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1. Introduction

Carbon is one of the elements which form life. It plays a key function in nature and is very
crucial for human beings. Carbon has many different kinds of allotropes, some known for
thousands of years (graphite and diamond) and some known for several decades (fullerenes
and nanotubes). The amazing two-dimensional form, which named graphene, is generated
only several years ago. Graphene has raised a new tidal wave of research among the whole
globe since its discovery and become a dazzling star in nanoscience.

Graphene is one-atom-thick layer of sp2-hybridized carbon tightly packed into a honeycomb
lattice, and is a basic building unit for graphitic materials of all other dimensionalities (Geim
et al.,, 2007). Over the past several years, a great deal of intensive research has been
generated by graphene due to its unique electrical, thermal, mechanical, optical and other
characteristics(Du et al., 2008; Booth et al., 2008). With the understanding of their physical
properties, the promises for application are growing in areas of nanoelectronics, sensors,
composites, batteries and hydrogen storage (Li et al., 2008).

Nevertheless, the large-scale production of high quality graphene is the principal question,
which concerned with the graphene’s successful applications. The methods for synthesis of
graphene include exfoliation of graphite(Novolesov et al., 2004; Niyogi et al., 2006; Li et al.,
2008), chemical vapor deposition(Chae et al., 2009; Yuan et al., 2009; Li et al., 2009; Dervishi et
al., 2009), epitaxial growth on electrically insulating surfaces such as SiIC(Emtsev et al., 2009;
Juang et al., 2009), chemical reduction of graphite oxide and graphite intercalation
compounds(McAllister et al., 2007; Fan et al., 2008; Zhu et al.,, 2010), arc-discharge
method(Subrahmanyam et al., 2009; Li et al., 2010a; Wang et al., 2010), other chemical
methods(Choucair et al., 2009) and so on. Among the above methods, the arc-discharge
method has its unique advantages: no metal catalyst is used; the process is timesaving and
facile; high quality graphene could be synthesized in decagram-scale in low cost. In the
following section, we will introduce the massive synthesis of graphene through arc-discharge
method, including experimental details, characterization and formation mechanisms.

2. Synthesis of graphene with arc-discharge method

2.1 Experimental details
Arc-discharge method was first used by Krastchmer and Hoffman to synthesize
Ceo(Kratschmer et al., 1990). In the last two decades, it was widely used to prepare carbon-
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24 Physics and Applications of Graphene - Experiments

based nanomaterials(Li et al., 2010a; Xu et al., 2004; Xu et al., 2005; Li et al., 2010b). The
electric arc oven for synthesis of graphene mainly comprises two electrodes and a steel
chamber cooled by water. The cathode and anode are both pure graphite rods. The current
in the discharge process is maintained at 100-150 A. Up to now, the atmospheres for arc
evaporation of graphite rods are Hy, NHs and He, air. As the rods are brought close
together, discharge occurs resulting in the formation of plasma. As the anode is consumed,
the rods are kept at a constant distant from each other of about 1-2 mm by rotating the
cathode. When the discharge ends, the soot generated is collected under ambient conditions.
Only the soot deposited on the inner wall of the chamber is collected, avoiding the
substance at the bottom of the chamber, for the latter tends to contain other graphitic
particles. The arc-discharge method is useful to prepare pure, B- and N-doped graphene. B-
doped graphene is obtained by carrying out the discharge in the presence of a mixture of a
Hz and B:Hg(Subrahmanyam et al., 2009). N-doped graphene is obtained by carrying out the
discharge in the mixing atmosphere of He and NHs(Li et al., 2010a) or Hz and
pyridine(Subrahmanyam et al., 2009).

2.2 Characterizations of graphene

The graphene can be synthesized in three different kinds of atmospheres with arc-discharge
method. We will introduce the characterizations of graphene according to the different
atmosphere.

2.2.1 Graphene synthesized in the atmosphere of H;

Subrahmanyam et al.( 2009) first synthesized pure graphene(HG) with the arc-discharge
method in the atmosphere of Ho. They also synthesized B-(BG) and N-doped graphene (NG)
in the presence of BoHg and pyridine. Fig. 2.1 is the transmission electron microscopy (TEM)
images of the graphene. TEM image of HG shown in Fig. 2.1a reveals the presence of 2-4
layers. Fig. 2.2 shows typical atomic force microscopy (AFM) images with the height
profiles. AFM images show the thickness to be generally around 0.7-1 nm corresponding to
2-3 layers, consistent with the TEM results.

