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ABSTRACT: By fixing of the outer tube of double-walled
carbon nanotubes, a thermally driven rotary nanomotor can be
obtained one or more carbon atoms at the end of the stator
have an obvious inward radial deviation. Due to the asymmetry
of the potential field of the stator, a collision between two
tubes leads to the axial component of angular momentum that
drives the rotation of the rotor. Relative sliding between the
two tubes is resisted due to the roughness of the potential field
of stators. Hence, the rotational frequency of the rotor has a
maximal value in the balanced state. The spectrum of
rotational frequency with respect to temperatures from 8 to
2000 K is presented by means of molecular dynamics
simulation. The temperature interval is divided into five
zones on the basis of the characteristics of the spectrum. In the robust zone, the nanomotor exhibits stationary rotation. In the
controllable zone, the rotational frequency of rotor can be adjusted by varying the temperature. In particular, if a rotating rotor is
cooled to an ultralow temperature, the final stable value of the rotational frequency is still very high and is slightly lower than the
maximal value rather than zero; i.e., the nanomotor will theoretically never stop rotating.

1. INTRODUCTION

In 2016, the Nobel Prize in Chemistry was awarded to three
researchers for their contributions to the development of
nanomachines.1 This award inspired researchers to undertake
both experimental and theoretical study of the development of
relevant nanodevices. A nanomotor, a kind of nanodevice that
transfers chemical or external field energy into motion, is an
essential part of a nanomachine. Practically, an ideal nano-
machine should have at least the following five features: it is
simply fabricated, easily controlled, has strong robustness in
ambient conditions, has sufficient output power, and is
multifunctional. Most existing nanomachines, however, have
only some of these features.2−6 Hence, fundamental research
into nanomotors requires still more input from researchers to
achieve a desired nanomachine.
Carbon nanotubes (CNTs), discovered in 1991,7 have

become popular in recent years as low-dimensional materi-
als.8−11 Due to their high in-shell modulus and ductility12−15

and ultralow intershell friction,16−19 multiwalled/double-walled
carbon nanotubes (M/DWNTs) are desirable candidates for
fabricating nanodevices such as nano-oscillators,20−23 nano-
bearings,24−26 nanostrain sensors,27−29 linear nanomotors,30,31

and rotary nanomotors.32−36 For example, Fennimore et al.32

developed a rotary nanomotor using MWNTs as the shaft in an
electronanomotor. The rotation of a rotor formed from several
blades attached to the MWNT shaft was driven by the external
electric field. Theoretical models of nanomotors driven by an

external electric field have been developed by other researchers,
e.g., Tu and Hu33 and Wang et al.34 Using mimicking, Kang and
Hwang35 proposed a theoretical model for a nanomotor driven
by nanofluid. Hamdi et al.36 presented a nanomotor in which
electrostatic attraction could induce rotation of inner tubes in
two axially aligned MWNTs with opposite chirality.
Unlike the aforementioned models of rotary nanomotors

from CNTs, a thermally driven rotary nanomotor (Figure 1)
constructed from DWNTs was introduced in 2014.37,38 In
those investigations, the outer tube was partly or wholly fixed
(acting as a stator) after the system had fully relaxed under a
canonical (NVT) ensemble (with N the number of atoms, V
the volume, and T the temperature). The rotation of the rotor
was excited after a certain period of relaxation. Meanwhile, both
the magnitude and directional sense (“sense” here means
forward/backward or upward/downward application of a force
or other physical field) of rotation of the rotor were
unpredictable. A breakthrough occurred at the end of 2015,
when it was found that the sense of rotation of the inner tube
(rotor) under a canonical ensemble with a constant temper-
ature could be controlled by specifying inward radial deviation
(IRD) of a carbon atom at a fixed end of the outer tube
(stator).39 Cai et al. suggested some methods for observing and
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even measuring the rotation of the rotor.40,41 Then recently,
Yang et al.42 tested the output power of a thermally driven
rotary nanomotor. But the temperature range involved in the
studies was usually only within [100, 500] K. In fact, from
ultralow to ultrahigh temperatures, energy transmission among
the atoms on DWNTs occurs quite differently. Typically,
intertube friction can be neglected at ultralow temperatures but
it becomes significant for stable rotation of the rotor at high
temperatures. This feature has limited the application of such
ensembles. This work presents a study of the performance of a
nanomotor over a wider temperature range. First, we discuss
the mechanism of the directional rotation of the rotor by means
of theoretical analysis. Then, the spectrum of the output
rotational frequency of the rotor is obtained by scanning
temperatures from 8 to 2000 K. The wide range of
temperatures considered should benefit understanding of the

mechanism of directional rotation of nanomotors. Finally, we
place the nanomotor in a canonical ensemble with varying
temperature to simulate its dynamic behavior in the practical
environment.

