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We study the friction properties of interlayer bonded bilayer graphene by simulating the movement of a slider on the
surface of bilayer graphene using molecular dynamics. The results show that the presence of the interlayer covalent bonds
due to the local sp3 hybridization of carbon atoms in the bilayer graphene seriously reduces the frictional coefficient of
the bilayer graphene surface to 30%, depending on the coverage of interlayer sp3 bonds and normal loads. For a certain
coverage of interlayer sp3 bonds, when the normal load of the slider reaches a certain value, the surface of this interlayer
bonded bilayer graphene will lose the friction reduction effect on the slider. Our findings provide guidance for the regulation
and manipulation of the frictional properties of bilayer graphene surfaces through interlayer covalent bonds, which may be
useful for applications of friction related graphene based nanodevices.

Keywords: nanoscale friction, molecular dynamic simulation, bilayer graphene, interlayer covalent bond
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1. Introduction
Friction is a mechanical phenomenon that hinders the rel-

ative motion of two objects when their surfaces are in contact
with each other and have a relative motion or relative motion
trend.[1,2] The force that hinders their relative motion or rel-
ative motion trend is called frictional force. The essence of
friction is the irreversible energy dissipation between two con-
tact surfaces and the thermodynamic process involving com-
plex non-equilibrium states.[3] According to statistics, about
one-third of energy consumption is used to overcome friction
in industrial production.[4] The phenomenon of friction is in-
evitable, but exploring the regulation and reduction of the im-
pact of friction in the system has always been the direction of
scientists’ efforts. Under macroscopic conditions, for the fric-
tion between solids, it is generally believed that the rougher of
the surface, the greater the frictional force under the same nor-
mal load conditions. Analyzing friction from the atomic level
of the constituent materials, due to the discrete characteristics
of the atomic structure, the smooth contact between the contact
surfaces will become many rough peak contacts, so the macro
friction theory will no longer be suitable for micro friction.

Graphene, a two-dimensional material with atomic thick-
ness, is composed of carbon atoms with sp2 hybridization and
a hexagonal honeycomb structure. Due to its high chemi-
cal inertness, extreme mechanical strength, large specific sur-
face area structure,[5] easy shear ability,[6] excellent lubrica-
tion performance,[7] and surface protection effect.[8] It has
broad application prospects in the field of lubrication and
nanomachine. For example, Verhoeven et al.[9] and Liu et
al.[10] observed that graphite system exhibits super lubricity

through theoretical and experimental methods. Based on su-
per lubricating properties of graphene, Popov et al.[11] re-
ported the self-retracting motion of a graphene flake on a
stack of graphene flakes. Based on the self-retracting mo-
tion of a graphene flake, Jeong et al. proposed graphene
nanoflakes devices moving on graphite ribbon controlled by
electrostatic force and retraction van der Waals force,[12] de-
signed nanoscale inertial sensor,[13] and nonvolatile graphene
nanoflake shuttle memory.[14]

With the rapid development of industry, the pristine
graphene has been unable to meet its needs, so the functional-
ized graphene has attracted more and more attention.[15] Func-
tionalize graphene can alter various properties of graphene.
For example, precise modulation of graphene local hybridiza-
tion is used to open graphene bandgap.[16] Hydrogen fos-
sil graphene is used for desalination of seawater.[17] Un-
der static high pressure, multilayer graphene undergoes a di-
rect phase transition from diamond, and a new type of hy-
brid carbon material with unique combinations of mechan-
ical and electrical properties has been discovered.[18] Func-
tionalization will also have a major influence on the fric-
tion properties of graphene. Ko and Kown et al. revealed
hydrogenation, oxidation, and fluorination increase the sur-
face friction of graphene by 2–7 times compared to ordinary
graphene.[19,20] They attributed the increase in friction to the
increase in bending phonon dissipation due to the greater out-
of-plane bending stiffness. Fessler et al.[21] compared the fric-
tion silicon dioxide supported hydrogen graphene and origi-
nal graphene through atomic force microscope. He believed
that the greater friction on the surface of hydrogen graphene
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was caused by its adsorption of more pollutants. Dong et
al.[22] revealed that the surface of hydrogenated graphene has
higher friction in molecular dynamics simulation, which is
mainly due to the greater roughness of the surface of hydro-
genated graphene. Li et al.[23] pointed out that the friction
force of fluorinated graphene was greater than that of ordinary
graphene due to the enhanced interaction between the inter-
faces caused by the introduction of fluorine atoms. Carbon
atoms in multilayer graphene can be coupled between lay-
ers to form sp3 bonds through methods such as high temper-
ature annealing,[24] high pressure,[25] electron irradiation,[26]

