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Abstract: Graphene nanostructures (GNS) are among the most promising materials for creating
supercapacitors. However, GNS are still not used in creating supercapacitors due to the
impossibility of obtaining large volumes of high-quality material at an acceptable cost. In this work,
we investigated the efficiency of using few-layer graphene (FLG) with the number of layers is not
more than 5 synthesized under Self-propagating high-temperature synthesis (SHS) conditions as
basic material for supercapacitors. Using the SHS process makes it possible to synthesize large
volumes of FLG without Stone-Wales defects. It was found that the synthesized FLG makes it
possible to obtain better results than using classical materials, namely activated carbon (AC). It was
found that the sample based on FLG has a higher specific capacitance — 65 Fxg! compared to the
sample from AC, the specific capacitance of which is 35 Fxg-, for a speed of 5 mVxs these values
are 170 and 64 Fxg1, respectively. The drop in capacitance over 1000 cycles was 4%, which indicates
a sufficiently high stability of FLG and allows us to consider FLG as perspective material for use in
supercapacitors.

Keywords: few-layer graphene, self-propagating high-temperature synthesis, supercapacitors

1. Introduction

Solving the problem of rapidly growing global energy consumption, combined with the critical
issue of climate change, is one of the important challenges for scientists and engineers worldwide,
requiring the development of new sustainable and renewable energy sources. [1]. Energy storage
devices, a key solution to the above problems, must be portable, economical, easy to maintain,
energy-efficient, and environmentally friendly. However, the development of such devices is
becoming increasingly tricky [2-4].

Supercapacitors are energy storage devices with high power characteristics, demonstrating a
high charge/discharge rate, cycle life, shelf life, a wide operating temperature range, and safety. [5].
General Electric obtained the first patent for an electrochemical capacitor in 1957 [6], and the term
"supercapacitor” was introduced by the first manufacturers of electrochemical capacitors - Nippon
Electric Company [7]. Since being commercialized about 40 years ago, supercapacitors have become
good electrical energy storage devices for various applications, including renewable energy,
transportation, and portable electronic devices [8,9]. The operation of a supercapacitor is based on
the principle of maintaining an electric charge on two opposite electrodes separated by a dielectric,
and the accumulation of energy in them occurs due to the accumulation of charge by forming an
electric double layer of electrolyte ions on the surface of conductive electrodes [10].

Among all supercapacitors, one can highlight devices based on aqueous electrolytes, which are
both high-power, environmentally friendly, and therefore attractive for mass production [11-13]. The
search for new, environmentally friendly renewable, and cheap materials for supercapacitor
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electrodes is an urgent task that contributes to creating more efficient devices with high specific,
capacitive, and power characteristics [14,15]. Currently, activated carbon (AC), carbon nanotubes
(CNT), templated carbon, carbon onion, etc., have been proposed as functional materials for the
electrodes of such supercapacitors [16,17]. AC is the most used among these materials due to its high
availability, large surface area, and low cost. However, the presence of oxygen, nitrogen, and other
atoms in amorphous AC structures leads to conduction limitation, adversely affecting the
supercapacitor's specific power [18,19]. CNTs have also been actively explored as electrode materials
for supercapacitors [19,20]. However, most CNTs are known to be bound to each other by van der
Waals forces between individual nanotubes, which hinders electrolyte diffusion. Despite the
advantages, the main problem with CNT-based supercapacitors is their price [18,21]. Other carbon
materials such as templated carbon, carbon onion, and carbide-derived carbon can be used effectively
in supercapacitors, but are difficult to manufacture, so the cost of such materials is high, which limits
their use in end devices [21,17].

At the moment, graphene and graphene nanostructures (GNS) can be distinguished among the
most promising materials for creating supercapacitors [12,22,23]. Graphene material has an
exceptional theoretical specific surface (more than 2630 m?/g) [24], increased mechanical strength,
and a unique set of electrochemical properties [25,26], distinguishing it from activated carbon, carbon
nanotubes, and fullerenes [12,22,27].

