& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 13 April 2022
doi: 10.3389/fmech.2022.879561

OPEN ACCESS

Edited by:

Markus Valtiner,

Vienna University of Technology,
Austria

Reviewed by:

Hyun-Joon Kim,

Kyungpook National University, South
Korea

Hitoshi Washizu,

University of Hyogo, Japan

*Correspondence:
Weihong Qi
qiwh216@nwpu.edu.cn

These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Tribology,

a section of the journal

Frontiers in Mechanical Engineering

Received: 19 February 2022
Accepted: 30 March 2022
Published: 13 April 2022

Citation:

Wei'Y, Ru G, Qi W, Tang K and Xue T
(2022) Interlayer Friction in Graphene/
MoS,, Graphene/NbSe,, Tellurene/
MoS, and Tellurene/NbSe» van der
Waals Heterostructures.

Front. Mech. Eng 8:879561.

doi: 10.3389/fmech.2022.879561

®

Check for
updates

Interlayer Friction in Graphene/MoS,,
Graphene/NbSe,, Tellurene/MoS, and
Tellurene/NbSe, van der Waals
Heterostructures

Yaru Wei', Guoliang Ru?, Weihong Qi*, Kewei Tang and Taowen Xue

State Key Laboratory of Solidification Processing, Center of Advanced Lubrication and Seal Materials, Northwestern
Polytechnical University, Xi’an, China

Two-dimensional (2D) materials have a wide range of applications in the field of molecular-
level solid lubrication due to their ultrahigh mechanical strength and extremely low friction
properties at the nanoscale. In this work, we investigated the interlayer friction properties of
four different heterostructures, namely, graphene/MoS,, graphene/NbSe,, a-tellurene/
MoS, and «-tellurene/NbSe,, using a molecular dynamics (MD) method. The effects of a
series of influencing factors on the interlayer friction were investigated. The results show
that for the four heterostructures, the influence laws of layer number, temperature, and
normal load on interlayer friction show consistency. The twist angle can effectively regulate
the interlayer friction of these 2D materials, but the superlubricity phenomenon cannot
occur for a-Te/MoS, and a-Te/NbSe, systems. Furthermore, we address the origin of
friction in detail, emphasizing the contribution of edge pinning and interface sliding
resistance to the frictional force of the heterostructure. The friction decreases with
increasing temperature and sliding speed due to the reduction in the interlayer
adhesion force. The present findings provide a deep understanding of friction control
and contribute much to the design of robust 2D superlubricity systems.

Keywords: van der waals heterostructures, interlayer friction, superlubricity, two-dimensional materials, molecular
dynamics simulation

INTRODUCTION

Friction has a profound influence on people’s modern lives and industrial production. It is estimated
that all kinds of friction consume 1/3 of the world’s disposable energy. In addition, the wear caused
by friction is the main cause of mechanical damage, which is more serious at the nanoscale. As the
size of devices decreases and the specific surface area increases, surface force and surface effect
become the main factors affecting the performance and life of nanodevices. Therefore, it is of great
significance to effectively reduce friction and wear.

Hirano and Shinjo theoretically predicted that the static friction force between two rigid surfaces
in incommensurate contact may approach zero (Hirano and Shinjo, 1990; Shinjo and Hirano, 1993)
and named this phenomenon superlubricity. However, there are no absolutely rigid substances or
materials in nature. The discovery and rise of two-dimensional materials, represented by graphene
(Novoselov et al.,, 2004), provides a new opportunity for the design and development of ideal solid
lubricants. The graphene monolayer has only one atomic layer thickness (0.335 nm), which is the
thinnest material known thus far. Graphene has strong in-plane stiffness because of its strong
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covalent bond. However, the relatively weak interlayer van der
Waals (vdW) interactions make it easy to achieve interlayer slip.
With these properties, two-dimensional materials prove to be
ideal vehicles for achieving superlubricity. However, this
superlubricity shows low friction only in the incommensurate
state. In addition, another mechanism exists to generate low
friction. According to the mechanism of thermal escape motion
(Washizu et al., 2012; Maeda and Washizu, 2018), graphene in
the stacking state of the commensurate level can also produce
ultralow friction. While chasing the performance of graphene, a
large number of 2D materials have been prepared, such as
transition metal dichalcogenides (TMDCs), black phosphorus,
and h-BN. In 2017, Zhu et al. predicted a new 2D monolayer
material (Zhu et al, 2017), ie., tellurene, by first-principles
calculations. Different from two-dimensional layered materials,
there is no layered structure in the bulk structure of 2D tellurene.
Although these two-dimensional materials are only a few atomic
layers thick, their anti-friction effect is comparable to that of bulk
lubricated materials. The discovery of the excellent mechanical
and tribological properties of two-dimensional materials further
promotes the study of their friction behavior.

