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Transformation of carbon nanomaterials to different allotropes is a very promising approach for preparing a
variety of carbon nanomaterials. Herein, we present the catalyst and substrate-free synthesis of graphene (G)
nanosheets from fullerene (C60) clusters. G nanosheets were formed from an unzipping process of fullerene
clusters using a direct pulse current via a pulsed current sintering method, in which carbon atoms were evap
orated from fullerenes as a result of generation of locally high temperatures. Fullerene clusters and G nanosheets
were analyzed by different characterization tools and it was demonstrated that G can be successfully synthesized
using transformation of fullerenes as starting materials without the need for catalyst or substrate.

1. Introduction

reduction and conversion to exfoliated G nanosheets [10]. Other typical
synthesis methods includes the Scotch tape method and mechanical
cleavage [11], arc discharge [12], chemical vapor deposition [13], and
unzipping of carbon nanotubes [14–16] or fullerenes [17]. Different
morphologies of G have been prepared by various methods [18–22].
However, most of methods require a substrate to obtain G. The sub
strates not only increase the overall cost of the synthesis but also can be a
reason for complexity of the process. Further, the sample size will be
dependent on the size of the substrate used. In addition, bonding be
tween substrate and G can change the thickness, mobility, carrier den
sity, and transport properties of G, and furthermore, it may complicate
the separation of G in the subsequent process steps [23].
Apart from substrate, some methods inevitably require a catalyst
[24]. The direct synthesis of G without using any metallic catalyst can be
an advantage as it decreases the overall cost of the process and also
reduces the risk of possible contamination; however, only a small
number of catalyst-free studies with respect to synthesis of G are

Carbon nanomaterials with different morphologies including fuller
enes [1], carbon nanotubes [2–4], carbon fibers [5], and graphene (G)
[6], are used in different applications [7]. In different allotropes of
carbons, the unique arrangement of sp2 bonded carbon atoms causes
each allotrope to show quite unique physical, chemical and morpho
logical properties. For instance, the sp2 hybridization in G lead to
delocalized out of plane π bonding, which can result in a high carrier
mobility. Furthermore, G nanosheets also exhibit high specific surface
area up to 2630 m2 g− 1, high thermal conductivity, mechanical strength
and transparency [7,8].
Due to such fascinating properties, the synthesis of G nanosheets by
different methods has been performed by different methods [9].
Although G is a sheet-like material, it is difficult to produce a single layer
G or a few layer G (FLG) over large areas. The most popular technique
for synthesis of G is the oxidation of graphite and its subsequent
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Fig. 1. XRD spectra of untreated and treated fullerene clusters with pulse
currents at different temperatures.
Fig. 2. SEM images of (a) untreated and (b) treated fullerene clusters with DC
at 1000◦ C.

available [25].
In principle, G and other carbon allotropes such as fullerenes are
interconvertible and therefore, the disintegration of fullerene cages may
be an alternative method for transformation of fullerene to G. Accord
ingly, carbon nanotubes, and G materials can be produced by heating of
fullerenes in the presence of metal catalysts [17,26]. For example, Zhang
et al. studied the thermal stability of fullerene, carbon nanotubes and
graphite using spark plasma sintering at high temperatures (up to
1500◦ C) under an applied pressure of 80 MPa for 20 min [27]. It was
reported that part of the nanotubes and fullerene were transformed into
diamond during spark plasma sintering (SPS), whereas graphite was
stable under SPS conditions. In another study, Zhang et al. studied the
growth of diamond from fullerene C60 by SPS and reported that C60 was
directly transformed into diamond under a pressure of 50 MPa and T >
1150◦ C, without any catalyst [28]. Hawelekt al. synthesized the glassy
carbon via SPS technique at 1500◦ C under a force of 16 kN from the
fullerene C60/C70 extract [29]. Wu et al. prepared amorphous carbon
from fullerene at 1100◦ C via SPS technique [30]. Jun et al. prepared
graphene nanosheets from fullerenes using spark plasma sintering pro
cess at 600◦ C and applied pressure of 100 MPa [31]. Finally, Suslova
et al. reported the conversion of onion-like carbons to graphene nano
flakes by SPS at 1100◦ C under 30 MPa pressure [32].
Catalyst and substrate-free large-size synthesis of G is challenging.
This is due to the need for high temperatures as well as the difficulty in
opening the fullerene cages into G nanosheets without any substrate and
catalyst. Thus, in this paper, we worked on the fabrication of G nano
sheets by means of a pulse current sintering (PCS) process with fullerene
clusters as source materials, without any substrate and catalyst. The
synthesized G nanosheets were characterized using different charac
terization tools and successful transformation of fullerene to G nano
sheets was demonstrated.

