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The high-temperature annealing of nanodiamonds with sizes typical of ultradisperse diamonds is studied
with atomistic simulations using a recent and accurate classical reactive potential. At 3000 K, the complete
transformation of the particles into carbon onions made of five to seven concentric fullerenes occurs according
to a three-step mechanism: �i� formation of two to three graphitic shells at the surface, �ii� transformation of the
diamond core into an amorphous sp2 carbon, and �iii� reorganization of the core into concentric fullerene
layers. At lower temperatures, the transformation stops at step �i� and the final structure is made of a diamond
core surrounded by a few fullerene shells. The analysis of the internal pressure of the diamond core reveals that
this state is metastable.
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Nanometer-sized diamonds have been observed in many
carbon-rich environments, both terrestrial1 and
extraterrestrial,2 since their discovery in meteorites.3 Simi-
larly to diamond, these particles experience graphitization
when exposed to high temperatures4 which results, due to the
particular size and shape of nanodiamonds �NDs�, in the for-
mation of quasispherical multiwall fullerenes called carbon
onions �COs�.5 Nanodiamonds obtained as detonation
residues1 are particularly interesting in that context. Indeed,
because of the preparation conditions, these ultradisperse
diamonds �UDDs� show very homogeneous sizes peaked
around 5 nm �Ref. 6� making their fullerenization a unique
process for the purpose of producing monodisperse nano-
onions. UDDs are not only important from a technological
point of view due to their particularly interesting tribologic
and optical properties, but they also offer the opportunity to
gain new insight on the diamond-graphite transition at the
nanoscale where both size and shape play an important role.
The thermodynamics of this process is of great interest for
specific detonation applications where phase transitions can
affect the equation of state of the detonation products of
carbon rich explosives.7,8 Molecular simulations and in par-
ticular ab initio or tight-binding-based molecular-dynamics
�MD� simulations have given useful insights in the diamond-
graphite transition9 and some studies of nanodiamond an-
nealing have been undertaken.10,11 However, because of the
high computational cost associated with ab initio methods,
they have been limited so far to nanodiamonds of at most 1.4
nm in diameter �less than 300 atoms� which is clearly insuf-
ficient to fully capture the mechanism of onion formation
from UDD precursors. Interesting simulation work, using the
environment-dependent interatomic potential �EDIP� for car-
bon of Marks,12 on the formation of COs from an amorphous
precursor involving thousands of atoms has been recently
presented in Ref. 13. This work also briefly shows the CO
formation from a nanodiamond precursor, but at a high tem-
perature of 4000 K and without giving any details of the
transformation mechanism and structural details.

In a previous attempt to simulate the graphitization of
nanodiamonds of realistic sizes, two of us recently per-
formed molecular-dynamics simulations of 3–7 nm nanodia-

monds at temperatures ranging from 1300 to 3000 K �Refs.
14 and 15� using the REBO2 �Ref. 16� and AIREBO �Ref.
17� empirical potentials. Results obtained with these two po-
tentials were unsatisfactory and contradictory. The REBO2
potential gives extremely quick graphitizations, ranging from
some picoseconds to a few nanoseconds depending on sys-
tem size and annealing temperature. However the resulting
particles have a quite dense “puffy” octahedron structure
�keeping the memory of the initial �111� diamond planes�,
rather than spherical, onionlike structure. On the other hand,
using the AIREBO potential, the annealing of a 3 nm nano-
diamond for 2 ns at 3000 K leads to only very partial graphi-
tization. These results can be rationalized by looking at the
energy path of the well-known �111� diamond to rhombohe-
dral graphite transformation18 shown in Fig. 1 at the DFT
level of theory and for different empirical models.12,16,17,19

We can see in Fig. 1 that the REBO2 model overestimates
the barrier height, which should delay the graphitization pro-
cess, but considerably underestimates its width thus facilitat-
ing the formation of onionlike structures �two graphitic
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FIG. 1. �Color online� Minimum energy path for the diamond
conversion to rhombohedral graphite �dcc is the length of the disso-
ciating C-C bond�. Symbols: DFT results of Fahy et al. �Ref. 18�;
dotted line: REBO2 potential �Ref. 16�; dashed line: AIREBO po-
tential �Ref. 17�; dashed-dotted line: EDIP potential �Ref. 12� �data
taken from Ref. 20�; full line: LCBOPII potential �Ref. 19�.
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planes can be as close as 2 Å at no energetic cost�. On the
opposite, despite a well-behaved tail, the AIREBO potential
shows a 3 times higher barrier than DFT, making the process
much too costly.

