PCCP

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

Published on 23 June 2021

Licence and permissions

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2021, 23, 15313

Received 13th May 2021,
Accepted 23rd June 2021

DOI: 10.1039/d1cp02117f

rsc.li/pccp

1 Introduction

Self-folding and self-scrolling mechanisms of
edge-deformed graphene sheets: a molecular
dynamics studyy

Marcelo Lopes Pereira Junior 2 and Luiz Antonio Ribeiro Junior (2 *

Graphene-based nanofolds (GNFs) are edge-connected 2D stacked monolayers that originate from
single-layer graphene. Graphene-based nanoscrolls (GNSs) are nanomaterials with geometry resembling
graphene layers rolled up into a spiral (papyrus-like) form. Both GNS and GNF structures induce
significant changes in the mechanical and optoelectronic properties of single-layer graphene,
aggregating new functionalities in carbon-based applications. Here, we carried out fully atomistic
reactive (ReaxFF) molecular dynamics simulations to study the self-folding and self-scrolling
mechanisms of edge-deformed graphene sheets. We adopted initial armchair edge-scrolled graphene
(AESG(¢, 0)) structures with similar (or different) twist angles (¢, 0) in each edge, mimicking the initial
configuration that was experimentally developed to form biscrolled sheets. The results showed that
AESG(0, 2n) and AESG(2rn, 2n) evolved to single-folded and two-folded fully stacked morphologies,
respectively. As a general trend, for twist angles higher than 2r, the self-deformation process of AESG
morphologies yields GNSs. Edge twist angles lower than n are not enough for triggering the self-
deformation processes. In the AESG(0, 3n) and AESG(3m, 3m) cases, after a relaxation period, their
morphology transition towards GNSs occurred rapidly. In the AESG(3n, 3n) dynamics, a metastable
biscroll was formed by the interplay between the left- and right-sided partial scrolling while forming a
unique GNS. At high-temperature perturbations, the edge folding and scrolling transitions to GNFs and
GNSs occurred within an ultrafast time-period. Remarkably, the AESG(2n, 3n) evolved to a dual state that
combines folded and scrolled structures in a temperature-independent process.

exhibit different band structures and 6-dependent interfacial
conductivity.'® Both GNS and GNF structures induce signifi-

Graphene has been evolved into a field of unprecedented
activity in physics, chemistry, and materials research.' Several
of its unique properties originate from its two-dimensional
layer of one-atom thickness.> Due to its excellent in-plane
mechanical flexibility and strong inter-layer van der Waals
interactions, single-layer graphene (SLG) is susceptible to
deforming into scrolled® and folded* configurations. Graphene
nanoscrolls (GNSs) are composed of tubularly scrolled SLG,
yielding a 1D topological structure.”® Some capabilities of
GNSs, such as superlubricity and large current sustainability,
surpass the capabilities of SLG itself.” Graphene nanofolds
(GNFs), in turn, are edge-connected 2D stacked monolayers
that also originate from SLG. Their continuous and curved
edges - with a twist angle (6) between the two membranes - can
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cant changes in the mechanical and optoelectronic properties
of SLG, aggregating new functionalities in graphene-based
applications.™*°

Several experimental and theoretical studies have been per-
formed to elucidate the self-scrolling®'*'”° and self-folding**' >
processes of SLG. Experimentally, high-resolution atomic force
microscopy (AFM),>"* scanning electron microscopy (SEM),>"?®
and transmission electron microscopy (TEM)* have been
employed in the study of SLG folding or scrolling deformations
on flat substrates or under suspended conditions. From a theo-
retical perspective, continuum mechanics (CM) and molecular
dynamics (MD) simulation techniques were employed to also
investigate the SLG folding and scrolling behaviors.>'*?**> Impor-
tantly, these theoretical studies provide useful insights into the
GNS and GNF formations, some of which may not be readily
obtainable in experimental measurements (e.g., graphene local
folding curvatures or the potential energy landscape for the non-
bonded interaction terms). As a general trend, these studies
concluded that the self-formation of both GNSs and GNFs results
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Fig. 1 Schematic representation of the model AESG lattices studied here. (a) zoomed-in view of a region of the adopted graphene sheet, which is
presented in (b). (c) and (d) illustrate, respectively, the one-edge-scrolled graphene (AESG(O, 0)) and two-edge-scrolled graphene (AESG(¢, 0)) models
used as input structures. (e) shows the edge structure configuration with its inner (r;) and outer (r,) radius. ¢ can assume the following values: —3=, —2,

0, 2r, and 3r. 0 can assume the following values: 0, 2r, and 3x.

from an interplay between the SLG bending rigidity and the
van der Waals interactions.

