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A B S T R A C T

The morphology of molybdenum disulfide (MoS2) is a crucial aspect to ensure the functionality of this
remarkable 2D-material both in electronic and tribological applications. Indeed, molybdenum dithiocarbamates
(MoDTCs) can be tribochemically transformed into MoS2, which is able to reduce the friction coefficient
of metallic moving parts. However, this transformation is influenced by temperature, sulfur/oxygen ratio,
normal and shear stresses, making the mechanism of this process particularly challenging to explain. Ab initio
simulations based on density functional theory (DFT), including a quantum mechanics/molecular mechanics
(QM/MM) approach, are used here to shed light on the crystallization of MoS2 promoted by mechanical
stresses. Chemistry plays an important role during the reorganization of the units of MoS𝑥 obtained from
MoDTC, because sulfur and oxygen atoms tend to move outside of the amorphous layer, surrounding the
molybdenum atoms and creating a structure that can crystallize into MoS2. Normal load and sliding have
a synergistic effect in rearranging the amorphous units into a crystalline structure, as the former helps
overcoming the energy barriers associated to bonds breaking and forming, while the latter allows misplaced
atoms to be pulled towards the crystalline sites. A crystalline MoS2 was obtained by ab initio calculations
below 1000 K.
1. Introduction

Molybdenum disulfide (MoS2) is a fascinating layered material be-
cause of its remarkable properties. This transition metal dichalcogenide
(TMD) is employed as a catalyst in several photoelectrochemical [1–3]
and optoelectronic applications [4,5]. For all these different purposes,
the morphology of the MoS2 layers is a crucial factor to ensure the
proper performance of the devices. Indeed, the synthesis of MoS2
requires precise conditions to achieve the desired size of the crystals,
thickness and the density of defects [6].

MoS2 is also successfully employed as a solid lubricant, because
its weak interlayer forces offer very little resistance to sliding and
prevent the formation of interfacial bonds in moving parts [7–9]. High
cristallinity of MoS2 is beneficial in tribological applications, because
the repulsive interlayer interactions are maximized in crystalline lay-
ers [10]. Several authors investigated the crystallization of MoS2 by
in-situ experimental techniques and identified the existence of differ-
ent polymorphs during the formation of the film [6] and described
the effect of the substrate [11] and temperature [12–15] during the
transformation. However, in-situ techniques are often limited by the
difficulty of monitoring the full crystallization at high temperatures.
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Simulations are particularly useful to investigate the debated as-
pects of this complicated reactivity. Nicolini et al. studied the reaction
parameters and the conditions to obtain a crystalline MoS2 layer by
means of reactive molecular dynamics [16]. They have very recently
proposed a new parametrization for a reactive force field that provides
results closer to the predictions by density functional theory [17]. Chen
et al. also simulated the crystallization of MoS2 by using different
reactive force fields and took into account the effect of oxygen in
hindering the transformation [18]. Reactive force fields such as the
Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) [19]
and ReaxFF [20] can often model the formation and breaking of chem-
ical bonds. However, these force fields were not originally designed to
reproduce the chemical properties of the species under the effect of
confinement and stresses that can be typically observed in tribologi-
cal applications. Therefore, ab initio approaches are better suited to
describe the changes in the electronic structure due to such extreme
conditions [21].

In automotive applications, the precursors of MoS2 are molybdenum
dithiocarbamates (MoDTCs), a group of organo-molybdenum lubricant
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additives which can be transformed into MoS2 in the presence of high
temperatures and mechanical stresses. The mechanism underlying the
transformation of MoDTC in MoS2 is a complex series of tribochemical
teps that have been the subject of debate in the last years [22,23].
ulfur and oxygen present at the interface play an important role
n this reaction: MoDTC compounds undergo quick oxidation in air,
ausing the chemical structure and properties of these complexes to
hange [24], while the synergy of MoDTC with zinc dithiophosphates
ZnDTP), common anti-wear additives, is capable of replenishing the
ulfur atoms lost by oxidation [25–27]. In our recent works, we de-
cribed the complex chemistry of these compounds. We first studied
he properties of isolated MoDTC compounds and identified the ligand
osition, between Mo and C, as the most favorable site for oxygen in
he molecules [28]. Indeed, the ratio between sulfur and oxygen and
he position of these atoms in the complex influence their reactivity on
he metallic surface. MoDTC with oxygen in ligand position is able to
enerate small clusters containing Mo and S atoms with the correct stoi-
hiometry to form MoS2 [29], while this phenomenon was not observed
n our simulations for MoDTC compounds with oxygen in the terminal
osition, on top of Mo. Oxygen can also hinder the transformation
f the complexes into MoS2, when passivating the metallic surface.
oDTC is not fully able to chemisorb and decompose on passivated

