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Abstract

Supercapacitors (SCs) have the potential to be reliable energy storage devices. They offer high-power, a long life
cycle, and excellent reliability, making them ideal for consumer electronics. Numerous studies have focused on
developing carbon-based materials with a high specific surface area and electronic and ionic conductivity that leads to
the provision of high specific capacitance. Few-layer graphene (FLG) has garnered significant attention due to its
exceptional electrical, mechanical, and thermal properties. This study introduces a simple, scalable, and eco-friendly
approach to synthesizing FLG through mechanical exfoliation using a high-speed kitchen blender. The process employs
graphite and Pluronic F-127 surfactant in an aqueous solution, ensuring reduced environmental impact. Structural analysis
via Raman and FTIR spectroscopies and XRD confirmed successful exfoliation with minimal defects, and retention of
the graphitic framework. TEM images demonstrate approximately 400 nm diameter, uniformly shaped, well-ordered
nanosheets. Electrochemical characterization highlights the suitability of FLG electrodes for supercapacitors, while cyclic
voltammetry (CV) displays excellent reversibility, and EIS demonstrates a low charge transfer resistance (~0.15 Q). The
fabricated FLG-based supercapacitor achieved specific capacitances up to 71.34 F g under a low current density,
confirming high energy storage efficiency. The combination of simplicity, scalability, and cost-effectiveness makes this

method promising for large-scale production, fostering advances in sustainable energy storage technologies.

Keywords: Green synthesis, Single step, Mechanical exfoliation, Supercapacitor, Few-layer graphene, Shear exfoliation,

Pluronic F-127 surfactant

Introduction

Nowadays, supercapacitors have become a significant specific surface area (~2,630 m? g™),

fascinating form of energy storage: Especially the
electrical double layer super capacitors (EDLCs) offer a
number of benefits, including high power (>10 kW
kg™, long cycle lives (over 10° cycles), and excellent
reliability, making them ideal for consumer electronics,
rapid start-stops, and high-speed transportation systems
[1]. Presently, graphene oxide (GO) has garnered
substantial attention due to its exceptional electrical and
chemical properties. These properties include

remarkably high electrical conductivity (~10° S cm™),

excellent thermal conductivity (~5,000 W mK™"), and
high chemical stability [2,3]. Many processes have been
developed to generate GO in large-scale production for
applications. Those processes include mechanical [4],
chemical [5], electrochemical [6], and thermal
exfoliation [7], and they commonly break down graphite
to intercalated layers, used to achieve percolation and
network formation inside a polymer matrix [8]. Paton et
al. [9] showed a method of shear-exfoliating graphite to

produce GO industrially scalably. This entails
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producing GO in stabilizing solvents as well as polymer
or surfactant solutions, utilizing a high-shear rotor-stator
mixer. However, there are certain drawbacks to this
strategy. This approach yields only modest
concentrations (C ~ 0.1 mg mL™"), restricting the rate of
production. Still, the inherent benefits of shear
exfoliation more than compensate for the obstacles. The
problems described above are most likely connected to
the specifics of the rotor-stator generating the shear
flow. Other approaches to generate high shear in a
scalable manner without the difficulties stated above
may exist [9]. A completely developed turbulence along

Table 1 Comparison of methods for GO production [14].

with the high-shear zones is required to address the
limitations of the rotor-stator mixer. Alhassan et al. [10]
first established the viability of exfoliating graphite
through turbulent mixing using a stainless steel blender
with a 4-blade impeller. However, they skipped over the
further optimization to obtain mostly monolayer GO;
instead, they only concentrated on this initial notion
employing laponite. Recently, this method has been
promoted by Yi et al [11]; Varrla et al [12].
Measurements in many groups have demonstrated that
graphite can be exfoliated to produce GO using a simple,
high-speed rotating blade.