Of the potentials in Fig. 1, only the EDIP and the long-
range carbon bond order potential LCBOPII properly de-
scribe the DFT barrier. These two potentials reproduce very
well the shape of this energy barrier and only slightly over-
estimate its height, LCBOPII performing a little better on
that particular point. Another advantage of LCBOPII with
respect to EDIP is that it incorporates the weak interlayer van
der Waals �vdW� interactions responsible, e.g., for the inter-
layer binding in graphite, but we admit that this may be not
so crucial for studying graphitization processes from a dia-
mond precursor.

The initial idea of LCBOP was to extend the Brenner
potential with long-range �nonbonded, vdW� interactions.21

After that, the LCBOP was further developed to make it
more suitable for the liquid phase and to improve its descrip-
tion of all common carbon phases �graphite, diamond,
fullerenes, nanotubes, graphene� and of phase transforma-
tions. In the latest version, LCBOPII, so-called middle range
�MR� interactions were added to improve the reactive
properties.19 These MR interactions were fitted to ab initio
calculations of dissociation energy curves. Different versions
of the LCBOP have been successfully applied to a variety of
carbon phases including the liquid phase.22–26 The ability of
this potential to accurately describe the thermodynamic
phase diagram of bulk carbon as well as the barrier height of
the diamond-graphite transformation makes it a perfect can-
didate for the simulation of nanodiamond annealing.27,28

We now present the results of a molecular-dynamics
simulation of a 3 nm ND �2512 atoms� annealed in vacuum
at a constant temperature of 3000 K during 2 ns. We used the
code STAMP developed at CEA and implementing the
LCBOPII potential. The temperature was controlled with a
Langevin thermostat using a friction parameter of 1014 s−1

and the equations of motion were integrated with a time step
of 0.5 fs. No periodic boundaries were employed so that the
system consists of an isolated carbon cluster submitted to no
external pressure. While the thermographitization of nano-
diamonds is usually thought to proceed through a standard
layer by layer mechanism,4,29 from the surface toward the
core of the particle, our simulation unravels a rather more
complicated scenario. The graphitization mechanism is illus-
trated in Fig. 2 and can be decomposed in three distinct
stages: during the first 100 ps, graphitization starts at the
surface of the cluster and two outer fullerene layers are
formed �Figs. 2�b� and 2�c��, then, up to 200 ps, the nano-
diamond core undergoes a complete and irreversible transi-
tion from a fourfold to a highly disordered structure of three-
fold atoms �Fig. 2�d��. Finally, the threefold core is
transformed into three inner fullerene layers during the re-
maining 1.6 ns �Figs. 2�e� and 2�f��. We monitored the time
evolution of the graphitization process through the potential
energy and the coordination distribution of the system �Fig.
3�. The coordination of a single atom is defined as the num-
ber of nearest neighbors within a cutoff radius of 2 Å �close
to the first minimum of the radial distribution function for
both diamond and graphite�. At the end of the simulation

��2 ns�, all the monitored quantities have reached a plateau
implying that the system is close to equilibrium. The
diamond-to-onion transition is clearly evidenced by the si-
multaneous decrease/increase of the fourfold/threefold coor-

FIG. 2. �Color online� 6 Å-thick slices as a function of time �a:
0 ps, b: 50 ps, c: 100 ps, d: 200 ps, e: 800 ps, and f: 1600 ps�
illustrating the graphitization mechanism of a 3 nm UDD at 3000 K.
Atoms are colored according to their coordination �red: twofold,
blue: threefold, gray: fourfold, yellow: other�.
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FIG. 3. Time evolution of the potential energy and coordination
distribution during graphitization. Insets focus on the first 250 ps of
simulation �only the threefold fraction is pictured�: horizontal dot-
ted lines highlight the presence of two plateau for the threefold
fraction at t=50 ps and t=90 ps.
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dination fractions, leading to a final value of 0.98 for the
threefold fractions and negligible values �inferior to 1%� for
all other coordinations. The analysis of the time evolution of
the threefold fraction highlights the main stages of the
graphitization mechanism, with a stepwise pattern during the
formation of the two outer fullerene layers �see explanation
in caption of Fig. 3�, and a smooth evolution during the core
transition �from 0.8 to 0.9 between 100 and 200 ps�. Then the
threefold fraction slowly equilibrates to its final value of
0.98. Although the potential energy does not exhibit this
stepwise pattern, its evolution undergoes a dramatic change
when the core fullerene layers start to form. Actually, the
rather weak energy decrease ��20 meV /atom� during the
fourfold to threefold transition suggests that entropy is the
driving force for this process, while the formation of the core
layers is driven by a strong energy stabilization
��150 meV /atom�.

