Showcasing research from the Institute of Physics at the
University of Brasilia, Brazil.

A reactive molecular dynamics study on the mechanical
properties of a recently synthesized amorphous carbon
monolayer converted into a nanotube/nanoscroll

Upon uniaxial stress, amorphous carbon nanotubes and
nanoscrolls present a non-elastic regime before their total

rupture. Their mechanical behavior is substantially different,
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Recently, laser-assisted chemical vapor deposition has been used to synthesize a free-standing,
continuous, and stable monolayer amorphous carbon (MAC). MAC is a pure carbon structure composed
of randomly distributed five, six, seven, and eight atom rings, which is different from that of disordered
graphene. More recently, amorphous MAC-based nanotubes (a-CNT) and nanoscrolls (a-CNS) were
proposed. In this work, we have investigated (through fully atomistic reactive molecular dynamics
simulations) the mechanical properties and sublimation points of pristine and a-CNT and a-CNS. The
results showed that a-CNT and a-CNS have distinct elastic properties and fracture patterns compared to
those of their pristine analogs. Both a-CNT and a-CNS presented a non-elastic regime before their total
rupture, whereas the CNT and CNS underwent a direct conversion to fractured forms after a critical
strain threshold. The critical strain values for the fracture of the a-CNT and a-CNS are about 30% and
25%, respectively, and they are lower than those of the corresponding CNT and CNS cases. Although
less resilient to tension, the amorphous tubular structures have similar thermal stability in relation to the
pristine cases with sublimation points of 5500 K, 6300 K, 5100 K, and 5900 K for a-CNT, CNT, a-CNS,
and CNS, respectively. An interesting result is that the nanostructure behavior is substantially different
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1 Introduction

Carbon-based nanomaterials have been used in numerous
energy storage and conversion applications as good cost-benefit
alternatives to conventional (silicon-based) technology."* Many of
their promises in revolutionizing these fields still need further
refining for commercial-grade applications. Among such applica-
tions are worth mentioning organic photovoltaics,® light-emitting
diodes,* and thin-film transistors.> The broad range of carbon-
based nanomaterials employed in developing these applications
includes graphene and its allotropes,® carbon nanotubes,”
nanoscrolls,® nanofibers,” and amorphous carbon materials.'®
Particularly, carbon nanotubes (CNTs) are still a subject of interest
due to their remarkable electronic and structural properties, which
have impacted several areas of nanotechnology."" CNTs present
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important role in defining its elastic properties.

distinct electronic properties, such as metallic and semiconduc-
ting behavior, depending on their symmetry."> Carbon nanoscrolls
(CNSs), in turn, are formed by the jelly or papyrus roll-like
wrapping of a graphite sheet to form a tubular structure.’*™*
Recent synthesis efforts provided simple low-temperature routes to
obtain CNSs.*'°

Amorphous carbons are families of carbon-based materials
without a long-range crystalline order.'® Several experimental
efforts have been devoted to understanding the electronic and
structural properties of amorphous CNTs (a-CNTs) for their
applications in nanoelectronics.’”>* The synthesis and charac-
terization of these materials were studied through simple
fabrication procedures used for preparing highly ordered nano-
tube arrays.?" Electrical transport measurements on individual
a-CNTs showed that their resistivity is of the same order as
multiwalled CNTs despite their disordered microstructure.??
a-CNTs were also employed as potential candidates for water
purification.?® It was reported that they can be used for adsorp-
tion and/or removal of hydroxyl group substituted aromatic
compounds like Resorcinol as well as heavy metal ions like
arsenic from water.
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From the theoretical point of view, the electronic properties
of a-CNTs were studied by using a tight-binding model
Hamiltonian.?* Through this approach, it was determined that
strong electron-lattice coupling of states near the Fermi energy
leads to the formation of a bandgap.>® This model has also
predicted that the bandgap in a-CNTs has a stronger diameter
dependency (inversely proportional) than CNTs. In relation
to CNS, some theoretical and experimental studies were
performed to address the possible synthetic routes.®'**%2>7
Density functional theory (DFT) simulations were employed to
investigate the atom-scale nucleation of graphene growth on
the copper surface.>*> The formation of distributed five, six,
seven, and eight carbon atom rings was achieved by modeling
the chemical vapor deposition (CVD) growth of graphene.
In the deposition processes, the carbon atom sinks into the
copper surface. As more carbon atoms are adsorbed nearby, it
will spontaneously form a dimer with one of the new adsorbed
carbon atoms, and the formed dimer will up-float on top of the
surface, subsequently.>® As a consequence, random graphene
islands (2D amorphous carbon material) can be formed step-
wise with energetic preference. There are only a very few studies
in the literature on amorphous CNS (a-CNS).**** To the best of
our knowledge, up to now, there have been no studies on the
thermomechanical properties of a-CNTs and a-CNSs.

