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Abstract

Rotation of the inner tube in a double-walled carbon nanotube (DWCNT) system with a fixed
outer tube is investigated and found to be inducible by a relatively high uniform temperature
(say, 300 K). We also found the mechanism of a gradientless temperature-driven rotating motor
lies in the inner tube losing its geometric symmetry in a high-temperature field. This mechanism
can be taken as a guide for designing a motor from such a bi-tube system. Using a computational
molecular dynamics (CMD) approach and the adaptive intermolecular reactive empirical bond
order (AIREBO) potential, the dynamic behavior of a bi-tube system subjected to uniformly
distributed temperature is studied. In particular, the effects of environmental temperature,
boundary conditions of the outer tube, and intertube gap on the dynamic behavior of the bi-tube
system are investigated. Numerical examples show that a bi-tube system with the inner tube
having 0.335 nm of interlayer gap produces the highest rotational speed.
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1. Introduction

Because of their ultra-high mechanical property (induced by
strong covalent bonds) within each individual tube and the
ultra-low interaction between adjacent tubes (due to van der
Waals interactions) [1-3], multiwall carbon nanotubes
(MWCNTs) have been considered important candidates as
building blocks for the next generation of nano-electro-
mechanical systems (NEMS) and many types of nanodevices
[4-10]. In particular, the coaxial structure of a MWCNT
restricts its translational and rotational motion with only a few
degrees of freedom (DOFs), making MWCNTs the key
component for the fabrication of nanotube-based switches,
rotors, and mass conveyors [11].

As indicated in [11, 12], for a double-walled carbon
nanotube (DWCNT), the track of motion is determined by the
mutual atomic interaction between inner and outer tubes.
Motion types are affected by configurations of atoms in a
nanotube, defined by its chirality, and commensurate/incom-
mensurate combinations of two coaxial nanotubes.
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Furthermore, the track of motion follows energy minima that
can consist of helical orbits ranging from pure rotation to pure
translation. This flexibility of the energy surface for motion
provides the framework to explore various motion-related
phenomena of MWCNTSs at nanoscale, such as vanishingly
small friction and thermal-gradient-induced motion.
Regarding thermal-gradient-induced motion, Schoen
et al [13, 14] simulated the thermophoretic motion of gold
nanoparticles inside a CNT with a thermal gradient on the
tube. Under the driving force induced by a thermal gradient of
0.2-4 Knm™, the drift velocity of nanoparticles was very
low: ~0.01-0.03 m s™'. Their results showed that the chirality
of CNT influences the velocity of nanoparticles. Barreiro et al
[11] experimentally confirmed that the atomic interaction
between nanotubes generated distinct kinds of motion,
namely rotation and/or translation along the nanotube axis,
and showed that the motion was driven by a thermal gradient
that generated a phononic current in one nanotube that hit and
dragged the second tube. Zambrano [15] proposed a thermal-
gradient-driven molecular linear motor based on DWCNTs.
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In his model, the outer tube is long and the inner tube is short
and capsule-like. With a thermal gradient on the outer tube,
thermophoretic force drives the motion of the inner tube
within the outer tube. A similar problem of a DWCNT-based
motor driven by a thermal gradient was also investigated by
Santamaria-Holek er al [16]. Using a molecular dynamics
simulation, Hou et al [17] investigated the relationship
between thermal driving force and a thermal gradient in a
DWCNT with two fixed ends of the inner tube. They con-
cluded that ‘the driving force is approximately proportional to
the temperature gradient, but not sensitive to the environ-
mental temperature’. Their results also imply that the force
increases to a near constant when the length of outer tube is
increased to Snm. A critical temperature is also suggested,
such that a system temperature higher than the critical tem-
perature leads to random motion of the inner tube, but if the
system temperature is lower than the critical temperature, the
motion of the inner tube can be directly controlled. Rurali and
Hernéndez [18] numerically simulated the thermophoretic
motion of the buckminsterfullerene inside a single walled
carbon nanotube (SWCNT) with a thermal gradient. Shenai
et al [19] drew the profile of interaction energy between two
tubes of a DWCNT subjected to a thermal gradient. They
implied that the thermophoretic motion of the outer tube
along the inner tube could be driven by the energy gradient
induced by a thermal gradient.

Clearly, for a linear bi-tube motor, a thermal gradient on
tube can produce an effective driving force for motion along
the axis. However, the same thermal gradient seems to have a
negligible effect on rotation along the axis of a DWCNT. That
is the major reason that no work has discussed the thermal-
gradient-driven rotational behavior of a DWCNT.

