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a b s t r a c t

Carbon nano-onions (CNO) are multilayered fullerenes. They exhibit good electrical conductivity and
large surface area, being of interest for several optoelectronic applications. However, it is still an open
question what synthesis routes can be used to convert them into diamonds. Here, we used fully atomistic
reactive (ReaxFF) molecular dynamics simulations to study the dynamics and structural transformations
of CNO structures under high-velocity impacts against a fixed and rigid substrate. The aim of this study is
to propose a new synthesis route, based on the mechanical impact of CNO, that can be exploited in the
conversion of onions to diamonds. Our results indicated three regimes formed after the CNO impact:
slightly deformed CNO (quasi-elastic collision, below 2.0 km/s), collapsed CNO (inelastic collisions, be-
tween 3.0 and 5.0 km/s) forming a diamondoid-like core, and fragmented CNO yielding linear atomic
carbon chains (above 5.0 km/s). We also discussed the dynamical reconfiguration of carbon-carbon
bonds during the collision process. The impact of CNO yielded sp3-like bond types for all the used
initial velocities. At intermediate velocities (between 3.0 and 5.0 km/s), the inelastic collision forms
diamondoid-like cores by converting a substantial quantity of sp2-like bonds into sp3-like ones.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Different types of carbon-based materials have been the subject
of great interest from the scientific community due to their unique
properties and potential applications [1,2]. As a result, a substan-
tially increased understanding of systems as diverse as conjugated
polymers [3], carbon nanotubes [4], graphene nanoribbons [5], and
fullerenes [6] has been achieved. Studies on their structural and
electronic properties from both experimental [7e11] and theoret-
ical [12e15] points of view stand out. These features are considered
crucial for improving electrochemical energy storage [16,17] and
conversion [18,19] processes in the electronics field.

The fullerenes discovery in the early 80s [4] triggered the syn-
thesis of a novel carbon allotrope based on C60 in the 90s. Ugarte
reported multilayered fullerenes by working with curved graphitic
networks, today known as Carbon Nano-Onions (CNO) [20]. These
or).
systems exhibit a unique combination of structural and electronic
properties [21]. CNO are quasi-spherical nanostructures composed
of multiple enclosed concentric fullerene shells (in a close analogy
to the layers of an actual onion, see Fig. 1) [21]. Diamond-like core
structures have also been observed [22]. These systems present
high electrical conductivity levels and a large surface area when
contrasted with other nanomaterials [21]. Their relatively easy
synthesis provides a level of controllability that allows efficient
functionalization procedures [23e25]. Such properties have made
CNO good candidates for a wide range of applications, such as
biological imaging and sensing [26,27], environmental remediation
[28,29], electronics (as batteries, capacitors, fuel cells, and
terahertz-shielding devices) [23,30], catalysts [31], tribology [32],
optical limiting [33], and molecular junctions in STM [34].

The transformation process of nano-diamonds annealed up to
2270 K into CNO was studied using X-ray diffraction and molecular
dynamics simulations [35]. It was obtained that the conversion of
the outer diamond-like part into the icosahedral or quasi-
icosahedral fullerenes occurred between 1670 K and 1970 K. This
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Fig. 1. Schematic representation of the structural models of the carbon nano-onions used here. (aef) illustrate the single structures (shells) that compose the full CNO, in which the
number of carbon atoms varies from 60 up to 2420. The biggest multi-shell CNO has 5860 atoms. (g) depicts the composition of the CNO. (h) shows our initial simulation setup for
the CNO/substrate system in which d ¼ 50 Å. This CNO structure was created based on reference [49]. (A colour version of this figure can be viewed online.)
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process was triggered by the graphitization process started from
the outer part of nano-diamonds. At higher temperatures, the
initial diamond atomic arrangement is converted completely into
the sequence of the fullerene shells [35]. In another experimental
study, small CNO was prepared by annealing nano-diamonds in an
argon atmosphere [36]. The structure andmorphology of CNOwere
determined by X-ray diffraction, and high-resolution transmission
electron microscopy (HRTEM), and the average grain size of the
CNOwas about 8 nm [36]. These studies demonstrate that there is a
pathway for converting diamonds into fullerenes. Nonetheless,
mechanisms for performing the opposite pathway of synthesis (i.e,
for converting onions into nanodiamonds) remain not fully
explored.