urfaces and some time is required to remove the oxide layer in excess,
iving rise to the run-in period typically observed experimentally [30].
urthermore, mononuclear MoDTC can also play a role in forming MoS2
nd we showed that an equilibrium between the mononuclear and
he more conventional binuclear forms of MoDTC is possible [31]. In
hese recent studies, we focused our investigation on the formation of
ragments from the central core of MoDTC, containing Mo, S and O
toms. These units, that can vary by their size and composition, can be
ollectively referred to as MoS𝑥 [32,33]. The aim of this work is to com-
lete the description of the tribochemical reaction from MoDTC to the
ribofilm by focusing on the conversion of different units of MoS𝑥 into a
rystalline MoS2 layer, which is the remaining step to be clarified. We
mployed density functional theory (DFT) to simulate the tribochem-
cal transformation of the units of MoS𝑥 to form crystalline MoS2 in
ifferent steps. Firstly, we performed static calculations of MoS𝑥 units
nder load to monitor how compression can destabilize the geometry of
hese molecular fragments. Dynamic calculations, following the scheme
f quantum mechanics/molecular mechanics (QM/MM) [34,35], were
hen performed to introduce the effect of temperature and shear stress
n the destabilized MoS𝑥 units. The QM/MM computational approach
as chosen because it is a very convenient technique in tribochemistry

o describe reactions with the desired chemical accuracy while keep-
ng the simulations computationally affordable [29,30,36]. We also
xplored the role of oxygen in the MoS𝑥 units, as it is known that the
resence of oxygen does not necessarily prevent the formation of MoS2
ayers [33], yet O atoms modify the morphology and composition of
he layers of this solid lubricant [37]. Lastly, we simulated the crystal-
ization of an amorphous layer containing Mo and S atoms by means of
ar–Parrinello dynamic simulations [38], which do not require the use
f empirically-parametrized force fields, making this work the first ab
nitio investigation, to the best of our knowledge, concerning the final
teps of the transformation of MoDTC into MoS2. This computational
pproach allowed an in-depth understanding of the effect of stresses,
emperature and the role of oxygen in the rearrangement of fragments
f MoDTC into crystalline MoS2, overcoming the challenges faced by
xperimental techniques and reactive force fields.

. Methods and systems

The ab initio calculations were carried out by employing the Quan-
um ESPRESSO computational suite [39], following the pseudopo-
entials/plane waves scheme. For all the calculations the Perdew–
urke–Ernzerhof (PBE) approximation [40] was used for the exchange–
orrelation functional. The plane waves expansion was limited by
2

utoffs equal to 30 and 240 Ry for the kinetic energy and the charge
ensity, respectively. The pseudopotential were ultrasoft and all the
ntegrations were carried out at the 𝛤 point. Spin polarization was
onsidered to allow spin multiplicities higher than singlets. In order to
etter describe the occupations of the electronic states around the Fermi
evel, a Gaussian smearing of 0.02 Ry was added. The self-consistent
ield calculations were stopped when the change on the total energy
as lower than 1 × 10−6 Ry, while the geometry optimizations were

topped when the total energies and the forces on the atoms converged
elow the thresholds of 1× 10−4 Ry and 1× 10−3 Ry/bohr, respectively.
he specific details for the two sets of simulations, namely the QM/MM
imulations for the reorganization of the fragments of MoDTC and the
ar–Parrinello simulations for the crystallization of MoS2, are reported

n the following sections.

