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Origami offers two-dimensional (2D) materials with great potential for applications in flexible electronics, sensors,
and smart devices. However, the dynamic process, which is crucial to construct origami, is too fast to be characterized
by using state-of-the-art experimental techniques. Here, to understand the dynamics and kinetics at the atomic level, we
explore the edge effects, structural and energy evolution during the origami process of an elliptical graphene nano-island
(GNI) on a highly ordered pyrolytic graphite (HOPG) substrate by employing steered molecular dynamics simulations.
The results reveal that a sharper armchair edge is much easier to be lifted up and realize origami than a blunt zigzag edge.
The potential energy of the GNI increases at the lifting-up stage, reaches the maximum at the beginning of the bending
stage, decreases with the formation of van der Waals overlap, and finally reaches an energy minimum at a half-folded
configuration. The unfolding barriers of elliptical GNIs with different lengths of major axis show that the major axis should
be larger than 242 A to achieve a stable single-folded structure at room temperature. These findings pave the way for
pursuing other 2D material origami and preparing origami-based nanodevices.

Keywords: origami process, dynamics and kinetics, structure and energy evolution, stability of single-folded

structure
PACS: 71.15.Pd, 71.15.Mb, 71.15.Nc

1. Introduction

Origami effectively shapes two-dimensional (2D) mate-
rials into complex three-dimensional (3D) structures.!!'~#! The
origami-inspired structures exhibit novel properties, such as
the strong magneto-photoelectric effect,>! tunable chirality, (]
Chern insulator with light irradiation,!”! the coexistence of
valley polarization and inversion,® and unusual thermal
properties.[°~!11 Therefore, origami structures have potential
applications in wearable electronics,[!?! biological sensors, !
photodetection, imaging,[!3 etc. Among the variety of 2D
materials, graphene has particular advantages in origami ow-
ing to its atomically thin thickness and extremely low bend-
ing stiffness.!!*) Previous studies reported that graphene could
be folded by a contact-free atomic force microscope (AFM)
tip['> or scanning tunneling microscope (STM) tip.[1617]
In addition, graphene origami occurs with external stimuli
such as temperature, 829 light,?!! strain,>*?! doping,[?3]
solvent,**! and also spontaneously due to the formation of
joint edges in the growth process.! Chen et al. realized
the atomically precise and direction-controllable folding of
graphene nano island (GNI) using an STM tip at ultra-low
temperature.!!”! To optimize origami protocols, it is essential
to elucidate the dynamics and kinetics at atomic level and un-
derstand the key factors that control the folding. This is, how-
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ever, very challenging, as the process is too fast to be charac-
terized by using state-of-the-art experimental techniques.

Many efforts have been devoted to investigating the pos-
sibility of graphene origami using molecular dynamics. It in-
cludes the origami induced by hydrogenation,?%2") surface-
functionalization,?8! crease,>”! scanning probe microscope
tips,[!3-17] etc. Researchers reported the feasibility and critical
size of a half fold and a French fold by combining static atom-
istic computations with a continuum model.*° However, the
dynamics and kinetics at the atomic level, including the evo-
lution of structure and energy during the folding process, the
critical force to realize origami, and the stability of the folded
graphene nano islands, which are crucial to controllable fold-
ing and further application, are still lacking.

In this work, the dynamics and kinetics of GNIs origami
are explored by using steered molecular dynamic simulations
(SMD) at an atomic level. SMD has been extensively used to
investigate DNA folding/unfolding,3!! force-activated molec-
ular isomerization,3?! etc. We use ellipse-shaped GNIs with
minor/major axis ratios (Ly/L,) of 1/2 in all the simulations.
We find that the GNIs with armchair edges require smaller
critical forces to be lifted up than those with zigzag edges.
Moreover, a sharper edge requires a smaller critical force than
the blunt ones. The GNI reaches the lowest energy state as
the half-folded GNI is constructed. By analyzing the structure

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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and energy evolution during the origami process, we find that
the unfolding is determined by the competition between the
van der Waals (vdW) interaction in stacked regions and the
deformation energy in the curved region. Since the deforma-
tion energy does not change much during folding, the system
will be stabilized as the size of the stacked region increases.
Radial distribution functions (RDFs) of the curved region and
the variation of bond lengths show that the integrity of the GNI
is well preserved during the whole origami process, suggest-
ing the robust conjugated feature of GNI. We further evaluate
the stability of folded GNIs of different sizes whose lengths of
the long axis (L,) range from 60 A to 400 A at room tempera-
ture (RT). It turns out that the major-axis length of GNI should
be larger than 242 A in order to realize a stable single-folded
structure without the help of an external force.

