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Abstract
In the present study, a new method involving ultrasound-assisted direct exfoliation with supercritical
carbon dioxide is reported for graphene flake production. The influence of the starting material type –
graphite (natural and expanded graphite) and duration of ultrasound treatment on the quality of the
produced graphene-based material was assessed. By conducting scanning electron microscopy and Raman
spectroscopy, it was found that the use of expanded graphite combined with 5 h of sonication in supercritical
carbon dioxide yielded graphene nanoplatelets.
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1. INTRODUCTION

Graphene, considered one of the most promising materials
of the 21st century, has largely transformed the fields of
science and technology. This two-dimensional material, iso-
lated by Andre Geim and Konstantin Novoselov in 2004, has
been rapidly recognized as a “wonder material” because of its
unique properties (Novoselov et al., 2004). Graphene consists
of a single layer of carbon atoms with sp2 hybridization, ar-
ranged in a hexagonal structure. This specific arrangement
of atoms renders graphene its distinct characteristics, namely
high thermal conductivity (4840–5300 W/(m·K)), high elec-
tron mobility (> 15; 000 cm2/(V·s)), large specific surface
area (2630 m2/g), high mechanical strength (130 GPa), and
impermeability to gases (Lee et al., 2008; Magaña et al.,
2016). Although the initial excitement surrounding this mate-
rial remains to be translated into a technological revolution,
graphene continues to attract the interest of researchers and
is extensively studied for production methods and practical
applications. Currently, research is being conducted on the ap-
plication of graphene in electronics, medicine, next-generation
batteries, sensors, lubricants, composite materials, and pro-
tective coatings (Djas et al., 2022; Kowiorski et al., 2023;
Krawczyk et al., 2025; Worku and Ayele, 2023). Because
graphene has a wide range of potential commercial applica-
tions, intensive efforts are being made to develop efficient
and environmentally friendly production methods.

Besides layered (epitaxial) graphene, flake graphene is one of
the primary forms of graphene and is obtained by top-down
methods that separate carbon layers in graphite into indi-
vidual graphene sheets. The most commonly used methods
for producing graphene flakes are the oxidation–reduction
process and the direct exfoliation of graphite (Hutapea et al.,
2025; Zhang et al., 2025). In the oxidation–reduction method,
graphite flake is oxidized to introduce oxygen groups between
the carbon layers, thereby increasing interlayer distance and
weakening interactions (intercalation). The oxidation process
is conducted using concentrated acids, such as H2SO4, in
the presence of strong oxidizers (e.g., KMnO4). The subse-
quent steps include exfoliation of graphite oxide into graphene
oxide, reduction to eliminate oxygen functional groups, and
purification and drying of the material. Direct exfoliation
of graphite to produce graphene involves in the classical ap-
proach the use of organic solvents such as ethanol, 2–propanol,
N,N–dimethylformamide, or N–methyl–2–pyrrolidone. The re-
sulting suspension is then treated with ultrasound to achieve
exfoliation (Du et al., 2013; Xu et al., 2018).

However, these classical methods of graphene flake production
have several limitations. Although the oxidation–reduction
method is relatively economical and yields high amounts of
material, the obtained graphene is of low quality due to nu-
merous structural defects caused by oxygen functional groups.
Moreover, the production process involves hazardous and
toxic chemicals (concentrated acids, strong oxidizers, and
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reducing agents), which generates a large amount of harm-
ful wastewater, leading to environmental threat. Additionally,
the process is multistage and time-consuming and requires
costly purification of the final product. Moreover, the main
disadvantage of direct exfoliation is the use of volatile organic
solvents, which cause harmful effects on human health and
the environment and therefore should be avoided. Further-
more, prolonged sonication and subsequent purification from
solvent residues are necessary, which increases production
costs. The advantage of direct exfoliation, however, is that
the resulting graphene is less defective and therefore exhibits
different properties compared to graphene oxide or reduced
graphene oxide. Hence, there is a strong need to develop
methods for producing high-quality and pure graphene while
ensuring high yield, short processing time, and environmental
safety. Thus, the rapid development of new graphene produc-
tion technologies requires the implementation of sustainable
development strategies and the principles of Green Chemistry
in industrial practice.

