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Molecular dynamics evidences of the full graphitization of a
nanodiamond annealed at 1500 K
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Abstract

The annealing of a small nanodiamond cluster at 1500 K is studied by molecular dynamics. The transformation of the particle in an
almost fully graphitized carbon onion is observed. The remaining 17% of sp3 atoms are delocalized on the whole particle, both under the
form of isolated point defects and of small diamond-like clusters separating large graphite-like domains. It is also shown, that the Ber-
endsen thermostat, previously used to fix temperature in such simulations, transfers kinetic energy from internal to global motions of the
cluster. This can lead to severe artifacts like the freezing of the graphitization process.
� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Since their discovery by Ugarte in the early 1990s [1],
carbon onions or onion like carbons (OLC) have attracted
a considerable amount of research. The interest for these
nanoparticles, made in a first approximation of concentric
graphitic shells, is motivated by their possible applications
in electromagnetic devices [2], as solid lubricants [3,4] or for
field emission devices [5]. Another source of interest in
these particles is their possible implication as carriers of
the 217.5 nm interstellar absorption bump [6]. Among the
methods proposed in the literature to produce carbon
onions, the high temperature annealing of ultradisperse
nanodiamond clusters (NDC) [7] is probably the most pop-
ular, as it allows the production of onions with uniform
size. As a consequence, the graphitization of NDCs has
been extensively investigated in the past years [8–15]. It
has been shown that NDC with diameters around 5 nm
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transform into spherical OLC after annealing at tempera-
tures ranging from 1373 to 2173 K [8,11,12]. The graphiti-
zation observed at 1373 K is however found to be only
partial and complete transformation happens only for tem-
peratures around 1673 K [12]. Moreover, and even when
the transformation of the particle is complete, a residual
sp3 bonding signal can be detected from electron energy-
loss spectroscopy, X-ray diffraction or Raman spectros-
copy [8–10]. The microscopic nature of this sp3 signal is still
a question of debate. It is indeed unclear whether it is due
to dangling bonds, or structural defects, connecting small
sp2 domains and delocalized in the whole particle, or to
the existence of a remaining diamond domain in the core
of the onions [8–10]. Molecular dynamics (MD) is a well
established technique to study nanoscale transformations
of matter. Very recently, Bródka et al. have published a
MD investigation of the graphitization of a 3 nm spherical
NDC annealed at 1200, 1500 and 1800 K [15]. At 1200 K,
well below the experimental graphitization limit, they
observed only a very partial graphitization of the surface
of the NDC, in agreement with the bucky diamond struc-
ture observed in electronic microscopy [12]. At 1800 K,
they observed the full graphitization of the particle into a
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carbon onion with a remaining 12% of tetracoordinated
atoms attributed to structural defects. They also showed
that the graphitization mechanism proceeds from the sur-
face to the core of the particle as recently proposed by Qiao
et al. [12]. At the intermediate temperature of 1500 K, the
transformation started in the same way as at 1800 K but
stopped before full graphitization. The resulting particle
was composed of graphitic shells surrounding a diamond
core made of around 40% of the atoms, in apparent agree-
ment with the diamond core hypothesis mentioned earlier.

In the next section we show that the Berendsen thermo-
stat [16] used by these authors is not adapted to the study
of isolated clusters of particles and present the methodol-
ogy used to re-visit this work. We then discuss our new
set of results on the low temperature graphitization of a
small NDC.

2. Methods

We first consider the classical molecular dynamics tra-
jectory of N particles in an isolated cluster, obtained by
solving iteratively the newtonian equations of motion
_ri ¼ pi=mi and _pi ¼ �riU, where ri; pi and mi are, respec-
tively the position, momentum and mass of particle i;U
is the total potential energy and ri indicates the derivative
with respect to ri. These equations preserve the total energy
E ¼ UþK (where K ¼

PN
i¼1p2

i =mi is the instantaneous
kinetic energy of the system) as well as the linear momen-
tum P ¼

PN
i¼1pi and angular momentum L ¼

PN
i¼1ri � pi.

