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Abstract: Graphene is a unique attractive material owing to its characteristic structure and excellent
properties. To improve the preparation efficiency of graphene, reduce defects and costs, and meet
the growing market demand, it is crucial to explore the improved and innovative production meth-
ods and process for graphene. This review summarizes recent advanced graphene synthesis meth-
ods including “bottom-up” and “top-down” processes, and their influence on the structure, cost,
and preparation efficiency of graphene, as well as its peeling mechanism. The viability and practi-
cality of preparing graphene using polymers peeling flake graphite or graphite filling polymer was
discussed. Based on the comparative study, it is potential to mass produce graphene with large size
and high quality using the viscoelasticity of polymers and their affinity to the graphite surface.
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1. Introduction

Graphene is the general designation of single-layer, double-layer, and few-layer (3
10 layers) planar sheets comprising sp?-bonded carbon atoms packed in a hexagonal hon-
eycomb structure [1]. Ever since its discovery in 2004, graphene has been a focus in the
research fields of materials, energy, and information owing to its excellent properties,
such as high specific surface area (2630 m?/g), high transmission rate (97.7%), high thermal
conductivity (5000 W/mK), high Young modulus values (1.0 TPa), and high strength value
(130 GPa). The electron mobility of graphene is 2 x 105 cm?/vs, and it exhibits a significant
room temperature quantum Hall effect [1-3]. Superconductivity occurs when two single-
layer graphites are twisted to form double-layer graphene at 1.1 degrees [4]. Graphene
can be combined with metals and oxides, compounds, or organic polymers to form a
unique composite material [5-10], which has excellent application prospects in numerous
fields such as supercapacitors [11], lithium-ion batteries [12], proton membrane fuel cells
[13], and other energy conversion and storage materials, optoelectronic components [14],
sensors [6], catalyst carriers [15], environmental functional materials [8], medical, and bi-
ological materials [16]. However, differences in the graphene preparation process not only
affect the preparation cost and production efficiency of graphene, but also directly influ-
ence its number of layers, defect types, and surface properties, hence becoming an im-
portant factor restricting the large-scale application of graphene [1-4].

In this review, we present an updated overview focusing on the preparation methods
and peeling mechanism of graphene, by highlighting the mechanism of exfoliation meth-
ods and the influence of different processes on the size and number of layers produced.
In addition, the viability and practicality of preparing graphene using polymers peeling
flake graphite was discussed.
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2. Preparation Method of Graphene

Graphene preparation methods can be categorized into “bottom-up” construction
method processes and “top-down” large-grain graphite crystal exfoliation methods [17].

The construction methods are based on the vaporization, pyrolysis, and reaction of
low-boiling organics under high-energy effects such as the laser [18], microwave [19],
plasma [20], pulsed laser deposition (PLD) [21-23], used to deposit or precipitate carbon
atoms on the surface of the substrate. After the induced nucleation, growth, crystalliza-
tion, or rearrangement, large-size single-layer and few-layer graphenes are finally ob-
tained. According to the preparation processes, construction methods comprise chemical
vapor deposition (CVD) [14,24], organic synthesis method [13,25], epitaxial growth
method [26], in situ self-generating template method [15], and the high temperature and
high-pressure growth method. CVD is an effective method for the large-area and high-
quality preparation of single-layer graphene films [18,27]. For example, Wang Shuai’s re-
search group [24] achieved the controllable growth of centimeter-level single-crystal gra-
phene by adjusting the ratio and concentration of methane, hydrogen, and oxygen, and
found that [28] the oxidant is an effective regulator of graphene nucleation density and
growth rate. By accurately controlling the O: concentration, the maximum growth rate of
centimeter-level single-crystal graphene can reach 190 pm/min, which is about 475 times
faster than the conventional 0.4 pm/s growth rate. CVD graphene is the mother element
of graphene transistors, sensors, and transparent conductive films in the laboratory [14].
Figure 1 illustrates results of the as-grown graphene from different CVD processes.
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Figure 1. Illustration of grown graphene from different CVD processes. C (H20) and C (Oz) repre-
sent the concentration of H20 vapor impurities and introduced Oz, respectively [28]. Reprinted with
permission from ref. [28]. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA.

CVD requires post growth processing to remove the catalyst (e.g., copper foil). A
common transfer method is to use a polymer carrier, such as polymethylmethacrylate
(PMMA). However, this technique is time-consuming, and requires specific equipment to
achieve a high-quality transfer. Furthermore, the large-area graphene transferred via
PMMA has impurities, defects, and, in some parts, noticeable cracks. Another approach
to transfer graphene is by utilizing the thermal release tape (TRT). However, this process
is also prone to leaving residue and is less effective for large transfers due to the incon-
sistent adhesion of the tape. Eric Auchter’s research group [29] presented a novel method
of transferring large-area graphene sheets onto a variety of substrates using Formvar (pol-
yvinyl formal). The nature of the formvar dissolution allows graphene to be transferred
onto virtually any substrate unaffected by chloroform, and requires only a one-minute
immersion in chloroform to remove the sacrificial polymer. In the transfer area up to 3
cm?, no folding or cracking on numerous graphene transfers via formvar was observed.
By controlling the ratios of formvar, glycerol, and chloroform, Auchter et al. [30] synthe-
sized tunable sub-micron-thick, porous membranes with 20-65% porosity; these formvar-
based membranes had an elastic modulus of 7.8 GPa, a surface free energy of 50 mN-m,
and an average thickness of 125 nm. To reduce defects and impurities introduced during
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the transfer of graphene to the insulating substrate, Brzhezinskaya et al. [31] directly CVD
synthesized a few-layer graphene film on the insulating piezoelectric substrate
LasGassTaosOu crystal. The step height between the substrate and graphene surfaces is
approximately 1 nm, indicating that there are two or three graphene layers.