An effective and environmentally friendly method to produce
graphene flakes is direct exfoliation using supercritical carbon
dioxide (scCO2). In this process, graphite – composed of
many stacked carbon layers – serves as the starting material.
The graphite layers are separated into single graphene sheets
in the presence of scCO2. This process can be divided into
three stages: (1) pretreatment of graphite (e.g., expansion),
(2) intercalation of graphite with CO2 molecules, and (3)
exfoliation (peeling off) (Fig. 1). In stage 1, graphite under-
goes expansion, i.e., thermal treatment, to widen interlayer
spacing and facilitate CO2 penetration during intercalation
in stage 2. Exfoliation (stage 3) is achieved through rapid de-
pressurization, during which scCO2 transitions to the gaseous
state and substantially increases its volume. This stage can
be further enhanced by shear stress generation or ultrasonic
treatment (Gai et al., 2018; Gao et al., 2017). Thus, in this
method, scCO2 acts as a solvent, an intercalating agent that
penetrates between graphite layers, and a separating agent
during depressurization.

Supercritical fluids possess unique physicochemical properties,
which are intermediate between those of liquids and gases.
Because of their low surface tension, excellent wettability, and
high diffusion coefficient, supercritical fluids are particularly
suitable for direct exfoliation processes. Direct exfoliation with
scCO2 is a rapid, single-step method to produce graphene

flakes. It eliminates the use of hazardous organic solvents
utilized in the classical direct exfoliation method. As scCO2

converts into gas upon decompression, the obtained graphene
is pure and contains fewer defects; thus, it shows superior
electrical conductivity compared to graphene produced by
other methods. However, the material produced by direct
exfoliation in scCO2 assisted with US has more than a few
carbon layers compared to graphene oxide (1–3 layers) pro-
duced using oxidation-reduction process and has relatively
small size of flakes due to the destructive effects of ultrasound.

Direct exfoliation in scCO2 is a relatively new and scarcely
studied approach for graphene flake production. To date,
only a few studies have explored this method. This method
was first reported in 2009 (Pu et al., 2009), where natural
graphite was used as the starting material, and exfoliation
was conducted in a reactor at 45 ◦C and 10 MPa for 30 min,
followed by rapid depressurization. The material released with
CO2 was transferred into a vessel containing sodium dode-
cyl sulfate (SDS) to prevent reaggregation. The obtained
graphene had approximately 10 layers, and nearly 30–40% of
the graphite was exfoliated. However, CO2 diffusion between
graphite layers is relatively slow, requiring a long processing
time and yielding unsatisfactory results. To enhance exfoli-
ation and improve efficiency, additional techniques such as
compression–decompression cycles, stirring, shear stress gen-
eration, or ultrasound can be applied (Gao and Hu, 2016).
For example, graphene nanosheets were obtained by exfoli-
ating expanded graphite in scCO2 combined with repeated
compression–decompression cycles, which improved yield and
reduced flake thickness (Sim et al., 2012). Li et al. (2016) ap-
plied intensive stirring during exfoliation of expanded graphite
in scCO2 which enhanced material quality, with 90% of the
obtained graphene nanosheets containing fewer than 10 layers.

In 2014, Wang et al. (2014) reported the first study involving
the combined utilization of scCO2 and ultrasound for exfo-
liation. Natural graphite was exfoliated at 40 ◦C and 8 MPa
for 30 min, with an ultrasound power of 60 to 300 W. Sub-
sequently, the mixture was depressurized, and the material
released with CO2 was collected in ethanol and centrifuged
(1500 rpm, 60 min). The supernatant alone was analyzed
by atomic force microscopy (AFM), transmission electron
microscopy (TEM), and Raman spectroscopy. The results
showed that ultrasound improved the quality of the exfoliated
material, and a higher ultrasound power enhanced the charac-

Figure 1. Schematic of graphene flake production through direct exfoliation with scCO2.
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teristics of the graphene product. AFM analysis confirmed that
increasing ultrasound power reduced flake thickness: at 60 W,
the material comprised 4–10 layers; at 120 W, a two-layer
graphene product was obtained; and at 300 W, a monolayer
graphene product was achieved (Wang et al., 2014). Gao
et al. (2014) demonstrated that process parameters such as
sonication time, ultrasound power, and pressure significantly
influence exfoliation efficiency in scCO2. By using natural
graphite (0.2–2.0 g) as the starting material, exfoliation was
conducted at 40 ◦C under 8–18 MPa pressure. The sonication
time ranged from 15 to 120 min, and ultrasound power varied
from 12 to 240 W. Following exfoliation, the system was de-
pressurized, and the released material was collected in ethanol
and centrifuged for 30 min. The best-quality material was ob-
tained under the following conditions: 0.5 g graphite, 12 MPa,
120 W, and 60 min. It was observed that 94% of the material
contained fewer than three layers, with 24% being monolayer,
44% bilayer, and 26% trilayer graphene (Gao et al., 2014).