2010. Reproduced by permission of The American Chemistry Society)
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Fig. 2.2. Noncontact mode AFM images of (a, b) HG and (c) BG graphenes with height profiles.

(Subrahmanyam et al. 2010. Reproduced by permission of The American Chemistry Society)

Fig. 2.3 shows the Raman spectra of HG, BG, and NG. The Raman spectrum of HG exhibits
the characteristic D, G, and the 2D bands of graphene around 1323, 1569, and 2634 cm-!
respectively. It also shows the defect related G’ band as a shoulder around 1600 cm-1. Raman
spectra of BG and NG show a blue-shifted G band (1576 and 1572 cm-! in BG and NG,
respectively) compared to HG (1569 cm-1). BG and NG show a more intense D band and a
less intense 2D band relative to HG. The area of the HG samples is generally in the range of
10-40x103 nm2. The surface areas of the HG samples, determined by the Brunauer-Emmett-
Teller (BET) method are in the range of 270-680 m?/ g. The synthesis, structure, and
properties of BG and NG are being investigated in detail by Subrahmanyam et al.

2.2.2 Graphene synthesized in the mixing atmosphere of He and NH3

Li et al.( 2010a) synthesized N-doped multi-layered graphene in the mixing atmosphere of
He and NHs;. Fig. 2.4 is the TEM image of multi-layered graphene, from which we can see
large area of high purity multi-layer graphene with the size of 100~200 nm. Fig. 2.5a to 2.5¢c
is the high resolution transmission electron microscope (HRTEM) images of multi-layered
graphene with layer numbers of 2~4. According to the HRTEM observation, the multi-
layered graphene are mainly of 2~6 layers. Fig. 2.6 is the X-ray diffraction (XRD) pattern of
the graphene. It shows broad (002) reflection around 25° and overlapping (100) and (101)
reflections around 45°.
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Fig. 2.3. Raman spectra of HG, BG, and NG graphene samples. (Subrahmanyam et al. 2010.
Reproduced by permission of The American Chemistry Society)

57§ v SRR b

Fig. 2.4. TEM image of multi-layered graphene produced by arc-discharge method. (Li et al.
2010a. Reproduced by permission of Elsevier Limited)
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three (b) and four (c) layers. (Li et al. 2010a. Reproduced by permission of Elsevier Limited)

1000 -

002

@

o

o
]

(o))

o

o
1

iy

o

o
1

Intensity(a.u.)

200

20

2Theta(degree)

Fig. 2.6. XRD pattern of multi-layered graphene. (Li et al. 2010a. Reproduced by permission
of Elsevier Limited)

www.intechopen.com



28 Physics and Applications of Graphene - Experiments

Fig. 2.7 shows the Raman spectra of multi-layered graphene. There are three dominant
peaks. The two most intense features are the G band at ~1560 cm-! and the 2D band at ~2600
cm-l. The peak at ~1350 cm-! is the D band. The G band corresponds to the zone center Eo,
mode(Ferrari et al. 2006) related to phonon vibrations in sp2 carbon materials(Malesevic et
al., 2008). The 2D band has nothing to do with the G band, but is an overtone of the
disorder-induced D band, which is frequently observed in carbon materials(Parvizi et al.,
2008). The D band arising from disorder is weak in a single-layer graphene and increases in
intensity with the numbers of layers(Submanyam et al., 2008). The 2D band is also sensitive
to the number of layers. The shape of the D and 2D band, more specially the absence of a
typical graphite shoulder, is a characteristic feature of graphene. The intensity ratio of the D
band to the G band is measured and denoted as the R value to analysis the structure of
graphitic materials(Malesevic et al., 2008; Kastner et al., 1994). The I¢/ Isp is also changed
with the layers of graphene(Reina et al., 2009). The R value is by definition inversely
proportional to quality. The R value is ~0.26 (Fig. 2.7a) and ~0.23 (Fig. 2.7b) for the multi-
layered graphene and the Ig/ Iop is ~1.90 and ~1.57. This indicates that the N-doped multi-
layered graphene produced by arc-discharge method bear well crystalline structure and the
number of graphene’s layers is not influenced significantly by the content of NHs.
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Fig. 2.7. Raman spectra of the two samples prepared in mixing atmosphere of NHs and He

with the different ratio of NHs/ He (V/ V): (a) NHs: He =1:0; (b) NHs: He=1:1. (Li et al. 2010a.
Reproduced by permission of Elsevier Limited)