Different analytical models**~* and experimental setups'" have
been proposed to study the scrolling and folding mechanisms of
SLG. Recently, Li et al. proposed a finite-deformation analytical
model in which no presumed assumptions on the geometries of
deformed configurations are required.*® Both scroll-predicted and
fold-predicted profiles for SLG and their critical conditions
showed good agreement with MD simulation results. Lima et al.

33,34

developed an experimental approach that involves a twist-based
spinning of carbon-based layers to form a biscrolled sheet.'"
In that case, they converted a carbon nanotube sheet into a
biscrolled nanotube sheet. The initial setup for the experiment
was based on a structure that presents a cross-section similar to
the illustration in Fig. 1(d). Their findings revealed that the ability
to make biscrolled yarns can be exploited to optimize the yarn
properties. Despite a number of successful studies on the SLG
conversion into GNSs and GNFs, their formation from edge-
deformed SLG is not fully understood.

The selffolding® and self-scrolling®® mechanisms of edge-
deformed graphene sheets have been experimentally reported
recently. Shin and coworkers® introduced an ice-templated self-
assembly approach for integrating two-dimensional graphene
nanosheets to fabricate graphene nanoscroll networks. They showed
that freeze-casting of a reduced graphene oxide solution results in
the formation of graphene nanoscroll networks at pH 10. In
addition, they have demonstrated that graphene nanoscroll net-
works show good electrocatalytic activity for the oxygen reduction
reaction. In the synthesis of graphene nanoscrolls, the self-scrolling
process started from an edge-curved graphene sheet that triggers the
self-scrolling process of graphene, producing nanoscrolls stabilized
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by the n-r interactions. Meyer et al.*® observed folded edges in the

fabrication of monolayer and bilayer graphene. During their fabrica-
tion processes, one of the edges was curved, forming graphene folds
spontaneously. Importantly, these investigations do not provide
information on the time needed for accomplishing the self-
scrolling or self-folding of edge-deformed graphene and for the
possible products yielded in these processes. In this sense, our
investigation can shed light on the self-deformation of curved
graphene sheets contributing to their better understanding.

In the present work, motivated by the deformation mecha-
nism of carbon-based sheets proposed by Lima et al.,"* the self-
folding and self-scrolling mechanisms of edge-deformed SLG
were investigated using the framework of fully atomistic reac-
tive molecular dynamics simulations. Our computational
approach was based on adopting initial armchair edge-
scrolled graphene (AESG) structures with similar (or different)
twist angles in each edge, mimicking the initial configuration
used to form biscrolled sheets reported in ref. 11. Moreover, we
also provided information on the folding and scrolling curva-
tures and the potential energy landscapes during the AESG
deformation processes.

2 Methodology

To study the self-folding and self-scrolling mechanisms of
AESG sheets, we carried out fully atomistic MD simulations
within the scope of the reactive force field ReaxFF potential,®’*®
as implemented in the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS).*® Specifically, we used the para-
meter set provided by Chenoweth et al. for C/H/O.*°
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The initial configurations of our model AESG systems are
depicted in Fig. 1. Fig. 1(a) shows the zoomed-in region of the
graphene sheet used here, which is presented in Fig. 1(b).
Fig. 1(c and d) illustrate, respectively, the one-edge-scrolled
graphene (AESG(0, 0)) and two-edge-scrolled graphene (AESG(¢, 0))
models used in our simulations as input structures. 0 and ¢
allow different twist angles on each edge. Fig. 1(e) shows
the edge structure configuration with its inner (r;) and
outer (r,) radius. The graphene sheet has x and y dimensions
of 100 A and 200 A, respectively, totaling 7776 atoms. These
structures were atomistically modeled using the Sculptor
plug-in,*" as implemented in the software Visual Molecular
Dynamics (VMD).*' VMD was also used here to obtain the MD
snapshots and trajectories.

