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Abstract

This work presents a comparative study of graphene exfoliation technologies from various
graphite precursors—spectral graphite and thermally expanded graphite (Graflex)—using
ultrasonic treatment and electrochemical methods in the presence of the ionic surfactant
Nafion. The influence of exfoliation parameters, the nature of the starting material, and the
presence of surfactant additives on the morphology, dispersibility, stability, and structural
characteristics of the resulting graphene-containing dispersions was investigated. Particular
attention is paid to a two-step technology combining pulsed electrochemical exfoliation
with subsequent mild ultrasonic treatment. Comprehensive characterization of the samples
was carried out using UV-Vis spectroscopy, X-ray diffraction (XRD), thermogravimetric
analysis (TGA), electron microscopy, electron diffraction (ED), dynamic light scattering
(DLS), and X-ray photoelectron spectroscopy (XPS). It was found that the use of Nafion
significantly enhances exfoliation efficiency and contributes to the stabilization of the
dispersions. Graphene sheets obtained from Graflex exhibit significantly larger lateral
dimensions (up to 1 um or more) compared to those exfoliated from spectral graphite
(100-300 nm). The approach combining the use of Graflex and pulsed electrochemical
exfoliation in the presence of Nafion with subsequent low-power ultrasonic treatment
enables the production of few-layer graphene (1-3 layers) with high stability.

Keywords: graphite; exfoliation; graphene; electrochemical exfoliation; ultrasonic dispersion

1. Introduction

Graphene has found wide applications in various industries due to its outstanding
mechanical, electrical, thermal, and optical properties [1,2].

The unique properties of graphene, such as its almost two-dimensional structure [3],
high electrical and thermal conductivities [4,5], and high charge carrier mobility [6], have
led to attempts to apply it in various engineering fields. Several studies have explored
the use of graphene-containing composites for corrosion protection. Materials based on
graphene and polymer Nafion [7], as well as those including graphene, boron nitride,
and polyaniline [8], have been reported. The role of graphene in enhancing the thermal
stability of Nafion-type polymers has been demonstrated [9]. Studies [10-12] have provided
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information on the use of graphene in supercapacitors, which is facilitated by its large
specific surface area.

Graphene has recently gained attention for its application in hydrogen energy. In
particular, graphene has been extensively investigated as a catalyst support in proton ex-
change membrane fuel cells (PEMFCs) and in water electrolyzers, especially at the cathode,
where its high surface area, electrical conductivity, and structural stability can improve
catalytic activity and durability. In addition, the incorporation of graphene-based materials
as additives in membranes and electrodes is considered a promising approach to enhance
proton conductivity and to improve the thermal and mechanical stability of electrochemical
systems. Pavko et al. [13] described the use of graphene in proton exchange membrane fuel
cells (PEMFC). The study also presents a scalable method for synthesizing platinum-based
electrocatalysts on graphene-derived supports. Liu et al. [14] reported the fabrication
and investigation of a PEM based on graphene oxide. Samantaray et al. [15] reviewed
the recent advances in graphene-based cathode materials for fuel cell applications. It has
been reported that the large surface area, high conductivity, and mechanical durability
of graphene make it highly suitable for use in various solid oxide fuel cells as well as in
PEMEFCs. Pham et al. [16] investigated the electronic properties and electrocatalytic activ-
ity of phosphorus-doped bilayer graphene toward the oxygen reduction reaction (ORR)
in sulfuric acid solution. The potential of using such a platinum-free catalyst is demon-
strated. Materials based on graphene and the polymer Nafion have been described [7], as
well as materials composed of graphene, boron nitride, and polyaniline [8]. The role of
graphene in increasing the thermal stability of polymers such as Nafion has been shown [9].
Studies [10-12] report on the application of graphene in supercapacitors, enabled by its
high specific surface area.

Graphene is commonly produced using two fundamental approaches: top-down
methods involving the exfoliation of graphite and other carbon materials [17,18] by chemi-
cal or mechanical cleavage of graphite layers, and bottom-up methods, which involve the
deposition of graphite layers onto a substrate, for example, by chemical vapor deposition.

Recent reviews emphasize that no universal method for graphene synthesis, capable
of meeting all requirements, has yet been achieved. Liquid-phase exfoliation provides
an accessible route to graphene dispersions, but suffers from limitations in flake size and
structural defects. Reduction of graphene oxide can yield bulk quantities of material but
introduces residual defects that degrade electronic properties. Epitaxial growth on silicon
carbide enables high-quality graphene, but requires expensive substrates and extreme
conditions. Meanwhile, methods employing surfactants or polymers (e.g., Nafion) can si-
multaneously facilitate exfoliation and stabilize the resulting graphene, thereby minimizing
issues related to stabilizer removal while preserving the intrinsic properties of graphene.
Such approaches open promising opportunities for applications in electrochemistry and
related fields [19].

Mechanical exfoliation is the best-known among these techniques. Graphene was
first obtained using adhesive tape to mechanically peel off graphite layers by Geim and
Novoselov in 2004 [4]. However, despite producing low-defect graphene, this approach
is limited by its very low production yield. This approach has evolved into combined
mechanical and chemical methods [20-22]. A widely used and cost-effective method for
large-scale graphene production is the chemical exfoliation of graphite using the well-
known Hummers’ method [23]. Nevertheless, this process has certain drawbacks, such as
potential structural defects in the sheets of reduced graphene oxide (rGO). This often results
in low electrical conductivity. Furthermore, this method largely relies on the removal of
functional groups through chemical or thermal reduction. For example, Johra et al. [24]
studied graphene oxide (GO), obtained using the Hummers’ method, and graphene reduced
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from oxide. Itis reported that the obtained graphene consists of multiple layers and exhibits
an intense D band in Raman spectra, indicating defects that may be caused by ultrasonic
(US) treatment. It is noted that this can affect the quality of graphene, which is one of the
disadvantages of the solution-based approach.

Alternative approaches include liquid-phase exfoliation of graphite, epitaxial growth
on SiC, reduction of graphene oxide, and chemical vapor deposition (CVD). Among these,
CVD is considered the most promising for the fabrication of large-area graphene films;
however, it requires high temperatures and complicated transfer processes, which hin-
der its integration into devices. Pang et al. proposed an improved approach—extrinsic
corrugation-assisted mechanical exfoliation (ECAME)—which allows the preparation of
monolayer graphene films with a high yield (>60%) directly on Si/SiO; substrates, combin-
ing simplicity with scalability [25].

Methods based on electrochemical exfoliation of graphite form a distinct group [26-29].
The principle of these methods is based on the intercalation of different ions or charged
particles into the interlayer space of graphite. This process is driven by an electric field
applied between the graphite (working) and auxiliary electrodes. Thus, an electrochemical
process occurs, involving oxidation or reduction of the intercalated ions. As a result,
fragments of the graphite structure are exfoliated, containing fewer layers than the original
graphite, along with the release of reaction products.

Htwe et al. [28] described an electrochemical intercalation method for producing
graphene. The influence of applied potential on the properties of exfoliated graphene was
investigated. The findings demonstrated that a lower applied potential of 5 V led to the
formation of thinner graphene with a lower defect density and enhanced thermal stability,
as compared to the application of 10 V. Notably, the electrical conductivity of graphene
obtained at 5V (2.53 x 10~! S/cm) was higher than that at 10 V (6.33 x 1072 S/cm).

Carrasco et al. [26] reported an electrochemical method of anodic exfoliation of
graphite in the presence of a combination of common salts/bases (NaCl, NaOH) as an
aqueous electrolyte, aimed at producing highly oxidized graphenes with controlled oxygen
group content while maintaining electrical conductivity (~102-103 S/m). It is noted that
carboxyl-enriched anodic graphene has advantages over reduced graphene oxide when
used in electrochemical devices. Carboxyl-enriched anodic graphene was pressed into a
compact film and tested as a cathode material in aqueous zinc-ion hybrid capacitors. The
material generally demonstrated higher capacitance and rate performance compared to
both standard anodic graphene and reduced graphene oxides produced via conventional
approaches, including the Hummers method.

Liquid-phase exfoliation of graphite under external force (e.g., mechanical stirring
or ultrasonic field) represents the second widely used approach, an alternative to the
Hummers method [30]. Narayan et al. [31] reviewed the achievements and limitations of
liquid-phase graphene synthesis, including evaluation of the quality and yield of graphene
sheets using various surfactants. The initial solvents were found to be toxic and had high
boiling points, which encouraged the search for safer alternatives, such as water. However,
pure water is not sufficiently effective, so various surfactants classified as aromatic, non-
aromatic, ionic liquids, and polymers are therefore employed. The work highlights that
several challenges must be addressed to enable further progress in liquid-phase exfoliation
of graphite using surfactants. These include (1) the overall yield of liquid-phase exfoliation
remains low; (2) effective exfoliating solvents are often expensive and toxic; (3) ultrasonic
treatment typically leads to a significant reduction in the size of exfoliated graphene sheets;
(4) residual surfactants are difficult to remove; (5) most commonly used surfactants are
electrically insulating, which can severely impair interlayer electrical connectivity; and
(6) liquid-phase exfoliation often produces graphene sheets with high polydispersity.
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According to Griffin et al. [32], liquid-phase exfoliation has evolved significantly in
recent years and is now a common technique for producing 2D materials. Surfactants are
used to prevent the aggregation of nanosheets. Using WS;, the influence of surfactant type
and concentration on the yield and size of the nanosheets was investigated. In the case
of ionic surfactants, the exfoliation yield was stable at low concentrations but decreased
significantly when the concentration exceeded ~10 mmol. A similar trend was observed for
the length and thickness of the nanosheets. It was found that at a surfactant concentration
of up to 0.07 mmol, stable dispersions with a zeta potential of >40 mV are formed. It is
shown that the size and thickness of the nanosheets depend on the stabilization rather than
the exfoliation process itself.