As most experiments are performed at constant temper-
ature, it is more convenient to fix temperature rather than
energy in molecular dynamics simulations. From the equi-
partition theorem we know that each degree of freedom of
the system is associated to an average kinetic energy of
kBT=2 from which we can define the following kinetic def-
inition of temperature:

T ¼ 2

N fkB

hKi ð1Þ

where kB is the Boltzmann constant, N f is the number of
degrees of freedom (P is usually set to zero so
N f ¼ 3N � 3) and hKi is the ensemble (or time) average
of K. The method proposed by Berendsen [16] consists
in performing newtonian integration steps and then scaling
the momenta after each timestep dt ðpnew

i ¼ vpold
i Þ with the

scaling factor v defined by

v ¼ 1þ dt
s

K�

K
� 1

� �� �1
2

ð2Þ

In this equation K and K� are, respectively the actual and
targeted kinetic energies (K� ¼ N fkBT �=2; T � being the tar-
geted temperature), dt is the integration timestep and s is
the relaxation time of the thermostat ðs > dtÞ. With this
scheme, some kinetic energy is released from (respectively
given to) the system when the temperature is too high (resp.
low). On average, the kinetic energy, so the temperature, is
fixed to the targeted value. The MD trajectories generated
with this thermostat are not characteristic of any known
statistical ensemble and this method is thus not recom-
mended for use in molecular dynamics [17]. However, be-
cause of its simplicity, this thermostat is still used in
numerous simulations studies.

It appears that this thermostat can lead to dramatic arti-
facts when applied to isolated clusters of particles. We
know that the average kinetic energy of the system is con-
stant under equilibrium conditions. This implies that the
average heat exchanged between the system and the ther-
mostat is null. Let us thus consider two MD integration
steps for which the instantaneous kinetic energies before
scaling are Kþ ¼ K þ DK and K� ¼ K � DK, K being
the targeted kinetic energy. The corresponding Berendsen

scaling factors are vþ ¼ 1þ dt
s

�DK
KþDK

� �h i1=2

and v� ¼
1þ dt

s
DK

K�DK

� 	
 �1=2
. It is easy to show that the kinetic energy

exchanged with the thermostat during these two steps is
null ðdK ¼ dKþ þ dK� ¼ ðv2

þ � 1Þ þ ðv2
� � 1Þ ¼ 0Þ. This

thermostat thus succeeds in fixing the average kinetic
energy of the system. However, the effect of two such Ber-
endsen integration steps on momenta is more problematic.
The resulting linear and angular momenta are, respectively
Pþ� ¼ vþv�P and Lþ� ¼ vþv�L where P and L are their
initial values. The scaling factor vþv� given by Eq. (3) is
always greater than 1.

vþv� ¼ 1þ DK2

ðK þ DKÞðK � DKÞ �
2dt
s
� dt2

s2

� �� �1=2

> 1

ð3Þ
Note that K and DK are intrinsic properties related to the
temperature and heat capacity of the system and that the
value of this scaling factor increases with the ratio dt=s,
which is a property of the simulation method. The scaling
of momenta induced by the use of the Berendsen thermo-
stat is not an issue for the linear momentum, as this quan-
tity is usually initialized at zero and so remains null.
However, the use of such an algorithm implies an exponen-
tial increase of the angular momentum L. The angular
momentum is related to the angular velocity of the system
through L ¼ Ix and the rotational kinetic energy of the
system is Krot ¼ xIx where I is the inertia tensor of the
system. We now clearly see that the Berendsen thermostat
promotes an increase of the angular velocity and of the
rotational kinetic energy of the system. As the system
evolves at a constant average kinetic energy, the kinetic en-
ergy associated to internal motions of the system (motions
of atoms with respect to the other atoms of the system)
K int ¼ K � Krot decreases exponentially with the simulation
time. Although the considerations presented here are gen-
eral, we add that such a problem is not encountered when
a bulk system, submitted to periodic boundary conditions,
is simulated. Indeed, the rotational dynamics in such a sys-
tem is violated each time a particle crosses the system
boundaries, which results in a constant (null) average value
for the total angular momentum of the system. However,
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when an isolated cluster of particles has to be simulated,
like in the present case, it is essential to use a method that
conserves, at least on average, or sets to zero the angular
momentum.

Similar artifacts resulting from velocity rescaling algo-
rithms have already been reported in the literature
[18,19]. Harvey et al. [18] were the first to observe such a
freezing of internal degrees of freedom together with a
sharp increase of global motions velocities. They explained
this ‘flying ice cube’ phenomenon in terms of the transfer of
kinetic energy from high frequency to low frequency vibra-
tional modes. We show here that this artifact comes from
the effect of velocity scaling on the global linear and angu-
lar momenta of the system, independently of any consider-
ation on the vibrational frequencies of the considered
motions.