femtosecond laser,[27] and chemical reactions,[28] thereby al-
tering the thermal[29–31] and mechanical properties[32] of in-
terlayer bonded graphene or carbon nanotubes, sparking re-
search interest in the impact of sp3 hybridization between bi-
layer graphene layers on their performance.

In this paper, the molecular dynamics method is used to
simulate the sliding process of graphene slider on the inter-
layer bonded graphene surface, to study the friction perfor-
mance of the interlayer bonded graphene. The focus was on
analyzing the influence of patterned distribution of interlayer
sp3 bonds, with coverage rate ranging from 0 to 12.5%, on
the frictional force of graphene slider under different normal
loads. At the same time, a detailed analysis was conducted on
the influence of interlayer sp3 bonded graphene surface on the
distribution of frictional force in various regions of the slider.
The research results supplement the relevant theory of friction
on the surface of two-dimensional materials such as multilayer
graphene with commensurate or incommensurate contact, help
us to understand the interlayer sp3 bonded graphene surface
properties, which is essential for the fabrication of graphene-
based electronic transistors,[33] and provide new ideas for sur-
face motion control of nanodevices based on graphene.

2. Computational methods
In order to simulate the method of atomic force micro-

scope testing surface friction, in this study we establish the
system shown in Fig. 1. There are four layers of graphene
in the simulate model, the top layer graphene is a slider used
as a probe to simulate atomic force microscope, the size of
graphene slider is 2.95 nm × 5.11 nm, containing 600 car-
bon atoms in total. The middle two layers of graphene are
the detected materials, the size of each layer of graphene is
20.16 nm×5.11 nm, contains 3936 atoms. The middle part of
these bilayer graphene locally forms interlayer sp3 bonds, the
coverage of interlayer sp3 bonds is defined as the ratio of the
number of carbon atoms bonded to the total number of carbon
atoms in a layer, which is the same as the literature.[34] The
bottom layer is a spring supported substrate, which is similar
to the work of Chang et al.,[35] and the support stiffness of

the spring is adjusted to simulate the support of different ma-
terial surfaces. Based on theoretical calculation of the spring
stiffness between two adjacent graphene layers,[35,36] a spring
constant ks of 2.7 N/m is used in this study.

(a)

(b)

x

x
y

z

yz

C atoms with sp2

C atoms with sp3

fn (nN/atom)

v

Fig. 1. Configurations of the simulation system. (a) A graphene slider
is placed on a rectangular interlayer bonded bilayer graphene substrate.
(b) Each carbon atom within the graphene supporting is connected to
a linear spring ks = 2.7 m/s along the z-direction. A normal load fn
is applied to each atom of the slider, and the slider slides against the
interlayer bonded bilayer graphene substrate along the x-direction with
the velocity of v = 10 m/s. In the snapshot, the sp2 hybridized carbon
atoms are represented by the blue, the cyan and the pink color, and the
sp3 hybridized carbon atoms are represented by the purple color.

The simulation is performed by using the molecular dy-
namics method with a large-scale atomic molecular massively
parallel simulator. The adaptive intermolecular reactive em-
pirical bond order Airebo potential is used to describe the in-
tralayer carbon–carbon bond interaction, and the interlayer in-
teraction is described by Lenard–Jones potential (with a well
depth of ε = 2.968 meV and an equilibrium σOC = 3.407 Å),
as they were in previous studies.[35,37,38] For the slider, fix its
rotation along z-direction, and it is pulled along the x-direction
through a spring. For the bilayer graphene and spring sup-
ported substrate, the center of mass is fixed along the x- and
y-directions. Periodic boundary conditions are applied to the
substrate along the y-directions, while free boundary condition
is imposed along the x-direction and z-direction. The entire
simulation process was conducted under the NVT ensemble,
and the temperature of the simulation system was controlled
at 300 K using the Nose–Hoover temperature control method,
with a simulation time step of 0.0005 ps.