In the present study, for the first time, we report comparative
experimental results on the production of graphene flakes
by direct exfoliation with scCO2 and scCO2 combined with
ultrasound. Moreover, ultrasound-assisted exfoliation was con-
ducted using two types of starting materials: natural graphite
and expanded graphite prepared from it. Previous studies have
used only a single form of graphite and did not examine the
influence of the raw material on process efficiency. Further-
more, unlike earlier reports, the entire obtained material was
analyzed in the present study, rather than only the fraction
of the thinnest graphene collected after centrifugation.

2. MATERIALS AND METHODS

For graphene production by direct exfoliation, two types of
graphite were utilized: natural graphite N1 (Asbury 1 Flake,
Asbury Carbons, USA; flake size 180–425 µm) and expanded
graphite E1. Expanded graphite E1 was produced from natural

graphite N1 by using a proprietary modification and expansion
method developed at the Łukasiewicz Research Network –
Institute of Microelectronics and Photonics. A mixture of con-
centrated sulfuric acid and nitric acid was added to natural
graphite N1 and then stirred. The intercalated graphite was
separated from the acid mixture, washed with water, and
the resulting precipitate was dried (100 ◦C, 90 min). The dry
material was then expanded by rapidly heating it in a furnace
to 1050 ◦C for 2 min. Figure 2 shows a schematic of the ex-
perimental setup for direct exfoliation of graphite with scCO2.

The main component was a high pressure reactor with a vol-
ume of 250 cm3 (Parr Instrument Company, USA; 34 MPa,
500 ◦C), equipped with a sonotrode and ultrasonic generator
(Hielscher Ultrasonics GmbH, Germany; 26 kHz, maximum
generator’s power: 200 W). A 0.5 g sample of graphite was
placed in the reactor. Liquid CO2 (Linde, Poland; purity
> 99:9996%) was then introduced into the reactor by using
a pump equipped with a cooling module (SFT-25, Super-
critical Fluid Technologies, USA; 68.9 MPa, 125 cm3/min).
The reactor contents were stabilized at 35 ◦C and 15 MPa,
and sonication was then initiated. The operating parameter
of the generator was set to a constant amplitude of 80% of
the maximum amplitude (135 µm). Ultrasonic treatment was
performed in 8-min cycles consisting of 5 min of sonication
at 3-min intervals. The experiments were conducted for dif-
ferent total processing times, including pauses: 1.5, 3, and
5 h. Following process completion, the system was rapidly
depressurized by quickly opening the outlet valve. The powder
remaining in the reactor was characterized by scanning elec-
tron microscopy (SEM) and Raman spectroscopy. Selected
exfoliated samples were centrifuged with isopropyl alcohol
(4000 rpm and 30 min), and the fraction present in the su-
pernatant was analyzed by SEM and Raman spectroscopy.
Exfoliation experiments using only scCO2 were conducted us-
ing the same setup, but with the ultrasonic generator switched
off. After 5 h of graphite intercalation with CO2, the reactor
contents were rapidly depressurized.

Figure 2. Schematic of the experimental setup.
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2.1. Scanning electron microscopy

SEM was performed using a field-emission scanning electron
microscope (FE-SEM, Aurigar CrossBeamr Workstation,
Carl Zeiss, Oberkochen, Germany). Samples were mounted
on carbon tape prior to measurements. The microscope was
equipped with an Everhart–Thornley detector (SE2), an In-
lens detector, and an energy selective backscattered (EsB)
detector. Secondary electron (SE) and backscattered electron
(BSE) signals were acquired at 1 or 5 kV accelerating voltage
and 3–5.5 mm working distance.

