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Figure 1 (Color online) The growth of graphene on liquid Cu surface on W substrates. (a) Scheme showing CVD process for the synthesis of
graphene on liquid Cu surface. (b) Scanning electron microscopy (SEM) image of hexagonal graphene domains grown on a liquid Cu sphere on silicon
oxide surface. (c) SEM image showing partially covered and well-dispersed graphene flakes for 30 min growth. (d) SEM image of a near-perfect 2D
lattice composed of similar-sized graphene flakes™”!
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Figure 2 (Color online) Preparation of graphene on insulating substrate. (a) Typical SEM image of graphene film on insulated substrates. The scale
bar is 500 nm. (b) Raman spectra of the graphene films on a Si;N, substrate and graphene on a SiO,/Si substrate after transfer®”. (c) Typical optical
micrograph of graphene domains on a Si;N,/SiO,/Si substrate. The scale bar is 10 um. (d) A micrometer-size dodecagonal pattern graphene domains

obtained after grown for 72 h. The scale bar is 2 ym!®”?
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Figure 3 (Color online) Graphene shape modulation and dynamic formation of graphene/h-BN heterostructure. (a)—(c) Typical SEM images of highly
regular and hexagonal symmetric patterns grown on a liquid copper surface with different shapes formed by varying the Ar:H, ratio. All scale bars are
5 umm]. (d) Modeling the formation mechanism of grain boundaries in polygonal graphene flakes based on the anisotropic growth of graphene, in which
the simultaneous merging of three graphene nuclei is shown. (¢) SEM image of a polygonal graphene flake, showing that the locations on GB are
corresponding to certain vertex of a polygon where the associated angles are not equal to 120004, (f) SEM image of h-BN stripes grown along edges of
inner and outside holes in graphene, respectively. (g) The model shows a hexagon representing a graphene with etched inner zig-zag (ZZ) edges. The
middle one illustrates h-BN anisotropic growth from six ZZ edges, and the dashed lines show the intermediate merging state. The right one shows the
final case, in which six straight black lines indicate GBs. (h) The model shows h-BN stripes grown from a graphene arm-chair (AC) edge. The dashed
lines indicate the intermediate merging state. The right model shows one final profile of grown h-BN and grain boundaries paths[gs]
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In 2004, graphene was successfully prepared by micromechanical exfoliation of graphite, which attracts wide attention in
the scientific research community. After that, related research of two-dimensional (2D) materials has received continuous
exploration. In particular, academia and industry have paid tremendous attention and high expectations on graphene, owing
to its remarkable and tunable physical, electrical, optical, magnetic properties and its potential applications in various
fields. These practical applications include high performance electronics and optoelectronics, such as field effect
transistors, transparent and flexible electrodes, spintronic devices, solar cells and so on. However, as is well-known, the
practical commercial applications are based on mature and repeatable preparation of materials. Great achievements have
been made in developing synthesis techniques, including micromechanical exfoliation, epitaxial growth, chemical vapor
deposition (CVD), chemical exfoliation, arc discharge, segregation growth and bottom-up synthesis and so on. Among
these methods, CVD method is regarded as the most versatile platform to obtain high quality, large area, and controllable
number of layers with good repeatability and low cost for real commercial applications. Up to now, the past decade has
witnessed significant developments in the field of CVD graphene synthesis.

Herein, we present the development of this field by firstly introducing the origin of graphene and the background of CVD
method. Then, the main achievements in the development of graphene since 2008 are presented from the point of view of
controllable preparation. The CVD synthesis of graphene is focused mainly on four aspects: the selection and modification
of catalytic substrates, the manipulation of reaction conditions, bandgap engineering and clean transfer. The selection of
catalytic substrate plays a critical role in the controllable preparation of graphene by CVD method. The representative
catalytic mechanisms of different substrates for growing graphene are introduced, followed by various modifications of
catalytic metal substrates. Besides, surface morphology and microstructure of substrates have a great impact on the quality
and uniformity of as-grown graphene. Thus, due to the disadvantages of non-uniform surface energy, defects, wrinkles and
impurities on the surface of solid metal, the introduction of liquid copper catalytic system helps to better control the
nucleation uniformity and optimize the graphene growth. Moreover, the preparation of large-area monocrystalline metal
foils for obtaining large-scale single-crystal graphene was also reviewed.

In order to avoid the disadvantages such as the damage, wrinkle and polymer pollution of graphene associated with
transfer process occurred in the cases of using metal substrates to grow graphene, direct synthesis of graphene on dielectric
substrates is presented with focuses on two basic controls of nucleation density and growth rate. A series of techniques such
as reaction medium regulation, substrate surface modification, and plasma-assisted growth, the introduction of gaseous
metals and direct preparation of graphene on liquid glass are introduced. The development of graphene vertical and planar
heterostructures with hexagonal boron nitride is also presented. Moreover, the disadvantage of graphene limits its
application in logic circuits due to its zero bandgap without an acceptable on/off ratio, and three main ways to open
graphene bandgap are discussed including doping, the preparation of a large area of AB stacking bilayer graphene and
engineering graphene nanoribbons. After that, a brief introduction of transfer method used in graphene post-processing is
given. Finally, we summarize the problems existing in the field, and the future opportunities and challenges are discussed.

graphene, chemical vapor deposition, controllable synthesis, single crystal, symmetry
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