.1. Reorganization of the central units of MoDTC

Twelve units of MoS𝑥, originated from the central core of MoDTC
nd enclosed by two crystalline MoS2 layers, were put inside a periodic
× 3

√

3 cell with respect to the unit cell of MoS2, with the cell
dimensions being 16.62×15.99×33.59, expressed in Å. Such a cell height
ensured at least 15 Å of vacuum to separate the periodic replicas. Even
though the formation of MoS2 tribofilm is often observed on metallic
substrates, crystalline MoS2 layers were chosen as the external layers
instead, because using the target structure as external layer can help
the reorganization of the inner species due to the commensurability its
lattice, while other materials can hinder the process due to the lattice
mismatch. Furthermore, we are interested in describing the tribofilm
formation after the initial passivation of the metallic surface, when the
tribofilm grows through the reorganization of MoS𝑥. In this case, the
central units of MoDTC may adsorb and rearrange on top of other MoS𝑥
structures, or even crystalline MoS2.

Two different kinds of MoS𝑥 units were considered: units containing
only molybdenum and sulfur were assigned to one group of simulations,
while units with two oxygen atoms in terminal position were also
taken into account. To simulate a compressive stress on the MoS𝑥
units, external forces were imposed on the molybdenum atoms of the
crystalline MoS2 layers. The initial load experienced by the central
units was 10 GPa. After the first geometry optimization, the load was
increased to 20 and then 40 GPa.

To introduce the effect of shear on the compressed units, we carried
out dynamic calculations following the QM/MM approach already
described in detail in our previous publication [29]. This computational
approach allows to compute the total energy of the system by a
subtractive scheme [41]:

𝐸𝑡𝑜𝑡 = 𝐸I+II
MM − 𝐸I

MM + 𝐸I
QM (1)

where 𝐸𝑡𝑜𝑡 is the total energy of the whole QM/MM system, 𝐸I+II
MM

is the total energy of the whole system computed with the classical
force fields, while 𝐸I

MM and 𝐸I
QM are the total energies of the reactive

region, computed classically and at the quantum level, respectively.
The calculations at the quantum level were carried out by Quantum
ESPRESSO, while the overall dynamics was handled by the LAMMPS
software [42]. Three QM/MM simulations were carried out depending
on the type of MoS𝑥 units in the system and their interaction with the
external crystalline layers:

• System A: MoS𝑥 units containing only Mo and S atoms. The
simulation time is 10 ps

• System B: MoS𝑥 units containing also O atoms. The interactions
between the oxygen atoms and the external MoS2 layers were de-
scribed by an attractive Lennard-Jones potential. The simulation
time is 10 ps

• System C: MoS𝑥 units containing also O atoms. The interactions
between the oxygen atoms and the external MoS2 layers were
described by a repulsive Lennard-Jones potential. The simulation
time is 8 ps
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Fig. 1. Lateral views of the initial configurations of the systems containing the MoS𝑥 units. Yellow and purple arrows in the figure identify load and shear, respectively. Red,
yellow and gray spheres correspond to oxygen, sulfur and molybdenum atoms, respectively. System A contains MoS𝑥 units with only molybdenum and sulfur, while Systems B and
C also include oxygen. In System B (C), the O atoms are attracted to (repelled by) the external two layers, as explained in the main text.
The parameters chosen for the attractive and the repulsive Lennard-
Jones potentials are described in Appendix. Selecting different poten-
tials to describe the interactions of O atoms with the external layers in
Systems B and C allowed to investigate the behavior of the oxygen in
two different environments and to describe the diffusion of the O atoms
in the central layer independently of the chemistry of the external
layers. The interactions between the Mo and S atoms of the MoS𝑥
units and the external MoS2 layers were described by the REBO-MoS2
potential by Liang et al. [43,44] in all the systems. An initial thermal-
ization process, lasted one picosecond, allowed the system to globally
reach 300 K by employing a Nosé–Hoover thermostat with a damping
parameter of 33.3 fs. An ensemble of velocities for all the atoms was
generated from a Gaussian distribution with a standard deviation scaled
to produce the temperature of 300 K. After the thermalization process,
the temperature of the chemically reactive region was left free to evolve
and, in order to simulate the sliding of the surfaces, velocity kicks
were applied on the Mo atoms of the external layers every picosecond.
Initially, 600 m/s were applied at the first and second picosecond. Since
the sliding motion of the external layers stopped due to their strong
interaction with the inner layers, the kicks were increased to 800 m/s
at the third and fourth picosecond, and to 1000 m/s from the fifth
picosecond onwards. Such high values of shear speed were necessary
to counteract the high friction induced by the very high load, and they
never exceeded the speed of sound in MoS2, being approximately 7900
m/s [45]. The timestep of the simulation was 1 fs. The MoS𝑥 units
experienced a load of 40 GPa for the whole duration of the simulation.
A schematic representation of these systems is shown in Fig. 1.

