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Theoretical Modeling of Structural Superlubricity in
Rotated Bilayer Graphene, Hexagonal Boron Nitride,
Molybdenum Disulfide, and Blue Phosphorene
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The superior lubrication capabilities of two-dimensional crystalline materials such as graphene,
hexagonal boron nitride (h-BN), and molybdenum disulfide (MoS2) have been well known for
many years. It is generally accepted that structural superlubricity in these materials is due to
misalignment of the surfaces in contact, known as incommensurability. In this work, we present
a detailed study of structural superlubricity in bilayer graphene, h-BN, MoS2, and the novel ma-
terial blue phosphorene (b-P) using dispersion-corrected density-functional theory with periodic
boundary conditions. Potential energy surfaces for interlayer sliding were computed for the stan-
dard (1× 1) cell and the three rotated, Moiré unit cells for each material. The energy barriers to
form the rotated structures remain higher than the minimum-energy sliding barriers for the (1×1)
cells. However, if the rotational barriers can be overcome, nearly barrierless interlayer sliding is
observed in the rotated cells for all four materials. This is the first density-functional investigation
of friction using rotated, Moiré cells, and the first prediction of structural superlubricty for b-P.

1 Introduction
Overcoming friction is a universal problem in any mechanical sys-
tem due to the resulting wear to the moving parts, unwanted
heat, and energy losses. Of the annual global energy consump-
tion (about 400 exajoules), approximately 20% (103 exajoules)
is lost to friction.1–4 Consequently, implementing better friction-
reduction techniques would lead to cost savings, while also re-
ducing CO2 emissions worldwide. These prospects to better the
economy and the environment have fueled both theoretical and
experimental research in modern tribology.

The frictional properties of solid lubricants, such as graphite
and MoS2, have been widely studied for many years. Fundamen-
tally, the force of friction originates from molecular interactions
between constituent atoms of solids due to atomistic locking.5

The phenomenon of structural superlubricity,6–8 where friction
completely vanishes for incommensurate interactions between
two clean, atomically flat surfaces, was predicted5,9 and subse-
quently verified experimentally in graphite10–12 and other lay-
ered materials.13–19

Experimental surface-force techniques, such as atomic force mi-
croscopy, are typically used to investigate frictional properties of
layered two-dimensional (2D) materials and surfaces. In an ex-
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perimental investigation of the frictional properties of graphite,
Dienwiebel et al.10 examined the energy dissipation between the
tip of a frictional force microscope (FFM) sliding over a graphite
surface under a dry nitrogen atmosphere. They measured the
atomic-scale friction as a function of the rotational angle be-
tween the tip and the top layer of the graphite surface, and found
ultra-low friction regimes between rotated graphite layers. Sim-
ilar studies have been conducted on a wide range of 2D mate-
rials, including MoS2,16 and heterostructures of graphene with
h-BN.17,18 These studies have demonstrated that structural su-
perlubricity results from the incommensurability of the surfaces
in contact.

However, keeping structures in an incommensurate state is a
tremendous practical challenge as structural deformations occur
at the interface of the overlayer and substrate during sliding.
When the contact starts undergoing deformation, incommensu-
rate states can be terminated, leading to the reorientation of
the structure back into a commensurate high-friction configura-
tion.20 Such deformations are more significant in larger systems,
and increase with normal load, temperature, and pressure.21–26

This is a major impediment to achieving superlubricity at scales
suitable for any practical applications.8,27

Further theoretical and experimental work is needed to gain a
better understanding of the atomic-scale processes at the sliding
interface. Notably, Claerbout et al.28 recently suggested a novel
mechanism for achieving low friction in commensurate MoS2,
and concluded that incommensurability may not be a require-
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ment for superlubricity. In their work, ultra-low friction regimes
were achieved by varying the direction of the driving force during
a classical molecular-dynamics (MD) simulation involving com-
mensurate MoS2 layers.

