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ABSTRACT: Here, we studied the interwall friction and sliding behaviors of
double-walled carbon nanotubes (DWCNTs). The interwall friction shows a
linear dependence on the pullout velocity of the inner wall. The axial curvature
in DWCNTSs causes the significant increase of the interwall friction. The axial
curvature also affects the sliding behavior of the inner wall. Compared with the
axial curvature, the opening ends of DWCNTs play tiny roles in their interwall
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icro/nano-electrical-mechanical systems (M/NEMS) ultrahigh frequency longitudinal oscillators, nanomotors, fast
have been witnessed with flourishing development in switches, ultrasensitive sensors, fine positioning devices,
the past decades, in company with new scientific studies and gyroscopes, etc.
technical applications." With the reduction of mass and volume, Because of the difficulty in nanomanipulation, only a few
the interfacial friction becomes a bottleneck for M/NEMS due experimental studies were reported on the sliding or rotational
to their extremely high surface-to-volume ratio.” Despite the behaviors of MWCNT walls” > in spite of the progress in the
fundamental and practical importance of friction and the theoretical studies on the interwall interactions of
growing efforts in the field, many key aspects of this MWCNTSs.'* 7101925728 Ror example, a “sword-in-sheath”
phenomenon are still not well understood. Extensive studies mechanism was proposed to interpret the sliding of inner
have been focused on reducing frictions between solid surfaces, walls in MWCNTs.” A controlled and reversible telescopic
and a new concept, superlubricity (a phenomenon in which extension of nanometers Iong MWCNTs was realized with
friction almost vanishes between two incommensurate solid ultralow friction.'” As a recent breakthrough, we experimentally
surfaces)," ' was proposed. It is always a challenge to study demonstrated that centimeters long inner walls could be
friction at the nano- or even atomic scale. Multiwalled carbon continuously pulled out from defect-free double-walled carbon
nanotubes (MWCNTS), consisting of multiple coaxial cylin- nanotubes (DWCNTSs) under ambient conditions, and the
drical walls with an approximate wall spacing of 0.34 nm and interwall friction was independent of the pull-out length.” In
extremely high aspect ratios (10°~10%), are known with only spite of the above progress, many key issues about the interwall
van der Waals (vdW) interaction rather than chemical bonds friction and sliding behaviors in MWCNT still remain unclear.
between their walls.'>*® The inner walls of MWCNTS tend to For example, little is known about the influence caused by tube
slide or rotate easily against the outer ones under external
loadings, rendering them an ideal candidate for the study of Received: November 25, 2015
interfacial friction and superlubricity ranging from nano- to Revised:  January 10, 2016
macroscale and for the fabrication of M/NEMS such as Published: January 19, 2016
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Figure 1. Pull-out of the inner wall from a DWCNT with a probe. (a) SEM image of as-grown ultralong CNT arrays. (b) High resolution TEM
image of a DWCNT. (c) SEM image of a suspended DWCNT decorated with TiO, nanoparticles. (d) Illustration of pulling the inner wall out from
a suspended DWCNT decorated with TiO, nanoparticles. (e) SEM image of pulling the inner wall out from a DWCNT (the z-direction of the
probe movement is perpendicular to the plane). (f) TEM image of a DWCNT with inner wall partly pulled out. (g) SEM image of a silicon nanowire
fixed on a tungsten probe. (h) SEM image of transferring the extracted inner wall from a probe to a silicon nanowire. (i) SEM image of using a

silicon nanowire to measure the interwall friction of a DWCNT.

axial curvature and pullout velocity of inner walls on the
interwall friction and sliding behaviors of MWCNTs. In
addition, few experimental observations have been obtained
on the effect of fractured ends on the interwall friction of
MWCNTs. It is also of significance to investigate the issues
such as the detailed inner wall sliding behaviors, the diameter
variation, and the sequentially pull-out of different inner walls
from MWCNTs, etc. Addressing these issues is essential to
obtain a thorough understanding of the interwall friction and
sliding behaviors in MWCNTs. In this work, we choose
centimeters long DWCNTSs as a prototype to investigate the
interwall friction and sliding behaviors of MWCNTSs. We find
that the interwall friction shows a linear dependence of the
pullout velocity of the inner wall. The interwall friction in
curved DWCNTs is much higher than that of straight
DWCNTs. The axial curvature plays a key role in the interwall
friction of DWCNTs and also affects the sliding behaviors of
the inner wall. Compared with the axial curvature, the opening
ends of DWCNTs have weak influence on their interwall
friction.

