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Direct transformation of graphene to fullerene

Andrey Chuvilin?*, Ute Kaiser', Elena Bichoutskaia3? Nicholas A. Besley?* and Andrei N. Khlobystov3*

Although fullerenes can be efficiently generated from graphite in high yield, the route to the formation of these
symmetrical and aesthetically pleasing carbon cages from a flat graphene sheet remains a mystery. The most widely
accepted mechanisms postulate that the graphene structure dissociates to very small clusters of carbon atoms such as C,,
which subsequently coalesce to form fullerene cages through a series of intermediates. In this Article, aberration-corrected
transmission electron microscopy directly visualizes, in real time, a process of fullerene formation from a graphene sheet.
Quantum chemical modelling explains four critical steps in a top-down mechanism of fullerene formation: (i) loss of
carbon atoms at the edge of graphene, leading to (ii) the formation of pentagons, which (iii) triggers the curving of
graphene into a bowl-shaped structure and which (iv) subsequently zips up its open edges to form a closed

fullerene structure.

proposed to explain the formation of fullerene from graphite.

The generally accepted mechanisms can be categorized into
four major groups according to the exact route leading to the full-
erenes: the ‘pentagon road’'3, the ‘fullerene road™, ‘ring coalesc-
ence’™® and the ‘shrinking hot giant model”®. All of these can be
classified as bottom-up mechanisms, because fullerene cages are
considered to be formed from atomic carbon or small clusters of
carbon atoms. Although there is a large body of experimental evi-
dence supporting bottom-up mechanisms®!, it is almost entirely
based on mass spectrometry and its variants, which analyse
only those species present in the gas phase. These experiments
provide no direct structural information about the precursors
of fullerenes and do not allow fullerene formation to be followed
in situ. Any process of fullerene assembly on the surface of
graphite, for example, would be overlooked by the traditional
experimental methodology.

An atomically thin single sheet of graphite, so-called graphene'?,
represents an ideal viewing platform for molecular structures using
transmission electron microscopy (TEM), because it provides a
robust and low-contrast support for molecules and other nanoscale
species adsorbed on the surface. Under TEM observation while
exposed to an 80-keV electron beam (e-beam), the edges of the gra-
phene sheet appear to be continuously changing in shape (Fig. la;
see also Supplementary Video). The high energy of the e-beam,
when transferred to the carbon atoms of the graphene, can cause
fragmentation of large sheets of graphene into smaller flake-like
structures (Fig. 1c). The flakes adsorbed on the graphene substrate
can be visualized and their further transformations readily observed
in TEM. The final product of these transformations is often a perfect
fullerene molecule (Fig. 1b).

The sequence shown in Fig. 1c-h presents a typical transform-
ation route for an individual graphene flake, which changes its
shape under the influence of the e-beam, becoming increasingly
round (Fig. lc-e). The contrast of its edges gradually increases
(Fig. 1f), indicating that the edges of the flake come progressively
out of plane and rearrange into the spheroidal shape of a fullerene
(Fig. 1g). The experimentally observed images can be related
through TEM image simulation to models of a graphene flake
(Fig. 2b'), curved graphene intermediates (Fig. 2d" and ¢'), and

O ver the past two decades, many different models have been

the resultant fullerene molecule (Fig. 2f") adsorbed on the graphene
substrate. Once fullerene formation is complete, the molecule
appears to roll back and forth on the underlying graphene
(Fig. 1h). This is possible, because the energy of the van der
Waals interaction of a fullerene with the substrate is significantly
reduced compared to a flat graphene flake!>!* due to the reduced
surface area in contact with the underlying graphene sheet.

Loss of carbon atoms at the edge of graphene is a key initial step in
the graphene-to-fullerene transformation. Carbon atoms at the edge
of a graphene flake are labile, because only two bonds connect them
to the rest of the structure. Our density functional theory (DFT)
calculations (for details see the Methods section) show that the
loss of a carbon atom at the zigzag edge of a small graphene flake
and the subsequent relaxation of the structure require 5.4 eV.
As expected, it is approximately one-third less than the energy of
carbon atom loss from the middle of the flake, which is estimated
to be 7.4-7.6 eV (refs 15-17). Indeed, recent TEM experiments
have demonstrated that the edge atoms of graphene can be
chipped away, one by one, by the e-beam!®!. Following
the removal of one or several carbon atoms, the graphene edge
undergoes structural reconstruction, normally leading to the most
stable zigzag configuration'®. The loss of carbon atoms at the edge
and the subsequent reconstruction do not cause any significant
changes to the structure of a large graphene sheet!3%
(Supplementary Fig. S1). However, small fragments of graphene,
as our extended observations demonstrate (Supplementary
Fig. S2), undergo drastic structural transformations under the
e-beam, leading to the formation of fullerene cages (Fig. 1c-h).
These observations provide direct evidence (unlike mass
spectrometry) that a fullerene can be formed directly from graphene
without the need for dissociation to small carbon clusters as is
inherent to other mechanisms of fullerene formation>%,