For two crystalline surfaces of bulk materials, the interfacial
commensurate formed during contact has a significant effect on
sliding friction. In 2004, a pioneering experimental
demonstration of nanoscale superlubricity in graphite contacts
was performed by Dienwiebel et al. (Dienwiebel et al., 2004), who
discovered that the origin of ultralow friction in graphite lies in
the incommensurability between rotating graphite layers. In
addition, the superlubricity of MoS,, which is also commonly
used as a solid lubricant, has been extensively investigated by
researchers. Tasuku et al. (Onodera et al., 2010) investigated the
slip anisotropy of bilayer MoS, using a molecular dynamics
approach, and the results showed that the lubrication of MoS,
is largely dependent on its interlayer contact at the atomic scale.
However, the implementation of superlubricity is mostly limited
to the nanoscale, and any surface defects or surface roughness can
destroy the superlubricity when scaled to larger scales. With
tireless efforts, Zheng et al. observed self-retracting motion in
a graphite island system (Zheng et al., 2008), which successfully
extended superlubricity to the macroscopic scale. However, for
the 2D homostructural systems, even in the incommensurate
ultralow friction configuration, the interface contact state has a
tendency to rotate toward the aligned proportional configuration
during sliding and eventually lock in the high friction state
(Filippov et al, 2008). In addition, the superlubricity
properties of zero-dimensional carbon nanoscrolls (Berman
et al., 2015) and one-dimensional carbon nanotubes (Zhang
et al, 2013) have received extensive attention and have
achieved superlubricity in macroscopic contacts.

To avoid the above problems, researchers have attempted to
stack different 2D materials to form 2D van der Waals
heterostructures. Due to the intrinsic lattice constant
mismatch at the interface, incommensurability exists even in
the aligned configuration, which helps to achieve robust
structural superlubricity. Song et al. investigated the sliding
process of graphene flakes on the h-BN surface and found that
sufficiently large graphene flakes will produce a very stable
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superlubric state when sliding on the h-BN surface (Song
et al, 2018). Unlike the superlubricity behavior between
bilayer graphene, the graphene/h-BN heterostructure retains
superlubricity even in the aligned configuration. Furthermore,
researchers have made a number of significant advances in liquid
superlubric systems. Luo et al. discovered other ultralow friction
systems, such as Brasenia Schreiber (BS) mucilage (Li et al., 2012)
and mixed aqueous solutions of glycerol and boric acid (Zhang
et al,, 2011), and experimentally investigated their superlubricity
performance (Zheng and Liu, 2014; Xiao et al,, 2019). Based on
these studies, researchers have conducted many more detailed
studies on factors affecting interlayer friction, such as rotation
angle, sample thickness, shape and size, temperature, sliding
direction, sliding speed, and normal load (Zworner et al,
1998; Miura and Kamiya, 2002; Dienwiebel et al, 2004;
Verhoeven et al., 2004; Filippov et al., 2008; Lee et al., 2009;
Filleter and Bennewitz, 2010; Lee et al., 2010; Li et al., 2010; Ye
et al,, 2012; Dietzel et al., 2013; Leven et al., 2013; van Wijk et al,,
2013; Levita et al.,, 2014; Li et al, 2016; Dietzel et al., 2017;
Mandelli et al., 2017; Wang et al., 2019a; Gongyang et al., 2020;
Qu et al., 2020; Ru et al., 2020; Vazirisereshk et al., 2020; Ru et al.,
2021). Specifically, Ru et al. (Ru et al, 2020) compared the
interlayer friction between the graphene/graphene system and
the MoS,/MoSe, system and explored the effect of temperature,
slide direction, relative velocity, and normal force on the frictional
force. Unfortunately, there is no unified explanation for how
these factors affect friction.

In this work, we investigated the interlayer friction properties
of four different two-dimensional heterostructures, i.e., graphene/
MoS,, graphene/NbSe,, a-tellurene/MoS, and a-tellurene/NbSe,,
by molecular dynamics methods. Furthermore, the interlayer
friction properties of the heterogeneous structures were
investigated in detail for different stacking angles, contact
areas, contact shapes, thicknesses, temperatures, sliding
directions, sliding velocities and normal loads. The
relationship between interlayer friction and influencing factors
was thoroughly discussed.

METHODOLOGY

All simulations were performed using the large-scale atomic/
molecular massively parallel simulator LAMMPS (Plimpton,

1995). It should be noted first that a total of four
heterostructure systems were built in this work for
comparative  study of the interlayer  superlubricity

characteristics of 2D materials, specifically graphene/MoS,,
graphene/NbSe,, a-Te/NbSe,, and a-Te/MoS,. In all systems,
MoS, and NbSe, were used as the lower substrate materials, while
graphene and a-Te were set as the upper sliders. The two-
dimensional schematic models of the planes are shown in
Figures 1A-D for MoS,, NbSe,, graphene, and a-Te, while
their lattice parameters are 322 A (Mehmood et al, 2021),
353 A (Alemayehu et al.,, 2015), 246 A (Yang et al., 2018),
and 4.15A (Wang et al, 2018), respectively. As shown in
Figure 1E, we introduce the simulation model by taking the
graphene/NbSe, system as an example (see
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FIGURE 1 | Schematic diagram of the model used for molecular dynamics simulations. (A-D) Crystal structure diagrams, where (A) MoS;, (B) NbSe,, (C) graphene
and (D) a-Te are shown. (E) Side view of the simulation model. The sheet is connected to a spring that slides at a constant speed over different substrates (MoS, and
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FIGURE 2 | The atomic model diagram of the heterostructure composed of different shapes: (A) rectangle, (B) triangle and (C) hexagon stacked on the substrate.
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TABLE 1 | LJ parameters for graphene/MoS, and graphene/NbSe, systems.