The mechanical, thermal, and electronic properties of polycrystalline graphene are
much lower than those of single-crystal graphene [32], CVD can be used to effectively
synthesize single-crystal, large-area, and monolayer graphene. Xu et al. [33] designed a
temperature-gradient-driven annealing method to transform a polycrystalline Cu foil into
a single-crystal Cu(111) foil. With this continuous annealing method, 5 x 50 cm? single-
crystal Cu(111) substrates were obtained, and single-crystal monolayer graphene was
grown on them. By restricting the initial growth temperature to between 1000 K and 1030
K, Wang et al. [34] produced large-area, fold-free, single-crystal monolayer graphene films
on the 4x 7 cm? single-crystal Cu-Ni(111) substrates using ethylene as the carbon precur-
sor. However, the low yield, high preparation cost, high-energy consumption, and expen-
sive equipment limits their application for mass production.

The exfoliation method, using flake graphite or pyrolytic graphite with high crystal-
linity as raw material, separates the stacked sheets through external forces such as impact,
[35], shear [36], friction [37], airflow expansion [38], blasting [39], chemical intercalation
[40], redox [41], and electrode reactions [42], which significantly weaken and destroy the
Van der Waals forces between graphite sheets to form single-layer, double-layer, or few-
layer graphene. According to the “power source” in the peeling process, it is categorized
into electrochemical exfoliation [8,12,13,25-28], oxide-assisted liquid phase exfoliation
[6,9,43], mechanical exfoliation [27,44—47], and three other categories.

Electrochemical liquid phase peeling is an effective method for the rapid preparation
of few-layer graphene, carried out using a high-purity graphite rod as the cathode. During
the electrochemical process, the cathode will gradually exfoliate and deposit on the anode.
The ions in the electrolyte effectively prevent the exfoliated graphene sheets from re-ag-
gregating. By combining this process with ultrasonic dispersion, few-layer graphene sus-
pension with good dispersibility can be obtained [8,27,48]. However, the obtained gra-
phene is mainly few-layer graphene or graphite nano-sheets, and the low peeling effi-
ciency leads to the low quality of graphene.

The thermal reduction method is an effective approach to produce large amounts of
graphene, which first oxidizes graphite using strong oxidants such as acid potassium per-
manganate and perchloric acid to obtain graphite oxide with carboxyl and hydroxyl
groups on the edges, and epoxy and carbonyl groups between the layers. The distance
between crystal planes is expanded to approximately 0.8 nm, and the Van der Waals force
between graphite sheets is sharply reduced. After ultrasonic dispersion, stirring, grinding,
and other mechanical forces, the single- or few-layer graphene oxide sheet is obtained.
Then, reductants such as sodium borohydride, hydrazine hydrate, ascorbic acid, and do-
pamine are added to obtain graphene [49,50]. The reduction process includes microwave,
electrochemistry, and the spontaneous reduction of the GO aerogel triggered by laser light
[51]. This method can produce single-layer, double-layer, or few-layer graphene oxide and
reduced graphene at low cost, which can be used as a functional component to meet the
needs of materials, environmental, and chemical engineering. In practice, the high-energy
consumption and complex process of the thermal reduction method limits its large-scale
application. Meanwhile, the high consumption of oxidants, acids, and reductants, associ-
ated with the emission of toxic pollutants such as NOz, N20s, HCl, and H2SO4, will impede
the green development of the graphene preparation industry [52]. Moreover, the damage
to the edge of the graphene sheet and part of the lattice structure caused during the oxi-
dation process is difficult to completely repair through the reduction process, and affects
the electrical conductivity of the product to a certain extent.

To reduce the oxidation of graphite flakes and skeleton structure during the thermal
reduction method, intercalation-aided exfoliation [8,12,46,53-55] can be used to promote
the exfoliation of graphite. For example, Badri et al. [46] dispersed graphite powder in 0.5
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mg/mL alkaline lignin aqueous solution to form a 4 mg/mL graphite suspension. After
heating intercalation and ultrasonic dispersion for 5 h, the graphite particles were re-
moved by centrifugation to obtain a concentration of 0.72 + 0.05 mg/mL low-defect and
few-layer graphene suspension. Liu et al. [53] used a peroxyacetic acid and sulfuric acid
mixture solution system to intercalate and exfoliate the graphite. The exfoliation mecha-
nism and morphology of obtained graphene are shown in Figure 2.
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Figure 2. Characterization and intercalation mechanism of intercalated and stripped graphene. (a)
Transmission electron microscopy (TEM); (b) High Resolution Transmission Electron Microscopes
(HR-TEM); (c) Atomic force microscopy(AFM); (d) Thickness statistics of graphene with different
layer numbers; (e) Scanning electron microscopy (SEM) image of graphene dispersed on TEM mi-
cro-grid; (f) Lateral area distribution of graphene calculated from 50 flakes; (g) Schematic diagram
of graphite intercalation and exfoliation [53]. Reprinted with permission from ref. [53]. Copyright
2018 Elsevier B.V.

