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Effects of Water Intercalation and Tribochemistry on MoS,
Lubricity: An Ab Initio Molecular Dynamics Investigation

Giacomo Levita*®™ and Maria C. Righi** "

To date, no clear conclusion has been reached on the atomistic
mechanisms that govern the observed decrease of lubricating
capabilities of MoS, in humid environments. Based on ab initio
molecular dynamic calculations, we show that intercalated
water molecules hinder the sliding motion of both regular and
defective layers considerably, with the velocities decaying ex-
ponentially with time. However, in the presence of an applied
load and exposed edge terminations, water is rapidly removed

1. Introduction

MoS, is one of the most important solid lubricants, with appli-
cations ranging from aerospace to automotive industries,
thanks to its ultralow friction coefficient”® and low toxicity.”®
However, the advantages of MoS, use are lost in humid atmos-
phere where its friction coefficient increases markedly.*'*! De-
spite experimental advances that have led to a greater under-
standing of the fundamental mechanisms behind the water-
MoS, interaction,*? to date no clear explanation on how
water negatively affects its lubricating properties has been pro-
vided.

Scientific literature is discordant on this point. On the one
hand, some authors stress the importance of chemical oxida-
tion of MoS, layers, which leads to the formation of MoO;,
which has worse frictional characteristics than MoS,:!'%242¢
such a process has been reported to be activated by water
vapour.”) On the other hand, some point to the lack of oxida-
tion evidenced in humid, but anaerobic environments®” and
suggest that molecular interactions of water with the MoS,
layers is the fundamental mechanism behind the observed loss
of lubricant properties.”®?® No recent theoretical work has
been reported on such a fundamental issue: previous works
seemed to support the oxidation path,® but an atomistic
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from the interface and is adsorbed on the edges either in un-
dissociated form or as OH/H fragments. These outcomes sug-
gest that the interlayer slipperiness can be reduced by the
presence of water even in the absence of any chemical oxida-
tion. Our work could help to set up more dedicated experi-
ments to further tackle a technologically relevant issue for the
applications of MoS,-based lubricants.

study describing the origin of the increased friction of MoS, in
humid atmosphere at the atomic scale is still required. This is
striking when considering the increasing number of applica-
tions of MoS, and the increasing number of theoretical studies
on its other unique electronic and magnetic properties.?>=”

Recently, we carried out a static investigation of the interac-
tion of water with MoS, based on density functional (DFT) cal-
culations.”” We found that water physisorbs on MoS, mono-
layers but its adsorption as an intercalated molecule inside a bi-
layer is unfavoured with respect to external adsorption. More-
over, no major changes are evidenced in the presence of S-
atom vacancies on the layer as water adsorbs without any dis-
sociation, pointing to the lack of oxidation taking place on
basal planes even when defected. It is at the edges (both arm-
chair and zigzag) where water is strongly adsorbed and where
dissociation into H and OH may take place."®*® However, re-
constructions reduce the edge reactivities markedly and there-
by their capacity to bind water molecules.!'®?%3?

Having carried out the static study, a subsequent step re-
quires a dynamic investigation on both the physical and the
chemical interactions between water molecules and MoS,
layers. In the first case we consider water intercalation, because
from the tribologic point of view one might expect that the in-
crease of interlayer distance caused by intercalated molecules
could lead to an improvement of the frictional properties of
MoS, bilayers. We therefore carried out ab initio molecular dy-
namics simulations of sliding layers with intercalated water
molecules, analysing their behaviour upon load and shear ap-
plication to highlight why, under these conditions, humidity is
found to actually hinder the sliding properties. As a following
step, because of the adoption of the ab initio MD approach,
which allows chemical processes occurring at the sliding inter-
face to be accurately described,” we could monitor whether
oxidation processes at the edges can be activated by water
dissociation assisted by mechanical stresses. In other words,
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we can address fundamental questions regarding the role of
water in modifying frictional mechanisms in MoS,.

2. Systems and Methods

The study was carried out based on ab initio molecular dynam-
ics calculations performed with the Car-Parrinello (CP)
method,”" making use of an in-house modified version of the
plane-wave and pseudopotential computer code included in
the QuantumEspresso package.*? The adopted modifications
allow the relative motion of contacting surfaces to be simulat-
ed. The modified version of the CP computer code has been
successfully used to describe the tribochemical reactions of di-
amond interfaces interacting with water.***!