MD is a computational approach that is widely used to study
the frictional properties of surfaces and interfaces.29–34 Classical
MD simulations describe the interaction energy and dynamics of
atoms using Newtonian mechanics. It is possible to set a vari-
ety of parameters, e.g. normal load, velocity, temperature, con-
tact area, compliance (relationship between force and stiffness
in AFM experiments), and other properties. Different materials
are specified by assigning empirical potentials fit to the system
being investigated. Numerous potentials optimized for various
purposes are available, including the Lennard-Jones (LJ) poten-
tial,35 the Embedded Atom Method (EAM),36 the reactive empir-
ical bond-order (REBO) potential,37 the adaptive intermolecular
REBO potential,38 and ReaxFF,39 among others.

Classical MD simulations provide a good approximation of the
dynamic and mechanical properties of a system. However, choos-
ing an accurate empirical potential is critical to predicting realistic
behaviour. Due to the numerous empirical potentials and param-
eters that exist, researchers need to be able to carefully evaluate
the efficacy and accuracy of these models. Since MD simulations
rely heavily on empirical parameters and do not fully capture
the quantum mechanical features of the system (e.g. chemical
bonding, Pauli repulsion, and London dispersion forces), they are
less accurate than electronic-structure methods, such as density-
functional theory (DFT).

From a first-principles approach, the frictional behavior of 2D
materials can be studied by modelling the potential energy sur-
face (PES) of the given system.40–45 For interlayer sliding of
a 2D material, the PES is defined by translation of the over-
layer atop the substrate. At each static point on the PES, the
atomic positions are optimized to minimize the electronic en-
ergy of the system. PES computed from DFT can be used to
validate empirical potentials employed in classical MD, and can
also be used as input for simple nanoscale models of friction,
such as the Prandtl–Tomlinson (PT) and Frenkel–Kontorova (FK)
models.46–49 However, DFT calculations are computationally ex-
pensive and their utility is confined to periodic systems when
planewave basis sets are employed, prohibiting application to
incommensurate structures. This limitation is circumvented by
analyzing the Moiré patterns formed when the overlayer is ro-
tated with respect to the substrate.50–52 It is then possible to de-
fine computationally tractable, rotated unit cells with properties
expected to resemble those of incommensurate interfaces and,
hence, show superlubricity.

In this work, we use dispersion-corrected DFT to investigate
structural superlubricity in rotated bilayers of graphene, h-BN,
MoS2, and blue phosphorene (b-P). We model the sliding PES for
Moiré cells of these materials with 0◦, 13.17◦, 21.79◦, and 32.20◦

relative rotation angles. Additionally, we compute the exfoliation
energy and rotation barriers of each material. We show that com-
mensurate sliding of 2D materials along very specific trajectories
results in small barriers, suggesting that incommensurability is
not required for low friction. However, drastically lower sliding

Table 1 Commensurate structures of bilayer graphene, h-BN, MoS2, and
b-P with 0◦ rotation of the top layer. 56

Material View 1 View 2 View 3

Graphene

h-BN

MoS2

b-P

Table 2 The (m,n) parameters and the relative rotation angles, ϕ, of the
overlayer to the substrate for the Moiré unit cells. The numbers of atoms
in the graphene, h-BN, and b-P unit cells are also shown; the MoS2 unit
cells contain 1.5 times more atoms.

(m,n) ϕ (degrees) Atoms
(1×1) 0.00 4
(2,1) 21.79 28
(3,1) 32.20 52
(3,2) 13.17 76

barriers are found for the rotated cells. These results confirm su-
perlubricity for rotated graphene, MoS2, and h-BN, and we report
the first prediction of superlubricity for the novel material b-P.

2 Computational Methods

2.1 Unrotated Structures, ϕ = 0◦

Crystal structures for graphite, h-BN, and MoS2 were obtained
from the crystallographic open database (COD)53. The structure
for b-P was constructed based on known parameters in the liter-
ature.54,55 Graphene, h-BN, MoS2, and b-P have hexagonal unit
cells with x,y-lattice parameters, a◦, of 2.47, 2.51, 3.15, and 3.33
Å, respectively. Bilayer structures of the materials were gener-
ated by inserting a large vacuum region, such that all unit cells
spanned 80 Bohr (42.33 Å) in the z direction. The relative rota-
tion angle of the overlayer to the substrate, ϕ, is implicitly 0◦ in
this case. Table 1 shows the unrotated structures of these materi-
als.