Very recently, laser-assisted chemical vapor deposition has
been used to synthesize a free-standing, continuous, and stable
monolayer amorphous carbon (MAC).>> MAC is a pure carbon
structure composed of randomly distributed five, six, seven,
and eight atom rings (see Fig. 1(a)). Its lattice arrangement is
different from that of disordered graphene. These findings
have revealed that MAC has a high yield strength value with
no crack propagation. Since the synthesis of MAC was achieved,
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its conversion to nanotubes and nanoscrolls emerges as a
possibility.

Motivated by the recent MAC synthesis®®> and by the pro-
position about the existence of tubes and scrolls formed from
MAC membranes,*® in this study, the mechanical and thermal
stabilities of MAC-based a-CNT and a-CNS were investigated in
the framework of fully-atomistic reactive molecular dynamics
simulations. The elastic properties of these model tubular
materials were studied using the stress-strain relationship,
and their thermal stability was analyzed by employing a heating
ramp protocol. The results obtained here for these amorphous
structures were contrasted against their related pristine ones.

2 Details of modeling

We have performed fully-atomistic molecular dynamics (MD)
simulations using the adaptive-interatomic reactive bond-order
(AIREBO)*” potential as implemented in LAMMPS.*® It is worth-
while to mention that ab initio MD simulations are commonly
used to investigate the chemical reactions in nanostructures.***°
However, with reactive MD simulations, one can model large-scale
systems where chemical reactions are occurring. Moreover, one
can simulate hundreds of thousands of atoms with a substantially
lower computational cost. The main focus of the present work lies
in providing a comparative study of the mechanical properties of
pristine and MAC-based amorphous CNTs and CNSs. All these
structures were generated using the Sculptor software suite.*' The
a-CNT was obtained by binding the two lateral edges of the MAC
sheet,*>** whereas the a-CNS was formed by a spiral-like roll-up of
the MAC sheet with open edges at both ends, with a rolling angle
of 47. Fig. 1 shows the representation of the MAC sheet (Fig. 1(a)),

(b)

Fig. 1 Structural models of the (a) MAC sheet and its related (b) a-CNT and (c) a-CNS atomistic structures.
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its derived nanotube (Fig. 1(b)), and nanoscroll (Fig. 1(c)). The
MAC atomistic structure used here to build our model a-CNT
contains 610 atoms.*>** The obtained a-CNT has a diameter of
25 A and a length of 120 A, and it was formed by merging six MAC
sheets (2 in the x-direction and 3 in the y-direction), totaling
3660 atoms. In this study, a MAC sheet was considered as a unit
cell. The a-CNS has also a length of 120 A, but it has an internal
and external diameter of 10 A and 16 A, respectively. The quantity
of MAC sheets and the total number of atoms used to build the
a-CNS are equal to those in the a-CNT case.