The simulation process is divided into three steps. Firstly,
a relaxation of 100 ps is performed to bring the system to an
equilibrium state. Apply a normal load fn to each atom of
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the slider, and then perform a 100 ps relaxation to restore the
system to equilibrium. Then the simulation of sliding fric-
tion is started. The center of mass of the slider is connected
to a virtual ball that moves at a constant speed of 10 m/s
along the x-direction through a linear spring with a stiffness
of Kt = 36 N/m. The virtual ball pulls the slider to stick and
slide along the x-direction through the spring. The frictional
force on the slider is the average of component of the interac-
tion force between the layers of bilayer graphene and the slider
over 1.5 ns along the sliding direction. The frictional coeffi-
cient is defined as the ratio of the normal force to the tangential
force on the slider.

3. Results and discussion
3.1. Effect of interlayer covalent bonds

We used the molecular dynamics method to simulate the
motion of the slider on the surface of graphene, and calculated
the frictional force and frictional coefficient of the surface of
pristine bilayer graphene and bilayer graphene with a certain
coverage of interlayer sp3 bonds under a load of 0.05 nN/atom.
For the convenience of comparison, under the same coverage
of interlayer sp3 bonds, both random distribution and pattern
distribution are considered separately, the results are shown in
Fig. 2.
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Fig. 2. Schematic of a bilayer graphene with interlayer bonding to the
frictional force (a) and frictional coefficient (b).

The results show that the presence of interlayer sp3 bonds
greatly affects the friction performance of the bilayer surface.
Under the same normal load, the surface of bilayer graphene
with interlayer sp3 bonds has less friction than the pristine
bilayer graphene. The frictional coefficient of the interlayer

bonded bilayer graphene decreases with the increase of cover-
age of interlayer sp3 bonds, at 12.5% coverage of interlayer
sp3 bonds, the bilayer graphene surface with interlayer sp3

bonds reaches a superlubricity state.[39] From the perspective
of reducing the stability of frictional coefficient, it can be seen
that compared to random distribution, pattern distribution ap-
pears more stable, mainly due to the randomness of random
distribution. Therefore, we will mainly analyze pattern distri-
bution next.

0 2 4 6 8 10 12

0

1

2

3

4

5

6

7

In
te

rf
a
c
e
 p

o
te

n
ti
a
l 
d
if
fe

re
n
c
e
 (

e
V

)
x-direction

 Interlayer bonding 0
Interlayer bonding 4.17%
Interlayer bonding 8.33%
Interlayer bonding 12.5%

Fig. 3. Variation of interface potential difference between the slider and
the substrate with different sp3 probability patterned distributions in the
x-direction.

In order to further investigate the mechanism of pat-
tern distribution reducing frictional coefficient, it is helpful
to analyze the potential energy between the slider and bilayer
graphene substrate. Therefore, the interface potential differ-
ence between the slider and bilayer graphene substrate is cal-
culated, where the interface potential difference is defined as
the difference between the potential energy and minimum po-
tential energy values, so the difference between the maximum
and minimum potential energy is interfacial potential barrier.
We calculate the interface potential difference along the x-
direction for both the pristine bilayer graphene and bilayer
graphene with different coverage of interlayer sp3 bonds, as
shown in Fig. 3. The results show that the interface poten-
tial difference of both the pristine graphene surface and the
interlayer bonded bilayer graphene surface vary with the x po-
sition and exhibit periodic characteristics, which is consistent
with the lattice size of graphene. The results also show that
the pristine bilayer graphene has the largest interface poten-
tial barrier, with a maximum value of approximately 3.9 eV.
The interlayer bonded bilayer graphene has lower interface
potential barrier than the pristine bilayer, and the maximum
value of interface potential barrier decreases with the increase
of coverage rate of sp3 hybrid. When the coverage of inter-
layer sp3 bonds reaches 12.5%, the interface potential barrier
is only 1.5 eV. This means that sliding the slider on an in-
terlayer bonded bilayer graphene surface requires less energy
than sliding on pristine bilayer graphene surface, and as the
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coverage of interlayer covalent bonds increases, sliding be-
comes easier and the frictional force is smaller, as shown in
Fig. 2.