2.2. Crystallization of the amorphous MoS𝑥 layer

In order to simulate the crystallization of MoS2 from an amorphous
layer, we employed a modified version of the Car–Parrinello solver of
Quantum ESPRESSO created by our group to simulate properly tribo-
logical systems [46]. The system is composed of an amorphous layer of
MoS2, enclosed by two crystalline MoS2 layers in a periodic 5 × 3

√

3
cell. The choice of the simulation cell dimensions, pseudopotentials,
K-points sampling, kinetic energy and charge density cutoffs were the
3

same as the one used for the previous QM/MM calculations. However,
the geometry of the amorphous layer containing only Mo and S atoms
was generated specifically for this set of simulations, as the stoichiom-
etry of the structures obtained previously would not match the one
of crystalline MoS2. The amorphous layer was generated in the same
5×3

√

3 cell through classical molecular dynamics simulation using the
LAMMPS package and employing the REBO-MoS2 force field described
in the previous section. To obtain the amorphous layer, we followed a
similar procedure as described in Ref. [16]: we heated up a MoS2 layer
at 5500 K for 100 ps using a chain of Nosé–Hoover thermostat with
a damping factor of 10 fs in order to melt the monolayer. Then, we
quenched the system to 300 K in 15 ps in order to create the amorphous
structure.

After the generation of the amorphous structure, we initially ther-
malized the system with a Nosé–Hoover thermostat with a frequency of
200 THz on the ions and on the electrons, in order to reach an average
kinetic energy of 0.2 hartree. The fictitious electronic mass was 450
a.u. and the time step was 5 a.u., corresponding to 0.12 fs. Grimme’s
DFT-D2 correction was included in these calculations to better describe
interlayer interactions [47]. A lateral shear and a load were applied
on the external layers, similarly to the QM/MM simulations. A set
of different dynamic simulations were performed depending on the
external stresses and temperature imposed on the system. The details of
all the simulations are presented in Table 1, while the initial geometry
and a scheme summarizing the dynamic simulations are shown in
Fig. 2.

3. Results and discussion

3.1. From MoS𝑥 units into an amorphous layer

Normal load destabilized the molecular units, which immediately
rearranged their geometry in the static calculations. After reaching
40 GPa, the original geometry of the MoS𝑥 units is lost, yet the Mo
atoms are still clustered in the same locations where the units were
initially positioned. To allow further reorganization, the optimized
configurations at 40 GPa were chosen as the initial geometry of the
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Table 1
Conditions of the Car–Parrinello molecular dynamics simulations of the crystallization of MoS2.

Simulation Load (GPa) Shear force (nN/layer) Temperature (K) Total time (ps)

1 1.4 (until 11 ps) 1.33 600 26.1
2.8 (from 11 ps)

2 1.4 (until 11 ps) 1.33 (until 19.5 ps) 600 (until 33.6 ps) 46.9
2.8 (11–13.5 ps) 5.32 (from 19.5 ps) 900 (from 33.6 ps)
5.6 (from 13.5 ps)

3 1.4 (until 11 ps) 1.33 (until 11 ps) 600 25.5
0.28 (11–13.4 ps) 2.66 (from 11 ps)
2.8 (13.4–15.8 ps)
0.28 (15.8–18.2 ps)
2.8 (18.2–20.6 ps)
0.28 (20.6–23 ps)
2.8 (from 23 ps)