The equations of motion were numerically integrated using
the velocity-Verlet integrator with a time-step of 0.25 fs until
250 ps. We adopted an NVT ensemble and the Nosé-Hoover
thermostat,*®> with a time constant of 100 fs, to analyze the
influence of temperature on the scrolling and folding behav-
iors. The temperature regimes ranged from 100 K up to 1000 K
with an increment of 100 K. Initial atomic velocities were
randomly generated for each temperature.

3 Results

We begin our discussion by presenting the MD snapshots for
the folding and scrolling mechanisms of the model AESG
systems. The videos for MD simulations of all the systems
studied here at 300 K and 1000 K are presented in the ESLY
Fig. 2(a—e) (and Video SM1, ESIt) and Fig. 2(f-) (and Video SM2,
ESIt) illustrate the representative MD snapshots for the
self-deformation process of AESG(0, 2rt) and AESG(2r, 27) cases
at 300 K, respectively. In Fig. 2(a and b) one can note that a
smooth morphology transition, from a twisted edge towards a
folded one, occurs within an ultrafast time-period, about 2 ps.
This is the time-period necessary for the system to escape from
the local potential well at this specific thermal excitation. For
higher temperature perturbations, the edge folding and scrol-
ling transitions occur much faster. At 1000 K, the transition
mechanism illustrated in Fig. 2(a-e) also takes place, but before
1 ps (see Video SM3, ESIT). For 240 ps, the staked monolayers
formed in the morphology transition slide against each other,

Paper

as shown in Fig. 2(c and d). After this transient period, a
complete GNF is formed at 250 ps (Fig. 2(e)). It is worth noting
that this fully single-folded structure was also obtained at
1000 K (see Video SM3, ESIt). For the AESG(2m, 2m) case
(Fig. 2(f-j)), the edge scrolling—folding transition occurs in the
same fashion, but a two-folded structure was yielded instead.
This two-folded structure is only formed below a critical tem-
perature regime, about 900 K. Above this temperature thresh-
old, the random motion of the atoms, imposed by the thermal
fluctuations, overcomes the potential energy well (bond ener-
gies plus van der Waals interactions) related to the formation of
the two-folded structure, and it cannot overcome the potential
energy well of a single-folded one. In this way, the edge
scrolling-folding transition at 1000 K leads to a fully single-
folded morphology (see Video SM4, ESIY).

Fig. 3(a—¢) (and Video SM5, ESIt) and Fig. 3(fj) (and Video SM6,
ESIt) illustrate the representative MD snapshots for the
self-deformation process of AESG(0, 3n) and AESG(3n, 37) cases
at 300 K, respectively. As a general trend, for twist angles higher
than 2m, the self-deformation process of AESG yields GNS
morphologies. Edge twist angles lower than n are not enough
for triggering the self-deformation processes once the interlayer
van der Waals interactions in the edge cannot overcome the
SLG bending rigidity. Consequently, the AESG structure is
converted into a conventional SLG. As shown in Fig. 3(a) and
(b), the AESG(0, 3n) leads about 2 ps to relax into a form that
roughly preserves the initial size of the scrolled part. After this
relaxation period, the transition from AESG(0, 37n) towards a
GNS morphology occurs rapidly (about 30 ps), according to
Fig. 3(c and d). At about 50 ps, a stable GNS with entirely
overlapped layers is formed and maintains its integrity until the
end of the simulation (Fig. 3(e)). As expected, Fig. 3(f and g)
show that the self-deformation process of AESG(3w, 37) pre-
sents a relaxation period similar to the AESG(3w, 37) case. At
15 ps, a metastable biscroll is formed by the interplay between
the left- and right-sided partial scrolling in forming a unique
GNS, as illustrated in Fig. 3(h). At 75 ps, the right side wins and
a single GNS starts to be formed (see Fig. 3(i)) and a GNS with
entirely overlapped layers is formed at 76 ps, remaining stable
until the simulation, as depicted in Fig. 3(j).