2.2 Rotated Structures, ϕ 6= 0◦

Rotating the overlayer with respect to the substrate creates Moiré
patterns.50 Appropriate choices of rotation angle allow definition
of sufficiently small unit cells to allow us to perform planewave
DFT calculations, which require periodic boundary conditions.

Obtaining Moiré unit cells for hexagonal lattices through the
rotation of one layer with respect to the other has been discussed
at length elsewhere.51,52 We let a◦ and b◦ be the lattice vectors of
the (1×1) cell of a given material. The full range of the possible
unit cells is given by two parameters, (m,n), used to define the
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Table 3 Rotated structures of graphene, h-BN, MoS2, and b-P. 56

(m,n) (2,1) (3,1) (3,2)

Graphene

h-BN

MoS2

b-P

lattice vectors of the resulting Moiré unit cell:

am = ma◦+nb◦ (1)

and
bm =−na◦+(m+n)b◦, (2)

where m,n ∈ N, and m > n. The rotation angle for the hexagonal
Moiré cell is then evaluated as

cos(ϕ) =
m2 +4mn+n2

2(n2 +mn+m2)
. (3)

We implemented the scheme described above in a python pro-
gram to obtain rotated structures with (m,n) parameters of (2,1),
(3,1), and (3,2) for each material. These correspond to relative
rotation angles of 21.79◦, 32.20◦, and 13.17◦, respectively. Tables
2 and 3 show the number of atoms in the respective Moiré unit
cells, and the top views of these structures, respectively.

2.3 Density-Functional Theory
All DFT calculations in this work were carried out with the
projector augmented-wave approach57,58 and the B86bPBE59,60

exchange-correlation functional using Quantum ESPRESSO.61

The eXchange-hole Dipole Moment (XDM) model,62–64 previ-
ously shown to be highly accurate for properties of layered mate-
rials,65 was used to account for dispersion interactions. The total
electronic energy can then be written as

E = Ebase +Edisp, (4)

where Ebase is the contribution from the base B86bPBE density
functional, which includes electrostatics and non-bonded repul-
sion, while Edisp is the XDM dispersion energy. The XDM damping
parameters were taken as their canonical values for use with the
B86bPBE functional (a1 = 0.6512, a2 = 1.4633 Å).

The planewave cutoff energies were set to 80 Ry for the wave
functions and 800 Ry for the electron density. All calculations
used uniform k-point sampling, with 8×8×1, 6×6×1, 4×4×1,
and 2×2×1 meshes selected for the 4-atom, 28-atom, 52-atom,
and 76-atom unit cells, respectively. For MoS2, k-point meshes
of 8× 8× 1, 4× 4× 1, 2× 2× 1, and 1× 1× 1 were used for the
6-atom, 42-atom, 78-atom, and 114-atom unit cells, respectively.

For geometry relaxations, the convergence thresholds were set to
10−5 Ry for the energy and 10−4 Ry/Bohr for the forces.

For both the (1×1) and rotated cells, all atomic positions were
relaxed with the cell parameters held fixed. 2D sliding of each
material was then modeled by gradually translating the atoms
comprising the overlayer along the long diagonal of the unit cell
in a series of 50 increments. During sliding, the x,y atomic po-
sitions were held fixed, with the z atomic positions allowed to
relax at each point to properly determine the interaction energy
between the layers in the z (normal) direction. The minimum en-
ergy points on the resulting potential energy surfaces were then
identified and used to evaluate the rotation barriers and exfolia-
tion energies.

The rotation barriers were computed as

∆Erot = Emin,rotated−Emin,unrotated, (5)

where Emin,rotated and Emin,unrotated are the minimum energies ob-
tained for the rotated and unrotated geometries. The exfoliation
energies (i.e. the energy required to separate the layers) for the
unrotated cells were evaluated using

∆Eex = Emin,unrotated−2Emonolayer, (6)

where Emonolayer is the energy of a single layer. The rotation and
exfoliation energies are typically expressed either per atom or per
unit area. For a hexagonal cell, the area is A = (

√
3/2)a2

◦.