Thus, graphene and graphene materials, when using the “top-down” approach, are
obtained by exfoliation of graphite mainly using four methods: dry mechanical exfoliation,
chemical exfoliation (Hummers method), electrochemical exfoliation, and liquid-phase
exfoliation under the action of external forces. To improve certain parameters of the technol-
ogy, combinations of these methods are often employed. Electrochemical exfoliation is of
particular interest, and is promising due to the possibility of fine-tuning process parameters
such as electrode potential, current density, time, electrolyte composition, temperature, and
others. Furthermore, it allows the introduction of certain alloying additives in order to
modify the composition and surface of the graphene sheet.

The defect level, particle size, number of graphene layers, and monodispersity are
influenced by the synthesis method, the starting material, and the extent of treatment
(temperature, chemicals, ultrasound) applied to the precursor graphite. Milder conditions
contribute to obtaining graphene with fewer defects and larger particle sizes.

The use of surfactants in graphite exfoliation allows for the process to be intensified,
and the stability and size of particles to be controlled. However, their application is
associated with several significant limitations: surfactants adsorb onto the graphene surface,
forming stable surface complexes with high activation energy. This makes their subsequent
removal difficult, which in turn either leads to aggregation of graphene layers upon
surfactant desorption, or to distortion of the electronic structure and chemical properties
of the material when surfactants remain. Thus, the presence of surfactants considerably
restricts the practical utility of graphene systems.

The use of proton-exchange polymer Nafion makes it possible to avoid these draw-
backs. This material performs a dual function: it simultaneously catalyzes the exfoliation
process and stabilizes the obtained graphene material. As a widely employed compo-
nent of electrochemical systems with mixed conductivity, Nafion integrates seamlessly
into the composite without the need for removal. This ensures the preservation of the
intrinsic properties of graphene and broadens its application range in electrochemistry and
related fields.

Therefore, the proposed approach not only enhances the efficiency and stability of the
exfoliation process but also offers a fundamental advantage over conventional surfactant-
assisted methods, underscoring the novelty of the present study.

At this stage, the issue of controlling the characteristics of the obtained material
becomes essential. Reliable analytical methods are required for the identification and
evaluation of graphene and its derivatives. Due to the presence of characteristic electronic
transitions in graphene-based materials (GO, few-layer graphene, graphene with various
surface functional groups), electronic spectroscopy is one of the most powerful tools for
studying these materials. Graphene is characterized by three peaks in the ultraviolet region
of the spectrum: around 230, 265, and 310 nm. The first two peaks correspond to m—7t*, while
the third is attributed to n—mt* transitions [24,33-35]. The —mt* absorption band is associated
with the conjugated bonds in the hexagonal rings of graphite, whereas the n— 7* is due
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to non-bonding electrons of functional groups (for example, oxygen-containing) of atoms.
The position of the peaks (along the wavelength axis) depends on factors that influence
the energy state of the electrons. Such factors include the composition and number of
functional groups, the number of graphene layers, and possibly the compounds adsorbed
on the surface.

Johra et al. [24] noted that the absorption spectra of the aqueous dispersion of GO in
the UV-visible region display a peak at 235 nm, which corresponds to the —7* electronic
transition of sp2 C=C bonds. This peak shifts to a longer wavelength (265 nm) after the
reduction of GO to graphene. This effect is attributed to the increase in 7-conjugation [33].
As m-conjugation enhances, less energy is required for the transition, which corresponds to
the observed shift in absorption to longer wavelengths. Lai et al. [34] demonstrated that GO
dispersions containing a high percentage of few-layer (1-3 layers) GO can be distinguished
from those with a high percentage of multilayer (4-10 layers) or thicker (>10 layers) GO by
UV-visible spectroscopy through the analysis of the intensity of the peak at 230 nm. GO
with few layers has a single peak, while GO with many layers has a shoulder. With the
increase in the number of layers, the shoulder intensity of multilayer GO tends to decrease.
The peak or shoulder is not observed for GO with a large number of layers (>10). This
observation enabled a qualitative analysis of the GO dispersion. Empirical methods for
determining the number of layers in graphene dispersions are also known, allowing for a
comparative analysis of graphene stacks thickness.

An analysis of graphene testing methods and layer number evaluation in the mate-
rial was conducted by Kumar et al. [36]. It is noted that the determination of graphene
layer number is crucial because the unique properties of monolayer graphene gradually
decrease with increasing layer count: up to 5 layers for few-layer graphene, up to 10 layers
for multilayer graphene, and more than 10 layers, at which point the material behaves
as bulk graphite. The study compares the effectiveness of determining the number of
graphene layers using various characterization methods, such as transmission electron
microscopy (TEM), atomic force microscopy (AFM), scanning electron microscopy (SEM),
X-ray diffraction, electron diffraction, Raman spectroscopy and mapping, as well as spin
Hall effect-based techniques. Among these methods, TEM and ED proved to be the most
promising for determining the number of graphene layers and their stacking order.

The results of a study on the graphene production by electrochemical and ultrasound-
assisted liquid-phase exfoliation of carbon materials in the presence of surfactants are
presented in this paper.

The scientific significance and relevance of addressing the problem of degradation and
insufficient energy conversion efficiency in water electrolyzers for hydrogen production
arise from recent trends identifying hydrogen as one of the promising energy carriers.
Meanwhile, the known issues of degradation in such electrolyzers and their relatively
short service life necessitate the search for scientific and technical solutions to extend their
lifespan and improve safety while maintaining acceptable performance levels.

2. Materials and Methods
2.1. Materials
Two types of graphite materials were used as precursors:

- spectral graphite rods of grade EC-22 (Ilength 19.9 cm, diameter 0.6 cm); density
1.65 g/cm?3, porosity 25%, electrical resistivity < 20 pOhm [37];

- graphite foil made of thermally expanded graphite from Graflex®(Graflex, Podolsk,
Russia), density < 0.05 g/ cm3;
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A proton-conducting ionomer of the Nafion type was used as a surfactant, specifically
the commercial product DE1021 (DuPont™, Wilmington, DE, USA), with an available acid
capacity > 0.92 meq/g and a total acid capacity in the range of 0.95-1.03 meq/g.

The electrolyte was prepared using extra pure sulfuric acid (Neva-Reaktiv, Saint
Petersburg, Russia).

2.2. Methods
2.2.1. UV-Vis

Absorption spectra were recorded using a double-beam spectrophotometer Specord
210 (Analytik Jena, Jena, Germany) with WinAspect 2.2 software at a scan rate of 5 nm/s
and a resolution of 0.1 nm. Sedimentation curves were obtained at a wavelength of 500 nm.
A quartz cuvette with an optical path length of 1 cm was used. Reference solutions had
the same composition as the dispersion medium of the studied samples: a mixture of
isopropanol and water (1:1), n-propanol and water (1:1), or 0.5 M H,SOy solution.

2.2.2. DTA

Thermogravimetric analysis was performed on a Mettler-Toledo TGA /DSC 1 derivato-
graph with STARe System v.16.40 software (Mettler-Toledo LLC, Columbus, OH, USA).
Air was purged through the derivatograph chamber at a flow rate of 30 cm3-min~!. The
temperature was ramped at a constant rate of 10 K-min~—! over the range of 35-1000 °C.
Measurements were carried out at room temperature (~25 °C) and atmospheric pressure,
with relative humidity between 40 and 50%. Samples weighing a few milligrams were
placed in alumina crucibles. Mass loss (thermogravimetric, TG) and heat flow (differential
thermal, DT) curves were recorded during heating.

2.2.3. XRD

X-ray diffraction analysis was carried out on a DRON-8N powder diffractometer
(Bourevestnik, JSC, Saint Petersburg, Russia) using Bragg-Brentano geometry (copper
anode x-ray tube, a Ni Kf filter, and Cu K« radiation, A = 1.54186 A). Data were acquired
in the 26 range of 5-120° with a step size of 0.0142° and an exposure time of 6 s per step.
Sample rotation speed was 6 s per revolution. Measurements were performed using a
low-background silicon sample holder. The system featured a linear position-sensitive
detector Mythen2 R 1D° (DECTRIS Ltd., Déttwil AG, Switzerland) with a 4.48° angular
opening and a Gobel mirror.

Processing of XRD patterns and calculations of the interlayer spacing (d) and coherent
scattering region (CSR) were carried out using Rigaku SmartLAB Studio II v2.0 software.

2.2.4. DLS

Measurements were carried out using a Zetasizer Nano ZS analyzer (Malvern Pan-
alytical, Malvern, United Kingdom) at a constant temperature of 25 °C. The dispersion
medium consisted of a 1:1 volume ratio mixture of isopropanol and deionized water. A
helium-neon laser (A = 632.8 nm) served as the light source. Zeta potential values were
calculated using the Smoluchowski equation.