2. MODEL AND METHODS

2.1. Model. In the nanomotor shown in Figure 1, both the
magnitude and the direction of the atoms’ velocity would
clearly be different from those of the system in a Nose−́Hoover
thermostat.43 The magnitude and direction of the velocities
with respect to thermal vibration obey Gaussian distribution.
When the temperature is relatively high, the thermal vibration
of the atoms is so dramatic that the collision between rotor and
stator can drive an obvious motion of the rotor. In particular,
when some atoms on the stator have an obvious IRD, they
collide with the rotor more frequently than any other atom on

Figure 1. Schematic geometry of a thermally driven rotary nanomotor made from (9, 9)/(14, 14) DWNTs. The lengths of the rotor (inner tube)
and stator (outer tube) are 11.07 and 10.45 nm, respectively. The ends of the rotor are hydrogenated. At each end of the stator (outer tube) are two
atoms with the same IRD of dr = 0.3lc−c, i.e., pink IRD atoms at the left end and red IRD atoms at the right end. lc−c = 0.142 nm. The atoms in the
blue area on the stator are fixed during simulation. ω is the rotational speed of the rotor in gigahertz (GHz). (c−e) IRD of the black atom at the end
of the stator: (c) the black atom has no IRD; (d) only the black atom has IRD; (e) amplified local configuration in (d). The black atom has
dislocated from its original position (a corner of the green honeycomb).

Figure 2. IPE fields within the cross section of the initial tubes in Figure 1. An IPE field is generated by scanning the cross section that passes
through the atoms with IRD on the (14, 14) stator with a carbon atom. The minimum distance between the scanning atom and the normal atoms on
the tubes is set at 1 Å (0.1 nm). The IPE is obtained using the total potential energy in the current system plus the scanning atom, minus the
potential energy of isolated tube(s). (a) IPE field within the (14, 14) tube with two atoms with IRD. The field is asymmetric. (b) IPE field outside
the (9, 9) rotor, being symmetric. (c) IPE field between the rotor and stator on the cross section that crosses atoms with IRD. This field is also
asymmetric. Due to the inward radial deviation of the green atoms on the stator, the IPE value near an atom with IRD varies from negative (between
white and black in the contour plots) to positive (between blue and red in the contour plots) in (a) or (c). Near an IRD atom, the maximum
gradient of the IPE exists between the maximum and minimum IPE. 0-IPE refers to the isoline of the IPE with respect to 0 eV, which is the white-
blue interface in the field.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b04734
J. Phys. Chem. C 2017, 121, 16985−16995

16986

http://dx.doi.org/10.1021/acs.jpcc.7b04734


the stator. In Figure 2, the interaction potential energy (IPE)
fields near the tube(s) in the nanomotor (Figure 1) are
illustrated. We can see that the IPE near an atom with IRD
(Figure 2a) is not distributed as symmetrically as that near the
rotor (Figure 2b). Moreover, both the maximum (red) and the
minimum (black) of the IPE appear in a location very close to
the IRD atom. This configuration indicates that the maximal
gradient of the field is between the maximum and minimum
points so that a slight displacement in this area would produce a
significant change in potential energy. Hence, atoms near an
atom with IRD are first attracted and then very strongly
repelled so that collisions between atoms with IRD and the
rotor occur more easily than with other atoms on the stator. At
the same time, the maximum of the potential energy is 2 orders
of magnitude greater than its minimum. Hence, thermal
vibration of atoms on the rotor is easily induced by the strong
repulsion from an atom with IRD. The IPE field between two
tubes (Figure 2c) is also asymmetric. Moreover, we find that
the 0-IPE isolines (IPE isoline with respect to 0 eV) (white-
blue interfaces in Figure 2)44 are not connected and not
smooth. Hence, any relative sliding between two tubes must
overcome potential barriers because the intertube friction
resists the rotation of the rotor.
The asymmetry of the IPE fields near the two atoms with

IRD indicates that a collision provides a nonzero component of
angular momentum45 about the tube axis that drives a
unidirectional rotation of the rotor. Supposing that the collision
provides angular momentum on the rotor about a tube axis (z-
axis), e.g., H1, the rotation of the rotor is accelerated when the
collision occurs strongly enough and continuously, i.e., the
angular acceleration reads