In the next section we compare MD trajectories of the
annealing of a nanodiamond obtained with the Berendsen
thermostat to those obtained with two other well known
thermostating schemes, namely the Gaussian isokinetic
thermostat of Evans et al. [20] and the stochastic thermo-
stat of Andersen [21].

Constant temperature MD using the Gaussian thermo-
stat presents equations of motion similar to those of new-
tonian dynamics, except that a friction term is added to
the momenta equation _pi ¼ �riU� npi. The friction term
n is a Lagrange multiplier constraining the instantaneous
kinetic energy K to be equal to the targeted kinetic energy
K�

n ¼ �
PN

i¼1pi � riUPN
i¼1p2

i

ð4Þ

The time derivatives of the linear and angular momenta
are, respectively _P ¼ �nP and _L ¼ �nL and so these quan-
tities, if not null, are not conserved by this set of equations.
We can see however from Eq. (4) that n is on average a po-
sitive quantity (n is proportional to the sum on particles of
the dot product between the force acting on a particle and
its momentum; this is positive on average for normal sys-
tems). As a consequence, the global momenta slowly de-
crease to zero during the course of a simulation.
Incidentally this creates a confusion in the value of the
number of degrees of freedom N f needed to compute the
temperature (Eq. (1)). If the linear momentum is initially
set to zero and taking into account that one extra degree
of freedom is suppressed because of the constraint of con-
stant kinetic energy, N f should be 3N � 4. However, in the
limit of long simulation time, this number tends towards
3N � 7 because of the freezing of the global rotational mo-
tions. This effect is however negligible when one looks at
the value of N (usually in the range 103–105 atoms).

In the method proposed by Andersen, the system
dynamics obeys Newton’s equations but the momenta of
atoms are re-drawn from a Maxwell–Boltzmann distribu-
tion at a frequency given by a Poisson law [21]. With this
method, both global rotational and translational average
kinetic energies are set to 3kBT=2 and the temperature
can be computed through Eq. (1) with N f ¼ 3N .

As in the work of Bródka et al. [15], the interactions
between carbon atoms are taken into account through
the reactive empirical bond order (REBO) potential of
Brenner et al. [22]:

U ¼
X

i

X
j>i

fcðrijÞ½V RðrijÞ � bijV AðrijÞ� ð5Þ

where rij is the distance between carbon atoms i and j. The
function fcðrÞ is a switching function that goes smoothly
from unity for r = 0.17 nm to zero for r = 0.2 nm. V RðrÞ
and V AðrÞ are, respectively the repulsive and attractive
potentials and bij is an empirical bond order term taking
into account the local environments of atoms i and j.

The simulated NDC of 2425 carbon atoms is a 3 nm
diameter spherical chunk taken from a perfect diamond
structure with initial momenta drawn from a Maxwell–
Boltzmann distribution (the global linear momentum being
set to zero). First order equations of motion are integrated
with a Gear predictor-corrector integrator when the Gauss-
ian thermostat is used and with a velocity-verlet integrator
when Andersen or Berendsen thermostats are used [17]. In
an attempt to perform a constant energy simulation of the
particle with a timestep of 0.5 fs – the value adopted by
Bródka et al. [15] – we observed a dramatic drift of the
energy toward low values. We have thus adopted a smaller
timestep, namely 0.2 fs, for which the energy conservation
in absence of a thermostat is satisfactory. Simulations
using the Berendsen thermostat are performed with three
different values of the relaxation time s (10, 25 and
100 fs). The value of this parameter was not reported in
the paper of Bródka et al. [15]. The Andersen thermostat
is set so that the momentum of an atom is re-drawn on
average each 100 fs. Four MD simulations of four nanosec-
onds (only two nanoseconds when the Berendsen thermo-
stat is used with a time constant of 10 fs) are performed
for each thermostating method.