2. Methods

The SMD simulations using the constant-force method
are performed to study the origami process of GNI on a highly
ordered pyrolytic graphite (HOPG) substrate. The ellipse-
shaped GNI with L, = 301 A on a four-layer HOPG substrate
is constructed to investigate the edge effects. To obtain the
critical force of GNI origami, a series of SMD simulations un-
der different constant forces are carried out. All SMD simula-
tions are conducted under NVT ensembles at 1 K. To test the
stability of the folded GNIs at room temperature, classic MD
simulations of the folded GNIs with various major axis lengths
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(60 A—400 A) are performed at 1 K and 300 K, respectively.
We use the general Amber force field (GAFF)!33! to de-
scribe the inter- and intramolecular interaction parameters of
GNI and the HOPG substrate. The simulations are carried out
with three-dimensional periodic boundary conditions using the
leapfrog integrator with a time step of 1.0 fs. Van der Waals
interactions are calculated at a cutoff distance of 12 A. The
bottom layer of the HOPG substrate is fixed in all simulations.
The v-rescale thermostat is chosen to control the temperature.
All MD simulations are carried out using GROMACS-5.1.2

package. 3]

3. Results and discussion
3.1. Structural evolution in origami process

The structural evolution of GNI origami is shown in
Fig. 1, including single-folding and z-folding. Firstly, we put
an ellipse-shaped GNI stacking on a HOPG substrate since
graphene origami with GNI in elliptical and round shapes has
been experimentally realized on HOPG.['”) The major axis of
the GNI is about 300 A, while the minor axis is about 150 A.
L, (Ly) represents the length of the major (minor) axis. The
ratio of Ly /L, equals 1/2 for all GNIs in this work. Then the
GNI origami process is explored by constant-force SMD sim-
ulations under NVT ensemble at 1 K. A constant force (F') has
been applied at the end of the GNI with a direction indicated
as red arrows in Fig. 1.

z-folded GNI
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—
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. c\l\\\\\\\\\\\\\\\\M
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vi

Step 4

Half-folded GNI

Fig. 1. The structural evolution of GNI origami. Single-folding and z-folding processes are realized after these simulation steps. Moss green
arrows connect the initial and final structures in every simulation step. The two hollow arrows represent the formation of the half-folded GNI
in step 3. The red arrows show the direction of the force (F') applied in each simulation step.

In step 1, a force along [001] is applied at one end (the
red dot in Fig. 1i) of the ellipse-shaped GNI for 1 ns. A ver-
tical force here is necessary to detach GNI away from HOPG,

rather than forces in other directions (such as [201] in step

2), making GNI slide on HOPG. The GNI eventually achieves
equilibrium (Fig. 1ii) in step 1. Then, the direction of the force
is changed, making the lifted side move further away from the
substrate (step 2). When the center of mass of the pulled re-
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gion is higher than a particular height (Fig. 1iii), the GNI is
bent downward and continues to move leftward with force in
[201] direction, realizing a folded structure shown in Fig. 1v
(step 3). A half-folded GNI (Fig. 1iv) is obtained during this
step. Here, the minimal force to realize folding is denoted as
a critical force (F¢, Fig. Sla in the ESM). The lifted height of
the center of mass of the pulled region is denoted as h. At the
beginning of step 3 (Fig. liii), the minimal # to realize fold-
ing under an external force is shortened to A (Fig. S1b in the
ESM). z-folded GNI is achieved by repeating steps 2 and 3
as indicated in Figs. 1vi and 1vii. The line profile of the z-
folded structure (Fig. S2 in the ESM) shows that the heights of
single-folded and z-folded areas are 6.7 A and 10.1 A, respec-
tively, which agree well with those reported in experiments
(7.0 A and 10.5 A, respectively).!!7-3] The agreement between
the simulated and the experimental results prove that the force
field we used is good enough to reproduce the experimental
process. Therefore, we use this force field to do further simu-
lations and understand the dynamic process at an atomic scale
based on the simulation results.