s-C Mo-C Se-C Nb-C
€ (meV) 7.355 3.325 7.58 3.4131
o (A) 3.219 2.818 3.5885 3.1253

SupplementaryFigure S1 in the Supplementary Information S1
for the details of the a-Te/NbSe, system), and the other systems
are similar. The model consists of a single-layer graphene sheet
and a single-layer NbSe, as the substrate. Specifically, the
bottommost Se atoms of NbSe, are fixed, which appear like
the atoms in the experiment where they are strongly adsorbed
on the substrate. In addition, we consider the frictional
characteristics of the heterogeneous structures formed by
different shapes of graphene sheets, such as triangular,
rectangular and hexagonal sheets. Figure 2 shows the three
heterostructures formed by three different shapes of graphene
sheets twisted by 30° and stacked with the substrate.

The key to molecular dynamics simulations is to determine the
interactions between near-neighbor atoms. In our simulations,
the C-C atom interactions were described by the reactive
empirical bond order (REBO) potential (Brenner et al., 2002).
The Stillinger-Weber (SW) potential (Jiang and Zhou, 2017) was
used to describe the covalent interactions within the Mo-S, Nb-Se,

TABLE 2 | LJ parameters for the a-Te/MoS, and a-Te/NbSe, systems.

S-Te Mo-Te Se-Te Nb-Te
€ (meV) 14.32 6.4739 14.758 6.645
oA 3.7885 3.3507 3.8643 3.401

and Te-Te interlayers (Ru et al.,, 2021). The Lennard-Jones (L])
potential function was used to describe the vdW interaction
between 2D layers. Specifically, the parameters of the LJ
potential for simulation are listed in Tables 1 and 2 (Rappe
et al., 1992). For the description of the potential function of the
interaction force between layers of 2D materials, it is reported that
similar results can be obtained from the study of interlayer
friction using the LJ potential and the Kolmogorov-Crespi
(KC) potential (Wang et al, 2019b). In addition, the LJ
potential can significantly speed up the simulation. Therefore,
the vdW forces between 2D materials were described using the L]
potential in the present work. The cut-off length of the LJ
potential was set to 10 A.

The present MD simulation mainly included two processes:
relaxation and sliding. We relaxed each system for 50 ps under the
NVT ensemble, which allowed us to obtain a more stable
configuration. Afterwards, the sliding sheet on the substrate
was connected to a harmonic spring with stiffness K =
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FIGURE 3 | Variation in the interlayer friction coefficient with rotation angle for van der Waals heterostructures of different shapes. (A-C) graphene/MoS,; (D-F)
graphene/NbSes,.

10 eV A%, which was pulled in the X direction with a constant
velocity V = 1 A/ps. The whole sliding process lasted for 400 ps.
Throughout the simulation, a constant normal force F, = 0.02
nN/atom was applied to the uppermost atom of the slider, and the
rotation of the slider was limited during relaxation and sliding
(see Supplementary Figure S1 for details). The periodic
boundary conditions were used in the X and Y directions,
while the free boundary condition was applied in the
Z-direction. In all simulations, the time step was set to 1 fs.
We chose the Nose-Hoover thermostat method to control the
temperature unless the effect of temperature on the friction
properties was considered; otherwise, the temperature was
keptat T = 1K.

According to the calculation method proposed by Liu et al.
(Liu and Zhang, 2011), the friction force along the X-direction is
computed as Fx = ﬁ fg fx (s)ds, where A is the moving period,
n is the number of periods, fis the instantaneous friction, and s is
the time step of relative sliding. Similarly, we compute the normal
force in the Z-direction using Fz =% I: fz(s)ds. The
coefficient of friction is the ratio between the friction force at
the interfaces and the normal load, which is y = Fx/Fz. In
addition, unless otherwise specified, the term “friction” in this
paper refers to the total frictional force of the interlayer sliding.