Horizontally aligned ultralong CNTs (Figure la) were
synthesized on silicon substrates through chemical vapor
deposition. DWCNTs with perfect structures (Figure 1b)
were chosen for the interwall friction test. To facilitate the
manipulation of individual DWCNTS, centimeters long silicon
slices with trenches (0.1—1 mm wide, 5—10 mm long, and 0.1—
0.5 mm deep) were used as substrates to grow DWCNTs in
situ, which would partly suspend on the trenches (see Figure S1
in Supporting Information).*>”" Because of the nanometer-
scale diameters of these DWCNTs, it is difficult to quickly find
individual suspended DWCNTs in a scanning electron
microscope (SEM) even with high resolution. To quickly
identify the position and orientation of individual suspended
DWCNTs, we decorated them with TiO, nanoparticles, which
were proven to be a good indicator to show the position of
individual suspended DWCNTs even with low resolution
(Figures 1lc and §2).7*" The TiO, nanoparticles only
attached on the outer surface of the DWCNTSs and had no
influence on the pristine properties and interwall interactions of
these DWCNTs.”® To investigate the inner wall sliding
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behaviors and the interwall interactions of DWCNTs, a
tungsten probe was used to pull out the inner walls from
DWCNTs (Figure 1d,e). The probe was fixed on a nano-
manipulation stage fixed in a SEM (Figure S3). A suspended
DWCNT was fixed onto the probe by depositing some
amorphous carbon onto the contact point between them
(Figure S4). After the deposition of amorphous carbon, the
suspended DWCNT was able to be stretched by the probe. The
TiO, nanoparticles deposited on the outer surface of the
suspended DWCNTSs were key to indicate the inner wall pull-
out process. Figure 1, panel d is an illustration showing pulling
the inner wall out from a DWCNT by a probe. As shown in
Figures 1, panel e, and S5, when moving the probe from the left
to the right, a suspended DWCNT was elongated and all the
TiO, nanoparticles moved and changed their positions
accordingly. With the continuous moving of the probe, a
TiO, nanoparticle (shown by the red arrow in Figure S5)
suddenly stopped moving but still kept in a line with all the
other particles, indicating the outer wall of the DWCNT had
been broken and began to remain in a free state. With the
continuous moving of the probe, the inner wall was
continuously pulled out from a DWCNT (Figure 1f). In
addition, the extracted inner wall could also be transferred using
the probe to a transmission electron microscopy (TEM) grid
for the high resolution TEM characterization (Figure S6). To
measure the interwall friction of the DWCNTSs, silicon
nanowires (30—40 pm in length, 100—250 nm in diameter)
were employed as the force cantilevers (force constant: K = 1—
10 nN/pm). Figure 1, panel g shows a silicon nanowire, which
was fixed onto a tungsten probe by depositing amorphous
carbon on the contact point between them.

As mentioned earlier, a probe was employed to stretch the
suspended DWCNT, break its outer wall, and then pull the
inner wall out. To measure the interwall friction of the
DWCNT, as shown in Figure 1, panel h, once the inner wall
was partly extracted by a probe, the partly extracted inner wall
was carefully released from the probe and then directly attached
to the silicon nanowire. The reason why we did not use the
silicon nanowire alone to break the out wall of DWCNTS, pull
the inner wall out, and then directly measure the interwall
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friction lies in the following fact. As is known, the tensile
strength of a CNT wall is 50—120 GPa***"** depending on the
defects in the CNTs. For a DWCNT with the outer diameter of
3 nm, the total force needed for breaking its outer wall would
be 350—850 nN, which is much larger than the interwall
friction of the DWCNTs (usually 1-20 nN).* If we directly
use the silicon nanowire to stretch the DWCNTs, there will be
a large snap back of the soft silicon nanowire just after the
DWCNT breaks, which will causes the sudden breaking of the
inner wall and the total separation of the fragments. In
comparison, the strategy proposed here, that is, transferring the
partly extracted inner wall from the rigid tungsten probe to the
soft silicon nanowire, offers an ideal method to smoothly pull
out the inner walls from DWCNTSs and measure their interwall
friction. During the pulling-out of the inner wall from a
DWCNT, the silicon nanowire had an axial deformation due to
the tensile force caused by the interwall friction of the
DWCNT (Figure 1i). The deformation of the silicon nanowire
was recorded and the corresponding pulling force was obtained
by multiplying the deformation of the silicon nanowire with its
force constant K. According to Newton’s Third Law of Motion,
the interwall friction is equal to the pulling force.