Figure 2 shows the exfoliation product after peeling at room temperature for four
hours. The yield of graphene is close to 100%, the average number of layers is less than
five, and the maximum area can reach 420 um?. The intercalation agent method exhibits a
good exfoliation effect as well. For example, Lin et al. [43] ground graphite flakes with
ammonium bicarbonate (NH4sHCOs), followed by heating at 60 °C under vacuum to inter-
calate NHsHCO:s between the graphite layers, followed by heating in a microwave to
quickly decompose NH4sHCOs into CO2, NHs, and H20 vapor. The strong pressure gener-
ated instantly broke out to exfoliate the graphite sheet into few layers of graphene.

To increase the exfoliation speed of graphite and reduce graphene agglomeration,
graphite can be dispersed into N-methylpyrrolidone (NMP), dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), and other different types of ionic liquid, followed by us-
ing a mechanical force to form few-layer graphene suspension, which is referred to as
ionic liquid exfoliation [43,44]. Yousef et al. [43] prepared low-temperature expandable
graphite (LT-EG)/DMEF suspensions by a mechanical mixer unit, and used the second unit
“multi-roller wet milling (MR-WM)” to synthesize as-prepared graphene from LT-
EG/DMEF under constant exfoliation for 120 min at speeds of 300 to 600 rpm. However, the
high cost of ionic liquids, long reaction process, low yield, low preparation efficiency, and
environmental pollution emission severely restrict the development of ionic liquid exfoli-
ation. To reduce costs and improve preparation efficiency, Gonzalez-Dominguez et al. [56]
used a ball mill to mechanochemically intercalate organic molecules (melamine) into
graphite, and washed suspended graphene to eliminate most of the melamine. The gra-
phene products were three to four layers thick and ~500 nm in diameter on average, and
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most of the melamine could be removed by washing with water at 70 °C. Yoshihiko Arao
et al. [57] used the high-speed laminar flow generated by a pressure homogenizer to ef-
fectively exfoliate large quantities of high-quality graphene; a production rate of 3.6 g/h
of graphene in aqueous solution was achieved. Thus, effectively overcoming the Van der
Waals forces between graphite layers is key to the efficient preparation of graphene.

Mechanical exfoliation is a traditional and simple method that has been applied for
decades. However, the physical and chemical properties of graphene, such as the purity,
size, number of layers, and performance are difficult to control, leading to the limited pro-
motion value. For instance, the low efficiency of adhesive peeling results in low yield
[1,17], which only meets the needs of laboratory research. In recent years, supercritical
fluid (SCF) exfoliation [58], wet-jet milling exfoliation [59], and gas-driven exfoliation [60]
have been developed, which are more efficient. Wang et al. [58] produced graphene at
high-efficiency by supercritical COz exfoliation with rapid expansion. Zhang et al. [60]
used a high sheer rate of up to 3.3 x 107 s generated by driving high-speed gas at working
pressures as low as 0.5 MPa to exfoliate graphite; the microscopic morphology and size
changes of the stripped graphene are shown in Figure 3.
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Figure 3. Microscopic morphology photos of gas-driven exfoliated graphene. SEM images of (a)
graphite powder, (b) gas-driven exfoliated graphene. (c) Wide-field TEM image of gas-driven exfo-
liated graphene. (d,e) Representative monolayer flakes; inset in image (d) shows the selected area
electron diffraction (SAED) pattern of the red-marked box. (f) HR-TEM image of blue-marked box
in image (e); inset shows corresponding fast Fourier transform (FFT) pattern. (g h) AFM images of
gas-driven exfoliated graphene. (i) Thickness distribution of graphene. (j) Length distribution of
graphene [60]. Reprinted with permission from ref. [60]. Copyright 2019 Royal Society of Chemistry.

Figure 3 shows that 62% of the obtained graphene sheets are single-layer, while 97%
of flakes are <2 layers, with no lattice defect and high quality. However, the largest chal-
lenges of gas-driven exfoliation are that the number of graphene layers is difficult to con-
trol, the particle size is uneven, and the issue of “agglomeration” in grinding remains un-
solved. From the perspective of the development of graphene preparation technology,
novel processing methods continue to emerge, and numerous problems remain to be
solved in large-scale preparation and utilization.

3. Exfoliation Mechanism of Graphene

Flake graphite crystal layers are connected by delocalized m bonds and Van der
Waals forces, with binding forces of approximately 16.7 k]/mol. Carbon—carbon atoms in
graphite flakes are combined with sp? hybrid orbitals to form covalent bonds with a bond
energy of up to 345 kJ/mol, more than 20 times greater than the bonding force between
layers [61]. The low interlayer bonding force is key to achieving the sliding, wrinkling,
twisting, and peeling of graphite layers, and also provides the possibility for mechanical
peeling! or chemical intercalation [46,53-55]. Zhang et al. [62] used a wet ball milling ap-
proach to synthesize SiC-graphene core-shell nanoparticles in situ from graphite and SiC
nanoparticles. Graphite flakes were gradually exfoliated into fresh graphene nanosheets
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(GNSs) without significant defects, which is attributed to mechanical shearing and mod-
erate impaction forces between graphite flakes, milling balls, and SiC nanoparticles dur-
ing wet milling. It was estimated that >50% of the produced GNSs are wrapped around
the SiC nanoparticles, and these GNSs are generally <6 layers. Based on the London-Van
der Waals model, the required energy to exfoliate graphite with a thickness of 20 um into
single- and 100-layer graphite are 1.69 x 10! ] and 2.25 x 10-" ], respectively. Meanwhile,
the moving ZrO: grinding ball with a diameter of 5.0 mm can transfer up to 2.77 x 107 J
of kinetic energy to the graphite, which is sufficient to exfoliate graphite to form single-
layer graphene. Figure 4 shows two mechanisms for the formation of SiC-GNSs core-shell
nanoparticles during wet ball milling.
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Figure 4. Schematic drawing showing exfoliation of graphite/GNSs and encapsulation of SiC nano-
particles with GNSs [62]. Reprinted with permission from ref. [62]. Copyright 2018 Elsevier Ltd and
Techna Group S.r.l.