Note that there is no preferred side in converting a meta-
stable biscroll into a GNS. This is a random process that

Fig. 2 Representative MD snapshots for the self-deformation process of (a—e) AESG(O, 2r) and (f—j) AESG(2x, 2n) at 300 K. Importantly, the panels in this
figure illustrate the slide motion obtained during the fold formation. In panels (c) and (d), the graphene edge on top moves towards the left direction,
whereas the graphene edge at the bottom moves towards the right one. This trend of motion is better understood by watching Video SM1 (ESI+).
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Fig. 3 Representative MD snapshots for the self-deformation process of (a—e) AESG(0, 3n) and (f—j) AESG(3r, 3n) at 300 K.

depends on the seed used to randomly generate the atom
velocities in LAMMPS. Moreover, the thermal fluctuations
imposed on the displacement of the atoms are randomly
obtained and can also impact the conversion process of a
metastable biscroll into a GNS. Different from that obtained
for the folding cases (Fig. 2), the AESG(0, 37) and AESG(3T, 31)
MD formed stable GNSs even at high temperatures. See Videos
SM7 and SMS8 (ESIt) for the AESG(0, 3n) and AESG(3w, 3n) MD
at 1000 K, respectively. In the Videos SM5-SM8 (ESI{), one can
note that the GNS presents a breathing motion that varies the
inner radius amplitude in an oscillatory fashion. This behavior
was discussed in detail in ref. 43.

We now present in Fig. 4 (and in the supplementary
video SM9, ESIT) the representative MD snapshots for the AESG
(2m, 3m) case, in which the edges were initially scrolled with
different twist angles. Remarkably, the AESG(2m, 37) evolves to
a dual state that combines folded and scrolled structures. This
process is temperature-independent (see Videos SM9 and SM10
(AESG(2m,37) at 1000 K), ESIt). The AESG(2w, 3m) relaxation
process illustrated in Fig. 4(a and b) occurs according to the
mechanisms described above for the AESG(0, 27) and AESG
(0, 3m) cases (Fig. 2 and 3, respectively). In Fig. 4(c), one can
realize that the edge initially scrolled with 2r tends to form a
GNF whereas the edge scrolled with 37 tries to form a GNS. At
75 ps, the partially formed fold and scroll overlap preserving
their forms (see Fig. 4(d)). The final structure obtained in the
AESG(27, 31t) MD is presented in Fig. 4(d). It is worth mention-
ing that the coexistence of folded and scrolled shapes of
graphene in the final morphology presented Fig. 4(d) has not
been reported so far.

In the context of our simulations, the edge topology does not
affect the folding and scrolling mechanisms of the graphene
sheets. The Videos SM11-SM15 (ESIt) show the dynamics of
zigzag ESG (ZESG) at 300 K, considering all the initial structures
modeled here. The Videos SM11-SM15 (ESIf) refer to the
ZESG(0, 2m), ZESG(2m, 2n), ZESG(2n, 3m), ZESG(0, 3m), and

ZESG(3m, 3m) cases, respectively. By contrasting the results
presented in the supplementary videos for the armchair cases
at 300 K (SM1, SM3, SM5, SM7, and SM9, ESIt) with the ones
for the zigzag lattices (SM11-SM15, ESIt), one can note that the
zigzag and armchair ESG dynamics are similar (i.e., not edge-
sensitive).

We carried out simulations considering negative values of ¢.
These simulations are presented in Videos SM16-SM18, ESIt
alongside their related plots for the time evolution of the
potential energy. The Videos SM16-SM18 (ESIt) refer to the
AESG(—2m, 2m), AESG(—3r, 2m), and AESG(—3m, 3m) cases,
respectively. For the AESG(—2n, 2n) case, the system evolves
to a collapsed structure with two-folded edges due to the
formation of carbon-carbon covalent bonds since the edges
are very close to each other. The AESG(—27, 37) case evolves to a
single CNS, and the AESG(—3m, 3n) case yields a dual state that
combines folded and scrolled structures, similar to the results
presented in Fig. 4(e). Fig. S3 in ESIf illustrates the representa-
tive MD snapshots for the AESG(—2m, 2x) case, to highlight the
collapsed structure with two-folded edges.

Finally, Fig. 5 shows the time evolution of the potential
energy for all the cases discussed above. In this figure, the
structural stability of the formed folded, scrolled, and dual-
species is characterized by the convergence of the curves. For
the sake of comparison, the blue, red, and green dashed lines
denote the values of the average potential energies (in the last
100 ps) for the AESG(0, 2n), AESG(0, 3n), and AESG(2~, 37),
respectively. Note that this average value is similar among the
related AESG(0, 0) and AESG(0, 0) cases. As expected, the curve
profiles in Fig. 5 suggest that scrolled and folded configura-
tions are energetically favorable. As observed in Fig. 5(a and b),
the potential energy oscillates in time due to the relative slide
motion between the folded layers. This motion increases
(or decreases) the van der Waals interactions depending on
the stacked area in the GNF formation. The potential energy
related to the folding processes is slightly higher than the

Fig. 4 Representative MD snapshots for the self-deformation process of AESG(2r, 3r) at 300 K.

