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A B S T R A C T

Recent research shows that superlubric 2D materials offer great potential for friction reduction, yet their re
quirements of flatness and small scale hinder real-world applications. Here, we study a multi-contact van der 
Waals heterostructure, composed of fullerene (C60) molecules sandwiched between molybdenum disulfide 
(MoS2) atomic layers by molecular-dynamics simulations. We show that despite the multi-contact geometry, the 
confined layer of C60 nanoparticles exhibits superlubric behavior at high fullerene density or high applied normal 
force, where the fullerenes’ rotational degrees of freedom are suppressed and the MoS2 layer slides over the 
fullerenes. At lower fullerene density or load, fullerene rolling leads to increased frictional dissipation. We 
demonstrate that the atomic stacking at the fullerene-MoS2 contact evolves from aligned into misaligned with 
increasing fullerene coverage, reflecting the increasing fullerene-fullerene interactions suppressing their rolling 
degrees of freedom. Thus, counterintuitively, in the fullerene-MoS2 heterojunction system, rolling of the ful
lerenes is not beneficial for friction reduction, as superlubric slip offers an alternative, lower-friction mechanism. 
These results on the multi-contact sliding of a heterojunction of fullerene nanoparticles and 2D material are 
useful for guiding nanoscale superlubric properties into macroscopic scale superlubric applications.

1. Introduction

Energy dissipation and material failure resulting from friction and 
abrasion pose serious concerns in materials science and engineering, 
especially in machinery components. Two-dimensional (2D) or van der 
Waals (vdW) layered materials [1,2], have been shown to exhibit su
perior lubrication performance in dry contact, due to structural super
lubricity. It has been demonstrated that the combination of two different 
2D materials, for instance, the stacking of a single layer of graphene and 
hexagonal boron nitride (h-BN), or layers of transition metal dichalco
genides such as molybdenum or tungsten disulfide (MoS2/WS2), possess 
uniquely low friction coefficients, along with extraordinary thermal and 
optical properties [3–7]. These extraordinary physical properties of the 
heterojunction result from the unique combination of their physical 
characteristics at the interface such as their band alignment and atomic 
lattice stacking.

Structural superlubricity, which indicates the sliding of two surfaces 
at vanishing or near-zero friction coefficient due to structural in
compatibility [8,9], can be achieved either in an incommensurate 

alignment of two identical 2D materials (homojunction) or an arbitrary 
alignment of different ones (heterojunction). In both cases, the friction 
and physical properties hugely depend on the bilayer stacking degrees of 
freedom (DOF) [10,11], which are related to the twist angle in ho
mogenous stacks, and to the intrinsic lattice mismatch in hetero
structures. The strongly twist angle dependent friction behavior of two 
stacked layers of the same vdW material was demonstrated in [12,13]. 
On the other hand, a good lattice mismatch of two different materials in 
a vdW heterostructure similarly provides a super-low friction coefficient 
and even exhibits twist-angle independence [14]. The superlubricity of 
heterostructures holds notable potential in applications of nano
electromechanical systems with large surface-to-volume ratios, 
including nanoelectronics, optoelectronic and electrochemical devices 
[15,16].

Great progress has been made in the measurement of superlubric 
behavior, yet the observation of superlubricity is usually rather limited 
to the micrometer scale [17–20]. There are significant challenges in 
scaling up superlubricity from micron scale to large-dimensional 
superlubric systems, precluding the exploitation of superlubricity in 
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marcoscopic applications. In practical macroscopic applications, sur
faces are always rough [21–23], exhibit contaminations [24–26], de
fects and wear damage [27–29], precluding the straightforward 
application of structural superlubricity. To address these obstacles, one 
possible route is to construct multi-contact junctions that allow super
lubric patches or particles to move randomly within the contact in
terfaces, while supporting the applied load [30–33]. To this end, 
graphullerene [34,35], a polymeric fullerene network, is expected to be 
a superlubric material providing lubrication via multi-contacts at the 
rubbing interfaces [36]. This synthesized two-dimensional fullerene 
network, which is connected in a quasi-hexagonal fullerene structure, 
has been shown to provide good stability and high strength [35,37,38]. 
However, fixing the fullerenes in a network restricts their rotational DOF 
in the monolayer, while adaptive rotational and translational DOFs are 
crucial for enabling the ball bearing effect of the nanoparticles [39,40]. 
It remains unclear whether the rolling of molecular particles leads to 
friction reduction at nanoscale. Neither the findings of experiment [41, 
42] nor those of simulations [43,44] showed conclusively that the 
rotational DOF yielded lower friction than sliding at the microscopic 
level. Depending on the size of the contact and its surface separation, the 
van der Waals force-related adhesion interactions and interfacial bonds 
are responsible for frictional dissipation [45]. A simple model of a 
C60/MoS2 heterojunction has been experimentally found to exhibit an 
ultralow coefficient of friction [46], however the lubrication mechanism 
of nanoparticles remains unclear. Fullerene nanoparticles in a ball-plate 
heterogeneous interfaces have been rarely studied, and in particular the 
resulting multi-contact structure at the molecular level, and its load- and 
friction dependence needs to be elucidated to obtain insight into the 
ultra-low friction mechanism of these heterojunctions.