α =
J t
1 d H1

dz
IRD

(1)

However, the 0-IPE interfaces (Figure 2c), which are
nonsmooth, lead to intertube friction. That friction resists the
rotation of the rotor, and the related angular deceleration of the
rotor caused by the stator yields

α = −
J t
1 d H2

dz
Stator

(2)

where H2 is the angular momentum of the rotor about the z-
axis, generated by the friction forces of atoms on the stator
against the relative sliding of the rotor. The angular momentum
H2 reads

∑= ̅
=

r FH2
i

ns

i
0

t

(3)

where Fi
t is the tangent component of the friction force caused

by the ith atom on the stator that has ns free atoms. The
tangent direction is normal to the z-axis. ̅r is the average radius
of the two tubes. Jz in eqs 1 and 2 represents the mass moment
of inertia of the rotor with respect to the z-axis and can be
expressed as
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where mi is the ith atom at the point (xi, yi, zi) of the rotor that
has nr atoms. Hence, the rotational speed of the rotor can be
obtained by integrating angular acceleration with respect to
time:
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Because the values of ̅r and Fi
t depend on the interaction

between the rotor and the stator,17 the final stable rotational
speed of the rotor is sensitive to temperature.

2.2. Methods. To explore the sensitivity of the dynamic
behavior to temperature, we conduct a series of numerical tests
for the nanomotor shown in Figure 1. Each numerical test uses
the following eight steps:

(1) Build the geometric model of the system as shown in
Figure 1 with ideal bond lengths and bond angles.

(2) Choose two atoms at each end of the stator and specify
their IRD.

(3) Fix the atoms in the blue area on the stator.
(4) Minimize the potential energy of the system. The

convergence is controlled by the energy and force of
atoms in the system (this step is optional).

(5) Assign the initial velocity of the free atoms on the
nanomotor by satisfying the given temperature of the
system and obeying Gaussian distribution.

(6) Place the system under a canonical NVT ensemble with
the specified temperature. The tolerance of the temper-
ature change from the specified temperature is set at 1%.

(7) Run and record data for postprocessing.
(8) Stop.

In simulating the rotation of the rotor shown in Figure 1, the
AIREBO potential46,47 is used to describe the interaction
among carbon and hydrogen atoms in the system. The
potential energy contains the following three parts:

∑ ∑

∑ ∑ ∑ ∑

∑ ∑

α

ε σ σ

= + +

= −

= ·

· ·

= −

‐

>

≠ ≠ ≠

‐
>

⎧

⎨

⎪⎪⎪⎪⎪⎪

⎩

⎪⎪⎪⎪⎪⎪
⎡

⎣
⎢⎢
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎤

⎦
⎥⎥

P P P P

P V r b V r

P w r

w r w r V

P
r r

[ ( ) ( )]

1
2

( )

( ) ( ) ( )

4

i j j i
ij ij ij ij ij

i j j i k k i j l l i j k
ij ij

jk ij kl ij ijkl

i j j i ij ij

REBO Torsion L J

REBO
( )

R A

Torsion
( ) ( , ) ( , , )

Torsion

L J
( )

12 6

(6)

where Vij
R and Vij

A in the short-range REBO potential PREBO are
repulsive and attractive pairwise potentials determined by the
types of atoms i and j, respectively. rij represents the distance
from atom i to atom j. bij indicates the many-body effect. PTorsion
depends on the dihedral angle (αijkl) from atoms i, j, k, and l.
The positive bond weight wij is between 0 and 1. VTorsion is the
potential caused by the variation of αijkl. PL‑J describes the
nonbonded intermolecular interactions (Lennard-Jones inter-
action) with σC−C = 0.34 nm, σH−H = 0.265 nm, σC−H = (σC−C
+ σH−H)/2, εC−C = 2.84 meV, εH−H = 1.5 meV, εC−H = 1.376
meV. The cutoff equals 3σC−C.
The time increment for integration of Newton’s second law

of motion is set at 0.001 ps. The Nose−́Hoover thermostat is
adopted to modify the velocities of atoms in each simulation,
which is carried out using open source code LAMMPS.48 In
controlling temperature, the kinetic energy of the rotor with
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respect to rigid motion, i.e., ranslation or rotation, is removed
from the total kinetic energy of the system.

