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Abstract: The graphene-based nano-mechanical systems have attracted a lot of attention due to their
unique properties. Owing to its planar shape, it is hard to control the direction of motion of graphene. In
this study, a directional system based on graphene with a channel driven by a thermal gradient was
examined by means of molecular dynamics simulations. The results showed that the channel could
direct the motion and correct the rotation of graphene nanoflakes. The movement of graphene nanoflake
not only depended on the interaction between the nanoflake and the substrate, but also the configuration
of the graphene in the channel. A larger thermal gradient was needed to drive a hydrogen-passivated
graphene nanoflake. However, the movement of a passivated nanoflake was more stable. Our results
showed that a passivated graphene nanoflake could move steadily along a direction in a channel, which
might shed light on the design of nano-mechanical systems based on graphene.
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1. Introduction

With the development of nano-mechanical and micro-mechanical systems, the move-
ments of nanomaterials in designed systems have attracted extensive attention. Many
kinds of methods have been applied to control the movements of nanomaterials, such as
atom force measurement (AFM) [1,2], electronic field [3–6], magnetic field [7], stiffness
gradient [8,9], strain field [10,11], friction between interfaces [12–14], surface dynamics [15],
and thermal energy [16–19]. Among them, the thermal gradient method has been one of
the most important, owing to the ease of operability.

Carbon nanomaterials play an important role in nano-mechanical systems. Nat-
urally, quite a few researchers have accomplished significant work on driving carbon
nanomaterials by thermal gradients. The tubular shape of a carbon nanotube makes it an
excellent candidate for use in nano-mechanical systems. Barreiro et al. [20] investigated
the subnanometer motion of cargo driven by thermal gradients along carbon nanotubes.
Rurail et al. [21] studied the directed motion of fullerene clusters inside carbon nanotubes
by a thermal gradient. Hou et al. [22] investigated the actuation induced by a thermal
gradient in a double-walled carbon nanotube. Shenai et al. [23,24] also conducted similar
research on a double-walled carbon nanotube. Guo et al. [25] investigated the mechanics
of a double-walled carbon nanotube device driven by a thermal gradient. Santamaría-
Holek et al. [26] presented a model to describe the dynamics of a double-walled carbon
nanotube motor driven by a thermal gradient. Oyarzua et al. [27] designed a thermally
induced water pump based on a carbon nanotube. Lin et al. [28] investigated the self-
thermophoretic motion of controlled assembled micro-/nanomotors. Zhu et al. [29] studied
the continuous cyclic motion of a system based on carbon nanotubes driven by a stable
thermal field. Graphene has also attracted a great deal of attention, owing to its excellent
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thermal and mechanical properties. Lohrasebi et al. [30] investigated the motion of C60 on
a graphene sheet driven by a temperature gradient. Chen et al. [31] studied the process of
water transport in a graphene channel for water desalination. Becton et al. [32] indicated
that a thermal gradient could drive graphene flake to move on a substrate.

Although significant work has been conducted on the systems based on graphene
driven by thermal gradients, researchers have found that the motion of the graphene is
relatively hard to control. The reason is related to the shape of a graphene sheet. Unlike
carbon nanotubes, which have a tubular shape that can direct the motion along the tube, the
planar shape of graphene results in rotation; thus, it is hard to control its motion. Therefore,
in this paper, we have investigated the effect of a graphene channel on the motion of a
graphene nanoflake on a substrate at a thermal gradient. The results showed that the
channel could direct the motion and correct the rotation of the graphene nanoflake. Our
results might shed light on the construction of nano-mechanical systems based on graphene.