3. Results

We first discuss the effect of the temperature control
method on the internal temperature T int ¼ 2hKinti

N 0
f
kB

and on

the global rotational temperature T rot ¼ 2hKroti
3kB

in which

N 0f ¼ 3N � 6 is the number of internal degrees of freedom,
Krot ¼ xIx and Kint ¼

PN
i¼1

p2
i

2mi
�Krot �Ktrans (the glo-

bal translational energy Ktrans ¼ P 2

2M, where M is the mass
of the nanoparticle, is null with both the Gaussian and Ber-
endsen thermostat). The evolutions with time of T int and
T rot obtained with the three thermostats are plotted in
Fig. 1. Only one MD trajectory per thermostat is presented
in Fig. 1 for clarity.

We can see that T int is almost perfectly conserved at a
value of 1500 K with the Gaussian thermostat and fluctu-
ates around this value when the Andersen thermostat is
used. Looking at the rotational temperature T rot we see
that it is, as expected, conserved by the Andersen thermo-



Fig. 2. Time evolution of the percentage of tricoordinated (sp2) atoms of a
3 nm diameter spherical NDC annealed at T = 1500 K. Empty circles:
Gaussian thermostat; empty squares: Andersen thermostat; filled sym-
bols: Berendsen thermostat with s = 100 fs (circles), 25 fs (squares) and
10 fs (triangles). One molecular dynamics trajectory per thermostat is
displayed.

Fig. 1. Time evolution of the internal temperature T int (left) and of the rotational temperature T rot (right) of a 3 nm diameter spherical NDC annealed at
T = 1500 K. Empty circles: Gaussian thermostat; empty squares: Andersen thermostat; filled symbols: Berendsen thermostat with s = 100 fs (circles), 25 fs
(squares) and 10 fs (triangles). One molecular dynamics trajectory per thermostat is displayed. An enlargement on the high temperature part of the left
panel is displayed on the central part of the figure, below the legend.
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stat and that the Gaussian one slowly decreases it. When
the Berendsen thermostat is used with a coupling constant
s = 100 fs, T int slowly decreases from 1500 K to 1450 K
after a 4 ns MD simulation. During that time span T rot is
increased by almost two orders of magnitude, as can be
seen in Fig. 1b. The phenomenon is the same for smaller
values of the coupling constant, but is much faster. Fig. 1
shows that the lower the coupling parameter s is, the faster
the internal temperature decreases and the rotational tem-
perature increases. When averaging on four trajectories
with different initial velocities we observe after 4 ns MD
trajectories an average T int of 1451 K for s = 100 fs,
260 K for s = 25 fs and 216 K for s = 10 fs (after 2 ns in
that case). The corresponding average rotational tempera-
tures are, respectively 1.15 � 105 K, 3.05 � 106 K and
3.12 � 106 K. Note that the latter value is very close to
the limiting case T max

rot ¼ 3:6 106 K where all the kinetic
energy ð3NkBT=2Þ is affected to the rotation of the particle.
Let us now look at the way this spurious partition of the
kinetic energy affects the graphitization process.

Fig. 2 is a plot of the time evolutions of the percentage
of tricoordinated (or sp2) atoms corresponding to the five
MD trajectories presented in Fig. 1. We see that when
the Gaussian or the Andersen thermostat are used, the
fraction of tricoordinated atoms reaches 60–70% in
roughly one nanosecond. This sp2 fraction then slowly
increases towards values slightly higher than 80% at the
end of the 4 ns simulations (the same average final sp2 frac-
tion of 82% is obtained with both the Gaussian and the
Andersen thermostats). This final value is much higher
than the one reported by Bródka et al. who found a plateau
value of 56% [15]. It indicates that the use of these thermo-
stats promotes an almost complete graphitization of the
NDC. A similar result is obtained when the Berendsen
thermostat is used with a time constant of 100 fs (average
final sp2 fraction of 82%). However, Fig. 2 shows that
the graphitization stops well earlier when this thermostat
is used with smaller time constants. Indeed, we see in
Fig. 2 that the graphitization stops at a sp2 fraction of
64% (respectively 47%) after 1.5 ns (resp. 0.5 ns) of MD
when a time constant of 25 fs (resp. 10 fs) is used. This is
an obvious consequence of the freezing of the internal
degrees of freedom observed in Fig. 1 in the same time
intervals. On average, the final sp2 fractions are 66 and
50% when time constants of, respectively 25 and 10 fs are
used. This clearly shows that results obtained with the Ber-
endsen thermostat are erroneous. We do not comment on
them anymore in the remaining of this section, which deals
with the graphitization mechanism and the structure of the
obtained OLC. In what follows, we present the results of a
single MD trajectory using the Gaussian thermostat. Other