The slider moves on a substrate, and when there is a nor-
mal load, any non rigid substrate will undergo out-of-plane
deformation, which affects the friction of the slider.[40–42]

To investigate the reasons for the decrease in frictional force
caused by bilayer graphene substrates with covalent bonds,
we calculated the normal deformation energy of pristine bi-
layer graphene and interlayer-bonds bilayer graphene sub-
strates with different coverage of interlayer sp3 bonds when
the normal load is 0.05 nF/atom.

We first apply different normal loads to the slider, then
calculate the indentation depth δ of the pristine bilayer
graphene substrate and interlayer bonded bilayer graphene in
contact with the slider, and obtain the stiffness K of the pris-
tine bilayer graphene substrate and the interlayer bonded bi-
layer graphene substrate with different coverages of interlayer
sp3 bonds by calculating their slope, as shown in Fig. 4(a). Ac-
cording to Ref. [42] we calculate the deformation energy (E =
1
2 Kδ 2) of the bilayer substrate, the out-of-plane deformation
energy of the substrate under a normal load of 0.05 nF/atom is
shown in Fig. 4(b).
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Fig. 4. Calculation of normal deformation of the bilayer graphene sub-
strate with different coverages of interlayer sp3 bonds. (a) The rela-
tionship between normal load and indentation depth. (b) Normal defor-
mation energy of substrates with different interlayer sp3 bonds under a
normal load of 0.05 nF/atom.

Figure 4(a) shows the indentation depth of the substrates
in contact with the slider under different normal loads. We
can see that under the same normal load, the pristine bilayer
graphene substrate has the maximum indentation depth, and

the indentation depth of the interlayer bonded bilayer graphene
substrate decreases with the increase of interlayer sp3 bonds.
It shows that the interlayer sp3 bonds between the bilayer
graphene substrate will lead to the increase of its out-of-plane
bending stiffness, and its out-of-plane bending stiffness in-
creases with the increase of interlayer sp3 bonds. Although the
stiffness of interlayer bonded bilayer graphene substrate in-
creases, the out-of-plane deformation energy of the interlayer
bonded bilayer graphene substrate is relatively low because
the indentation depth is lower than that of the pristine bilayer
graphene, and under the same load conditions, the normal de-
formation energy decreases with the increase of the coverage
of interlayer sp3 bonds, as shown in Fig. 4(b).

When a slider under a normal load slides on the substrate,
in addition to overcoming the interface potential barriers of the
substrate, it also needs to overcome the normal deformation
energy of the substrate. The greater the normal deformation
energy of the substrate, the greater the frictional force that the
slider will experience.

As described above, compared with the pristine bilayer
graphene, the interlayer bonded bilayer graphene has smaller
interface potential barriers and smaller out-of-plane deforma-
tion energy, which is the reason for reduction of the slider fric-
tion, and the frictional coefficient on its surface can be regu-
lated through the coverage of interlayer sp3 bonds.

3.2. Effect of normal load

It is found that when the normal load increases to a cer-
tain extent, the superlubricity of material will be failure.[43–46]

Inspired by this viewpoint, this article next investigates the
effect of normal loads. Here, when the slider slides on the
bilayer graphene surface, we change the normal load of the
slider and calculate the frictional force of the slider on the bi-
layer graphene surface with different coverage of interlayer
sp3 bonds, as shown in Fig. 5.
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Fig. 5. Effect of normal load on the frictional force of slider sliding on
the bilayer graphene surfaces with different coverages of interlayer sp3

bonds.