4 1.4 1.33 600 20.7
5 5.6 1.33 600 11.7
6 1.4 1.33 900 14.1
7 1.4 5.32 600 8.8
8 5.6 5.32 600 22.6
9 2.8 2.66 600 6.2
Fig. 2. Left: initial geometry of the Car–Parrinello dynamic simulations. Yellow and purple arrows identify load and shear, respectively, while yellow and gray spheres correspond
to sulfur and molybdenum, respectively. Right: schematic representation of the simulations. The symbols of the simulations in the top row, in which the conditions vary, refer to
load, shear force and temperature at the end of the simulations. The simulations connected by a solid line differ by one of the parameters, while Simulations 4 and 9, differing
by two parameters, are connected by a dashed line. The conditions are explained in detail Table 1.
QM/MM dynamic simulations, in which the effect of temperature and
the shear motion along the 𝑦 direction were introduced. All the atoms
from the MoS𝑥 units were treated at the quantum level, while the
atoms of the external MoS2 layers were treated by means of classical
molecular mechanics.

It is worth to compare the density of Mo, S and O atoms along
the three axes at the beginning of the simulation and after 8 ps. The
displacement of the atoms during the dynamic simulations changes
the shape, the position and the height of the peaks of the density
plots. This is particularly evident in the vertical direction, as shown
in Fig. 3, where the Mo atoms tend to move towards the center of
the inner layer in all the systems, while the density of S and O atoms
increases at the edge of the inner layer. This phenomenon is an inherent
feature of the inner layer, as pointed out by Krbal et al. in a recent
study [48], and is mainly due to the tendency of Mo atoms to reach
a high coordination. Oxygen always tends to reach the end of the
inner layer, even when a repulsion is imposed between the external
MoS layers and the O atoms (System C). Furthermore, the presence
4

2

of O atoms could influence the kinetics of the rearrangement of the
MoS𝑥 units. In System A, the distribution of the Mo atoms after 8
ps is similar to the initial one. Indeed, the peaks of the density plots
became sharper for System A, indicating that the system reached a more
organized state. In the case of Systems B and C, the structural change
of the inner layer is more evident, suggesting that the rearrangement
becomes quicker when oxygen is present. A possible reason for this
effect could be due to the different commensurability of the inner layer
with respect to the external layers depending on the presence of O
atoms. The surfaces of the inner layer exposed to the external layers is
more homogeneous, making the interaction between inner and external
layers stronger and hindering the diffusion of the misplaced atoms. On
the other hand, oxygen in the inner layer might play the role of a
catalyst, as it may aid the rearrangement of Mo and S atoms, since
the structure is less homogeneous and the effect of the mechanical
stresses can be larger on the structural defects. Indeed, Krbal et al. have
suggested that the growth of crystalline MoS2 can occur even in the
presence of incommensurate substrates.
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Fig. 3. Densities of O (red), S (yellow) and Mo (gray) atoms along the z axis of the cell during the QM/MM simulations. The rightmost panels show the geometries of the
amorphous layers after 8 ps of dynamic simulation.
3.2. From the amorphous MoS𝑥 layer to crystalline MoS2

In the Car–Parrinello simulations 1–3, the temperature of the sys-
tems and the load and shear force imposed on the external MoS2 varied.
The change in temperature and mechanical stresses allowed to easily
explore a wide range of different conditions. The most representative
conditions were then investigated individually in Simulations 4–9, in
which temperature and stresses were kept constant. The interlayer
distance between the external crystalline MoS2 layers and the final
geometries of each system are shown in Figs. 4 and 5, respectively.

Simulations 1–3 shared the first 11 ps. In Simulations 1 and 2, the
load was doubled after 11 ps, and in Simulation 2 the load reached
four times its initial value at 13.5 ps. In both cases, the amorphous
MoS2 layer started rearranging immediately. The distribution of the
atoms in the inner layer gradually became similar to the one of the
external layers. However, the higher load in Simulation 2 drove a more
pronounced rearrangement that made the inner layer commensurate
with respect to the external layers. As in the case of the previous
QM/MM simulations, the increase in commensurability comes with an
increase in the interactions between the sliding external layers, causing
a braking of the sliding motion. Indeed, at 19.5 ps the shear force
was increased to four times the initial value, in order to recover the
sliding motion, which helped further rearrangement of the Mo and S
atoms. At approximately 30 ps the first crystalline unit of MoS2, with
one Mo atom surrounded by six S atoms, was observed in the inner
layer and, since no significant evolution of the inner layer could be
achieved in the following picoseconds, the temperature of the system
was increased to 900 K at 33.6 ps. In the end, the inner layer could
not completely become crystalline during the simulation, yet several
crystalline clusters could be recognized, unlike in Simulation 1, where
the reorganization was less complete. Simulation 3 was characterized
by regular increases and decreases of the load once every 2.4 ps, in
such a way that the external layers repeatedly pressed the inner layer.
However, this solution was less efficient than the ones adopted in
Simulations 1 and 2, as the amorphous layer underwent only a minor
rearrangement.
5