2.2. Raman spectroscopy

Room-temperature Raman spectra were acquired using a Ren-
ishaw InVia Raman spectrometer (Renishaw, United Kingdom)
equipped with the 532 nm (2.33 eV) line of an Nd:YAG laser
and a Renishaw detector. The laser beam was focused on the
sample surface through a 100× objective lens, with the laser
power maintained at 1 mW. To improve statistical accuracy,
1000-point Raman maps were collected. The spectra were
analyzed using Renishaw’s WiRE software. The data analysis
methodology was based on the acquisition of a large number
of Raman spectra across the investigated area, which were
subsequently integrated into an averaged spectrum. Such
an approach provides rigorous control over the peak-fitting
procedure, as it confines the analysis to a single representative
spectrum while preserving the statistical significance of the
dataset. This approach minimizes local spectral variability, re-
duces random noise contributions, and improves the accuracy
and reproducibility of material-to-material comparisons.

In graphite Raman spectra, the 2D mode typically exhibits
a two-peak profile: a more intense 2D1 mode and a lower-
energy shoulder, 2D2, resulting from interactions between
adjacent graphitic planes (Kaniyoor and Ramaprabhu, 2012).
In the present study, the intensity ratio of the 2D1 and 2D2

modes (I2D1/I2D2) was analyzed. With increasing disorder,
the 2D2 peak shifts upward and eventually merges with the
2D1 mode. Consequently, the 2D band evolves into a single-
peak profile, indicating the loss of three-dimensional ordering.

3. RESULTS AND DISCUSSION

Figure 3 shows SEM images of natural graphite (N1) and
expanded graphite (E1) derived from natural graphite,
which were used as the starting materials for exfoliation
in scCO2. Natural graphite occurs as flakes containing
many closely packed carbon layers. In contrast, expanded
graphite, obtained by treating natural graphite, comprises
long ribbons formed due to the separation of carbon layers
during high-temperature expansion. The carbon layers,
which are tightly stacked in natural graphite, are con-
siderably separated in expanded graphite. This increased
interlayer spacing may enhance the efficiency of graphite
exfoliation by facilitating the penetration of CO2 molecules
between the layers and increasing the surface area avail-
able for ultrasonic interaction.

Figure 3. SEM images of natural graphite and expanded graphite.

Figures 4 and 5 show SEM images of carbon materials ob-
tained from ultrasound-assisted exfoliation of natural and
expanded graphite in scCO2. For comparison, Figure 5 also
shows SEM images of materials obtained from expanded
graphite after exfoliation in scCO2 without ultrasound assis-
tance (sample E1–5h).

Figure 4. SEM images of carbon materials obtained from natural
graphite (N1) by ultrasound-assisted direct exfoliation
in scCO2 (scCO2+US).

First, exfoliation in scCO2 without ultrasound assistance was
tested using expanded graphite, which is more prone to exfolia-
tion than natural graphite. A relatively long intercalation time
of 5 h was applied, followed by exfoliation performed through
rapid depressurization of the reactor (sample E1–5h). As ob-
served in SEM images (Fig. 5), the morphology of the result-
ing material closely resembles that of the starting expanded
graphite. Graphite ribbons remain visible, and the carbon
layers appear largely intact. This observation suggests that ex-
foliation in scCO2 with rapid decompression alone is not an ef-
ficient method to produce graphene-based material. Moreover,
extended CO2 intercalation and sudden decompression proved
insufficient to generate graphene. Therefore, to improve the
exfoliation process, ultrasound was introduced in scCO2.
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Figure 5. SEM images of carbon materials obtained from
expanded graphite (E1) by direct exfoliation in scCO2

and ultrasound-assisted direct exfoliation in scCO2

(scCO2+US).

Figures 4 and 5 show SEM images of the materials obtained
after ultrasound-assisted exfoliation in scCO2. When natural
graphite was used as the feedstock (Fig. 4), ultrasonic treat-
ment combined with scCO2 for 1.5 h produced no significant
morphological changes (N1-US-1.5h). However, extending the
process to 5 h caused material fragmentation (N1-US-5h).
SEM images of sample N1-US-5h revealed numerous small

flakes detached from larger ones, although large unexfoliated
graphite flakes remained. Because this method showed low
efficiency with natural graphite, expanded graphite was used
as the feedstock in subsequent experiments. Figure 5 shows
SEM images of the resulting materials.

