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The tribological properties of MoSs at nanoscale are studied by means of AFM/LFM experiements and
MD simulations.
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Abstract

The present work aims to understand the sliding of ordered/disordered molybdenum disul-
fide against itself by combination of nanoscale sliding experiments and atomistic simulations.
Tribological experiments were performed using lateral force microscopy with tips covered by
a thin sputtered MoS, film. Nanoscale contact area between the MoS,-coated tips and MoS,
samples opened up the possibility for close comparison with classical molecular dynamics
simulations. Our simulations replicated well the coefficient of friction obtained by experi-
ments for various contact conditions and shed light on nanoscale sliding of both crystalline
and amorphous MoS,. Experimental sliding at humid environment demonstrated detrimen-
tal effect of water molecules on friction. However, such effect was much less pronounced
when compared to that observed in macroscopic sliding experiments.

Keywords: molybdenum disulfide, atomic force microscopy, friction, molecular dynamics
simulations

1. Introduction

Molybdenum disulfide (MoSs) is a well-known lamellar solid lubricant first employed in
the aerospace industry in the 1960s in the form of films applied to sliding counterparts[1—
5]. MoS, provides the best lubricating capability in vacuum or inert atmospheres, whereas
humidity proved to be detrimental for both low friction and wear rates[l, 3, 5-8]. The
interest was mainly focused on thick films (1 um and above), at first produced by powder
burnishing and then by physical vapor deposition (PVD) methods, which are still under
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development nowadays. PVD coatings proved to be the best solution for solid lubrication in
vacuum for many years. Thickness, together with chemical, morphological and ultimately
frictional properties can be tailored by simply modifying the deposition parameters and
coefficients of friction (COFs) as low as 0.01 have been measured[3—12].

More recently, MoS, in various shapes (platelets, nanotubes, nano-onions) started to
be utilized as additives in lubricant oils as well[13]. About ten years ago, an interest in
thin films was revived due to possible applications in micro or nano electro-mechanical
(MEMS/NEMS) devices[14, 15]. Along with the progressive miniaturization of the lubri-
cating elements, researchers started to investigate the micro and nanostructure of these
lubricating elements[16]. MoS, nanostructured materials are widely used in energy and en-
vironmental applications[17]. MoSs containing self-lubricating composites were reviewed in
Ref. [18].

Even though the macroscopic properties of thick films are well known, the intrinsic
friction mechanisms are still to be unraveled. For thick films, three main conditions need
to be satisfied in order to reach ultra-low friction: a transfer film must build up on the
counterpart in order to have sliding of MoS, against itself; MoS, grains at the interface
must be either re-oriented or newly formed with the (0001) basal planes parallel to the
sliding direction; and, most importantly, the presence of contaminants must be minimized.
This last condition relates both to contaminants contained in the coating itself (for example,
oxygen is often present either as molybdenum oxide and/or as an interstitial or substitutional
species), and to atmospheric contaminants[7, 19, 20]. The debate whether the degradation
of MoS, lubricating properties is due either to oxidation or water molecules physisorption
started along with the systematic study of the material itself[1, 21-25] and only recently
reached a conclusion|[26-29]. Khare et al.[26, 27] and Serpini et al.[28] demonstrated that
the most detrimental effect at temperatures below 100 °C to MoS, lubricity was due to the
physisorption of water molecules. The former team examined the case of thin films, the latter
thick ones. In fact, adsorption of water molecules was identified as the main contributor
to friction increase in the case of MoSe, tribolayer formed at sliding interface of Mo-Se-C
sputtered coating, so it is a general feature of transition metal dichalcogenides from Mo/W
S/Se family|30].