In exfoliation theory and simulation research, Christian et al. [63] studied the theo-
retical model of the contact angle, surface energy, and graphite flake exfoliation by con-
ducting a theoretical analysis of the crystal structure and thermodynamic definition of
surface tension. Hamilton et al. [64] dispersed graphite powder in high-boiling o-dichlo-
robenzene (ODCB), and obtained graphene by ultrasonic peeling. The t—mt interaction be-
tween ODCB and graphite flakes made the surface tension (36.6 x 10-%}]-m2) similar to the
tension required for graphite peeling ((4-50) x10- J-m2), which explains the essence of
ultrasonic-assisted peeling to form a few layers of graphene.

Yoon et al. [55] investigated the mechanism of intercalation-aided exfoliation of
graphite using Van der Waals force-corrected density functional theory (DFT) calcula-
tions. Relative calculation results show that the required exfoliation energy of graphite
varies significantly with the intercalation reagents, which is not only determined by mo-
lecular size of intercalation reagents, but also to the interaction force and bonding form
between the intercalation agent and the graphite layer. The intercalation of negative or
positive ions, such as Li*, K*, F-, Cl, and Br- can increase the bonding force between the
intercalating agent and the graphene layer, resulting in a 1.5-5 times higher exfoliation
energy. This theory is in contrast to the general belief that intercalation agents can enlarge
the interplanar spacing of graphite crystals and reduce the Van der Waals forces, thereby
weakening the bonding force between graphene layers, which is important to the selection
of intercalation agents and the improvement of exfoliation efficiency. Pan et al. [65] exper-
imentally observed bending induced failure (local buckling) of multilayered graphene
sheets (MLGSs) through an inverse blister test. Theoretical modeling and molecular dy-
namics simulations were conducted to investigate the bending behavior of MLGSs with-
out any edge constraint. They found that the exfoliation modes include interlayer shear-
ing, rippling, and kink buckling/delamination. Exfoliation modes depend on the length
and thickness of the graphite flake. By analytically deducing the bending stiffness of
MLGSs before failure, the bending stiffness decreases dramatically below a critical length
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(~9.7 nm). The above research provides a theoretical foundation for the mechanical
method of peeling off graphite to prepare graphene.

4. Large-Scale Exfoliation of Graphite Using Polymer Materials

Owing to the unique viscoelasticity [66] and high strength [67] of polymer materials
such as rubber and resin, and the affinity [68] and wettability [69] between the carbon
chain and carbon materials, graphite can be exfoliated into graphene using polymer ma-
terials. The high yield, rapid exfoliation rate, and low cost of this method provide it with
commercial prospects. For example, Li et al. [7] dispersed graphite flakes into epoxy resin
glue, and pressed them by three-rollers. The results reveal that graphite flakes were exfo-
liated in situ to an average aspect ratio of 300-1000, with a thickness of 5-17 nm few-layer
graphene. Alessandro Aliprandi et al. [10] coated Persian beeswax diluted with glycerin
on the rollers of a three-roller, and used the viscosity of beeswax and the tearing force of
mechanical rotation to peel off graphite flakes. The obtained product is few-layer gra-
phene mainly with 4-5 layers and a thickness of ~2.6 nm.

In our study, graphene was successfully prepared by blending natural flake graphite
with neoprene and natural rubber [70], followed by the compression, friction, and shear-
ing of the roller machine. The detailed process is described as follows. First, rubber was
mixed with pre-treated graphite in a two-roll mill at 60 °C for 90 min, a composite rubber
block containing 10% graphene is finally formed. Second, a 1-g graphene composite rub-
ber block was placed in the reaction kettle, and 50-100 mL chloroform or benzene solvent
was added. After the hydrothermal process at 160 °C for 8-12 h by shaking the reaction
kettle every 1 h, the graphene rubber suspension was obtained. Third, the graphene rub-
ber suspension was centrifuged for 10 min at 2000 rpm to remove incompletely dissolved
colloidal particles and incompletely peeled graphite particles in the suspension. The ob-
tained a rubber suspension containing a certain concentration of graphene was then pre-
cipitated by a centrifuge at 10,000 rpm for 15-20 min. After washing with absolute ethanol,
centrifuging, and freeze vacuum drying, the fluffy graphene powder was finally obtained.

Successful exfoliation of graphite was confirmed by microscopy and X-ray diffraction
analyses, and the results are shown in Figure 5. Figure 5a shows that the obtained gra-
phene presents a uniform flake-like structure with a size of approximately 2 um. The
edges are mostly piled together in a curled or folded form; the TEM image (Figure 5b)
shows that graphenes are superimposed with a jagged structure on the edges. The atomic
force microscopy (AFM) image reveals graphene sheets with numerous notches at the pe-
riphery. The average thickness of graphene is approximately 2.1 nm, indicating that there
are three graphene layers.