2.2.5. XPS

XPS measurements were performed at the Research Center “Physical Methods of Sur-
face Investigation” of St. Petersburg State University using an Escalab 250Xi spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a monochromatic AlKo
source (photon energy 1486.6 eV). The spectrometer was calibrated using the Au 4{7/2
line (binding energy 84.0 eV). The spectra were acquired in constant pass energy mode at
50 eV with an XPS spot size of 650 pm. The overall energy resolution of the experiment
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was approximately 0.3 eV. All measurements were conducted at room temperature under
ultra-high vacuum conditions (~1 x 10~ mbar). A combined ion-electron charge compen-
sation system was used to neutralize sample charging. The spectra were deconvoluted
using Avantage v5.9925 software (Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.2.6. TEM and Electron Diffraction

Structural properties were investigated using TEM in cross-sectional geometry with a
Jeol JEM-2100F microscope (Jeol, Tokyo, Japan) operated at 200 kV and a pixel resolution of
0.19 nm.

2.3. Calculations and Data Processing

To calculate the charge (Q) involved in the electrochemical exfoliation of the carbon
material, the following equation was used:

t
Q:/O I()dt, (1)

where Q—total charge, C; [—current (A), t—exfoliation time (s).

Pulsed exfoliation was performed at two voltage levels: +3 V and —1.5 V. The charge
corresponding to each level was calculated separately, enabling the evaluation of the
contributions of the anodic and cathodic stages.

The XRD results were processed using established methodologies [36,38]. The
anisotropy of particle shape was determined as the ratio of coherent scattering region
sizes in the orthogonal (002) and parallel (100) directions with respect to the graphene
layers, following standard approaches [39,40].

The degree of graphitization (G) was determined by the Mering-Maire formula ac-
cording to the following relation:

0.344 — dooo

~ 0.344 — 0.3354 )

where the average interlayer spacing of an ideal graphite crystal is 0.3354 nm, and the
average interplanar spacing of turbostratic graphite is 0.3440 nm.
Electrophoretic mobility (L) was calculated using the Helmholtz-Smoluchowski equation:

U= %, 3)
krty
where U—electrophoretic mobility (m2/V*s); &—zeta potential (V); e—relative dielectric
permittivity of the dispersion medium; ey—electric constant (8.85 x 10~12 F/m); k—shape
factor (6 for a sphere); n—dynamic viscosity of the dispersion medium.
The peak position, absorption spectrum shape, and extinction coefficients depend on
the thickness of graphene nanosheets. The number of graphene layers (N) was determined
using an empirical equation [41]:

 137-Asso

N
Amax

1.2, 4)

where Assg—optical density at a wavelength of 550 nm; Amax—maximum optical density.

2.4. Technologies of Few-Layer Graphene

Exfoliation of carbon materials was carried out using two technologies: (1) a single-
step process involving high-power ultrasonic dispersion (liquid-phase exfoliation), and
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(2) a two-step process consisting of electrochemical exfoliation followed by dispersion
using low-power ultrasound.

2.4.1. Ultrasound-Assisted Liquid-Phase Exfoliation (High-Power Ultrasound)

Dispersions were prepared with two carbon materials (spectral graphite and Graflex)
and the surfactant Nafion to develop the ultrasonic dispersion process for graphene syn-
thesis. The effect of various surfactant concentrations and duration of sonication on
effectiveness of the exfoliation process was investigated. The most effective exfoliation
parameters were used to scale up the process.

Due to the presence of both hydrophobic (carbon backbone: —CF,—CF,-) and hy-
drophilic (sulfonic acid groups: -SO3H) groups, Nafion exhibits surface-active properties
and is expected to be adsorbed onto the surface of graphene layers (sheets). It facilitates the
exfoliation of graphite layers through the redistribution of the electron density associated
with the m-electrons.

Precise amount of carbon material (18 mg) and surfactant (4.5 mg, on a dry basis)
were mixed in a flask, followed by the addition of 30 mL of an isopropanol-water mixture
(1:1). The resulting dispersions were treated with high-power ultrasound (US) using a
submerged titanium waveguide. A UZD1-1.0/22 ultrasonic disperser (LLC “UZVD”, Saint
Petersburg, Russia) with 120 W sonication power and total power of 1 kW (FSUE Research
Institute of High-Frequency Currents, Saint Petersburg, Russia) was used. Dispersion was
carried out in 1.5 min intervals with 30 s pauses, with the vessel placed in an ice bath to
prevent overheating and evaporation of the dispersion medium. When total sonication
time (13, 25, or 45 min) had been reached, the dispersion was kept in the ice bath for another
5 min to ensure full cooling. The sonication power was 4 W/mL. The compositions and
processing parameters are presented in Table 1.

Table 1. Samples obtained by liquid exfoliation using high-power US with and without the addition
of surfactants.

C (Surfactant),

Sample Precursor mg/L Sonication Time, min

Graphite US 0 mg/L Spectral graphite 0 13
Graphite US 50 mg/L Spectral graphite 50 13
Graphite US 150 mg/L Spectral graphite 150 13
Graphite US 300 mg/L Spectral graphite 300 13
Graphite US 0 min Spectral graphite 150 0
Graphite US 13 min Spectral graphite 150 13
Graphite US 25 min Spectral graphite 150 25
Graphite US 45 min Spectral graphite 150 45
Graflex US 13 min Graflex 150 13

UV-Vis spectroscopy (for determining the number of graphene layers) and sedimenta-
tion analysis with optical monitoring (for evaluating particle size and dispersion stability)
were employed to evaluate the technology’s efficiency and identify the most promising
systems. The criteria considered were:

- number of graphene layers;
- particle size;
- monodispersity;
- stability of the dispersion;
- overall process efficiency, including product yield and exfoliation duration.
Figure 1a shows the UV-Vis absorption spectra of dispersions of spectral graphite and

Graflex. The surfactant concentration in the dispersions was 150 mg/L, the ultrasound
treatment time was 13 min, and the ultrasound power was 4 W/mL.
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Figure 1. UV-Vis absorption spectra of (a) spectral graphite and Graflex dispersions obtained under
identical surfactant concentration, sonication time, and US power; (b) dispersions prepared using
different concentrations of Nafion.

The absorption bands observed at approximately 235 nm and 273 nm are typically
attributed to 7—* electronic transitions in C=C bonds of oxidized and reduced graphene,
respectively, as reported by Luo et al. [42]. The absorption band near 305 nm, corresponding
to the n—7r* transition of electrons in C=0 bonds, is not observed in the spectrum. An
empirical correlation yielded a graphene layer count of 10 for the graphene dispersion
and more than 11 for the spectral graphite dispersion (Graphite_US_13min), as presented
in Table 2. The assessment of the number of layers is based on a comparative approach,
enabling the analysis of peak intensities associated with 7—mt* electronic transitions in C=C
bonds of reduced graphene; however, it does not represent the absolute layer count within
a graphene stack. The slight shift in the absorption peak from 230 nm to 235 nm suggests a
reduced presence of oxygen-containing groups [43].

Table 2. The average number of layers in a graphene stack for materials after sonication, calculated
using an empirical formula.

Sample Asso Amax (270) N

Graphite US 0 mg/L 1.034 1.116 >11
Graphite US 150 mg/L 0.622 0.710 >11
Graphite US 300 mg/L 0.538 0.597 >11
Graphite US 13 min 0.724 0.804 >11
Graphite US 25 min 0.943 1.068 >11
Graphite US 45 min 1.706 2.023 10
Graflex US 13 min 1.690 2.055 10
Graphite US 13 min (replicate) 1.077 1.192 >11

The most pronounced dispersing effect, resulting in the formation of few-layer and
weakly oxidized graphene, is observed in the dispersion with Graflex (Figure 1a). The
elevated background in the range of 500-800 nm is attributed to light scattering by large
particles that entered the dispersion during exfoliation. In the spectrum of the disper-
sion with spectral graphite, the peak near 273 nm is less distinct, and the background is
lower, indicating the exfoliation of a smaller amount of few-layer graphene and fewer
larger particles.

Absorption spectra of dispersions obtained with varying surfactant concentrations,
using Nafion as the surfactant, are presented in Figure 1b. The strongest dispersing effect
occurs at a Nafion concentration of 150 mg/L.
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Figure 2a presents the absorption spectra of dispersions subjected to varying durations
of US treatment. The spectrum of the untreated sample shows no distinct peaks within the
investigated range. In contrast, the spectrum of the dispersion treated for 13 min exhibits
bands near 231 nm and 272 nm. With increasing sonication time, the characteristic graphene
peaks become more intense, accompanied by a rise in background absorption. The most
pronounced effect is observed after 45 min of US treatment.

(a) 231 nm (r—n* transitions of C=C bonds of GO) Graphite (b) Graphite
272 nm (C=C sp2 bonds of G) 150 mg/L Nafion 45 min US 150 mg/L Nafion
305 nm (n—n* transitions of C=0 bonds) 4 W/mL ’:'; 4 W/mL
2l / “"«K > 15}
e~ 8
S
© 45 min US g
~ o
§ S 10k 25minUs
K ®
5 1F 25 min US 9 13 min US
8 13minus| €
< Sosp
S
8
\/ omnus | < kL 0minUS
—T —t— T 00 1
200 300 400 500 600 700 800 0 20,000 40,000
Wavelength (nm) Sedimentation time (s)

Figure 2. (a) UV-Vis absorption spectra of spectral graphite dispersions with the addition of 150 mg/L
Nafion at different sonication times (0—45 min); (b) changes in dispersion sedimentation curves with
increasing sonication time.

Figure 2b displays the sedimentation curves of dispersions prepared under varying
durations of US treatment. As evident from the curves, the dispersion prior to sonication
exhibited poor stability: the Graphite US Omin sample (untreated) showed the fastest
sedimentation rate, with a half-settling time (t1/2, the time at which the optical density
drops to 50% of its initial value) of 1390 s. The most stable dispersions were those treated
for 25 and 45 min, where the optical density decreased only to 0.73 and 0.76 of the initial
level over the course of the experiment. The results of the sedimentation curve analysis are
summarized in Table 3.

