielectric coefficients for the analyzed films agreed with those
reported in the literature for graphene [72–75] and modified graphenic structures [76].

2. Materials and Methods
2.1. Materials

All the chemicals (ethanol, hydrazine hydrate, concentrated HNO3) were purchased
from Merck KGaA, Darmstadt, Germany at analytical grade and used as received. GO
purchased from Merck KgaA (code 796034, hereinafter GO-SA) was a dry black powder
with a bulk density of ~1.8 g/cm3, consisting of sheets of nominal 15–20 stacked graphitic
layers with an edge-oxidation degree of 4%–10%. GO purchased from Graphenea (here-
inafter GO-GRA) was a water dispersion with a concentration of 0.4 wt.% and a content
of monolayer of >95%. The CB, kindly provided by Sid Richardson Carbon Co., TX, USA,
was a furnace CB (N110 type) with a BET surface area of 139 cm2/g.

2.2. GL Synthesis

GL films in aqueous suspension were produced through a two-step oxidation-reduction
procedure, starting with the CB from Sid Richardson Carbon Co., TX, USA [58,60]. The
synthetic approach can be described as follows. CB powder was oxidized for 90 h with
concentrated nitric acid (67 wt.%) at 100 ◦C under reflux and stirring (2 mL of acid for 0.1
g of CB powder), and the obtained dark-brown hydrophilic material, named GL-ox, was
then recovered by centrifugation, washed with distilled water, and dried at 100 ◦C. After
that, GL-ox was treated with hydrazine hydrate (for 20 mg of GL-ox, 700 µL of N2H4·H2O
was used) for 24 h at 100 ◦C under reflux and stirring. At the end of the reaction, the
excess hydrazine was neutralized with diluted HNO3 and the resulting black solid (GL)
was recovered by centrifugation and washed with distilled water to remove all traces of
unreacted reagents. GL materials were stored as an aqueous suspension (2 g/L).

2.3. Structural and Morphological Characterizations

C, H, and N contents were determined by ultimate analysis using a LECO 628 analyzer
(LECO, Geleen, The Netherlands), calibrated with EDTA (measurements were performed
in triplicate). The thermal behavior of the materials was investigated through thermogravi-
metric analyses (TGA) on a STA6000 Perkin-Elmer (Perkin-Elmer, Waltham, MA, USA) in
an inert (N2, 40 mL/min) or oxidizing (air 40 mL/min) atmosphere between 50 and 800 ◦C,
applying a heating rate of 10 ◦C/min. A total of 2–15 mg of the material was loaded in an
alumina crucible for each measurement. The alumina crucible was previously treated up to
920 ◦C to guarantee an accurate solid residue determination.
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The surface chemistry of the materials was investigated by infrared spectroscopy by
measuring FT-IR spectra in a 450–4000 cm−1 range on a Perkin–Elmer Frontier MIR spec-
trophotometer (Perkin-Elmer, Waltham, MA, USA). The spectra were acquired in transmit-
tance mode on KBr pellets (2 wt.%), collecting 8 scans and correcting the background noise.

AFM morphological characterization was performed by means of a Nanoscope IIIa
AFM (Veeco Instruments Inc., Plainview, NY, USA), operating in tapping mode (scan size
and rate of 2 µm and 1 Hz, respectively), equipped with a silicon tip and with a nominal
curvature radius of about 5 nm.

2.4. Electrical Characterization

GL and the GO materials dispersed in water (2 mg/mL), with the assistance of an
ultrasound bath, were drop-casted on the substrates (glass and Si/SiO2) and allowed to dry
at room temperature for about 18–24 h. The dry films were investigated by dc-transport
measurements at room temperature.

The dried samples were connected to chip-holder pads using aluminum wires by a
K&S 4253 wedge–wire bonder tool (Figure 1). The former technique allowed us to realize
quite a similar contact area of the chip/Al wires, thus guaranteeing close contact resistance
for each probed part of the film. In addition, the realization of contacts with the bonding
machine ensures to replicate the measurements without interfering with the material or
spoiling it. To minimize effects due to possible different film thickness, the central zone of
the deposited film was characterized for each film.
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Figure 1. GL film on glass substrate glued onto chip carrier. All electrical connections between the
sample and the chip holder (red filled circles) were made by Al wires with a bonding machine.