RESULTS AND DISCUSSION

Effect of Torsion Angle on Friction
We investigated the effect of the interlayer twisting angle on the
frictional performance of four new heterostructures. In Figure 3,

the interlayer friction of the heterostructure is clearly shown to
vary with the rotation angle at a constant normal force of 0.02
nN/atom and a temperature of 1 K. The number of atoms of the
upper sheet is denoted as N. For the graphene/MoS, and
graphene/NbSe, systems, the friction coefficient shows a
periodic variation with the rotation angle. This is consistent
with the previous results of Song et al. (Song et al., 2018). The
curve takes 60° as the period and is determined by the periodic
hexagonal lattice structure. When the rotation angle is 0° and 60°,
the friction coefficient reaches the maximum, and the
heterostructure is in the aligned contact state. The friction
coefficient is at its lowest at a rotation angle of 30"
Furthermore, we considered the effect of temperature on the
interlayer friction performance for various rotation angles, and
the results are shown in Supplementary Figure S2. The increase
in temperature leads to an increase in the thermal vibration of the
atoms, which results in a decrease in the interlayer frictional
resistance, and then the dependence of the friction coefficient on
the rotation angle is weakened. As shown in Figures 3B-F, we
compared the friction coefficients obtained by sliding sheets of
different sizes on the substrate, and we can perceive that the
smaller the size of the sheet is, the more difficult it is to achieve
superlubricity (see Effect of Torsion Angle on Friction for a
detailed discussion). The larger the size of the sheet is, the
larger the range of angles to achieve superlubricity. Comparing
these two different systems, the friction coefficient of graphene/
NbSe, is lower than that of graphene/MoS, under the same
conditions. This is due to the greater lattice mismatch of the
graphene/NbSe, heterostructure. In comparison with the
graphene/graphene homostructure system (Ru et al., 2020), it
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FIGURE 4 | Effective interaction potential energy surface of the heterostructure. (A-C) Potential energy surface (PES) of graphene/MoS, heterostructure with
different rotation angles, where (A) 6 = 0°; (B) 6 = 15°; (C) 6 = 30°; (D-F) PES of graphene/NbSe, heterostructure with different rotation angles, where (D) 6 = 0°; (E) 6 =
15°% (F) 6 = 30°.

can be seen that the friction coefficient of the homogeneous
structure system is higher than that of the heterostructure in the
aligned contact state. In addition, the homostructure system is
more sensitive to the rotation angle, while the friction coefficient
of the heterostructure decreases slowly after the change in the
rotation angle. This is consistent with previous studies
(Dienwiebel et al., 2004; Filippov et al., 2008; Wang et al.,
2019a; Ru et al., 2020).

By combining the analysis with the potential energy surface
(PES), we further explored the relationship between the rotation
angle and the friction force. At the microscopic scale, potential
energy fluctuations at the interface are the origin of kinetic
friction (Guo et al., 2011). Therefore, we mapped the potential
energy surface = profile of the heterostructure at different
rotation angles, as shown in Figure 4. The interlayer
interaction energy between the top graphene sheet and the
substrate was calculated using the L] potential as a function of
the position coordinates of the center mass of the sheet (X- and
Y-axes chosen along the armchair and zig-zag directions,
respectively) and the relative twist angle 0. From Figure 4, we
can clearly see that for graphene/MoS, and graphene/NbSe,
heterostructures, the PES fluctuations at the rotation angle 6 =
0° are much larger than those at other angles because the lattice of
the graphene sheet and the substrate form an aligned contact. The
corresponding PES fluctuations at other rotation angles are
smoother. The smoother the PES fluctuations are, the less
energy consumed in the sliding process, and the system
structure is more likely to enable structural superlubricity.

In the same way, we investigated the interlayer sliding
behavior of «-Te/MoS, and «-Te/NbSe, heterostructures
under the same simulation conditions, as shown in Figure 5.
From the calculation results in Figures 5A-C, it can be found that
for the a-Te/MoS, heterostructure, the interlayer friction shows
an obvious periodicity with the change in rotation angles.
However, for the a-Te/NbSe, heterostructure, the periodicity
of the interlayer friction is not significant when the slider size
is small. After increasing the size, the periodicity gradually
appears. Since the lattice periodicity is broken at the
boundaries, this leads to a reduction in the binding of the
boundary atoms. As a result, the boundary atoms are more
active than the central atoms. A smaller slider size means
more pronounced edge effects, which we discuss in detail in
Effect of Torsion Angle on Friction. To further elucidate the reason
for the variation in friction with angle for the a-Te/MoS, and a-
Te/NbSe, systems, we plotted the sliding potential energy surface
configurations of these two systems, as shown in Figure 6. We
can clearly see that the degree of undulation of the potential
energy surface corresponds to the magnitude of the friction
coefficient. A small undulation of potential energy means that
the system has a small energy loss during sliding, i.e., a small
sliding resistance. For both heterostructures, a-Te/MoS, and «a-
Te/NbSe,, the potential energy surface is flatter when the
interlayer twist angle is 15° than when the twist angles are 0°
and 30°. In Figure 5, these two heterostructures do have lower
friction coefficients at a rotation angle of 15°, and both are
consistent with the results from the potential energy surface
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FIGURE 6 | Effective interaction potential energy surface of the heterostructure. (A=C) PES of the a-Te/MoS, heterostructure with different rotation angles, where
(A) 6 =07 (B) 6 =157 and (C) 6 = 30°. (D-F) PES of the a-Te/NbSe, heterostructure with different rotation angles, where (D) 6 = 0°; (E) 6 = 15°; and (F) 6 = 30°.