In experimental studies, Banhart and Ajayan found that intense
irradiation of onion shells by an electron beam resulted in the
formation of diamond structure in the onion core [22,37,38].
Through molecular dynamics simulations, the stability of C60 and
C60, C70, and C84 during collisions with a diamond surface were
studied by Mowrey [39] Beck [40] and their coworkers, respec-
tively. The results revealed that for low values of collision energy,
only nonreactive collisions occur. At higher energies, nonreactive
scattering or other two final products are yielded: (1) exchange of
one or more atoms between the molecule and the surface or (2)
chemisorption of the fullerene molecules. Within the time scale
and the range of collision energies adopted, no dissociation of the
rebounding molecules was observed. Although this study used
isolated fullerenes, the results have paved the way to study the
collision of CNO against a substrate. In another theoretical study,
Ponomareva and Chernozatonskii proposed a mechanism for con-
verting an onion core into a diamond-like structure [41]. They used
molecular dynamics simulations to combine two transformation
processes: annealing and atom removal. Within this simulation
protocol, they concluded that the transformation of CNO core into
diamond is a direct transition from graphite to diamond. In these
works, one can note that the transformation of CNO into diamond is
of great technical interest [42,43]. A clear feature is that the con-
ventional methods of producing diamonds from graphite discussed
in the literature so far require very high pressure, high temperature,
and the presence of catalysts. Due to these reasons, there is still a
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search for a way of converting CNO into diamonds that can neglect
these extreme conditions.

It is well-known that materials can have their properties
considerably altered when subjected to extreme conditions [44].
The changes are highly dependent on their structural nature and
the conditions applied to them. The high-velocity impact of nano-
structures can give rise to a myriad of structural deformations, as it
was demonstrated for the cases of nanotubes [45,46] and nano-
scrolls [47,48]. This technique has even been considered a viable
mechanism for synthesizing different materials with a whole
different set of properties [44,47]. As mentioned above, It is still an
open question what synthesis routes can be used to convert them
into diamonds. In this sense, here, we are proposing a new route to
convert CNO into diamonds that is based on a physical process, i.e.,
the mechanical impact of CNO against a substrate.

In this work, we carried out fully atomistic reactive (ReaxFF)
molecular dynamics simulations to investigate the high-velocity
impact of CNO into a rigid substrate. The aim of this study is to
propose a new synthesis route, based on the mechanical impact of
CNO against a substrate, that can be exploited in the conversion of
onions to diamonds under standard temperature and pressure
conditions. To address this collision processes, we study in detail
the structural, energetic, and stress aspects of these CNO/substrate
impacts.
2. Methodology

We carried out fully atomistic reactive (ReaxFF) Molecular Dy-
namics simulations [50,51] to investigate the impact of multi-shell
CNO and their isolated shells (CN fullerenes, where N stands for the
number of atoms). Such simulations were conducted using the
ReaxFF potential as implemented in the Large-scale Atomic/Mo-
lecular Massively Parallel Simulator (LAMMPS) [52]. The nano-
structures obtained from Ref. [49] were edited to isolate the shells
and smaller CNO using the Visual Molecular Dynamics (VMD)
software [53].

The typical CNO structure considered in this work is composed
of an innermost shell of aC60 enclosed by a varying numberd from
two up to seven d of concentric fullerenes. In Fig. 1 we present a
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schematic representation of a CNO with six shells, in which the
number of carbon atoms varies from 60 up to 2420 atoms. The
biggest multi-shell CNO has 5860 atoms. The CNO are formed by
the composition of the different shells. The number of carbon
atoms is included in the notation describing each CNO. As
mentioned before, CNON corresponds to a CNO composed of a
particular number of shells. N denotes the sum of the carbon atoms
in these shells, from the smallest to the biggest fullerenes following
the sequence shown in Fig. 1 (e.g., CNO300 is a CNO composed by
two shells: C60 and C240). Our goal is to investigate the dynamics of
the systems collision at different velocities with a fixed and rigid
substrate. The CNO center of mass is initially placed 50 Å from the
substrate.