Because the non-uniformity of the films could affect the quality of the electrical contact
by wire bonding, a fine calibration of the bonding parameters (time, power, and force) that
the tip applies on the film surface were performed. Two main checks were performed:
(1) an optical wire-bond-shape inspection to assure that the wire bond linked to the film
surface had a parallelepiped-like shape, thus ensuring good mechanical contact with the
film; and (2) an electrical inspection by performing two and then four wire measurements
to verify a negligible contact resistance, thus guaranteeing that the current could pass
through the film.

The contact resistance investigation was performed by carrying out two-probe R2p
and four-probe R4p dc measurements. R2p includes twice the line resistance RL, which for
our setup is a few Ohms, twice the contact resistance RC, and the probed part of the film
resistance RS. Because RL was several orders of magnitude smaller than the total resistance
RTOT in our experiment, it became negligible. Comparing R4p and R2p, we verified that
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even RC is smaller than RTOT, thus leading to the conclusion that R2p~R4p. As a result, all
the measurements useful in estimating the dc electrical properties of all the drop-casted
films were performed in a two-probe configuration. Current–voltage (IV) measurements
were carried out using a Keithley Pico-amperemeter, model 6485. The voltage was swept
from −1 to 1 V by a step of 0.01 V. Measurements at a high-bias voltage were also performed
up to 10 V. Current–voltage measurements were performed by probing several areas of the
drop-casted films.

3. Results
3.1. Elemental Analysis

Table 1 reports the elemental composition of GL materials, together with those of the
selected GO materials. The precursor of GL, CB, was also reported for comparison. The
oxygen amount was evaluated by difference (due to the low amount of ashes in all of the
samples, it can be assumed that the difference to 100 wt.% is attributable to oxygen).

Table 1. Elemental composition of GL materials and selected benchmark GRMs. GL precursor (CB) is
also reported.

TYPE C (wt.%) H (wt.%) N (wt.%) O (wt.%) O/C

CB 98.9 0.48 0.04 0.59 0.0045
GL 57.3 0.86 0.54 41.3 0.54

GO-GRA 47.0 1.78 - 51.2 0.82
GO-SA 92.4 0.053 0.68 6.86 0.056

Elemental analysis indicates that the oxygen functional groups in GL materials are not
completely removed upon the chemical reduction step, leading to an oxygen content of
around 40 wt.%. The high content of O after reduction is ascribable to the distinctive surface
chemistry of GL materials, which is different from that typical of graphene oxide. The parent
C-rich material of GL materials (CB) has short graphenic layers that undergoes massive
oxidation on the edges (mainly carbonylic and carboxylic functional groups [58,60,67]),
leaving the basal planes persevered (i.e., no epoxy groups or holes are present, differently
from GO). As a consequence, during the reduction process, carboxylic and carbonylic
groups react with hydrazine, leading to the formation of hydrazones groups with only a
slight reduction in the overall oxygen content compared to the parent material, GL-ox [58].
Indeed, the presence of nitrogen is also observed in GL materials (0.5 wt.%). The O/C
atomic ratio is 0.54. The oxygen content is mainly ascribed to oxygen functional groups
(mainly carboxylic [60]) responsible for the stability of GL water suspension in a wide pH
range (from around 3.15 to 14 [60]), located at the edges of the graphitic planes [60]. The
relative percentage increment of oxygen of GO-GRA with respect to GL materials is ~20%.
Both values are rather high compared to that of GO-SA.

3.2. Thermal Characterization

TGA provides information about the thermal stability of GL and GO materials, as
well as the number of functional groups based on their decomposition/volatilization
temperature. The TGA profiles of GL materials in air and nitrogen (red line, Figure 2) exhibit
a continuous weight loss (20% weight loss, ascribable to the decomposition/volatilization
of oxygen-functional groups, mainly carboxylic and carbonylic). The GL burn-off occurs
before 700 ◦C (with a maximum oxidation rate around 600 ◦C). The GO-SA thermal profiles
do not present any marked weight loss before 350 ◦C, indicating a lower presence of
defective sites, consistent with the lower oxygen amount in the bulk (Table 1). GL and GO-
SA present a comparable bulk oxidation temperature, indicating a similar resistance toward
oxidation. This circumstance reflects the presence of the low-defective basal graphitic
planes [77] in both samples. The thermal profiles of GO-GRA present a marked weight loss
at around 200 ◦C, ascribable to a huge loss in oxygen-functional groups (mainly OH, around
30 wt.%). It is noteworthy that the burn-off of GO-GRA occurs at a lower temperature
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(around 500 ◦C) with respect to GL and GO-SA materials, testifying the presence of a more
defective surface, with sites easily attacked by O2 [77].

