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ABSTRACT

An arc-discharge method using a buffer gas containing carbon dioxide has been developed for the efficient and
large-scale synthesis of few-layered graphene. The resulting samples of few-layered graphene, well-dispersed
in organic solvents such as N,N-dimethylformamide (DMF) and 1,2-dichlorobenzene (0-DCB), were examined
by transmission electron microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy, atomic force
microscopy (AFM), and thermal gravimetric analysis (TGA). The electrical conductivity and transparency of

flexible films prepared using a direct solution process have also been studied.
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1. Introduction

While graphene has been studied experimentally for
over 40 years [1, 2], worldwide interest has been
generated only recently as its unique structure and
excellent chemical, physical and mechanical properties
have become apparent [3-6]. This has been summarized
in a very recent comprehensive review of various
graphene materials [1]. Three main methods are
available for producing this material. Of these,
micromechanical cleavage of graphite [3, 4]—although
producing graphene with excellent quality—is
unsuitable for large-scale preparation. Growth on
SiC [7] or other substrates [8, 9] suffers from the
same problem of low output. Chemical exfoliation
is an effective way to produce graphene in large
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quantities [10-16]. However, chemical exfoliation
involves complex chemical processes, and it generally
affords graphene sheets with heavily functionalized
organic groups (defects) and, thus, low conductivity.
Furthermore, it has been proposed—and subsequently
experimentally demonstrated—that the properties
of graphene materials depend on the number of
graphene layers present [17]. Thus, efforts have been
made to synthesize few- or multi-layered graphene
materials with a predetermined number of layers and
fewer defects. Recently, new methods have been
employed to prepare graphene sheets with one, two or
more layers, such as arc-discharge techniques [18-20],
chemical vapor deposition [21-23], microwave
irradiation [24], solvothermal-assisted exfoliation [25]
and bottom-up methods [26]. Similar to the synthesis
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of carbon nanotubes, the arc-discharge method is used
for producing large-scale graphene sheets with fewer
defects (functional groups). Subrahmanyan et al.
obtained graphene sheets with two to four layers by
arc-discharge in a mixture of hydrogen and helium
[18]. In addition, Wu et al. prepared graphene sheets
by helium arc discharge [20], and Li et al. prepared
N-doped multi-layered graphene sheets by arc
discharge with a mixture of NH; and He as the buffer
gas [19]. In this work, we describe a highly efficient
and large-scale arc-discharge process in a buffer of
carbon dioxide and helium for the synthesis of
few-layered graphene sheets with high quality. The
method is relatively safe and inexpensive compared
with techniques already reported in the literature,
and more importantly, the graphene sheets have
much better electrical conductivity and can be well
dispersed in common organic solvents such as N,N-
dimethylformamide (DMF) and 1,2-dichlorobenzene
(0-DCB); this makes the material processable via solution
methods for film and device fabrication.

2. Experimental
2.1 Synthesis of few-layered graphene sheets

Briefly, a direct current (DC) arc-discharge was carried
out in a home-made water-cooled stainless steel
chamber filled with a mixture of carbon dioxide and
helium. Different buffer gas compositions, ranging
from 5 vol% to 40 vol% CO,, and direct currents of 100
to 200 A were employed for the purposes of com-
parison. The discharge voltage was kept around 30 V
by controlling the distance between the two electrodes.
Both electrodes were normal graphite rods obtained
commercially, with an anode diameter of 13 mm and
a cathode diameter of 40 mm. After discharge, the
cotton-like deposition product that formed on the
inner wall of the chamber was collected and examined.
The optimized conditions for the production of few-
layered graphene were found to be as follows: a low
voltage (<35 V), high buffer gas pressure (>1270 Torr),
high current (about 150 A) and 25%—-40% (v/v) CO; in
the total buffer gas. In a typical run, tens of grams of
high-quality graphene sheets with four to five layers
can be generated in minutes.