Exfoliation of expanded graphite for 1.5 h (sample E1-US-
1.5h) produced no major changes compared to the starting
material (Fig. 3), as graphite ribbons remained visible. Follow-
ing 3 h of exfoliation (E1-US-3h, Fig. 5), the surface of the
graphite ribbons appeared frayed, and this effect was more
prominent after 5 h (E1-US-5h). Higher magnification SEM
images of the materials from the 3 h and 5 h processes re-
vealed highly frayed structures and detached smaller, thinner
flakes. This morphology indicates significant heterogeneity,
with the presence of both thin graphene-like flakes and thicker
graphite flakes. However, in the 5 h sample, thin graphene
flakes predominated, although a few thick, unexfoliated flakes
were still observed. Thus, the SEM results suggest that the
material obtained after 5 h exfoliation contained graphene
nanoplatelets (GNPs). The lateral size of the flakes in the
obtained material (E1-US-5h) is in the range of 1.0–8.7 µm.

The material obtained after 5 h of ultrasound-assisted exfolia-
tion was further centrifuged to isolate the thinnest flakes (sam-
ple E1-US-5h-CF). SEM images (Fig. 5) show isolated thin
graphene flakes (flake lateral size in the range of 540.1 nm–
7.9 µm) without residual graphite flakes, demonstrating ef-
fective graphite delamination into graphene layers and high
material homogeneity.

Figure 6 shows the averaged Raman spectra and Table 1
presents the Raman analysis results for the investigated sam-
ples, i.e., natural and expanded graphite as well as exfoliated
materials obtained following scCO2 and ultrasound treatment.

According to the Raman spectra of natural graphite,
ultrasound-assisted exfoliation in scCO2 reduced the
I2D1/I2D2 ratio compared to that of pristine graphite (1.20
→ 1.03). However, extending the exfoliation time from 1.5 h
to 5 h had no further change on this ratio. For expanded
graphite (Fig. 6, Table 1), increasing the sonication time in
scCO2 to 5 h steadily decreased the I2D1/I2D2 ratios (1.60
→ 1.38 → 1.28 → 0.97), indicating progressively thinner

Table 1. Raman fitting parameters of materials obtained by ultrasound-assisted exfoliation in scCO2.

Sample
2D1 position

[cm−1]

FWHM
2D1

[cm−1]

2D2 position
[cm−1]

FWHM
2D2

[cm−1]
ID/IG I2D1/I2D2 ID/ID’

N1 2722.8 42.6 2685.5 58.1 0.10 1.20 5.0
N1-US-1.5h 2720.1 42.8 2683.1 61.0 0.28 1.03 3.4
N1-US-5h 2718.5 43.2 2681.8 63.6 0.20 1.03 3.2
E1 2723.3 40.5 2684.7 50.8 – 1.60 –
E1-US-1.5h 2722.3 43.5 2685.1 55.1 0.08 1.38 4.0
E1-US-3h 2722.3 42.5 2684.9 56.4 0.20 1.28 3.2
E1-US-5h 2721.5 37.4 2687.8 61.4 0.17 0.97 3.6
E1-US-5h-CF 2718.9 42.6 2684.9 62.7 0.24 0.84 2.8
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material formation. An I2D1/I2D2 ratio of 0.97 for the 5 h
sample suggests the loss of three-dimensional ordering (Kaniy-
oor and Ramaprabhu, 2012). After centrifugation, the E1-
US-5h-CF sample showed a further reduced ratio of 0.84,
confirming that it had more graphene-like nature compared
to the non-centrifuged 5 h sample. This is consistent with our
expectations, as centrifugation was intended to isolate the
thinnest graphene fractions. These Raman results corroborate
the SEM observations.

Figure 6. Raman spectra of natural and expanded graphite and of
materials obtained by ultrasound-assisted exfoliation in
scCO2.

