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Current-voltage characteristics of few-layer graphene structures (FLGS) obtained by plasma-assisted electrochemical exfoliation of
graphite in Na2SO4 solution were measured. FLGS are shown to possess electronic conductivity, which indicates the predominant
functionalization of the edges of graphene planes and the preservation of the structure of basal planes in obtained nanostructures
as in the source graphite. The effect of humidity on the conductivity of FLGS films was studied. The resistance of films was found
to increase with an increase in the relative humidity of the environment due to the shielding of FLGS flakes by a film of water.
The effect of different solvents on the current-voltage characteristics of FLGS was analyzed. The conductivity of films significantly
decreased in vapors of polar protic solvents, while there was a minor effect of nonpolar aprotic solvents on the conductivity of FLGS
films.

1. Introduction

Mass production of high-quality graphene is important for
its application in next-generation electronics [1, 2], composite
materials [3, 4], energy storage devices [5], and development
of platinum metals free catalysts for oxygen reduction reac-
tion (ORR) [6–10]. High activity in ORR was demonstrated
for carbon nanostructures doped with the atoms of p-
elements.

A prerequisite for the widespread use of materials based
on graphene is a simple and reliable way of its production. At
present, among the diverse methods of synthesis of few-layer
graphene structures (FLGS), the method of electrochemical
exfoliation of graphite rapidly gains its popularity [11].This is
due to a number of advantages of this approach compared
to other conventional methods of FLGS production: the
simplicity of purification of synthesized material, the ability
to control degree of oxidation and defectiveness of graphene
particles, one-step and environmental friendly method (the

approach utilizes solutions of salts with a moderate con-
centration, unlike all chemical methods using concentrated
acids).

Graphite is believed to be chemically inert, but various
functional groups, e.g., –COOH, –OH, =O, –O–, and other
defects are formed on carbon atoms located on the basal
planes and edges in the course of FLGS synthesis. The
interaction of functional groups on FLGS surface affects the
stacking of layers in flakes of few-layer graphene structures.

The conductivity of graphene and various graphene struc-
tures is the subject of thorough attention associated, primar-
ily, with the potential use of these materials in nanoelectronic
devices [12]. Electrical conductivity of graphene with an ideal
structure was believed to exceed the corresponding value for
real graphene with structural defects; however, this point of
view was disproved by experimental and theoretical studies
that have shown an increase in the electrical conductivity of
graphene as a result of an increase in the number of defects
in graphene sheet (see, for example, [13]). At the same time,
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Table 1: C1s peak data for c-FLGS and a-FLGS.

Sample C–C (at.%) C–OH (at.%) C–O–C (at.%) O–C=O (at.%)
c-FLGS 59.2 7.7 30.2 2.8
a-FLGS 54.6 8.8 23.9 12.8

FLGS used as catalysts for ORR should possess sufficient
electronic conductivity. For example, as nitrogen content
increases in N-doped graphene, its conductivity decreases,
which leads to a decrease in the catalytic activity of these
materials towards oxygen reduction reaction [8].

Thus, determination of conductivity of films formed by
graphene structures is of both fundamental and applied
importance. In this study, we propose a simple and effec-
tive method to estimate the resistance of films formed by
few-layer graphene structures obtained by plasma-assisted
electrochemical exfoliation of graphite electrodes in Na2SO4
solution. The analysis of influence of humidity and solvent
nature on the conductivity of FLGS films was carried out.

2. Experimental Section

FLGS were synthesized by the method of plasma-assisted
electrochemical exfoliation of graphite using high voltage
pulses [14]. The process was carried out with the homemade
set-up [15], which allows one to apply to graphite electrodes
immersed in an electrolyte solution a sequence of voltage
pulses with an amplitude of up to 250 V and a rise time
of ca 0.5 𝜇s. A high current density (> 20 A/cm2) on the
electrodes is a necessary condition for the formation of
electrolytic plasma [14]. For graphite electrodes significantly
different in size, intense acoustic and light generation was
observed around the electrode with a smaller size. Thus,
depending on the polarity of voltage pulses, either cathodic or
anodic electrolytic plasma was generated [14]. FLGS particles
obtained using cathodic (c-FLGS) or anodic plasma (a-FLGS)
were separated from electrolyte and washed with distilled
water during several cycles of centrifugation.