The rigid substrate is considered using a fixed (time-indepen-
dent) 12-6 Lennard-Jones potential. Such potential was parame-
terized using 10 Å cutoff distance, 0.07 kcal/mol of interaction
strength, and 3.55 Å distance between the particles for their
interaction. We would like to stress that some specific aspects of
the system could depend on the substrate. However, we opted for a
van der Waals wall to allow a more general analysis and to contrast
our results with other works in the literature where this approach
was also used [45,46].

We adopted a non-periodic unit cell with such repulsive po-
tential between the nanostructures and the model substrate. We
made use of a microcanonical (NVT) ensemble d to thermally
equilibrate all structures at 300 K before the collision d and a
microcanonical (NVE) ensemble [54] for simulating the impact,
considering the fixed time step of 0.1 fs. The simulations were
carried out during 10e50 ps, depending on the shooting velocity.
Fig. 2. Representative MD snapshots for (aef) the isolated shells and (gej) for the CNO afte
shells. N denotes the sum of the carbon atoms in these shells, from the smallest to the larges
two shells: C60 and C240). In these cases, the shooting velocity is 5.0 km/s (aej) and (ket
respectively. (A colour version of this figure can be viewed online.)
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3. Results

The collision process of isolated shells and multi-shell CNO on a
rigid substrate were investigated here. Each shell is a fullerene
composed of between 60 and 2420 atoms. The multi-shell CNO
considered in this work are composed of two up to seven shells,
thus having from 300 up to 5860 carbon atoms, totaling 77 cases
investigated, subjected to shooting velocities varying from 1.0 up to
7.0 km/s.

The investigated systems were the following: As isolated shells,
we considered C60, C240, C540, C980, C1620 and C2420. Also, the
following multi-shell CNO were studied: CNO300 (two shells:
C60 þ C240), CNO840 (three shells: CNO300 þ C540), CNO1820 (four
shells: CNO840 þ C940), CNO3340 (five shells: CNO1820 þ C1620),
CNO5860 (six shells: CNO3340 þ C2420).

Fig. 2 shows the representative MD snapshots (taken at 4.0 ps of
simulation) for the impact of the fullerenes raging from C60 up to
CNO3440, shooting velocity of 5.0 km/s. The collisions occurred
before this time for all cases. The figure is divided into two panels.
The upper panel shows a general view of the structure resulting
from the collision. The lower one presents a cross-section view of
the shells and multi-shell CNO to indicate the internal structural
changes resulting from the impact. As a general trend, it is possible
to observe that isolated shells possess very distinct deformation
pattern dynamics. This trend is not true for the multi-shell CNO
since the larger systems are less deformable than smaller ones.

We now discuss the case of the biggest multi-shell CNO
considered in this work: CNO5860. In Fig. 3, we compare the colli-
sions results for 2.0, 5.0, and 7.0 km/s shooting velocity values. The
r their impacts. Here, CNON corresponds to a CNO composed of a particular number of
t fullerenes following the sequence shown in Fig. 1 (e.g., CNO300 is a CNO composed by
) show front views and the corresponding cross-section views of the isolated shells,



Fig. 3. Representative MD snapshots for the multi-shell CNO (CNO5860) impact at different shooting velocities: 2.0 km/s (top panels), 5.0 km/s (middle panels), 7.0 km/s and (bottom
panels). The left and right panels illustrate the front views and their corresponding cross-section views, respectively. The Supplementary Material shows the videos of the sim-
ulations for all the cases illustrated in this figure. (A colour version of this figure can be viewed online.)
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general and cross-section views are presented in the left and right
panels, respectively. The chosen velocities are representative of
three observed regimes. Supplementary Material shows the videos
of the simulations for all the cases illustrated in this figure. At low
velocities, up to 2 km/s, we observed quasi-elastic collisions. It is
worthwhile mentioning that the quasi-elastic term designates a
limiting case for the inelastic collision, inwhich a slightly deformed
CNO was obtained after the collision process. In this case, the CNO
deformation can not be completely reversed. This trend is clear
comparing the original structure (Fig. 3(a)) to the resulting ones
(Fig. 3(b) and (c)). At intermediate velocities, between 3.0 and
5.0 km/s (see Fig. 3(d) and (e)), inelastic collision occur, as evi-
denced by the substantial structural deformations. Finally, further
increasing the velocities resulted in collapsed/fragmented struc-
tures, as can be seen in Fig. 3(f) and (g). These regimes are similar to
the ones reported for the cases of nanotubes [45,46] and nano-
scrolls [47,48].

