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Large area (�cm2) multi-layer graphene film is synthesized in the substrate-free vapor

phase. The scanning electron microscopy observation reveals that the graphene nanoflakes

are either six- or five-sided, and the internal angles between adjacent sides are nearly 120�
and 105�, respectively. The nucleation of hexagonal and pentagonal carbon rings leads to

carbonaceous nuclei, which grow into six- or five-sided nanoflakes, respectively. A well-

ordered and large-area graphene monolayer is formed by the interconnection of these

flakes, and stacking of these monolayers results in the formation of a multi-layer graphene

film. The creation of hexagonal and pentagonal carbon rings is considered to be important

for the easy production of large area multi-layer graphene at large scale.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, graphene has become the newly attractive

subject in nanomaterials science, because of its unique

nanostructure and unusual electronic, mechanical, thermal

conductive properties, etc. [1–3]. For the purpose of funda-

mental study and technological application, synthesis of

low cost and large-area graphene is highly desirable. Since

the firstly successful fabrication of graphene by cleavage [4],

generally three major methods for the fabrication of single

and multi-layer graphene have been investigated, and these

methods include the micromechanical cleavage or chemical

exfoliation of graphite [4], thermal decomposition of SiC [5]

and chemical vapor deposition (CVD) of hydrocarbons on sub-

strate surface [6].

Among the three existing methods, mechanical or chemi-

cal exfoliation of bulk graphite always resulted in limited area

of graphene. In the case of thermal decomposition of SiC, the

graphene exhibited poor uniformity and contained a multi-

tude of domains. In the CVD case, some investigations on

the CVD synthesis of graphene have been reported [6–8], with
er Ltd. All rights reserved
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the successful formation of graphene on some substrates.

However, strong bonding between graphene and correspond-

ing substrate not only significantly alters the transport prop-

erties of graphene [9], but also complicates the separation of

graphene from substrate surface. The simple synthesis of

low cost and large-area graphene is still a big challenge.

As is well known, various carbon nanostructures, such as

carbon nanotubes (CNTs) and diamond have been success-

fully synthesized in the vapor phase at large scale, without

the assistance of substrate [10–12]. Since graphene is the

mother of various carbon materials, graphene may also be

synthesized in the substrate-free vapor phase, by selecting

reasonable carbon precursor and reaction conditions. Not

only the influence of substrate on the transport properties

of graphene will be eliminated, but also the synthesis process

of graphene will be greatly simplified. However, only Dato

et al. [6] have reported the substrate-free gas phase synthesis

of graphene, and the large-area graphene has not been

achieved. In this paper, large area (�cm2) multi-layer graph-

ene film was synthesized in the substrate-free vapor phase,

and its forming mechanism was discussed.
.
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Fig. 2 – Micrographs of the as-prepared film. (a) Optical

image; (b) and (c) SEM images.
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2. Experimental

The experimental scheme of substrate-free synthesis of

graphene is shown in Fig. 1. A one-meter long quartz tube,

horizontally placed inside a horizontal furnace, was used as

the CVD reactor, and the two sides of long quartz tube was

sealed by rubber plugs. Firstly, the camphor was placed inside

the quartz tube, with argon as carrier gas at ambient pressure.

When heated above 180 �C, the camphor was evaporated.

Then, the evaporated camphor was pyrolyzed during 800–

850 �C in the furnace. After 40 min reaction, the film products

were adhered to chamber wall, which were easily peeled off

in large area. Many separated large area films were also found

from middle position of the quartz tube to its argon outlet

place. In order to understand the nucleation mechanism,

the reaction products were annealed at 600 �C under N2 flow

for 20 min, and it took 20 min to increase the temperature

from room temperature to 600 �C.

The reaction products collected in the quartz tube were

studied using scanning electron microscopy (SEM, JSM-

6360LV), X-ray diffraction (XRD, D/Max-Ultima+) and high-res-

olution transmission electron microscopy (HRTEM, JEOL2010).

Scanning tunneling microscopy (STM, CSPM4000) was re-

corded in air at ambient temperature. Raman spectroscopy

was performed at room temperature with a Renishaw spec-

trometer using a 514.5 nm laser, with a spot size of 1 lm

and a low excitation power of 0.2 mW to minimize sample

heating.