Frontiers in Mechanical Engineering | www.frontiersin.org

April 2022 | Volume 8 | Article 879561


https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Wei et al.

Interlayer Friction in Heterostructures

FIGURE 7 | Friction force as a function of perimeter/area. (A) graphene/MoS,; (B) a-Te/MoS,; (C) graphene/NbSe,; (D) a-Te/NbSe,. The shape of the data points
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calculation. Meanwhile, we found that for a-Te/MoS, and a-Te/
NbSe, heterostructures, the rotation angle regulates the interlayer
friction of the system, but superlubricity cannot occur (the
coefficient of friction is greater than one thousandth of an
order of magnitude). The «-Te/MoS, and a-Te/NbSe,
heterostructures require more potential barriers to be
overcome in the slip path than the graphene/MoS, and
graphene/NbSe, heterostructures due to the dominance of the
frictional mechanism of interfacial sliding resistance in tellurene
heterostructures. However, for graphene heterojunctions, friction
is dominated by boundary effects, as detailed in the analysis in
Effect of Torsion Angle on Friction.

Effect of Contact Size on Friction

Friction is independent of the macroscopic contact area because
the actual area of contact on the atomic scale is a fraction of the
total surface area. However, at the atomic scale, it is crucial to
understand the relationship between contact size and friction to
control friction. Mandelli et al. found that for all contact sizes
considered, the commensurate homogeneous interface exhibits
highly dissipative viscous slip motion, leading to size-
independent static and dynamic friction (Mandelli et al,
2017). In contrast, incommensurate interfaces have significant
size effects. In this section, we investigate the relationship between

contact size and friction for heterogeneous structures that are
under aligned contact.

Herein, we discuss the variation of the frictional force with size
for three different shapes of sliders using the parameter, i.e., the
perimeter-to-area ratio (P/A), which has been used in reference
(Belghachi and Khelifi, 2006). The higher the value of P/A is, the
larger the proportion of atoms at the edge of the slider. As shown
in Figure 7, for the four heterostructures, the friction of the
heterostructures tends to decrease with increasing P/A, which is
consistent with the conclusion of previous calculations (Wang
et al, 2019¢). In addition, Figure 7 shows that the friction
decreases at a faster rate when P/A < 02, with an
approximately linear decrease. However, when P/A>0.2, the
rate of decline gradually slows down. As mentioned before, in
our MD simulation, normal loading is achieved by loading
0.02nN to each atom of the outermost layer of the slider. A
larger slider implies a larger normal load. Due to the different
structures of graphene and a-Te, the same contact area
corresponds to different amounts of normal load. Therefore,
we redrew the relationship curve between the friction
coefficient and P/A, as shown in Supplementary Figure S3
(Supplementary Information S1). The coefficient of friction
vs. specific perimeter (P/A) for the heterostructures by
graphene and a-Te exhibited different variation trends. For
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the graphene/MoS, and graphene/NbSe, heterostructures, the
friction coefficient increases linearly with increasing P/A, which
means that the smaller the slider size is, the higher the frictional
resistance. A smaller slider size also means a higher percentage of
atoms at the edge. However, for the a-Te/MoS, and «a-Te/NbSe,
heterostructures, the friction coefficient decreases linearly with
increasing P/A, implying that the larger the slider size is, the
larger the frictional resistance. A larger slider size also means a
larger contact area at the interface. This indicates that they have
two completely different friction mechanisms.

To further investigate the two different interlayer friction
mechanisms, we plotted the variation in the friction force
(average to each atom of the slider) with a specific perimeter
(P/A). The ratio of edge atoms to internal atoms decreases as the
slider size increases (as shown in Supplementary Figure $4,
Supplementary Material S1), and the contribution of the edge
atoms to the system friction decreases. In the graphene/MoS, and
graphene/NbSe, heterostructures, as shown in Figures 8A,C, the
single-atom friction shows a linear increase with increasing P/A
of the graphene slider. This phenomenon is related to the fact that
the friction mainly comes from the contact interface edge
pinning. The same conclusion was shown by Qu et al. (Qu
et al., 2020), where they separated the inner area of the slider
contact interface from the edge area, calculated the friction force

of both separately, and confirmed experimentally that the friction
force mainly comes from the edge. In addition, edge atoms can
exhibit large distortions due to their low confinement, which can
lead to large friction (Guo et al., 2011; Mandelli et al., 2017).
However, in the a-Te/MoS, and a-Te/NbSe, heterostructures,
as shown in Figures 8B,D, the abnormal phenomenon was
observed, ie., a trend of decreasing friction (averaged to each
atom) with increasing P/A. The increase in P/A means that the
percentage of boundary atoms increases. The friction shows a
decreasing trend, indicating that for this heterostructure, the
interlayer friction is not dominated by edge pinning but due to
the in-plane interface sliding resistance mainly contributing to the
friction. Liao et al. defined the shear strength S and edge-pinning
strength E of a finite size slider as follows (Liao et al., 2021):

1)
2

where F, is the frictional force, A is the area of the domain, and P
is the perimeter of the slider. When the friction is mainly
influenced by the sliding resistance at the interface, the shear
strength S is constant with respect to the slider area. When the
friction force is mainly from edge pinning, E is constant with
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respect to the slider perimeter. As shown in Figure 9, we plotted
the shear strength S versus domain area for the four systems. In
addition, the inset shows the trend of the corresponding edge
pinning strength E with the domain perimeter.

