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Synthesis of graphene nano-sheet without catalysts and substrates using
fullerene and spark plasma sintering process
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Abstract Catalyst-free graphene nano-sheets without substrates have been synthesized using fullerene and a high direct
current (dc) pulse in the spark plasma sintering (SPS) process. Graphene nano-sheets were synthesized directly in the gas
phase of carbon atoms which are generated from fullerene at a temperature of 600°C. Characterization has been carried out
by scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HR-TEM), Raman spectroscopy

(Raman), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD).
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1. Introduction

With remarkable physical, chemica and eectrical prop-
erties of graphene nano-sheets, graphite nano-sheets can
possible to use in wide range of industria applications,
including energy storage, gas detection, conducting elec-
trodes and etc [1-3].

With technical development of synthesis of graphene
nano-sheets, pure solid carbonaceous sources of carbon
nanotubes have been interested in synthesis of graphene
nano-sheets [4-9]. Although the earliest efforts focused
on graphene nano-sheets conversion from carbon nano-
tubes have been studied using unzipping techniques of
carbon nanotubes, because of advantage of control of
layers, width and length of graphene nano-sheet, carbon
nanotubes were used for gaseous carbonaceous to syn-
thesize graphene nano-sheets in spark plasma sintering
process [10-13].

Because most of natural graphite forms from natura
carbon sources at temperatures in the neighborhood of
750°C under high pressure and long time without transi-
tion meta cataysts, catalyst-free synthesis of graphene
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nano-sheets using pure solid carbon sources have inter-
ested.

Although low temperature synthesis of graphene have
been reported on Cu foil at 600°C using gaseous hydro-
carbon sources and chemical vapor deposition method,
but catayst-free synthesis of graphene nano-sheets using
pure solid carbon without catalyst at temperatures in the
neighborhood of 600°C have not been reported [14, 15].
Up to now, for graphene nano-sheets synthesis using
solid carbon source of carbon nanotubes (CNTs), CNTs
need over 2400°C to evaporate gaseous carbon from
CNTs. Thus, low temperature synthesis of graphene
nano-sheets has been interested.

In this paper, catalysts-free synthesis of graphene nano-
sheets without substrate has been synthesized using
fullerene and a spark plasma sintering process at a tem-
perature of 600°C.

2. Experimental

Fullerene (1~2 nm diameter, with > 98 % purity) were
purchased from SES Research Co. The pellets of
fullerene were produced in a vacuum chamber (107 torr)
using a Dr.sinter®model SPS-2080 pulse current sinter-
ing system (Sumitomo Coamining Co., Japan). Contacts
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were placed between two graphite rams in a cylindrical
graphite (ISO-63) die with an inner diameter of 20 mm
with 2 g fullerene. The pellets were heated to 600°C at a
heating rate of 10°C/min with a pressure of 100 MP a
between the rams, and the applied direct current was
about 1500 A (voltage <5V) with a pulse duration of
12ms and pulse interva of 2ms during 10 min [16].
The thickness of compact sintered samples was about
2mm. After polishing using SIC abrasive paper, they
were finaly subjected to scanning electron microscopy
(SEM) observation using a Hitachi-S5700 instrument
with a field emission gun. High resolution transmission
electron microscopy (HR-TEM) investigations were car-
ried out usng a JEOL-3010 micro scope operating at
300 kV. Raman spectra were taken a room temperature
under ambient condition using a LabRam HR (Jobin-
Yvon) with a laser excitation of 514.5 nm (Ar-ion laser).
X-ray diffraction (XRD) was using copper Ko radia-
tion (Rigaku D/MAX 2C, Japan).

3. Reaults and Discussion

Fig. 1 shows HR-TEM images of few-tens-nanometer
graphene nano-sheet formed from gaseous carbon atoms
which directly evaporated from fullerene at a tempera-
ture of 600°C. Fig. 1(a) shows an HR-TEM image of
few-tens-nanometer graphene nano-sheet formed in the
SPS process. During the SPS process, gas-phase carbon
atoms were directly generated by the Joule hesting when
the current flows on the surfaces of fullerene. After that
process, gaseous carbon atoms gradually formed graphene
nano-sheet as the temperature decreased. Fig. 1(b) shows

Fig. 1. (@ An HR-TEM image of few-tens-nanometer graphene
nano-sheets. (b) shows magnified lattice-resolved TEM image
of graphene nano-sheet with a lattice spacing of about 0.35 nm.
(c) shows SEAD pattern of graphene nano-shest.
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Fig. 2. XRD spectrum of (8) pure fullerene, (b) graphene nano-
sheet converted from fullerene at 600°C.

magnified lattice-resolved TEM image of graphene nano-
sheet with a lattice spacing of about 0.35 nm, which is a
few ten nanometers in size and were synthesized with-
out catalysts and substrates. Fig. 1(c) shows SEAD pat-
tern of graphene nano-sheet, which shows ordered
graphite lattice structure.