Besides thermal-gradient-driven motion, Tu and Ou-
Yang [20] modelled a DWCNT to study its potential as a
thermal ratchet. They showed that if the axial movement of
the outer tube was prevented, the system in a thermal bath
exhibited directional rotation when the temperature varied
with time. Zhang et al [21] discussed the possible rotational
behavior of a DWCNT bearing at the temperature of 300 K.
Guo et al [22] investigated the intertube interaction of a
DWCNT, and found that the edge force, which is the driving
force of a CNT-based actuator, is temperature dependent. Xu
et al [12] proposed a DWCNT-based device driven by tem-
perature fluctuation. They simulated the thermally excited
motion of DWCNTs at temperatures ranging from 10K to
1500 K and found when temperature increased to 300 K, and
1000 K, the axial sliding of an incommensurate DWCNT was
temporarily trapped due to structural distortion, where inter-
tube rotation was activated and sliding was paused. The
rotational behavior, however, was not investigated. In this
study, detailed rotational behavior of a DWCNT-based
rotating motor subjected to a uniform temperature fluctuation
is demonstrated using molecular dynamics simulations.
Indeed, environmental temperature, which contributes to the
kinetic energy of the atoms, is a key issue in the thermal
motion of the DWCNT [12]. It affects phonon vibration, and
may thereby cause the motion mode of DWCNT motor to
change between rotational and translational vibration [23, 24].

A DWCNT with a fixed outer tube at a constant environ-
mental temperature may be also expected to behave ‘magi-
cally’. In addition, Zou et al [25] simulated some mechanical
performance of multiwalled CNTs within the period of
100 ps, in which there is no compulsory fix to degrees of
freedom on the atoms of the outer tube.

2. Simulation results and discussion

In the present investigation, CMD simulation and AIREBO
potential, which provide accurate treatment of the energetic,
elastic, and vibrational properties of solid carbon [26], are
used to study the dynamic behavior of bi-tubes due to gra-
dientless temperature-driven force. A Nosé—Hoover heat bath
at the temperatures of 8 K, 150 K, and 300 K is carried out for
400 ps of relaxation before numerical analysis of the dynamic
behavior of the bi-tube system subjected to a uniform tem-
perature change (the microcanonical NVT ensemble, where N
is the total number of particles in the system, V is the sys-
tem’s volume, and T is the absolute temperature). After the
thermal bath the inner tube is free and the outer tube is partly
or fully fixed during the simulation. After relaxation, the
simulation time is about 5-9ns, and the time step for all
simulations is set to be 1 fs. To improve simulation accuracy
only one core is adopted in the computation. In the simula-
tion, the temperature is still a statistical value related to atom
velocity according to the state equation mv2/2 = 3kT/2,
where m is the mass of an atom, v is the average velocity of
the atom, k is the Bolzmann’s constant, 7 is temperature.

The internal conformation of a DWCNT is characterized
by the pair of chiral indices (n;, m;)/(n,, m,), where (n;, m;)
and (n,, m,) represent the chiral indices of the inner and outer
tubes, respectively. Three factors influencing the dynamic
behavior of inner tubes are investigated in the following
simulations. They are environmental temperature, length of
fixed parts of outer tubes, and intertube gaps. Five DWCNT
models (figure 1) are considered, and their parameters are
listed in table 1.

2.1. Effect of environmental temperature

In this subsection, the DWCNT (9, 9)/(14, 14) shown in
figure 1(a) is used, where the outer tube is fully fixed on
DOFs. The inner tube is free. After 400 ps of thermal bath, the
dynamic behavior of the inner tube is simulated at three dif-
ferent environmental temperatures: 8 K, 150 K, and 300 K.
The top layer of figure 2(a) shows the position history of
the mass center of the inner tube (MCIT) in simulation. As the
temperature is very low (8 K), the amplitude of inner tube is
very small, i.e., the position of the MCIT is very close to its
initial position. Simultaneously, no rotation of the inner tube
occurs along the axis of the tube (yellow line in the bottom
layer in figure 2(a)). The inner tube, thus having low kinetic
energy with respect to the low temperature, cannot be driven
to move either translationally or rotationally along the axis.
At 150K, the translation motion of the inner tube
becomes very clear after 4000 ps (the top layer in figure 2(a)).
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(a) (9,9)/(14, 14)
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Figure 1. Five DWCNT models used in simulation (orange atoms on outer tubes are fixed on DOFs).

Table 1. Parameters of DWCNTs in figure 1.

