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A B S T R A C T   

Carbon nanoscrolls (CNSs) are nanomaterials with geometry resembling graphene layers rolled up into a spiral 
(papyrus-like) form. Effects of hydrogenation and temperature on the self-scrolling process of two nanoribbons 
interacting with a carbon nanotube (CNT) have been studied by molecular dynamics simulations for three 
configurations: (1) graphene/graphene/CNT; (2) graphene/graphane/CNT, and (3) graphane/graphane/CNT. 
Graphane refers to a fully hydrogenated graphene nanoribbon. Nanoscroll formation is observed for configu
rations (1) and (2) for temperatures 300–1000 K, while nanoribbons wrap CNT without nanoscroll formation for 
configuration (3).   

1. Introduction 

After isolation of a single layer of graphite (Graphene) [1], obtained 
by mechanical exfoliation, there is a renewed interest in obtaining new 
2D materials [2,3]. From a topological point of view, graphene layers 
can be considered as the basis to generate other structures, such as 
carbon nanotubes [4] and nanoscrolls [5]. Carbon nanotubes are un
derstood as graphene layers rolled up into cylinders, while nanoscrolls 
are graphene layers rolled up into a papyrus-like form. There are many 
theoretical and experimental works investigating nanoscrolls of 
different materials [6–16]. 

In contrast to carbon nanotubes (CNTs), carbon nanoscrolls (CNSs) 
have open ends, which allows an easily radial expansion (tunable 
interlayer distances) explored in different applications [17,18]. The 
most significant barrier in their usage has been the limited synthesis of 
high-quality structures. It leads to a controlling inability of some crucial 
aspects, among them, the number of scrolled layers [19–21]. To over
come this barrier, new alternative routes in obtaining CNSs that allow 
higher control over the final structure to broaden their applications are 
desirable [22–24]. CNSs exhibit distinct electronic and mechanical be
haviors when compared with graphene and CNTs [25,26]. The CNSs 
nucleus presents vibrational properties that can be useful in developing 
nano-actuators and electromechanical devices with excellent perfor
mance as cathodes in lithium-sulfur batteries [27–29]. It is worth 
mentioning that Density Functional Theory (DFT) calculations were 

used to address the synthetic growth concept of carbon-based materials 
[30]. 

Recently, molecular dynamics simulations have been used to inves
tigate other possible synthetic routes [17,13,31]. Results showed that 
CNT triggers the self-scrolling process of graphene nanoribbons. As a 
result, the layer spontaneously rolls itself around the CNT to lower the 
surface energy, a process governed by van der Waals interactions. The 
advantage of this method is that it imposes dry, non-chemical, and 
room-temperature conditions [17,13,31]. An experimental study was 
conducted by Xie et. al. to obtain stable CNSs focused on offering higher 
control over the final product [32]. In their method, graphite is me
chanically exfoliated, deposited over SiO2 substrate, and then immersed 
in a solution of water and isopropyl alcohol. After resting for a few 
minutes, the system spontaneously formed CNSs [32]. Another possi
bility is to use functionalized structures such as graphene oxides and 
hydrogenated ones [29,33]. 

Herein, we used fully-atomistic reactive (ReaxFF) molecular dy
namics (MD) simulations to investigate the effects of hydrogenation on 
the self-scrolling mechanism of graphene and graphane nanoribbons 
when triggered by CNTs. Our results show that it is possible to obtain 
stable CNT-wrapped CNSs from pure and hydrogenated graphane 
nanoribbons. 
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2. Methodology 

In the present work, we used fully atomistic (ReaxFF) molecular 
dynamics simulations for C/H/O [34], as implemented in LAMMPS code 
[35]. The initial configurations of our model systems are presented in 
Fig. 1, where we shown three atomic models identified as Complex-A 
(graphene/graphene/CNT, Complex-B (graphene/graphane/CNT), and 
Complex-C (graphane/graphane/ CNT). The two graphene-based 
nanoribbons have a length and width of 150 Å and 21 Å, respectively. 
The CNT used to trigger the self-scrolling mechanism is a conventional 
zigzag CNT (0, 22) with a diameter of 17.21 Å and length of 100 Å. The 
graphene nanoribbon and CNT have 1296 and 2112 carbon atoms, 
respectively. The initial distance between the nanoribbons and the CNT 
wall is 5.41 Å.In the initial assembly, the nanoribbons are placed into 
contact with the nanotubes as shown in Figs. 1(d-f). The nanoribbons 