The experimental TEM images provide compelling evidence for
the graphene-to-fullerene transformation. However, the exact
pathway of this process can be best explained through quantum
chemical modelling of the key stages of the process (Fig. 2a-f).
The structures used for modelling represent one possible flake
that is as close as possible to the experimental observations
(Fig. 1c-h). Induced by the high-energy e-beam, the initial loss of
carbon atoms at the edge destabilizes the structure (Fig. 2b),

'University of Ulm, Central Facility of Electron Microscopy, Electron Microscopy Group of Materials Science, Albert Einstein Allee 11, 89069 Ulm, Germany,
’IKERBASQUE, Basque Foundation for Science, E-48011, Bilbao, Spain, *School of Chemistry, University of Nottingham, University Park, Nottingham
NG7 2RD, UK. *e-mail: a.chuvilin@nanogune.eu; andrei.khlobystov@nottingham.ac.uk

450

NATURE CHEMISTRY | VOL 2 | JUNE 2010 | www.nature.com/naturechemistry

© 2010 Macmillan Publishers Limited. All rights reserved.


mailto:a.chuvilin@nanogune.eu
mailto:andrei.khlobystov@nottingham.ac.uk
http://www.nature.com/doifinder/10.1038/nchem.644
www.nature.com/naturechemistry

NATURE CHEMISTRY Dol: 10.1038/NCHEM.644 TICLES

Figure 1 | Experimental TEM images showing stages of fullerene formation directly from graphene. a, The black arrow indicates a double layer of graphene,
which serves as the substrate. The white arrow indicates a strip of graphene (monolayer) adsorbed on this substrate. The dashed white line outlines a more
extended island of graphene mono- or bi-layer, which has its edges slightly curved on the left side. b, The final product of graphene wrapping: a fullerene
molecule on the surface of graphene monolayer (carbon atoms appear as black dots). c-h, Consecutive steps showing the gradual transformation of a small
graphene flake (c) into fullerene (gh). The graphene lattice is filtered out of images c-h for clarity. (See Supplementary Video for a demonstration of the
dynamics of the entire process.).
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Figure 2 | Quantum chemical modelling of the four critical stages of fullerene formation from a small graphene flake. a-d, Loss of carbon atoms at the
edge (a — b); formation of pentagons (b — c); curving of the flake (¢ — d); formation of new bonds, leading to zipping of the flake edges (d — e). e, Top
and side views of a bowl-shaped intermediate structure. Stabilization energies (in eV per carbon atom) of the intermediate structures and resultant fullerene
Ceo (), relative to the flat defect-free flake of graphene shown in a, are presented pictorially and graphically. b’,d’-f, Top views of the graphene flake (b"),
curved graphene intermediates (d',e’) and the fullerene Cy, molecule (f) adsorbed on the underlying graphene substrate and simulated TEM images
corresponding to each structure, showing how they would appear in TEM experiments.
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because it increases the number of dangling bonds at the edge. The
formation of pentagons at the edge (Fig. 2¢) and subsequent curving
of the flake are thermodynamically favourable processes, because
they bring covalently deficient carbon atoms close to one another
(Fig. 2d), thus enabling them to form bonds. New carbon-carbon
bonds are then formed, leading to zipping of the flake edges and
reducing the number of dangling bonds. This has a profound stabi-
lizing effect on the structure (Fig. 2e). In a similar way, the bowl-
shaped structure (Fig. 2e) can evolve further by losing carbon
atoms from its remaining open edge through e-beam etching,
forming more pentagons and curling until the structure is suffi-
ciently small to close up into a cage (Fig. 2f). Fullerene is the
most stable configuration for a finite number of sp® carbon atoms
because the molecular cage has no open edges (that is, etching is
prohibited), and all the carbon atoms form three bonds. If the struc-
ture of the newly formed fullerene does not correspond to the most
stable isomer, its structure can ‘anneal’ by means of a series of
Stone-Wales rearrangements! that are facilitated by the e-beam in
TEM or by an add-atom under the standard fullerene synthesis
conditions®?2,

A theoretical study exploring the possibility of the transform-
ation of a graphene sheet into a fullerene confirms that the for-
mation of defects at the edge of graphene is the crucial step in the
process®. The structural defects considered in this earlier study
are based on a series of rearrangements that give rise to pentagonal
rings. However, the energy barrier for such rearrangements
appeared to be extremely high, making this pathway plausible
only at extremely high temperatures (3,500 K)?°, significantly
higher than the temperatures used in fullerene production. Our cal-
culations, however, show that the loss of the outermost carbon
atoms in a graphene flake provides a viable route for fullerene
formation under realistic experimental conditions.

The initial size of the graphene flake is important, because it
determines the size of the fullerene cage that can be formed. If the
flake is too large, in the region of several hundreds of carbon
atoms, there will be a significant energetic penalty during the
curving step (Fig. 2d) associated with the van der Waals interactions
between the underlying graphene sheet and the flake. Its edges will
continue to be etched until the flake reaches a size that enables the
thermodynamically driven formation of fullerene described above.
On the other hand, the transformation of very small flakes (less
than 60 carbon atoms) into fullerenes will be suppressed by exces-
sive strain on C-C bonds imposed by the high curvature of small
fullerene cages and the violation of the isolated pentagon rule in full-
erenes smaller than Cy,. Indeed, our experiments indicate that full-
erene cages formed directly from graphene have a relatively narrow
range of diameters averaging ~1 nm, which corresponds to 60-100
carbon atoms (Supplementary Fig. S2). This observation is in agree-
ment with the consistent observation of a disproportionately high
abundance of Cy, and C,, fullerenes found in the different
methods of fullerene production.