To model extended MoS, layers we used periodically repeat-
ed (4x4) hexagonal supercells, the short and long diagonals
being, respectively, 12.79 and 22.16 A. To model finite 2D rib-
bons, a rectangular supercell measuring 11.08 Ax19.19 A was
used instead, allowing about 10 A of free space between peri-
odic images along the y direction. Armchair-terminated edges
(extending on the x direction) were considered, because they
have slightly higher formation energy than the zigzag forms
and the largest reactivity towards water:?? therefore they
should be most prone to oxidative processes. Moreover, in
contrast to zigzag terminations,*®***! they are not magnetic,
thereby simplifying the calculations.

To model van der Waals interactions, the semi-empirical
Grimme scheme“®*” was used to correct the GGA-based
Perdew-Burke-Ernzerhof parametrization®**” of the exchange-
correlation functional (PBE-D); such a set-up had proved to
correctly reproduce key geometric parameters of many layered
structures including MoS,."*%4 The k-points sampling was
limited to the Gamma point. The energy cut-off for the plane-
wave expansion was set to 40 Ry, following the static DFT set-
up;?>*" a Methfessel-Paxton smearing®™ of 0.01 Ry was em-
ployed to take into account possible metallization along the
edges.

The simulations were carried out under high load and tem-
perature, which, at the microscopic level, help to accelerate tri-
bochemical reactions: we chose a working temperature of
320K and a 11 GPa applied contact pressure. As MoS, basal
planes extend on the xy plane of the supercell, a uniaxial
normal stress was mimicked by applying equal and opposite
forces on the upper and lower layer along the z direction. The
sliding motion was modelled by means of equal and opposite
forces along the longer supercell diagonal, to which we hence-
forth associate the y direction. The simulated time intervals
ranged between 7 and 10 ps for the extended layers systems
(in particular 7 ps for 25% and 50% water coverages, 8 ps for
0% coverage; 10 ps for the S-vacancy system). The simulations
including edge terminations lasted about 5 ps. In all the simu-
lations the lateral forces were applied during the first 3 ps:
after force removal, the systems were subsequently allowed to
evolve without any shear stress applied.

In the course of the dynamics, we assigned the electrons
a fictitious mass of 450 a.u.; the equations of motions were in-
tegrated with the Verlet algorithm with a time step of 0.12 fs.
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To avoid any unwanted coupling between the ionic and elec-
tronic degrees of freedom, deuterium was used instead of hy-
drogen. The temperature of the system was gradually in-
creased before starting the actual dynamics, and then kept
constant by means of a double chain of Nose-Hoover thermo-
stats with frequencies 30 THz and 15 THz. An additional Nose—
Hoover thermostat was applied on the electronic degrees of
freedom with frequency 200 THz. To avoid the thermostat in-
fluencing the sliding motion imposed by the lateral forces, we
specifically modified the version of the code™® to subtract the
velocity of the centre of mass from the atomic velocities con-
sidered within the thermostat.

The starting geometry for the infinite bilayers with a 25% in-
tercalated water coverage was obtained by replicating four
times the minimum energy configuration of a 2x2 supercell
with an intercalated water molecule, as was obtained by static
DFT calculations.”” To model the 50% coverage, we inserted
four additional molecules in the resulting 4 x4 supercell, keep-
ing the relative water-water distance as large as possible. The
molecules were then allowed to change their arrangement
upon thermal and shear motion without constraints. For all
simulations, the initial interlayer distance was set to the equi-
librium distance for the specific load and lateral configuration
as obtained by DFT calculations.

3. Results and Discussion

We carried out two sets of dynamical studies. In the first, we
considered extended periodic layers—with and without de-
fects—to investigate the effect of water intercalation. In the
second, we considered ribbons with active edges to check
their tendency to attract water, and to monitor any kind of oxi-
dative reaction. By combining these outcomes, a clear picture
emerges on the atomistic mechanisms taking place at humid
MoS, interfaces and on their tribologic consequences.

To study the effects of water physically interacting with the
MoS, layers, we first compared the sliding behaviour of bilay-
ers under load presenting a 0%, 25% and 50% coverage of in-
tercalated water. In all cases we applied a shear stress lasting
approximately 3 ps, then we allowed the system to evolve
without any lateral force applied. Figure 1 reports the distance
d(t) covered by the upper layer with respect to the lower layer
as a function of time after the removal of the lateral forces
(black curves).

It is interesting to note that d(t) varies with time as in the
motion of a body under the effect of a viscous force. Indeed
the red dashed curves of Figure 1 represent the expression
d() = (vy/B)(1—e ), which is the solution of the equation of
motion in the presence of a force with a linear dependence on
the velocity, f o« —v(t). The (v,/B) term, where v, is the sliding
velocity at the moment of force removal and B is a numerical
parameter proportional to the friction coefficient, represents
the asymptotic distance d., of the layers in the presence of
a viscous friction.