In our previous work, we have measured the interwall friction
of centimeters long straight DWCNTSs with perfect structures,
which are usually 1—4 nN, depending on the diameter of the
DWCNTSs.”” However, many key issues about the interwall
friction, such as the effects from the pullout velocity, the axial
curvature, and the CNT ends, etc., still remain unclear. Here,
we first investigated the relationship between the interwall
friction and the pull-out velocity of the inner walls in
DWCNTs. At the macroscale, dynamic friction is almost
independent of the velocity. In contrast, friction force at the
nanoscale exhibits obvious different behaviors, and numerous
phenomena of velocity-dependence of friction were found on
the nanoscale.”***™*® A linear dependence of friction on
velocity in simulations of oscillating CNTs was observed based
on the assumption that the time scale for relative motion of the
CNTs is large compared to the motion of the atoms within a
given CNT.” Figure 2 shows the relationship of the pull-out

Interwall friction (nN)
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Figure 2. Relationship between the interwall friction and the pull
velocity of inner wall.

velocity of the probe with the corresponding interwall friction
of a 3 mm long DWCNT with diameter of 2.67 nm (Figure
S7). The velocity was controlled by changing the speed of the
rotation movement of the W-tip on the four-nanoprobe-system
(see Methods). From the video taken on the SEM, we could
directly get the pull velocity of the inner wall. The friction could
be calculated from the deformation of the silicon nanowire.
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From Figure 2, we can see that the larger the pull velocity is,
the higher the interwall friction is, exhibiting a linear
relationship with the pull velocity. This is the first experimental
observation of the velocity-dependent interwall friction in
CNTs. Molecular dynamics simulations were used to study the
mechanical dissipation in nanometers long CNT oscillators,
and the interwall friction in these CNTs was found to depend
on the relative velocity of the inner walls.”® This kind of
velocity-dependent friction was believed to be a Stokes-like
viscous drag.40

The axial curvature has significant effect on the interwall
interaction of DWCNTSs. We use the curvature radius r (see
Figure S8) to describe the axial curvature of a DWCNT. The
smaller the curvature radius of a tube is, the higher the axial
curvature. Figure 3, panel a shows the experimentally measured
relationship between the interwall friction of DWCNT's and the
axial curvature radius. The pullout velocity was kept to be 1
um/s during the whole experimental process. It is obvious that
the interwall friction with higher curvature (i.e., smaller
curvature radius) is higher than that with lower curvature.
With the decrease of the curvature radius (i.e., the increase of
the axial curvature), the interwall friction of the DWCNTs will
increase accordingly. Especially, when the curvature radius of
DWCNTs is smaller than 2 ym, the interwall friction have a
sharp increase. For a DWCNT with a high axial curvature, there
will be a large deformation energy in the curved DWCNT
walls. Thus, the shear strength and the dissipation energy
during the inner wall pull-out process will be much higher than
that of straight DWCNTSs, which accordingly causes a sharp
increase of the interwall friction.

To further understand the effect of axial curvature on the
interwall friction of DWCNTSs, theoretical calculations were
performed with a DWCNT with chiral index of (6, 6) @ (11,
11) chosen as a prototype to investigate the change of the
wall—wall interaction in DWCNTs with axial curvatures. As
shown in Figure 3, panel b, an axial curvature was exerted on a
50 nm long DWCNT. The persistence length of a CNT is
about 0.8 um,"" which means that for a CNT with length
shorter than 0.8 ym, we cannot treat it as a flexible or soft string
but as a rigid rod. Therefore, when the DWCNT shown in
Figure 3, panel b has an axial curvature, its wall—wall distances
on the curved section will vary accordingly (Figure 3c). Besides,
by using Figure 3, panel b, we can estimate the curvature radii
corresponding to curvature height 1 and S nm to be about 0.35
and 0.07 um, respectively. The dynamical friction force for the
DWNT with these curvature radii should be at least 30—300-
times greater than for straight DWNT. Here, we used the
curvature height (Ah, shown in Figure 3b) to simply describe
the degree of the axial curvature of the DWCNT. The higher
the Ah, the larger the axial curvature. For the DWCNT of (6,
6) @ (11, 11), the equilibrium distance between both the top
and the bottom walls is 3.365 A. With the increase of the
curvature height (Ah) from 0 to 50 A, both the top wall—wall
distance and the bottom wall—wall distance will break its
equilibrium state, but exhibit different behaviors, separately. As
shown in Figure 3, panel d, the top wall—wall distance (d) has
a continuous decrease with the increase of Ah. When the Ah
reaches 50 A, the top wall—wall distance will be as low as 3.295
A. In comparison, for the bottom wall—wall distance (dr), it
first increases until reaching a maximum value of 3.388 A. After
that, the bottom wall—wall distance decreases gradually and
finally reaches 3.36 A. The change of the wall—wall distances
produced by the curved DWNTs breaks the equilibrium that