The X-ray diffraction (XRD) analysis of Figure 5d shows that the diffraction peak
intensity of natural flake graphite crystals at 20 of 26.7° is 34,072.8, while the diffraction
peak intensity of the graphene stacked flakes formed after exfoliation is only 786.3. The
peak half-width is significantly larger, indicating that most graphite flakes have been dis-
sociated, and graphene was formed [56]. Even if a few graphite flakes have not been com-
pletely peeled off, it does not have significant impact on the performance and application
of graphene. Therefore, the rubber mixing process system can effectively exfoliate the
flake graphite crystals into single-layer or few-layer graphene. Meanwhile, the great re-
producibility and high yield of our study award it with commercial prospects.

Compared with various preparation methods of graphene, the utilization of polymer
materials as the peeling agent is simple, scalable, and low-cost. Hence, we believe that it
provides a novel top-down approach for the preparation of high-quality graphene on a
large scale.
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Figure 5. Microscopic morphology photos of rubber exfoliated graphene. (a) SEM; (b) TEM; (c) AFM
image and graphene thickness change curve; (d) X-ray diffraction (XRD) analysis curve of graphite,
and exfoliated graphene [70]. Reprinted with permission from ref. [70]. Copyright 2019 UNIV HE-
BEI TECHNOLOGY, 201910640615.3, China patent.

5. Summary and Outlook

Graphene preparation methods are constantly updated with the emergence of novel
preparation processes and continuous in-depth study of the exfoliation mechanism. In
this review, recent advances in the preparation methods are addressed. “Bottom-up”
methods yield high-quality and large-size graphene. However, bottom-up approaches
generally suffer from high production cost, complex processes, low efficiency, and limited
production. The top-down exfoliation method requires simple equipment, but the con-
tent, size, number of layers, and defect types of prepared graphene are difficult to control.
Preparing graphene using polymer materials, such as rubber and resin, as binders has
advantages including simple processing, continuous and controllable scale, high produc-
tion efficiency, less product defects, and wide application. Therefore, we believe that the
polymer stripping graphene method is an important direction for the preparation of gra-
phene and its composites.

Author Contributions: Writing—original draft preparation, N.L.; investigation, B.H.; writing—re-
view and editing, Q.T.; supervision, Y.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant number 2019YFC1904601.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors have no conflicts to disclose.



Crystals 2022, 12, 25 9 of 11

References

1.  Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183-191.

2. Lee, C.; Wei, X,; Kysar, ].W.; Hone, ]. Measurement of the elastic properties and intrinsic strength of monolayer graphene. Science
2008, 321, 385-388.

3. Balandin, A.A,; Ghosh, S.; Bao, W.Z.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior thermal conductivity of single-
layer graphene. Nano Lett. 2008, 8, 902-907.

4. Cao, Y, Fatemi, V.; Fang, S.; Watanabe, K; Taniguchi, T.; Kaxiras, E.; Jarillo-Herrero, P. Unconventional superconductivity in
magic-angle graphene superlattices. Nature 2018, 556, 43-50.

5. Yaragallaa, S.; Meera, A.P.; Kalarikkal, N.; Thomas, S. Chemistry associated with natural rubber-graphene nanocomposites and
its effect on physical and structural properties. Ind. Crops Prod. 2015, 74, 792-802.

6. Tung, T.T,; Yoo, J.; Alotaibi, F.K.; Nine, M.].; Karunagaran, R.; Krebsz, M.; Nguyen, G.T.; Tran, D.N.H.; Feller, ].F.; Losic, D.
Graphene oxide-assisted liquid phase exfoliation of graphite into graphene for highly conductive film and electromechanical
sensors. ACS Appl. Mater. Interfaces 2016, 8, 16521-16532.

7. Li, Y., Zhang, H.; Crespo, M.; Porwal, H.; Picot, O.; Santagiuliana, G.; Huang, Z.; Barbieri, E.; Pugno, N.M.; Peijs, T.; et al. In situ
exfoliation of graphene in epoxy resins: a facile strategy to efficient and large scale graphene nanocomposites. ACS Appl. Mater.
Interfaces 2016, 8, 24112-24122.

8.  Cai, W, Feng, X.; Hu, W.; Pan, Y.; Hu, Y.; Gong, X. Functionalized graphene from electrochemical exfoliation for thermoplastic
polyurethane: thermal stability, mechanical properties, and flame retardancy. Ind. Eng. Chem. Res. 2016, 55, 10681-10689.

9.  Wipatkrut, P.; Poompradub, S. Exfoliation approach for preparing high conductive reduced graphite oxide and its application
in natural rubber composites. Mater. Sci. Eng. B 2017, 218, 74-83.

10. Aliprandi, A.; Eredia, M.; Anichini, C.; Baaziz, W.; Ersen, O.; Ciesielski, A.; Samori, P. Persian waxing of graphite: towards green
large-scale production of graphene. Chem. Commun. 2019, 55, 5331-5334.

11. Kang, H.G,; Jeong, ].M.; Hong, S.B.; Lee, G.Y.; Kim, D.H.; Kim, J.W.; Choi, B.G. Scalable exfoliation and activation of graphite
into porous graphene using microwaves for high—performance supercapacitors. J. Alloys Compd. 2019, 770, 458-465.

12.  Hu, M,; Zhou, Y.; Nie, W.; Chen, P. Functionalized graphene nanosheets with fewer defects prepared via sodium alginate as-
sisted direct exfoliation of graphite in aqueous media for lithium-ion batteries. ACS Appl. Nano Mater. 2018, 1, 1985-1994.