Fig. 2.8 shows the TGA curve of the N-doped multi-layered graphene. There are two
significant drops in mass around 387 and 688 °C. The former is assigned to the oxidation of
amorphous carbon, and the latter is attributed to the combustion of the carbon skeleton of
graphene sheets. From the TGA curve, we can conclude that the N-doped multi-layered
graphene is thermally stable and starts to lose mass upon heating at 500 °C and the content
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of graphene in raw soot is ~79 wt.%. After the heat treatment at 450 °C for 1 h in the
atmosphere of air, there was not any amorphous carbon in the soot (Fig. 2.9). From the
experimental results we can see that the N-doped multi-layered graphene produced by arc-
discharge method can be purified by a simple heat treatment process.
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Fig. 2.8. TGA curve of N-doped multi-layered graphene. (Li et al. 2010a. Reproduced by
permission of Elsevier Limited)
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Fig. 2.9. TGA curve of multi-layered graphene sheets after heat treatment at 450 °C for 1h.
(Li et al. 2010a. Reproduced by permission of Elsevier Limited)
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The XPS results shown in Fig. 2.10 confirm the existence of N. The peaks appeared at 284.50,
399.59 and 532.70 eV can be assigned to Cis, Nis and O1.. No extra peaks except C, N and O
were observed, indicating the high purity of the product. Oxygen can be included due to
exposure to the air. In graphene sheets, the C atoms are mostly constrained to a sp2-
hybridization. There are two types of N bonding for N-doped graphene(Ayala et al., 2001).
One is substitutional doping, which N is bonded to three C atoms in a sp2 configuration. The
other is the pyridine-type doping, which N is bonded with two coordinated bondings. From
the position of the N5 level, we can distinguish the N-doping type. Fig. 2.11 is the high-
resolution XPS spectra of Nis. From it we can see that the N5 core level lied at 399.59 eV is in
good agreement with the spectral feature of pyridine-type N-doping(Gammon et al., 2003).
Furthermore, element analysis was used to reveal the precise N content of the N-doped
multi-layered graphene sheets. The result shows that the content of N is ~1% for the sample
produced in the atmosphere of pure NHs.
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Fig. 2.10. XPS spectra of the two samples prepared in mixing atmosphere of NH3s and He
with the different ratio of NHy/ He (V/ V): (a) NHs: He =1:1; (b) NHs: He=1:0. (Li et al. 2010a.
Reproduced by permission of Elsevier Limited)
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Fig. 2.11. High-resolution XPS spectra of Nis. (Li et al. 2010a. Reproduced by permission of
Elsevier Limited)

2.2.3 Graphene synthesized in the atmosphere of air

Wang et al.( 2010) synthesized graphene in the atmosphere of air. The yield of their products
was found to be strongly dependent on the initial air pressure. Fig. 2.12 shows the TEM
images of the products corresponding to differing initial air pressure. When the initial air
pressure is 1000 torr, the product is dominated by graphene nanosheets, and there are also
small amounts of carbon nanohorns (Fig. 2.12a). Carbon nanohorns are single-layered
tubular structures with horn-shape tips, which are frequently observed near the edge of the
graphene nanosheets (a carbon nanohorn is indicated with an arrow in Fig. 2.12a). When the
initial air pressure is decreased to 700 torr, the amount of graphene nanosheets is reduced
and there are more carbon nanohorns in the products (Fig. 2.12b). Further decreasing of the
air pressure to 400 torr leads to the formation of carbon nanospheres together with
nanohorns (Fig. 2.12c). The carbon nanohorns can be removed by oxidation in air. After
heat-treatment in air, most of the carbon nanohorns are oxidized to gases and graphene
nanosheets with a high purity is obtained (Fig. 2.12d).

Based on TEM analysis, the width of the graphene nanosheets is mainly in the range of
~100-200 nm. This size range is similar to that of graphene nanosheets produced by arc
discharge in Hy (Subrahmanyam et al., 2009). The layer number of the graphene
nanosheets produced in air atmosphere mainly ranges from 2 to 10. Typical high-
resolution TEM images of graphene are shown in Fig. 2.13, in which the graphene layers
of the nanosheets can be distinguished. Fig. 2.13a shows a graphene nanosheet with triple
layers at the lower part and single layer at the upper part. The interlayer distance of the
graphene nanosheets was determined to be 0.37-0.39 nm, which is larger than that of bulk
graphite (0.34 nm).