3. RESULTS AND DISCUSSION

3.1. Spectrum of Rotational Frequency of the Rotor
versus System Temperature. In the solutions illustrated in
Figure 3a, the rotor is barely excited to rotate within 20 ns
when the temperature is below 14 K. Meantime, the stable
values of rotational frequency of the rotor ω at the temperature
interval [14, 90] K show very little difference, all values being
close to 250 GHz. The values of ω have a slight fluctuation.
These results demonstrate that the rotational frequency of the
rotor at the given temperature interval is robust with respect to
temperature. If we need a rotary nanomotor with a sensitive
reaction of ω to temperature within 5 ns, i.e., such that the
rotation of the rotor approaches a stable state within 5 ns, the
temperature should be higher than 50 K. Commonly, the value
of ω at higher temperatures requires less time to approach a
stable state. But the sequence is not strictly monotonic. For
example, the time needed to reach the stable value of ω at 70 K
is shorter than that for ω at 90 K (in Figure 3a) or similarly ω
at 100 K vs at 500 K in Figure 3b.
In Figure 3b, the values of ω within the temperature interval

of [100, 400] K are also robust with respect to temperature.
The stable values of ω at 400 and 500 K are obviously different
from those at ∼10 GHz (about 10 GHz). But clearly, the
difference is much less than the ∼80 GHz difference between
the values of ω at 500 and 600 K (Figure 3c). From 1100 to
2000 K (Figure 3d), the value of ω is much more sensitive to
temperature. At the same time, after 5 ns the values of ω at a
temperature within [600, 1700] K show considerable

fluctuation; i.e., the standard deviation of ω is much greater
than that at [100, 400] K. Another phenomenon illustrated is
that the value of ω at T ≥ 1100 K drops suddenly to zero after
a period of the rotor running. For example, ω at 1500 K
becomes zero after ∼14 ns (about 14 ns), whereas at 1700 K
the drop occurs before the rotor has achieved 5 ns of rotation.
As we observe from the curves in Figure 3d, ω finally becomes
zero when T is no less than 1500 K. From the curve of ω at
1100 K, we may predict that the values of ω at 1200, 1300, and
1400 K could also become zero after a long period of time.
From the above discussion, the following four questions

should be answered to understand the relationship between the
stable value of ω and temperature:

3.1.a. Why Does ω at Higher Temperatures Need Less
Time To Approach a Stable Value? From Figure 3a, we find
that the sharp increase of ω at 15 K occurs near 2 ns (Movie 1
in Supporting Information). The value of ω at 70 K jumps up
after no more than 0.5 ns of running. The difference is actually
caused by the collision between the rotor and atoms with IRD
on the stator at different temperatures (Figure 2). For example,
at a lower temperature, the amplitude of oscillation of atoms on
the rotor is smaller. Hence, collisions between the rotor and
atoms with IRD provide less angular momentum, an effect that
is significant for the angular acceleration of the rotor (see H1 in
eq 1). Moreover, at the lower temperature, the likelihood of
collision between the rotor and atoms with IRD must be lower
than that at higher temperatures. At the same time, the friction
force between the two tubes is static friction. Only when the
collision provides higher angular momentum than the friction
force, i.e., H1 > H2 (in eq 4), can the rotation of the rotor be
actuated. Therefore, at higher temperatures, the rotor can be

Figure 3. History curve of rotational frequency of the rotor (ω) in Figure 1 at different temperatures (T): (a) T is in [8, 90] K; (b) T is in [100,
1000] K; (c) T is in [500, 600] K; (d) T is in [1100, 2000] K.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b04734
J. Phys. Chem. C 2017, 121, 16985−16995

16988

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04734/suppl_file/jp7b04734_si_001.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b04734/suppl_file/jp7b04734_si_001.avi
http://dx.doi.org/10.1021/acs.jpcc.7b04734


actuated to rotate more quickly. This conclusion can be verified
easily from the curves in Figure 3b.
3.1.b. Why Does the Stable Value of ω Increase from

243.9 GHz at 50 K to 253.9 GHz at 300 K and Subsequently
Decrease Continuously? From the curves in Figure 4a and
Table 1, we know that the rotational frequency (ω) reaches its
maximum at 350 K. This finding indicates that the value of w
increases with an increase in temperature up to 350 K. The
mechanism is that the dramatic collisions between the rotor
and atoms with IRD significantly increase the friction between
the two tubes. When T is greater than 350 K, the dynamic
friction between the two tubes increases more quickly and the
duration of acceleration of the rotor is reduced. Hence, the final
stable value of ω becomes smaller than that at 350 K. As the
temperature increases, the friction increases more quickly due
to the stronger interaction between two tubes with the high
amplitude of vibration of the atoms. Hence, the rotational
frequency of the rotor decreases after the temperature exceeds
350 K. This conclusion seems different from the results in our
previous work.39 The reason is that the present stator has a
large number of free atoms that provide a major contribution to
the friction between the two tubes, because the free atoms on
the stator can have inward displacement that increases the
normal compression between the two tubes and further leads to
higher friction. In either model, stable rotational frequency of

the rotor (eq 5) is reached only when H1 is no longer greater
than H2.
We also find that the value of ω drops monotonically from