Table 3. Selected data obtained from the sedimentation analysis of the investigated dispersions.

Sample Sonication Time, min T1/2,s As4000/A0
Graphite US 0 min 0 1390 0.13
Graphite US 13 min 13 6900 0.68
Graphite US 25 min 25 10,700 0.73
Graphite US 45 min 45 7700 0.76

The most effective exfoliation effect was achieved with systems based on spectral
graphite and Graflex after 45 min of sonication. To facilitate further material investigations,
it was necessary to scale up the process. Dispersions were prepared with 755 mg of
carbon material, 50 mL of dispersion medium, and a Nafion concentration of 100 mg/L.
Additionally, a dispersion without surfactant was produced. US treatment was conducted
at a power density of 2.4 W/mL. Following sonication, the dispersions were air-dried
and weighed, and the product yield was determined. The compositions and technological
parameters for the production of suspensions are given in Table 4.



C2025,11,76 11 of 33

Table 4. Samples obtained by ultrasound-assisted liquid-phase exfoliation, with a precursor mass of
755 mg, at a power density of 2.4 W/mL and sonication time of 45 min.

Composition

Carbon Material Surfactant C (Surfactant), mg/L Product Yield

Sample

Graphite US Spectral graphite Nafion 100 0.83
(1.28) associated with
Graflex US Graflex Nafion 100 partial exfoliation of the
auxiliary electrode
Graphite USw/o

surfactant Spectral graphite - 0 0.82

2.4.2. Electrochemical Exfoliation Followed by Liquid-Phase Exfoliation Using Mild
US Treatment

Electrochemical exfoliation (EE) was carried out using two types of carbon materi-
als: spectral graphite and Graflex. An aqueous dispersion of Nafion DE1021 (DuPont™,
Wilmington, DE, USA) was employed as a surfactant at a concentration of 100 mg/L in the
electrolyte. A 0.5 M sulfuric acid solution served as the electrolyte. Two electrochemical
modes were explored: pulsed potential application and potentiostatic control.

To perform the electrochemical exfoliation a three-electrode cell configuration was
used. Two electrodes made of spectral graphite or Graflex were placed in the cell at a
constant distance of 3.0 cm to ensure uniform current distribution. One of the electrodes
was serving as the working electrode and the other as the counter electrode. The work-
ing electrode was immersed so that the mass of the submerged part was 755 mg (1.7 cm
of immersion part). The non-submerged sections of the electrodes were insulated. An
Ag/AgCl reference electrode (ESr-10101, 4.2 M, No. 08554, LLC “Izmeritelnaya Tekhnika”,
Moscow, Russia) was used. The potential was controlled using an Elins P-150 potentio-
stat/galvanostat (Elins, Chernogolovka, Russia).

To implement the pulsed potential mode, a potential of +3 V was applied to the
working electrode for 30 s, followed by —1.5 V for 30 s. This cycle was repeated until
the active part of the working electrode was fully exfoliated into the dispersion. For the
potentiostatic mode, a constant potential of +3 V was applied to the working electrode until
complete exfoliation into the dispersion was achieved. Cyclic voltammograms (CVs) were
periodically recorded at a scan rate of 50 mV /s in the potential range from —1.5V to +3 V.
The compositions and processing parameters of the samples are summarized in Table 5.

Table 5. Samples obtained by electrochemical exfoliation.

Composition i
. Product Specific
Nafion, Mode Yield Charge Charge, C/g

mg/L

S 1
amp-e Carbon Material

. +3 V:9010 C
EE-1 Spectral graphite 100 pulse +3V, —1.5V,30s 0.78 _15V:3310C 24,641

EE-2 Spectral graphite 100 potentiostatic +3 V 0.97 +3V: 8493 C 11,634
EE-3 Spectral graphite 0 pulse +3V, —1.5V,30s 0.53 +3V: 13,285 C 45,644

’ ’ —1.5V:4953 C ’
+3V:27,887 C

EE-4 Graflex 100 pulse+3V,—15V,30s  0.35 —15V: 13,465 C

143,340

The electrochemical exfoliation efficiency for different experimental conditions was
as follows: EE-1—24,641 C/g; EE-2—11,634 C/g; EE-3—45,644 C/g; EE-4—143,340C/g.
These results demonstrate that the pulsed mode yields lower efficiency compared to the
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potentiostatic mode. Nevertheless, a comparison of pulsed exfoliation with (EE-1) and
without (EE-3) surfactant indicates that the presence of Nafion significantly enhances the
efficiency. For sample EE-4, intense gas evolution and rapid exfoliation were observed,
which hindered stable positioning of the reference electrode throughout the process. As a
result, harsher conditions may have developed not only at the working electrode but also
at the counter electrode, potentially leading to intense oxidation of the carbon material.
As shown in Table 5, the product yield correlates with the total anodic charge passed
through the cell. The lowest yield was recorded for EE-4, and the highest for EE-2. The
observed losses are presumably associated with electrochemical oxidation of carbon under
positive potentials.

The method consistently yielded comparable results both in terms of the amount of
exfoliated material and its structural quality.

Figure 3 shows a current-voltage characteristic (CV) of the carbon materials during
electrochemical exfoliation.

1200
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-1500 -750 0

600 | E vs Ag/AgCI (mV)

-370—> -460 mV
400 | SO,? deintercalation

| (mA)

1160 mV
200 0,-cont.group reduction |
| Hydrogen 2 g__p____ ; Oxygen
ol evolution e
j +
_______ S0,? intercalation
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-1000 ] 0 I 1000 I 2000 . 3000
E vs Ag/AgCI (mV)

Figure 3. CVs of the initial graphite electrode, 3 cycles; 0.5 M HySOy; scan rate v =50 mV/s; T = 25 °C;
in equilibrium with air. Polarization direction is shown with dashed arrows. Inset: enlarged cathodic
peak; dependence of sulfo group deintercalation peak current on scan rate.

Voltammograms at the boundary potentials (—1.5 and +3 V) demonstrate an increase in
current due to water electrolysis: hydrogen and oxygen evolution, respectively. Gas bubble
formation was visually observed near these potentials. During exfoliation, phenomena
similar to those described by Xia et al. [44] were observed. Potentiostatic holding at the
extreme potentials led to gas bubble formation. These bubbles resulted from intercalation
and oxidation of solvated anions, followed by gas release (e.g., O, from water electrolysis
and CO; from carbon oxidation). Gas evolution was fast and macroscopically visible, as the
applied potential exceeded the thermodynamic potentials for carbon and water oxidation
(Ecarbon = +0.95V; Ep /120 = +1.23 V). Anodic polarization led to anion intercalation and
cation deintercalation from the solution. Upon reversal of the polarization direction, the
opposite processes take place [45].

The cathode sweep exhibits two peaks: a distinct one at —0.460 V vs. Ag/AgCl and
a less pronounced peak at 1.16 V vs. Ag/AgCl. The first peak is attributed to sulfate ion
deintercalation or the reduction of dissolved oxygen, and may also involve the reduction
of hydroxyl and carboxyl functional groups. The peak at 1.16 V may correspond to the
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reduction of oxygen-containing surface groups (primarily carbonyls) formed during the
preceding anodic scan. It may also be attributed to the reduction of persulfate ions or
hydrogen peroxide formed at high anodic potentials. Their standard redox potentials are
2.1V and 1.8V, respectively [46]. The anodic branch shows no corresponding peaks. The
first three CV cycles are shown in the figure (see inset). The absence of anodic counterpeaks
indicates the irreversibility of the cathodic processes.

The use of magnetic stirring at a rotor speed of ~1200 min~! had no substantial
influence on the CV shape. This implies that external diffusion is not a limiting factor
and points to the oxidant being embedded within the electrode rather than present in the
bulk solution.

A kinetic experiment was carried out to identify the rate-limiting step of the process
corresponding to the peak at —0.46 V. CV curves were recorded at various scan rates
ranging from 10 to 100 mV/s. Prior to each measurement, the working electrode was
polarized at +3 V for 30 s to accumulate the same amount of oxidant (intercalate). The peak
intensity (peak current) showed a linear dependence on the scan rate (see Figure 3, inset),
which indicates that the cathodic process is under kinetic control (i.e., the rate is limited by
charge transfer rather than diffusion).

A significant increase in the peak current at —0.46 V is observed during the first three
cycles (Figure 3). The arrow indicates the direction of peak evolution with increasing cycle
number, which is labeled with digits. The hysteresis on the anodic branch in the potential
range of 1.2-3 V, corresponding to sulfate ion intercalation, also increases as the current
grows with the positive shift in potential. Meanwhile, the peak at 1.16 V diminishes and
becomes barely visible. Such changes in the CV profile can be explained by modifications
to the electrode surface.

As the electrochemical process progressed, the electrode surface diminished, and the
liquid medium turned dark due to exfoliated particles. As a result, by the end of the process,
the CV current values significantly decreased, while its shape was preserved.

Figure 4 shows CVs of the graphite electrode recorded after polarization at +3 V for
30's, 60 s, and without prior polarization. As seen from the figure, at a polarization time
of 30 s, saturation of the deintercalation current Imax (see the inset in Figure 4). Thus, the
pulse mode with a 30 s delay ensures complete intercalation.