were placed on opposite sides regarding the CNT center. 
The composite systems (Complexes –A, –B, and –C) were equili

brated/thermalized within an NVT ensemble at 300, 600, and 1000 K 
using the Nosé-Hoover thermostat [36]. We considered 1000 K as the 
uppermost temperature limit, envisioned carbon-based optoelectronic 
applications. Scroll structures are resilient to high temperatures (up to 
4000 K), as recently demonstrated in references [14,37]. The system 
equilibration was initially performed to eliminate any residual stress 
during 100 ps. The time step for the simulations was 0.1 fs. The MD 
snapshots and trajectories were obtained by using the free visualization 
and analysis program VMD [38]. 

In the present work, we performed 10 MD runs (with different seeds) 
for each temperature. The random seeds defined distinct initial sets of 
atomic velocities in the equilibration of the systems. All the MD runs 
yielded the same products for each complex. In this sense, the results 

Fig. 1. Model systems used to simulate the for
mation of CNT-wrapped CNSs. Illustration of the 
atomic configuration for (a) graphene and (b) 
graphane nanoribbons. The dashed lines high
light the structural units. (c) Diagrammatic rep
resentation for the initial arrangement of the 
system involving two nanoribbons and a CNT, 
where d1 = 150 Å(nanoribbon length), d2 =

17.21 Å (CNT diameter), d3 = 28.03 Å (initial 
distance between the nanoribbons), and d4 =

23.00 Å (ribbon length into contact with nano
tube). Initial configurations for the systems 
studied here: (d) graphene/graphene/CNT 
(Complex–A), (e) graphene/graphane/CNT 
(Complex–B), (f) and graphane/graphane/CNT 
(Complex–C). In the color scheme, the gray and 
yellow spheres represent carbon and hydrogen 
atoms, respectively.   

Fig. 2. Representative MD snapshots for the spontaneous self-scrolling process at 300 K, for the complexes presented in Fig. 1.  
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reported in the manuscript are the most representative outcomes ob
tained for all the simulations. 

3. Results 

We begin our discussion by presenting the dynamical behavior of the 
self-scrolling process for all complexes studied here (see Fig. 1). In Fig. 2 
we show a sequence of representative MD snapshots (in lines) for 

Fig. 3. Total energy time evolution as function of simulation time for the Complex-A at 10 K. The insets are MD snapshots extracted from the simulation trajectory at 
t1 = 2.5, t2 = 20, t3 = 40, t4 = 65, and t2 = 80 ps, respectively. 

Fig. 4. Total energy time evolution as a function of the simulation time for all complexes at 300, 600, and 1000 K. The red, blue, and green data points refer to the 
total energy values during the simulation time for the Complex-A, Complex-B, and Complex-C, respectively. The lines were obtained from the data interpolation. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Complex-A, -B, and -C from top to bottom, respectively, for simulations 
at 300 K. In the very first stage of the simulation (about 2.5 ps), the 
nanoribbons are in contact with the CNT surface, and the self-scrolling 
process takes place. This trend is realized in the simulations for all 
complexes, as shown in Fig. 2. Such behavior also occurred for the self- 
scrolling mechanism of a single graphene nanoribbon [39]. 

At 12.5 ps of simulation, the nanoribbons start to curl around the 
CNT. Subsequently, for Complexes A and B, the overlap between the 
nanoribbons occurs. The graphane nanoribbons in Complex-C do not 
form a scroll. Instead, it simply wraps the CNT by covering its surface 
and is temperature independent (for the temperature values considered 
here, up to 1000 K), creating a lock-like mechanism (see Figure S1 in the 
Supplementary Material). This behavior is attributed to stereo hydro
gen–hydrogen interactions when the graphane layers move to create an 
opposing force to the sliding. This trend is similar to observed for other 
hydrocarbon structures, such as the lander molecule, where this lock- 
like mechanism is present [40] and it is based on the same concept of 
the lock-and-key protein–protein interactions [41].It is worth 
mentioning that this process also occurred for the self-scrolling mech
anism of a single graphene nanoribbon (see Supplementary Material). 