2. Experimental
2.1. Experimental procedure
Fullerenes as the starting materials, were purchased from Hanwha
Nanotech, ASP-100F, Korea. To remove the metal impurities, the acid
and thermal treatments were performed on the as-received fullerenes.
Using a high direct current (DC) pulse in the PCS. The fullerene clusters
were transformed to FLG. The FLG was synthesized in a vacuum using a
Dr. Sinter (model SPS-515S PCS, Sumitomo Coal Mining Co., Japan)
system. One gram of fullerene was placed into a cylindrical graphite die
(diameter = 10 cm). The pellets were heated to 500–1000◦ C with 100◦ Csteps at a rate of 100 ◦ C/min with a pressure of 100 MPa. The DC current
was ~700 A (voltage <5 V). Pulse duration and interval were 12 and 2
ms, respectively and the overall process time was 10 min. To exfoliate
as-synthesized G nanosheets, a solution was prepared by adding of 0.5
mol KOH into 200 mL of solvent (tetrahydrofuran). Subsequently, FLG
was dispersed in the above solution by ultrasonication for 20 min. As a
result, the dissolved K+ ion was intercalated at the interlayer spaces of
FLG. Then, the dispersion was microwave (MW) irradiated for 60 s (f =
60 Hz and power 1000 W). Finally, the exfoliated nanosheets were
obtained.
2.2. Materials characterization
The morphological studies were performed by field emissionscanning electron microscopy (FE-SEM; FEI-Nova NanoSEM200).
High-resolution transmission electron microscopy (HR-TEM; a JEOL4010) was also performed. X-ray diffraction (XRD; VG Multilab ESCA
2
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Fig. 3. TEM image of fullerene cluster treated with pulse currents at (a) 500◦ C (inset exhibits HR-TEM image), (b) 600◦ C (inset exhibits HR-TEM image), and (c)
1000◦ C, and (d) corresponding SAED pattern.

2000 system) was performed to investigate the crystalline nature of the
materials and Raman spectra (LabRam HR Jobin-Yvon) were obtained
with a Ar-ion laser (514.5 nm). Photoluminescence studies were per
formed using a He–Cd laser (wavelength = 325 nm).

line by curvature tension on the surface of the fullerene, where they are
converted to G [33]. The transformed G nanosheets can have a large
surface area [35], therefore, to decrease the high surface area, G
nanosheets are stacked with van der Waals force and will generate FLG.
Fig. 1 presents the XRD patterns of C60 samples under different
temperatures in the range of 2θ = 20–50◦ . The XRD patterns of fullerene
clusters heated up to 900◦ C show the same pattern as the untreated
fullerene and have six characteristic peaks belonging to the (311), (222),
(331), (420), (422) and (511) diffraction plans of C60 fullerene [36].
However, unlike other fullerenes, after sintering C60 at 1000◦ C, the
sample showed two broad diffraction peaks, indicating the collapse of
fullerenes and the creation of a mixture of amorphous carbon and gra
phene materials. It showed two broad peaks located at 26.51 and 44.04◦
that can be attributed to (002) and (101) planes of G, respectively. Thus,
it can be concluded that a mixture of amorphous carbon and G has been
formed [37,38].
Fig. 2 shows FE-SEM images of fullerene clusters as starting materials
to synthesize G. Fig. 2(a) shows an image of untreated fullerene clusters
before application of the high DC pulse flow. They are elongated in one