Fig. 2.14 depicts the Raman spectra of the raw and purified graphene nanosheets produced
with an initial air pressure of 1000 torr. Three dominant peaks at 1325, 1570, and 2646 cm-1,
known as the D band, G band and 2D band, are observed for the two samples. It is apparent
that intensity ratio of D band to G band for the purified sample is significantly lower than
that for the raw material. This difference is caused by the elimination of the carbon
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Fig. 2.12. (a-c) TEM images of the products for different initial air pressure of 1000, 700 and
400 torr, respectively. The arrow in (a) indicates the carbon nanohorn. (d) TEM image of
products after oxidation in air. (Wang et al. 2010. Reproduced by permission of IOP
Publishing Limited)

g o

Fig. 2.13. (a, b) High-resolution TEM images of graphene nanosheets showing the edges of
the graphene. (Wang et al. 2010. Reproduced by permission of IOP Publishing Limited)
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nanohorns. It is known that the D band is related to disorder of carbon materials and the G
band corresponds to the zone center Ep; mode. Because of the curvature and the coniform
tips of the carbon nanohorns, the intensity of the D band for the carbon nanohorns is
stronger than that for the flat graphene sheets. Therefore, the D band is depressed after the
elimination of the carbon nanohorns. On the other hand, the position of the 2D band is
associated with the thickness of the graphene sheets. The 2D band of graphite is located at
2685 cm-1, while the 2D band of graphene with few (less than five) layers is in the range of
~2640-2680 cm-! (with excitation wavelength of 633 nm). Thus the frequency of 2D band for
the purified sample in the present study (2646 cm-!) is a signature of few-layered graphene
nanosheets.

2D
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Fig. 2.14. Raman spectra of raw (curve 1) and purified (curve 2) graphene nanosheets. D, G
and 2D bands are observed. (Wang et al. 2010. Reproduced by permission of IOP Publishing
Limited)

3. Formation mechanisms of graphene with arc-discharge method

There are two formation mechanisms of graphene according to the atmosphere. In the
atmosphere of Hj, it makes use of the knowledge that the presence of Hy during the arc
discharge process terminates the dangling carbon bonds with hydrogen and prevents the
formation of closed structures(Wang et al., 1995). Hy plays a key role in the formation of
graphene by preventing the rolling of sheets into nanotubes and graphitic polyhedral
particles. In the mixing atmosphere of NH3 and He, the formation mechanism is similar to
the atmosphere of Ho. NH3 not only acts as the nitrogen source, but also suppresses the
formation of fullerenes. NHj3 also plays another important role for the formation of N-doped
graphene besides the as-described function. It decomposes to nitrogen and hydrogen under
the high temperature during discharge process. The highly reactive hydrogen terminates the
dangling carbon bonds at the edge of graphene sheets thereby preventing the graphene
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34 Physics and Applications of Graphene - Experiments

sheets from closing(Maiti et al., 1995). At the same time, the high pressure of buffer gas and
high current provide more energy to prompt the ionization of anode, which engenders
bigger carbon clusters. This further guarantees the shape of graphene sheets(Kokai et al.,
2004).

In the atmosphere of air, the pressure of the system is a critical factor that determinates the
yield of graphene. As the graphene sheets are flat, the formation of graphene might be
related to inhibition of the curvatures of graphene layers by high pressure of the system. The
pressure-induced formation of graphene is different from the growth mechanism of
graphene in Hy and NH3s, when hydrogen atoms could terminate the dangling bonds on the
edge of graphene sheets and thereby prevent their rolling into closed structures. The
formation of graphene in He and NHj is associated with the chemical activity of the
atmosphere. On the contrary, pressure-induced formation of graphene is independent of the
chemical activity of the buffer gas.

4. Summary

Graphene is an amazing new carbon nanomaterial, which possess distinct characteristics.
The applications of graphene mainly focus on electronics, molecular gas sensors, and energy
storage etc. To achieve these goals, the massive production of high quality graphene is the
precondition. The production of graphene in decagram-scale with high purity has been
achieved by the arc-discharge method. This has promoted further applications of graphene
in many technological areas.
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