1500
1000
—~ 500 |
< SOF
é | deintercalation
0}
— 0 s polarization
-500 R
30 s polarization
; —— 60 s polarization
1 L 1 " 1 " 1 L 1

-1000 0 1000 2000 3000
E vs Ag/AgCl (mV)

Figure 4. CVs of the initial graphite electrode; 0.5 M HySOy; scan rate v = 50 mV/s; T = 25 °C; in
equilibrium with air. Polarization direction is shown with dashed arrows. Inset: current of sulfate ion
deintercalation as a function of potentiostatic time at 3 V.
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Absorption spectra of dispersions prepared by electrochemical exfoliation are pre-
sented in Figure 5. A shoulder at approximately 223 nm is observed, indicating the presence
of oxidized carbon forms.

3
EE-1 (Spectral graphite, 100 mg/L Nafion, pulse mode)
—— EE-2 (Spectral graphite, 100 mg/L Nafion, potentiostatic mode)
EE-3 (Spectral graphite, 0 mg/L Nafion, pulse mode)
—— EE-4 (Graflex, 100 mg/L Nafion, pulse mode)
2 2
L
o 223 nm
c
®
o
—_
o
I 301 nm
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Figure 5. UV-Vis absorption spectra of various dispersions obtained from two types of carbon
materials (spectral graphite, Graflex) by electrochemical exfoliation; reference solution: 0.5 M HySOy4.

In the spectra of the sample obtained in pulsed mode without Nafion (EE-3) a bend
(almost a shoulder) centered around 208 nm is observed, which can be attributed to
multilayer graphene with approximately 10 layers. The spectrum of the sample with
Nafion (EE-1) shows a more pronounced effect in the same region—a diffuse maximum (a
shoulder turning into a peak), indicating a smaller number of graphene layers, approaching
3. In the spectrum of sample EE-2, obtained in potentiostatic anodic mode in the presence
of Nafion, a weak feature at approximately 223 nm is observed, which suggests a small
amount of exfoliated few-layer particles, while the high background indicates the presence
of a large number of coarse particles. The number of graphene layers is estimated to
be greater than 10. In the spectrum of the sample obtained from Graflex (EE-4), a clearly
pronounced peak located at 301 nm is observed, corresponding to the n—7* optical transition
of electrons in C=0 bonds, indicating the highest degree of oxidation in this sample.

The highest electrochemical efficiency and product yield (Table 5) for EE-2 are at-
tributed to the fact that, under potentiostatic conditions, the extent of fine exfoliation is
minimal, and the electrode rapidly splits into relatively large particles. A comparison of
pulsed modes in the presence and absence of Nafion suggests that Nafion promotes finer
and more efficient graphite splitting into graphene particles and inhibits their oxidation.
This effect likely results from the surfactant properties of Nafion and its adsorption on
graphene. Electrochemical efficiency is significantly higher in the presence of Nafion.

The obtained dispersions of carbon materials EE-1-EE-4 were purified from sulfuric
acid by repeated centrifugation cycles using a Sigma 6-16 centrifuge (SIGMA Laborzen-
trifugen, Osterode am Harz, Germany) at 18,000 rcf (12,400 rpm), followed by decantation
and washing of the precipitate with DI water until the pH of the washing solution reached
neutral. After purification, the precipitate was air-dried, weighed, and the product yield
was determined.
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Samples EE-1 and EE-4 underwent US treatment at low power (18 W/L) for 30 h
with the addition of surfactant. Suspensions were prepared using an isopropanol-water
mixture (1:1) containing 20% surfactant (Nafion). The treatment was performed using
a Bransonic 3510 ultrasonic bath (Branson Ultrasonics Corporation, Danbury, CT, USA).
The resulting carbon material samples (Table 6) were subsequently analyzed either as a
suspension form or as powders after drying, depending on the requirements of the specific
analytical method.

Table 6. Samples obtained using a two-step procedure: (1) electrochemical exfoliation, and
(2) liquid-phase exfoliation (18 W/L).

Composition, %wt

Sample Carbon Material Surfactant (Nafion) C (Nafion), mg/L. N (UV-Vis)
Graphite EE 80 (EE-1) 7
Graflex EE 80 (EE-4) 20 2000 9

Figure 6 presents the absorption spectra of the Graphite EE dispersion during mild
US treatment of the carbon material EE-1. As the dispersion time progresses, the intensity
of the peak at 268 nm—characteristic of few-layer graphene—increases significantly. The
number of graphene layers per stack, estimated using an empirical formula, was found
to be 7. At the early stage of dispersion, a weak short-wavelength peak at 228 nm is also
observed, which is typical for graphene oxide. The peak may be attributed to the presence
of a small amount of oxygen atoms on the graphene surface (see XPS data). The intensity of
this peak decreases during the dispersion process, as the surface fraction containing oxygen
atoms is reduced.
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Figure 6. Absorption spectra of the dispersion of the sample obtained during mild (18 W/L) US treat-

ment; the arrow indicates the direction of sonication time increasing; carbon material concentration
0.38 g/L.

3. Results

3.1. UV-Vis Spectroscopy and Sedimentation Curves

Normalized absorption spectra of dispersions are shown in Figure 7a. The dispersions
were prepared using spectral graphite, either by a two-step method (Graphite EE) or by
liquid-phase exfoliation at 2.4 W/mL (Graphite US), and using Graflex, also by a two-
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step method (Graflex EE) or by liquid-phase exfoliation (Graflex US). All spectra display
clear peaks near 270 nm, which indicates the presence of few-layer graphene (1-3 layers).
The most distinct peaks are observed in the spectra of samples obtained via the two-step
method. The number of layers calculated using the empirical formula is the lowest for the
samples obtained via the two-stage method (Table 7). The spectrum of Graflex EE shows a
pronounced peak at approximately 234 nm, suggesting the presence of oxygen-containing
functional groups on the graphene surface (m—m* transition in GO). Additionally, the peak
corresponding to the —7r* electronic transition in graphene is red-shifted to 285 nm, which
indicates a high degree of reduction. It is likely that the Graflex EE sample has a mixed
structure containing both oxidized and reduced graphene fragments.
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Figure 7. Normalized absorption spectra (a) and normalized sedimentation curves (A/Ay) (b) of
dispersions obtained through various techniques.

Table 7. The average number of layers in a graphene stack, calculated using an empirical formula.

Sample Asso Amax (270) N
Graphite US 0.910 1.066 10
Graflex US 1.337 1.477 >11
Graphite US w/o surfactant 0.459 0.483 >11
Graphite EE 1.505 2.289 8
Graphite EE (replicate) 0.821 1.348 7
Graflex EE 1.341 1.894 9

Analysis of sedimentation curves using optical (photometric) detection of particle
concentration in the dispersions [47,48] enabled comparison of the dispersity of graphene
produced by different methods (Figure 7b).

Figure 7b demonstrates that the samples vary significantly in both the rate and com-
pleteness of particle sedimentation. The highest sedimentation rates were observed in
the samples without Nafion (Graphite US w/o surfactant), EE-2, and EE-4. Their half-
sedimentation times, which are inversely proportional to the fraction of large, fast-settling
particles, were 19, 72, and 170 s, respectively. The greatest dispersion stability was observed
for samples prepared via the two-step method, where the optical density decreased by only
5% (Graflex EE) and 10% (Graphite EE) over the entire experimental period. The residual
optical density after 54000 s indicates the fraction of small, non-sedimenting particles re-
maining in the suspension, with the highest values recorded for Graflex EE (0.949), Graphite
EE (0.905), Graphite US (0.749), and Graflex US (0.478). The electrochemically exfoliated
graphene-like samples contained relatively low amounts of small particles, with the lowest
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value observed for the ultrasonically dispersed sample without Nafion (A/A0 = 0.0131).
Table 8 provides a summary of the sedimentation curve analysis results.

Table 8. Selected data from the analysis of sedimentation curves of the studied dispersions.

Sample C Carbon, g/L T1/2, s Asg000/Ag

EE-1 15 534 0.0302
EE-2 15 72 0.0675
EE-3 15 504 0.0253

EE-4 15 170 -
Graphite EE 0.24 >54,000 0.905
Graphite US 3.8 >54,000 0.720
Graflex US 0.38 46,200 0.488
Graphite US w/o surfactant 15 19 0.0131
Graflex EE 0.24 >54,000 0.949

To summarize, among the electrochemically exfoliated samples, the EE-1 dispersion
obtained via the pulsed method in the presence of Nafion demonstrated the highest stability.
Among the US dispersed samples, the most stable was Graphite US, obtained by dispersing
graphite in the presence of Nafion. Pulsed electrochemical exfoliation of carbon materials
in the presence of Nafion, followed by mild liquid-phase ultrasonication (18 W/L), results
in the formation of few-layer graphene (1-3 layers) with relatively small particle sizes.
In contrast, in the absence of Nafion, the exfoliation produces larger particles with a
higher number of layers (>10). Under potentiostatic conditions, predominantly large,
rapidly sedimenting multilayer structures form, although some few-layer fragments are
also identified. The highest electrochemical efficiency and product yield are observed in the
potentiostatic mode due to the minimal extent of fine exfoliation and rapid disintegration
of the electrode into relatively large particles. A comparison of pulsed exfoliation with
and without Nafion reveals that Nafion promotes finer, more effective exfoliation and
suppresses graphene oxidation, most likely as a result of its surfactant properties and
adsorption on the graphene surface. Electrochemical efficiency in the presence of Nafion is
significantly higher.