Mechanical . L. Chemical vapor
Property L. Chemical exfoliation .
exfoliation deposition
Production method complexity Low Medium Very High
Quality of synthesized GO Very High Poor High
Production price (per 1 cm?) - <0.1 USD <1 USD
Feasibility of single-layer GO Yes, but with
. . ) No Yes
production difficulties
Scalability Scalable [13] Scalable Scalable

shows a comparison of GO production methods by
mechanical or chemical exfoliation, and by chemical
vapor deposition. The mechanical exfoliation
demonstration was based on a kitchen blender, and is
scalable by modification to the control loop and speed,
while able to achieve 2% mass yield on average for 5-
layer GO after 30 min (Kenwood blender with a
water/NaC dispersant, [13]). The low cost of mechanical
exfoliation may be inferred from the low complexity of
the production method. Mass production of graphene
nano-sheets mainly uses mechanical or electrochemical
exfoliation [15].

In addition, the choice of surfactant greatly
influences the efficiency of exfoliation and dispersion
stability, as well as the overall quality of the GO layers
obtained. Surfactants can reduce the surface tension and
interfacial energy of GO, thus easing the separation of
graphite layers [16], preventing re-aggregation of
exfoliated GO by electrostatic or steric stabilization,
maintaining uniform dispersion [17], and improving the
yield and quality of exfoliated GO by maintaining
structural integrity and minimizing structural defects

[18]. Karagiannidis et al. [19] exfoliated graphite into
GO through microfluidics using sodium deoxycholate as
surfactant, to provide smaller pristine graphitic particles
from 8 to 1 um. Moreover, highly concentrated GO
dispersions from exfoliating graphite using the solvent
N-methyl-2-pyrrolidone was demonstrated by Khan ez
al. [20] achieving stable dispersions of up to
approximately 63 mg mL™! [20].

In this current study, a novel and simplified
approach was demonstrated for the preparation of few-
layer graphene (FLG) through mechanical high-speed
blending (23 krpm) in the presence of Pluronic F-127,
tuned by varying the solvent concentration (Cs), initial
graphite concentration (C;j), and mixing time (t).
Contrary to traditional techniques such as Hummers’
oxidation or probe sonication, this comparatively low-
energy method produces FLG with moderate quality and
electrochemical activity that allow fabricating
electrodes for supercapacitor applications with 6 M
KOH electrolyte.

Materials and methods
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Graphite powder (size 10 pm) was purchased from
Tiger Rich System Co., Ltd., and used as supplied. The
surfactant used was Pluronic F-127 (PF-127), which was
purchased from Sigma Aldrich. In this research, a Sharp
blender (model emc-15) was used to disperse and
exfoliate graphite powder in PF-127 solution. To
execute each mix, the required quantity of PF-127 was
dissolved in 200 mL of deionized water by stirring. The
tapered blender jug was given the dose of graphite,
which was then topped with the PF-127-water solution.
The kitchen blender (Sharp, EMC-15) of 2-liter capacity
has a set of 6 blades (stainless material), with 4 blades
(70 mm diameter) in the lower position and 2 blades (30
mm diameter) in the upper position. The blades are L-
shaped in this commercially available kitchen blender.
The blender was operated at full speed (23 krpm) for 10
- 60 min. Due to overheating, such blenders are not
intended to be operated at high speeds for long periods
of time. To deal with this, the blender was turned off for
1 min after each minute of mixing (1 min on/1 min off
duty cycle). During the off cycles, the jug was immersed
in a cold-water bath. After mixing, aliquots of the
dispersions were collected and centrifuged (Dynamica,
Velocity 18R with fixed angle rotor) at 1,000 rpm for 45
min.

The concentrations of FLG were determined using
UV-Vis spectroscopy (PhotoLab 7600). To characterize
the sample, Raman spectroscopy was used to determine
the degree of graphitization in the GO materials as well
as the Irp/Ig intensity ratio [21]. In addition, the structure
of GO was analyzed using X-ray diffraction (XRD,
PANalytical Empyrean), and transmission electron
microscopy (TEM, JOEL, JEM-2010) images were
used to investigate the morphological properties of
graphite nanostructures.