The ability to prepare 2D materials based on transitional metal dichalcogenides opened
new possibilities for nanoscale tribological research of MoS,;. We can now measure directly
friction between two MoSs 2D flakes[31]. Unfortunately, theoretical tools to predict fric-
tion behavior are still under development. Ab initio simulations have been employed in
recent years to investigate friction of single crystal MoS,[32-35], but they fail to represent
realistic sliding scenarios (e.g. they do not include defects/contaminations, thermal noise,
native roughness of 2D MoS, flakes placed on a substrate, etc.). Moreover, the main limi-
tation of ab initio approaches is the absence of dynamics, e.g. the shear strength which can
be obtained is related to static friction only. Molecular dynamics (MD) simulations have
greatly contributed to the understanding of the phenomena that take place at nanoscale
in tribological conditions[36]. For example, focusing on molybdenum disulfide, the sliding
dynamics of a small flake on top of a large substrate has been studied computationally with
particular regard to the commensuration of the two objects[37]. In the paper, a force field
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for MoS, composed of Buckingham-like terms, Morse pair potential, harmonic angle bend-
ing contributions and fixed-charges electrostatics has been employed. The incommensurate
structures showed superlubrication due to cancellation of the atomic forces in the sliding
direction, whilst, in commensurate situations, friction turned out to be 100 times larger
than in the former case. Dallavalle et al. studied the tribological behavior of MoS, platelets
and nanotubes[38]. They developed and used a simple force field made of Lennard-Jones
interactions augmented with variable atomic charges. The authors studied the lubrication
mechanism of nanotubes, also calculating the friction coefficient values by using Amontons’
law and Green-Kubo relations. For nanotubes, friction was one order of magnitude lower
than in the layered systems. More recently, a ReaxFF model has been proposed[39] and
used to study oxidation and oxygen diffusion of MoS, surfaces for highly ordered crystalline
film and a partially amorphous/nanocrystalline coating[40]. MD results confirmed that
atomic oxygen readily reacts at room temperature with MoSy surfaces and that the diffu-
sion of oxygen within the film decreases with the number of potentially active edge sites.
Among classical interaction potentials, the ReaxFF description is probably the more com-
plete, taking into account, among the many ad hoc contributions, bond-order-based terms
and electrostatics with variable charges[41].

The aim of the present work is to remedy, at least partially, the lack of systematic study
of the tribological properties of MoS, at the nanoscale, both from the experimental and the
computational point of view. To represent various sliding scenarios, two MoS, materials
have been tested — disordered sputtered MoSs and molybdenite single crystal. Atomic force
microscopy (AFM) in the lateral force mode (LFM) was used as the experimental sliding
device. Traditional use of Si tips is of very limited value despite the expected material
transfer from the substrate to the tip; in particular, the transfer film on the AFM tip
during single crystal siding is not guaranteed. Therefore, we covered the tips by a thin
sputtered MoS, film, which eliminates long running-in phases and assure self-mating contact
of MoS,. In this paper, together with AFM sliding experiments, we exploit the ReaxFF
parameterization in order to study the frictional properties at nanoscale of crystalline and
highly disordered MoS, samples.

2. Experimental detalils

2.1. MoSy coatings preparation

The substrate consists of 1x1 cm? Si(111) single crystal covered by native oxide. Af-
ter cleaning in acetone + isopropanol, the substrate was coated by 200 nm MoS, film by
means of radio frequency (RF) magnetron sputtering technique from a 99.99 % purity MoS,
target. The base pressure in the deposition chamber was 107% mbar and 1072 mbar Ar™
partial pressure. During deposition a 150 W RF power were applied to the target, both
for conditioning (15’) and for deposition; neither heating nor bias voltage were applied to
the substrate. These systems served as samples for AFM investigation. New and unused
AFM tips (Veeco, 70 kHz resonance frequency, 3 N m~! force constant) where covered by
sputtered MoS, with different thicknesses, following the same recipe (only the duration of
the deposition process was varied).



2.2. Friction measurements

AFM measurements were performed on a NT-MDT NTEGRA AFM using silicon can-
tilevers (force constant 3 N m~!) with deposited MoS, disordered coatings as described
above. Samples were the previously described coatings and MoS, single crystals (molyb-
denite, SPI Supplies). Friction measurements were performed in humid and dry nitrogen
atmospheres. In particular, dry nitrogen represents an inert atmosphere better suited for
studying intrinsic MoS, friction mechanism; moreover, it allows direct comparison with our
MD simulations. For measurements in dry conditions, Ny was fluxed in the chamber down
to 10 % relative humidity (RH), checking RH level through a dedicated sensor. In the case of
humid nitrogen, the gas was first fluxed inside a bottle containing de-ionized water and then
the mixture was fluxed inside the lid covering the AFM. The measurements were performed
once the RH level had stabilized above a 90 % RH value.