Table 1 reports the d., and B parameters obtained by fitting
the simulation data for each coverage. By analysing Figure 1
and Table 1 it can be seen that 3.0 picoseconds after the force
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Figure 1. Comparison of the in-plane distances covered by MoS, bilayers
after removal of the lateral force at different water coverages (black lines).
The red dashed curves are obtained by fitting the data as described in the
main text. Inset: the distance covered by a bilayer with no defects (red line)
is compared to a S-vacant layer (blue line) at 25% water coverage.

Table 1. Fitted values of the asymptotic distance, d., and the inverse of
the characteristic time, B, in the exponential expression of the sliding dis-
tance for the viscous layer motion.

Coverage [%)] d. [Al Blps ']
0 104.4 0.33

25 335 0.83

50 22.0 0.99

removal, the layers containing the larger amount of intercalat-
ed water (50%) had spanned a distance of 0.95d_; at the same
time, the values for the 25% interfacial coverage was 0.92d_,
and at 0% coverage the bilayer was still shearing, having span-
ned just d=0.63d,. Whereas the absolute values of these
asymptotic distances depend on the initial velocity, the percen-
tages just described do not, and their values show that larger
amounts of intercalated water induce a quicker stoppage after
removal of the external shear. The 1/B parameter therefore ex-
presses the characteristic time for the exponential decay of the
velocity. The monotonic increase of B from 0 to 50% coverage
points to the larger retardant effect of water on the sliding
motion.

By inspection of the full atomic trajectories, no chemical re-
actions were observed in any of the dynamics involving infinite
bilayers (movies for the 25 and 50% coverage are included in
the the Supporting Information as Movie 1 and 2, respectively).
It is just the physical water-layer interactions that slow down
the shear motion. From the snapshots of Figure 2, correspond-
ing to configurations frequently encountered by visual inspec-
tion during the course of the dynamics, we observe that water
molecules show a marked tendency towards interacting with
each other through H-bonds. At low coverage, such as the
25% case (Figure 2a), the molecules typically form trimers or
tetramers, which leave some areas of the interface free from
intercalation. At higher coverage, such as at 50% (Figure 2b),
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Figure 2. Snapshots from the dynamic trajectory of the 25% coverage (a)
and 50% coverage (b) systems under load and shear. Typical water molecule
networks are represented from side (left) and top (right) views.

the network of interacting water molecules can extend further
across the sliding interface. Although we did not carry out
a clustering analysis on the occurrence of such configurations,
their high frequency rate is revealed by a simple visual inspec-
tion of the trajectories in the movies. We also note that in the
25% system the formation of small water clusters induces
a slight curvature in the bilayer, because water-free zones have
lower interlayer distance than the intercalated area.

The formation of water clusters is related to the formation
of strong hydrogen bonds, which, in the absence of layer de-
fects, help prevent the centre of mass of the water molecules
from drifting between the two MoS, layers moving in opposite
directions. However, despite the low tendency of MoS, basal
planes to chemically interact with intercalated water, the
strong van der Waals interactions between MoS, and H,0%**¥
render water a jamming, retardant layer that hinders the slid-
ing motion instead of helping it.

A head-to-head comparison between a regular MoS, layer
and one presenting a single S-atom vacancy (the most stable
defect on a MoS, layer)*>>" allows us to check whether basal
plane defects chemically interact with intercalated water, for
example catalysing its dissociation, and how they modify the
sliding properties. Chemical reactions may also be accelerated
by the perpendicular applied load, as previously observed in
other systems.">*! The presence of defects in the system was
simulated by introducing a S-vacancy density of 6.25% on the
lower MoS, layer, with the upper layer left unchanged. In both
cases, we chose a 25% water coverage, corresponding to four
water molecules per supercell.

In the case of systems with no defects, the water molecules
moved randomly around their initial positions without modify-
ing their centre of mass; in contrast, in the S-vacant case, one
water molecule is adsorbed on the vacancy as soon as the slid-
ing reduces the vacancy-water distance below 4 A. At this
stage the molecule follows the lower layer along its motion:
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such configuration is retained throughout the whole extension
of the dynamics, during which a second water molecule regu-
larly interacts with the adsorbed molecule through a H-bond.
However, the adsorbed H,O never dissociates into OH and H,
which is consistent with earlier DFT findings"??? predicting an
energy cost of 0.59 eV for the H/OH case with respect to the
adsorption of an isolated H,O molecule.