Fig. 4. Snapshot of the onion after annealing at 1500 K for 4 ns. Chemical
bonds between carbon atoms are indicated by sticks (two atoms are
considered bound if their distance is less than 0.18 nm). Carbon atoms
belonging to sp3 bonded clusters of at least ten atoms are displayed with
coloured spheres. The clusters are composed of: 171 atoms (orange); 30
atoms (blue); 29 atoms (purple); 15 atoms (gray); 10 atoms (green) (For
interpretation of the references in colour in this figure legend, the reader is
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trajectories, obtained with Gaussian, Andersen and
Berendsen thermostat (with s = 100 fs) present similar
features.

The mechanism of the graphitization is presented in
Fig. 3. Fig. 3 a shows a slice of the NDC (0.6 nm thick)
taken parallel to the {110} diamond crystallographic plane
at the beginning of the process. As can be seen in Fig. 3b,
showing the same slice after 0.8 ns of MD simulation at
1500 K, the graphitization starts from the surface and pro-
gresses towards the core of the particle. We can see how-
ever that the graphitization process is not homogeneous
and that at time t = 0.8 ns the particle is very well graphi-
tized on both its left and right sides and remains in a dia-
mond-like form in its core and on its top side. The
process keeps on going as time goes by, as can be seen in
Figs. 3c and d. Although one large diamond domain can
still be observed (top-right side of Fig. 3d), the particle is
almost fully graphitized at the end of the 4 ns MD simula-
tion. Fig. 3d shows that some sp3 atoms are also found at
the boundaries between disoriented graphite-like layers and
as dangling bonds between two layers. We can see however
that the core of the particle is almost fully graphitized,
which rules out the hypothesis of a diamond core for the
particle. We show in Fig. 4 a snapshot of the final config-
uration of the system. Of the 2425 atoms composing the
particle, only 411 (17%) are tetracoordinated. Among these
Fig. 3. 0.6 nm Thick slice of a 2425 atoms NDC annealed at 1500 K for 0
(a), 0.8 (b), 1.6 (c) and 4 (d) nanoseconds. The slice is taken to be parallel
to the 110 plane of the original NDC. Bonds between carbon atoms are
displayed with sticks. Two atoms are considered bound when their
distance is less than 0.18 nm (a) t = 0 ns, (b) t = 0.8 ns, (c) t = 1.6 ns, and
(d) t = 4 ns.

referred to the web version of this article.) .
sp3 atoms, 255 belong to clusters of at least ten atoms sit-
uated at the boundaries between graphite-like domains.
More precisely, we observe one main sp3 cluster made of
171 atoms, corresponding to the remaining sp3 domain
observed on the top-right side of Fig. 3d, and four smaller
clusters made of 10–30 atoms. As can be seen in Fig. 4,
these clusters appear to be randomly located in the particle.
The remaining 156 sp3 atoms belong to isolated point
defects. We add that some of the MD trajectories exhibit
even better graphitization properties, with no sp3 clusters
larger than 30 atoms.

4. Conclusion

Using MD simulations we have been able to show that
the graphitization of a 3 nm NDC annealed at 1500 K is
almost complete. The remaining 17% of sp3 bonds are both
due to the persistence of small diamond-like clusters at the
boundaries between graphitization fronts and to point
defects. We did not observe any diamond core in opposi-
tion to the hypothesis made by experimentalists [8–10]
and to the MD results of Bródka et al. [15]. We gave evi-
dences showing that the method used by the latter authors
to control temperature is not adapted to the study of iso-
lated systems of particles. In particular, we showed that
application of the Berendsen thermostat to the annealing
of NDC can lead to the freezing of the graphitization pro-
cess which is exactly what these authors have observed.
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Our work thus presents a new set of results on the low tem-
perature annealing of a NDC together with a possible
explanation for the residual sp3 bonding signal observed
in experiments. These results should be considered as valid
for an approximative description of the system, due to the
use of an empirical interaction potential. One of the main
approximations of the Brenner potential, used here, is the
lack of both repulsive and dispersive van der Waals inter-
actions. It is unclear whether such an approximation can
have or not a significant effect on the graphitization pro-
cess; this will be a subject for future work.
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