3. Results and discussions
In this research, we synthesized FLG without a catalyst, implying that
we cannot apply the mechanism of growth in vapor-liquid-solid method
to provide an explanation. During PCS a high energy current along with
a low voltage are applied to the sample, generating the high local
temperatures [33]. As a result, high DC pulse can start to break the sp2
carbon bonds in the current direction. Joule heating is the process in
which high temperatures are locally produced by the passing of elec
trons from the sample where they lost their kinetic energy to heat upon
collisions with other electrons and atomic ions. Accordingly, the elec
trical energy from a power supply is converted to heat inside the ful
lerenes [34]. Due to generation of high temperatures, breakage of C–C
bonds occurs along the current path and they are spread out in a straight
3
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Fig. 4. (a) Raman spectra of fullerene cluster, which was untreated and treated with pulse current at various temperatures. (b) PL spectra of fullerene cluster, which
was untreated and treated with pulse current at various temperatures.

dimension as expected. However, because of the high surface area, some
agglomerated. Additionally, Fig. 2(b) shows the FE-SEM image of the
unzipped fullerene.
Fig. 3(a) and (b) indicate TEM images of fullerene clusters treated at
500 and 600◦ C, respectively. Insets of Fig. 3(a) and (b) exhibit HR-TEM
images of the corresponding fullerene clusters, where the spacing be
tween the parallel fringes can be assigned to (220) and (222) fullerene
planes. Pulse current sintered fullerenes at 500 and 600◦ C show bulky
morphologies due to the agglomeration by the joule heating [39]. Fig. 3
(c) demonstrates a TEM image of fullerene clusters treated at 1000◦ C, in
which the fringe related to (002) plane of the G nanosheet is observed.
Fig. 3(d) reveals the relevant selected area electron diffraction (SAED)
pattern, where the diffraction spots can be attributed to (002) and (101)
planes of G.
Raman spectroscopy is able to differentiate between various struc
tures of carbons [21]. With C60 having 174 internal degrees of freedom,
however, the icosahedral symmetry reduces it to only 46 distinct
vibrational modes [40]:
Γ mol
c60 = 2Ag + 3F1g + 4F2g + 6Gg + 8Hg + Au + 4F1u + 5F2u + 6Gu + 7Hu

(H2g), 495.07 (A1g), 708.32 (H3g), 772.33 (H4g), 1423.90 (H7g), 1466.70
(A2g) and 1571.90 (H8g) cm− 1 can be assigned to fullerene. The three
strongest lines in the spectra located at 1466.70, 495.07 and 272.45
cm− 1 are fingerprints of C60 [41].
Graphene has a large G band at ~1583 cm− 1 due to the fist-order
scattering of the E2g mode belong to sp2 carbon domains and a broad
D band at ~1354 cm− 1 which is stem from sp3-hybridized carbon, car
bon amorphous, structural defects or edge planes [34,42]. With
increasing the number of layers, Raman intensity of the G band is
increased. The intensity of the G band depends on the thickness or
number of layers in G. The intensity ratio of D band to the G band (ID/IG)
and the proportion of their dimension are noted for evaluation factor of
the in-plane crystallite in the graphite structure [15]. The Raman
spectrum of G nanosheets indicates that sharpness and intensity of D and
G band peaks were increased in comparison to the starting material,
with the value of ID/IG of the G nanosheets being 0.76.
PL spectra are shown in Fig. 4(b). PL in carbon materials is related to
the radiative recombination of electrons and holes created by sp2 clus
ters, where large sp2 clusters have narrower energy gaps than the
smaller ones [42]. PL spectra of fullerene clusters, which were untreated
and treated up to 800◦ C, respectively, have a prominent peak around
750–850◦ C, which can be assigned to C60 [43], while the PL spectrum of
fullerene treated at 900◦ C, shows an additional broad peak centered at
550 nm and with an increase of temperature to 1000◦ C, a prominent
peak at 550 nm is observed, belonging to G. After treatment at 1000◦ C,