Here, we investigate the superlubric properties and friction mecha
nisms of a C60/MoS2 heterojunction to obtain insight into the friction- 
related DOFs of the fullerene particles. We use molecular-dynamics 
(MD) simulations to study a monolayer of C60 fullerenes sandwiched 

between two MoS2 slabs and elucidate their deformation and rotational 
properties as a function of fullerene density and applied load. We find a 
transition from superlubric to finite friction behavior: while a high 
fullerene coverage reduces their load-induced flattening that suppresses 
rolling, too high of a coverage causes fullerenes to interact with each 
other, which again suppresses rolling. The resulting slip of the MoS2 
layer in the absence of rolling leads to an ultralow friction coefficient in 
the superlubric regime. At the atomic scale, the flattening causes 
alignment of the atomic motifs at the interface, which is lost as fullerene- 
fullerene interactions dominate at high coverage. These results on the 
superlubric behavior of a multi-contact heterojunction are useful for 
designing lubrication systems that work under dry and vacuum envi
ronment, especially in nanoelectromechanical systems with large aspect 
ratios.

2. Computational details

We simulate a layer of fullerene molecules (C60) between two atomic 
monolayers of 2D molybdenum disulfide (MoS2), as shown in Fig. 1(a, 
b). The bulk lattice parameters of MoS2 along its x, y and z axes are 
3.16 Å, 5.48 Å and 18.41 Å, respectively. The system size is 
W×L×H~73 Å× 71 Å× 25 Å, which we keep constant, while varying the 
number (N) of fullerene particles in between the MoS2 monolayers, 
increasing from 40 to 60–80, corresponding to areal number densities of 
0.77, 1.16 and 1.54 nm− 2. Simulations performed in a significantly 
larger system show very similar results, see SI; we thus conclude that 
there are no significant finite size effects. To model the interactions of 
the fullerenes with each other, we use the force field for fullerene C60 
molecules as described by the AIREBO potential [47], which is a reactive 
force field allowing bonds to disassociate and reconnect. The in
teractions within the MoS2 substrate are modelled using the 
Stillinger-Weber (SW) potential [3,48], expressing three-body in
teractions. Furthermore, to mimic the vdW interactions between the C60 

Fig. 1. MD simulation model and friction behavior. (a-b) Front and top views of simulation model. (c) Friction force versus normal force for different number of 
fullerenes between the slabs (see legend). Error bars are calculated as standard deviation over five independent runs. Inset: resulting friction coefficient determined 
from the data in the main panel. (d) Average contact area (A) per particle as a function of average load per particle. Hertzian behavior is observed, see fit (dashed 
line). (e) Fraction of the contact area with respect to the total surface area (As) as a function of normal load.
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and MoS2, the Lennard-Jones (6–12 LJ) potential is applied according to 

ELJ
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where rij is the interaction distance between atoms of the two different 
entities, with i representing carbon (C) atoms, and j representing sulphur 
(S) or molybdenum (Mo) atoms, and εij and σij are the attractive well 
depth, and equilibrium distances, respectively. The LJ potential is thus 
described by the well depth εij and the equilibrium distance σij.

These two LJ parameters are determined separately for the C-S and 
C-Mo interactions according to the standard Lorentz-Berthelot mixing 
rules [14,49,50]. Here, the parameters εC-S = 2.60342 meV, εC-Mo 
= 1.2351 meV, σC-S = 4.0 Å and σC-Mo= 4.025 Å, are determined based 
on the interactions of a graphene/MoS2 heterostructure [49]. We 
furthermore set the cutoff distance to 10.2 Å for both the LJ and the 
AIREBO interactions. To lower the computational cost and because they 
are well-separated during the entire simulation, we neglect the in
teractions between the opposing MoS2 slabs.