In the graphene/MoS, and graphene/NbSe, heterostructures,
as shown in Figures 9A,C, the edge pinning strength E is constant
relative to the perimeter of the slider. We believe that the friction
force mainly comes from the edge. In the a-Te/MoS, and a-Te/
NbSe, heterostructures, as shown in Figures 9B,D, the shear
strength S is constant relative to the area of the slider. We believe
that in these two systems, the friction force is dominated by the
sliding resistance in the interface.

According to the Prandtl-Tomlinson model (Tomlinson,
1929), when the upper moving atom falls into the potential
well formed by the static atoms, if the upper atom moves, it is
necessary to overcome the potential barrier of the potential well,
resulting in increased resistance. However, if the upper atoms do
not fall into the potential well, the resistance is very small when
moving. This atomic-scale resistance is friction in the macro view,
which is also the origin of friction. For the systems mentioned
above, that is, a two-dimensional material slider sliding on the
two-dimensional material plane, we can regard the two-
dimensional material matrix as a potential field. From the

0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%0%%
96%6%0%0%6%0%0%0%0%0%0%0%0%0%0%0%°

FIGURE 10 | Schematic diagram of the edge (green) and inner (yellow)
areas of the slider.

atomic level, the contribution of each atom of the slider to the
friction force depends on the extent to which the atom falls into
the matrix potential well. The deeper it falls into the potential
well, the greater its contribution to the friction force, and the
shallower it falls into the potential well, the smaller the
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TABLE 3 | Average root-mean-square displacement of atoms of rectangular sliders during sliding*.

Total Average MSD (A)

Edge Inner

Number of Atoms

Number of Atoms

graphene/MoS, 700 0.002353 236
4,108 0.002018 604
a-Te/MoS, 752 0.002881 274
6,201 0.041773 836

Average MSD (If\ Number of Atoms Average MSD (If\)

0.005432 464 0.000719
0.006770 3,504 0.001191
0.004766 478 0.001588
0.066397 5,365 0.037916

*For graphene/MoS,, the number of atoms refers to C atoms; for the a-Te/MoS, system, the number of atoms refers to Te atoms contacting the MoS, matrix.

contribution to friction. From the slider, each atom on the contact
surface of the same slider is the same, but the position of the atom
is different. The range of atomic motion in the sliding process is
different, which leads to the fact that if the range of atomic motion
is large, the atom easily falls into the potential well of the matrix.
The range of atomic motion can be expressed by the mean-square
displacement (MSD) of the atom (Kubecka et al., 2016). By using
the built-in commands in the Lammps software, we can easily
calculate the mean square displacement of the system atoms with
the corresponding defining equation shown below:

N
MSD = ¢ Y [ty +) = ry (1)) )
i-1

where N is the number of particles, t represents time, r (f + £)-r
(to) is the vector distance passed by a given particle in a period of
time, and <..> is the mean of the system synthesis after
equilibrium.

In other words, the contribution of the slider atom to the
friction is related to the MSD of the atom. If the MSD of the atom
is large, the contribution to the friction is large; otherwise, the
contribution to the friction is small.

As shown in Figure 10, we distinguish the slider into two
parts: the edge and the inner area. We further calculated the
average MSD of the atoms in the two areas separately and
averaged over the whole MD trajectory. The final calculation
results are presented in Table 3.

For the graphene/MoS, heterostructure, the average atomic
displacement in the edge area is significantly larger than the
average displacement in the central area, which indicates that the
edge atoms have a relatively larger range of motion, and thus, the
edge atoms are more likely to be trapped in the energy minimum
of the substrate, leading to the edge pinning effect. Thus, the edge
atoms cause more friction than the central atoms, and for the total
friction of the slider, the contribution of the edge atoms
dominates.

For the a-Te/MoS, heterostructure, the displacements of the
atoms in the boundary region remain larger than the
displacements of the atoms in the inner region, which can be
explained by the fact that edge effects are always available for a
finite size slider. Differently from the graphene/MoS, system, the
atoms in the internal region of the a-Te slider also have a large
atomic shift, which indicates that the internal atoms are equally
prone to fall into the potential wells formed by the substrate, and
the frictional force increases with the increase of the interfacial

contact area; therefore, for the a-Te/MoS, heterostructure, the
interfacial sliding resistance is the main source of frictional force.

In general, the boundary pinning effect exists in all studied
sliders. For graphene/MoS, and graphene/NbSe, heterostructure
systems, this boundary pinning is the main source of friction. For
a-Te/MoS, and a-Te/NbSe, heterostructures, the in-plane atomic
pinning effect is more obvious; that is, boundary pinning is not
the main source of friction, and in-plane interface friction plays a
leading role.