3 Results and Discussions

3.1 Exfoliation Energies

Exfoliation energies were computed for the (1× 1) unit cell of
each bilayer according to Eqn. 6. Table 4 shows the exfolia-
tion energies, along with a decomposition into the base density-
functional and XDM dispersion terms. The base functional contri-
butions are all positive, as expected since dispersion is responsible
for binding of these layered materials. In the absence of the XDM
dispersion correction, there would be no binding between the lay-
ers, since the base B86bPBE functional is dispersionless. The dis-
persion energy is larger in magnitude than the total exfoliation
energy, as dispersion must also compensate for the non-bonded
repulsion between the layers arising from the base functional.

The overall trend in the magnitude of the dispersion energies
(per atom) is graphene<h-BN<b-P<MoS2, while for the total
exfoliation energies, this trend is changed to graphene<b-P<h-
BN<MoS2. The base functional repulsion is lower for h-BN than
for the other three materials since it adopts a stacked configura-
tion to maximize favourable electrostatic interactions, rather than
a staggered configuration to maximize dispersion (see Table 1).

3.2 Sliding PES Without Rotation, ϕ = 0◦

Figure 1 shows the PES for interlayer sliding of the unrotated
(1× 1) unit cells. Similar results have been reported previously
for graphene, h-BN, and MoS2.42 For each material, two minima
are obtained at fractional sliding coordinates of 0 and 2/3, while
two maxima, corresponding to high- and low-friction peaks, are
seen at fractional coordinates of 1/3 and 5/6, respectively. The
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Fig. 1 Potential energy surfaces for interlayer sliding of the unrotated unit cells (black lines) of (a) graphene, (b) h-BN, (c) MoS2, and (d) b-P. The
horizontal lines represent the rotation barriers for each cell, while the purple line (Avg) is the average of the black curve over all the full PES. Note the
larger y-axis scale for MoS2 and b-P compared to graphene and h-BN.

 0

 1

 2

 3

 4

 5

 6
 0  0.2  0.4  0.6  0.8  1

∆
E

 (
m

e
V

/a
to

m
)

(a) Graphene

 0

 1

 2

 3

 4

 5

 6
 0  0.2  0.4  0.6  0.8  1

∆
E

 (
m

e
V

/a
to

m
)

(b) BN

 0

 3

 6

 9

 12

 15

 18

 0  0.2  0.4  0.6  0.8  1

∆
E

 (
m

e
V

/a
to

m
)

Fractional Sliding Coordinate

(c) MoS2

(2,1)

(3,1)

(3,2)

Avg

 0  0.2  0.4  0.6  0.8  1
 0

 3

 6

 9

 12

 15

 18

∆
E

 (
m

e
V

/a
to

m
)

Fractional Sliding Coordinate

(d) Blue P

Table 4 Total exfoliation energies of the bilayer materials, in meV/atom,
as well as the separate base-functional and dispersion contributions. Val-
ues in meV/Å2 are given in parentheses.

Material Total Base Dispersion
Graphene -24.4 (-18.5) 8.5 (6.4) -32.9 (-24.9)
h-BN -29.4 (-21.6) 5.7 (4.2) -35.1 (-25.7)
MoS2 -32.5 (-22.7) 11.1 (7.8) -43.6 (-30.4)
b-P -25.6 (-10.7) 14.5 (6.0) -40.1 (-16.7)

geometries of these stationary points are shown in Table 5.
For graphene, the two minima are degenerate (i.e. equal in en-

ergy) and have the atomic layers staggered to maximize disper-
sion interactions while minimizing non-bonded repulsion. The
global maximum has the layers stacked so that the atoms are
perfectly aligned in the z direction. Conversely, for h-BN, the
global minimum has the layers aligned with B atoms located di-
rectly above or below the N atoms of the other layer to maxi-
mize favourable electrostatic interactions. The higher-energy lo-
cal minimum for h-BN has the B atoms vertically aligned, but the
N atoms staggered, while the global maximum has the N atoms
vertically aligned and the B atoms staggered. The global mini-
mum for MoS2 also has stacked layers, with the S atoms from
one layer vertically aligned above or below the Mo atoms of the

other layer. In the local minimum configuration, the Mo atoms
are aligned and the S atoms staggered, to minimize repulsion be-
tween the more electronegative S atoms, whereas the S atoms are
aligned and the Mo atoms staggered in the global maximum con-
figuration. Finally, the stationary points for b-P resemble those of
graphene, with staggered layers for the two degenerate minima
and aligned layers for the global maximum.