DWCNT Tube lengths (nm) Intertube gap (nm) Number of atoms
(9, 9)/(14, 14) in figures 1(a), (b) 5.986/3.991 0.343 882/924
(9, 9)/(16, 11) in figure 1(c) 2.993/1.972 0.315 450/428
9, 9)/(19, 8) in figure 1(d) 2.993/2.011 0.335 450/442
9, 9)/(21, 6) in figure 1(e) 2.993/2.050 0.355 450/462

At the same time, axial rotation of the inner tube is excited.
However, the rotational direction varies randomly (the bottom
layer in figure 2(a)). This finding implies that the inner tube
cannot be used as a rotating motor at this temperature.

Dramatic phenomena are observed in the inner tube at
300 K. At that environmental temperature, the energy of the
inner tube is the greatest among the three thermal conditions.
Both translational and rotational motions along the axis are
obvious. In particular, after 1120 ps, the rotational direction of
the inner tube remains unchanged, and the rotational velocity
increases almost linearly until 5830 ps. After 5830 ps, the
rotational frequency of the inner tube is nearly stable, fluc-
tuating between 56 and 63 GHz (mean value 59.5 GHz). In
the study reported by Hou et al [17], the outer tube rotated at
very low velocity. By comparing the results obtained above, a
conclusion can be drawn: the present bi-tube system at
300 K can act as a rotating motor.

2.2. Effect of fixed lengths of outer tubes

In the following simulation, the models shown in figures 1(a),
(b) are used. In total, there are 33 cross-sectional layers in the
outer tube. In figure 1(b), five cross-sectional layers at each
end of the outer tube are fixed after 400 ps of relaxation. The
environment temperature is 300 K.

In simulation of the bi-tube system with a partly fixed
outer tube, the interaction between the inner and outer tubes is
lower than that of a fully fixed outer tube. Hence, stable
rotation of the inner tube (with rotational frequency between
28 and 42 GHz, mean value 35 GHz) begins after 2855 ps (the

bottom layer in figure 2(b)). The mean value of rotational
frequency, 35 GHz, is much lower than the 59.5 GHz of the
inner tube in the fully fixed outer tube. These results indicate
that a greater length of the fixed part of the outer tube
leads to a higher value of rotational frequency.

2.3. Effect of intertube gaps

To investigate the effect of the intertube gap on the rotational
frequency of the inner tube in a bi-tube system with a fully
fixed outer tube, the three DWCNT models shown in
figures 1(c)—(e) are considered. As the equilibrium distance
between two graphene sheets is about 0.335 nm, three gaps
are chosen, 0.315<0.335 nm, 0.335 nm and
0.355>0.335nm. After 400 ps of relaxation, simulation of
5000 ps is carried out.

From the bottom layer in figure 2(c), we see that the
rotational speed of the bi-tube system in figure 1(c) (with
intertube gap at 0.355nm) is in the range 12-20 GHz after
3663 ps. The positional history of its MCIT implies that the
inner tube vibrates with very small amplitude near the right
end of the outer tube. We find that the inner tube in figure 1(e)
(with intertube gap 0.315 nm) rotates with the rotational fre-
quency in the range [67, 88] GHz after 1560 ps. At the same
time, the translational motion of the inner tube is almost
symmetric about the central cross-section of the outer tube. In
comparison with the above two bi-tube systems, the inner
tube in figure 1(d) (with intertube gap 0.335nm) has the
highest rotational speed of 146-173 GHz after 1670 ps.
Therefore, a DWCNT with an intertube gap either greater or
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(a) different environmental temperatures
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(d) torque on inner tube in Figure 1(a), (b)
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Figure 2. Translational motion and rotational motion of inner tube and torque applied on inner tube in different bi-tube systems: (a) dynamic
behavior of inner tube in a bi-tube with fully fixed outer tube at different environmental temperatures, (b) dynamic behavior of inner tube in a
bi-tube with fully or partly fixed outer wall at 300 K, (c) dynamic behavior of inner tubes in different outer walls with different intertube gaps
at 300 K, (d) axial moment applied on inner tubes in figures 1(a), (b); the value of torque is the mean value of the torques within 1000 steps
(1 ps of simulation). The dynamic behavior includes the position of the mass center of inner tube and the actual frequency of rotation of the

inner tube.

less than 0.335nm (the equilibrium distance) will have a
lower rotational speed than the same inner tube in the same
length of fully fixed outer tube. It is noted that, as a CNT, it
can be considered as a discrete structure, and chirality dif-
ference between the inner tube and the outer tube may lead to
different intertube gap [see figurea 1(c)—(e)]. We consider the
intertube gap, and in turn, the chirality difference, as an
intrinsic effect.