2. Model and Method

Becton et al. [32] indicated that the shapes of a square and a circle had smaller linear
velocity and larger angular velocity, owing to more rotationally symmetrical edges, which
implied that it was more difficult to control their motion. Therefore, in this study, the models
were composed of a square graphene nanoflake with a width of 2.0 nm and a graphene
substrate. Two kinds of models were examined for comparison: models with and without a
graphene channel, as shown in Figure 1a,b, respectively. They are hereafter denoted as the
graphene channel model and normal model, respectively. For each model, the graphene
nanoflake was pristine or hydrogen-passivated, as shown in Figure 1c. Notably, the outer
free electrons of C atoms were all saturated. It was an ideal condition, one that involved
more hydrogen atoms than in the experiments; however, this did not obviously influence
the results. The substrate included two graphene layers. The layer size was 10.1 nm and
20.0 nm along the x and y directions, respectively. All of the atoms of the lower layer
of the substrate were fixed to mimic the bulk phase of the substrate. The upper layer of
substrate was fixed on both ends to model the surface. For the channel model, as shown in
Figure 1b,e, the channel was composed of two smaller graphene sheets, in which the inner
side of the graphene was grafted with hydrogen atoms to passivate the dangling bonds.
The width of the channel was 4.1 nm. The periodic conditions were applied along the x
and y directions.
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Figure 1. The setup of models. The vertical (a) and side (d) views of the model without channel;
(b,e) were the vertical and front views of the model with graphene channel. The brown and blue balls
denoted graphene substrates. The purple balls denoted the graphene sheet that forms the channel.
The green–yellow atoms were hydrogen atoms and carbon atoms of graphene nanoflake. (c) The
pristine and hydrogen-passivated graphene nanoflakes.
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The potential of AIREBO [33] was successfully applied to describe the bond interaction
among C and H atoms, especially for carbon nanomaterials; therefore, it was applied
to describe the interaction among C and H atoms in the graphene sheet. The 12-6 L-J
potential [34] was used for the van der Waals interaction between the C and C, and the C
and H, atoms. The time step was 0.001 ps. First, the canonical ensemble (NVT ensemble)
was applied for 20 ps with a system temperature of 300 K controlled by the Langevin
thermostat method to make the system reach equilibrium. Then, the hot and cold ends
were set on the substrate. The temperatures of the hot and cold ends were 600 K and 300 K,
respectively; and the NVT ensemble was then applied to the two zones to maintain the
thermal gradient in the system, as shown in Figure 1a. The microcanonical ensemble (NVE
ensemble) was applied for carbon atoms in the middle of the graphene substrate. Then, heat
flowed from the hot end to the cold end, and the whole system reached equilibrium after a
period of time. All of the simulations were carried out using Large-Scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [35].

Coluci et al. [36] noted that the thermal gradient was not constant, owing to the heat
conduction when the hot and cold ends were initially set. For this work, the potential of
the whole system reached equilibrium at 60 ps, which meant that the thermal gradient
became stable after 60 ps. Therefore, the centroid of the graphene nanoflake was fixed
during this period (60 ps). After the stabilization of the thermal gradient, the graphene
nanoflake was released. Then, the thermal gradient drove the graphene nanoflake to move
on the substrate.

3. Results and Discussion
3.1. The Effect of a Channel

The effect of a channel on the movement of a graphene nanoflake was investigated
via the comparison between the two cases with and without the channel. When the stable
thermal gradient was achieved, the graphene nanoflake was unfixed. The movement of the
pristine graphene nanoflake along the x and y directions is shown in Figure 2 for models
with and without the channel. The thermal gradient was 15 K/nm. The movement of
the graphene nanoflakes along the y direction was similar for the two cases. They both
reached the cold end of the substrate at about 80 ps. However, the movement along the x
direction showed obvious difference in two cases. The graphene nanoflake moved along
the whole channel in the channel model (20 nm). In contrast, it moved about 2.6 nm along
the x direction in the normal model.
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Figure 2. The evolution of the position of the centroid of graphene nanoflake. (a) Along x direction.
(b) Along y direction.