The sliding barriers, defined as the energy differences between
the maxima and minima on the PES, should be directly related
to the frictional behaviour of the materials. From Figure 1, MoS2

and b-P have sliding barriers approximately 3 times larger than
those seen for the graphene and h-BN PES. Unlike graphene
and h-BN, the atomically thin layers in MoS2 and b-P are cor-
rugated, leading to a greater contact area and, hence, greater
friction. The overall trend for the sliding barriers is graphene<h-
BN<MoS2 <b-P.

The two saddle points on the PES in Figure 1 show that the
top layer feels different energy barriers as it slides over different
regions of the substrate within the unrotated, commensurate unit
cell. This means that, for unrotated structures, sliding in different
directions can yield remarkably different frictional behaviours.
Using classical MD, Claerbout et al.28 recently showed that ap-
plying a driving force in different sliding directions can drasti-
cally alter the friction in commensurate MoS2. In their work, a
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Table 5 Geometries of stationary points on the interlayer sliding PES for unrotated, (1×1) unit cells. 56

Material Global Minimum Global Maximum Local Minimum Local Maximum

Graphene

h-BN

MoS2

b-P

Fig. 2 Representative 2D potential energy surface for commensurate
sliding of a layered material using the unrotated (1×1) cell. The anistropy
of the PES leads to different coefficients of friction for different sliding
directions. The lowest friction is obtained for the zig-zag paths corre-
sponding to 30◦ and 90◦ sliding trajectories, while the highest friction is
obtained for 0◦ and 60◦ trajectories.

low-friction regime was found when the overlayer slid in a zig-
zag path that avoided the higher energy barrier on the potential
energy surface, as shown in Figure 2. Their findings are consis-
tent with the results in this work. The PES in Figure 1 demon-
strate that similar energetically favorable sliding paths exist for
unrotated, commensurate graphene, h-BN, MoS2, and b-P.

3.3 Rotation Energies
The rotation barrier, computed using equation 5, is the minimum
energy required to obtain a Moiré structure, by means of rotat-
ing the overlayer with respect to its substrate. These barriers al-
low us to assess the stability of the Moiré cells, relative to the
(1× 1) cells. Table 6 shows the total rotation energies, as well
as the base-functional and dispersion contributions, for each ma-
terial and rotation angle considered. Similar to the exfoliation
energy, the rotation barriers are dominated by dispersion inter-
actions. For graphene and h-BN, the base-functional contribu-
tions to the rotation energies are negligible due to the planarity
of the 2D atomic layers. The magnitudes of the total and compo-
nent rotation energies for MoS2 and b-P are much larger than for

Table 6 Total rotation energies, in meV/atom, as well as the base-
functional and dispersion contributions.

Material (m,n) Total Base Dispersion

Graphene
(2,1) 1.66 0.06 1.60
(3,1) 1.87 0.37 1.50
(3,2) 2.13 0.35 1.78

h-BN
(2,1) 2.26 0.11 2.16
(3,1) 2.26 0.11 2.16
(3,2) 2.25 0.12 2.12

MoS2

(2,1) 6.75 -2.12 8.87
(3,1) 6.82 -2.04 8.86
(3,2) 6.36 -2.20 8.56

b-P
(2,1) 6.29 -3.80 10.09
(3,1) 6.09 -4.68 10.77
(3,2) 5.96 -3.88 9.85

graphene and h-BN due to the corrugated nature of the 2D layers
in the former two materials.