600 to 1600 K if we do not consider the sudden stoppage of the
rotor. From the foregoing discussion and considering the curve
shown in Figure 4a, we divide the temperature interval [14,
2000] K into five zones for the present model, namely, a fake
zone (FZ) when T is in [0, 14] K, a robust zone (RZ) when T
varies from 14 to 350 K, a sensitive zone (SZ) with T in [350,
600] K, a controllable zone (CZ) with T in [600, 1400] K, and
an unstable zone (UZ) when T exceeds 1400 K. Here we set
1400 K rather than 1100 K as the boundary of CZ and UZ
because the stable rotation of the rotor is maintained for ∼25
ns. In the design of a thermally driven rotary nanomotor, the
zones should be estimated first. For example, when we need to
design a nanomotor with varying rotational frequency of the
rotor, we should first find the temperature field with respect to
the CZ. If we need a thermally driven nanomotor with stable
rotational frequency of the rotor, the temperature interval with
respect to the RZ should be estimated.

3.1.c. What Causes the Sharp Jumps of ω of the Rotor at
T between 300 and 500 K? In the SZ, another phenomenon is
found: there are only three distinct values of ω when T is
within [300, 500] K. The three values are ∼233 GHz, ∼ 243
GHz, and ∼254 GHz (see Figure 4b). For example, the

Figure 4. Curves of ω: (a) curve of the stable value of ω vs temperature within [14, 1600] K in Figure 3; (b) history curves of rotational frequency of
the rotor at T in [300, 500] K.

Table 1. Spectrum of ω of the Rotor at Temperatures within [15, 1800] Ka

temperature (K)

15 20 30 40 50 60 70 80 90 100

ω (GHz) 245.9 244.4 243.7 244.0 243.9 244.6 244.9 245.5 245.8 246.7
temperature (K)

200 300 350 360 370 380 390 400 410 420

ω (GHz) 251.4 253.9 254.4 242.6 242.7 254.3 242.7 242.5 242.3 242.2
temperature (K)

430 440 450 460 470 480 490 500 510 520

ω (GHz) 233.0 233.4 233.2 232.3 232.2 232.5 232.4 231.4 230.7 230.6
temperature (K)

530 540 550 560 570 580 590 600 700 800

ω (GHz) 229.5 229.6 228.3 227.7 225.4 221.9 160.1 153.6 137.9 127.4
temperature (K)

900 1000 1100 1200 1300 1400 1500 1600 1700 1800

ω (GHz) 116.8 110.2 97.2 × 86.1 79.8 74.9 71.3 × 66.4 × × ×
aLabel “×” represents a sudden stoppage.
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rotational frequency of the rotor experiences two or three of
the step values when T ≤ 320 K. In particular, when T = 300,
350, and 380 K, the curves of ω jump from ∼233 GHz to ∼243
GHz and finally to ∼254 GHz within 2 ns. It can also be
verified that the jumps are sensitive to the RN that is adopted
to specify the initial distribution of velocities of atoms in the
system at a given temperature (e.g., step 5 in section 2). But the
final stable value of ω is independent of the RN of atoms
(Figure 5) and can be reached within 20 ns. From eq 5, it can
be explained that the acceleration of ω caused by collisions with
atoms with IRD and the deceleration of ω caused by friction
between the two tubes are very sensitive to the initial state of
the system, e.g., the distribution of the initial velocities of atoms
on tubes. That means that at each step, the rotor is in a very
weak equilibrium state during rotation at the current velocity.
Mathematically, the potential energy of the system is a function
of the positions of atoms (eq 6). Near the current configuration
of the system, more than one local minimum of potential
function exists (e.g., see the white-blue interfaces in Figure 2c).
In calculation of the linear acceleration of the atoms, the result

of variation of potential energy (VPE) with respect to the
positions of atoms approaches one of the local extrema. The
values of linear acceleration of each atom are slightly different at
different extreme points. That slight difference still affects the
velocities of the atoms, those velocities being modified by the
Nose−́Hoover thermostat. Further, the weak equilibrium state
of the system may be changed by that effect, which finally leads
to the sharp jump in the rotational frequency of the rotor. The
phenomenon is very common in thermally driven nanomotor
systems (see Figure 3). Hence, to obtain the most stable state
of the rotor, the simulation time should not exceed 10 ns using
single-core computation. In the SZ shown in Figure 4a, the
value of ω becomes more sensitive to the temperature of the
system when T is between 580 K (ω ≈ 221.9 GHz) and 590 K
(ω ≈ 160.1 GHz). This sensitivity just indicates the steeper
gradient of ω with respect to temperature. Hence, this
sensitivity is different from the step-valued sensitivity of
rotation of the rotor at 300 K.