DOI: 10.1021/acs.nanolett.5b04820
Nano Lett. 2016, 16, 1367—-1374


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b04820/suppl_file/nl5b04820_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b04820/suppl_file/nl5b04820_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b04820/suppl_file/nl5b04820_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b04820

Nano Letters

a 25

- - N
o (3.} o
T T T

Interwall friction (nN)
(4]

ol 1 1 1 1

10 8 6 4 2 0

Curvature radius (um)

ot
©w
o«
T

@
w
o

o
w
N

Wall-Wall distance (A)
w

1%
A

Fod
w
o

Relative Energy (eV)

Wall-wall distance (A)

0.010 | o 3.39
[ o 3.29
0.008 | , 3.19
v 3.09
0.006 -
0.004
0.002
o.ooo A 1 1 1 1 1

02 00 02 04 06 08 10 1.2
Distance (A)

14 1.6

Figure 3. Effect on axial curvature on the interwall friction of DWCNTs. (a) Experimental relationship between the interwall friction and the axial
curvature radius of DWCNTs. (b) Model of the curved DWCNT (6, 6) @ (11, 11) via lifting the middle section. Ah is the curvature height. (c)
Enlarged illustration of the wall—wall distances of d; and dj in the rectangular box. (d) Relationship of wall—wall distance with curvature height. The
definition of curvature height (Ah) is illustrated in panel b. (e) The variation of the relative vdW energy versus the sliding distance of a bilayer
graphene (from A to B as shown in the inset) for different wall—wall distances. The sliding distance here refers to the distance when moving the one

of the graphite layer shown in the inset in panel e from A to B.

exists in straight ones and causes a sharp increase of the relative
potential energy between tube walls. As shown in Figure 3,
panel e, the smaller the wall-wall distance, the higher the
relative potential energy, that is, the larger the interwall friction.
Thus, the axial curvature significantly affects the interwall
interaction in DWCNTs. Similar results can also be obtained by
using incommensurate bilayer graphene with smaller change of
0.06 A to the wall—wall distance (see Figure S9).

The axial curvature also affects the sliding behavior of inner
walls in DWCNTs. It is well-known that CNTs have a very
high tensile strength but a relatively low shear strength.*>*
This makes the CNTs easily break under large shear
deformation (i.e.,, with small bending angles). Figure 4 shows
the breaking of both the outer and inner walls of a DWCNT
under small bending angles. As shown in Figure 4, panels a and
b, a probe was used to stretch a suspended DWCNT. The
moving direction was initially vertical to the axial direction of
the DWCNT. With the continuous moving of the probe, the
outer wall of the DWCNT at the both sides broke, and then the
inner wall was pulled out from the outer wall (Figure 4c). From
Figure 4, panels c—g, we can see that the inner wall was
continuously pulled out from the two broken ends of the
original DWCNT. In the above process, the bending angle of
the right section of the inner wall became smaller and smaller,
while the bending angle of the left section first became smaller
and then became larger (Figure 4d—h). When the bending
angle of the right section of the inner wall reached 73°, the right
section of the inner wall suddenly broke, while the left section
of the inner wall still kept straight (Figure 4i). We can clearly
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see that the outer wall (with TiO, nanoparticles as shown in
Figure 4i) of the right section was also broken. As discussed
earlier, the large axial curvature (i.e, small bending angles)
results in the sharp increase of interwall friction, even the
complete locking between the inner and outer walls, thus
making the inner wall unable to be pulled out. With the
continuous stretching of the DWCNT by the probe, the right
section finally broke.