Effect of the Number of Slider Layers on

Friction

Monolayer graphene has been reported to have higher friction
than multilayer graphene and graphite (Lee et al., 2009); however,
the underlying mechanism remains to be discussed. Earlier
studies attributed the increased friction of thinner two-
dimensional samples to puckering and local pinning (Lee
et al.,, 2010; Li et al., 2010; Ye et al.,, 2012; Li et al., 2016). In
our simulations, graphene sheets with different layer thicknesses
were chosen to slide on the substrate with the number of
graphene layers (M) varying from 1 to 10. Meanwhile, we also
considered three shapes: triangular, rectangular, and hexagonal
sheets. For different shapes, the number of atoms per layer (N) is
1980, 1860 and 1,260. The initial spacing between adjacent layers
of graphene is set to 0.34 nm. Figure 11 shows the relationship
between the friction force and the number of layers of graphene
with different shapes. In general, a smaller number of layers
corresponds to a larger frictional force. The friction coefficient
shows a decreasing trend as the number of graphene layers
increases, and the decreasing trend slows down when the
number of layers M > 4.

According to the theory given in reference (Liao et al., 2021),
the interlayer friction comes from two parts: one is caused by
adhesion, and the other is caused by increasing load. When the
load is constant, the magnitude of friction changes with the
change in adhesion. When we simulate the relationship
between the number of layers and friction, the load is also
constant. According to the literature (Pourzand et al., 2013),
the interlayer adhesion decreases with increasing layer thickness
(number of layers). That is, as the number of layers of the slider
increases, the adhesion between the slider and the substrate
decreases, resulting in a decrease in friction, as shown in
Figure 11.
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Effect of Temperature on Friction slider is set to slide along the X-direction. The simulation results
For a further comparative study of the effect of temperature on  are shown in Figure 12. We find that the variation trend of the
the interlayer friction of different systems, simulations were  friction force of the four systems with temperature is almost the
carried out for four heterostructures at temperatures of 1K,  same; in other words, the friction first decreases with increasing
50K, 100K, 150K, 200K, 250 and 300 K. Throughout our  temperature and then remains essentially constant, which is
simulations, the normal load and slip velocity were set to 0.02  consistent with previous reports (Zhao et al, 2007
nN/atom and 1 A/ps, respectively. The sliding direction of the ~ Smolyanitsky, 2015; Gongyang et al., 2020).
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The influence of temperature on the interlayer friction of the
heterostructure can be explained as follows: as mentioned above,
the interlayer friction of the two-dimensional van der Waals
heterostructure can be regarded as being composed of two parts
(Liao et al, 2021): one is from the adhesion between layers
(interlayer interaction), and the other is the friction caused by
loading (related to the structure of the two-dimensional material).
To study the effect of temperature on friction, we have taken the
same load in the simulation. In this way, we only need to study the
relationship between interlayer adhesion and temperature. Deng
et al. show theoretical studies that (Deng and Berry, 2016), with
the increase of temperature, atomic thermal vibration intensifies,
and nanoscale ripples will inevitably appear in two-dimensional
materials, resulting in the reduction of effective contact area and
the reduction of adhesion force. The conclusion that the
interlayer adhesion force of two-dimensional materials
decreases with increasing temperature has been confirmed by
experiments (Polfus et al., 2021).

We calculated the coordinates of the upper S atoms of the base
material MoS, in the Z-axis direction, which is intended to

indicate the degree of fluctuation of the sliding contact
interface. (see Supplementary Figure S5). It can be clearly
seen that the contact interface between the slider and substrate
fluctuates greatly, while it remains flat in other noncontact
regions. In addition, as shown in Supplementary Figure S5B,
the kinetic energy distribution of the contact interface is higher
than that of other regions. This result shows that it is the
nanoscale ripple in the contact interface that directly leads to
the reduction of the real contact area. In other words, the
interlayer friction of two-dimensional materials decreases with
increasing temperature. It is worth mentioning that the interlayer
friction changes rapidly with temperature and soon reaches a
constant value, which is similar for the four systems, indicating
that the nanoscale ripple no longer increases after reaching a
certain temperature, the adhesion force reaches a constant value,
and the interlayer friction also reaches a constant value.

Effect of Slide Direction on Friction
Interlayer friction anisotropy in two-dimensional materials has
been studied for a long time, and there is evidence that interlayer
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friction anisotropy in two-dimensional materials is caused by
different lattice orientations. Here, we compare the variation in
interlayer friction in four heterostructures when the slider moves
along different sliding directions. We selected the upper slider to
slide along the 0°, 15°, 30°, 45°, 60°, 75" and 90° directions, where 0°
exactly corresponds to the sliding direction along the X-direction.
The normal load was set to a constant 0.02 nN/atom, and the
sliding speed was set at 1 A/ps.