(1)

Experimentally, the observed modes are reduced by selection rules.
Accordingly, the 2Ag, and 8Hg, modes are active in the Raman pattern.
Fig. 4(a) gives the Raman spectra of the fullerene clusters treated at
various temperatures. The Raman bands located at 272.45 (H1g), 432.05
4
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Fig. 5. (a) Simulated structure evolution in the fullerene-to-graphene transformation process. (b) Change of potential energy with time after the transformation of
fullerene to graphene.

we surmise that a considerable amount of fullerene was transformed to
G.

transition to G. In defined NPT ensemble, Nose-Hoover barostat with
0.05 and 100 values for temperature and pressure damping ratio was
used, respectively. The MD calculations were performed for a freely
rotating rigid molecule in the crystal lattice. Initially, the applied pres
sure was increased from 0 kbar up to 1 kbar at T = 300 K, and in the
second step, the applied temperature was raised from 300 K to 4000 K at
P = 1 kbar (100 MPa) with 0.0001 fs time-steps. In this simulation, the
structure evolution in the transformation of fullerene into G is presented
in Fig. 5. Fig. 5(a) indicates the transformation of fullerene to G under
changes of temperature and pressure. Particularly with pulse current at
1000◦ C, the local temperature can be raised up to 4000 K, transforming
fullerene to G nanosheets.
In the computational part of the present study, the transformation of
the C60 molecule to G nanostructure occurred in a part of the final
sample indicated in Fig. S1 (a) in Supporting Information. In the final
simulated structure, there is a part, which deviate from the planarity of
the two-dimensional structure [Fig. S1 (b) in Supporting Information].
As shown in Fig. 5(a), this nanostructure has atomic ripples and defects.

4. Molecular simulations
Since it is difficult to experimentally study transformation of C60 to
G, atomic modeling methods can be beneficial. In this research, solid C60
in the FCC lattice with lattice parameters of a = b = c = 1.4154 nm, and
bond angle α = β = γ = 90◦ was modeled by molecular dynamics (MD)
simulation. In all calculations, the length of the simulation box was
selected to 25 nm in x, y, and z-axis and periodic boundary conditions
were implemented in all directions. Inside this simulation box, 60 atoms
were modeled via Visual Molecular Dynamics (VMD) [36]. The adaptive
intermolecular reactive bond order (AIREBO) potential [44], was
applied using Large-scale Atomic/Molecular Massively Parallel Simu
lator (LAMMPS) software [45]. The aim was to perform an iso
thermal–isobaric (NPT) MD simulation of C60 under continuously
increased pressure and temperature to observe the possible phase
5
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Previous, experimental results based on TEM and scanning tunneling
microscopy (STM) have revealed “rippling” nature of the flat sheets,
which may be intrinsic to the material due to the two-dimensional (2D)
crystals’ instability [46–49]. Furthermore, structural defects were
observed in graphitized graphene sheets prepared at high temperature
[50]. Thus, both rippling and defects can be present in G, being
consistent with the previous literatures. Furthermore, outputs predicted
negative value for potential energy of atomic structures are seen in Fig. 5
(b). Negative potential energy in every step means energy reaches its
minimum value (local minima or global minimum), and the system is
stable and shows the validity of the MD approach. It should be noted that
only initial and final structures are in equilibrium. Our simulation re
sults are in agreement with other researchers’ experimental and simu
lated results [51,52], indicating that the structure of C60 is more stable
than G. On the other hand, the only 2D structure of carbon with a
well-known equilibrium is graphene. Therefore, the obtained results
indicated the creation of graphene in the final step of our MD simula
tions. Phase transformation from a structure with lower potential energy
to a higher one requires energy consumption. Therefore, to transfer C60
to graphene, it is necessary to apply pressure and temperature, which is
considered in the experimental and simulation approach.
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