The morphological characteristics of the surface were first checked by AFM working in
intermitting contact mode on a flat area of 5x5 pm?. All presented friction curves and ana-
lyzed data were obtained on horizontal areas (slope < 1 %). Measurements on nonhorizontal
areas gives non-linear dependencies, probably due to non-ideal cancelation of topography
features. The friction characterization were performed working in contact mode forcing the
tip to slide on a single 5 pum line, with 1 ym s™! scanning speed and with a resolution of 512
px/line. The spring normal and lateral constants of the cantilever were determined using
the Sader method[42, 43]. The geometrical characteristics of the cantilever and of the tip
were measured by means of SEM, while the proper vibration frequencies were detected in
air by means of AFM.

The friction force was measured measuring the torsional deflection during trace and
retrace scans, representing the trace-minus-retrace signal expressed in Newton[44, 45]. The
tribological characterization consists in the detection of the friction force during a load-
decreasing ramp, starting at approximately 1.5 uN load down to the pull-of-force; the applied
load was changed every 20 lines. The coefficient of friction was calculated as the slope of
the friction force vs load curve. This method was repeated several times in different parts
of the sample using the same tip, in order to increase the statistics.

3. Computational details

In order to understand the processes that take place at the atomic level, a set of MD
simulations were performed by means of the LAMMPS package[46]. A time step of 0.1 fs
was employed in all simulations. Atomic interactions were calculated exploiting the recently
published ReaxFF potential for MoSs[39]. This force field is reactive (i.e., it can properly
model the formation and breaking of chemical bonds) and its performance was tested in
order to assess the accuracy in predicting structural and energetic properties relevant to
this study (see Section S4 of the Supporting Information for more details). The 2H crystal
phase was selected as starting configuration (atomic positions in the unit cell were obtained
from X-ray diffraction experiments[47]). The hexagonal cell was then transformed into an
orthogonal one by using the scheme described elsewhere[48] and replicated 12, 24 and 2
times in the z, y and z directions respectively. The structure was then optimized through an
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energy minimization by means of the conjugate gradient method. The atomic positions and
the box size and shape were allowed to vary during this step. The amorphous configurations
were produced as follows. The box sizes were kept the same as in the optimized cell in the z
and y directions. The value of the box size in the z direction was instead set in order to match
the experimental value of the coating density (i.e., 3.10 g cm ™3, see below). The system was
then heated at 5000 K and at constant volume for 20 ps, controlling the temperature via a
Nosé-Hoover[49, 50] chain of thermostats leading to the complete melting of the sample. The
system was then further equilibrated at 5000 K for 100 ps, and, after that, the temperature
was decreased to 300 K with a cooling rate of 2.35 K fs~! and at constant volume[51]. The
latter two steps were repeated five times in order to sample five independent configurations
relevant to represent the amorphous phase. These configurations were then processed in
order to create a slab geometry, namely we inserted 20 A of vacuum in the zdirection thus
preventing interactions between replicas due to periodic boundary conditions. The samples
were further equilibrated at 300 K controlling the temperature as done before for 6.5 ns.
Total energy of the systems was monitored at this stage and simulations continued until a
stable value was reached.

Two kinds of computational setup were then prepared: the first one is obtained by
putting into contact two amorphous slabs (below denoted as “A-A”) and the second one
by assembling an amorphous slab with a crystalline sample (“A-C”)!. 20 A of vacuum
in the zdirection were inserted in order to prevent interactions between replicas and an
energy minimization using the conjugate gradient method was then performed. Within
these configurations two regions of thickness 7 A were defined (one at the top and one at the
bottom of the system) and they were treated as rigid bodies for the subsequent simulations.
The assembled systems were finally equilibrated for 1 ns at room temperature by imposing
different normal loads (i.e., 3, 4, 5, 6, 7 and 8 GPa) to the top region until a stable value of
the system’s total energy was reached. During this stage, the position of the atoms belonging
to the top group were kept fixed in the z and y directions, whilst atomic positions of the
bottom group were kept totally frozen. The imposed normal loads were chosen in order to
match as closely as possible the regime of contact pressures studied by LEM experiments?.
The final configurations contain 13824 atoms and the simulation boxes had sizes of 66.2 and
76.4 A in the z and y directions respectively (box size in the z direction varies from sample
to sample and it was about 105 and 85 A for the A-A and A-C setups respectively).