To simulate the shearing of the sandwich structure under compres
sion, the topmost atomic layer (top S atom layer in the top MoS2 sheet) is 
treated as a rigid body and the downmost atomic layer (bottom S atom 
layer in the bottom MoS2 sheet) is entirely fixed. Initially, the time step 
is 1 fs and energy minimization with the conjugate gradient algorithm is 
used for optimization of the fullerene structure, where the energy and 
force tolerance are set to 10− 6, after which the structure of the system is 
further relaxed in the canonical ensemble (NVT) for 1 ns to eliminate 
internal stresses and reach equilibrium. The temperature of the system is 
controlled by Langevin thermostats with a damping time of 100 fs at the 
bottom and top Mo layers, acting as a symmetrical heat bath to keep the 
system temperature at 5 K or 300 K. Then, a normal force FN in the range 
of 0–600 eV/Å is applied to the upmost rigid layer of S atoms, and the 
system is relaxed for 2 ns to reach an equilibrated state under 
compression. In this normal-force regime, the fullerenes remain intact 
throughout the experiment, while we observed that higher applied loads 
could eventually break them. Ellipsoids are fitted to the atomic co
ordinates of fullerenes using a linear least-squares method solved via 
singular value decomposition (SVD). The principal axes and their 
lengths are then obtained by eigenvalue decomposition of the fitted 
quadratic form matrix. The aspect ratio (b/a) is defined as the ratio of 
the length of the minor axis to that of the major axis. Finally, non- 
equilibrium molecular dynamics simulations are performed, moving 
the upper rigid slab at a constant velocity, while recording the shearing 
force on the top rigid layer. We checked that the shear force fluctuates 
around a constant, normal-force dependent value, see SI: due to the 
elasticity of the C60 nanoparticles as well as their contacts with the MoS2 
layer, the heterosystem is significantly compliant, so that a spring is not 
necessary for pulling the top layer, and a constant velocity driving 
method for the shearing process is preferred. The shearing process lasts 
10 ns for a total distance of 10 nm, corresponding to a velocity of 
v= 0.01 Å/ps. In the simulations, the time-averaged shear force is 
output every 1000 fs. To calculate the mean friction force, data from the 
initial 1 ns is discarded due to transient effects, and the mean friction 
force is calculated as the average over the remaining 9 ns. The LAMMPS 
package is used to carry out all the MD simulations [51].

3. Results

The steady-state shear force on the top slab is shown as a function of 
normal force in Fig. 1c. It depends strongly on the fullerene coverage: 
counterintuitively, the higher the fullerene coverage, the lower the 
sliding force that is observed. This is contrary to a homogeneous system 
in which lubricating fullerene molecules and confining substrates are 
made of the same molecules, as observed in experiments on C60 fuller
enes between graphite substrates [52,53], and supported by simple 
two-dimensional models of circular fullerenes confined in between 

atomic chains [45,54]. The data in Fig. 1c suggest that, above some 
coverage-dependent normal force, the friction force increases linearly 
with the normal force; the slope then gives the friction coefficient μ, as 
shown in the inset. Superlubric behavior (μ<0.01, dashed line) is 
observed for high coverages, N = 60 and 80. We investigated the sliding 
at different temperatures and found that temperature has only little ef
fect on the friction force, as shown in Fig. S1 of the supporting infor
mation (SI). To investigate the contact formation and dependence on 
fullerene coverage in more detail, we looked at the contact area between 
the fullerenes and the MoS2 plane. For an individual fullerene, the 
average contact area per fullerene (A/N) shows a Hertzian behavior as a 
function of applied load (FN/N) on a single fullerene, as shown in Fig. 1d. 
Here, the contact area between the fullerene and MoS2 has been deter
mined from the number of C atoms of the fullerene that are in the range 
of the equilibrium distance (around 4 Å) from the closest sulphuric layer 
of the MoS2. In the multi-contact system, the contact area per particle is 
significantly reduced, while the total contact area increases with normal 
load in a way similar to that of the single particle, as shown in Fig. 1e.