3.2. Edge effects on GNI origami

Firstly, we investigate the edge effect on the origami pro-
cess with the pulling force applied on the GNI edge. Here,
zigzag and armchair edges are considered since the previous
work showed that the folded graphene along these two edges
is more prevailing.[*®) The geometric structures of the two
GNIs with armchair and zigzag edges, i.e., AGNI and ZGNI,
on HOPG are shown in Figs. 2(a) and 2(b), respectively. For
comparison, both GNIs have 13826 carbon atoms. The L,s of
the two GNIs are 301 A and 303 A. Both GNIs are asymmetric
with a sharp edge and a blunt edge, as shown in the zoom-in
configurations of Fig. 2. There are three and nine carbon rings
at the sharp edge and blunt edge, respectively. For simplic-
ity, we use AGNI3 (AGNI9) to denote an AGNI with a sharp
(blunt) edge, while ZGNI3 (ZGNI9) for ZGNI. The constant
pulling force is applied on carbon atoms at one of the ends
marked as red dots in the zoom-in structures in Fig. 2.

A successful folding requires an external force larger than
F. and the & higher than h.. Here, h. decreases with the in-
crease of F while F is larger than F. (see Fig. S1b). The
F. for AGNI3, AGNI9, ZGNI3, and ZGNI9 are 0.747 eV/A,
0.811 eV/A, 0.772 eV/A, and 0.996 eV/A, respectively
(Fig. S1a). Comparing AGNI and ZGNI with the same width,
the F; for an armchair edge, for example, AGNI3, is lower
than that of a zigzag edge, ZGNI3. For the same GNI, the F;
of AGNI3 (ZGNI3) is smaller than that of AGNI9 (ZGNI9).
We then conclude that the GNI with an armchair edge is easier
to realize folding, and a sharper edge is friendly for the folding
for both armchair and zigzag edges.

;I;}"J;U‘J;J;U;U?l‘ 2898
””@“f)}g{ff f ASLses

Fig. 2. Structures of GNIs with armchair and zigzag edges on a four-
layer HOPG substrate. The GNIs with armchair (a) and zigzag (b) edge
structures along the major axis. Pulling forces are applied at the region
marked by red dots in the zoom-in figures. The carbon atoms in GNI,
the top layer, and the bottom three layers of the HOPG substrate are
colored in grey, orange, and light grey, respectively. Hydrogen atoms in
GNIs are in light grey, while the balls are smaller than those represent-
ing carbon atoms.
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Fig. 3. Number of C—C bonds non-vertical to the folding direction along
the major axis of GNIs. Red and blue stars denote the numbers of bonds
non-vertical to the major axis of ZGNI and AGNI, respectively. The
top and bottom panels are corresponding configurations of ZGNI and
AGNI, respectively. For simplicity, only carbon atoms are considered
and shown here.

Carbon—carbon (C-C) bonds non-vertical to the major
axis will impede the folding process since the folding direc-
tion is along the major axis. To reveal the influence of the con-
figuration of different edges on the GNI origami, we plot the
distribution of the C—C bonds along the major axis of AGNI
and ZGNI (Fig. 3). Only the C—C bonds that are non-vertical
to the major axis have been counted. The distance in Fig. 3
begins at sharp edges (left) and ends at blunt edges (right) for
both AGNI and ZGNI. Both major axes of AGNI and ZGNI
are divided into 50 segments. For either AGNI or ZGNI, the
sharp edge has fewer C—C bonds than the blunt edge. Taking
the ZGNI as an example, the sharp edge (left) consists of 79
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C-C bonds, while 92 bonds for the blunt edge (right) within
a length of 6 A. Thus, to lift and fold a GNI, a sharper edge
needs a smaller critical force, in accordance with the previous
results. In addition, the number of C—C bonds non-vertical
to the major axis in the AGNI is smaller than that in the ZGNI
along the major axis, indicating that the critical force for AGNI
origami is smaller than that for ZGNI.