Cooling the system down to 300 K, a shortest path ring
�SPR� analysis30 restricted to threefold atoms shows that the
particle is typical of fullerenes and giant fullerenes with
68.8% six-member rings �C6�, 18.3% five-member rings
�C5�, and 11.0% seven-member rings �C7� �other rings found
in the particle include 1.4% eight-member rings �C8� and
0.2% four- and nine-member rings �C4 and C9��. The clus-
tering of C5–C7 rings into fragments of neighboring rings
�those sharing at least one carbon atom� unravels the onion
structure. As can be seen in Fig. 4, five quasispherical
fullerenes, comprised of 1134, 739, 405, 179, and 42 three-
fold atoms, are clearly identified. As for conventional
fullerenes, the fraction of C5 �respectively, C6� rings de-

creases �respectively, increases� when the fullerene size in-
creases. Indeed, the inner fullerene has the same number of
C5 and C6 rings �i.e., five� while the outer one counts 91 C5

and 412 C6 rings. The fraction of seven-member rings, how-
ever, does not show any significant dependence on the
fullerene size, except for the smaller one which does not
count any C7. This can be explained by the fact that the
curvature in fullerenes is mainly driven by C5 rings.

In order to assess the graphitization properties of larger
clusters and to learn more about the transition temperature
within shorter computation times, we also performed
Metropolis Monte Carlo �MC� simulations at various tem-
peratures with a 3 nm ND containing 2425 atoms �ND2425�
and a 4 nm ND with 5851 atoms �ND5851�. The temperature
T was increased in steps from T=1500 K to T=3000 K via
T=2000, 2500, and 2750 K. The initial graphitization of the
surface layer proceeds rather quickly and sets in already at
T=1500 K, but the progression of the graphitization toward
the center is quite slow. For ND5851, even after 2�106 MC
cycles at 2500 K, the aggregate still contains a large diamond
core, as shown in Fig. 5�a�, and the graphitization seems to
have stopped, pointing toward an equilibrium coexistence of
the two phases. Raising the temperature to 2750 K leads to
an additional graphitic shell, but a smaller diamond core sur-
vives. Finally, after another 1.5�106 MC cycles at
T=3000 K, the diamond core breaks down into an amor-
phous sp2 phase, just as in the MD simulation above, and
then the system completely evolves into the seven-layered
onion structure shown in Fig. 5. Similar results are observed
for ND2425 with a full “multiwall fullerenization” obtained
only at T=3000 K. We add that the final structures as well
as the repartition of five to seven member rings as a function
of the fullerene size show very similar trends and values as
those obtained through MD annealing at the same tempera-
ture.

Diamond becomes more stable than graphite at higher
pressures. Therefore, the existence of a higher pressure in-
side the diamond core at 2500 K, partially due to the outer
onion shells which constrain the available volume, might ex-
plain the resistance of the core against further graphitization.
To investigate this, we have determined the pressure inside
the diamond core, Pdc, using

FIG. 4. �Color online� Carbon onion structure as identified by a
cluster analysis of five to seven shortest path rings. �a� Cross section
of the onion, �b� external C1134, �c� C739, �d� C405, �e� C179, and �f�
internal C42 �only threefold atoms are considered in the analysis, the
remaining sp3 atoms are shown with large sphere in Fig. 4�a��.

FIG. 5. �Color online� 6 Å-thick slices of the final structures at
�a� 2500 K and �b� 3000 K from �NVT� MC simulations starting
from a roughly spherical nanodiamond containing N=5851 atoms
with diameter 4.5 nm. Same color code as in Fig. 2
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Pdc = Pdc,id + Pvir = �dckBT −
�Edc

�Vdc
, �1�

where Pdc,id=�dckBT is the ideal vapor or kinetic contribution
and Pvir is the virial contribution. Edc is the potential energy
of the diamond core and �dc its average number density. In
practice, the diamond core was defined as the largest network
of fourfold atoms with only fourfold neighbors. Then, Edc

and Vdc are simply evaluated as Edc=�i
NdcEi and

Vdc=Ndc /�dc, with Ndc the number of atoms in the diamond
core. Diamond having an extremely low compressibility, we
used a constant �dc value obtained from the partial radial
distribution function of the diamond core.