3.2. TEM, ED, and XRD

TEM and ED were employed to investigate the morphology and structure of the
synthesized carbon materials. TEM images revealed that the graphene obtained from
Graflex using Nafion as a surfactant is predominantly present as single layers or stacks
of a small number of layers. The presence of a Nafion coating on the sheet surfaces was
confirmed by EDX analysis.

A representative TEM image of graphene structures with varying morphologies and
magnifications is presented in Figure 8. The ED patterns recorded from regions with sizes
of 100-200 nm are shown in Figure 8d,h,Lp.

Graphene materials synthesized from graphite (Graphite US, Graphite EE) consist
of fragments 100-300 nm in lateral size (Figure 8a,e) and a thickness ranging from a few
layers to several tens of layers. In the case of EG sample, the number of layers is lower
(10-15 layers, Figure 8g) compared to the sample obtained by high-power US treatment
(multiple stacks of up to 100 layers, Figure 8c). Additionally, in the case of EG, the shape of
the sheets is noticeably different, with more irregular edges. Diffraction analysis shows
that the sheets are predominantly multilayered. The diffraction patterns in Figure 8d,h
demonstrate that the (0-110) and (-1010) spots have lower intensity compared to the (1-210)
and (-2110) spots, which indicates the presence of several graphene layers. Furthermore, in
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the diffraction pattern in Figure 8d, a characteristic (002) ring corresponding to the graphite
plane [49,50] is observed, confirming a certain degree of graphitization.

Graphite US Graphite EE Graflex US Graflex EE

500 nm

Figure 8. TEM images and ED patterns of Graphite US (a-d), Graphite EE (e-h), Graflex US (i-1), and
Graflex EE (m-p).

Samples synthesized using Graflex (Graflex US, Graflex EE) as the precursor contain
noticeably larger sheets, with lateral dimensions exceeding 1 um (Figure 8i,m). EG affects
the sheet morphology, although to a lesser extent than in the case of graphite. According
to diffraction analysis, the sheets are predominantly monolayer (Figure 81,p): the (0-110)
and (-1010) diffraction spots exhibit higher intensity compared to the (1-210) and (-2110)
spots (Figure 8o,p) [51-54]. Although overlapping regions of several layers are observed in
Figure 8m, the corresponding diffraction pattern indicates the preservation of a predomi-
nantly single-layer structure, possibly due to the absence of periodicity along the C-axis.
Nevertheless, multilayer fragments are also found in the images (Figure 8k’).



C2025,11,76

19 of 33

The results obtained via TEM are supported by XRD data. Figures 9-11 show the
XRD patterns of the studied carbon-based materials. All XRD patterns exhibit reflections
characteristic of graphite, including a strong peak at 26 ~26.5, corresponding to the (002)
plane, along with weaker reflections at higher angles. The XRD patterns of Graflex reveal a
textured pattern, which is associated with the shape of the sample (graphite foil particles).
The XRD pattern of the Graphite EE sample contains Nafion peaks at ~16.43 and ~39°,
indicating its semi-crystalline state [55]. The positions of these Nafion reflections are
consistent with previously published data [55-58]. Compared to pristine Nafion (Figure 9),
the Nafion peaks in the composite are slightly broadened, likely due to a reduction in
crystallinity resulting from interfacial interactions with the graphene surface.
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Figure 9. XRD patterns of pristine graphite, pristine Nafion, and samples obtained using graphite as
a precursor. The red arrow defines the area of the zoomed section (002, dynamics of the increase in
peak width).
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Figure 10. XRD patterns of pristine Graflex and samples obtained using Graflex as a precursor. The
red arrow defines the area of the zoomed section (002, dynamics of the increase in peak width).
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Figure 11. XRD patterns (hkl plane (100)) of the various samples. Peak identification was performed
using the reference pattern [96-900-8570].

According to the XRD patterns, the main graphite peak (002) broadens, and its in-
tensity changes significantly after treatment. Additionally, the peak slightly shifts toward
lower angles. The broadening indicates a decrease in the size of the CSR, while the shift to
lower angles is due to an increase in interlayer spacing. The reduction in peak intensity
may be attributed to the lower degree of graphitization in the exfoliated graphene sheets.
This effect is associated with graphite exfoliation and a reduction in grain size [45,59].
Selected XRD data are summarized in Table 9. Since the samples represent a polydis-
perse mixture of materials with varying degrees of exfoliation, the reported values reflect
integral characteristics.

Table 9. XRD analysis data of carbon materials.

Sample Position (hkl), 20 A"erjﬁilc)lsg‘ Size FWHM (hkD), 20 d(002), A N‘i‘:;’efs of ¢ AS
©02) (100 (002) (100) (002) (100) N = Le/d(002) A= Lallc

Graphite pristine 26504 42393 308480  270.100 0276 0329 3.360 918 0927 0.876

EE-1 26474 42439 169700 264190 0.487 0.342 3.364 504 0883 1557

EE-1(replicate) 26487 42462 168300  249.000 0.510 0.358 3363 50.1 0900 1480

Graphite US 26463 42405 378913 250.140 0.225 0343 3.365 1126 0867  0.684

Graphite EE 26.448 ) 149711 17.733 0.570 5.040 3367 445 0845  0.118
Graflex pristine 26500 ] 220.833 - 0.386 ; 3361 65.7 0.921 ;

Graflex US 26471 42486 169922 266.130 0.502 0333 3364 50.5 0879 1.566
Graflex EE 26.468 ) 103.344 : 0.825 ; 3365 307 0.874 ;

Table 9 shows that the treatment of spectral graphite leads to the destruction of its
graphite structure, which is reflected in an increase in the interlayer spacing d002 and a
decrease in the degree of graphitization. A change in the anisotropy of the CSR shape is
observed. The nature of this change specifically, the increase in anisotropy indicates that
exfoliation of graphene layers along the (002) planes is the dominant process. The effect of
liquid-phase exfoliation without a preliminary electrochemical stage is less pronounced.

The data in Table 9 are consistent with the results of sedimentation analysis and DLS
measurements. The degree of graphitization decreases in the following order: spectral
graphite, EE-1, Graphite US, Graphite EE. The sedimentation curves of these samples
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are positioned from bottom to top. Among the Graflex samples, the electrochemically
exfoliated one exhibited the lowest degree of graphitization.

A relatively small increase in dgg indicates that exfoliation proceeds via the peeling of
graphene layers, rather than through prior expansion of the interlayer spacing.

XRD data indicate that the Graphite EE sample contains a relatively small number of layers,
approximately 44, while monolayer structures are not identified in TEM images. Such findings
suggest that the material predominantly consists of multilayer graphene-like structures.

In the case of Graflex US and Graflex EE materials, the observations differ. According
to powder XRD data, the graphene stacks consist of 50.5 and 30.7 layers for Graflex US
and Graflex EE, respectively. Meanwhile, TEM data indicate a predominantly monolayer
graphene structure in both samples. These findings suggest polydispersity of the resulting
material, reflecting the presence of a large number of monolayer particles with a lateral size
greater than 1 pm, as well as particles with a higher number of layers. Thus, the integral
characteristic obtained by XRD shifts towards higher layer counts.

3.3. DLS

The particle size distribution graphs (Figure 12) demonstrate that all synthesized
materials exhibit a polydisperse nature. The distributions for sample pairs based on
graphite (Graphite US, Graphite EE) and Graflex (Graflex US, Graflex EE) are similar.
For the first pair, the volume-based and number-based distributions differ significantly:
the samples contain a small number of large particles (7—8 um), while the majority of
particles fall within the 90-255 nm range. A clear difference between these distributions is
indicated by the presence of a peak in the volume distribution and its absence in the number
distribution. The second pair is characterized by a larger particle size (several micrometers),
which correlates with TEM data on lateral dimensions. A comparison between Graphite
US samples prepared with and without surfactant demonstrates that Nafion facilitates the
formation of smaller particles via improved exfoliation efficiency.

(8)40
— —e— Graphite EE
§ 30 | Graphite US
E’ —o— Graphite US w/o surfactant
® 20 Graflex EE fa
= Graflex US
o
% 10
©
(5]
=
0 3
10 100 1,000 10,000
Size (d.nm)
40
(b)
g 30 -
o)
o
g 20
IS
=)
£ 10
3
=
0 1
10 100 1,000 10,000
Size (d.nm)

Figure 12. Particle size distribution curves for dispersions prepared using different methods:
(a) volume-based distribution, (b) number-based distribution.
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Table 10 summarizes the characteristics of the particle number distribution peaks.
According to the data, the narrowest distribution, with a full width at half maximum
(FWHM) of 195 nm, centered around 255 nm, is observed for the Graphite US sample. The
dispersion contains approximately 17% of these particles. The Graphite EE sample shows
the smallest particle size (90 nm), but with a broader distribution. The corresponding curve
extends toward larger sizes up to 255 nm, and the fraction of 90 nm particles is 13%.

Table 10. Characteristics of particle size distribution peaks.

S Max, Particle Fraction, Size Range, FWHM, (-Potential,
ample o
nm Yo nm nm mV
Graphite EE (1st peak) 91 13 59-1106 198 _35
Graphite EE (2nd peak)
Graphite US 255 17 106-712 195 —28.1
Graphite US w/o surfactant 5560 18 2669-10,000 4180 -59
Graflex EE (1st peak) 1281 21 712-2305 755 _
Graflex EE (2nd peak) 7456 5 4801-10,000 3050
Graflex US 4801 34 3091-6439 1959 —27.2

According to Table 8, the (-potentials of the samples differ greatly. The samples
with Nafion (EE-1, Graphite EE, Graphite US, Graflex US) have much higher {-potentials
than the sample without Nafion (Graphite US w/o surfactant). In the case of Graphite
EE sample, the ¢-potential exceeds 30 mV and reaches —35 mV, which explains its high
resistance to particle agglomeration. The DLS results are consistent with those obtained by
sedimentation analysis.