2.4. Mechanism of temperature-driven rotation

It is known that an increase in the frequency of an inner tube
demonstrates that the mean value of the angular acceleration
of the inner tube is either positive or negative within a period
of time. Further, the angular acceleration is proportional to the
torque (axial moment) applied on the inner tube, and the
interactions between inner and outer tubes give rise to the
torque on the inner tube. Figure 3 shows the electron density

distributions of a (9,9)/(14,14) bi-tube system before and after
energy minimization. Here, we find that if the whole system is
axially symmetric (figure 3(a)), no torque is applied on the
inner tube. But if the two tubes are relaxed (e.g., figure 3(b))
simultaneously, torque appears. However, the average value
of torque in history will be close to zero and the angular
acceleration of the inner tube will jump between positive and
negative in simulation. Finally, the angular velocity cannot
increase monotonously. Therefore, neither configuration in
figure 3 can act as a rotating motor.

The DWCNT is a system with atoms distributed dis-
cretely. After relaxation, the fixed area of the outer tube
(figure 1) is almost symmetric. The positions of atoms on the
outer tube do not change in simulation. However, the posi-
tions of atoms on the inner tube change and the symmetry of
the inner tube vanishes because of phonon vibration at high
temperature. Some of the atoms in the inner tube are closer to
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(a) Ideal configuration

(b) After relaxation
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Figure 3. Electron density distributions of a three-layer DWCNT ((9,
9)/(14, 14)) before and after energy minimization.

(a) 3000™ ps (b) 3001 ps

Figure 4. Configurations of a bi-tube system (with central layer of
the inner tube and its two layer neighbor atoms on the outer tube) at
3000th and 3001st ps.

the outer wall and the repulsive force applied on such atoms
increases sharply. Meanwhile, the symmetry of the inner tube
disappears under a strong vibration state (figure 4). Both
factors create the moment on the inner tube. As the DOFs of
the inner tube along the axis are not constrained, accelerated
rotation of the inner tube is excited by the axial moment.

Cook et al [2] showed that higher rotational speed lead to
higher friction between two layers in a DWCNT at a constant
temperature. Hence, the rotational speed finally stabilizes
when the axial moment is caused by both interlayer fric-
tion and phonon vibration being in equilibrium.

For the inner tube, the relationship between angular
velocity and torque applied by the outer tube is

Titavle
Wstable = A Mxis/Jaxis (1) dt (1

where M, is the torque (axial moment) on the inner tube and
Jaxis 1 the moment inertia of the inner tube along its axis.
Tanle 1s the time when stable rotation of inner tube begins.
For the bi-tube systems in figures 1(a), (b), the torques
shown in figure 2(d) appear to fluctuate near zero. But by
calculating the summation of torques from the start to the time
when stable rotation begins, we find that the total torque is
—16.081 eV for the system in figure 1(a) from O to 5830 ps,
and —7.066 eV for the bi-tube in figure 1(b) during [0, 2855]
ps. Therefore, both values of M,;s and T,y in equation (1)

for the bi-tube system with a fully fixed outer tube are greater
than those for the system with a partly fixed outer tube. This
is the reason the stable rotational frequency of the bi-tube
with a fully fixed outer tube is higher than that with a
partly fixed outer tube (figure 2(c)).

Figure 2(c) shows that an inner tube in an outer tube
with an interlayer gap of 0.335 nm has the highest rota-
tional speed. The reason is that the intertube friction between
two tubes with a distance less than 0.335 nm is higher than
that of a bi-tube system with 0.335 nm of intertube gap if the
inner tubes have the same rotational speed. If the intertube
gap is greater than 0.335 nm, the interaction required between
the two tubes to drive the rotation of the inner tube is lower.

3. Concluding remarks

Considering DWCNTs with fully or partly fixed outer tubes
as examples, we study inner tube rotational behavior at dif-
ferent conditions. We find that the rotational speed of the
inner tube varies with the environmental temperature, the
length of the fixed part in the outer tube, and the intertube
gap. A higher temperature, longer fixed sections of outer tube,
and/or ~0.335 nm of intertube gap can produce a CN'T motor
with a higher rotational frequency. Designing a gradientless
temperature-driven rotating motor from a DWCNT is worth
attempting in the manufacture of NEMS. It is also noted that
phonon vibration of the inner tube can lead to asymmetric
interaction between inner and outer tubes, with a moment
along the axis of the bi-tube then being induced. The moment
(torque) will create angular acceleration along the bi-tube’s
axis. The rotational speed of the inner tube increases
with time.
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