To gain further insights into the CNO collision mechanisms, we
analyzed the stress per atom pattern (the von Mises Stress) during
the impact (Fig. 4), for the cases discussed in Fig. 3 (the CNO5860

collision using 2.0 (Fig. 4(b) and (c)), 5.0 (Fig. 4(d) and (e)), and
7.0 km/s (Fig. 4(f) and (g)) as shooting velocities). In the color
scheme adopted for this figure, white and red colors denote regions
with null and maximum stress values per atom, respectively. The
Von Mises stress is calculated accordingly to the procedure
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described in reference [55]. In Fig. 4(a), one can observe that the
optimized structures of the model CNO used here are intrinsically
stressed, as expected. At low velocities, up to 2 km/s (Fig. 4(b) and
(c)), the stress per atom pattern does not change substantially after
the collision. In this way, the quasi-elastic collisions can preserve
regions with null stress (white regions). For the inelastic collisions,
the CNO structure accumulates a significant amount of stress. Due
to its topology, the stress accumulation is almost equally distrib-
uted over its surface after the collision, as illustrated in Fig. 4(deg).
This trend for the distribution of the accumulated stress revealed
that our model CNO does not present a most probable fracture
point (or region). In carbon nanotubes, for instance, the stress
accumulation during the impact can occur at the edge or in the
center of the nanostructure yielding bilayer graphene or a graphene
membrane, respectively [46].

In Fig. 5 we present the time evolution for the total number of
different carbon-carbon bond types present in the CNO5860 struc-
ture. Fig. 5(a), (b), and (c) shows the total number of bonds (sp1-like,
sp2-like, and sp3-like) for the impact of the nanostructure with
initial velocities of 2.0, 5.0, and 7.0 km/s, respectively. In Fig. 5(a),
one can observe that the initial CNO5860 configuration only presents
sp2-like-like carbon-carbon bonds, as expected. At low velocities
(up to 2 km/s), almost 1000 bonds were converted from sp2-like-
like to sp3-like ones after the quasi-elastic collision, as shown in
Fig. 5(a). The coexistence of sp2-like and sp3-like bond types



Fig. 4. von Mises stress distribution as a function of the simulation time for the multi-shell CNO (CNO5860) impact at different shooting velocities: 2.0 km/s (top panels), 5.0 km/s
(middle panels), 7.0 km/s and (bottom panels). The left and right panels illustrate the front views and their corresponding cross-section views, respectively. (A colour version of this
figure can be viewed online.)
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remained until the end of the simulation, but with a predominance
of sp2-like bonds, indicating only small CNO5860 structural de-
formations for low velocities. In this figure, a small number of sp1-
like bonds were also observed due to the formation of linear atomic
carbon chains (LACS) (see Fig. 3(e)). Importantly, LACS present the
chemical structure with alternating short (double or triple bonds)
and long CeC bonds (single bonds). They are composed of sp1 hy-
bridized carbon atoms.

For the high velocities regime (Fig. 5(c)), the total number of sp1-
like, sp2-like, and sp3-like bonds tend to be similar, but with a
substantial decrease in the quantity of sp1-like and sp2-like bonds
with relation to the two previous cases. The total number of sp1-like
bonds increased due to a higher degree of fragmentation of the
CNO5860 and subsequent LACS formation (see Fig. 3(g)).

One striking result was the observation of the formation of a
diamondoid-like core depending on the impact velocity. In
Fig. 6(a,c), we illustrate representative MD snapshots showing
these cores for the shooting velocities of 5 and 7 km/s. For the sake
of clarity, the yellow bonds denote the diamondoid-like core, and
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their zoomed view is presented in the right panels, Fig. 6(b,d).
Interestingly, all the CNO shells contributed to the diamondoid-like
core formation. This behavior is a relevant result in the sense that it
suggests a new synthesis route, based on mechanical impact, that
can also be exploited in the conversion of onions to diamonds.
Video CNO_DIAMOND.mp4 in Supplementary Material, illustrates
that, at least, a small fragment of each CNO shell contributes to
forming the diamondoid core. Although not always present in the
experimentally realized CNO, some CNO with a diamondoid-like
core has been experimentally observed [22,37,38].