3.1.d. Why Does the Rotor Stop Suddenly at Very High
Temperature? By checking the configurations of the rotor at a

Figure 5. Tests of the effect of a random number (RN) of cores used in parallel computing on the final rotational frequency of the rotor. Most of the
curves have three steps, at 233, 243, and 254 GHz levels. (a) T = 300 K. Within 3.5 ns, all the curves of ω are aligned at the 254 GHz level. “(B)”
represents another computer. (b) T = 380 K. Within 17.5 ns, all the values converge to ∼254 GHz. In particular, using a 1-Core computer, ω arrives
at ∼254 GHz within 7 ns. The RN and core number influence the length of steps rather than the final stable value of ω. Hence, the values in Figure
4a (or Table 1) are acceptable.

Figure 6. Some snapshots of the nanomotor running at 1800 K. At 0.1406 ns, a dark gray hydrogen atom escapes from the rotor (Movie 2). The
value of the VPE of the system increases by ∼5 eV. Two other dark gray hydrogen atoms disappear at 0.6361 ns (Movie 3). The value of the VPE
increases by ∼10.3 eV. At 1.0808 ns, an unsaturated carbon atom on the rotor (RC) is bonded with a carbon atom (CS) with an IRD atom on the
stator (Movie 4). The VPE value decreases by ∼1.5 eV. Hence, the rotational frequency drops suddenly.
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high temperature, say 1800 K, we discovered that the hydrogen
atoms on the rotor disappeared soon after the simulation
began. At 0.1406 ns, for instance, a hydrogen atom (Figure 6),
labeled in dark gray at 0.1405 ns, moves away from the rotor.
This phenomenon is known as dehydrogenation, and Yu and
Liu49 reported that the critical temperature of dehydrogenation
was around 1800 K. Dehydrogenation can also be revealed
from variation of the potential energy (VPE) of the system, i.e.,
the difference between the system’s current and initial potential
energy. Due to the breakage of C−H bonds on the rotor, the
VPE of the system clearly increases.
On the other hand, from the curve of the rotational

frequency of the rotor, it can be found that the value of ω
approaches a peak after 0.8 ns. However, due to marked
vibration of the atoms on the rotor with unsaturated carbon

atoms at the ends, a new C−C covalent bond is generated
between the rotor and stator. The VPE drops ∼1.5 eV as the
new C−C bond appears. That strong C−C bond forces the
rotation of the rotor to stop.50 Hence, at high temperature, the
system is unstable and also the rotation of the rotor cannot be
maintained.

3.2. Rotational Frequency of Rotor at Varying
Temperature. Most previously reported numerical tests
have focused on the dynamic response of nanomotors at a
constant temperature. The results have implied that the
rotational frequency or the dynamic behavior of the rotor is
dependent on temperature. In practice, the temperature can
vary over a relatively wide range. Then, the stability of the five
zones of temperature with respect to the rotation of the rotor
must be investigated. For example, the robustness of rotation

Figure 7. Response of rotation of rotor during heating from ultralow temperature (8 K) to high temperature (1500 K) at different heating rates.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b04734
J. Phys. Chem. C 2017, 121, 16985−16995

16991

http://dx.doi.org/10.1021/acs.jpcc.7b04734


can still be found in the RZ of temperature when a constant
rotational frequency of the rotor is required. On the other
hand, the rotational frequency can be adjusted to the required
value by changing the temperature in the CZ. In this section,
both heating and cooling processes of the rotor are considered,
to reveal the rotation response.
3.2.a. Heating Process. In Figure 7, the effects of heating

rate on the final stable rotation of the rotor are illustrated.
When T increases from 8 to 300 K, the rotational frequency
increases from zero to the final stable value of ω, which is
independent of the heating rate, as evidenced by the
observation that ω approaches ∼254 GHz at either α = 100
or 20 K/ns. The difference between the curves in Figure 7a and
Figure 7b has two features of note. One is that the transient
rotational frequency of the rotor at 300 K is ∼231 GHz at the
higher heating rate but ∼250 GHz at the lower heating rate.
The other is that the length of the RZ (Figure 4a) of
temperature is much greater at a lower heating rate. Meanwhile,
at α = 20 K/ns, ω experiences a sharp jump from zero to ∼231
GHz at 99 K, which is much higher than 15 K (Figure 3a). The
reason is that the angular momentum on the rotor during
collision with atoms with IRD needs to accumulate before the
temperature approaches 99 K (eq 5), i.e., the coordinate state
(a dynamic balance state) of the nanomotor approaches when
the temperature of the system reaches 99 K.
When the temperature increases from 300 to 800 K (Figure