These equilibrated configurations were the starting points of the subsequent non-equilibrium
simulations. To mimick tribological conditions, a normal load and a constant speed of 5 m
s~ along the z direction were enforced within the top group, while the atoms belonging
to the bottom group were kept frozen. The temperature was kept constant at 300 K for 1
ns. Atomic positions, velocities and forces were stored every 50 fs for the subsequent data
analysis. Lateral forces along the sliding direction were then calculated by summing the

!The same labels are used in the next sections to denote respectively sliding of MoS,-covered tips against
a MoSa-coated substrate and against a MoSy single crystal.

2The conversion between normal load and maximum contact pressure was done by using the Hertz
model[52] for a sphere of radius 80 nm and a half-space and by employing the values of the elastic modulus
and Poisson ratio for crystalline MoSs taken from literature[53].
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atomic contributions over all atoms belonging to the top group and then averaged over part
of the MD trajectory.

4. Results

4.1. MoS; coatings characterization

4.1.1. Films

The surface morphology, studied with scanning electron microscopy with field emission
guns (SEM-FEG), revealed the presence of needle-like structures several tens of nm long
and less than 10 nm thick (see Fig. S1 in the Supporting Information), similar to structures
previously seen in the literature[6]. However, although the needles were traditionally con-
sidered as the top of the columnar structure, in this case focused ion beam cross-section did
not evidenced the presence of columns in the film. In fact, the film appears homogeneous
and dense, similar to that described by Spalvins[3, 4].

Density of the coating was estimated to be 3.5 - 10*? at. ecm™ (corresponding to 3.10 g
cm~3) with the Rutherford backscattering technique. The value is in the range of densities
observed experimentally in sputtered coatings (0.77 - 4.07 g cm™2)[6]. The X-ray diffraction
characterization showed the presence of broad peaks related to (100) crystalline orientation
(see Fig. S2 in the Supporting Information). This confirm the polycrystalline nature of the
film, with nanometric crystallites randomly oriented. Finally, the chemical composition of
the films was measured by Auger electron spectroscopy. The films were found to be close to
stoichiometry (see Tab. S1 in the Supporting Information).

4.1.2. AFM tips
AFM silicon tips were imaged with SEM-FEG prior to and post MoSs deposition. Several
tips were coated with the same film thickness. Fig. 1 shows SEM-FEG images of the tip

effectively used in AFM measurements prior to (Fig. 1a) and after the deposition (Fig. 1b)
of a 100 nm-thick MoS, film.

Figure 1: SEM-FEG images (40 kX magnification) of the tip utilized in this work, prior to (a) and post (b)
100 nm-thick MoSs film deposition.



Upon closer inspection of the tip apex (see Fig. 2a), it is possible to observe the needle-
like structures previously mentioned, with needles protruding outside the coating. After the
AFM measurements, the tip was imaged again to check the continuity of the residual film
(Fig. 2b).

Figure 2: SEM-FEG images of the AFM tip utilized in this work, sputter-deposited with 100 nm MoS, film,
prior to the measurements (a — 200 kX magnification) and after (b — 160 kX magnification). Needle-like
structures are visible on the tip apex and get flattened after the friction tests, however the Si underneath is
not uncovered.

The surface of MoSs-coated tips were morphologically very similar to that of the films
deposited on Si single crystal, indicating that the MoS, tip deposition was successfully. The
coated tips were chemically characterized by Energy-dispersive X-ray (EDX) spectroscopy,
evidencing the presence of the Mo/S typical peaks. In the case of EDX, the Mo and peaks
are very close to each other and it is not possible to obtain a precise chemical analysis, but
anyway they are the proof of the presence of the coating (see Fig. S5 in the Supporting
Information).

4.2. LFM measurements

The present work always refers to tip covered by 100 nm MoSs, being the most reliable
results (see Fig. 1). Different coating thickness were deposited as well, but they led to
unstable behaviour (see Section S2 in the Supporting Information). Further, the same tip
was used in all the tests presented, in order to minimize the effect of the tip shape. In fact,
we observed that the tip shape, after an initial flattening due to wear, changed very slowly
during the sliding.