In the minimum-energy configurations of the (1× 1) cells, the
MoS2 and b-P layers are interlocking, allowing close interlayer
distances that maximize dispersion attraction. Conversely, in
the rotated cells, the layers cannot interlock due to their mis-
alignment. This results in larger interlayer distances (by ca. 0.25
Å in MoS2 and 0.40 Å in b-P, see Table 7), which decreases the
magnitudes of both dispersion attraction and non-bonded repul-
sion. Hence, there is a negative contribution to the rotation en-
ergy from the base functional due to reduced repulsion in the
rotated cell. This is offset by the much greater reduction in dis-
persion binding, resulting in higher total rotation barriers.

The rotation barriers for each Moiré cell are also shown in Fig-
ure 1 and are consistently higher than the minimum sliding bar-
riers for each material. We additionally find that the rotation
barriers are comparable to the average value of the sliding PES
for each of the four materials. This can be rationalized through
understanding of the interlayer contacts. As noted above, the
unrotated PES show two distinct maxima, which correspond to
high and low frictional contacts. However, when the overlayer is
rotated, these distinct contacts are disrupted, resulting in a struc-
ture with an even mixture of favourable and unfavourable inter-
layer contacts. The interlayer interactions of the rotated structure
will therefore be a distribution over all the contact points, and the
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Table 7 Interlayer separation between the top and bottom layers. The
minimum (dmin), maximum (dmax), and average (davg) z-distances over all
the data points in each PES scan are shown. (1× 1) denotes the unro-
tated unit cells.

Material (m,n) dmin dmax ∆d davg

Graphene
(1×1) 3.38 3.57 0.19 3.45
(2,1) 3.43 3.43 0.00 3.43
(3,1) 3.43 3.43 0.00 3.43
(3,2) 3.43 3.43 0.00 3.43

h-BN
(1×1) 3.29 3.51 0.22 3.37
(2,1) 3.37 3.37 0.00 3.37
(3,1) 3.37 3.37 0.00 3.37
(3,2) 3.34 3.35 0.01 3.34

MoS2

(1×1) 2.99 3.60 0.61 3.24
(2,1) 3.27 3.27 0.00 3.27
(3,1) 3.27 3.27 0.00 3.27
(3,2) 3.24 3.27 0.03 3.25

b-P
(1×1) 3.16 4.08 0.92 3.55
(2,1) 3.54 3.60 0.06 3.59
(3,1) 3.59 3.62 0.04 3.61
(3,2) 3.43 3.55 0.12 3.51

relative energy of the rotated cell will be approximately equal to
the average of all the points on the unrotated PES.

3.4 Interlayer Separation
The idea that the rotated cells involve averaged interatomic con-
tacts is reinforced further by analysis of the interlayer distances
during sliding. As the overlayer slides atop the substrate, the ver-
tical interlayer distance, d, changes due to the varying strength of
the potential at different relative sliding positions. Table 7 shows
the minimum, maximum, and average interlayer distances ob-
tained along the sliding PES for each material and rotation angle.
We find that the average interlayer distances for the unrotated
(1×1) cells nearly match those of the rotated cells in all cases.

Table 7 also shows the difference between the maximum and
the minimum interlayer distances, ∆d = dmax − dmin, for each
PES. There is a clear correlation between the ∆d values and the
maximum sliding barriers. For the (1× 1) cells, b-P and MoS2

show ∆d values that are 3-4 times greater than those observed
for graphene and h-BN, which is comparable to the observed
differences in sliding barriers. Due to their corrugated nature,
MoS2 and b-P have the largest sliding barriers, interlayer-distance
differences, and dispersion contributions to the rotation ener-
gies (Table 6). Further, the (1× 1) unit cells consistently show
higher interlayer-distance differences than their rotated counter-
parts and, as we will see in Sec. 3.5, much higher sliding barriers
as well.