13. Shukla, A.; Dhanasekaran, P.; Nagaraju, N.; Bhat, S.D.; Pillai, V.K. A facile synthesis of graphene nanoribbon-quantum dot
hybrids and their application for composite electrolyte membrane in direct methanol fuel cells. Electrochim. Acta 2019, 297, 267-
280.

14. Kiani, F.; Razzaghi, Z.; Ghadiani, B., Mohmmadi, M.T.M.H.; Simchi, A. Self-limited growth of large-area monolayer graphene
films by low pressure chemical vapor deposition for graphene-based field effect transistors. Cera. Int. 2017, 43, 15010-15017.

15. Wang, L.; Tian, C.; Wang, H.; Ma, Y.; Wang, B.; Fu, H. Mass production of graphene via an in situ self-generating template route
and its promoted activity as electrocatalytic support for methanol electroxidization. J. Phys. Chem. C 2010, 114, 8727-8733.

16. Liu, G,; Qin, H.; Amano, T.; Murakami, T.; Komatsu, N. Direct fabrication of the graphene-based composite for cancer photo-
therapy through graphite exfoliation with a photosensitizer. ACS Appl. Mater. Interfaces 2015, 7, 23402-23406.

17. Xu, H; Meng, L.; Li, Y.; Yang, T.Z,; Bao, L.H.; Liu, G.D.; Zhao, L.; Liu, T.S,; Xing, J.; Gao, H.].; et al. Applications of new exfoli-
ation technique in study of two-dimensional materials. Acta Phys. Sin. 2018, 67, 21.

18. Barberio, M.; Antici, P. Laser-plasma driven Synthesis of Carbon-based Nanomaterials. Sci. Rep. 2017, 7, 1-8.

19. Li, W, Li, M,; Liu, Y,; Pan, D.; Li, Z.; Wang, L.; Wu, M. Three minute ultrarapid microwave-assisted synthesis of bright fluores-
cent graphene quantum dots for live cell staining and white LEDs. ACS Appl. Nano Mater. 2018, 1, 1623-1630.

20. Bekduz, B.; Kaya, U.; Langer, M.; Mertin, W.; Bacher, G. Direct growth of graphene on Ge (100) and Ge (110) via thermal and
plasma enhanced CVD. Sci. Rep. 2020, 10, 12938.

21. Bleu, Y.; Bourquard, F.; Tite, T.; Loir, A.; Maddi, C.; Donnet, C.;Garrelie, F. Review of graphene growth from a solid carbon
source by pulsed laser deposition (PLD). Front. Chem. 2018, 6, 572.

22. Bleu, Y.; Bourquard, F.; Gartiser, V.; Loir, A.; Caja-Munoz, B.; Avila, J.; Barnier, V.; Garrelie, F.; Donnet, C. Graphene synthesis
on SiO2 using pulsed laser deposition with bilayer predominance. Mater. Chem. Phys. 2019, 238, 121905.

23. Bleu, Y.; Bourquard, F.; Farre, C.; Chaix, C.; Galipaud, J.; Loir, A.; Barnier, V.; Garrelie, F.; Donnet, C. Boron doped graphene
synthesis using pulsed laser deposition and its electrochemical characterization. Diamond Relat. Mater. 2021, 115, 108382.

24. Yin, S; Zhang, X.; Xu, C.; Wang, Y.; Wang, Y.; Li, P.; Sun, H.; Wang, M.; Xia, Y.; Lin, C.T.; et al. Chemical vapor deposition
growth of scalable monolayer polycrystalline graphene films with millimeter-sized domains. Mater. Lett. 2018, 215, 259-262.

25. Guo, W,; Wy, B.; Wang, S.; Liu, Y. Controlling fundamental fluctuations for reproducible growth of large single-crystal gra-
phene. ACS Nano 2018, 12, 1778-1784.

26. Xu, H;Lin, Q.; Zhou, T.; Chen, T ; Lin, S.; Dong, S. Facile preparation of graphene nanosheets by pyrolysis of coal-tar pitch with
the presence of aluminum. J. Anal. Appl. Pyrolysis 2014, 110, 481-485.

27. Munuera, ].M.; Paredes, J.I; Enterria, M.; Pagan, A.; Villar-Rodil, S.; Pereira, M.F.R.; Martins, ].L; Figueiredo, J.L.; Cenis, J.L.;
Martinez-Alonso, A.; et al. Electrochemical exfoliation of graphite in aqueous sodium halide electrolytes toward low oxygen
content graphene for energy and environmental applications. ACS Appl. Mater. Interfaces 2017, 9, 24085-24099.

28. Guo, W,; Jing, F,; Xiao, J.; Zhou, C.; Lin, Y.; Wang, S. Oxidative-Etching-Assisted Synthesis of Centimeter-Sized Single-Crystal-

line Graphene. Adv. Mater. 2016, 28, 3152-3158.



Crystals 2022, 12, 25 10 of 11

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

EAuchter; Marquez, J.; Yarbro, S.L.; Dervishi, E. A facile alternative technique for large-area graphene transfer via sacrificial
polymer. AIP Adv. 2017, 7, 125306.

Auchter, E.; Marquez, ].; Stevens, G.; Silva, R.; Mcculloch, Q.; Guengerich, Q.; Blair, A.; Litchfield, S.; Li, N.; Sheehan, C. Ultra-
thin and strong formvar-based membranes with controlled porosity for micro-and nano-scale systems. Nanotechnology 2018, 29,
215712.

Brzhezinskaya, M.; Irzhak, A.; Irzhak, D.; Kang, T.; Kononenko, O.; Matveev, V.; Panin, G.; Roshchupkin, D. Direct growth of
graphene film on piezoelectric LasGassTaosO14 crystal. Phys. Status Solidi RRL 2016, 10, 639-644.