The capacitance characteristics of graphene-based supercapacitors depend on key material
characteristics such as specific surface area, pore size distribution, interlayer spacing, heteroatom
doping, surface functionalization, and conductivity [28,29]. Most of these parameters strongly
depend on each other and are determined mainly by the graphene synthesis method. The production
of functional materials for new generations of energy storage devices often requires high-tech
equipment and processes that can only sometimes be easily scaled up for mass production,
significantly contributing to the cost of final devices.

However, despite all the promise of using GNS in creating supercapacitors, their practical
application has yet to occur. One of the critical reasons for this is the high cost of GNS, which makes
the use of GNS unprofitable. The high price of GNS is due to the imperfection of GNS synthesis
methods, which do not allow the synthesis of large volumes of high-quality material at an acceptable
cost. Considering the methods of synthesis of GNS, two main approaches can be distinguished: "top-
down" (top-down) [30] and bottom-up (bottom-up) [31]. In synthesizing graphene nanostructures by
the "top-down" method, the synthesis occurs by isolating graphene structures from ready-made
materials, primarily graphite. These include the separation of graphene with tape, exfoliating
graphite using surface active agents (surfactants) and ultrasonic (US) irradiation, and reducing
graphite oxidized by the Hummers method. In synthesizing graphene nanostructures by the "bottom-
up" method, the synthesis occurs by assembling graphene structures from carbon-containing clusters.
This approach includes chemical vapor deposition (CVD) and epitaxial growth. The main advantage
of methods based on the top-down approach is their high productivity, low cost, and relative
technical simplicity. However, these techniques do not allow for obtaining few-layer, high-quality,
with reproducible properties of graphene structures. On the contrary, the "bottom-up" approach
makes it possible to synthesize high-quality graphene nanostructures and strictly control their final
properties. However, this approach is significantly less productive and more expensive [32].

In our previous works, we reported on the possibility of synthesizing large volumes of few-layer
graphene (FLG) from cyclic biopolymers under the conditions of the self-propagating high-
temperature synthesis (SHS) [33] free of Stone—Wales Defects [34]. The synthesized FLG showed high
efficiency as a modifying additive in the creation of polymer composites by DLP 3D printing [35] and
when creating pyrotechnic compositions [36].

This work is devoted to the study of the possibility of using graphene synthesized under the
conditions of the SHS process in the creation of supercapacitors.
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2. Materials and Methods
2.1. Synthesis of FLG

The particles of FLG synthesized by the SHS method were taken as a modifying additive. The
initial biopolymer (starch, analytical grade) was mixed with the oxidizing agent (ammonium nitrate,
analytical grade) in a 6 to 4 ratio using a drunk barrel homogenizer for 15 min (60 rpm). Then, the
resulting mixture was placed in a reactor and heated to a temperature of 220°C (initialization of SHS
synthesis). The procedure for obtaining FLG is described in detail in [33].

2.2. Methods for the Characterization of FLG
2.2.1. Electron Microscopy

Electronic images of the few-layer graphene (FLG) sample were obtained using a TESCAN Mira-
3M scanning electron microscope (SEM) (accelerating voltage - 20 kV) and an FEI Tecnai G2 30 S-
TWIN transmission electron microscope (accelerating voltage - 50 kV). For transmission electron
microscopy (TEM) analysis, a suspension of the FLG sample in toluene (concentration 0.05 mass. %)
was prepared, applied to a carbon grid and dried ina drying cabinet at 60 °C.

2.2.2. Dispersion Measurement

To study the laser diffraction method, a Mastersizer 2000 device (USA) was used to study the
dispersion of the synthesized material. A suspension of FLG particles in water (0.05 mass %) was
prepared by sonication n an ultrasonic bath «Sapphire» (50 W, 22 kHz) for measurement purposes.

2.2.3. X-ray Diffraction

X-ray phase analysis was carried out using a Shimadzu XRD-7000 diffractometer (Cu Ka =
0.154051 nm). The scanning rate was 1 deg/min.