2.2 Instruments and methods

Transmission electron microscopy (TEM) images were
obtained using a Tecnai 20 microscope with an
accelerating voltage of 200 kV. X-ray diffraction (XRD)
measurements were carried out on a Rigaku D/Max-
2500 diffractometer with Cu Ko radiation. Raman
spectra were recorded with a Renishaw in Via Raman
spectrometer using laser excitation at 514.5 nm.
Tapping-mode atomic force microscopy (AFM)
measurements were performed using a Multimode
SPM from Digital Instruments with a Nanoscope Illa
Controller. Samples for AFM images were prepared
by spin-coating a dispersion of graphene in DMF
(0.35 mg/mL) onto a freshly cleaved mica surface (500
rpm for 18 s followed by 1500 rpm for 60 s) and
allowing it to dry in air. Thermal gravimetric analysis
(TGA) was carried out using a NETZSCH STA 409PC
analyzer. The heating rate was 5 °C/min from room
temperature to 1000 °C in an N, atmosphere. X-ray
photoelectron spectroscopy (XPS) was used to
investigate defects in the few-layered graphene. XPS
spectra were recorded using a Kratos Axis Ultra DLD
spectrometer employing a monochromatic Al Ka. X-ray
source (hv =1486.6 eV), hybrid (magnetic/electrostatic)
optics and a multi-channel plate and delay line
detector. Electrical measurements were recorded using
a Keithley SCS 4200 semiconductor characterization
section. UV—vis spectra were recorded using a Jasco
V-570 spectrometer. The samples for UV—vis spectros-
copy were prepared by dispersing the desired amount
of graphene in DMF with about 5 min of mild
sonication.

3. Results and discussion

In the TEM image shown in Fig. 1(a), one can see that
transparent graphene sheets are present over a large
area with high purity. The size of the sheets was
measured using about 50 TEM images. The geometric
means of the length and width of each sheet were used
to define their size, which was in the range 100-300 nm
(Fig. 1(c)), and aspect ratio, which was generally over
100, consistent with the literature [18-20]. We attempted
to obtain an electron diffraction image for a bulk
sample using TEM, but no clear diffraction pattern
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Figure 1 (a) Low- and (b) high-magnification TEM images of graphene sheets produced using the optimized conditions. (c) Histograms

of the size distribution of 50 images obtained by TEM

was observed due to the very limited long-range
order in the bulk sample. It is important to note that
the surfaces of the graphene sheets are not perfectly
flat, with wrinkles over the surface giving different
levels of transparency (Fig. 1(b)). The high-resolution
TEM (HRTEM) image (Fig.2) shows folded regions
(Fig. 2(a)) and a scrolled edge (Fig.2(b)), and the
number of graphene layers can be clearly distinguished
[26]. This particular TEM image shows that the
graphene sheets consist of four (arrow L), five (M),
three (N) and three (O) layers. More TEM images are
shown in Fig.S-1 in the Electronic Supplementary
Material (ESM).

Figure 2 HRTEM images of (a) folded regions and (b) a scrolled
edge. The graphene sheets consist of four (arrow L), five (M),
three (N) and three (O) layers

XRD was used to characterize the structure of the
few-layered graphene sheets, as shown in Fig. 3.
There are two main peaks in the XRD pattern. The
sharp peak at 260 =26.3° indicates a highly organized
crystal structure with an interlayer spacing of 0.339 nm,
which is consistent with the layer spacing of normal
graphite. This occurs because the interlayer spacing
inside the few-layered graphene sheet has a structure
similar to that of normal graphite. The broad peak at
20=21.1°, corresponding to a d-spacing of 0.417 nm,
is indicative of a lower degree of crystallization and
the presence of some defects that were possibly caused
by the presence of CO,. This suggests the existence of
regions of expanded stacking of more corrugated or
disordered graphene sheets, probably existing at the
edge areas [27,28]. This is consistent with the TEM
results given above. In addition to the main peaks,
there is a rather weak and broad peak at 20=11.3°,
corresponding to a d-spacing of 0.777 nm. This peak
is similar to the typical diffraction peak of graphene
oxide (GO) [13] and is a possible indication of the
presence of inter-few-layered graphene (containing
defects). Another very weak shoulder at 20 =25.7° on
the main peak at 20 =26.3°, corresponding to a d-spacing
of 0.344 nm, may arise from another species. However,
based on experimental and simulated results [27], it
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Figure 3 XRD pattern of the few-layered graphene sheets. The
sharp peak at 20=26.3° indicates a highly organized crystal
structure with an interlayer spacing of 0.339 nm. The broad peak
at 26=21.1° is indicative of a material with lower crystallinity and
some defects. The peak at 26=11.3° may be due to diffraction
by the inter-few-layered graphene, since it is similar to the typical
diffraction peak of GO

could also be due to the complicated nature of the
size, curvature, sheet rotation, and atom positioning
in the graphene sheets.