Current-voltage characteristics of films were obtained by
two-point method using an Elins P-20X potentiostat (Elins,
Russia). The measurements were carried out on 9 mm × 20
mm contact plate in an environment with certain content
of water vapor [16] or another solvent. Contact plate was an
interdigitated electrode with a 0.3mm gap between 4.5 mm ×
0.2 mm contacts. Noteworthy, the distance between contacts
substantially exceeds lateral size of separate FLGS flakes. 250
𝜇L of FLGS aqueous suspension with concentration of 0.4
mg/mL was drop-casted onto contact plate; and the film was
dried in air at room temperature during several hours. The
electrical conductivity of FLGS films was estimated from the
current observed at a constant voltage of 300mV. Sample was
first placed in a tube with water (or another solvent) and then
in a tube with a drying agent (calcium chloride). The plate
itself was not in direct contact with a liquid and a drying
agent, but was in solvent vapors.

The size distribution of FLGS particles was obtained
using an LS 13 320 XR laser particle size analyzer (Beckman
Coulter, USA). The thickness of FLGS films (200–300 nm)

was determined by the concentration of the initial FLGS
suspension (0.4 mg/mL) and monitored using an SOLVER
Open (NT-MDTSpectrum Instruments, Russia) atomic force
microscope (AFM). The X-ray photoelectron spectra (XPS)
were obtained using an SPECS PHOIBOS 150 MCD electron
spectrometer (SPECS, Germany) and X-ray tube with a
magnesium anode (h] = 1253.6 eV). The vacuum in the
spectrometer chamber did not exceed 4×10–8 Pa. The spectra
were registered in the regime of constant transmission energy
(40 eV for thewide spectra and 10 eV for individual lines).The
survey spectrum was recorded in steps of 1.00 eV, the spectra
of individual lines were recorded in steps of 0.03 eV.

3. Results and Discussion

Graphene-like structures obtained in the present study are
particles with a wide distribution of lateral size d, which
varies from 60 to 550 nm (Figure 1). The thickness of FLGS
flakes was estimated earlier as 2–4 nm [17]. In addition, we
determined this parameter using AFM-microscopy. The best
height profile obtained for c-FLGS particles is demonstrated
in Figure 2(a). As seen from the figure, the thickness of FLGS
flakes is 2–5 nm, which agrees with previous estimation [17].
The thickness of FLGS film was also determined by means
of atomic force microscopy. Data obtained for the edge of
the film formed by c-FLGS is presented in Figure 2(b). The
profile of the edge of a-FLGS film should be the same. Thus,
the thickness of FLGS films is 200–300 nm.

According to X-ray photoelectron spectroscopy (Figures
3(a) and 3(d)), the content of O and S is 18.8 and 1.3 at.% for
c-FLGS and 23.8 and 4.1 at.% for a-FLGS, respectively. The
deconvolution of C1s high resolution XPS spectra (Figures
3(b) and 3(e)) performed in accordance with [18, 19] suggests
that oxygen-containing functional groups on the surface
of FLGS are represented by epoxy (286.7 eV), hydroxy
(285.3 eV), and carboxyl (288.7 eV) groups (Table 1). The
deconvolution of the S2p peak (Figures 3(c) and 3(f)) reveals
the presence of C–SO3 group at 169.6 eV for both samples and
C–SO2 at 168.4 eV for c-FLGS [20].

Figure 4 shows current-time curves of FLGS films,
obtained by plasma-assisted electrochemical exfoliation of
graphite using cathodic (curve 1) and anodic plasma (curve
2). In a dry atmosphere, a current in FLGS film is determined
by its electronic conductivity [21]. An increase in the relative
humidity always leads to a sharp decrease in the current
and a subsequent gradual decrease in its value (Figure 4).
The observed decrease in conductivity of FLGS films in a
humid atmosphere is associated with the shielding of FLGS
flakes by a film of water [21]. A similar decrease in electronic
conductivity with an increase in humidity is observed for
composite materials [22–24]; this fact is associated with
the insulation of electrically conductive particles. Returning
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Figure 1: Size distribution of c-FLGS (blue) and a-FLGS (red) particles.
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Figure 2: (a) Height profile of c-FLGS particles; (b) AFM image of the edge of c-FLGS film.

a sample to a dry atmosphere leads to an abrupt growth
and further slow recovery of the current values. Probably,
the reverse process proceeds much slower, since the rate of
watermolecules removal and restoration of electrical contacts
between FLGS flakes is less than the rate of formation of water
film around FLGS particles.