3.4. DTA

The derivatograms of the studied samples reveal several characteristic temperature
ranges corresponding to various processes of material destruction. The low-temperature
range (up to 150 °C) corresponds to water evaporation. Mass loss at moderate temperatures,
around 200 °C, is related to desulfurization and decomposition of some oxygen-containing
surface compounds [48,60-64]. In the temperature interval of approximately ~280-500 °C,
degradation of the Nafion polymer (if present) is observed [9,65-67]. At higher tempera-
tures (>500 °C), carbon combustion occurs along with the breakdown of more thermally
stable functional groups [68,69].

Figure 13 presents derivatograms for samples obtained by electrochemical exfoliation
of graphite (EE-1, EE-2, EE-3) and Graflex (EE-4). The greatest mass loss at 200 °C is
observed for sample EE-2 (potentiostatic mode, anodic potential), indicating a higher
content of oxygen-containing functional groups compared to the pulsed mode samples
(EE-1, EE-3), which were subjected to reduction at —1.5 V.

The lowest thermal stability in the high-temperature region is observed for sample
Ee-4 (Graflex), with a peak mass loss rate at 694 °C. For EE-1 (pulsed mode with ionomer),
the peak is at 788 °C; for EE-2 (potentiostatic mode with ionomer), at 791 °C; and for
EE-3 (pulsed mode without ionomer), at 806 °C. Evidently, the presence of the ionomer
reduces thermal stability. In the case of EE-2 sample, the TG curve in the high-temperature
combustion region (534-840 °C) reveals several mass loss steps, while the derivative
thermogravimetric (DTG) curve displays unresolved peaks, which are likely associated
with the oxidation of different functional groups [9,64].
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Figure 13. Derivatograms of samples obtained in different modes of electrochemical exfoliation.
Heating rate: 10 K/min; air.

Figure 14a presents the TG curves of samples obtained from spectral graphite. Pristine
spectral graphite exhibits high thermal stability at temperatures above 650 °C (Figure 14a,
green curve). The exothermic peak is associated with carbon oxidation. In the case of the
EE-1 sample (Figure 14a), mass loss begins earlier compared to graphite, which is attributed
to the increased surface area. The addition of an ionomer (Graphite EE, Figure 14a, red
curve) leads to the appearance of additional thermal effects, while further US treatment
reduces thermal stability (maximum mass loss rate at 680 °C vs. 788 °C for EE-1 and 868 °C
for spectral graphite), due to structural changes in the material (easier oxidation as a result
of increased surface area).

The Graphite US sample (Figure 14a, yellow curve) exhibits lower thermal stability
compared to pristine spectral graphite, due to structural changes and additional decompo-
sition peaks from the ionomer. The maximum mass loss rate occurs at 694 °C, compared to
868 °C for pristine spectral graphite. The presence of two peaks on the DTG curve indicates
the existence of two dispersed phases.

The sample obtained using high-power US treatment without the ionomer demon-
strated thermal stability comparable to that of spectral graphite, with maximum mass loss
rates at 838 °C and 868 °C, respectively. In the absence of the ionomer, structural changes
in the material are less pronounced.

The series of samples obtained via liquid-phase exfoliation of graphite exhibits higher
thermal stability compared to the series produced using the two-step method involving
electrochemical exfoliation.

Graflex (Figure 14b, green curve) is less thermally stable than spectral graphite, with
decomposition starting at 550 °C. The maximum mass loss rate for Graflex is observed at
744 °C, compared to 868 °C for spectral graphite. Its denser structure is confirmed by a
broad peak in the DTG curve, indicating diffusion-controlled combustion. Electrochemical
exfoliation (EE-4, Figure 14b, orange curve) further reduces thermal stability, resulting
in a loose structure with a high surface area. The presence of an ionomer (Graflex EE,
Figure 14b, red curve) leads to additional thermal effects, while subsequent US treatment
decreases thermal stability (maximum mass loss rate at 688 °C vs. 700 °C for EE-4 and
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744 °C for spectral graphite) due to structural changes in the material (facilitated oxidation
resulting from increased surface area).
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Figure 14. Derivatograms of initial and derived materials: (a) graphite precursor and materials synthesized
from it; (b) Graflex precursor and materials synthesized from it. Heating rate: 10 K/min; air.

The Graflex US sample (Figure 14b, yellow curve), obtained by ultrasound-assisted
liquid-phase exfoliation, exhibits thermal stability similar to that of the original Graflex.
Two peaks on the DTG curve indicate the presence of two dispersed phases. The peak
at 744 °C, which coincides with that of the initial Graflex, is likely attributable to the
remaining non-exfoliated fraction, while the peak at 706 °C, shifted to a lower temperature,
is associated with the oxidation of graphene-based material.

The DTA data correspond to the Raman spectroscopy results, with lower thermal
stability being associated with a higher number of defects, as indicated by these results
(Figure S1, Table S1).

Thermogravimetric analysis reveals that the processing parameters employed during
material fabrication influence its thermal stability due to structural changes. High-power
ultrasound-assisted liquid-phase exfoliation (2.4 W/mL), performed with a small amount
of surfactant, exerts little influence on the thermal characteristics of Graflex. The sample ob-



C2025,11,76

25 of 33

tained by liquid-phase exfoliation of graphite turned out to be less thermally stable, which
confirms the effect of exfoliation and the role of surfactants in this process. Electrochemical
exfoliation followed by low-power liquid-phase exfoliation (18 W/L) in the presence of a
surfactant results in a more significant decrease in thermal stability.

3.5. XPS

To analyze the influence of synthesis parameters and the type of precursor used for
synthesis on the chemical composition and electronic structure of graphene, XPS studies
of the synthesized graphene powders were carried out. Survey spectra were acquired to
identify the elements present and to estimate their quantities (Figure 15). The elemental
composition of the synthesized samples and the original Nafion is presented in Table 11.
To calculate the C1s/O1s ratio for the graphene sheets excluding Nafion contributions, the
F1s/Cls and F1s/Ols ratios from the Nafion spectrum were used to estimate the fractions
of oxygen and carbon attributable to Nafion and the carbon material. The Cls/Ols ratio
calculated from the spectra indicates a higher degree of oxidation in the samples obtained
by electrochemical exfoliation (Graphite EE, Graflex EE) compared to those produced by
liquid-phase exfoliation. Among samples synthesized using the same method, the least
oxidized graphene was obtained when Graflex was used as the precursor.
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Figure 15. XPS survey spectra of the synthesized samples.

Table 11. Relative atomic concentrations of elements and their ratios in the analyzed samples,
determined from XPS survey spectra.

Atomic % (XPS Survey Spectrum) Ratios
Sample C1s/O1s
Cls F1s O1ls S2p (Carbon Material) F1s/S2p
Graphite US 7140 2419 3.90 0.51 37.48 47.43
Graflex US 94.86 2.68 2.32 0.15 45.31 17.87
Graphite EE 61.17  31.00 7.16 0.67 11.22 46.27
Graflex EE 75.27 17.03 7.27 0.43 11.97 39.60

Nafion 28.14 64.25 6.05 1.55 - 41.45
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The F1s/S2p ratio in the graphene—Nafion composite samples remains close to that
of pristine Nafion, indicating that the polymer structure is largely preserved during the
graphene exfoliation process. In contrast, the Graflex US sample shows a reduction of this
ratio by approximately a factor of two compared to pristine Nafion, suggesting partial
degradation of Nafion’s fluorocarbon chains during US treatment.

Figure 16a presents the Cls spectra for the Graphite US, Graflex US, Graphite EE,
and Graflex EE samples. The line at a binding energy of 284.3-284.4 eV corresponds to
graphene-like carbon with sp? hybridization, while the line at 285.3-285.4 eV is associated
with sp®-hybridized carbon in oxidized graphene regions. Lines corresponding to C-O-C,
0O-C=0, and O-C-F chemical bonds appear at 286.5, 288.5, and 289.8-290.1 eV, respectively.
Cl1s lines related to -CF, and —CF3 groups (characteristic of carbon structures in the PTFE
main chain, -CF,—CF,—CF3) are located at 291.4-291.7 and 293.4-294.0 eV, respectively. In
the Ols spectra, three energy peaks are observed: a high-energy peak at 531.6-532.0 €V, a
medium-energy peak at 533.1 eV, and a low-energy peak at 534.9-535.3 eV, corresponding
to O-C=0, C-0O-C, and O-C-F bonds, respectively (Figure 16b).
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Figure 16. C1s (a) and Ols (b) XPS spectra of the prepared samples.