Our computational approach is based on submitting the
systems to tensile deformation to address their elastic proper-
ties as well as to a heating ramp process to obtain their
estimated sublimation points. These analyses were performed
by considering the virial stress tensor.”® We also calculated the
von Mises stress*® as it is an important tool to describe the
stretching dynamics and fracture patterns of the systems.*’

As for the heating ramp procedure, it consisted of a linear
temperature increase in a NVT ensemble in which a tempera-
ture range of from 0 up to 10000 K was performed after a
preliminary thermalization procedure within an NPT ensemble.
The temperature ramp rate was set to approximately 200 K ms ™.
The temperature and pressure were controlled through an NPT
ensemble by employing the Nosé-Hoover thermostat.*® The MD
snapshots and trajectories were obtained by using free visualiza-
tion and analysis software VMD."! The equations of motion were
numerically integrated using a velocity-Verlet integrator with a
time-step of 0.1 fs. Importantly, it was demonstrated that time
steps above 0.5 fs are not reliable for predicting the mechanical
responses of carbon-based nanostructures in the context of
reactive MD force fields.”” The total time of simulations was
6 ns, which is enough time to realize the fracture dynamics
of all the systems studied here. Before applying the uniaxial
stretching, thermalization within an NVT ensemble was performed
at 300 K for 500 ps (5000000 MD-steps) to eliminate any residual

(a) Nanotube
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stresses. We increased the tensile stress in the system by applying
a uniaxial strain along the longitudinal direction of the tubular
structures, with an engineering strain rate of 1.0 x 10~ fs*.

3 Results

Initially, we investigated the stress-strain behavior of both
systems: the a-CNT (Fig. 2(a)) and a-CNS (Fig. 2(b)). In both
figures, we present the results of the structures derived from
the pristine nanosheet in blue and of the amorphous one in
red. In both the scenarios, the curves more or less overlap until
a critical strain value is achieved. Such a critical strain value
indicates the phase transition in the stress-strain dependence,
which consists of the point of fracture of each structure. The
fracture strain, for each case, is as follows: 27%, 48%, 24%, and
34% for a-CNT, CNT, a-CNS, and CNS, respectively.

As expected, the general trend is that the pristine (defectless)
structures can stand larger strain values without fracturing.
Fig. 2(a) shows that CNT is able to stand roughly 20% more
strain than its amorphous counterpart. Fig. 2(b) compares the
amorphous and pristine versions of the nanoscroll. This
figure shows that the pristine nanoscroll upholds 15% more
strain than its amorphous version. This trend is consistent
with the fact that highly ordered carbon systems, such as
graphene, will be tougher than their defective structures.*®
Such strength arises from the strong overlap of the sp2 hybrid
orbitals. When the sites are uniformly close to each other, as is
the case of the pristine scenario, the collective effect is that all
the regions of the nanostructure exhibit the same strength.
In the amorphous case, as two carbon cores approach one
another, the relative strength between these two becomes
stronger. However, as a consequence, the distance to the third
core becomes larger and, therefore, the interaction is weaker.
As the structure as a whole is only as strong as its weakest

(b) Nanoscroll
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Fig. 2 Stress—strain curves for (a) CNT (blue) and a-CNT (red) and (b) for CNS (blue) and a-CNS (red) at 300 K, considering the uniaxial strain applied in
the longitudinal direction. The structures were stretched at a constant elongation rate until total rupture.
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bond, it is expected that the amorphous tends to be weaker
than the pristine systems.

Another crucial feature of this set of simulations is observed
through the comparison between Fig. 2(a) and (b). We can
observe that the nanostructure behavior is substantially differ-
ent depending on whether it is a nanotube or a nanoscroll, thus
indicating that the topology plays a crucial role in defining its
elastic properties (see also Table 1).

Table 1 summarizes the set of elastic properties obtained
from MD simulations for the systems illustrated in Fig. 1. It is
worthwhile to stress that previous works have described the
low-strain region as being quadratic due to the strong non-
linear behavior in the elastic regime.**" In this way, the
stress-strain relationship is given by ¢ = E¢ + De?, where o, ¢,
E, and D are the symmetric second Piola-Kirchhoff stress,
uniaxial strain, Young’s modulus, and third-order elastic mod-
ulus, respectively.”> Note that LAMMPS calculates Second
Piola-Kirchhoff stress by default, using the Lagrangian descrip-
tion of the system.>® In the table, E stands for Young’s modulus,
D is the third-order elastic modulus, TS is the tensile strength
and ¢ is the critical strain for the fracture. These values are
numerical representations of the response of each material to
the processes reported in Fig. 2. As expected, the pristine
structures presented a higher Young’s modulus when con-
trasted with their amorphous analogs. However, these values
are reasonably close. The more cohesive nature of CNTs endows
this material with higher tensile strength and critical strain for
the fracture. Due to the very nature of the system structures,
the applied tensions are uniaxial and, therefore, the Young’s
modulus is a measure of the system stiffness.