Figure 5 shows the frictional force of the slider on the bi-
layer graphene surface with different coverages of interlayer
sp3 bonds under different normal load of the slider. It can
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be seen from Fig. 5 that the frictional force of the slider in-
creases with the normal load whether it is the pristine bilayer
graphene substrate or interlayer bonded bilayer graphene sub-
strate. For the pristine bilayer graphene substrate, the fric-
tional force of the slider increases linearly with the normal
load, but for the interlayer bonded bilayer graphene substrate,
the frictional force increases nonlinearly with the increase of
the normal load, and the greater the normal load, the larger
the frictional force. From Fig. 5 we also see that when the
normal load is small, the frictional force of the slider on the
interlayer bonded bilayer graphene substrate is smaller than
that on the pristine bilayer graphene substrate, indicating that
the interlayer bonded bilayer graphene substrate can reduce
the resistance of the slider at this time, when the normal load
is 0.15 nN/atom, the frictional force of the slider on an inter-
layer bonded bilayer graphene substrate is approximately 30%
of the frictional force on the pristine graphene substrate. When
the normal load increases, the frictional force of the slider on
the interlayer bonded bilayer graphene substrate is higher than
that on the pristine bilayer graphene substrate. As the cover-
age of interlayer sp3 bonds increases, the frictional force of
the slider increases, and the advantage of interlayer bonded
bilayer substrate in reducing friction resistance gradually dis-
appears, for example, when the normal load is 0.2 nN/atom,
the frictional force of the slider on the interlayer bonded bi-
layer graphene substrate with 12.5% coverage of interlayer
sp3 bonds is higher than that on the pristine graphene sub-
strate. When the load is 0.3 nN/atom, the frictional force of the
slider on the interlayer bonded bilayer graphene substrate with
8.33% coverage of interlayer sp3 bonds is higher than that on
the pristine graphene substrate. When the load is 0.4 nN/tom,
the frictional force of the slider on the interlayer bonded bi-
layer graphene substrate with 4.17% coverage of interlayer sp3

bonds is higher than that on the pristine graphene substrate.
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Fig. 6. Variation of average frictional force on atoms of slider inter-
acting with sp3 hybridized atoms and sp2 hybridized atoms in the sub-
strate with 8.33% coverage of interlayer sp3 bonds under different nor-
mal load.

In order to further study the influence of local sp3 hy-
bridized atoms in the substrate on the frictional force of the
slider, we take the interlayer bonded bilayer graphene sub-

strate with 8.33% coverage of interlayer sp3 bonds as an ex-
ample, and divided the slider evenly into two regions with 300
atoms per region as shown in Fig. 6, that is, the region that
mainly interacts with sp3 hybridized atoms in the substrate
and the region that mainly interacts with sp2 hybridized atoms
in the substrate. According to this division method, the aver-
age frictional force of each atom in these two regions of the
slider under different normal loads was calculated, as shown
in Fig. 6.

Figure 6 shows the average frictional force of atoms in
the slider interacting with the sp3 and sp2 hybrid regions of
the substrate as a function of normal load. It can be seen that
the average frictional force of atoms in these two regions in-
creases nonlinearly with the increase of normal load. When
the normal load is small, the average frictional force of the
atoms in the slider interacting with the sp3 hybridized atoms in
the substrate is smaller than that of the atoms interacting with
the sp2 hybridized atoms in the substrate. However, when the
normal load is large, the average frictional force of the atoms
in the slider interacting with the sp3 hybridized atoms in the
substrate is greater than that of the atoms interacting with the
sp2 hybridized atoms in the substrate.

x

y

-4 A 4 Az

fn=0.05 nN/atom

fn=0.15 nN/atom

fn=0.25 nN/atom

fn=0.35 nN/atom

Fig. 7. Structural evolution diagram of interlayer bonded bilayer
graphene substrate under different normal loads (the red border area
represents the position of the slider).

According to reports,[1,18,47] the mechanical properties
and microstructure of graphene change with the presence of
ripples induced by the hybridization of carbon atoms from sp2

to sp3. In this simulation, the same phenomenon has also
been observed. When bilayer graphene local atoms sp3 hy-
bridize, covalent bonds are formed between layers. The as-
sociated changes in the geometry brought about by these sp3

