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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 methods
and process for graphene. This review summarizes recent advanced graphene synthesis methods 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 practicality 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 sp2 -bonded carbon atoms packed in a hexagonal
honeycomb 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 m2 /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 × 105 cm2 /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 biological materials [16]. However, differences in the graphene preparation process
not only affect the preparation cost and production efficiency of graphene, but also directly
influence its number of layers, defect types, and surface properties, hence becoming an
important 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 methods 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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a few-layer graphene film on the insulating piezoelectric substrate La3 Ga5.5 Ta0.5 O14 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 × 50 cm2 singlecrystal 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 4 × 7 cm2 single-crystal Cu–Ni(111) substrates using ethylene as the carbon precursor.
However, the low yield, high preparation cost, high-energy consumption, and expensive
equipment limits their application for mass production.
The exfoliation method, using flake graphite or pyrolytic graphite with high crystallinity 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, doublelayer, 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 reaggregating. By combining this process with ultrasonic dispersion, few-layer graphene
suspension with good dispersibility can be obtained [8,27,48]. However, the obtained
graphene is mainly few-layer graphene or graphite nano-sheets, and the low peeling
efficiency 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
permanganate 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 dopamine 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, associated with the emission of toxic pollutants such as NO2 , N2 O4 , HCl,
and H2 SO4 , 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 oxidation 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 mg/mL alkaline lignin aqueous solution to form a 4 mg/mL graphite suspension. After
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Figure 3 shows that 62% of the obtained graphene sheets are single-layer, while 97%
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 chalof flakes are ≤2 layers, with no lattice defect and high quality. However, the largest
lenges of gas-driven exfoliation are that the number of graphene layers is difficult to conchallenges of gas-driven exfoliation are that the number of graphene layers is difficult to
trol, the particle size is uneven, and the issue of “agglomeration” in grinding remains uncontrol, the particle size is uneven, and the issue of “agglomeration” in grinding remains
solved. From the perspective of the development of graphene preparation technology,
unsolved. From the perspective of the development of graphene preparation technology,
novel processing methods continue to emerge, and numerous problems remain to be
novel processing methods continue to emerge, and numerous problems remain to be solved
solved in large-scale preparation and utilization.
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any edge constraint. They found that the exfoliation modes include interlayer shearing,
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 (~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 materials.
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 exfoliated 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 graphene 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 shearing
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 rubber 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 rubber suspension was
centrifuged for 10 min at 2000 rpm to remove incompletely dissolved colloidal particles and
incompletely peeled graphite particles in the suspension. The obtained a rubber suspension
containing a certain concentration of graphene was then precipitated 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 graphene
presents a uniform flake-like structure with a size of approximately 2 µm. 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 periphery.
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 2θ 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
dissociated, and graphene was formed [56]. Even if a few graphite flakes have not been
completely 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
reproducibility 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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