Differences in the complexes dynamics become clear at 37.5 ps. At 
this stage, in Complexes A and B, the nanoribbons are almost completely 
wrapped, as a consequence of the interlayer interaction presented by 
graphene and graphane [20,42,43]. Graphene/graphane bilayer (Com
plex-B) presents an interlayer interaction energy smaller than graphene/ 
graphene one (Complex-A) [44]. Even so, the self-scrolling process for 
both complexes takes the same time yielding a completely scrolled 
configuration at 50 ps. For Complex-C, the graphane nanoribbons wrap 
the entire CNT wall at 130 ps. In all cases, the nanoribbons showed 
discontinuous wrinkles and corrugations during the spontaneous self- 
scrolling process. Other reactive MD simulations performed within the 
scope of the AIREBO interatomic potential [45,26] also pointed for such 
instabilities. The Supplementary Material includes the videos for the 
dynamics of the complexes A-C. It is worth mentioning that the degree of 
instability for the nanoribbons was more pronounced for temperatures 
higher than 300 K. 

The Supplementary Material presents the case in which a single 
graphane nanoribbon is interacting with a CNT. The main conclusion for 
the graphane/CNT interaction presented above holds, and the system 
evolves to a final state in which the graphane wraps the CNT wall. Iso
lated graphane nanoscrolls were already investigated by molecular dy
namics simulations [43], and the results are consistent with the ones 
presented here. 

It is important to stress that depending on the area of the nanoribbon, 
the most stable configuration is not planar but a scrolled one. This trend 
is related to the size of the overlapped region that enables van der Waals 
gains to overcome the elastic cost to scroll the structures [9]. Even for 
small graphene nanobelts, the self-scrolling can be a self-sustained 
process [46]. 

In Fig. 3 we present the time evolution for the total energy for the 
Complex-A at 10 K at five different stages. During the dynamical process 
for the CNSs formation, there is a linear downhill trend that ends at 65 
ps, which represents a completely formed scroll. From that moment on, 
the total energy stabilizes, and a flat region persists (neglecting thermal 
fluctuations, scroll “breathing” - see video) until the end of the simula
tion. For all the temperature regimes simulated here (300, 600, and 
1000 K), the time evolution of the total energy shows a similar trend. An 
overall picture of the CNSs formation is presented in Fig. 4. The exis
tence of an energy plateau is the signature of the scroll formation. At 
high temperatures, the CNSs total energies are larger due to the higher 
degree of atomic thermal vibrations, which tends to difficult the spon
taneous scrolling process. Even so, one can realize a well-defined plateau 
in all the cases, standing for the scroll’s formation. 

4. Conclusion 

Through fully-atomistic reactive (ReaxFF) MD simulations, we have 
studied the hydrogenation effects on the self-scrolling process of gra
phene and graphane (hydrogenated graphene) nanoribbons interacting 
with a carbon nanotube (CNT). We have considered different configu
rations: (1) graphene/graphene/CNT; (2) graphene/graphane/CNT, (3) 
graphane/graphane/CNT; and different temperatures, 300, 600, and 
1000 K. Our results show that the scroll formation is possible for con
figurations (1) and (2), for all temperatures. Configuration (3) does not 
yield scrolls. The scroll formation is related to the existence of an energy 
plateau in the total energy as a function of the simulation time. The 
approach used here to assemble the nanoribbons and CNT is prototyp
ical and extensible to other species of 2D materials beyond graphene. 
The usage of nanotubes for triggering the scrolling processes of sheets 
and nanoribbons was investigated for carbon and boron nitrides systems 
[47–49]. The tribology of carbon-based nanostructures has been an 
object of research in the last years [50,51]. In this sense, the present 
study can stimulate further investigations along these lines. 
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Supplementary data associated with this article can be found, in the 
online version, at https://doi.org/10.1016/j.cplett.2021.138919. 
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