Finally, in Fig. 7(aee), we present the kinetic and potential en-
ergy profiles as a function of the simulation time for the multi-shell
CNO structures using 5 km/s of shooting velocity as a representative
case. Fig. 7(f) shows the time required for converting kinetic into
potential energy for the CN (yellow line) and CNON (black line)
cases. The total potential energy was shifted to zero by subtracting
the CNO ground state energy. In this sense, we are discussing the
potential energy gain coming from the conversion of kinetic energy.
Fig. 7(f) presents the time required for the multi-shell CNO



Fig. 5. Time evolution for the total number of different carbon-carbon bond types of the CNO5860 system during the collision process. (A colour version of this figure can be viewed
online.)

Fig. 6. Representative MD snapshots illustrating the formation of diamondoids after the CNO5860 collision at (aeb) 5 km/s and (ced) 7 km/s. For clarity, the yellow bonds illustrate
the diamondoid-like cores, and their zoomed view is presented in the right panels (bed). (A colour version of this figure can be viewed online.)
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investigated here to convert their kinetic to potential energy (i.e.,
the conversion time during deformation). The CNO degree of
deformability tends to increase when their size (i.e., the number of
shells) increases. The CNO300 and CNO840 systems present an abrupt
conversion between kinetic and potential energy (see Fig. 7(a) and
(b), respectively), that is related to the small size of the systems. For
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the CNO1820, CNO3440, and CNO5860 cases (see Fig. 7(c), (d), and (e),
respectively), the conversion between these energies occurs
smoothly, despite their smaller deformability when contrasted to
the CNO300 and CNO840 cases. The big CNO (Fig. 7(a) and (b))
interact with the substrate earlier than the small ones (Fig. 7(cee)).
For the size of the model fullerenes considered here, the amount of



Fig. 7. Kinetic and potential energy values as a function of the simulation time during
the CNO collision, for the velocity case of 5 km/s. At the bottom is also indicated
compression time for the different structures. (A colour version of this figure can be
viewed online.)
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energy converted was approximately 0.7 eV/atom for all cases. In
the conversion process, the kinetic energy dropped from 1.6 to
0.7 eV/atom, while the potential energy acquired by the CNO after
the collision increased from 0 to 0.9 eV/atom. Fig. 7(f) shows that
the conversion time has a linear trend for both CN and CNON cases.
In the CN collision, the higher is the inner shell volume the greater is
the conversion time, once the deformation degree of CN shells in-
creases with their volume. The CNON cases, in turn, presented an
inverse trend. The higher is the system mass the smaller is the
conversion time. The CNON stiffness increases with the number of
shells, which makes the conversion between kinetic and potential
energies faster.

4. Conclusions

In summary, we studied the dynamics and structural trans-
formations of carbon onion-like structures under high-velocity
impacts within the framework of fully atomistic reactive molecu-
lar dynamics simulations. We considered single and multi-shell
nano-onions (up to six shells) and at different impact velocities
(from 2 up to 7 km/s) against a fixed and rigid substrate. Our main
goal was to propose a new synthesis route, based on mechanical
impact of CNO against a substrate, that can be exploited in the
conversion of onions to diamonds.

Our results showed the existence of three different regimes,
depending on the impact velocity: slightly deformed CNO (quasi-
elastic collision), collapsed CNO (inelastic collisions) forming
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diamondoid-like cores, and fragmented CNO yielding LACS in a gas
phase of carbon atoms. CNO tend to equally distribute through their
surface the amount of accumulated stress during the collision.

The impact of CNO against the substrate yielded sp3-like bond
types for all the used initial velocities. At intermediate velocities
(between 3.0 and 5.0 km/s), the inelastic collision forms
diamondoid-like cores by converting a substantial quantity of sp2-
like bonds into sp3-like ones. sp1-like bonds were also observed due
to the formation of LACS. In the high velocities regime, the total
number of sp1-like, sp2-like, and sp3-like bonds tend to be similar,
around 2000. After the CNO impact and its subsequent fragmen-
tation, the number of sp1-like bonds increases until the end of the
simulation due to the formation of LACS.
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