Coatings 2022, 12, x FOR PEER REVIEW 6 of 16 
 

 

toward oxidation. This circumstance reflects the presence of the low-defective basal gra-
phitic planes [77] in both samples. The thermal profiles of GO-GRA present a marked 
weight loss at around 200 °C, ascribable to a huge loss in oxygen-functional groups 
(mainly OH, around 30 wt.%). It is noteworthy that the burn-off of GO-GRA occurs at a 
lower temperature (around 500 °C) with respect to GL and GO-SA materials, testifying 
the presence of a more defective surface, with sites easily attacked by O2 [77]. 

 
Figure 2. TGA profiles of GL, GO-SA, and GO-GRA in oxidizing (air, left panel) and inert (N2, right 
panel) environments. 

3.3. FTIR Characterization 
The FTIR spectra, acquired in transmittance mode in the range 450–4000 cm−1, are 

shown in Figure 3. The spectra are baseline-corrected and shifted for clarity. All three 
samples absorb similarly and are characterized by a broad shape, as typically exhibited 
by complex carbon networks [78]. 

 
Figure 3. FTIR spectra of the three GRMs in the 450–4000 cm−1 region. 

The GL spectrum is typically poorly structured and presents a broad band in the 
3000–3700 cm−1 range due to O-H stretching vibrations as a result of possibly adsorbed 
H2O and a broad band at 1500–1600 cm−1 due to skeletal vibrations of the sp2 graphitic 
domains. Moreover, the GL spectrum presents an enhanced broadband in the 1300–1100 

Figure 2. TGA profiles of GL, GO-SA, and GO-GRA in oxidizing (air, left panel) and inert (N2, right
panel) environments.

3.3. FTIR Characterization

The FTIR spectra, acquired in transmittance mode in the range 450–4000 cm−1, are
shown in Figure 3. The spectra are baseline-corrected and shifted for clarity. All three
samples absorb similarly and are characterized by a broad shape, as typically exhibited by
complex carbon networks [78].
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The GL spectrum is typically poorly structured and presents a broad band in the
3000–3700 cm−1 range due to O-H stretching vibrations as a result of possibly adsorbed
H2O and a broad band at 1500–1600 cm−1 due to skeletal vibrations of the sp2 graphitic do-
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mains. Moreover, the GL spectrum presents an enhanced broadband in the 1300–1100 cm−1

region, ascribable to the overlapping of multiple sp2 graphitic skeletal-stretching vibrations,
and a sharp peak at 1384 cm−1 attributable to the stretching of nitrogen-containing groups
(as a consequence of the strong acid top-down demolition treatment of CB by nitric acid). A
weak band around 1710 cm−1, attributable to C=O stretching (residual oxygen-functional
groups) [58,67,79], is also present. This last signature is negligible in the GO-SA spectrum,
in agreement with the very low oxygen content; meanwhile, it is more pronounced in the
case of GO-GRA. The FTIR spectrum of GO-GRA also contains bands related to alkoxy
(C–O–H) and epoxy (C–O–C) groups, in addition to the bands ascribable to carbonyl (C=O),
carboxyl –(COOH), and aromatic (C=C) groups [80].

3.4. AFM Imaging

The AFM images, reported in Figures 4 and 5, show a good film uniformity, confirming
the expected peculiar shape for all the samples. In more detail, the AFM images at a large
scale (25 µm × 25 µm and 10 µm × 10 µm) of a GL film (Figure 4a,b) evidences flat
terraces resulting from the good local packaging of the GL particles. This feature is driven
by the GL particles self-assembling in thin film on surfaces after drying, as shown in
previous reports by HRTEM and AFM [58,60], thanks to the instauration of hydrophobic
interactions between the graphenic layers. The GO-SA film presents an overall granular
surface, indicative of the clustering of the stacked graphitic layers (Figure 4c,d), while a
flatter film is obtained from GO-GRA arising from the layering of the graphenic monolayers
(Figure 4e,f).
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Figure 4. Non-contact-mode AFM images ((a,c,e): 25 µm × 25 µm and (b,d,f): 10 µm × 10 µm) on:
GL film (a,b); GO-GRA film (c,d); GO-SA film (e,f).
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Figure 5. Non-contact-mode AFM images (2 µm × 2 µm) on: (a) GL film; (b) GO-GRA film; (c) GO-SA
film. Images show a reference line fixed at 2 µm to highlight film surface roughness (lower panels).