Due to the fact that the content of oxygen and sulfur
in c-FLGS sample is less than in a-FLGS one, the initial
current in a dry atmosphere is somewhat higher for c-
FLGS film (see curves 1 and 2 in Figure 4). The current
drop observed after transition from a dry environment to a
humid one is more pronounced for the a-FLGS film. This
observation is associated with a high content of carboxyl
and hydroxy groups in FLGS produced with anodic plasma.
High concentration of hydrophilic groups on the surface of
FLGS particles contributes to a more rapid wetting of carbon
flakes and diffusion of water molecules into the film. Thus,
a slight difference in the nature of change in the values of
current for c-FLGS and a-FLGS samples is determined by
peculiarities of FLGS composition. In another words, the
current in FLGS film is a humidity-dependent parameter
defined by concentration of hydrophilic groups on the surface
of FLGS (Table 1).

In general, the presence of electronic conductivity of films
in a dry atmosphere can be a qualitative criterion for a small
degree of functionalization of FLGS surface. However, in our
case, the oxygen content in FLGS is sufficiently high and

electronic conductivity should be explained by the fact that
functional groups are mainly concentrated at the edges of
graphene planes, and basal planes themselves do not undergo
significant changes compared to the original graphite [20].

With the increase in humidity, two areas can be distin-
guished on the current-time curve: a rapid decline and a
further slowdecrease in current due to the diffusion of solvent
molecules into FLGS film [25]:

𝐼 = 𝐴 + 𝑎𝑒–𝑡/𝛼 + 𝑏 (1 − 𝑘√𝑡) , (1)

where𝐴, 𝑎, 𝑏, 𝛼, and 𝑘 are parameters of diffusion model, t is
the time of solvent molecules diffusion into a film.

Water molecules penetrate into FLGS film with some
effective diffusion coefficient D over time 𝜏 [26]. The real
diffusion coefficient depends on several factors, such as
mass, size, and shape of diffusing molecules, as well as
on their chemical nature (polarity). Apparently, the main
contribution to the diffusion process is made by the structure
(morphology) of FLGS film, which consists of particles with
different surface concentration of oxygen-containing func-
tional groups bounded with solvent molecules via hydrogen
bonds.

We also observed a change in the conductivity of FLGS
films in vapors of solvents of different chemical nature.
Figure 5 shows the current-time curves of FLGS in heptane,
carbon tetrachloride (CCl4), ethanol, and water vapor. The
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Figure 3: Survey spectra (a, d), high resolution XPS for C1s (b, e), and S2p (c, f) of c-FLGS (a–c) and a-FLGS (d–f).

method of FLGS production (the usage of cathodic or anodic
plasma) was not found to distinctly affect the conductivity
when the environment in which the sample is located
changes.

Despite the high saturation vapor pressure (Table 2) in the
atmosphere of nonpolar solvents (heptane, CCl4), contacts

between flakes are not disturbed in FLGS film and it remains
conductive (Figure 5). At the same time, in vapors of polar
liquids (ethanol, water), there is a significant penetration
of solvent molecules into the film and a breakdown of
contacts between FLGS flakes, which leads to a decrease
in conductivity (the resistance of film increases). Thus, the
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Figure 4: The change in the current in FLGS films at different relative humidity of the environment in which the sample is placed.
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Figure 5: Changes in the conductivity of c-FLGS (a) and a-FLGS films (b) in vapors of solvents of different chemical nature.

Table 2: Saturated vapor pressure P and dielectric constant 𝜀 of
solvents.

Solvent 𝑃, mm Hg (20∘b) 𝜀

H2O 17.5 80.10
EtOH 43.9 24.55
heptane 35.0 1.92
CCl4 91.6 2.24

presence of polar oxygen-containing functional groups at
the edges of graphene planes contributes to the fact that the
surface of FLGS flakes becomes hydrophilic, unlike graphene.

4. Conclusions

The mode of plasma-assisted electrochemical exfoliation of
graphite in Na2SO4 solution allows one to produce graphene
structures with a controlled content of functional groups. It

is a relatively cheap and environmentally friendly method
of obtaining graphene structures,which can be used in
electronic devices, platinum metals free catalysts of oxygen
reduction reaction, composite materials, supercapacitors,
fuel cells, etc.

In a dry atmosphere, films of few-layer graphene struc-
tures possess electronic conductivity without prior reduc-
tion (unlike graphene oxide), which indicates the predom-
inant functionalization of edges of graphene planes and
the preservation of structure of basal planes in FLGS. The
conductivity of FLGS films can be controlled by external
conditions, i.e., by increasing or decreasing the humidity of
ambient environment. With the increase in humidity, water
molecules diffuse into FLGS film. It causes a lessening of the
number of contacts between FLGS flakes and, consequently,
the current decreases. The influence of chemical nature of
solvent on the electrical conductivity of FLGS films is due
to the hydrophilic nature of the surface of synthesized FLGS
particles.
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