The fluctuations of the internal pressure as determined
from Eq. �1� are shown in Fig. 6 for the two nanoaggregates.
The average pressures for ND2425 and ND5851 are, respec-
tively, 6.83�2.45 and 4.79�0.31 GPa with much larger
fluctuations observed for ND2425 due to the smaller size of
its core. For the same reason, the average core pressure in
ND2425 is larger than that in ND5851, in agreement with
Laplace’s equation which relates the pressure inside a cluster
to its surface energy divided by its radius. According to the
recently calculated phase diagram for LCBOPII, the equilib-
rium pressure for bulk diamond-graphite coexistence at
2500 K is �12.5 GPa. For clusters, the equilibrium pressure
would be even higher due to the much higher surface energy
contribution for diamond. This suggests that the observed
coexistence of the diamond core and the outer fullerene
shells is not an equilibrium coexistence but a metastable
state separated from the complete CO structure by a barrier
which is considerably higher than the one shown in Fig. 1. In
fact, the observed three-step transformation has little to do
with this “ideal” �111�-plane diamond-graphite transforma-
tion.

After complete fullerenization at 3000 K, the average in-

tershell distance is �3.06 Å for both clusters. To compare,
in graphite, a pressure of �9.6 GPa is required to obtain a
similar interlayer distance. However, using now Eq. �1� for
the whole COs and with the appropriate final atomic density
leads to an almost zero pressure for both particles. Using
Laplace’s equation, i.e., PCO=2�CO /RCO, suggests that �CO
is very small. Indeed, there are no broken covalent bonds at
the CO surface whereas the curvature is accommodated by
the presence of C5 rings, thus without creating surface ten-
sion. In more technical detail, we find that the pressure con-
tributions from the kinetic term and the intershell repulsion
are �almost� counterbalanced by a slight dilation of the intra-
planar, covalent bonds.

Summarizing, we have simulated the complete multiwall
fullerenization of 3–4 nm nanodiamonds using the LCBOPII
potential, both by MD and by MC simulations showing simi-
lar results. These simulations give access to unprecedented
microscopic details on this interesting transformation pro-
cess. First, the outer fullerene shells are formed leaving a
diamond core. Then, at a sufficiently high temperature �3000
K, with respect to our accessible simulation time�, the dia-
mond core first transforms to an amorphous phase, after
which the whole cluster gradually transforms itself into an
almost perfect CO. Along the transformation, the consider-
able pressure inside the diamond core �5–7 Gpa� is released,
the pressure in the final CO being negligible. This observed
mechanism, involving the melting of the diamond core into
an amorphous sp2 carbon core, is different from the layer by
layer graphitization usually assumed at lower
temperatures.4,29 Although more work has to be done on the
kinetic aspects of the transformation, the graphitization of a
3 nm UDD at 3000 K observed in about 2 ns in this work can
be related to the plasma spray experiments of Gubarevich et
al.31 These authors observed the full transformation of 10 nm
nanodiamonds in less than 300 �s �the maximum interaction
time with the plasma� with a process temperature estimated
to be in the range 2700–4500 K. A more accurate compari-
son of the time scales is hindered by the difference in the ND
sizes, the uncertainty in the experimental transformation time
and temperature, as well as a possible surface passivation in
the real NDs due to the presence of oxygen and hydrogen
containing chemical groups. Another possible cause of dis-
crepancy between simulated and experimentally observed
transformation kinetics could be the shape of the initial dia-
mond particle. Indeed, depending on the shape of the par-
ticle, different diamond crystal planes can be found at the
particle surface which can either delay or speed-up the
graphitization process. Although we used spherical particles
in this work, for simplicity, other shapes such as the trun-
cated octahedron will have to be investigated in future
works.
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FIG. 6. �Color online� Fluctuations in the diamond core pressure
Pdc �in GPa� as determined during MC simulations at 2500 K for
the two nanoaggregates ND2425 and ND5851. Dashed line gives
the average value.
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