3.3. The potential energy evolution in GNI origami process

The GNI origami process follows steps 3-5 in Fig. 1.
Since the evolution of potential energy (Ep) and the corre-
sponding configuration are beneficial to understanding the
complex dynamics of the origami process, we analyze the evo-
lution of Ejs for the whole system and for the GNI (Fig. S3 in
the ESM). Here the GNI with L, of 301 A is used as an ex-
ample. The potential evolution in the z-folding process (steps
4 and 5 in Fig. 1) is similar to that in the single-folding pro-
cess (steps 2 and 3 in Fig. 1). Therefore, we focus on the
single-folding process shown in Fig. 4(a). In step 1, the ver-

/

tex where the force is applied is pulled ~ 1 A away from its
original position to equilibrium. The E, of the GNI and that
of the whole system remain almost unchanged (red and black
curves, respectively).

In step 2, the GNI is pulled away from the substrate un-
der a force along [201] direction. Detaching the GNI from
the HOPG substrate reduces the vdW stacking region and de-
creases the effective interaction between the GNI and the sub-
strate, leading to an increase of Ej, of the whole system. Mean-
while, as the curved region increases, strain occurs in more
and more C-C bonds. Therefore, the Ejs of the GNI and the
whole system increase. In step 3, the vertex is bent down and
approaches the GNI region still on the substrate, resulting in a
bilayer GNI region and a half-tube region. Thus, at the begin-
ning of step 3, the evolution of £, should be derived from the
competition among three factors, the increasing vdW interac-
tion inside GNI, the decreasing vdW interaction between the
GNI and the HOPG substrate, and the increasing deformation
energy of the half-tube region.

7
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Fig. 4. The E, evolution and corresponding configurations in the single-folding process. (a) The potential energy of the system (black curve)
and that of the GNI (red curve) as a function of simulation time. Different colors in the background indicate different simulation steps. (b) A
magnified view of the E}s in the red dashed rectangle in (a). The vertical dashed lines indicate a particular simulation time. The corresponding

configurations of GNI are shown in the right panel.

The first factor decreases the E, of the GNI, while the
other two factors increase the E, of the GNI. The competition
results in potential-energy peaks in the folding process indi-
cated by the red dashed rectangle in Fig. 4(a) and highlighted

in Fig. 4(b). The E,s of GNI and the whole system exhibit
peaks at 1025 ps (dashed line A). The GNI forms a curved re-
gion (right panel of Fig. 4(b)) with a height of ~ 12.25 A. The
height of the curved region is much larger than the well-known
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interlayer distance of graphite (~ 3.4 A) and the equilibrium
height of the half-tube (H, ~ 7.2 A, see Fig. S4 in the ESM).
The stain in the curved region leads to a high E;, state. As the
folding continues, the bilayer region forms with the interlayer
distance decreasing to about 3.4 A at 1028 ps (dashed line B).
Meanwhile, the half-tube height (H) decreases to 8.26 A. The
effective vdW interaction results in a low E, state.

Next, the GNI enters another high E, state at 1029 ps
(dashed line C), which is caused by the small H ~ 5.58 A in
configuration C (right panel of Fig. 4(b)). At 1030 ps (dashed
line D), the H is almost unchanged, while the AB stacking
area of the bilayer region increases (see Fig. S5 in the ESM).
The increased AB stacking area inside the folded GNI lowers
the E;, of GNI (see Fig. S6 in the ESM). Therefore, the E,
of GNI decreases slightly while the E, of the system contin-
ues to increase. At 1031 ps (dashed line E), the curved region
evolves close to its equilibrium (~ 8.18 A) with a decreased
deformation energy. Thus, the Ejs of both GNI and the sys-
tem decrease. In the following process, the H vibrates around
the He, while the Ej, of the GNI decreases as the bilayer region
expands. We notice that the £}, of the whole system keeps in-
creasing though that of the GNI decreases in step 3, indicating
that an external force is necessary during the folding process.