The friction curves from identical tests are shown in the Supporting Information (Fig.
S8-S11) to show the related data dispersion. In all tests it is evident the linear relation-
ship between the lateral force and the load, indicating that this tribological system can be
described by the Amontons’ law:

F; = A+ COF - F, (1)

where FY is the frictional (lateral) force, A is the frictional force at zero-load (which is due
to adhesion) and F,, represents the normal force applied. As an example, in Fig. 3 we
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report one curve for each kind of test we performed with the corresponding error bars. As
evident from Figs. S8-S11 in the Supporting Information, the data dispersion is very narrow,
indicating a high reproducibility of the tests. In the top part of Fig. 3, tests performed in
dry and humid nitrogen atmosphere for a MoS, coating substrate are reported. The bottom
part of the graph shows tests performed in the same humidity conditions for a MoS, single
crystal sample. Results of the linear regressions are also shown within the graphs. The slope

and the intercept with the gyaxis represent the COF and the contribution due to adhesion
of the system.
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Figure 3: Examples of friction curves obtained for different tests in dry (red curve, RH = 9 %) and humid
(blue curve, RH = 95 %) nitrogen atmosphere for a MoSsy coating (top) and a single crystal (bottom).

This set of parameters was averaged over the four curves reported in Fig. S8 in the
Supporting Information for all the different tests performed. The uncertainty was taken
as the semidispersion of the data. The average COF for a polycrystalline coating probed
in nitrogen atmosphere is 0.41 £ 0.05. The same analysis was performed on the data
presented in Fig. S9 of the Supporting Information for measurements obtained on the
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same sputter-deposited coating in high humidity atmosphere (RH = 95 %). It resulted in
the following parameters, COF = 0.58 £+ 0.06. The value of adhesion obtained with this
method is characterized by a large uncertainty and, consequently, it does not allow reliable
considerations.

The COF measured in dry nitrogen appears to be 50 % lower than in humid air, mimick-
ing what already reported at the macroscale in vacuum and air[54], even if less pronounced.

In the single crystal case the very low value of the lateral force leads to a large associated
uncertainty, being close to the detection limit of the system. This peculiarity is partially
ascribable to the morphological and mechanical characteristics of MoS, single crystal surface,
which generates instability in the AFM measurements. In fact, contrary to the case of
the very flat and stable surface of sputter-deposited samples, in the case of molybdenite
the sample is less rigid and easy-to-exfoliate, generating tilted broken and semi-detached
flakes. In order to minimize these phenomena, before each test the MoS, single crystal was
exfoliated by scotch-tape to have large freshly cleaved regions. We report in Figs. S10 and
S11 in the Supporting Information the friction curves obtained respectively in nitrogen and
high humidity atmosphere.

The average COF value in nitrogen (COF = 0.0121 £ 0.0017) is very similar to the value
obtained in high humidity atmosphere (COF = 0.013 £ 0.005). Our results suggest that the
effect of humidity (at least in our range of humidity levels) on friction response of a single
crystal MoS, is very limited.

Wear of the tip was always monitored via SEM-FEG imaging after tribological tests.
Fig. 2b, Figs. S4 and S6 in the Supporting Information suggest that the film did not wear
through and that the Si was not exposed: the MoSy vs MoS, contact were preserved during
all the tests performed. The measurement was repeated with different tips coated with 100
nm MoS; film, leading to similar results.

4.3. Simulation results

Here we present the results obtained from MD simulations. The A-A and A-C cases
show substantial differences in the sliding dynamics. In Fig. 4, snapshots taken along the
sliding MD trajectories obtained at an intermediate load are reported (videos reporting the
whole MD trajectories are available in the Supporting Information).

For the A-A case a continuous deformation induced by shear (i.e., smooth sliding dynam-
ics) is observed, whilst for the A-C a “stick-slip” mechanism of sliding is instead revealed[55].
A clear slipping interface can be identified for all sliding events (for the trajectory reported
in Fig. 4, it comprises the region between the first, second and third crystalline layers start-
ing from the top) and the sliding dynamics consists of jumps between stable states along
the sliding coordinate[56]. This behavior can also be highlighted by looking at the motion
of the center of mass of the atoms belonging to the top rigid group, as reported in Fig. 5,
where discrete slipping events can be easily identified.