2.2.4. Raman Spectroscopy

Raman spectroscopy was carried out on a Confotec NR500 instrument (532 nm, SOL
Instruments, Belarus). For measurements, a suspension of the FLG sample in toluene (concentration
of 0.05 mass %) was prepared, applied onto a silicon plate and dried in a drying cabinet at 60 °C.

2.2.5. Specific Surface Area Measurement

The specific surface area of the FLG sample was measured using the ASAP 2020 instrument,
USA, by the Brunauer -~ Emmett - Teller (BET) method. Before measurement, the FLG sample was
dried for 2 hours at 300°C under a vacuum.

2.3. Preparation of Electrodes from FLG

The electrodes were prepared according to the following procedure: graphene or carbon powder
(22 mg) and 2 mg of Poly(vinylidene fluoride) (HSV 900 PVDEF, Arkema, France) used as a binder,
and 0.3 ml of N-Methyl- 2-pyrrolidone (NMP, EMPLURA®, Merck KGaA, Germany) as a solvent
was carefully mixed with ultrasound until a homogeneous mass (slurry) was obtained. Next, a
commercially available MF-2012 glassy carbon electrode (working surface area 0.07 cm? BASi, USA)
was evenly coated with the above suspension using a micropipette (0.7 pl) and then dried at 60°C for
2 hours. The load of electroactive material on each received electrode was 51 pg (0.73 mgxcm2)
(without considering the mass of PVDF). As a reference sample, electrodes were made from
commercial activated carbon (AC, grade AG-3 (GOST 20464-75), specific surface area 740 m?/g) using
a similar procedure.
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2.4. Electrochemical Measurement Technique

The electrochemical properties of the prepared electrodes were studied on a VSP multichannel
potentiostat-galvanostat (BioLogic Science Instruments, France) in a three-electrode electrochemical
cell containing a glassy carbon plate (3 cm?) as an auxiliary electrode and a standard silver chloride
reference electrode MF-2056 (Ag/AgCl (3M KCl); BASi, USA). All potentials in the work are given
relative to the Ag/AgCl reference electrode.

The prepared graphene electrodes were tested as electrodes for supercapacitors using cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) techniques in 1 M LiClOs solution (Sigma-Aldrich, 99%) in distilled water in the
range potentials from -1 to 0.8 V CV measurements were carried out at various scan rates in the range
from 5 to 200 mV xs-.

2.5. Specific capacitance

The specific capacitance (Csp, FXg) was calculated based on the data obtained by CV and GCD
measurements according to equations (1) and (2) respectively [37].

_Q

Cop= m xAv’ @)
XAt

Cop= mx AV’ (2)

Where Q is the accumulated charge in coulombs (equal to half the integrated area of the
corresponding CV curve), m(g) is the mass of the active substance, At (s) is the discharge time, AV (V)
is the voltage window, I (A) - current during discharge.

GCD was carried out at specific currents from 0.2 to 5 Axg™ in the potential range (a voltage
window range) from -1 to 0.8 V. EIS measurements were carried out in the frequency range (100 mHz
- 100 kHz) with a sinusoidal potential amplitude of 5 mV rms at open circuit potential (OCP). Before
the EIS measurements, the electrodes were preliminarily soaked in the electrolyte for 5 minutes to
ensure stability. All parameters were obtained using EC-Lab V11.02 software.

3. Results and Discussion

Figure 1 shows the electronic images of the synthesized FLG sample obtained with the help of a
scanning electron microscope (SEM) and transmission electron microscope (TEM).

(a) (b)
Figure 1. SEM and TEM images of FLG particles: (a) SEM image of FLG; (b) TEM image of FLG.
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As can be seen from Figure 1, the synthesized particles have a few-layer structure and have
linear dimensions up to several tens of microns. Studies were carried out by laser diffraction to clarify
the linear dimensions of graphene particles (Figure 2).
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Figure 2. Results of measurements of the dispersity of FLG particles. a -particle size distribution by
volume; b - distribution of particle size by the number of particles.