3. Results and discussion

An optical image of the as-prepared film, taken by the digital

camera, is shown in Fig. 2a. Obviously, large area of about

1 cm · 1 cm film is obtained, which looks very smooth and

continuous. In addition, different optical transparency in dif-

ferent regions can be seen, which may be resulted from the

crumpling or overlapping of graphene layers.

Typical low-magnification and high-magnification SEM

observations of the as-prepared film are demonstrated in

Fig. 2b and c, respectively. As can be seen, regular shaped

nanoflakes exhibiting well-faced sides are clearly identified,

and the diameter is about 2–3 lm (Fig. 2b). Moreover, the

internal angle between adjacent well-faced sides is nearly

120� or 105�(Fig. 2c), which is close to the internal angle of

hexagon or pentagon, revealing that the nanoflakes are

mostly six-sided or five-sided, respectively. A slight deviation

from the angle of 120� or 105� may be resulted from the jostle
w

Furnace 
Heating component 

Ar Outgas 

Graphene 

Camphor 

Fig. 1 – Experimental scheme of substrate-free synthesis of

graphene film.
and distortion among densely interconnected nanoflakes. In

addition to the six-sided and five-sided nanoflakes, several

other shape polygonal nanoflakes are also seen in Fig. 2c.

Fig. 3 presents the HRTEM observation for the as-prepared

film obtained by substrate-free vapor phase. As shown in

Fig. 3a and b, the low-magnification and medium-magnifica-

tion images both reveal the flake-like morphology of folded

graphene in some regions, showing relative dark features. Pre-

vious TEM observations [13,14] of graphene have proven that

the transparent and featureless regions were monolayer

graphene, and less transparent areas were attributed to the

folding of single sheet or overlapping of multiple graphene

layers, to fulfill their thermodynamic stability. Therefore, dif-

ferent optical transparency in different regions of the graph-

ene film is observed, as shown in Fig. 2a. In addition,

polyhedral shape graphene is also seen in Fig. 3c, in agreement
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Fig. 4 – STM observation of graphene film (a) topographic

images of different regions of graphene, with inset being a

high-resolution image; (b) stereographic image.
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Fig. 3 – HRTEM images of the as-prepared film. (a) Low-

magnification image; (b) medium-magnification image; (c)

high-magnification image showing the layer stacking.
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wwwith the SEM observation of Fig. 2. Furthermore, the stacking

layers of graphene in the high-magnification image of Fig. 3d

are clearly seen. The plane spacing measured from different

nanoflakes is about 0.35 nm, which is consistent with the the-

oretical value of 0.34 nm in graphite, confirming the formation

of multi-layer graphene in this paper.

To obtain further information about the surface structure

of graphene film, STM observation is performed, as shown

in Fig. 4. Clearly, the topographic image of Fig. 4a illustrates

that an atomic-scale smooth film surface is obtained. The

high- resolution STM image of its inset further demonstrates

the appearance of hexagonal lattice, also confirming the for-

mation of graphene layer in this paper. Moreover, a threefold

symmetry (‘‘three-for-six’’) pattern [15] in the high-resolution

STM image is observed, that is, three bright or dark features

can be seen for each set of six carbon atoms, consistent with
previous result of graphene [15]. Fig. 4b is the stereographic

STM image of graphene film. It is constructed by the polyhe-

dra of different shape and a relatively modest height fluctua-

tion can be clearly observed, in agreement with the

polyhedron and slight folding of graphene in the HRTEM

observation.

Raman spectroscopy is performed from two different

places of the sample at room temperature, as shown by the

real line and dashed line spectra in Fig. 5a. Three peaks cen-

tered at 1336, 1587 and 2778 cm�1 of real line spectrum, can

be obviously seen, which are assigned to the D, G and 2D

modes of graphene, respectively. Similarly, three peaks cen-

tered at 1334, 1594 and 2780 cm�1 of dashed line spectrum

are also shown. Usually, the D/G ratio has always been used

to characterize the structure integrity of carbon materials,

and the increase of D/G ratio is resulted from the increase of

defects or structural disorder. As far as graphene is concerned,

the defects include vacancies and distortions which may be

attributed to non-uniformity, corrugation and twisting in
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Fig. 6 – Scheme of the growth model for the multi-layer

graphene film. The formation of hexagonal or pentagonal

ring, as well as the formation of graphene multilayer film is

demonstrated.
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Fig. 5 – (a) Raman spectroscopy and (b) XRD pattern of

graphene film grown by substrate-free CVD.
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tained, indicating the good crystallinity of graphene obtained

in this paper. XRD pattern of the obtained sample (Fig. 5b)

exhibits a weak and broad peak at about 23�, which is corre-

sponded to the (0 0 2) crystal plane of graphene, also indicat-

ing its good crystallinity [17].