Total forces acting on the atoms belonging to the rigid top group along the sliding
direction are calculated for all simulated systems. Due to the different features emerging
from the A-A and A-C cases, the batch average of the force taken with a window of 50 ps and
the total average were used as final values of the frictional force for the former and the latter
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Figure 4: Side view of snapshots taken at the beginning (left), at the midpoint (center) and at the end
(right) of example MD trajectories for the A-A (top) and the A-C (bottom) case. Applied normal load is 5
GPa. For the A-A case, the position of the interface is reported with a red dashed line.

42 5
' 0%RH | :

load =5 GPa

40

38 -

of the top group (A)

y-position of the center of mass

I I I I I
40 =0 60 70 80

x-position of the center of mass of the top group (A)

Figure 5: Position of the center of mass of the top rigid layer for an A-A and a A-C trajectory with an
imposed load of 5 GPa. For the A-C case, sudden jumps corresponding roughly to one half of the in-plane
lattice constant along the y-direction are clearly visible.
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case respectively. Finally, for any value of the normal load, we took the average among
the five independent trajectories, also calculating the standard deviation of the sample.
The results are reported in Fig. 6. Roughly speaking, the trends are linear in both cases
(i.e., the systems obey Amontons’ law), as already evidenced experimentally, and the A-C
setup presents both a lower friction coefficient and a smaller value of the frictional force at
zero load. Further comments on the comparison between experimental and computational
outcomes are given in the next section.
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Figure 6: Values of the frictional forces obtained through MD simulations versus the applied normal load
for the A-A (top) and A-C (bottom) cases. Standard deviation of the sample made on five independent
trajectories are reported as error bars. Results of the linear regressions are also shown within the graphs.

5. Discussion

The friction curves for MoS, single crystal corresponding to test in humid ambient and
dry nitrogen overlap almost perfectly (see Fig. 3, lower panel). This evidence indicates that
the presence of humidity does not influence the tribological behaviour of high-ordered MoS,,
probably related to the fact that in the case of an almost perfectly structure, only very few
edges are exposed to water molecules.

Conversely, the slopes of the analogous friction curves for sputter-deposited film are
slightly different (see Fig. 3, upper panel). In the case of humid environment, the COF
is higher with respect to dry nitrogen case. This can be explained considering that, in the
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case of a polycrystalline structure such as the sputter-deposited film, the number of edges is
extremely larger with respect to the single crystal case. Consequently, taking into account
the larger reactivity of edges with respect to basal planes, water molecules physisorption is
much more efficient in the case of the deposited film. This result can be compared with the
macroscale. Indeed, it is well known at the macroscopic scale that humidity dramatically
influences MoS, behavior[1, 9, 11, 23, 28]. However, at the macroscale the reduction of COF
in dry and inert environments with respect to humid ones is usually of orders of magnitude.
This effect seems to be limited at the nanoscale. It should be mentioned, however, that there
is a number of differences between experiments performed at the two scales. For example,
in all the studies performed at the macroscale, the counterpart is not previously coated
with MoS,, but gets successively covered by MoS, debris or a more adherent tribofilm. Of
course, differences in sliding distances, applied loads and pressures, timescales, contact area
and even typology of sliding experiment (ball-on-disc, pin-on-disc, reciprocating, etc.) are
present as well. We speculate that the differences in contact area and chemistry of the
counterpart especially influence the results obtainable at the two scales.

However, the most striking results is represented by the huge difference in the COF mea-
sured in dry nitrogen for single crystal and sputter-deposited film, being the former almost
40 times lower than the latter. This means that, at least in dry atmosphere, the role played
by the crystallinity of the material is crucial. In order to explain this aspect, the energetics of
sliding of amorphous and ordered MoS, surfaces needs to be taken into account. In the case
of ordered vs ordered layers, the sliding process can be seen as the continuous overcoming
of weak van der Waals forces between MoS, layers. This simplified scenario is reasonable at
the nanoscale, while at the micro/macro-scale other purely dissipative phenomena should
be taken into account. In the case of amorphous vs amorphous layers the sliding consists
not only in the overcoming of van der Waals forces, but also in the breaking of covalent
bonds that continuously form between the two surfaces, due to unsaturated bonds. The
energy barriers which correspond to these two scenarios differ two order of magnitude, thus
justifying the very different COFs.