The representative AFM image of the GL film at a higher resolution (2 µm × 2 µm,
Figure 5a) evidenced the presence of clustered particles and an overall granular surface.
Each particle (with an average diameter of around 40 nm [63]) stuck to one another while
maintaining its individuality in a feature already known to be intrinsic to GL synthesis [67].
The GO-GRA film (Figure 5b) exhibited a surface locally organized in regions made by large,
disordered, and discontinuous terraces (around 2 µm wide). Differently from the GL film,
the GO-GRA surface presented a poor connection between the grains with the presence
of an inter-particle-free volume, whereas the GL film appeared to be more compact. The
surface of the GO-SA film (Figure 5c) looked locally smoother with better contact between
the flat grains, reflecting a better self-assembly of the graphenic sheets upon drying.

The roughness, estimated as the root mean square (RMS), was about 33 nm (com-
parable to the particles’ average height) for the GL film; meanwhile, for the GO-SA and
GO-GRA films, the RMS was 21 and 84 nm, respectively.

3.5. Electrical Properties

Dry GRM films showed an inhomogeneous thickness ascribable to the well-known
coffee-ring phenomenon typical of the self-assembling process of GRMs. This is because of
the drop-casted deposition technique that favors the formation of a ring-like film shape
along the perimeter of the sample due to evaporation-induced flow [81]. The thickness
of the drop-casted films was estimated by stylus-profilometer analysis. The estimated
values, used to determine the dc conductivity σ, were as follows: 900 nm (GL film), 700 nm
(GO-GRA film), and 3.5 µm (GO-SA film).

Several sites of the same sample were probed, and in each case, the electrical trans-
port proprieties showed an isotropic behavior, thus confirming the homogeneity of the
deposited films.

For a deep understanding of the transport properties of the GL films, a comparative
analysis studying two chips made by other two benchmark materials (GO-GRA and GO-
SA) was performed. The main electrical transport parameters of the characterized films are
summarized in Table 2.
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Table 2. Sample main electrical transport parameters. L, G, Imax, d, βPF, and εr represent the length
between the Al contacts made on the film, the conductance, the max current that passes through
the films when V = 0.5 V is applied, the thickness, the Poole–Frenkel constant, and the relative
permittivity, respectively. The geometrical dimensions were evaluated by performing a post-analysis
of the recorded high-resolution optical images.

GRM TYPE L (mm) G 1 (nS) Imax
1 (nA) d (nm) βPF

(eV m1/2 V−1/2) εr

GL-Glass 2.3 2.8 1.34 900 (3.40 ± 0.06) × 10−5 4.9 ± 0.2
GL-Silicon 3.3 4.9 2.02 900 (5.44 ± 0.05) × 10−5 1.93 ± 0.03
GO-GRA 2 2.2 85 × 10−3 47·10−3 700 (4.01 ± 0.05) × 10−5 3.55 ± 0.08
GO-SA 2 0.52 105 × 103 53·103 3500 (5.63 ± 0.1) × 10−5 1.80 ± 0.06

1 at V = 0.5 V. 2 glass substrate.

For all the films, the IV curves reported in Figure 6 show a common non-linear behavior
typical of semiconducting materials both at room temperature and in the same bias voltage
range (±1 V) [55,56]. This behavior is strongly related to the chemical characteristics of the
materials described above. In fact, the oxygen amount indicates the presence of defective
sites, which affect the transport mechanisms in the films [82,83]. Because of that, a current
of a few nanoamperes for the GL film and of a hundred microamperes for the GO-SA film
(GO-SA exhibits the presence of a smaller amount of oxygen-functional groups compared
to GL materials) was measured. In addition, due to the higher oxygen content in GO-GRA,
the smallest current values, a hundred picoamperes, were estimated. This behavior is in
line with the electronic properties of GO estimated for different oxidation levels (25%, 50%,
75%, and 100%) by density functional calculations [84], where GO samples with a lower
O content are considered to be semiconductors and GO samples with a high O content
are insulating.
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Figure 6. IV characteristics of the four films deposited on different substrates (glass, silicon) in the
±1 V range of the applied bias voltage. Plot (a) IV curve of GL film on glass; (b) IV curve of GL
film on silicon; (c) IV curve of GO-GRA film on a glass substrate; (d) IV curve of GO-SA film on a
glass substrate.