3.4. Structural changes in the GNI origami process

The sp® hybridization of the carbon atoms is crucial
for the folded GNIs to retain their properties. The 1.40 A
bond length corresponds to the representative C—C bond in
graphene. We then calculate the normalized radial distribution
functions (RDFs)!37! of the curved region of the half- and z-
folded AGNI and compare them with the RDF of an unfolded
AGNI. Figures 5(a) and 5(b) show the top and side views of
half- and z-folded AGNI. The corresponding RDFs are plotted
in Fig. 5(c). The RDF of the unfolded GNI shows the first peak
at 1.40 A and the second one at 2.42 A, which are attributed to
the distances between the nearest neighboring C atoms and the
next nearest neighbors, respectively. The bond lengths in the
curved regions are close to those in the unfolded GNI. Thus,
the sp? hybridization of the carbon atoms in curved regions is
reserved after GNI origami.

In addition, the RDF peaks of the curved regions are rel-
atively broader than those of the unfolded GNI, demonstrat-
ing that some of the C—C bonds are slightly stretched or com-
pressed. We then investigate the variation of bond length dur-
ing the origami process. The maximum, minimum, and aver-
age values of C—C and carbon-hydrogen (C-H) bond lengths
as a function of simulation time are shown in Fig. S7. The C-C
bond lengths range from 1.36 A to 1.44 A, very close to those
in the unfolded GNI (1.40 A), suggesting that all the carbon
atoms are still sp? hybridized. The lengths of the C—H bonds
vary slightly between 1.07 A and 1.10 A. By comparing the

RDFs and bond-length evolution in the folded and unfolded
GNI, we find that the origami process neither induces the for-
mation of new chemical bonds nor breaks the preexisting C—C
bonds. The sp? hybridization nature of the GNI remains after
origami.

1.40 A 242 A

50 — Green curved region in (a)

| Y

— Blue curved region in (b)

(a) _ (c)

|
) A A R
— Red curved region in (b)
A “ A R

| Unfolded GNI

n ﬂh Ah

1 2 3 4 5 6

Fig. 5. RDFs of the folded and unfolded GNI. (a) and (b) Top and side
views of half- and z-folded GNI. The curved area of half-folded GNI is
colored green. Blue and red represent the lower and upper curved regions
in a z-folded GNI. (c) RDFs of the curved and unfolded regions in GNI.
The gray line is the RDF of an unfolded GNI. Green, blue, and red lines
denote the corresponding RDFs of the curved region shown in (a) and (b).

3.5. Stability of folded GNIs

A stable folded structure is key to potential applications.
To test the stability, a 2-ns MD simulation at RT is performed
for the half-folded GNI without an external force. The initial
and final structures are given in Fig. S8. It is found that the
half-folded GNI with a random stacking mode (Fig. S8b in
the ESM) transforms into a stable AB stacking configuration
(Figs. S8c and S8d in the ESM). Comparing the configura-
tions before and after the simulation, the folded GNI (Fig. S8c)
slightly unfolds when we remove the external force. A folded
GNI, with L, smaller than 240 A, unfolds completely when
the external force is removed. Above simulations suggest that
unfolding barriers exist for half-folded GNIs.

The unfolding process is almost the reverse of the folding
one. Therefore, the unfolding barrier (AE) can be extracted
from the E,, evolution of the system at the last several picosec-
onds of the single-folding process. We amplify the potential
energy of the GNI with L, of 301 A in the last few picosec-
onds of the single-folding process (red rectangle in Fig. 6(a))
to demonstrate the feasibility of extracting AE,, from the fold-
ing process. The half-folded GNI is formed at 1080.2 ps. The
corresponding configuration is shown in Fig. S8b. The poten-
tial energies show oscillation in the last few picoseconds. If the
folded GNI overcomes the oscillation amplitude, it unfolds.
Here, the unfolding barrier AE, is described by the largest os-
cillation amplitude in the last few picoseconds.