Zhang, L.; Dong, J.; Ding, F. Strategies, Status, and Challenges in Wafer Scale Single Crystalline Two-Dimensional Materials
Synthesis. Chem. Rev. 2021, 121, 6321-6372.

Xu, X.; Zhang, Z.; Dong, J.; Yi, D.; Niu, J.; Wu, M,; Lin, L.; Yin, R.; Li, M.; Zhou, J.; et al. Ultrafast epitaxial growth of metre-sized
single-crystal graphene on industrial Cu foil. Sci. Bull. 2017, 62, 1074-1080.

Wang, M.; Huang, M.; Luo, D.; Li, Y.; Choe, M.; Seong, W.; Kim, M.; Jin, S.; Wang, M.; Chatterjee, S.; et al. Single-crystal, large-
area, fold-free monolayer graphene. Nature 2021, 596, 519-524.

Huang, Z.; Alharbi, A.; Mayer, W.; Cuniberto, E.; Taniguchi, T.; Watanabe, K.; Shabani, J.; Shahrjerdi, D. Versatile construction
of van der Waals heterostructures using a dual-function polymeric film. Nat. Commun. 2020, 11, 3029.

Blomquist, N.; Alimadadi, M.; Hummelgard, M.; Dahlstrom, C.; Olsen, M.; Olin, H. Effects of geometry on large-scale tube-
shear exfoliation of graphite to multilayer graphene and nanographite in water. Sci. Rep. 2019, 9, 8966.

Ptak, F.; Almeida, C.M.; Prioli, R. Velocity-dependent friction enhances tribomechanical differences between monolayer and
multilayer graphene. Sci. Rep. 2019, 9, 14555.

Wang, Q.-B.; Yin, J.-Z.; Xu, Q.-Q.; Zhi, J.-T. Insightful Understanding of Shear-Assisted Supercritical CO2 Exfoliation for Fabri-
cating Graphene Nanosheets through the Combination of Kinetics and Process Parameters. Ind. Eng. Chem. Res. 2020, 59, 10967-
10975.

Vadiyar, M.M.; Bandgar, S.B.; Kolekar, S.S.; Chang, J.-Y.; Ling, Y.-C.; Ye, Z.; Ghule, A.V. Holey C@ZnFe20s Nanoflakes by Car-
bon Soot Layer Blasting Approach for High Performance Supercapacitors. ACS Appl. Energy Mater. 2019, 2, 6693-6704.

Szirmai, P.; Markus, B.G.; Chacon-Torres, ]J.C.; Eckerlein, P.; Edelthalhammer, K.; Englert, ] M.; Mundloch, U.; Hirsch, A.;
Hauke, F.; Nafradi, B.; et al. Characterizing the maximum number of layers in chemically exfoliated graphene. Sci. Rep. 2019, 9,
19480.

Wu, W.; Yu, B. Corn Flour Nano-Graphene Prepared by the Hummers Redox Method. ACS Omega 2020, 5, 30252-30256.

Ejigu, A.; le Fevre, LW ; Fujisawa, K.; Terrones, M.; Forsyth, A.].; Dryfe, R A.W. Electrochemically exfoliated graphene electrode
for high-performance rechargeable chloroaluminate and dual-ion batteries. ACS Appl. Mater. Interfaces 2019, 11, 23261-23270.
Yousef, S.; Mohamed, A.; Tatariants, M. Mass production of graphene nanosheets by multi-roll milling technique. Tribol. Int.
2018, 121, 54-63.

Lavin-Lopez, M.P.; Valverde, J.L.; Sanchez-Silva, L.; Romero, A. Solvent-based exfoliation via sonication of graphitic materials
for graphene manufacture. Ind. Eng. Chem. Res. 2016, 55, 845-855.

Zhang, K,; Tang, J.; Yuan, J.; Li, J.; Sun, Y.; Matsuba, Y.; Zhu, D.-M.; Qin, L.-C. Production of few-layer graphene via enhanced
high-pressure shear exfoliation in liquid for supercapacitor applications. ACS Appl. Nano Mater. 2019, 1, 2877-2884.

Badri, M.A.S,; Salleh, M.M.; Noor, N.F.M.; Rahman, M.Y.A.; Umar, A.A. Green synthesis of few-layered graphene from aqueous
processed graphite exfoliation for graphene thin film preparation. Mater. Chem. Phys. 2017, 193, 212-219.

Amiri, A.; Shanbedi, M.; Rafieerad, A.R.; Rashidi, M.M.; Zaharinie, T.; Zubir, M.N.M.; Kazi, S.N.; Chew, B.T. Functionalization
and exfoliation of graphite into mono layer graphene for improved heat dissipation. ]. Taiwan Inst. Chem. Eng. 2017, 71, 480-493.
Zhou, Q.; Lu, Y.; Xu, H. High-yield production of high-quality graphene by novel electrochemical exfoliation at air-electrolyte
interface. Mater. Lett. 2019, 235, 153-156.

Zhu, Y.; Stoller, M.D.; Cai, W.; Velamakanni, A.; Piner, R.D.; Chen, D.; Ruoff, R.S. Exfoliation of graphite oxide in propylene
carbonate and thermal reduction of the resulting graphene oxide platelets. ACS Nano 2010, 4, 1227-1233.