In testing the performance characteristics in a
supercapacitor application, the current collectors were
copper plates, and 2 sizes of FLG electrodes were
prepared, with 1 cm? to conduct electrochemical
impedance spectroscopy (EIS), and 1 g for cyclic
voltammetry (CV) and galvanostatic charge/discharge
(GCD). These characterizations were measured using
Autolab PGSTAT302N. CV was recorded at various
scan rates from 100 to 500 mV s™! with a voltage range
from —1 to 1 V, which aligns with the standard
electrochemical stability window for aqueous
electrolytes such as KOH [22]. This potential range is

commonly used in supercapacitor studies to avoid water
electrolysis while maximizing the accessible voltage
window for double-layer formation. According to Kotz
et al. [23], aqueous-based supercapacitors typically
operate within this range to ensure stability and avoid
parasitic faradaic reactions. EIS was recorded in the
frequency range of 0.1 - 100,000 Hz by applying an AC
voltage with 5 mV perturbation. The influences of FLG
on electrochemical performance for supercapacitors
were clearly revealed, and the results are expected to
provide the experimental basis for further study on GO-
based energy storage devices. Preparation of the

2 cell

supercapacitor cell made use of a 7x15 cm
sandwiched between acrylic materials (10 mm), stacked
in the order acrylic/current collector coated with
GO/separator paper saturated with 6 M KOH/current
collector coated with GO/acrylic. Screws were used to
press the layers together, and silicon glue was used for
sealing. The 12 pum copper current collector was made
in China (TMAXCN). A summary of the steps for this
testing is as follows: (1) Prepare the graphite and
aqueous suspension of Pluronic F-127 (PF-127). (2) Set
up the kitchen blender (Sharp, EMC-15) and run shear
flow following the experimental design. (3) Fine
graphite suspension is collected and centrifuged
(Dynamica, Velocity 18R with fixed angle rotor) to
separate the generated GO. (4) The GO properties are
measured, using TEM, UV-VIS, and XRD. (5) Prepare
the supercapacitor with 1 g GO in the sandwich cell. (6)
The electrochemical supercapacitor is tested for CV and
GDC.

Results and discussion

The primary benefit of utilizing a rotating-blade
mixer to generate FLG is its ability to treat relatively
large liquid volumes quickly. Sonication probes, on the
other hand, may efficiently treat quantities as little as a
few hundred mL, resulting in modest output rates
[20,24]. From this experiment, the supernatant
concentration was determined using UV-Vis
spectroscopy. The Lambert-Beer extinction law states
that the optical absorbance is directly proportional to

concentration using:

Ext = eCgl (1
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where Ext is the extinction, & is the extinction
coefficient, Cg is the concentration, and 1 is the path
length [25]. The extinction of an extracted sample from
each system was measured at 660 nm in a cell with a 10-
mm path length. FLG dispersions in surfactant/water
solutions were found to have an extinction coefficient of
1,330.5mL mg 'm..

PF-127 was set at | g or 2 g (PF1 and PF2) in 200
mL DI water, with shearing in blender for 10 min, to test
the effects of Pluronic surfactant concentration.

Error! Reference source not found.(A) indicates
that as the concentration of graphite increased, the
concentration of FLG also grew. The highest FLG
concentration was achieved using PF1 and PF2 at 20 g
of graphite and 10 min of exfoliation time, yielding 1.52
and 2.49 mg mL !, respectively. This suggests that the
PF2 process might have enhanced efficiency in
producing FLG, potentially due to surfactant
interactions. In addition, the yield of FLG as a
percentage (Error! Reference source not found.(B))
decreased with the concentration of graphite. PF1
generally shows higher yield (17.94%) compared to PF2
(14.28%) at the lower graphite concentrations, but
decreases sharply as graphite increases. Additionally,
the production rate of FLG (Error! Reference source
not found.C) had an increasing trend with the
concentration of graphite. This indicates that, despite the
drop in yield, the total amount of FLG produced per unit
of time does rise with amount of graphite input.

Moreover, as blending time increases in Error!
Reference source not found.(D), where PF1Cil has PF-
127 1 g and graphite 1 g, PF2Ci20 has PF-127 2 g and
graphite 20 g, the concentration of FLG grows for both
conditions, though PF2Ci20 exhibits a steeper rise,
reaching its peak at 60 min with a maximum
concentration of 6.39 mg mL™' and standard deviation

of 0.187, Figure 2 Concentration of mechanically

exfoliated GO as a function of exfoliating time in
data curated from the literature (Table 2 for details).

The current study is number 12 in this plot.