Our in situ TEM experiments correlated with quantum chemical
modelling demonstrate that a direct transformation of flat graphene
sheets to fullerene cages is possible. Etching of edge carbon atoms by
the e-beam facilitates the formation of curved graphene fragments,
which continue to be etched until it becomes possible for them to
zip up into a fullerene. Previous studies have suggested that a
piece of graphene of limited size may not be the most stable allo-
trope of carbon*%°, particularly under e-beam radiation, so the
latter stages of this thermodynamically driven process should
occur with similar ease to the formation of Cg, fullerene from care-
fully designed polyaromatic molecules?. Once the edges are sealed,
no further carbon atoms can be lost, and the newly created fullerene
remains intact under the e-beam.

Could these TEM observations be relevant to real-life fullerene
production methods, such as arc discharge or laser ablation of

452

graphite? On the one hand, conditions inside the transmission elec-
tron microscope are quite different (for example, no direct heating,
high vacuum, no buffer gas), but on the other hand, the e-beam
supplies the energy required to break chemical bonds (just like
a laser beam), and the underlying graphite substrate attached to a
TEM sample holder absorbs the excess energy released on the
formation of new bonds (just like a helium buffer-gas). Indeed, a
mass spectrometry study?” has shown that Cy, and C,, can form
almost exclusively from graphite under 10-keV e-beam radiation
in vacuum—conditions very similar to those in TEM—but no
mechanism explaining fullerene formation was suggested at the
time. The top-down mechanism of fullerene formation proposed
in our study does not exclude the bottom-up models, because differ-
ent mechanisms may co-exist under the same experimental con-
ditions (Supplementary Fig. S3). For example, in arc discharge,
some fullerenes may form in the gas phase from C, fragments
and some may form on the surface of graphite electrodes from
small flakes of graphene. A laser ablation study®® has shown that
the yield of fullerene is critically dependent on the orientation
and quality of the graphitic surface, which confirms that the
formation of fullerene directly on the graphite surface is certainly
not unique for TEM experiments and may have relevance for
preparative methods of fullerene production. We hope that our
study will stimulate a reassessment of the current understanding
of how fullerenes are formed.

Methods

Thin graphite flakes were prepared from spectroscopically pure graphite by grinding
in an agate mortar under a layer of ethanol. The dispersion was treated as prepared in
an ultrasonic bath and deposited onto a holey carbon TEM grid. Stacks of graphene
with thicknesses varying between one and several layers were observed.

Images were acquired using a Titan 80-300 instrument (FEI) equipped with an
imaging spherical aberration (Cs) corrector. We used an accelerating voltage of
80 kV and Cs optimized Scherzer conditions®® (Cs value, +20 pum; defocus,

—3 nm), so the atoms were imaged dark. The exposure time was 1 s per frame, with
an interval of 4 s between the frames in one sequence (Supplementary Video).
Images of one sequence were aligned by cross-correlation and low-pass-filtered for
noise reduction. The filtering did not affect the final resolution because of significant
over-sampling of the original images.

TEM image simulations were performed using MUSLI code®. Coherent
aberrations corresponding to those in the experimental images were used.
Parameters for the dumping envelope were as follows: focal distance, 1.5 mm
(tabulated value for Titan 80-300); coefficient of chromatic aberration, 1.4 mm
(measured experimentally); energy spread of the electron source, 0.2 eV (measured
experimentally); stability of high tension, 1 x 10~° (tabulated value for Titan
80-300); stability of objective lens current, 3 x 10~ (fitted by simulations);
convergence semi-angle, 0.5 mrad (this parameter does not measurably influence
aberration-corrected imaging). Thermal vibrations were treated using the frozen
phonons approach, with 100 phonon configurations averaged for every image at a
corresponding Debye-Waller factor of 0.005 nm®. The sampling rate was
0.017 nm pixel "'. Images were calculated at an electron dose of 1 x 10°e” nm "~
and further processed using the same routine as for the experimental images
(see above).

In theoretical calculations of the geometries and energies of the intermediates,
the description of a small graphene flake, which initially contained 117 carbon atoms
and was subsequently reduced to 86 and 84 atoms, was based on the DFT formalism
using the Q-CHEM quantum chemistry package®! with the B3LYP exchange-
correlation functional®? and 6-31G* basis set.

Dispersive van der Waals interactions between the graphene flake and the
underlying graphene sheet contribute up to ~30% reduction in its stabilization
energy, depending on the size and curvature of the fragment. The energy of these
non-covalent interactions was estimated using the empirical Girifalco potential,
which has been successfully applied to describe the interactions between graphitic
nanostructures'?.
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