To elucidate the squeezing of the fullerenes in more detail, we look at 
the slab separation as a function of normal force, as shown in Fig. 2a. 
Generally, the separation decreases with applied load, reflecting the 
squeezing of the fullerenes. A higher fullerene coverage keeps the slabs 
further apart, reflecting the increasing support of the applied load. 
Mostly, the fullerenes are compressed into a single plane; only at the 
lowest load and highest fullerene density, thermal fluctuations are 
strong enough to push particles out of plane, as reflected in a sudden 
increase in the slab separation at low FN. The nearing of the slabs causes 
(i) enhanced interactions of the fullerenes and slab due to shorter mutual 
distances, and (ii) elastic squeezing of the fullerenes causing them to 
flatten. The latter is clearly reflected in the aspect ratio of the loaded 
fullerenes, which we calculate from the two major axes of a fitted 
spheroid, as shown in Fig. 2b. As the normal force increases, the 
spherical fullerenes flatten into ellipsoids with aspect ratio down to 
~0.7, extending their surface interaction from point contact to finite 
contact area. The elastic squeezing of the fullerenes is counteracted by 
higher surface coverage: as the normal force is spread over more mol
ecules, this reduces the normal load per fullerene, and hence its defor
mation. The latter is always below the elastic limit of a single fullerene, 
which has been determined to be about 2.3 Å for the minor semi axis 
[55]; hence, the fullerenes stay intact and do not fracture at the loads 
studied here. Nevertheless, the flattening of the fullerenes affects their 
rolling ability under applied sliding.

To elucidate this effect and obtain insight into the rolling versus 
sliding motion, we look at the rolling of individual particles. We first do 
this at T = 5 K, where the trend is most clear as thermal fluctuations are 
small. Examples of rolling trajectories, which we obtain by tracking a 
single atom on the fullerene shell, are shown in Fig. 3. Rolling occurs in a 
medium range of the applied normal forces, as shown in Fig. 3(c-f). At 
lower loads, in contrast, the particle only wiggles and appears to slide 
along the MoS2 slabs (Fig. 3a, b); while at the highest loads a more 
chaotic motion involving rolling is observed (Fig. 3g, h). At higher 
temperature, a similar trend is observed, yet rotational diffusion adds to 
the rolling motion, see Fig. S3 in the SI. This is most pronounced at low 
applied normal load, where the particle exhibits nearly free rotational 
diffusion, causing the emergence of rolling to be less distinct.

This trend is confirmed and quantified when we look at the rotational 
autocorrelation of the fullerenes in between the MoS2 slabs. We compute 
time correlations in the rotation of the fullerenes according to 

C(t) = 〈
1
N
∑N

i=1
Ui(0) • Ui(t)〉 (2) 

where Ui is the unit vector from the center of fullerene i to a point on 
its surface, N is the number of fullerenes in the system, and angular 
brackets denote the canonical ensemble average. Eq. (2) computes the 
rotational autocorrelation function related to the motion of the 
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nanoparticles during shear, with the scalar variable C(t)∈[-1, 1]. When 
the particles roll in sync, their orientation vectors rotate together, and C 
(t) shows a sinusoidal shape, as shown in Fig. 4a at intermediate applied 
load. In contrast, when sliding prevails and rotation is suppressed, C 
approaches a constant as is indeed observed for low and very high 
applied load in Fig. 4a. Hence, the transition from constant C at low 
load, to sinusoidal behavior at intermediate applied load indicates the 
transition from wiggling to rolling of the particles, in agreement with the 
individual particle trajectory in Fig. 3; the increasing amplitude of the 
sinusoidal function then indicates the increasing correlation in the 
particle’s rolling angles under increasing applied load. At even higher 
normal force, however, the amplitude of the sinusoidal function de
creases again until it vanishes almost completely, indicating that the 
motion becomes dominated by sliding or strong decorrelation in the 
rotation angles. This is indeed in agreement with Fig. 3g and h showing 
less rotation at high load. At room temperature, the trend remains; yet, 
the particles decorrelate significantly more at low loads due to their 

pronounced rotational diffusion, as shown in Fig. S4 of the SI. The sit
uation changes drastically at high particle density (Fig. 4b at T = 5 K), 
where sinusoidal behavior is no longer observed. Here, C(t) merely 
shows a small decay, indicating that rolling is suppressed. The decay is 
somewhat more pronounced at room temperature (inset in Fig. 4b), but 
still limited to C(t) ~ 0.9. We hypothesize that the steric interactions of 
the neighboring particles in the dense ensemble restrict the rotational 
motion and the particles slide along the slab. This is confirmed when we 
look at the average rotation angle of the particles as a function of time, 
shown in SI Fig. S6. At high coverage, the rotation angle evolves much 
more slowly than at lower coverages, indicating suppression of rolling. 
Interestingly, this does not lead to a higher friction force; on the con
trary, the highest particle coverage is associated with the lowest friction 
coefficient (Fig. 1c), indicating that sliding along the MoS2 slab leads to 
the most superlubric behavior.