Figure 7 compares the Raman spectrum of E1 graphite with
the single spectra from the Raman maps of samples E1-US-5h
and E1-US-5h-CF. Compared to the asymmetric 2D peak of
graphite, the symmetric 2D peak of the E1-US-5h sample
indicates the formation of GNPs. GNPs are thin stacks of
graphene layers with thickness from 5 nm to 60–100 nm (15–
300 carbon layers) (Fatima et al., 2017; Prolongo et al., 2014;
Shen et. al., 2021). The symmetry and lack of splitting of the
2D peak facilitate I2D/IG analysis, which provides an estimate
of the number of graphene layers. For the 5 h sample, the
I2D/IG ratio was 0.34, consistent with a few-layer graphene-
based material (Abas et al., 2022), compared to ∼ 2 for single-
layer graphene (Ferrari, 2007). The spectrum of sample E1-
US-5h-CF also shows a symmetric 2D peak, with an increased
I2D/IG ratio of 0.42, suggesting thinner nanoplatelets than
those in the non-centrifuged E1-US-5h sample.

As expected, in the expanded graphite-based samples, the
2D2 peak shifted toward higher wavenumbers as exfoliation
time increased (Table 1). This occurred because of the loss
of three-dimensionality and increased graphene-like charac-
teristics of the material, corresponding to the formation of
a single 2D mode. Simultaneously, the 2D1 peak shifted to
lower wavenumbers. The full width at half maximum (FWHM)
increased for 2D2 and decreased for 2D1 during exfoliation.

The ID/IG ratio represents the level of defects in the material
(Cançado et al., 2011). For graphite, the D band intensity is

Figure 7. Raman spectra of expanded graphite and materials
obtained after 5 h of ultrasound-assisted exfoliation in
scCO2.

very low because its 3D structure is intact. However, during
exfoliation and thinning, the D band intensity increased. For
the 5 h exfoliated sample, the ID/IG ratio was 0.17, which
corresponds to very low defect density compared to that
in other graphene-based materials. For example, reduced
graphene oxide typically exhibits an ID/IG ratio of 1.0–1.9
(Das et al., 2021; Silva Filho et al., 2020).

The ID/ID’ ratio enables to identify the defect type (Eckmann
et al., 2012). For all samples sonicated in scCO2, the ID/ID’
ratio was approximately 3.5, indicating that edge defects
were predominant. This is consistent with material thinning
and the corresponding increase in the edge-to-surface ratio
of the flakes.

4. CONCLUSIONS

The results of the present study confirm that ultrasound-
assisted exfoliation in scCO2 is a highly efficient method to
produce GNPs. Graphite intercalation with scCO2 followed by
rapid depressurization alone is insufficient to obtain graphene-
based materials with superior quality. However, the combi-
nation of ultrasound and scCO2 substantially enhances the
efficiency of the exfoliation method and the quality of the
obtained product.

The performance of the investigated method depends on the
type of graphite used as the feedstock and ultrasonic treat-
ment duration. Expanded graphite treated with the longest
sonication time (5 h) yielded multilayer GNPs. This is be-
cause the separated carbon layers in expanded graphite after
pretreatment facilitate CO2 penetration and effective delam-
ination. Prolonged sonication in scCO2 produces materials
with increasingly graphene-like characteristics. In contrast,
natural graphite with its tightly packed carbon layers shows
considerably lower exfoliation efficiency in scCO2, and extend-
ing the process time does not improve material quality.
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GNPs obtained after 5 h of sonication showed high qual-
ity with low defect density, dominated by edge-type defects.
Prolonged sonication in scCO2 not only enables effective
delamination of expanded graphite but also induces flake frag-
mentation and size reduction. The resulting graphene-based
material showed moderate heterogeneity, with flakes of varying
thickness and a small fraction of graphite residues. To ad-
dress this limitation, further optimization of graphite selection,
preparation, and process parameters is required. Although
material homogeneity can be improved by fractionation (e.g.,
centrifugation), this approach is impractical for industrial
applications and diminishes the advantages of scCO2-based
exfoliation, as it requires the use of organic solvents and
drying steps, which further reduces process efficiency.

Ultrasound-assisted exfoliation in scCO2 is a rapid, simple, and
environmentally friendly method to produce GNPs. Because of
these advantages, it has potential for application in industrial-
scale GNP production. Currently, GNPs are being widely
applied in many fields such as nanocomposites for automotive
and aerospace industries, 3D printing, lubricants, conductive
pastes, and electronics (Khan et al., 2024; Yee and Ghayesh,
2023). This wide application potential of GNPs justifies the
continued development of scCO2-based exfoliation methods.
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