Table 1 [26]. PF1Cil shows a slower but steady

increase to 2.09 mg mL™" at 60 min, implying a gradual
improvement in dispersion over time. In Error!
Reference source not found.(E), the yield of FLG
improves over time in PFI1Cil but remains low and
steady in PF2Ci20, particularly after the 30-minute
mark. In PFICil, the extended blending time
contributes positively to the exfoliation efficiency,
which reaches a peak 41.85% yield. In contrast,
PF2Ci20 does not demonstrate significant yield
improvements over time, suggesting that a higher initial
concentration of graphite may limit the effectiveness of
prolonged blending due to aggregation or stabilization
challenges [12].

In Error! Reference source not found.(F), the
production rate starts higher in PF2Ci20 (0.23 mg mL!
min!) at the 10-minute mark, suggesting an initially
efficient process, but it stabilizes as time progresses.
This could indicate rapid initial exfoliation followed by
saturation or agglomeration effects. The technique used
in this work is more effective at producing high
concentrations of 6.39 mg mL™! GO dispersions when
compared to comparable mechanical exfoliation
techniques for GO that have been documented in the
literature, as illustrated in Figure 2 and Table 2. This
study demonstrates high efficiency in FLG production
within a short exfoliation time while achieving the
highest GO concentration. The results highlight the
effectiveness of the process in maximizing yield with

minimal processing duration [27-34].
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Figure 1 A comparison between amounts of PF-127 set at 1 g or 2 g (PF1 and PF2) in DI water, sheared for 10 min. (A)
Concentration of mixer-dispersed FLG plotted against graphite concentration C;, (B) yield of FLG, which was calculated
from CrrLg/Ci plotted against Ci, (C) production rate, which was calculated from Crrg/time plotted against C;, (D) plot of
Crrg against time, (E) plot of yield of FLG against time, and (F) plot of production rate against time. (D) - (F) Comparison

between PF1Cil and PF2Ci20.
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Figure 2 Concentration of mechanically exfoliated GO as a function of exfoliating time in data curated from the literature
(Table 2 for details). The current study is number 12 in this plot.

Table 1 Experimental repetitions and measurement uncertainties.

. Concentration Average Standard deviation
Number Methodologies B B
(mg mL™) (mg mL™) (Error)
1 6.18
2 Rotating blade blender 6.45 6.39 +0.187
3 6.54

The number of experimental repetitions along with the measurement uncertainty for 3 repetitions: 6.39 mg mL™" with +

0.187 standard deviation (error).
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Table 2 The concentration of GO produced

mechanically by exfoliation for a given time, in data curated from the

literature.

No. on Time Concentration

graph Method Exfoliation medium ) (mg mL™Y) References
1 Shear exfoliation Water—sodiu.m cholate 2 1.1 [27]

solution

2 Shear exfoliation Polyvinylpyrrolidone 2 0.70 [27]
3 High shear mixer IPA-water 1 0.27 [28]
4 Ultrasonic bath water 2 1.00 [29]
5 Sonication (sequential) NMP 8 0.43 [30]
6 Tip sonication NMP/azobenzene 3 0.07 [31]
7 Bath sonication Water/ammonia solution 8 0.058 [31]
8 Sonic bath Aqueous ammonia 2 0.03 [32]
9 Shear exfoliation Water/graphite oxide 6 3.96 [33]
10 Sonication bath Urea 4 0.95 [34]
11 Sonication bath NMP 5 0.95 [34]
12 Rotating blade blender Pluronic {-127 1 6.39 This work

The household blender created a fully turbulent
flow to produce GO. The shear rate reduces as the
distance from the blade increases, while turbulence is
well-developed throughout the fluid. As shown in Error!
Reference source not found., the exfoliation
mechanisms can involve high shear and collisions
primarily caused by turbulence. Five fluid dynamics
events are believed to cause the exfoliation and
fragmentation, based on the properties of the turbulent
flow in the kitchen blender [11], as follows:

(D) The steric repulsion force at the hydrophobic
tails (hydrocarbon chain) of the surfactant molecules
[35]. The interaction force and corresponding energy
between 2 polymer-coated sheets were modeled by De
Gennes [36], and the force per unit area is provided by

the formula

et - (] 2

in which h. denotes the chain length of the attached
molecule that is stuck on the sheet, and D is the average
distance between the 2 junction sites that link the sheet
and the adhered molecule. The first term in the brackets
indicates osmotic force, whereas the second represents
elastic force. At high compressions, the osmotic term
should dominate fully. In this model the interaction

force is inversely proportional to the third power of D
[37].
(IT) Intensive Reynolds shear stress (Regiade) above

the critical value ~10* can be caused by turbulence [12].