Fig. 2(a) shows the XRD patterns of the fullerene and
graphene nano-sheets, The XRD pattern in Fig. 3(a) shows
that the diffraction pesks a 20 =20.753°, 21.622° and
28.059°, 30.632°, 32.682° correspond to the inter-planar
spacing of fullerene {112}, {004} and {114}, {300},
{006}, respectively. Fig. 2(b) shows the X-ray diffrac-
tion patterns of graphene nano-sheets which converted
from fullerene after the heat-treatment at 500°C, and
then showed two peaks at 26° and 44.7°. Appearance of
turbostratic stacking of the graphene nano-sheets planes
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Fig. 3. XPS spectrum of graphene nanosheet, and the enlarged
figure which shows the result of resolution of the C1s pesk.
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is indicated at 26°. The graphene nano-sheets show a
(002) diffraction peak at 26°, corresponding to a d-spac-
ing of 0.34nm, which is amost the same as that of
graphite (JCPDS No. 75-1621). The 44.7° (100) diffrac-
tion peak originates from the two-dimensional in-plane
symmetry along the graphene sheets [17, 18].

Fig. 3 shows the XPS spectrum of the graphene
nanosheets that exhibited two intense and narrow peaks
a 284.44¢eV and 532.0eV, which correspond to Cls
and Ols core levels, respectively. The relative atomic
concentrations of carbon and oxygen estimated from
XPS were 98 and 2 %, respectively. The result of reso-
Iution of the Cls core level peak is also shown in Fig.
3. The C1s core level peak can be resolved into three
contributions appearing at 284.44, 285.24, and 286.8 eV.
The resolution was carried out using an asymmetric pesk
analogous to that observed for graphite at 284.44 eV
and two Gaussian peaks are centered at 285.24 eV, and
286.08 €V. The main peak at 284.44 €V was assigned to
sp°-hybridized graphite-like carbon atoms and to sp° car-
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Fig. 4. (8 Raman spectrum of fullerene, (b) graphene nano-sheet
converted from fullerene at 600°C.

bon atoms bound to hydrogen. The pesk at 285.3 eV
appeared because of sp3-hybridized carbon atoms as in
diamond-like carbon. Peaks at 286.2 eV, 287.2eV and
288.9¢eV were typica of carbon atoms bound to one
oxygen atom by single bonds (C-OH, C-O-C), and dou-
ble bond (C=C), respectively. The oxygen was present
at trace level, as shown by the very weak intensity of
O1s pesk centered at 532.0 eV [19, 20].

Fig. 4 shows Raman spectra of fullerene and graphene
nano-sheet. The Raman spectra of pure C60 fullerene
sample are shown in Fig. 4(a). The three main lines of
fullerene were obtained at the shift of 269, 494 and
1466 cm ™, which are the Ag(1), Hg(1), and Ag(2) char-
acterigtic modes of pure C60 fullerene molecules [9, 10].
Fig. 4(b) shows the Raman spectrum of graphene nano-
sheet which converted from fullerene by plasma sinter-
ing process at 600°C for 30 min. This spectrum shows
two Raman bands at ~1318 cm™ (D band), ~1580cm "
(G band) of graphite, 2600 cm™ (2D band). The G band
indicates the original graphite feature because of the in-
plane vibration of sp’ carbon atoms, and the D band is
due to amorphous carbons which have a certain frac-
tion of sp° carbon bonding structures. Therefore, the
intensity of the G band depends on the thickness or
number of layers in graphene. The intensity ratio of the
D band to the G (I/ls) was employed to determine the
fraction of in-plane crydtdlite in the graphite structure
[21, 22]. The value of 1/l5 of the graphite is 0.82. The
second-order Raman feature, namely the 2D band (sec-
ond-order of the D band) at 2600 cm ™, is very sensitive
to the stacking order of the graphene sheets along the c-
axis as well as to the number of layers, and shows
gregter structure with increasing number of graphene
layers [21-23].

4. Conclusions

Catdyst-free graphene nano-sheets without substrates
have been synthesized using fullerene and a high direct
current (dc) pulse in the spark plasma sintering (SPS)
process. Graphene nano-sheets were synthesized directly
in the gas phase of carbon atoms which are generated
from fullerene a a temperature of 600°C. The Raman
spectra of fullerene and graphene nano-sheets show that
the 1(D)/I(G) was increased via the generation of graphene
nano-sheets in conjunction with the consumption of
starting fullerene. From anaysis of the XPS spectrum of
the graphene nano-shedts, the rdaive aomic concentrations
of carbon and oxygen were 98 and 2 %, respectively.
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