Figure 3a shows three snapshots selected from the whole
trajectory (reported in the Supporting Information as Movie 3),

WWW
me

R b

Figure 3. a) Snapshots from the dynamic trajectory of the S-vacant system
under load and shear: the water molecule marked by a red circle is driven
towards the vacancy, located where the red arrows points, then it is physi-
sorbed either individually or as a (short-lived) trimer. Equilibrium geometries
for b) one and c) two water molecules physisorbed on a S-vacant layer.
Structures in panels (b) and (c) were determined by means of static DFT cal-
culations.

in which we highlight the initial drift of water towards the va-
cancy, then the physisorption of one molecule and finally the
coordination of an intercalated trimer formed through H-
bonds. The latter configurations (again selected by visual in-
spection among the many similar ones occurring in the course
of the trajectory) reflect those of minimum energy obtained
from static calculations at 0 K for the adsorption of, respective-
ly, one and two water molecules (Figures 3b,c). The net effect
of the S-vacancy is therefore to attract and bind water mole-
cules, removing them from the centre of the interface without
promoting oxidative adsorption for at least 10 ps after the
start of the simulation.

By plotting the sliding trajectory of the S-defective case, we
found that the curve is almost coincident with that of the un-
defected 25% coverage (as evidenced by the comparison re-
ported in the inset of Figure 1). This indicates that the interlay-
er sliding motion is not significantly affected by the presence
of the vacancies. Furthermore we observed that isolated S
atom vacancies do not induce modifications on the interlayer
water film coverage or composition.

To further investigate the behaviour of water at the MoS, in-
terface, we carried out dynamic simulations in which the bilay-
er presents edges. The presence of open terminations allows
water to escape from the interlayer region. As a first step, we
replaced the upper infinite layer with a 2D ribbon, as reported
in Figure 4, and the shear stress was applied perpendicular to
its termination. The latter was chosen as the regular armchair
edge, because this proved to be the most reactive towards ad-
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Figure 4. Snapshots from the dynamic trajectory of the system composed
by one ribbon on an extended layer (periodic boundary conditions are ap-
plied along the lateral direction): a) a water molecule is escaping from the
interfacial region (on the other side the interlayer distance is reduced by the
applied load along 2); b) water is attached to the ribbon edge; c) the planar
bilayer configuration is restored and the sliding proceeds more smoothly.

sorption of molecular water.”>*’ We chose a very low water
coverage (6.5%) to avoid any contribution from H-bonds with
other molecules and we again applied a 11 GPa load.

Figure 4 evidences how, despite this high load, the upper
ribbon is opened up from its initial geometry (even before ap-
plication of the lateral shear) by the water molecule trying to
escape the interface to reach the exposed edge (see Movie 4
in the Supporting Information for the whole trajectory).

We note the formation of an S-S dimer reconstruction along
the lifted edge: such a reconstruction has already been report-
ed in theoretical papers,"'®%3** and reduces the edge energy.
Water is therefore more strongly attracted by the unrecon-
structed edge on the adjacent ribbon, where it is absorbed on
the exposed Mo atom, in agreement with the optimised geo-
metry (shown in Figure 5a) obtained in our static DFT calcula-

b) AE.= -0.45 eV

. %

a) '\b .&-
>

AE= -0.62 eV

Figure 5. Adsorption configuration for a water molecule on the armchair
edge (an H atom is eclipsed by the other H atom), (a). Dissociative configu-
rations presenting the two water fragments on opposite sides of an edge
trench (b) or on the same MoS, unit (c).

tions.”? The molecular adsorption in this configuration is asso-

ciated with an energy gain of 1.34eV;*? in the course of the
dynamics, after a few femtoseconds, H,O dissociates into H
and OH (Figure 5b), which produces an energy gain of 0.45 eV
with respect to molecular adsorption. This geometry is formed
more easily from the adsorbed H,O than the configuration
shown in Figure 5¢, which is slightly more stable but requires
a hydrogen transfer to a more distant sulfur atom.?

A corrugation of the lower layer is also observed, following
the inclination of the upper ribbon: upon shear application,
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the bilayer—after water is eliminated from the interface and
after edge reconstruction—recovers its planar structure with
the interlayer distance corresponding to that expected from
DFT calculations for a 11 GPa load and starts sliding exactly as
in the anhydrous case discussed earlier. In other words, the
sliding becomes effective after a water-free interface is formed
between parallel MoS, layers.