It has been reported, based on molecular dynamic simulation
on the pullout of inner walls in MWCNTSs, that inner walls with
fractured ends have pullout forces 3—4-times larger than those
for capped ends due to deformation of the fractured end.'®
Besides, an ab initio study was conducted on the edge effect on
relative motion of walls in carbon nanotubes.** It was reported
that the ends provided a considerable contribution to the
barrier to relative rotation of commensurate nonchiral walls.
However, it is not clear about the end effect for the
incommensurate CNTs. In addition, no experimental observa-
tion has been obtained yet. Here, we investigated the influence
of open ends of inner walls on the interwall friction of
DWCNTs. To get rid of the influence of root ends of ultralong
DWCNTs on their interwall friction, we first cut them from the
root ends by scratching them with a probe (shown in Figure
Sa). The cutting off of a DWCNT was judged in the following
way. When a voltage is exerted using the probe on a CNT, its
color becomes dark in SEM. Once the CNT has been cut into
two segments, only the one contacting the probe with a voltage
becomes dark (Figure Sb,c). We measured the interwall friction
of ultralong DWCNTs using the same method mentioned as
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Figure 4. Influence of axial bending on the sliding behavior of inner walls. (a) There are two suspended DWCNTs across a trench on the substrate.
(b) Stretching a suspended DWCNT with a probe. (c) The outer wall of the DWCNT broke, and the inner wall was pulled out from the outer wall.
(d—g) The pulling out process of the inner wall at different bending angles. The insets are high resolution SEM images showing the extracted inner
wall. (h, i) When the bending angle of the inner wall reached 73°, the right part of both the inner and the outer wall broke, while the left part still

kept straight.

used previously. To investigate the effect of open ends on the
interwall friction, we compared two different cases. As shown
by Figure S, panel d, the first case is cutting a DWCNT only
once to make it get rid of the effect of root end. The second
case is that cutting a DWCNT separately for many times, with
pulling the inner wall out for a certain length for each time.
Then we compared the forces needed for pulling the inner
walls with cutting a DWCNT only once (single-cut) and
cutting it many times (multicut). The pulling velocity of the
inner walls in each DWCNTs was kept almost the same, about
1 pm/s. The interwall friction of eight DWCNTs in the two
different cases is shown in Figure S, panel e. No obvious
tendency can be seen. As was proven in our previous work,”’
for an ideal DWCNT with a partly pulled-out inner wall, the
vdW interaction between the inner and outer walls can be
divided into two sections: the overlapped section and the edge
section. In the overlapped section, the interwall friction
vanishes due to the repetitive breaking and reforming of vdW
interaction between the adjacent walls. Theoretically, the total
vdW interaction of a DWCNT only depends on the
circumference of the outer shell (ie, the edge section).
Therefore, the interwall friction of a straight DWCNT with
perfect structures is independent of overlap length of DWCNT
walls. The fluctuation of the measured friction was mainly
attributed to the axial curvature of the as-grown ultralong
DWCNTs. Thus, compared with the axial curvature, the open
ends have a weak effect on the interwall friction of DWCNTs.

In summary, we systematically investigated the interwall
friction and sliding behaviors of centimeters long DWCNTs. A
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special test system was established for the inner wall pulling out
from the outer wall and the measurement of the interwall
friction in DWCNTs. The interwall friction shows a linear
dependence on the pullout velocity of the inner wall. The axial
curvature of DWCNTSs has a great effect on their interwall
friction. Molecular dynamic simulation shows that the wall—
wall distance varies greatly and causes a sharp increase of the
relative wall—wall potential energy when a DWCNT has an
axial curvature. This potential energy increase results in the
interwall friction increase. The axial curvature also affects the
sliding behavior of inner walls in DWCNTs. A large axial
curvature (ie., small bending angles) will result in the sharp
increase of interwall friction, even the complete locking
between the inner and outer walls, thus making the inner
wall unable to be pulled out. This makes the CNTs easily break
under large shear deformation. Finally, we compared the
interwall friction of DWCNTs after cutting them single and
multiple times and found that the opening ends of DWCNTSs
had no obvious effects on their interwall friction.

Methods. Substrate Preparation. Silicon substrate (5—10
mm wide, 10—100 mm long, and 0.5 mm thick) with 600 nm
thick SiO, layer on the surface was used as the substrate for
CNT synthesis. The silicon substrate was fabricated with many
trenches (0.2—0.3 mm deep) across the whole substrate.