Differently from previous preliminary surveys on GL-based films [65,67], a strong
nonlinearity of the IV curves has been highlighted, demonstrating that GL films could
be used as state-of-the-art detectors based on GRMs with a high performance in terms
of response.
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The conductance vs. voltage (GV) curves reported in the log scale in Figure 7 have
been extracted by a numerical derivative of the current–voltage (IV) measurements per-
formed at room temperature. The GV curves of the GL film deposited on two different
substrates (glass and Si/SiO2) in the range of ±1 V applied voltage showed similar values
of conductance, thus indicating that no interaction occurs between the GL material and the
substrates. Although a deep investigation of the role played by the substrate requires very
thin deposited films (a few nanometers thick) because the typical interaction (substrate–
film) length of the scale is of the order of nanometer or even less, we verified that the
thickness of the deposited films is similar (both GL films are ~1 µm thick within less than
10% of the variability), as well as the electrical transport measurements.
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Figure 7. GV curves of four films deposited on different substrates: GL films on glass and Si/SiO2;
GO-GRA and GO-SA films both on glass.

The GV plot of the GO-SA film shows a higher conductance than the GO-GRA film.
This result can again be interpreted in terms of the higher mobility of electrons due to the re-
duced content of oxygen in GO-SA and a consequently lower percentage of defective sites.

Deposited materials that form a disordered system usually resemble amorphous solid
semiconducting materials [85]. A sketch of density of states of this kind of materials
is reported in Figure 8. The observed low mobility of the characterized films implies a
more complex transport model that, for high levels of applied voltage bias and no zero
temperature, leads to the consideration of transport mechanisms that go beyond the aims
of our analysis. For such a reason, we did not take them into account.
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The electrical properties can be interpreted in the framework of the Mott–Anderson
hopping-carriers-transport model [31,86,87]. This model assumes that an electron is local-
ized in state and can be transferred to an unoccupied trap by providing thermal energy [86]
or applying a bias voltage that induces a change in the shape of the potential barrier, thus
decreasing its height and allowing the electron to hop to the unoccupied trap state. For
amorphous, semiconducting materials (ASMs), the above-reported transport mechanism
can be described by the Poole–Frenkel model [88–90]. This model is applicable when a
carrier is trapped in a center at energy E and has to escape to the conduction level (Ec). If
no voltage is applied and the system is kept at zero temperature, the trapped carrier to
overcome barrier ∆ΦPF needs energy that is at least equal to that of the barrier itself. Even
when applying an electric field, the band bending takes hold (see Figure 9), thus creating a
barrier. Because of this, the carrier requires less energy to escape the trap and to jump on
the conduction band.
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The former model predicts an exponential voltage-dependence of the current as
reported in Equation (1). Because the GL materials are ASMs, GL film transport properties
can be interpreted within this framework in accordance with the Poole–Frenkel model.
We used Equation (1) [71] to evaluate the parameter βPF that allows tp distinguish the
investigated graphene-related materials by the dielectric constant.

J = J0 exp

{
1

kBT
βPF

(
V
d

)1/2
}

(1)

where J0 (= σ0F) is the low field-current density, T is the absolute temperature, kB is the
Boltzmann constant, V is the voltage, d is the thickness of the film, βPF is the Poole–Frenkel

constant defined as βPF =
(

e3

πε0εr

)1/2
, e is the electron charge, ε0 is the permittivity of free

space, and εr is the dielectric constant [71].
Due to both the electrical contacts’ layout shown in Figure 1 and the crucial role

played by the electric field in Equation (1), the geometry of the investigated sample heavily
influenced its transport properties. Because of this, a deep analysis of the electrostatic
properties of the sample was carried out. We schematized the device as a parallel plate
capacitor, consisting of two small parallel plates with sizes w and d (sketched in red in
Figure 10) separated by a material (GRM) with a length of L and a dielectric constant εr
(green in Figure 10).
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The red conductive plates represent the bounder aluminum contacts placed on the
GRM and have sizes w~30 µm and d~1 µm. The thickness of the GRM film is d, while
the distance between two conductive plates (L) is of the order of millimeters. The sizes of
sketched capacitor led to work in an unconventional regime (d,w << L) where the fringing
electric field had to be taken in account, and it did not yield the achievement of any
analytical solution [91]. In order to include the former effect in Equation (1), which allows
to better define the transport properties of our samples, we approximated the investigated
chips as a conventional parallel plate capacitor with a capacitance C calculated by [91] in
the limit L >> d: C(L) .