15316 | Phys. Chem. Chem. Phys., 2021, 23,15313-15318
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Fig. 5 Time evolution of the potential energy for MD simulations pre-
sented above: (a) AESG(O, 2n), (b) AESG(2n, 2n), (c) AESG(2r, 3m), (d)
AESG(O, 3n), and (e) AESG(3m, 3m).

stabilization energy in the scrolling processes (red dashed line) and
slightly lower than the one obtained in forming the dual-species
(green dashed line). In Fig. 5(c), one can see that the potential
energy in forming the dual state that combines folded and scrolled
structures converges rapidly. Since the converged potential energy
is marginally higher than the one for AESG(0, 0) and AESG(0, 0)
cases, the dual state is also energetically favorable. Fig. 5(d and e)
show that, during the dynamical process for the GNS formation,
there is a downhill trend for the potential energy values that ends at
about 40 ps and 100 ps for AESG(0, 30) and AESG(30, 30),
respectively. From that moment on, the total potential energy
stabilizes and a flat region persists until the end of the simulation.
As mentioned above, the collapsed CNSs are formed within an
ultrafast time-scale. The transient plateau (20-100 ps) in Fig. 5(e)
refers to the formation of the metastable biscroll (see Fig. 3(h)).
At high temperatures, GNF and GNS formation energies are greater
when compared, for instance, with results in Fig. 5.

4 Conclusions

In summary, we carried out fully atomistic (ReaxFF) MD simu-
lations to study the self-folding and self-scrolling mechanism of

This journal is © the Owner Societies 2021
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an edge-deformed graphene sheet. We adopted initial edge-
scrolled graphene structures with similar (or different) twist
angles in each edge, mimicking the initial configuration used
to form biscrolled sheets reported in ref.11. The results showed
that AESG(0, 2n) and AESG(2r, 27t) evolved to single-folded and
two-folded fully stacked morphologies, respectively. The two-
folded structure is only formed below a critical temperature
regime, about 900 K. The edge scrolling-folding transition
of AESG(2m, 2m), at 1000 K, leads to a fully single-folded
morphology.

As a general trend, for twist angles higher than 2r, the self-
deformation process of AESG morphologies yields GNSs. Edge
twist angles lower than 7 are not enough for triggering the self-
deformation processes once the interlayer van der Waals interac-
tions in the edge cannot overcome the SLG bending rigidity.
Consequently, the AESG structure is converted into a conventional
graphene monolayer. In the AESG(0, 3n) and AESG(37, 37) cases,
after a relaxation period, their morphology transitions towards
GNS occurred rapidly. In the AESG(3n, 3n) MD, a metastable
biscroll was formed by the interplay between the left- and right-
sided partial scrolling in forming a unique GNS. Different from
that obtained for the folding cases (Fig. 2), the AESG(0, 3n) and
AESG(3m, 3n) MD formed stable GNSs even at high temperatures.
At high temperature perturbations, the edge folding and scrolling
transitions to GNFs and GNSs occurred within an ultrafast
period. Remarkably, the AAESG(2w, 3m) evolves to a dual state
that combines folded and scrolled structures. This process is
temperature-independent. It is worth mentioning that the co-
existence of folded and scrolled shapes of graphene in the final
morphology presented in Fig. 4(d) has not been reported so far.

It is worth mentioning that some theoretical studies in the
literature carried out MD simulations using carbon nano-
tubes,**™*” graphene nanoribbons,*® diamond clusters," and
other kinds of agents'®*® for triggering the folding or scrolling
processes of graphene. These studies have not investigated the
folding and scrolling mechanisms triggered by edge deforma-
tions. Relevant experimental studies in the literature reported
self-folding and self-scrolling of graphene that originate from
its edge deformations.*>*° In this sense, our results shed light
on this crucial mechanism. To the best of our knowledge, the
conversion mechanism of edge-deformed graphene into folds
and scrolls and the possible products yielded from this conver-
sion - such as the collapsed structure with two-folded
edges and the dual state that combines folded and scrolled
structures - are reported here for the first time.
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