3.5 Sliding PES With Rotation, ϕ 6= 0◦

Figure 3 shows the interlayer-sliding PES for the rotated unit cells
of graphene, h-BN, MoS2, and b-P. While exhibiting Moiré pat-
terns, these structures have clearly defined unit cells, and sat-
isfy the periodic boundary conditions required in planewave DFT
codes. We created each unit cell using the (m,n) scheme51,52,
where each combination of integers m and n corresponds to a

specific relative rotation angle of the overlayer (see Table 2).
The PES for the (2,1), (3,1), and (3,2) Moiré unit cells for each

material display much lower sliding barriers than those obtained
for the unrotated PES curves. A superlubric regime was achieved
in the rotated cells for each material. For MoS2 and b-P, which
possess corrugated layers, the relative energies across the PES
for the rotated cells are are 3-10 times lower than the minimum
barriers for the (1× 1) cells. Graphene and h-BN, which possess
completely planar layers, slid with effectively zero barriers for all
the rotated cells and should exhibit ultra-low friction.

We have observed a strong connection between the changes in
the interlayer distance reported in Table 7, and the sliding PES
peaks. For the rotated cells, virtually no changes in interlayer
distance over the sliding PES occurred for graphene and h-BN.
For MoS2, a non-zero distance difference was obtained only for
(3,2), which gives the highest sliding barrier. Larger changes in
interlayer distance are seen for rotated b-P, but they remain much
smaller than for the (1×1) cell. In particular, the (3,2) geometry
for b-P showed an interlayer-distance difference greater than 0.1
Å, leading to a sliding potential with relatively high barriers, as
shown in Figure 3.

Overall, the materials with the smallest changes in the inter-
layer distance during sliding (graphene and h-BN) result in the
smoothest sliding potentials. This means that the lowest friction
will be observed in graphene and h-BN, followed by MoS2 and
b-P. The variation in the frictional properties in the flat versus
the corrugated materials can be understood in terms of averaged
contacts and surface area. The disruption of high-energy con-
tact points in the rotated geometries leads to removal of the two
distinct maxima observed on the unrotated PES curves. As the
rotated geometries involve a distribution of favourable and un-
favourable contacts along the entire sliding coordinate, the PES
peaks are flattened, thereby permitting structural superlubricity
in the rotated structures.

4 Conclusions and Outlook
In this work, we investigated friction in both (1× 1) and rotated
unit cells of graphene, h-BN, MoS2, and blue-P through density-
functional modeling of the potential energy surfaces for inter-
layer sliding. Higher interlayer sliding barriers are predicted for
MoS2 and blue-P, compared to graphene and h-BN, which is likely
due to the corrugation of the layers and the larger contact areas
for these two materials. The average of the interlayer distances
across the unrotated PES is consistently found to be a good ap-
proximation to the interlayer distance in the rotated cells. Sim-
ilarly, the average of the unrotated sliding potential is found to
be good approximation to the rotation energy, since the rotated
cells involve both favorable and unfavorable contacts. This distri-
bution of contacts results in a smoothing of the PES, leading to
ultra-low friction for the rotated cells.

The PES for the unrotated structures indicate that the zig-zag
sliding path (see Figure 2) predicted for unrotated MoS2 by Claer-
bout et al.28 should be observed for all 4 materials. However, pro-
vided the rotational barriers can be overcome, much lower fric-
tion regimes are achieved in the rotated structures. Our findings
confirm structural superlubricity in rotated graphene, h-BN, and

6 | 1–8Journal Name, [year], [vol.],



Fig. 3 Potential energy surfaces for interlayer sliding of Moiré unit cells of (a) graphene, (b) h-BN, (c) MoS2, and (d) b-P. Note the larger y-axis scale
for MoS2 and b-P compared to graphene and h-BN.
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MoS2, and provide the first prediction of this phenomenon in the
novel material b-P for two of the three rotation angles considered.

For many years, incommensurability has been the center of at-
tention in achieving superlubricity in 2D materials. Superlubric-
ity is intrinsically more prominent in heterostructures18 as it is
harder to maintain incommensurability in homogeneous configu-
rations because the lattices are more prone to collapse back into
their default commensurate orientations. Since achieving incom-
mensurability in experimental settings is a challenge, perhaps tar-
geting specific rotation angles66,67 may provide new strategies
for achieving superlubricity, and bring us closer to the design of
industrially applicable solid superlubricants.
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