To further observe the movement of the graphene nanoflake, snapshots were shown
in Figures 3a–c and 3d–f for the normal model and the channel model, respectively. In
Figure 3b,c, for the normal model, the graphene nanoflake drifted along in the y direction.
It rotated gradually while moving along in the x direction. This observation was consistent
with the reported results [20]. For the channel model, although the graphene nanoflake also
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turned at an angle at the first stage, the channel could correct the rotation of the graphene
nanoflake and guide the movement of the nanoflake. Then, the nanoflake moved in the
channel along the y direction with two sides parallel to the channel. The correction of the
rotation by the channel could be attributed to the interaction between the channel and the
graphene nanoflake. The interaction is mainly governed by the van der Waals interaction,
which can be approximated by a 12-6 Lennard-Jones potential: U = 4ε(

(
σ
r
)12 −

(
σ
r
)6
). The

two banks of the channel interacted with the nanoflake, resulting in a potential well in the
channel. The nanoflake was therefore stable in the central region of the channel. As shown
in Figure 3e, the left side of the nanoflake was much closer to the edge of the channel than
the right side, which resulted in an unbalanced larger van der Waals force on the nanoflake,
according to the L-J potential. The imbalance of force on the two sides drove the nanoflake
back to the center of the channel. Meanwhile, the force on the upper and lower sides of the
nanoflake was also unbalanced when it turned at an angle, which rotated the nanoflake
back to the configuration with the two sides parallel to the channel. Therefore, the graphene
nanoribbon channel could correct the rotation of the graphene.
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3.2. The Effect of the Passivating Hydrogen Atoms

There are dangling bonds at the edge of pristine graphene nanoflakes, which may
affect the movement of graphene. Figure 1c showed the passivation of a graphene nanoflake
by hydrogen atoms. The movements of pristine and passivated graphene nanoflakes were
shown in Figure 4. The thermal gradient was 10 K/nm. The passivated graphene nanoflake
reached the cold end at about 1200 ps, so was faster than the pristine graphene. Moreover,
oscillation occurred in the movement of the pristine graphene nanoflake, which moved back
from y = 1.8 nm to y = 1.2 nm at about 1300–1500 ps, as shown in Figure 4a. Furthermore,
the movement of the passivated graphene nanoflake along the x direction was also more
stable, as shown in Figure 4b.
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The binding energy between the passivated graphene nanoflake and the graphene
substrate was 8.08 eV, which was 0.66 eV higher than that of the pristine graphene nanoflake
and the substrate. The reason was that there were more atoms in the passivated nanoflake
than in the pristine nanoflake. The stronger interaction seemed to form a deeper channel so
that the thermophoresis movement was slower. However, the rotation of the nanoflakes in
the channel also affected the movement. The snapshots of the two systems, with the pristine
and the passivated graphene nanoflakes, were shown in Figures 5a–d and 5e,f, respectively.
In Figure 5b,e,f, the rotation of the nanoflakes caused a small distance between them and
the substrate, resulting in a stronger interaction than in the center of the channel, which
slowed down the movement of the nanoflakes. The pristine and hydrogen-passivated
graphene nanoflakes both turned at an angle at first. Although pristine and passivated
graphene nanoflakes both returned to the configuration with two sides parallel to the
channel in the cold end, the passivated nanoflake more quickly returned to the center of the
channel. Combining the effects of the rotation and the interaction between the nanoflakes
and the substrate, the passivated graphene nanoflake reached the cold end earlier.

Crystals 2022, 12, x FOR PEER REVIEW 6 of 9 
 

 

 
Figure 5. The snapshots of two systems during the movement. (a–d) Hydrogen-passivated graphene 
nanoflake. (e–h) Pristine graphene nanoflake. 