Simulation 4 also shared the first 11 ps with Simulations 1–3, yet
the same conditions were maintained throughout the whole run. Even
though the cristallinity of the inner layer did not improve significantly,
Simulation 4 represents an useful reference, as the conditions were
the mildest compared to all the other systems. Simulations 5, 6 and 7
differed by a single condition from Simulation 4, namely a higher load,
a higher temperature and a higher shear force, respectively. None of
these simulations showed a significantly different inner layer from the
one obtained in Simulation 4. In particular, the high load and low shear
force in Simulation 5 caused the sliding motion to stop, hindering the
diffusion of Mo and S atoms of the middle layer.

The inner MoS2 layer became completely crystalline in Simulation
8, characterized by high load and shear force, and a temperature of
600 K. The system reached high cristallinity at around 9 ps, and the
remaining vacancies were filled at 19 ps. Simulation 9, characterized
by intermediate load and shear force between Simulation 4 and 8, also
shows a mild reorganization of the inner layer, that will most probably
end up in a crystalline layer at later times than the ones observed in
Simulation 8.

One possibility to monitor the cristallinity of the inner MoS2 layer
is to calculate the total energy difference between a particular configu-
ration of the layer 𝐸𝑖𝑛𝑛𝑒𝑟 and the average energy of the external layers
⟨𝐸𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙⟩ during the simulation:

𝛥𝐸 = 1
𝐴
(𝐸𝑖𝑛𝑛𝑒𝑟 −

1
2
⟨𝐸𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙⟩) (2)

where A is the area of the simulation cell. The values of 𝛥𝐸 calculated
every 5.5 ps are reported in Fig. 6 for all the simulations, and clearly
indicate that only in the case of Simulation 8 the energy difference
between the inner and the external layers becomes negligible.

To better understand the mechanism behind the crystallization
observed in Simulation 8, the coordination number of the Mo atoms
in the system was taken into account. In Fig. 7, the Mo atoms of the
system at different times are colored in blue, white or red when their
coordination number is lower, equal or higher than 6, respectively. At
the beginning of the simulation (Fig. 7, Panel a), most of the atoms of
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Fig. 4. Interfacial distance between the two crystalline MoS2 layers in the dynamic simulations. Panels a–i correspond to Simulations 1–9, respectively. The symbols in the bottom
left corner of each plot indicate the initial load, shear force and temperature of the simulation, in agreement with Fig. 2 and Table 1. Additional symbols in Simulations 1–3,
appearing next to a vertical line, indicate a change in a specific condition. The light blue vertical arrows in Simulation 3 represent a load of 0.28 GPa.
Fig. 5. Geometries of the inner MoS2 layer at the end of the Car–Parrinello simulations. Panels a–i correspond to Simulations 1–9, respectively.
the inner layer were undercoordinated. While most of the Mo atoms
underwent only a moderate rearrangement in the first picoseconds of
the simulation, the S atoms quickly moved to the edge of the inner
layer and started building the rows in the 𝑥 and 𝑦 directions observed
in crystalline MoS2. It has been shown experimentally that the energy
barrier for the crystallization is mainly determined by the migration
of the S atoms towards the surface of the layer [49,50]. Although
we did not evaluate the energy barriers for atomic migrations in this
study, this diffusion of the S atoms was observed in the first picosec-
onds of all our simulations, suggesting that the mechanical stresses
6

promote the crystallization at lower temperatures compared to purely
thermally-activated processes.