Deconvolution of the S2p spectra displayed in Figure 17a revealed a single component
in all samples, corresponding to an SO3—C- type bond, with a binding energy in the range
of 168.2-168.7 eV depending on the sample. A different pattern was observed in the case
of the Graflex US sample: the overall sulfur content was lower compared to the Graphite
US, Graphite EE, and Graflex EE samples. Two components were detected in this sample,
associated with SO3-C-and S-C-bonds, the latter attributed to polysulfides with terminal
sulfur atoms and located at 163.7 eV [70].
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Figure 17. S2p (a) and F1s (b) XPS spectra of the prepared samples.
Deconvolution of the Fls spectra revealed a component corresponding to a combination
of -CF, and —-CF3 bonds at 688.5 eV in all samples produced via the two-step process (Graphite
EE and Graflex EE), with a minor shift to 688.6 eV in Graflex US and 688.9 eV in Graphite US
(liquid-phase exfoliation). Additionally, the Graphite EE sample showed a second component
at 690.7 eV, attributed to the -OCF; bond. This finding supports the higher oxidation level of
the sample prepared from spectral graphite using electrochemical exfoliation.
Table 12 lists the functional composition of the samples derived from Cls spectrum
deconvolution. The samples obtained by liquid-phase exfoliation exhibited the highest
C/O ratios: 35.56 for Graflex US and 13.38 for Graphite US. Samples produced via the
two-step method contained more oxygen. The sp2/sp3 ratio was highest in the Graphite
EE sample, suggesting better preservation of the graphene sheet structure with minimal
defects. The Graphite US sample had the highest defect concentration.
Table 12. Functional composition of the samples obtained from the deconvolution Cl1s spectra shown
in Figure 16a. Values are given in at %.
Sample C=C Cc-C —CF, —CF; O-C-F C-0-C O-C=0 sp2/sp3 C/O
Graphite US 59.9 10.3 13.4 2.0 2.7 8.4 3.4 5.8 13.38
Graflex US 69.0 11.7 4.6 1.3 3.3 5.8 4.4 59 35.56
Graphite EE 54.5 7.9 15.5 4.0 4.6 9.1 4.5 6.9 5.50
Graflex EE 63.5 9.8 9.5 2.0 2.9 7.3 5.0 6.5 7.82
Nafion 0 12.8 67.7 14.3 0 52 0 - -

4. Discussion and Conclusions

The conducted study demonstrates that both ultrasonic and electrochemical exfoliation
are effective methods for producing few-layer graphene; however, the efficiency and
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properties of the final material strongly depend on the type of precursor, processing
parameters, and the presence of the ionic surfactant Nafion.

Ultrasound-assisted liquid-phase exfoliation of carbon materials at high power levels
(2.4-4 W/mL) results in the formation of few-layer graphene dispersions. UV-Vis spectra
and sedimentation curves confirm the influence of Nafion and sonication time on the
exfoliation process. The highest exfoliation efficiency is observed after 45 min of sonication
with a surfactant concentration of 100-150 mg/L. Graflex as a precursor results in the
formation of sheets with lateral dimensions up to 1 um or more, while spectral graphite
forms sheets sized between 100 and 300 nm.

Electrochemical exfoliation of carbon materials in pulsed mode (+3 V for 30s, —1.5V
for 30 s) in the presence of Nafion, combined with subsequent mild ultrasound-assisted
liquid-phase exfoliation (18 W/L), leads to the formation of few-layer graphene (1-3 layers)
with relatively small particles. In contrast, without Nafion, the exfoliation process yields
larger, thicker particles (>10 layers). Under potentiostatic conditions, large aggregates with
more than 10 layers form and rapidly sediment, although some few-layer fragments are
also detected. Nafion enhances exfoliation efficiency and suppresses oxidation, likely due
to its surface-active nature and adsorption onto graphene. Electrochemical efficiency is
significantly higher in the presence of Nafion.

The intensity of the sulfate ion deintercalation peak on the CV at —0.460 V vs.
Ag/AgClsat. linearly depends on the scan rate of the working electrode, which indi-
cates reaction-controlled kinetics of the cathodic process (the rate is limited by the charge
transfer reaction, not diffusion).

At a polarization time of 30 s, the saturation of the sulfate ion deintercalation current
is observed at —0.460 V vs. Ag/AgClsat. Thus, the pulse mode with a 30 s wait ensures
complete intercalation.

TEM and ED analyses revealed that using graphite as a precursor (Graphite US,
Graphite EE) results in graphene fragments with lateral dimensions of 100-300 nm and
thicknesses ranging from a few layers up to several tens of layers. Electrochemically
exfoliated graphite exhibits and fewer layers (10-15 layers) compared to samples treated
with high-power US, which form stacks of about 100 layers. ED confirms that the sheets
are predominantly multilayered. Furthermore, in the case of electrochemical exfoliation,
the sheets have noticeably different shapes, with rougher edges.

The sheets are significantly larger, with lateral dimensions exceeding 1 um for sam-
ples where Graflex was used as the precursor (Graflex US, Graflex EE) Electrochemical
exfoliation influences the sheet shape as well, but to a lesser extent compared to graphite.
Diffraction results indicate that the sheets are mainly single-layer.

XRD data indicate a relatively low number of layers in the Graphite EE sample—44 layers,
while single-layer structures are not observed in TEM images. Such observations suggest the
graphene-like material predominantly consists of multilayer structures.

The characteristics of Graflex US and Graflex EE materials differ significantly. Ac-
cording to powder XRD data, the graphene stacks consist of about 50 and 30 layers for
Graflex US and Graflex EE, respectively. In contrast, TEM data indicate a predominantly
single-layer graphene structure in both Graflex US and Graflex EE samples. These findings
point to the polydispersity of the resulting material: the presence of a large number of
single-layer particles with lateral sizes greater than 1 um alongside particles with a larger
number of layers. Consequently, the integral characteristic obtained by XRD is shifted
toward higher values in terms of layer count.

DLS data support the TEM findings regarding lateral particle size. For the two samples
derived from spectral graphite, the majority of particles fall within the 90-255 nm range.
In contrast, the samples obtained from Graflex exhibit significantly larger particle sizes,



C2025,11,76

29 of 33

typically in the micron range. The presence of Nafion promotes exfoliation, resulting in
smaller particle sizes.

DTA reveals that processing parameters influence the thermal stability of the materials
due to structural changes. Ultrasound-assisted liquid-phase exfoliation at high power
(2.4 W/mL) in the presence of a small amount of surfactant has little effect on the thermal
behavior of Graflex. In contrast, the graphite-based sample produced under similar condi-
tions demonstrates reduced thermal stability, confirming both the exfoliation effect and the
role of the surfactant. Electrochemical exfoliation followed by mild sonication (18 W/L) in
the presence of a surfactant exerts a more significant influence, leading to further reduction
in thermal stability.

The highest C/O ratios were found in samples obtained via ultrasound-assisted liquid-
phase exfoliation: 35.56 for Graflex US and 13.38 for Graphite US. Samples prepared using
the two-step exfoliation method contained more oxygen. Graphite EE had the highest
sp?/sp® ratio, indicating fewer defects and better structural integrity. Conversely, the
highest defect density was observed in the Graphite US sample.

One of the key factors influencing the morphology and composition of graphene-based
materials is the tendency of individual layers to reaggregate during drying. Although
liquid-phase exfoliation or electrochemical exfoliation enables the production of thin frag-
ments with a thickness of 1-3 layers, these particles remain thermodynamically unstable
and tend to restack into multilayer structures. Such reaggregation is primarily caused by
van der Waals interactions between the basal planes of graphene sheets and, in the case of
reduced graphene oxides, by hydrophobic forces. During the drying process, individual
layers in dispersion reaggregate, forming stacks of 10-15 layers or more, as observed by
TEM and XRD analyses. This effect was noted for graphenes derived from graphite, where
the average lateral size of crystallites in the starting material was several tens of nanome-
ters. In contrast, materials obtained from Graflex, which has a larger lateral crystallite size,
exhibited a predominantly single-layer structure according to TEM and ED, while XRD
analysis revealed the smallest number of layers (30.7) among the studied samples.

The comparison (Table 13) clearly shows that electrochemical exfoliation enables a
lower number of layers (down to ~30), thus providing better dispersity and structural
quality compared to ultrasonic treatment. However, this advantage comes at the expense
of much higher synthesis times and energy consumption. Therefore, while electrochemical
exfoliation is superior in terms of graphene performance, US remains more favorable in
terms of scalability and efficiency.

Table 13. Summary of structural and process parameters of graphene prepared via ultrasonic and
electrochemical routes.

Sample Graphite US Graflex US Graphite EE Graflex EE
Number of graphene layers (XRD data) ~100 ~50 ~45 ~30
Number of graphene layers (TEM data) 100 1-2 15 1-2

Lateral size (DLS and TEM data), nm 100-300 >1000 100-300 >1000

C/0O (Cl1s XPS spectra) 13.38 35.56 5.50 7.82
Product yield, % 98 98 76 33

Time of synthesis, min 45 45 500 + 1800 528 + 1800

Energy input, kWh 0.75 0.75 0.012 +3.9 0.034 +3.9

Therefore, the two-step exfoliation method, consisting of electrochemical exfoliation
in pulsed mode in the presence of Nafion followed by mild US treatment, is the most versa-
tile and promising approach. Using Graflex as a precursor enables achieving maximum
graphene sheet sizes and high dispersity, while the use of Nafion helps control the structure
and suppress aggregation.
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These findings may be employed to improve the stability of electrochemical energy
devices and extend their service life. Beyond electrochemical applications, such Nafion—
graphene materials also hold promise for use in anticorrosion coatings and electromagnetic
shielding composites. The choice of method depends on the requirements for the final
product. Ultrasonic exfoliation is advantageous for rapid and scalable production, making
it suitable for bulk applications such as composites, coatings, and fillers, where moderate
defect levels are acceptable. In contrast, electrochemical exfoliation, while more time- and
energy-demanding, provides graphene with fewer layers, which is highly relevant for
electrochemical devices, sensors, batteries, and supercapacitors requiring high conductivity
and controlled structural properties.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/c11040076/s1, Figure S1: Raman spectra of the synthesized
samples; Table S1: Raman spectroscopy data of the samples.
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