As can be seen from Figure 2, although the sample contains particles with lateral sizes of up to
several hundred microns (Figure 2a), the proportion of such particles is small (Figure 2b). As can be
seen from Figure 2b, most of the particles have linear dimensions of about one pm.

An X-ray diffraction study was carried out to determine the number of layers in the synthesized
FLG sample. The results of the experiment are shown in Figure 3.
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Figure 3. This is a figure. Schemes follow the same formatting.
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Based on the position of the 002 peak and its FWHM, using the Scherer formula [38], the
crystallite size (L) was calculated as equal to 17.7 A. The formula N=L/d was used to calculate the
number of graphene layers in the sample. The formula presented "N" is the number of graphene
layers in the sample, d=3.81 A is the interplanar distance. As a result of the calculation, it was found
that the number of graphene layers in the sample does not exceed 5.

Figure 4 shows the Raman spectrum of the synthesized FLG sample. As can be seen from Figure
4, the synthesized sample demonstrates a typical Raman spectrum for graphene nanostructures.
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Figure 4. This is a figure. Schemes follow the same formatting.

The intensity ratio of the D and G peaks is 0.89. Similar Raman spectra were observed in [39]. In
[40], the authors associated the mutual superposition of the 2D and D+G peaks in the region of 2500
3500 cm~! with the wavy structure of the samples, the presence of a large number of edges, and the
multidirectional superposition of graphene layers on each other. In our previous work [34], we have
shown that FLG samples synthesized under the conditions of the SHS process do not contain Stone-
Wales defects.

The specific surface, according to the BET theory of the synthesized FLG sample, was 220 m?/g.

Samples made from FLG and activated carbon (AC) were studied by Cyclic Voltammetry (CV)
as model electrodes of supercapacitors in a three-electrode cell in 1 M aqueous LiClOs solution. Figure
5a,b shows the comparative results of CVs of fabricated samples at scan rates of 200 (Figure 5a) and
5 mVxs (Figure 5b) in the range of potential change from -1 to 0.8 V.

For both scan rates, the samples show an electrical double-layer capacitance behavior (no

pronounced peaks).
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Figure 5. CV of FLG (1) and AC (2) samples fabricated in 1 M LiClO4 aqueous solution: (a) at a
potential sweep rate of 200 mVxs ~; (b) 5 mVxs .

The specific capacity of the obtained samples was calculated using equation (1). Figure 5 shows
that at a scanning speed of 200 mVxs™ and 5 mVXs, these values are 170 and 64 FXg", respectively.
It should be noted that despite the fact that the specific surface area of FLG is much smaller than that
of AC (220 and 740 m?/g, respectively), it demonstrates greater efficiency than AC.

Figure 6 a—c show curves of current density versus electrode potential at potential scan rates of
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Figure 6. Cyclic voltammograms in 1 M aqueous solution of LiClOs at potential scan rates of 5-200
mVxs! for: (a) FLG; (b) AC.

It can be seen from the presented graphs that for both samples, the values of current densities
become larger with increasing scanning speed. At lower potential scan rates, all samples show curve
shapes close to rectangular (rectangular-like shape), which is typical for double-layer behavior. With
an increase in the sweep rate, the shape of the CV curves was distorted (fusiform), which is associated
with the resistance of electron transfer. Still, the general shape of the curves remained close to
rectangular, which indicates relatively high power characteristics of the materials.

Figure 7 shows the dependence lg(Ip)-lg(v) for FLG and AC.
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Figure 7. Ig(I)-Ig(v) dependencies for: (a) FLG; (b) AC.

The slope of this dependence enables the estimation of the limiting stage of the process [41]. The
slope (coefficient b) may take values from 0.5, corresponding to the diffusion-controlled process, to
1, corresponding to adsorption. For the AC sample, the coefficient b values correspond to mixed
kinetics (b = 0.86), which suggests insignificant limitations of mass transfer in the electrode material.
A noticeable contribution of limited mass transfer was observed for FLG sample only at high values
of scan rates (b values close to 0.5).