The AE,, of the half-folded GNI is 2.64 eV, which is diffi-
cult to overcome at RT. It means if the half-folded GNI unfolds
to the configuration at 1107.6 ps (Fig. S8a in the ESM), the un-
folding process stops. The unfolded configuration is shown in
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Fig. S8c after an MD simulation at 300 K for 2 ns. The con-
figuration is very similar to the one at 1107.6 ps, supporting
that the unfolding process is a reverse folding process. The
folded structure (Fig. S8c) remains after a 4-ns MD simula-
tion at 300 K (Fig. S8d), confirming a stable half-folded GNI

at RT. Besides, three GNIs with L,s smaller than 301 A are in-
vestigated, with their AE,s summarized in Figs. 6(b)-6(d). It
shows that the AE,, decreases as the L, decreases, suggesting
there is a critical size of the stable folded GNIs with decreasing
AE,.
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Fig. 6. Potential energy evolution and the stability of the folded GNIs with different sizes. (a)—(d) The potential energy evolution of GNIs with
L, =3013 A, 2759 A, 251.7 A, and 201.9 A in the single-folding process (left panels) and the zoom-in figures of the red rectangles (right
panels). (¢) Unfolding barriers (AE}s) of GNIs as a function of L, ranging from 60 A t0300 A. The AE,s of GNIs with L, is fitted as a red line.
The critical size (L,.) of a stable folded GNI at RT is marked by a red dot.

To find out the critical size of the stable half-folded GNI at
RT, we analyze the evolution of E,, of the single-folded GNIs
with different L,s ranging from 60 A to 400 A and extract the
corresponding AE,s. The AE, exhibits an approximately ex-
ponential relationship with L, as shown in Fig. 6(e). The AE,
is zero when the L, of the folded GNI is less than 150 A, in-
dicating that the folded GNI prefers a spontaneous unfolding
until it fully expands on the HOPG substrate. We perform MD
simulations for these half-folded GNIs with L,s smaller than
150 A at RT and find that all of them unfold. When the L,
is larger than 250 A, the AE,, is higher than 0.234 eV and in-
creases quickly as the L, increases, suggesting the unfolding
process is unlikely to happen. MD simulations of these half-
folded GNIs confirm their stability at RT. Given that the AE,
almost increases linearly with L,, we fit a line across these
points with L, ranging from 250 A to 300 A, (green line in
Fig. 6(e)). The intersection of the green line and the blue
dashed line of AE,, = 0 can be regarded as the critical size of a
stable folded GNI structure. The critical size is Ly = 242 A.
Then, we performed MD simulations of folded GNIs with L,s
of 241 A, 247 A and 249 A at RT and found that the GNI with
L, of 241 A unfolds while the rest two remains the folded con-

figuration. It further confirms that the critical size of the stable
folded GNIs is around L, of 242 A.

Furthermore, we have performed computational analysis
from a thermodynamic perspective and concluded that the crit-
ical size of the stable folded GNIs is between 240 A and 250 A
(Table S1 in the ESM), which is consistent with the critical
size (242 A) obtained by fitting the unfolding barriers. In ad-
dition, the thermal stability of the folded GNI with L, = 300 A
has been explored. It is found that the folded GNI is stable up
to 1000 K (Fig. S9 in the ESM), indicating a good thermal
stability.

4. Conclusion and perspectives

In summary, the process of GNI origami on a HOPG sub-
strate is uncovered at the atomic scale by using SMD simu-
lations. It is found that applying an external pulling force
at a shaper armchair edge is optimal for realizing graphene
origami. During the single-folding process, the potential en-
ergy of GNI firstly increases due to the formation of the curved
region and then decreases as the vdW stacking region forms.
Comparing the RDF of the curved region with the unfolded
GNI and the bond-length evolution in the origami process, we
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find that the sp? hybridization of the carbon atoms retains dur-
ing the folding process. It is worth noting that the folded GNI
with L, larger than 242 A is stable at RT and changes to an
AB stacking mode when the external force is removed. These
findings are helpful to better understanding the mechanism and
structure evolution in the GNI origami process. It paves the
way for pursuing other 2D materials origami and provides a
guide to preparing origami-based nanodevices in experiments.
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