Regigae = NDZP/T] 3)

where p and 1 represent the liquid density (1,000 kg
m™>) and viscosity (0.001 Pa s), respectively. When N
reaches its maximum value in the blender used (23
krpm), Repiage > 10° is significantly higher than 104,
indicating fully established turbulence.

(III) Due to the high Reynolds number and
associated turbulence which favors inertial forces over
viscous forces, graphite-graphite and edge collisions are
enhanced [28].

(IV) It is probable that a pressure difference
caused by turbulent pressure fluctuations also exfoliates
graphite using normal forces [38].

(V) The viscous shear stress in confined laminar

regions is proportional to the velocity gradient [39]:

d
T=ng (4)
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where 7 represents the shear stress (Pa), n serves as the

dynamic viscosity of the fluid (Pa s) and Z—; means the

velocity gradient (s ™).

The key factors in GO production were Pluronic
F-127 and high-speed rotation. Triblock copolymer
Pluronic F127 has been demonstrated to disperse GO in
the
interaction between GO and I-tryptophan and l-tyrosine,

electrolyte solution and block hydrophobic
while pressure from the blades of the blender can be

used to fabricate high concentration GO [40]. Therefore,

while the household blender produced simply GO,
adding Pluronic F127 in the process enabled low-cost
and 1-step production. The other methodologies
reported are very complicated and have a high cost.
Based on the turbulent flow in a blender with high-shear
regions, 1-step mechanical exfoliation was enabled by
Pluronic F127 surfactant that helped disperse and
preserve the generated GO. This investigation has
demonstrated a “green synthesis” because of the simple
method, the low cost, and the low waste from the

process.

Pluronic F-127

Reynolds shear stress

&

(111)

&

Collisons

Edge

11

- il

>
(Iv) t
._ o Ikv?:
£ # § Hish pressure _: {'}

(Inside)
Low pressure

w
<
2

Aq

»

vd

viscosity of the fluid

Low

pressure

*AAAA

V)

Figure 3 An illustration of the blender with a schematic of the mechanisms of exfoliation.

The TEM images in Figure 4 depict the
morphology and crystalline structure of the FLG
synthesized. The layered arrangement of GO sheets with
diameter 400 nm and clear interlayer spacing, confirms
the high structural quality of the FLG. The visible
straight and parallel edges suggest well-ordered layers
with minimal structural defects, critical for maintaining
the unique electrical and mechanical properties of GO
[41]. The distinct interplanar distances indicate the
presence of turbostratic or few-layer stacking rather than
bulk graphite [42]. The sharp edges and consistent
thickness across the layers point to a precise exfoliation

process, likely minimizing layer damage and defects.

The high degree of crystallinity suggests that the
synthesis technique effectively preserves the intrinsic
properties of GO.

In this study, size selection of FLG was achieved
through controlled centrifugation at 1,000 rpm for 45
min. This step separates smaller flakes from residual
graphite. According to the method exhibited by Khan et
al. [43], such a centrifugation rate typically results in
flakes with a lateral dimension of ~1.6 um. This
indicates that the exfoliation and size selection in this
study is consistent with best practices for producing
FLG with improved structural quality and uniformity.
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Figure 4 (a) TEM image of FLG, and high-resolution TEM images of FLG (b-c) revealing well-defined lattice fringes

and layer stacking with nanoscale precision.

Raman spectra for graphite powder and FLG are
shown in Error! Reference source not found.. Six peaks
were identified in the Raman spectra. However, the
significant peaks that identify carbon were at 1,341,
1,571, and 2,708 cm™! due to D, G(E2g) and G’(2D)
bands, respectively [44]. In other peaks, the Raman
bands observed in graphite and FLG are caused by
optical phonon scattering, which is an in-phase
(coherent) oscillation of atoms from their equilibrium
position [45,46]. Raman spectroscopy can also be used
to demonstrate exfoliation, and it is one of the best non-
destructive techniques for characterizing materials
based on carbon. Both the thickness of GO sheets [47]
and the quality of deposited GO layers [26] can be
assessed using Raman spectroscopy.