hybridized atoms are that these atoms are moved away from
the planar graphene, and the local structure is no longer planar
and forms ripples, as shown in Fig. 7. For non-rigid substrates,
when the slider is subjected to a normal load, the substrate has
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an out-of-plane deformation. The out-of-plane deformation of
the substrate in the area of interaction with the slider is sig-
nificant and increases with the increase of the normal load on
the slider. When the normal load is small, the out-of-plane
deformation of the substrate is small, the ripples induced by
the hybridization of carbon atoms from sp2 to sp3 still exist
as shown in the top of Fig. 7, which makes the contact be-
tween the slider and the substrate evolve from commensurate
to incommensurate contact, leading to the decrease of friction
force. This is consistent with previous reports[48] on the main
role of interface commensurability in interlayer friction. When
the normal load increases, the out-of-plane deformation of the
substrate in the area of interaction with the slider is signifi-
cantly different from that of the non-interaction area. In the
area of non-interacting with the slider, the ripples caused by
the hybridization of carbon atoms from sp2 to sp3 still exist,
and in the area of interacting with the slider, the heights of
sp2 and sp3 atoms tend to be consistent as shown in the bot-
tom of Fig. 7. This structural change means that a large en-
ergy is required to slide the flake against the bonded bilayer
graphene surface, resulting in greater friction of the atoms in-
teracting with the substrate sp3 hybrid region in the slider than
that of the atoms interacting with the substrate sp2 hybrid re-
gion, which is consistent with Fig. 6. Therefore, the local sp3

hybrid atoms on the substrate cause structural changes, result-
ing in nonlinear changes in the frictional force on sliding with
increasing normal load. When the normal load is small, the
interlayer bonds bilayer graphene substrate has a friction re-
duction effect, and when the normal load increases, it has a
friction increment effect, which is consistent with Fig. 5.
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Fig. 8. Variation of the average frictional force on the edge and internal
atoms of the slider with normal load.

In order to conduct a more in-depth analysis of the fric-
tional forces acting on the atoms that make up the slider, we
calculated the spatial distribution of frictional forces on the
slider. We first divided the atoms of the slider into edge atoms
(at each end of the boundary perpendicular to the direction of
motion of the slider) and internal atoms (between the bound-
aries at both ends). Then, calculated the average frictional
force acting on these two parts of the atoms, as shown in Fig. 8.

It can be seen from Fig. 8 that no matter whether it
is a pristine bilayer graphene substrate or interlayer bonded
graphene substrate, with the increase of the normal load of
the slider, the average frictional force between the edge atoms
and the internal atoms of the slider increases simultaneously.
For pristine bilayer graphene substrate, the average frictional
force of the edge atoms and internal atoms of the slider in-
creases linearly with the increase of the normal load of the
slider, which is consistent with the results reported in the
literature.[49] However, for interlayer bonded bilayer graphene
substrate, as the normal load of the slider increases, the aver-
age frictional force of edge atoms and internal atoms of the
slider exhibit nonlinear relationships, respectively. When the
normal load is small, the average frictional force of the edge
atoms and the internal atoms of the slider on the interlayer
bonded bilayer graphene substrate is smaller than that on the
pristine bilayer graphene substrate. However, when the normal
load is large, it is quite the reverse. Meanwhile, from Fig. 8,
we can also see that under the same normal load, the average
frictional force of the edge atoms and the internal atoms of
the slider on the interlayer bonded bilayer graphene substrate
increase with the increase of the coverage of interlayer sp3

bonds, respectively. The interlayer bonded bilayer graphene
substrate will bring complex boundary effects to the slider,
which is different from the pristine bilayer graphene substrate.

4. Conclusions
We have systematically studied the effect of interlayer co-

valent bonds on the friction properties of bilayer graphene by
molecular dynamics method. It is found that the frictional
properties of the interlayer bonded graphene surfaces strongly
depend on the coverage of interlayer sp3 bonds and normal
loads. For interlayer bonded bilayer graphene, the frictional
coefficient gradually decreases with the increase of the cover-
age of interlayer sp3 bonds due to reduction of interface poten-
tial barrier and normal deformation energy under small normal
loads. On the contrary, under large normal loads, the larger
the coverage of the interlayer sp3 bonds is, the greater the fric-
tional coefficient of the interlayer bonded bilayer graphene is.
The presence of interlayer sp3 bonds seriously affects the spa-
tial distribution of frictional force during sliding of the slider
on the interlayer bonded bilayer graphene. These findings may
have an important role in motion regulation applications of
graphene based nanodevices.
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