To establish whether the tendency of the interface to expel
water is valid also at higher water content, we increased the
coverage to 25% and replaced the lower MoS, layer with
a ribbon with the same width as the upper layer, as reported
in Figure 6a (the full movie can be found in the Supporting In-

A

B bbby

by —

*
¥
s

Figure 6. a) The initial configuration for the dynamic simulation of the
ribbon-on-ribbon system. b) The ribbon lifts up the side with more interca-
lated water to let it escape from the interface; c) The layers collide under
the combined effect of the vertical load and the lateral shear. The red circle
highlights the replacement of a S atom by a water molecule, which may be
the initial step for the oxidation of the MoS, layer.

formation as Movie 5). One water molecule per cell, placed
outside the interface, is immediately attached to a Mo atom of
the upper ribbon edge as observed in the previous case. More-
over, also here the left side of the ribbon lifts (Figure 6b) to
expel from the interface two water molecules per supercell:
these molecules rapidly reach the upper and lower edges of
the ribbons. As we apply both a load perpendicular to the in-
terface and a shear parallel to it, the ribbons are induced to
rotate: given the presence of active edges that are only partial-
ly saturated with water coming from the interface, the layers
collide and start interconnecting (Figure 6c) although a full
layer reconstruction is inhibited by water adsorbed on the
damaged edge terminations.

We found no tendency of the edges towards sliding against
each other, confirming that sliding actually takes place be-
tween the layers and not at grain boundaries.” Moreover, al-
though in this case only one water molecule out of four under-
goes OH/H dissociation (an outcome supported by the rela-
tively small 0.6 eV energy gain for a dissociative H/OH adsorp-
tion over the molecular H,O one, as shown in Figure 5), it con-
firms the active role of edges in removing water from the
interface.

Finally, we note that one of the water molecules adsorbed
on the edges (highlighted by a red circle in Figure 6¢c) dissoci-
ates into OH and H in the following steps of the dynamics;
however, no further evolution of the edge structure is evi-
denced. Water therefore seems able to coordinate exposed Mo
atoms on the edges but not to catalyse a major and rapid deg-
radation of the MoS, layer in the simulated time interval. An
additional dynamic run provided almost identical results: this
further suggests that even in the presence of modifications of
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the regular stoichiometry of the layer, the overall MoS, sliding
process is markedly influenced by the intercalated water mole-
cules even when no oxidation mechanisms are active yet. As
a multiple-step process probably requiring significant degrees
of edge disruptions, oxidation would take place on a longer
timescale even at the high contact pressures modelled here.
The timescale of our simulations nevertheless allows us to
show that water physisorption can impede the sliding motion
in MoS, even in the absence of any oxidation. The latter has
been shown to be favoured in the presence of molecular
oxygen and high-temperature conditions.

4. Conclusions

Based on ab initio molecular dynamics calculations, we mod-
elled the interaction of water with MoS, bilayers, both on basal
planes and on the edges. The main outcomes may be summar-
ised as: (1) The sliding distance and velocity are reduced by in-
creasing amounts of water molecules at the interface following
a viscous friction behaviour. (2) Simple S-vacancies on the
basal plane do not affect the sliding properties and do not cat-
alyse chemical reactions. (3) When possible, water diffuses
away from the interface aided by the load and the presence of
edges. (4) Both molecular and dissociative adsorption of water
was observed on armchair edges, but no major signs of oxida-
tion are evidenced in the simulated time intervals. (5) MoS, rib-
bons tend to slide along the basal planes after water removal
rather than along grain boundaries.

Together, the evidence points to the conclusion that, at ordi-
nary temperatures and in the absence of molecular oxygen,
the main mechanism behind the decrease of lubricating per-
formance of MoS, in humid environments is the physical inter-
action of molecular water with the layers. Despite being only
mildly physisorbed on the basal plane and keeping the layers
at a larger distance, water molecules are therefore able to ef-
fectively disrupt the sliding motion. Indeed, when mechanisms
of water removal from the interface are active—such as the
presence of edges—MoS, layers tend to regain their interca-
lant-free, layered stacking, which is the prerequisite for ultra-
low friction. This points to the fact that the interlayer region in
MoS, is hydrophobic despite the weak hydrophilic character of
the isolated layer.

Our results, which support initial experimental evidence
along the same direction,”””*® may help in the search for effec-
tive means to retain the extraordinary lubricant properties of
MoS, also in the presence of water. Indeed, the results provide
microscopic evidence for the detrimental role of the physical
interactions between the sliding layers and the intercalated
molecules. Our simulations reveal that, at ordinary tempera-
tures in anaerobic conditions, water can increase MoS, friction
even in the absence of any chemical oxidation. This suggests
the possibility of conceiving and fabricating nano-interfaces
with apertures or dopants,®***® or of tuning the applied load
to remove water from the interface.
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