Moreover, the shape and position of 2D peak can be used

to clearly distinguish single-layer, bilayer and few-layer

graphene [18]. Single-layer graphene usually has a single

and sharp 2D peak below 2700 cm�1, and bilayer graphene

exhibits a broader and upshifted 2D peak located at 2700 cm
�1. In the case of graphene sheets with more than five layers,

they exhibit broad 2D peaks that are upshifted to positions

greater than 2700 cm�1, similar with bulk graphite. For this

reason, the graphene film obtained in this paper is the mul-

ti-layer case.

Based on the above results, large area multi-layer graph-

ene is synthesized in this paper, and its large area advantages

are related to its formation mechanism. Generally, the forma-

tion of graphene on substrate surface during CVD is mainly

composed of nucleation and growth stages [7,19]. Firstly, car-

bon dimers or trimers produced during pyrolysis are absorbed

on the substrate surface and form different carbon structures.

Then, heteroepitaxial growth of ordered graphite structure is

driven by the lattice matching between substrate surface and
.co
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graphene, resulting in some heteroepitaxial island on the

substrate. Subsequently, separate islands meet and join each

other to form a smooth graphene film. Because of the differ-

ence of thermal expansion coefficients between graphene

and substrate surface, mechanical stress will appear during

the cooling process, leading to the formation of ridges or

swells as reported previously [20,21].

In this case, the lattice matching between substrate sur-

face and graphene is a critical factor for the growth of graph-

ene. Up to now, only a portion of substrates [10,11] have been

found to grow graphene. Furthermore, the strong bonding be-

tween graphene and substrate substantially alters the elec-

tronic structure of graphene, as well as complicating the

separation process of graphene sheets.

It is well known that, the nucleation and growth of graph-

ene in the vapor phase is a typical vapor–liquid–solid (VLS)

process, which is in accordance with the smallest energy

principle during reaction. That is, the formation of graphene

should be along its easiest growth direction. Since graphene

exhibits hexagonal lattice structure, the [0 0 0 1] direction is

the closest packed plane [22,23], and stacking of hexagonal

or pentagonal carbon rings along the [0 0 0 1] direction thus

becomes the most energetically favorable. As shown in

Fig. 6, abundant hexagonal and pentagonal carbon rings can

be formed from the breaking of camphor molecule during

pyrolysis [11]. Then, the nucleation of hexagonal carbon rings

leads to the formation of carbonaceous nuclei. With the con-

tinuous coming of hexagonal carbon rings, the carbonaceous

nuclei grow into six-sided nanoflaks. Also, the nucleation and

growth of pentagonal carbon rings result in five-sided nano-

flakes in the similar way. Subsequently, the joining of
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six-sided and five-sided nanoflakes forms the well-ordered

and large-area graphene monolayer, as shown in Fig. 6.

Different from the formation process of graphene on sub-

strate surface, stress release between graphene and substrate

does not exist, and no ridges or swells are found. Regular

shaped six-sided and five-sided graphene nanoflakes are

formed, as demonstrated in Fig. 2b and c. Furthermore, stack-

ing of these monolayers along the [0 0 0 1] direction results in

the formation of multi-layer graphene film.

The identification of nucleation sites is of great impor-

tance to understand the nucleation mechanism. Lee et al.

[24], have identified the nucleation sites of diamond growth,

by etching of nondiamond carbon binder and leaving only

nanodiamond nuclei. Because amorphous carbon species

and impurities always exist at the grain boundary of carbon

films [25], and the chemical reactions of them during anneal-

ing will degradate the internal grain boundaries [25,26], leav-

ing only crystalline carbon species, annealing of carbon film is

also a simple and effective method to know the nucleation

sites of carbon films.