In Fig. 3 and 4 we present the representative MD snapshots
of the fracturing processes of the different systems considered
here and the von Mises stress distribution along the nano-
structure. In these figures, the (a) and (b) sequence of panels
illustrate the representative MD snapshots for the pristine and
amorphous cases, respectively. Note that the a-CNT and a-CNS
have a smaller fracture point in terms of strain in an approx-
imate 1:4 ratio, which is consistent with the results presented
in Fig. 2. The trend of the amorphous structure to present
smaller cutoff stress is preserved and rather similar among
these two types of amorphous structures. Another clear trend to
be observed is the appearance of linear atomic chains (LACs)
before rupture, in both types of amorphous nanostructures.
The same is not observed for pristine nanotubes and nano-
scrolls. Due to the absence of porosity, CNTs and CNS go from
integrity to their fractured form abruptly. From these facts, one

Table 1 Elastic properties of MAC and graphene nanotubes and nanosc-
rolls. £, D, TS, and &¢F refer to the Young's Modulus, third-order elastic
modulus, TS tensile strength, and critical strain, respectively

System E [GPa] D [GPa] TS [GPa] er [%]
MAC nanotube 2268.67 3001.13 384.97 26.72
Graphene nanotube 2495.51 3927.15 944.36 37.96
MAC nanoscroll 2476.61 3843.84 359.59 23.56
Graphene nanoscroll 2493.82 4460.73 630.82 33.76
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Fig. 3 Representative MD snapshots for the fracture process of (a) a-CNT
and (b) pristine CNT.

(a) Amorphous

t = 2484 ps
T=211K
P =0.139 GPa
t = 2488 ps
T =309 K
P =0.107 GPa
t = 2492 ps
T=27K
P =10.007 GPa

(b) Pristine

P =0.148 GPa

t = 3372 ps

t = 3380 ps
T =266 K
33 80% P =10.002 GPa
— =

L0 Stress [102 GPa) 100

Fig. 4 Representative MD snapshots for the fracture process of (a) a-CNS
and (b) pristine CNS.
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can again conclude that the structural disorder is of greater
importance than the topological aspects.

In Fig. 5 we present the interplay between the total energy of
the system and the thermal bath to it. The thermalization
process for nanotubes (Fig. 5(a)) and nanoscrolls (Fig. 5(b)) is
rather similar. For low temperatures, the curves are almost
parallel, and the energy absorption of the amorphous cases is
slightly smaller than that of the pristine ones. A feature that can
be readily observed is that, as temperature increases, the
relationship between these two quantities behavior for amor-
phous (red triangles) and pristine (blue circles) nanostructures
is less important. This trend should, indeed, be expected,
because higher temperature introduces disorder effects to
the pristine chain, thus increasing the random degree of the
atom movements, as is the case of the amorphous structure.
A comparison between the two figures shows that the nano-
tubes absorb the thermal energy more efficiently than the
nanoscrolls. This difference can be explained by the fact
the scrolls have an open structure that allows converting the
thermal energy into kinetic energy.