Potts, J.R.; Shankar, O.; Murali, S.; Du, L.; Ruoff, R.S. Latex and two-roll mill processing of thermally-exfoliated graphite
oxide/natural rubber nanocomposites. Compos. Sci. Technol. 2013, 74, 166-172.

Cheng, H.; Ye, M; Zhao, F.; Hu, C.; Zhao, Y.; Liang, Y.; Chen, N.; Chen, S.; Jiang, L.; Qu, L. A general and extremely simple
remote approach toward graphene bulks with in situ multifunctionalization. Adv. Mater. 2016, 28, 3305-3312.

Marcano, D.C.; Kosynkin, D.V.; Berlin, ].M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, ].M. Improved
synthesis of graphene oxide. ACS Nano 2010, 4, 4806-4814.

Liu, M.; Zhang, X.; Wu, W,; Liu, T.; Liu, Y.; Guo, B.; Zhang, R. One-step chemical exfoliation of graphite to~ 100% few-layer
graphene with high quality and large size at ambient temperature. Chem. Eng. J. 2019, 355, 181-185.

Lin, J.; Huang, Y.; Wang, S.; Chen, G. Microwave-assisted rapid exfoliation of graphite into graphene by using ammonium
bicarbonate as the intercalation agent. Ind. Eng. Chem. Res. 2017, 56, 9341-9346.

Yoon, G.; Seo, D.-H.; Ku, K,; Kim, J.; Jeon, S.; Kang, K. Factors affecting the exfoliation of graphite intercalation compounds for
graphene synthesis. Chem. Mater. 2015, 27, 2067-2073.

Gonzalez-Dominguez, ].M.; Leon, V.; Lucio, M.L; Prato, M.; Vazquez, E. Production of ready-to-use few-layer graphene in
aqueous suspensions. Nat. Protoc. 2018, 13, 495-506.

Arao, Y.; Mizuno, Y.; Araki, K.; Kubouchi, M. Mass production of high-aspect-ratio few-layer-graphene by high-speed laminar
flow. Carbon 2016, 102, 330-338.



Crystals 2022, 12, 25 11 of 11

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

Wang, Y.; Chen, Z; Wu, Z,; Li, Y.; Yang, W.; Li, Y. High-Efficiency Production of Graphene by Supercritical CO2 Exfoliation
with Rapid Expansion. Langmuir 2018, 34, 7797-7804.

Bellani, S.; Petroni, E.; Castillo, A.E.D.R.; Curreli, N.; Martin-Garcia, B.; Oropesa-Nunez, R.; Prato, M.; Bonaccorso, F. Scalable
production of graphene inks via wet-jet milling exfoliation for screen-printed micro-supercapacitors. Adv. Funct. Mater. 2019,
29, 1807659.

Zhang, Z.; Jin, H.; Miao, X,; Ju, T,; Li, Y.; Ji, ]. Gas-driven exfoliation for producing high-quality graphene. Chem. Commun. 2019,
55, 7749-7751.

Chuan, X.-Y. Microstructure Design of Graphite in Nanoscale. J. Inorg. Mater. 2017, 32, 1121-1127.

Zhang, J; Yang, S.; Chen, Z,; Yan, Y.; Zhao, ].; Li, J.; Jiang, Z. In Situ synthesis of SiC-graphene core-shell nanoparticles using
wet ball milling. Ceram. Int. 2018, 44, 8283-8289.

van Engers, C.D.; Cousens, N.E.A.; Babenko, V.; Britton, ].; Zappone, B.; Grobert, N.; Perkin, S. Direct measurement of the
surface energy of graphene. Nano Lett. 2017, 17, 3815-3821.

Hamilton, C.E.; Lomeda, J.R.; Sun, Z.; Tour, ].M.; Barron, A.R. High-yield organic dispersions of unfunctionalized graphene.
Nano Lett. 2009, 9, 3460-3462.

Pan, F.; Wang, G.; Liu, L.; Chen, Y.; Zhang, Z.; Shi, X. Bending induced interlayer shearing, rippling and kink buckling of
multilayered graphene sheets. J. Mech. Phys. Solids 2019, 122, 340-363.

Zhang, Y.; Zhu, G.; Dong, B.; Wang, F.; Tang, |.; Stadler, F.J.; Yang, G.; Hong, S.; Xing, F. Interfacial jamming reinforced Pickering
emulgel for arbitrary architected nanocomposite with connected nanomaterial matrix. Nat. Commun. 2021, 12, 111.

Zhang, X.; Zhong, L.; Mateos, A.; Kudo, A.; Vyatskikh, A.; Gao, H.; Greer, J.R.; Li, X. Theoretical strength and rubber-like be-
haviour in micro-sized pyrolytic carbon. Nat. Nanotechnol. 2019, 14, 762-769.

Kritikos, G.; Rissanou, A.N.; Harmandaris, V.; Karatasos, K. Bound layer polymer behavior on graphene and graphene oxide
nanosheets. Macromolecules 2020, 53, 6190-6203.

Zhang, X.; Yang, G.; Zong, L.; Jiang, M.; Song, Z.; Ma, C; Zhang, T.; Duan, Y.; Zhang, J. Tough, ultralight, and water-adhesive
graphene/natural rubber latex hybrid aerogel with sandwichlike cell wall and biomimetic rose-petal-like surface. ACS Appl.
Mater. Interfaces 2020, 12, 1378-1386.

Tang, Q.; Liu, N.; Liang, X; Liang, ]J. Method for preparing graphene by mechanically driving rubber molecules to strip flake
graphite. China Patent 201910640615.3, 2019.