In reference of previous report [26], the multi-layer graph-

ene film prepared in this paper was annealed at 600 �C under

N2 flow, and its SEM observation is shown in Fig. 7. Obviously,

degradation of the internal grain boundaries can be seen in

Fig. 7a and b, leaving six-sided, five-sided and other shape
www.sp
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polyhedra (Fig. 7c and d), which indicates the nucleation of

hexagonal and pentagonal carbon rings into carbonaceous

nuclei. The existence of polyhedra from small to big in

Fig. 7c and d may reveal that, carbonaceous nuclei of nano-

meter scale can firstly become small and thin nanoflakes,

then grow into big and thick flakes of micrometer scale. More-

over, Fig. 7c demonstrates that, the five-sided and other shape

polyhedra are joined each other, indicating the joining behav-

ior of polyhedral shape nanoflakes to form monolayer graph-

ene. Fig. 7e and f further exhibit the stacking phenomenon of

joined polyhedra, indicating the stacking behavior of mono-

layer graphene to form multi-layer graphene. The construc-

tion of polyhedral nanoflakes results in the two dimensional

polygonal microstructure (Fig. 2c) and three dimensional

height fluctuating surface (Fig. 4b), confirming the above

nucleation mechanism proposed in this paper.

Obviously, the formation of large area multi-layer graph-

ene by substrate-free vapor phase, is largely depends on the

creation of hexagonal or pentagonal carbon rings. Though

Dato et al. [6] has reported the substrate-free gas phase syn-

thesis of graphene sheets, ethanol was used as carbon source

in that case. Since no hexagonal or pentagonal carbon rings

are created from the breaking of ethanol molecule, large area

multi-layer graphene film is not obtained. Somani et al. [8]

has synthesized graphene by CVD of camphor on Ni
.c(b) 
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ene film after 600 �C annealing under N2 flow.
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substrate. However, no six-sided or five-sided graphene nano-

flakes were found, perhaps due to the lattice matching be-

tween graphene and Ni substrate.

It has been reported that [27], small monocyclic carbon

rings coalesced to form polycyclic rings, and subsequently

converted to fullerenes. Kiang and Goddard [28] demon-

strated that the growth of single-layer CNTs were also started

from the small monocyclic carbon rings, during the vapor

phase grown process. Another growth mechanism of CNTs

[29] suggested the incorporation of carbon dimmers into a

cagelike precursor. Moreover, Frenklach et al. reported that,

hexagonal-like nanoparticles were obtained by the homoge-

neous nucleation of diamond in vapor phase [12]. Because

graphene is the basic structure of fullerenes, CNTs and other

carbonaceous materials, these experimental results may also

be useful to investigate the nucleation and growth of multi-

layer graphene. By investigating the conversion rule from

small carbon rings to hexagonal or pentagonal carbon rings,

as well as their nucleation and growth mechanism, the sub-

strate-free vapor phase formation of multi-layer graphene

may be easily extended to various other carbon precursors,

which is promising for the large area and low cost production.

Especially, the carbon precursors that directly yielding hexag-

onal or pentagonal carbon rings during pyrolysis are the most

suitable.

4. Conclusions

Large area (�cm2) synthesis of multi-layer graphene film

through a substrate-free vapor phase method is presented.

The SEM observation reveals that the graphene nanoflakes

are six-sided and five-sided, and the internal angle between

adjacent well-faced sides is nearly 120� and 105�, respectively.

STM characterization exhibits the appearance of hexagonal

lattice, confirming the formation of graphene layer. The

nucleation of hexagonal and pentagonal carbon rings leads

to carbonaceous nuclei, and grow into six-sided and five-

sided nanoflakes, respectively. Then, well-ordered and large-

area graphene monolayer is formed by the interconnection

of six-sided and five-sided nanoflakes. Subsequently, stacking

of interconnected hexagonal and pentagonal nanoflakes

along the [0 0 0 1] direction results in the formation of mul-

ti-layer graphene film. This approach provides an easy route

for the large scale production of low cost and large area mul-

ti-layer graphene, promising for future fundamental study

and technological applications.
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