The contact-related sliding of the nanoparticles is further evident 
from the height and velocity distribution of the fullerene atoms, as 

Fig. 2. Structural deformation. (a) Height of contact interface between the center of mass of top and bottom slabs, see simulation snapshot in the inset. (b) Aspect 
ratio (b/a) of fullerenes computed from the semi major minor axis of a fitted ellipsoid, see inset as an example for the case of N = 40 and FN= 600 eV/Å.

Fig. 3. Representative rolling trajectories on the unit sphere surface. (a-h) Trajectory of a point on a single fullerene sphere in the ensemble for various normal forces, 
see panel titles. The trajectory is shown for a shear duration of 10 ns in the sandwich model. T = 5 K. N = 40 mol, V= 0.01 ps/Å.
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shown in Fig. 5. At low coverage, sharp peaks in the height distributions 
evolving with increasing normal force (Fig. 5a) indicate the formation of 
an adhesive binding area between the MoS2 and the fullerenes [56]; at 
the same time, the gradient in the height-dependent velocity (Fig. 5b) 
indicates the rolling of the fullerenes. Both the structural and velocity 
profiles together thus indicate adhesion-induced rolling. The signatures 
diminish at higher coverage (Fig. 5c and d), indicating that the loss of 
adhesion contact leads to a transition from rolling to sliding.

To obtain full atomistic insight into the fullerene-MoS2 adhesion 
interaction, we investigate the atomic stacking at the contact interface. 
We first investigate the zenith angle ψ that changes continuously when 
the particle is rolling. We define ψ as the angle between the normal 
vector of the nearest pentagonal or hexagonal motif of the fullerene 
facing the MoS2 and the normal vector of the MoS2 plane, as defined in 
the inset of Fig. 6a. This angle is widely distributed at low normal force 
as shown in the main panel Fig. 6a, as expected for the rolling of the 
fullerenes. Yet, when the normal force is increased, the distribution 

narrows, indicating the increasing alignment of the fullerenes’ polygon 
motif with the atomic motif of the MoS2 slab as the fullerene flattens 
under the applied load. This alignment further substantiates the for
mation of a contact area with increasing load in Fig. 5a. As the fullerene 
coverage increases, the peak broadens again (see Fig. 6b and c), in line 
with the loss of a clearly defined contact area in Fig. 5c. Furthermore, 
the distributions for low and high normal load become more similar, 
reflecting the increasing load-bearing ability of the fullerenes, and 
resulting lack of flattening and contact formation at higher fullerene 
density. We also investigate the in-plane twist angle ϕ between the 
carbonate ring orientation and the zigzag direction (armchair direction 
along the y-axis) of the MoS2 slab, see inset of Fig. 6d. This twist angle 
shows a similar trend as the zenith angle ψ: the flat distributions sharpen 
as the normal force is increased, reflecting the increasing contact in
teractions with the MoS2 as the fullerenes flatten under the increasing 
load. This is especially observed for low fullerene coverage (Fig. 6d), for 
which the largest normal forces cause a nearly aligned state with ϕ~0◦. 

Fig. 4. Rotational autocorrelation function versus delay time. Time evolution of the rotational autocorrelation function at T = 5 K and V= 0.01 ps/Å, for different 
normal forces, increasing from the green to purple, see color bar. (a) N = 40 mol and (b) N = 80 mol, inset in (b) shows the same autocorrelation function 
at T = 300 K.