The D-band (~1,350 cm™) is related to defects and
disorder in the GO structure [48]. The D-band could be
observed in the graphite spectrum, suggesting that there
are some flaws. The D-band for FLG appears to be less
strong or completely non-existent, indicating a lower
defect density or higher structural quality than in
graphite. In addition, the G-band (~1,580 cm™) refers to

the in-plane vibrations of sp?>-bonded carbon atoms,

where carbon atoms in the hexagonal lattice vibrate in
opposite directions within the same plane [49]. Both
graphite and FLG show a prominent G-band, indicating
the presence of a graphitic structure. Both samples have
identical G-band positions, which is predicted given
their sp? carbon network structure. The 2D-band (~2,700
cm™') is a second-order overtone of the D-band that
corresponds to the stacking order of GO layers [27].
FLG has 2D peak which appears sharper and more
intense than the graphite, indicating fewer GO layers.
The form and intensity of the 2D band can also indicate
the thickness of GO. The sharper peak in FLG might
imply a well-ordered FLG structure [21]. In addition,
Lorentzian peak fitting, as displayed in Error! Reference
source not found., was applied to the D, G, and 2D bands
of both spectra to further quantify the differences
between graphite and FLG. The intensity ratio Irp/Ig
increased from ~0.48 in graphite to ~0.83 in FLG. The
Raman spectrum of the synthesized FLG exhibited an
I,D/IG ratio of 0.83 and a 2D peak FWHM of 76 cm™,
suggesting an estimated GO stacking of 4 - 6 layers,
supporting the classification of FLG [50].
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Figure 6 Lorentzian peak fitting of Raman spectra plotted between graphite and FLG.

Error! Reference source not found. allows an XRD
pattern comparison between graphite and FLG. This
XRD pattern presented successful exfoliation of
graphite, which is reflected in the decreased FLG peak
intensity when compared to graphite. A high degree of
crystallinity and ordered stacking of graphite layers are
indicated by the sharp and intense peak at approximately
26.6°, which corresponds to the (002) plane of graphite.
On the other hand, the peak of FLG (002) is notably less
intense and broader than that of graphite, with ~ 9.02°
of FWHM. This broadening suggests that graphite has
successfully exfoliated into thinner layers by showing a
decrease in crystallite size along the c-axis. Increased
interlayer spacing is indicated by a shift of the (002)
peak to a slightly lower 20 value, which is frequently
brought on by exfoliation, or by intercalation by
stabilizing agents [51]. In addition, higher-order
reflections of bulk graphite are represented by the
additional smaller peaks at higher 26 values, including
100 plane at 42.5°, 101 plane at 44.5°, 004 plane at 55°
and 110 plane at 77°. The (100) diffraction peak in FLG,

appearing at 43°, corresponds to the in-plane periodicity
of the hexagonal carbon lattice. Bragg’s law defines a
relationship between the X-ray beam’s angle of
incidence (0), interatomic spacing (d), and wavelength
(A =0.15418 nm), in the crystal lattice as Eq. (5):

nA = 2dsin@ (5)

where the order of diffraction is given by the integer n.

Due to the regular stacking between the GO layers
being disrupted by intercalation with water and the
introduction of oxygen-containing functional groups
from Pluronic F-127, the spacing was increased when
compared to pristine GO (~0.34 nm) [52]. In FLG, this
peak is significantly broadened with 2.25 of FWHM and
reduced in intensity due to the reduction in lateral
crystallite size and partial loss of long-range order.
Moreover, the disappearance or deterioration of higher-
order reflections in the FLG pattern, which are for 101,
004, and 110 planes, indicates that the layered structure
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is broken, confirming disordered stacking and fewer
layers [53].

These observations are consistent with findings
from various studies on sonicated GO. For instance,
Girtinlii et al. [54] showed a decrease in peak intensity
and slight shifts in the (002) peak position, indicating
successful exfoliation and the formation of FLG
structures. Similarly, Zhang et al. [55] reported that the

pattern of the exfoliated GO sheets shows a
superimposed reflection peak at 23.4°, corresponding to
a larger interlayer spacing of lattice-damaged crystals of
the GO sheets. This shift and peak broadening are
attributed to misalignments and defects in the carbon
layer stacks, confirming the successful exfoliation of

graphite into the FLG.