The Galvanostatic charge/discharge method was used to study the capacitive properties of the
obtained graphene samples. Figure 8 shows the GCD behavior of all electrodes at current densities
of 0.2-5 AXxg'. All samples are characterized by deviations from the linearity of the charge-discharge
curves, especially when discharging to low potentials, which is probably associated with side
irreversible recovery processes.
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Figure 8. Galvanostatic charge/discharge curves for a graphene sample made in a 1 M LiClOs aqueous
solution at current densities of 0.2 -5 Axg' from: (a) FLG; (b) AC.


https://doi.org/10.20944/preprints202307.0215.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 July 2023 d0i:10.20944/preprints202307.0215.v1

The gravimetric capacitances of the electrodes were calculated using equation (2). The
capacitances of electrodes based on graphene made from FLG and AC at a current of 0.2
Axg1 are 265 and 75 Fxg-!, respectively. All calculated capacitance values from CV and
GCD are presented in Tables 1 and 2.

Table 1. Capacitance from CV.

Voltage Scan Rate, mV xs1 Specific Capacitance, Fxg1
FLG AC
200 65 35
100 83 38
50 105 43
20 135 50
10 151 57
5 170 65

Table 2. Capacitance from GCD.

Current Density, AXg Specific Capacitance, Fxg?!
FLG AC
0.2 265 75
0.5 194 67
1 168 62
2 145 58
3 130 56
4 121 54
5 113 52

To better understand the electrochemical properties of the electrodes, the samples were studied
by electrochemical impedance spectroscopy (EIS). Spectra in Nyquist coordinates are shown in
Figure 9. The spectra have a classical shape for porous systems without a pronounced semicircle and
a linear section in the low-frequency region [42]. This indicates a sufficiently high conductivity of the
samples and the predominant dominance of diffusion kinetics. The main differences between the
samples are observed in the slope of the linear dependence in the low-frequency region, which may
be due to more significant diffusion limitations for the sample with FLG. This may be due to
differences in specific surface area and porosity. These findings are in good agreement with CV
measurements at various sweep rates.
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Figure 9. Impedance spectra at OCP (open circuit potential) for electrodes FLG (1) and AC (2).

The stability of electrode materials based on few-layer graphene was tested by the GCD method
in 1 M LiClOs aqueous solution at a current of 2 Axg for 1000 cycles. The resulting dependence is
shown in Figure 10.

120
W
] 4100

X 100 A M
c - 180 &
= Capacitance loss 4% -
c 80 3]
9 c
o 0
160 ©
o O
S 60- i
2 o
= e
® {40 E
o 404 [¢]
S 5
O o]
@]

20 - 420
0 T T T T 0
0 500 1000
Cycles

Figure 10. Impedance spectra at OCP (open circuit potential) for electrodes FLG (1) and AC (2).
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The drop in capacitance for 1000 cycles was 4% (the initial capacitance was 144 Fxg, and after
a thousand cycles it was 138 Fxg), which indicates a sufficiently high stability of the materials, and
allows them to be considered for use in supercapacitors. The decrease in capacity may be associated
with irreversible reduction processes, which is confirmed by an increase in the values of the Coulomb
efficiency with cycling. It is recommended to use a narrower range of potentials to improve stability.

4. Conclusions

It was experimentally shown that FLG synthesized under the conditions of the SHS process is a
promising material for the using in supercapacitors. It was found that de-spite the lower specific
surface area than AC, FLG samples have better capacitive parameters. Samples with FLG also showed
high stability: the drop in capacity over 1000 cycles was less than 4%.

As a result, the FLG has optimal structure and particle size distribution, and thus achieve higher
capacitance values. A high capacitance of 265 Fxg™ (0.2 mAxg) was achieved FLG electrode in
aqueous LiClOxs electrolyte. The achieved capacitance values were 2-4 times higher of the activated
carbon-based electrode with a higher surface area. Furthermore, the FLG electrode maintained its
capacitive performance cycling (1000 cycles). Thus, the findings suggest that the FLG composite can
be promising electrode material for supercapacitors.
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