7c and Figure 7d), consistent with the foregoing discussion, the

frequency of the rotor experiences three zones (Figure 4a), i.e.,
RZ, SZ, and CZ, one after another. Therefore, the curve of ω
also shows a related variation from accelerating rotation to
stable rotation, then to deceleration rotation, and finally to
stable rotation of the rotor at 800 K. During [0, 4] ns, the
rotation of the rotor increases from zero to the stable state with
∼254 GHz (which is the same as that at 300 K). During the
heating process with α = 100 K/ns (Figure 7c), ω retains a
stable value for only ∼1.6 ns and then drops to ∼127 GHz. If
the heating rate is only 20 K/ns (Figure 7d), we find that the
SZ is reduced to [602, 661] K. The RZ, i.e., [300 K, 600] K, is
wider than that given in Table 1 ([300, 540] K). We can
predict that before approaching 602 K, if the temperature
decreases slowly (e.g., with α = −20 K/ns), the value of ω will
increase again; i.e., it can be well controlled within [231, 254]
GHz. Further related discussion is given below, separately.
If the temperature increases continuously from 800 to 1500

K, the curve of ω in Figure 7e−h shows the variation of ω with
temperature. From Figure 3d, it can be seen that the rotation of
the rotor is not always stable when T is 1100 K or greater. At
1500 K, the rotation of the rotor is stable for only ∼14 ns and is
followed by a sudden stoppage. When the rotor is heated with
α = 100 K/ns (Figure 7e), it does not stop suddenly during the
heating process. After ∼10 ns of constant temperature at 1500
K, the rotor stops suddenly. An interesting phenomenon
appears when the rotor is heated at a lower heating rate, e.g., α
= 50 K/ns. In Figure 7f, the curve of ω retains a slight

Figure 8. Response of rotation of rotor in cooling processes from 800 to 8 K at different heating rates.
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fluctuation at 1500 K and does not ever drop to zero because T
arrives at 1500 K at 18 ns. The time averaged value of ω is ∼72
GHz, which matches that of ω at 1500 K well (Table 1). This
phenomenon also occurs at a lower heating rate, e.g., 33 or 25
K/ns. Hence, sudden stoppage of the rotor at 1500 K occurs
with very low probability. This finding also indicates that
dehydrogenation of the rotor does not occur at 1500 K.
Moreover, the value of ω decreases continuously during the
heating process, indicating that [800, 1500] K can also be
considered a controllable zone.51

3.2.b. Cooling Process. Temperature adjustment can be
achieved by both heating and cooling processes. Hence the
rotational behavior of the rotor in the cooling process must be
investigated. Here, the initial temperature is set at 800 K rather
than 1500 K. Figure 8 gives the relevant numerical results.
In the cooling process with the temperature decreasing from

800 to 500 K at the rate of α = −100 K/ns (see Figure 8a), the
value of ω increases monotonically, indicating that the
temperature interval [300, 800] K belongs to the CZ. In the
subsequent ∼2.2 ns at 500 K, the value of ω jumps sharply from
∼150 GHz to ∼231 GHz. This finding demonstrates that the
width of the SZ is zero. Actually, this period can be considered
an accumulation of ω (eq 5). When the negative heating rate is
−20 K/ns (Figure 8b), the CZ spans from 539 to 800 K, and
the narrow SZ increases from 500 K (with ω ≈ 231 GHz) to
539 K (with ω ≈ 180 GHz).
If the temperature decreases from 800 to 300 K continuously

with α = −100 K (Figure 8c), the CZ spans from 619 to 800 K.
The width of the SZ starting from 404 to 619 K is much greater
than that from 494 to 531 K with the lower heating rate of −20
K/ns (Figure 8d). Compared with the widths of the SZ in
Figure 8a and Figure 8b, we find that a higher rate of
temperature decrease with a higher rate of cooling leads to a
wider SZ.
If the system is cooled from 800 to 8 K (at 8 K the rotor