» few-layer graphene
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Figure 7 XRD patterns of graphite and FLG.

The electrochemical impedance spectroscopy
(EIS) graph displayed in Figure 6 highlights the
performance comparison of FLG and fine graphite
coating on an electrode. The Nyquist plot of FLG shows
a significantly smaller semi-circular region at higher
frequencies compared to fine graphite, and both have
linear regions at lower frequencies, indicative of the
(Re) and
diffusion-controlled processes, respectively. From the

electrode’s charge transfer resistance
inset, R of FLG can be estimated at approximately 0.07
Q, derived from the semicircle diameter [56]. In
addition, solution resistance (R;) of FLG and fine
graphite can reach 0.45 and 2.15 Q, respectively. The
lower resistance of FLG demonstrates its higher
conductivity and charge transfer efficiency.

The EIS data of FLG were fitted using the
equivalent circuit shown in Figure 6, composed of
the

resistance of the active substance and the electrolyte’s

solution resistance (Rs:R;) corresponding to
inherent resistance, the constant phase element (CPE,)

is actually the double layer characteristic and is in

parallel with charge transfer resistance (Rc:R2), and the
Warburg impedance (Wo1) models the diffusion of OH"
ions [57]. The parameters fit to the data are displayed in
Table 3. The use of CPE,; instead of an ideal capacitor
reflects the non-ideal electrochemical double-layer
behavior due to the surface heterogeneities of the FLG
electrodes, and is defined by [58]:
Zepp = [QG)"]™! (6)
where w is the angular frequency of the measuring
signal, and Q and n are frequency-independent
constants.

The constant value of Q is directly proportional to
the active area and is associated with the apparent
capacitance. The exponent n is a correction factor that
may be connected in some way to the roughness of the
electrode, with values ranging from 0 to 1, whilen =0
and 0.5 indicate resistance and Warburg behavior,
respectively, with n = 1 indicating that the CPE element
is an ideal capacitor. Generally, a CPE may appear as a
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result of a distribution of relaxation times due to
inhomogeneities at the interface between the electrode
and electrolyte, porosity, and diffusion-related dynamic
disorder [59]. The low R, of 0.07 Q, indicates efficient
ion transport and minimal interfacial resistance

compared to other GO -based electrodes, where R,

commonly is within 0.05 - 1.86 Q [60], and the minimal
Warburg component suggests efficient ion diffusion
within the electrode pores. This model aligns with
standard interpretations of impedance spectra in carbon-

based energy storage devices [61].

77 0.05 -
6 - 0.04 -
) |
5 4 S 0.03 -
- N
B4 4 0.02 4
"5 |
= 3 0.01 T T T )
N 0.4 0.5 0.55 0.6 0.65
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| N ——FLG
I 4 | R? Viol I . .
| ——Fine graphite
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0 5 10 15 20 25
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Figure 6 Equivalent circuit representation and Nyquist plot of the FLG and fine graphite coated electrode in the frequency

range of 0.1 - 100,000 Hz by applying an AC at 5 mV.

Table 3 The equivalent circuit parameters identified from the impedance spectrum for FLG in Figure 6.

Element Value

Ry 0.45
CPEir 0.08
CPE,.p 1.00
R2 0.07
Woir 0.13
Worr 1.30
Wol-P 0.41

Cyclic voltammetry (CV) analysis of symmetric
supercapacitors provides important information about
their charge storage behavior and electrochemical
performance. CV curves with a quasi-rectangular shape
at different scan rates (100 - 500 mV s™!) are shown in
Error! Reference source not found.. This is indicative of
double-layer capacitance with negligible Faradaic
contributions. Furthermore, the excellent reversibility

and stability of the electrode material are confirmed by
the symmetry between the positive and negative current
densities. The potential window of —1 to 1 V further
reinforces the suitability of the aqueous or stable
electrolyte system, as no significant Faradaic redox
peaks are observed, confirming the dominance of