Fig. 5. Structural profile and velocity distribution. (a, b) Time-averaged height profile (a) and velocity distribution in the shearing direction (b) of carbon atoms 
under low fullerene coverage, N = 40. (c, d) Same quantities for high fullerene coverage, N = 80.
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This alignment is in line with the simulation results obtained by Silva 
et al. [50], who studied the rotational energy landscape of a layered 
heterostructure of MoS2/graphene which showed a stable alignment at 
0◦ or 60◦. With increasing coverage (Fig. 6e, f), the distinction between 
high and low normal force diminishes, as fullerene-fullerene in
teractions arise and compete with the fullerene-substrate interactions. 
For the highest coverage N = 80, the trend even reverts: the misalign
ment angle jumps closer to 30◦, as shown in Fig. 6f. This twisted 
alignment of C60/MoS2 is similar to the experimental observations of 
frequently aligned orientation in the MoS2 growth on epitaxial graphene 
by Liu et. al [57], who also observed a 30◦ rotated growth between the 
graphene and MoS2 lattice. In our case of fullerenes, the transition from 
aligned to misaligned stacking is caused by the fullerene-fullerene in
teractions: an isolated C60 molecule can rotate freely and primarily in
teracts with the MoS2 substrate, favoring a stable (ϕ~0◦) alignment with 
the substrate. This aligned stacking promotes rolling, which, however, 
needs to overcome a higher energy barrier causing significant friction. 
With increasing fullerene coverage, lateral interactions between neigh
boring fullerenes arise, restricting rolling and resulting in a misaligned 
angle with the substrate. Thus, sliding becomes a more favorable 
pathway. The frictional property is therefore not only a result of atomic 
alignment, but is also strongly influenced by fullerene-fullerene in
teractions that can suppress rolling by collective jamming effects. 
Counterintuitively, the resulting sliding dissipates less energy than the 
rolling motion as shown by the ultra-low friction behavior under high 
coverage in Fig. 1. These results are in agreement with simulations of 
larger carbon nanoparticles, which similarly observed a friction reduc
tion when transitioning from rolling to slip [43,44]. Furthermore, the 
higher rolling friction of monolayer C60 was experimentally observed by 
Coffey and Krim [42] using a quartz crystal microbalance. Our results 
provide insight into the ultralow friction coefficient observed experi
mentally for a simple model of a C60/MoS2 heterojunction [46]. Ex
periments on C60 nanoparticle mobility on the surface of MoS2 films 
could provide further experimental insight into the C60-MoS2 interaction 
and establish a more direct connection with our computational model.

4. Conclusions

The molecular-dynamics simulations of monolayer C60 nanoparticles 
in between MoS2 slabs unravel the lubrication mechanism of confined 
carbon nanoparticles: contact formation between the fullerenes and the 
MoS2 layers lead to alignment-induced adhesion interactions and to 
rolling of the particles, while strong applied load leads to transition from 
rolling to sliding as the fullerenes are strongly deformed. This transition 
is clearly reflected in the rotational trajectories of the nanoparticles that 
evidence the onset of rolling at low applied load, and its partial loss at 
high loads. We ascribe this transition to the normal-force induced 
deformation of the particles, leading to formation of multi-contact in
terfaces between the fullerenes and MoS2 due to spreading from point to 
area contact.

With increasing coverage of the fullerenes, their deformation is 
reduced, lowering the amount of rolling, until fullerene-fullerene in
teractions set in, which suppress rolling. The resulting sliding of the 
MoS2 slab along the fullerenes reduces the friction and leads to nearly 
superlubric behavior. Hence, counterintuitively, a larger coverage of 
nanoparticles causes friction reduction despite their emerging in
teractions and blocking of their rotation, due to the transition from 
rolling to sliding. At the atomic contact level, this is related to a shift of 
the alignment angle from aligned to misaligned stacking. Hence, the ball 
bearing effect of C60 particles is not beneficial for friction reduction in 
the heterojunction system, even though the nanoparticles rotate direc
tionally. In contrast, in the jamming state of the ball-plate hetero
junction, an adaptable misalignment of the large-area contact, 
controlled by the applied load, leads to nearly frictionless sliding. Our 
results on multi-contact interactions between fullerenes and MoS2 slabs 
provide physical insight into the frictional behavior, and offer guidelines 
for carrying the nanoscale superlubric property over to the macroscopic 
scale for applications.
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by the authors, and is not submitted or under consideration at another 
journal.

Fig. 6. Atomic alignment at the fullerene-MoS2 contact. (a-c) Probability distributions of the zenith angle (ψ) under different normal forces (see color bar), for 
fullerene coverage of (a) N = 40 mol, (b) N = 60 mol and (c) N = 80 mol. The out-of-plane zenith contact angle ψ between the C60 and MoS2 is defined in the inset of 
(a), where np is the normal vector of the fullerene motif nearest to the MoS2, and n = [0 0 1] is the normal vector of the MoS2 plane. (d-f) Corresponding probability 
distribution of the twist angle (ϕ) at the same fullerene coverages as in (a-c). The twist angle ϕ is defined between the edge normal vector (nC60) of the nearest 
hexagons of C60 and the zigzag direction (nMoS2) of MoS2 plane, see inset in (d). Only the contacts of unbroken fullerenes with the nearest six-membered ring are 
taken into consideration. In all distributions, error bars show the standard deviation in the relative frequency of the angles.
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