Raman spectroscopy is a rapid and easy way to
obtain an indication of the structure and quality of
carbon materials. Figure 4 shows a typical Raman
spectrum of our product. The three intense features are
the D band at 1334 cm™, the G band at 1577 cm™ and
the 2D band at 2662 cm™. The D band is associated
with disorder arising from structural defects and is
very weak in a single graphene sheet but its intensity
increases with the number of layers present [29]. The
G band corresponds to the zone-center E,, mode related
to phonon vibrations in sp? carbon domains [30]. The
ratio of the intensity of the G band to that of the D
band (Ig/Ip) is related to the in-plane crystallite size
L,, and a value of L.=5.9 nm was obtained using the
equation L, (nm) =4.4 (I¢/Ip) [29]. The 2D band is very
sensitive to the number of layers in the sample. As
shown in Fig. 4, our few-layered graphene sheets show
a single Lorentzian profile, as in the case of few-layered
graphene sheets obtained using the CVD method [21],
but different from the case of few-layered graphene
sheets generated by microcleaving highly ordered

pyrolytic graphite (HOPG)- [21]. The reason behind this
is probably the same as that in the case of graphene
sheets generated using the CVD method, where the
same levels of ordered stacking and/or electronic
coupling between graphene layers do not occur in all
regions of the graphene sheets, in contrast to the
graphene sheets generated using the HOPG method
[21]. The intensity ratio Ic/I,p also has a good cor-
relation with the number of graphene layers present.
The Ig/Lp ratio of our product is ~1.03, which is com-
parable to the value for three layers of CVD-grown
graphene (Ig/L,p ~1.3) [21]. However, we found that
our few-layered graphene sheets show an average
line width of ~85 cm™, larger than that obtained by
other methods [21, 31]. We believe that there are at
least two reasons for this. Firstly, there are probably
more defects in our few-layered graphene sheets due
to edge oxidation by CO,. Secondly, it may be that a
mixture of graphene sheets with different numbers of
layers were used in our measurement, whereas the
earlier measurements were carried out with individual
graphene sheets [21, 31].
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Figure 4 A typical Raman spectrum of few-layered graphene
obtained by the arc-discharge process. The three intense features
are the D band at 1334 cm™, the G band at 1577 cm™! and the 2D
band at 2662 cm™'. An in-plane crystallite size L, = 5.9 nm was
calculated using the equation L, (nm) = 4.4 (/g/Ip). The intensity
ratio Ig/Ip of the product is ~1.03, which is comparable to the
value for three layers of CVD-grown graphene (/g/I5p ~1.3)

We also used a large number of AFM images to
study the thickness distribution of the graphene sheets
generated using our arc-discharge method (Fig.5).
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Figure 5 The height of the graphene sheets exhibits a Gaussian
distribution, and the maximum in the height distribution is ~1.76 nm,
based on an analysis of more than 800 graphene sheets using AFM
images

The height of the graphene films exhibited a Gaussian
distribution, and the maximum in the height distri-
bution was ~1.76 nm based on an AFM statistical height
analysis for more than 800 sheets. This indicates that
the maximum in the distribution of the graphene layers
is four to five. Some typical AFM images used in this
statistical analysis are shown in Fig. 5-2 in the ESM.

Figure 6 shows the TGA curve of the few-layered
graphene sheets. To calculate the weight loss of our
graphene product in TGA and compare it with that
of GO produced by chemical methods, we selected
two temperature regions: (1) under 100 °C (normally
the region of solvent weight loss in the case of GO)
and (2) 100-300 °C (mainly the region of weight loss
associated with functional groups in the case of GO).
There is hardly any weight loss under 100 °C and a
small weight loss of ~1.2% in the range 100-300 °C,
where GO experiences a major loss in mass [32]. These
results indicate that, although there may be some
functional groups present due to the CO, buffer gas,
the number of functional groups on these few-layered
graphene sheets is much less than that in samples
prepared using chemical methods [32].