The comparison between experimental and MD results can be performed only in inert
atmosphere. The agreement is especially good for the COF in the A-A case (see Tab.
1). Although there is perfect agreement on experimental and simulated COF values in

COF

System | Experiments Simulations
A-A 0.41 £ 0.05 0.41 £ 0.02
A-C | 0.012 £ 0.002 | 0.164 £ 0.005

Table 1: Values of friction coefficients for all cases here presented.

the A-A case, in the A-C one the experimental COF is one order of magnitude lower with
respect to the one obtained from simulations. It is important to stress that the crystalline
material was modeled for the sake of simplicity by assuming ideal commensuration between
layers. This means that, during the sliding dynamics, all crystal units need to overcome
the energetic barriers simultaneously. This is obviously the most dissipative scenario, and
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therefore both the values of the friction coefficient and the contribution of adhesion to friction
obtained from MD simulations must be taken as upper limits. This effect is well known in
literature[37]. In fact, transmission electron microscopy images obtained from crystalline
samples after sliding[19] revealed that a non-zero misfit angle between layer orientation
is indeed observed and it leads to the emergence of the superlubric behavior (due to the
cancellation of sliding barriers among different regions of the sample[57]). To highlight this
effect (i.e., the friction reduction obtainable through lattice incommensuration), sliding MD
simulations on accidentally commensurate MoS, bilayers were carried on and the results are
presented in Section S5 of the Supporting Information, further confirming that rotationally
distorted structures show smaller frictional forces than in the commensurate case.

Finally, we will briefly comment here on the validity of Amontons’ law. Molybdenum
disulfide coatings (prepared by sputtering) can exhibit, under specific conditions, significant
deviation from traditional Amontons’ law — their friction coefficient decreases with applied
load. Singer et al.[58] and Grosseau-Poussard et al.[59] showed that the friction coefficient
decreases with load following COF ~ F;,’ Y3 The friction change with load is fully reversible,
i.e. friction increases during unloading. Some experimental studies related this behavior to
the decrease of shear strength of MoS, under higher pressure[60], but recently published
simulations do not support this claim[35]. Higher pressure increases frictional heating in
the contact and that may affect interaction with water molecules; however, the decrease of
friction with applied load was observed both in humid air and argon[59]. Therefore, the
interaction of water molecules with MoS, can contribute to the deviation from Amontons’
law, but it cannot fully explain such behavior. Our experiments and simulations show that
the friction force of both amorphous (A-A) and single crystal (A-C) sliding system is linearly
dependent on the load. Therefore, we can suggest here that frictional anomaly observed in
macroscopic sliding is likely to be related to re-ordering of MoS, basal planes at high contact
pressures.

6. Conclusions

Lateral force microscopy and non-equilibrium molecular dynamics simulations revealed
details on the frictional behavior of single crystal (ordered) and sputter-coated (disordered)
MoS, materials. The use of MoSs-coated atomic force microscopy tips allowed us to study
the frictional properties of molybdenum disulfide versus itself, thereby characterizing sliding
dynamics taking place within the 2D material itself. Friction experiments at nanoscale
revealed that not only the crystalline material exhibits lower values of the friction coefficient
than in the disordered case, but also that the crystalline material is less sensitive to humidity
and to atmospheric conditions in general. Even though the sliding conditions studied in this
paper are far from those in macroscale frictional experiments, our findings can pave the
way to the application of MoS, coatings with high crystallinity under working conditions
different from vacuum. Molecular dynamics simulations corroborated understanding of the
phenomena taking place at the nanoscale during the sliding dynamics. The good match
between experimental measurements and simulation results obtained for the disordered case
allowed us to speculate that, in the ordered case, partial layer incommensuration plays a role
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in the friction reduction process. Moreover, this study also evidenced the capability of these
molecular dynamics simulations to be a predictive tool allowing assessment of the frictional
properties of MoSs-based materials in silico under different tribological conditions.
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Friction of ordered/disordered MoS, against itself at nanoscale is measured
Standard AFM tips were successfully covered with a sputter-deposited MoS, film
Experimental findings are interpreted thanks to molecular dynamics simulations

Detrimental effects of humidity on friction are less pronounced at nanoscale