double-layer charge storage mechanisms [62].
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The (GCD)
analysis is a critical method for evaluating the

galvanostatic  charge-discharge

electrochemical performance of symmetric

supercapacitors. The characteristics of the discharge
curves provide

insights into the charge storage

mechanisms, energy efficiency, and material
performance under varying current densities [62,63].
This study used GCD measurements to examine the

behavior of a symmetric supercapacitor within the

potential window 0 - 0.7 V, assessing its linearity,
current dependence, and specific capacitance across
different current densities. The discharge profiles in the
GCD curves are almost linear, which is indicative of
ideal capacitive behavior. The stability of the electrode
material during operation and the reversibility of the
system are further supported by the symmetric shape of
the charge and discharge cycles [64].
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Figure 7 CV curves for FLG electrode under scan rates of 100 - 500 mV s across the potential window from —1to 1 V.

Error! Reference source not found. indicates that
when the applied current density rises from 0.1 to 0.5 A
¢!, the discharge time falls considerably. Specific
capacitance (C;) is a key parameter for quantifying the
charge storage capability of a supercapacitor. It can be

calculated using the equation:

I-At
s = — (7
—_1 2
Wh=—-c,av (8)

where watt-hours (Wh) are the stored energy. /
represents the applied current (A), m represents the mass
of active material (g), AV represents the potential
window (V), and At represents the discharge time of 1

cycle (s).

Based on the discharge times extracted from the
GCD curves, the findings clearly show that specific
capacitance and current density are negatively
correlated. At 0.1 A g7!, the electrode demonstrates the
highest capacitance of 71.34 Fg™!' (4.855 mWh),
reflecting efficient ion diffusion and full utilization of
the active surface. However, as the current density
increases to 0.2, 0.3, 0.4, and 0.5 A g”!, the specific
capacitance significantly decreases to 70.62, 23.44,
12.74, and 14.29 F g!, respectively. This reduction is
attributed to insufficient time for the electrolyte ions to
access the full surface area of the electrode at higher
current rates, leading to diminished charge storage
performance.

The highest specific capacitance obtained in this
study, 71.34 F g™! at a lower current density (0.1 A g™!)

with IR drop of 0.03 V, is significantly higher than the
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value reported by Vika et al. [65] for thermally reduced
graphene oxide (rGO), which exhibited 6.53 mF g ! in
IM H,S04 [65]. The lower capacitance of rGO may be
attributed to its reduced surface area and the presence of
oxygen functional groups that limit efficient charge
storage. However, the capacitance of FLG in this study
is lower than the 142.3 F g ! achieved by Williams et al.

[66] who used FLG as a conductive additive in activated

0.8
0.7

=
=

=
Lh

Potential (V)
=
I

=
e

=
3=

0.1

carbon electrodes with 6 M KOH as the electrolyte. The
superior performance of FLG in their study may be due
to enhanced ion diffusion and charge transfer within the
highly porous structure, or affected by particle size.
Additionally, that study demonstrated that the high-
performance supercapacitor may use alternative
electrolytes with different molecular weights, such as
HzSO4 or Na2804.

—10.1 A-"g

Time (5)

Figure 10 Charge/discharge curves for FLG electrode under various current densities within 0.1 - 0.5 A g,

Conclusions

This study demonstrated a scalable, cost-effective
method for producing FLG using mechanical exfoliation
in a kitchen blender. The nanoflakes formed had
approximately 400 nm diameter. The results revealed
that the synthesized FLG retains high structural
integrity, evidenced by Raman, FTIR, and XRD
analyses. Electrochemical performance evaluations
confirm the materials suitability for supercapacitor
applications, with a low charge transfer resistance and
excellent specific capacitance. The specific capacitance
determined in this investigation was 71.34 F g™! (4.855
mWh) at a low current density (0.1 Ag™') when using
6M KOH electrolyte. The synthesis process ensures
minimal environmental impact and high resource
efficiency, aligning with green chemistry principles.
Actually, the GO is highly costly because of the
complexity of the conventional processes, but the novel

alternative involves simple production and formation in

nano-size, ensuring comparatively low cost. These
findings underline the potential for FLG as a
competitive material in energy storage applications,

paving the way for further industrial-scale exploration.
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