To further explicitly describe the effect of slip direction on
interlayer friction, the system temperature was set to 1 K for the
simulation. As shown in Figure 13, we can find that the variation
in the friction force with the slip direction is relatively small for
the heterostructures; that is, the heterostructures have lower
friction anisotropy than the homostructures, which is
consistent with the conclusions in previous research works
(Ru et al.,, 2020). Due to the natural lattice mismatch of the
heterogeneous structure, even when the heterogeneous structure
is in aligned contact, the upper slider can slide smoothly
regardless of the sliding direction, thus exhibiting a small
frictional anisotropy. The friction anisotropy still shows
variability for different heterogeneous structural systems. As
shown in Figure 13B, both «-Te/MoS, and a-Te/NbSe,
heterostructures have greater anisotropy than the graphene/
MoS, and graphene/NbSe, systems and exhibit a significant
60° periodicity. Compared with the latter, the potential energy
surface of the former fluctuates greatly during the sliding process,
showing more obvious anisotropy.

Effect of Sliding Velocity on Friction
We further studied the velocity-dependent interlayer friction. The
normal load was kept at 0.02 nN/atom, the sliding direction was
fixed along the X-direction, and the system temperature was
controlled at 1 K. The detailed results are shown in Figure 14.
As seen from Figure 14A, for the graphene/MoS, and
graphene/NbSe, heterostructures, the friction force remains
essentially constant at low sliding speeds, while it increases
significantly with increasing speed. The simulation results are
the same as those reported in the previous literature (Zworner
et al., 1998; Sheehan and Lieber, 2017). Additionally, Zwiorner

demonstrated experimentally that the linear increase in friction
with sliding speed at large sliding speeds is due to the strong
damping effect (Zworner et al.,, 1998). However, we obtained
completely different results in the a-Te/MoS, and a-Te/NbSe,
heterostructures. As the sliding velocity increases from 0.1 to
0.5 A/ps, the friction force increases approximately linearly.
However, when the sliding speed exceeds 0.5 A/ps, there is a
decreasing tendency for the friction, as shown in Figure 14B. We
find that for a-Te/MoS, and a-Te/NbSe, heterostructures, as the
sliding speed increases, the temperature in the contact part will
also increase, i.e., the local temperature increases significantly
with increasing sliding velocity. The increase in system
temperature comes from the increased atomic thermal
vibration during high-speed sliding, as mentioned in Effect of
temperature on friction, which leads to an increase in friction in
the a-Te/MoS, and a-Te/NbSe, systems. It has been reported that
surface-to-surface contact contributes to thermal activation.
Thermal activation, in turn, is closely related to the sliding
speed (Smolyanitsky, 2015). When the sliding velocity is
relatively fast, thermal activation may occur, resulting in a
smaller slip resistance, thus showing a decrease in friction, as
shown in Figure 14B.

Effect of Normal Load on Friction

We studied the normal load versus interlayer friction for the four
heterostructures, while the chosen normal loads were 0.02, 0.1,
0.2 and 0.5 nN/atom. The simulation results are shown in
Figure 15.

It is found that the normal load is approximately linearly
related to the friction in the heterostructures studied, agreeing
with the results of previous studies (Miura and Kamiya, 2002; Lee
et al., 2009; Filleter and Bennewitz, 2010; van Wijk et al., 2013;
Levita et al., 2014; Baykara et al., 2018; Wang et al., 2019a). Large
normal loads tend to cause deformation of the plane. In addition,
for a single layer slider, an increase in normal load means a
decrease in layer spacing. The effective contact area of the system
interface increases, leading to the stick-slip phenomenon in the
system. As a result, the interaction between atoms becomes
stronger, leading to a linear increase in friction.
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CONCLUSION

In this paper, we investigated in detail the interlayer friction of four
different van der Waals heterostructures by molecular dynamics
methods, while the effects from different factors (ie., stacking
angles, contact areas, contact shapes, thicknesses, temperatures,
sliding directions, sliding velocities and normal loads) have been
studied and discussed. Many important laws relating to interlayer
friction have been found, and the main are the following:

(1) The twist angle can effectively regulate the interlayer friction
of van der Waals heterostructures. When the
heterostructures are in aligned contact, the fluctuation of
PES during sliding is the largest, and the friction coefficient
reaches the maximum. Moreover, we found that the
superlubricity phenomenon cannot occur for a-Te/MoS,
and a-Te/NbSe, systems.

In the graphene/MoS2 and graphene/NbSe2 systems, the
interlayer friction shows a linear increase with increasing
slider specific perimeter P/A, while in the a-Te/MoS, and a-
Te/NDbSe, systems, it shows a significantly opposite trend.
The reason for this discrepancy is that edge pinning and in-
plane interfacial friction play dominant roles in different
heterostructures.

For the four heterostructures, the influence laws of the
number of layers, temperature, and normal load on
interlayer friction show consistency. However, the effect of
velocity on the frictional force of the four heterostructures
shows significant variability. The increase in temperature is
from the increase in the atomic thermal vibration at the
contact part during the high-speed sliding, leading to the
anomalous variation in friction in the a-Te/MoS, and a-Te/
NbSe, systems.
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