X-ray photoelectron spectroscopy (XPS) was used

to estimate the number of defects in the few-layered
graphene. High-resolution C 1s XPS spectra are shown
in Fig. 7. Deconvolution of the spectra indicated that
the relative content of the non-oxygenated ring C atoms
(284.8 eV) was 84%, that of C atoms in C-O bonds
(286.3 eV) was 11%, and that of carboxylate C atoms
(O-C=0, 288.9 eV) was 5%. The defects in the sample
arise from oxidization by CO; in the buffer gas, and
the XPS data indicate that the relative content of the
non-oxygenated ring C atoms is much higher than
that in conventional GO obtained using chemical
methods [33]. We also ran an elemental analysis for
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Figure 6 TGA curve of the few-layered graphene sheets. The

heating rate was 5 °C/min from room temperature to 1000 °C in

an N, atmosphere

/

Figure 7 High-resolution C 1s XPS spectra of the few-layered
graphene; deconvolution indicated that the relative content of the
non-oxygenated ring C atoms (284.8 eV) was 84%, C atoms in C-O
bonds (286.3 eV) was 11% and carboxylate C atoms (O—-C=O,
288.9 eV) was 5%
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our few-layered graphene products which indicated
a composition 97.02% C, 0.40% H, and 2.58% O. This
indicates, overall, a much lower percentage of sp?
carbon atoms and fewer defects than that indicated
by XPS, which is consistent with the TGA results
discussed above. We suspect that the larger defect or
oxygen content indicated by XPS may have the
following three causes: (1) large inherent errors are
present in quantitative analysis by XPS; (2) the effective
sampling depth of XPS is only 2-5nm, and since
the functional groups are presumably mainly on the
surface of our product, the XPS surface analysis could
be very different from that of the elemental (bulk)
analysis; (3) some solvent or water adsorption may
occur on graphene due to its large surface area and
surface energy.

Solution processing capability is a key for low-cost
processes in device and composite applications [34, 35].

Figure 8(a) shows the absorption spectra of solutions of
the few-layered graphene with different concentrations
in DMF. The straight line shown in Fig. 8(b) is a linear
least-squares fit to the data with an R value of 0.992,
which indicates that the few-layered graphene is homo-
geneously dissolved in the solvent. The absorption
peak of the few-layered graphene is at 270 nm, con-
siderably red-shifted as compared to the absorption
peak of GO at 226 nm [32]. This is as expected, given
the smaller number of functional groups and defects
present and the lower extent of disruption of the
m-conjugation in the few-layered graphene in com-
parison to that in GO [32]. Moreover, as a result of
their excellent solution processability, we were able
to directly fabricate a variety of films using the organic
solutions as precursors. The films, which were prepared
by spin-coating a substrate with dispersions of few-
layered graphene in DMF (0.7 mg/mL), were then dried
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Figure 8 (a) Concentration dependence of the UV absorption of few-layered graphene in DMF (with concentrations of 3—20 mg/L).
(b) The straight line is a linear least-squares fit to the data, which indicates that the few-layered graphene was homogeneously dissolved
in the solvent. (c) The optical transmittance spectrum of the film on a PET substrate shows a transmittance of ~65% at 550 nm with a
square film resistance of ~670 k€2/sq. (d) An image of a few-layered graphene film on a flexible PET substrate
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for electrical conductivity measurements. The current—
voltage (I-V) characteristics of the films are shown in
Fig. 9. The classical linear I-V relationship is indicative
of semiconducting electrical conductivity with an

electrical conductivity of ~11 S/cm (thickness ~25 nm).

Furthermore, a flexible conductive film was also made
by drop-casting a solution of graphene in 0-DCB
(4 mg/mL) on a polyethylene terephthalate (PET) film
followed by drying in vacuum at room temperature.
The square resistance of the film was ~670 kQ)/sq
with a transmittance of ~65% at 550 nm (Fig. 8(c)). More
importantly, the conductivity was retained quite well
after the film was bent at an angle of ~45° more than
1500 times (Fig. 8(d)). Further studies examining the
suitability of these films as electrodes in different
devices are currently underway in our laboratory.

4. Conclusions

We have developed a method for synthesizing few-
layered graphene by arc discharge in a mixture of
carbon dioxide and helium. The resulting few-layered
graphene sheets have fewer defects than those gene-
rated using chemical methods, and more importantly,
they can be easily dispersed in organic solvents for
subsequent solution processing. Flexible and highly
conductive films can be directly fabricated by spin-
coating or drop-casting of their solutions. This com-
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Figure 9 Current—voltage (/-V) curve of a graphene film that
was prepared by the dispersion of few-layered graphene in DMF
(0.7 mg/mL) using spin-coating. The thickness was ~25 nm, and
the electrical conductivity was ~11 S/cm

bination of properties should make this material a good
candidate for use in the fabrication of electrodes in
various devices and as electrical fillers for conducting
composite materials.
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