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Theoretical Modeling of Structural Superlubricity in
Rotated Bilayer Graphene, Hexagonal Boron Nitride,
Molybdenum Disulfide, and Blue Phosphorene

Tilas Kabengelea and Erin R. Johnsona,b,∗

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 speci�ed by assigning empirical potentials �t 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 ef�cacy 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 �rst-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 de�ned 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 con�ned 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-
�ne 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 speci�c 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, j , 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) j (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 con�rm su-
perlubricity for rotated graphene, MoS2, and h-BN, and we report
the �rst prediction of superlubricity for the novel material b-P.

2 Computational Methods

2.1 Unrotated Structures, j = 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, j , is implicitly 0� in
this case. Table 1 shows the unrotated structures of these materi-
als.

2.2 Rotated Structures, j 6= 0�

Rotating the overlayer with respect to the substrate creates Moiré
patterns.50 Appropriate choices of rotation angle allow de�nition
of suf�ciently 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 de�ne the
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