3.3. The Effect of a Thermal Gradient 
The thermal gradient drove the graphene nanoflake to move on the substrate. The 

magnitude of the thermal gradient appears to play an important role. The simulation re-
sults of the movements of pristine and hydrogen-passivated graphene nanoflakes under 
different thermal gradients were illustrated in Figure 6. For both pristine and passivated 
graphene systems, in this study, the larger thermal gradient led to faster movement of the 
nanoflakes when the thermal gradient was lower than 5 K/nm. The hydrogen-passivated 
graphene nanoflake could not move to the cold end successfully, as shown in Figure 6b. 
However, Figure 6a showed that the pristine graphene nanoflake reached the cold end. 
The reason could be attributed to the stronger interaction between the hydrogen-passiv-
ated graphene and the substrate, which formed an energy barrier that needed to be over-
come by thermal energy. Then, a larger thermal gradient was needed to drive the passiv-
ated graphene nanoflake. 

When the thermal gradient was larger than 12.5 K/nm, the response of the pristine 
graphene was slightly faster. The graphene nanoflakes moved to the cold end quickly at 
thermal gradients 17.5 and 20 K/nm. However, when the thermal gradient was 7.5 and 10 
K/nm, the hydrogen-passivated graphene more quickly reached equilibrium in the cold 
end. The reason might be that the pristine graphene nanoflake kept the configuration with 
a turning angle for a longer time, as discussed in Section 3.2. The results imply that the 
movement of the passivated graphene square is more stable. 

Figure 5. The snapshots of two systems during the movement. (a–d) Hydrogen-passivated graphene
nanoflake. (e–h) Pristine graphene nanoflake.



Crystals 2022, 12, 1830 6 of 8

3.3. The Effect of a Thermal Gradient

The thermal gradient drove the graphene nanoflake to move on the substrate. The
magnitude of the thermal gradient appears to play an important role. The simulation
results of the movements of pristine and hydrogen-passivated graphene nanoflakes under
different thermal gradients were illustrated in Figure 6. For both pristine and passivated
graphene systems, in this study, the larger thermal gradient led to faster movement of the
nanoflakes when the thermal gradient was lower than 5 K/nm. The hydrogen-passivated
graphene nanoflake could not move to the cold end successfully, as shown in Figure 6b.
However, Figure 6a showed that the pristine graphene nanoflake reached the cold end. The
reason could be attributed to the stronger interaction between the hydrogen-passivated
graphene and the substrate, which formed an energy barrier that needed to be overcome
by thermal energy. Then, a larger thermal gradient was needed to drive the passivated
graphene nanoflake.
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thermal gradients 17.5 and 20 K/nm. However, when the thermal gradient was 7.5 and
10 K/nm, the hydrogen-passivated graphene more quickly reached equilibrium in the cold
end. The reason might be that the pristine graphene nanoflake kept the configuration with
a turning angle for a longer time, as discussed in Section 3.2. The results imply that the
movement of the passivated graphene square is more stable.

4. Conclusions

We investigated a graphene-based directional moving system driven by a thermal
gradient by means of molecular dynamics simulations. The results showed that a graphene-
nanoribbon-formed channel was capable of modulating the graphene nanoflake to move
in a specific direction. Within the graphene channel, the graphene nanoflake turned at an
angle at first, akin to how it moved outside the graphene channel. However, the graphene
nanoflake returned to the center of the channel with two sides parallel to the channel edges,
because the unbalanced force between it and the two edges of channel tended to rotate
the nanoflake back. Our results showed that a channel consisting of graphene nanoribbon
could effectively guide the motion of a graphene nanoflake.

The interaction between the passivated nanoflake and the graphene substrate was
stronger than that of the pristine nanoflake. As a result, a larger thermal gradient was
needed to drive a passivated graphene nanoflake. When the thermal gradient was lower
than 5 K/nm, the passivated graphene could not be driven successfully. At a large thermal
gradient, a passivated and pristine graphene nanoflake both quickly moved along the
channel. The movement of the graphene not only depended on the interaction between the
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graphene nanoflake and the substrate, but also the rotation of the graphene nanoflake in
the channel. The rotation slowed down the movement. Oscillation sometimes occurred in
the movement of pristine graphene nanoflake. The movement of passivated graphene was
more stable. Our results might shed light on the design of nano-mechanical systems based
on graphene.
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