should have no rotation), an interesting phenomenon is
observed. The rotational frequency of the rotor undergoes a
rapid increase from ∼127 GHz at 800 K to the peak value of
∼254 GHz at 296 K when α = −100 K/ns (Figure 8e). From
296 to 8 K, the value of ω shows only a slight drop from ∼254
GHz to ∼246 GHz rather than 0 GHz. This finding indicates
that the rotor is rotating at an ultrahigh speed at 8 K. If the
cooling rate is −20 K/ns (Figure 8f), ω approaches its peak
value at 316 K. After that, the final stable value of ω is still ∼246
GHz at 8 K. From the circled area in Figure 8e and Figure 8f,
stepped values of ω occur during cooling. This finding indicates

that the RZ (in which the rotor rotates at a weak equilibrium
state) becomes wider at a lower cooling rate. The same
conclusion can also be obtained from Figure 8c and Figure 8d.
In the period that covers the decrease of ω from its peak value
(∼254 GHz) to the stable value (∼246 GHz), the angular
momentum caused by intertube friction is slightly greater than
that caused by collision between the rotor and IRD atoms.
When the rotor is rotating at the 8 K, the intertube friction
becomes negligible because the collisions between the rotor
and the atoms with IRD provide very low impulses onto the
rotor. Hence, it is possible to design a high-speed rotary
nanomotor at an ultralow temperature.

3.2.c. Alternating Heating−Cooling Process. To show the
response speed of the output rotation of the rotor with respect
to the variation of temperature, we adopt an alternating
heating−cooling process. The temperature begins to increase
from 300 to 800 K, then decreases to 600 K, and then further
increases to 1000 K. At certain specified values of temperature,
e.g., 500 K, 600 K, 700 K, 800 K, 900 K, the heating or cooling
ratio is zero for 1.0 ns. The curves shown in Figure 9 illustrate
the variation histories of temperature and the related rotational
frequency of the rotor. At each stage, the time averaged value of
the rotational frequency of the rotor is labeled. It can be found
that at 600 K during the heating process (stage 2), the mean
value of ω is ∼218 GHz, which is obviously greater than that at
stage 5 (during the cooling process). The reason is that the
temperature is at the edge of the SZ of temperature (Figure
4a). If the temperature is beyond the SZ, for example, T = 700
or 800 K, the rotational frequency of the rotor differs slightly
during different heating processes. This finding verifies that the
value of the rotational frequency of the rotor at the temperature
at the CZ (Figure 4a) is controllable with high sensitivity.
Moreover, at other temperatures in the CZ, e.g., 900 or 1000 K,
the value of the rotational frequency of the rotor also matches
that of the rotor at the constant temperature (Table 1). Hence,
the curve of rotational frequency vs temperature is significant as
a guideline for fabricating a temperature-controlled rotor with a
specified rotational frequency.

4. CONCLUSION
To understand the mechanism of a thermally driven rotary
nanomotor made from DWCNTs, both theoretical and
numerical analyses were performed. Theoretically, due to the
asymmetry of the interaction potential energy (IPE) field
between the rotor and stator with inward radial deviation
(IRD) atoms, collisions between the rotor and atoms with IRD

Figure 9. Response of rotation of rotor in alternating heating−cooling processes with different heating rates. The entire process encompasses nine
heating or cooling stages. The heating and cooling ratios are 50 K/ns and −50 K/ns, respectively. When the temperature approaches an objective
value, it remains unchanged for 1.0 ns. For example, during the increase from 300 to 500 K, the temperature remains unchanged at 500 K for 1 ns.
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drive the rotation of the rotor, and the roughness the interface
of IPE isoline with respect to 0 eV resists the rotation. On the
basis of the numerical results, some conclusions are drawn.
First, the rotor reaches its maximal rotational frequency in the
equilibrium state. Second, according to the spectrum of ω with
respect to temperature from 8 to 2000 K, the temperature
interval [8, 2000] K is divided into five zones, a fake zone, a
robust zone (RZ), a sensitive zone, a controllable zone (CZ),
and an unstable zone. Third, in the RZ, a nanomotor with a
constant rotational frequency can be designed. Fourth, in the
CZ in particular, the variable rotational frequency of the rotor
can be adjusted by varying the temperature. Finally, if the
rotating rotor is cooled from a higher temperature to an
extremely low temperature at which the rotor cannot be
actuated to rotate, the final stable value of the rotational
frequency is slightly lower than the peak value, indicating that a
high-speed rotary nanomotor can be designed according to this
phenomenon.
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