CNT Growth. The catalyst precursor used in this work was
an ethanol solution containing FeCl; (0.04 mol L™"), which was
deposited onto the silicon substrate by microprinting method.
The iron precursor became iron nanoparticles after reduction in
H, and argon (H,/Ar = 2:1 in volume with a total flow of 200
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Figure S. Effect of opening ends on the interwall friction of DWCNTs. (a) Moving a probe to a DWCNT on the substrate. (b) Cutting off the
DWCNT by scratching with the probe on it. When applying a voltage through the probe onto the left section of the DWCNT, it became dark, but
the right section still stayed bright. (c) When the right section of the DWCNT was in contact with the probe with a voltage, it became dark, while the
left section became bright. (d) Ilustration of cutting the DWCNTs for single or multiple times. (e) Comparison of friction of single-cut and multicut

DWCNTs for different pull-out length.

sccm) at 900 °C for 25 min, which worked as catalysts for the
growth of CNTs at 1000 °C. The carbon source was CH,
mixed with H, (CH,/H, = 1:2 in volume with a total flow of 75
sccm) together with 0.43% H,O for accelerating CNT growth.
The growth time for the CNTs was usually 10—20 min, which
depended on the length of CNTs desired.

Deposition of TiO, Nanopatrticles on CNTs. The substrates
with suspended CNTs were taken into contact with TiCl,
vapor in ambient conditions for depositing TiO, nanoparticles
in a fume hood, where there was a humidity controller. The
contact time usually ranged from 3.0—7.0 s. After that, there
will be a lot of TiO, nanoparticles on the suspended CNTs.

Manipulation of Individual CNTs. A four-nanoprobe-system
(MM3A nanoprobe, Kleindiek Company) inside a FEI XL30F
SEM was used to manipulate individual CNTs. The nanoprobe
arm with a W probe mounted on it can be moved in three
directions: x, y, and z. The rotation movements in x- and y-
directions enabled the arm to move on a surface of a sphere
with an accuracy of about 2.5 nm. The radial movement of the
W probe in z-direction has the finest step of 0.25 nm. The
range of the rotation motor could be above 180°, while that of
the radial motion is 12 mm. All three movements could be
driven with varying speed. To measure the nanoscale forces of
the interwall friction of CNTs, a silicon nanowire was mounted
onto the W probe as a force cantilever. The force cantilever
used here was a silicon nanowire (30—40 ym in length, 100—
250 nm in diameter, force constant: K = 1—10 nN/um, which
was precisely measured using the electric field induced
resonance method”®). The force cantilever was fixed onto the
W probe attached on a nanoprobe arm. After the outer wall was
broken and the inner wall was pulled out from a MWCNT, the
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extracted inner wall was transferred from the probe to the force
cantilever and fixed the inner wall onto the force cantilever by
depositing some amorphous carbon on their contact point.
Then, the inner wall could be continuously pulled out by
moving the force cantilever to the right. The deformation of the
force cantilever was recorded, and the corresponding pulling
force could be obtained by multiply the deformation with K.

Cutting off a CNT with a Probe. First, cut off the CNT by
scratching a probe on it. When the CNT was cut off, if a voltage
was applied through the probe on one of the cutoff sections of
the CNT, it would become dark, and the other section would
still keep bright.

Characterization. The CNTs were characterized by SEM
(JSM 7401F, 1.0 kV; FEL XL30F, 3 kV), high-resolution TEM
(JEM-2010, 120.0 kV), and Raman instrument (Horiba HR
800, 632.8 nm).

Theoretical Modeling and Calculation. The DWNT of
(6,6) @ (11,11) in Figure 3, panel b is optimized by empirical
potential including REBO” potential (describing carbon—
carbon interaction of the intratube) and Lennard—Jones
potential (describing the wall-wall interaction). To produce
the curvature of the DWNT, the middle section of 30 nm
length was lifted to the expected height generally (1 A/lift) with
the configure fully optimized for each lift. The relative vdW
energies in Figures 3, panel e, and SS for bilayer graphene are
calculated by static calculation of the density functional theory
(DFT).

Details of DFT Calculation. All the DFT calculations are
performed by the Vienna Ab-initio Package (VASP). By using
the Perdew—Burke—Ernzerhof (PBE), the generalized gradient
approximation (GGA) is adopted for the exchange correlation
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with the spin polarization taken into account. The plan wave
cutoft energy is set to be 400 eV, and the projector-augmented
wave (PAW) is used as the pseudopotential. The convergence
criterion for energy and force is set to be 107* eV and 0.01 eV/
A, respectively. The unit cells for the commensurate and
incommensurate bilayer graphene are 2.46 A X 4.26 A X 10 and
8.67 A x 8.67 A X 10 A with the Monkhorst—Pack k-point
mesh of 14 X 8 X 2 and 4 X 4 X 2, respectively.
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