= C0
πL

2d ln( L
d +2)

, where C0 = 2dw ε0εr
L . Because the charge is given

by Q = CV and the square root of the electric field is E1/2 = ( πV
d ln( L

d +2)
)1/2, we can replace it

in Equation (1) and proceed with the IV data fitting reported in Figure 11. This approach
yielded the estimation of the values of βPF and εr summarized in Table 2.

Coatings 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 

The red conductive plates represent the bounder aluminum contacts placed on the 
GRM and have sizes w~30 μm and d~1 μm. The thickness of the GRM film is d, while the 
distance between two conductive plates (L) is of the order of millimeters. The sizes of 
sketched capacitor led to work in an unconventional regime (d,w << L) where the fringing 
electric field had to be taken in account, and it did not yield the achievement of any ana-
lytical solution [91]. In order to include the former effect in Equation (1), which allows to 
better define the transport properties of our samples, we approximated the investigated 
chips as a conventional parallel plate capacitor with a capacitance C calculated by [91] in 
the limit L >> d: 𝐶ሺ𝐿ሻ ≐  𝐶଴ గ௅ଶௗ ௟௡ቀಽ೏ାଶቁ, where 𝐶଴ =  ଶௗ௪ 𝝐𝟎𝝐𝒓 ௅ . Because the charge is given 

by Q = CV and the square root of the electric field is E1/2 = ( ஠௏ௗ ୪୬ ሺಽ೏ାଶሻ)1/2, we can replace it in 

Equation (1) and proceed with the IV data fitting reported in Figure 11. This approach 
yielded the estimation of the values of 𝛽௉ி and 𝜖௥ summarized in Table 2. 

 
Figure 11. Plots of I vs E1/2, where E is the electric field. The curves are fitted by Poole–Frenkel (PF) 
model. 

The calculated values for the selected GRMs (specifically for the GO samples) are 
fully comparable with those reported in the literature for similar materials [72–76], thus 
confirming the amorphous nature of the investigated samples. In addition, the obtained 
results show that the proposed experimental approach could represent a reliable proce-
dure to differentiate the different materials belonging to the wide GRMs family. 

4. Conclusions 
Insights into the electrical characteristics of an emerging class of GRMs, namely gra-

phene-like materials (GL), derived from a nanostructured CB, highlighted their semicon-
ductive behavior and opened up innovative applications, such as sensing devices, bio-
compatible interfaces, and inspired bio-devices (e.g., drug delivery). A careful electrical 
characterization at room temperature of GL films deposited from water suspensions by 
drop-casting onto Si/SiO2 and glass substrates has been carried out and compared with 
the results achieved on benchmark materials (GO samples). Transport properties have 
been analyzed in the framework of amorphous semiconducting materials and the data 

Figure 11. Plots of I vs E1/2, where E is the electric field. The curves are fitted by Poole–Frenkel
(PF) model.



Coatings 2022, 12, 1788 13 of 17

The calculated values for the selected GRMs (specifically for the GO samples) are
fully comparable with those reported in the literature for similar materials [72–76], thus
confirming the amorphous nature of the investigated samples. In addition, the obtained
results show that the proposed experimental approach could represent a reliable procedure
to differentiate the different materials belonging to the wide GRMs family.

4. Conclusions

Insights into the electrical characteristics of an emerging class of GRMs, namely
graphene-like materials (GL), derived from a nanostructured CB, highlighted their semi-
conductive behavior and opened up innovative applications, such as sensing devices,
bio-compatible interfaces, and inspired bio-devices (e.g., drug delivery). A careful electrical
characterization at room temperature of GL films deposited from water suspensions by
drop-casting onto Si/SiO2 and glass substrates has been carried out and compared with the
results achieved on benchmark materials (GO samples). Transport properties have been
analyzed in the framework of amorphous semiconducting materials and the data indicate
a non-linear current–voltage relation for all the GRM samples. The dielectric constant of
both the GL and GO samples has been extrapolated within the Frankel–Poole model and
it agrees with those reported in the literature. By comparing the transport measurements
of the films, no effect on the electrical properties in GL due to the interaction with the
substrates has been evidenced, whereas a high resistivity for the highly oxygenated GO
materials (GO-GRA), compared to the GL materials, has been observed. These results
encourage a feasible use of GL films in the production of advanced materials and hybrids
with practical wide-spectrum applications, ranging from electronics to optics, sensors,
membranes, functional coatings, and bio-devices.
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