Fig. 5 also allows us to have insights into the sublimation
point of the nanostructures. As a general trend, the total energy
increases linearly with the temperature and shows two well-
defined regimes with different slopes. The discontinuity in
these curves is suggestive of a phase transition from a solid
to a gas-like phase. A gas-like phase denotes a system configu-
ration in which the carbon atoms are isolated or bonded in
small LACs (with 5 atoms at most), yielding a smaller concen-
tration of atoms when contrasted with the CNT and CNS cases
before sublimation (see Fig. 6). The transition between these
two behaviors defines the sublimation point. This abrupt
change in the slope of the curves is related to a gain in kinetic
energy due to the higher atom velocities in the gas-like phase,
which increases the total energy. Moreover, part of the harmonic
and torsional energies in the solid phase were also converted into
kinetic energy, which again contributes to the increase in the total
energy of the system in the gaslike phase. The amorphous

(a) Nanotube
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Fig. 6 Representative MD snapshots of the heating simulations for (a) a-CNT
and (b) pristine CNT. At 10 000 K only the gas-like phase takes place.

tubular structures have similar thermal stability when contrasted
to the pristine cases with sublimation points of 5500 K, 6300 K,
5100 K, and 5900 K for a-CNT, CNT, a-CNS, and CNS, respectively.

In Fig. 6 and 7 we show the representative MD snapshots for
the heating simulations for the nanotubes and nanoscrolls,
respectively. In these figures, the (a) and the (b) sequence of
panels depict the MD snapshots for the amorphous and pristine
cases, respectively. In Fig. 6, we can see that the a-CNT starts
to lose its integrity, whereas the pristine is still stable at 6000 K.

(b) Nanoscroll
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Fig. 5 Total energy as a function of temperature for (a) nanotubes and (b) nanoscrolls. Amorphous structures are represented by red triangles and

pristine ones by blue circles.
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Fig. 7 Representative MD snapshots of the heating simulations for (a) a-CNS
and (b) pristine CNS. At 10 000 K only the gas-like phase takes place.

At 8000 K, both structures have reached their sublimation
point, and a partially gas-like phase is observed. In the case
of nanoscrolls (Fig. 7), the pristine structure loses its structural
integrity at 4000 K, whereas the amorphous one at 5100 K. As in
the case of CNTs, at 8000 K just a partially gas-like phase
is observed, although more pronounced. From this set of
simulations, it can be concluded that nanotubes are more
thermally stable than nanoscrolls. As a general trend, one
can also conclude that pristine structures are more stable than
their amorphous counterparts, for the same reasons as the
mechanical behavior discussed above.

4 Conclusions

In summary, we have investigated (through fully atomistic
reactive molecular dynamics simulations) the mechanical pro-
perties and sublimation points of pristine and amorphous
carbon nanotubes and carbon nanoscrolls. The amorphous

9094 | Phys. Chem. Chem. Phys., 2021, 23, 9089-9095
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structures are based on the recently synthesized*® stable mono-
layer amorphous carbon (MAC). Our results show that amor-
phous carbon nanotubes present lower tensile-strength than
their corresponding pristine ones, which is expected since in
general defectless structures are tougher than defective ones.
The pristine structures exhibit abrupt fracture dynamics while
the amorphous ones present intermediate states before complete
failure. However, all structures exhibit a linear atomic carbon
chain structure before their rupture. The stress—strain curves for
pristine/amorphous structures more or less overlap until the
critical strain value is reached. The fracture strain, for each case,
is as follows: 27%, 48%, 24%, and 34% for a-CNT, CNT, a-CNS,
and CNS, respectively. An interesting result is that the nanostruc-
ture behavior is substantially different depending on whether it is
a nanotube or a nanoscroll, thus indicating that the topology plays
an important role in defining its elastic properties. The nanotubes
of both symmetries present higher sublimation points than
nanoscrolls, suggesting that the tubes are thermally more stable
than the scrolls. In the case of amorphous nanotubes, a thermal
critical value of 6000 K was obtained, at which point the
pristine nanoscroll, for instance, had already lost its structural
integrity. It is well accepted that carbon nanotubes and nanoscrolls
are considerably stiffer than graphene sheets. The experimental
Young’s modulus for graphene is about 1000 GPa.> In the present
work, the Young’s modulus for pristine and amorphous carbon
nanotubes and nanoscrolls ranged from 2200 up to 2500 GPa. Such
differences in the Young’s modulus of tubular (1D) structures,
when contrasted with that of the monolayer (2D) ones, can be
understood by their different topologies, which affect their
elasticity/flexibility.
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