After 10 picoseconds (Panel b), several Mo atoms of the inner layer
could be found at the correct height and were surrounded by 6 atoms.
Under- and overcoordinated Mo atoms were still present, as the defects
in the layer caused some of the Mo–S bonds to be strecthed or com-
pressed. In this phase, some Mo atoms were far away from a crystalline
site, and they were often pulled out from the inner layer, to be tem-
porarily stabilized by the adjacent sulfur atoms of the external layers.
Between 10–19 (Panel c) picoseconds, almost all of the atoms reached a
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Fig. 6. Energy difference of the inner MoS2 layer from the crystalline external layers
for all the simulations.

crystalline site, while very few Mo were misplaced. Crystallization was
achieved following the same mechanism: heavily misplaced Mo atoms
are seized by one of the external layers and dragged until they find a
vacancy, which is quickly filled. The resulting structure of the inner
layer, namely the 2H phase of MoS2, is indistinguishable from the one
of the external layers (Panel d).

In their recent study, Krbal et al. were able to simulate the crys-
tallization of the 1T’ phase of MoS2, corresponding to an intermediate
state between the trigonal 2H structure and the octahedral 1T structure,
after 200 ps at 1800 K by using density functional theory [48]. It is evi-
dent from our QM/MM and Car–Parrinello simulations that normal load
and sliding have a synergistic effect in promoting the crystallization. In
our case, mechanical stresses allowed to obtain the 2H phase of MoS2
much earlier, and at a lower temperature. Several authors have shown
that tribochemical reactions can be described by a stress-activated
Arrhenius model [51–54]. Indeed, load allows to overcome energy
barriers associated to the breaking and the formation of chemical
bonds. By pushing atoms close together, the reactivity is enhanced due
to electronic repulsion. Furthermore, the initial configuration shown in
7

Fig. 7A indicates that the amorphous structure is characterized by many
undercoordinated Mo atoms. In this situation, load favors the increase
of the density of the structure. On the other hand, shear stress generated
by sliding is also essential for the formation of tribofilms. During
sliding, stick–slip phenomena occur due to the attractive interaction
between two adjacent layers, as shown in Appendix. The misplaced
atoms are dragged by one of the sliding layers until they find and
react with a vacancy, stabilizing the structure. This phenomenon is
difficult at first, when the surfaces are highly corrugated and rich in
defects. Indeed, sliding is initially quite slow in our simulations in
the presence of a high load. At later stages, when surfaces are flatter
and defects are mostly disappeared, sliding requires less effort, yet
the remaining misplaced atoms might need to travel long distances
before encountering a vacancy, slowing down the final steps of the
crystallization. This mechanism might explain the slowdown that has
been observed experimentally at later stages of the crystallization [49].

In order to counteract the high friction observed at the beginning
of the simulations due to the high load, the shear force of the layers
or the temperature of the system could be increased. Indeed, several
authors demonstrated experimentally that high temperatures improve
the crystallinity of the MoS2 layers [49,55,56]. In our simulations,
we found that temperature changes in the range we considered are
not sufficient to allow significant mobility of the defects, and higher
temperatures should provide significantly different results. On the other
hand, increasing the shear force, which indirectly causes the tempera-
ture of the system to raise due to energy dissipation, was more helpful
than a direct temperature increase.

4. Conclusions

We investigated the transformation of the central core units of
MoDTC lubricant additives into an amorphous MoS𝑥 layer and then
a crystalline layer of MoS2 by means of QM/MM and Car–Parrinello
simulations. The geometry of the MoS𝑥 units can be significantly trans-
formed in the presence of mechanical stresses. While molybdenum
atoms tend to remain in the middle of the amorphous layer, S and
O atoms diffuse toward the surfaces of the layer. This geometric re-
arrangement is an inherent feature of the amorphous layer because it
Fig. 7. Snapshots of Simulation 8 at the times indicated in the bottom-right corner of each panel. Orange and purple arrows identify load and shear, respectively, that are present
at all times during the simulation. Sulfur atoms are colored in yellow, while molybdenum atoms are colored in blue, white and red depending on whether their coordination
number is lower, equal or higher than 6, respectively. The cutoff distance for the neighbor detection was set to 2.6 Å.
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Table A.2
Parameters for the attractive and repulsive Lennard-Jones potentials describing the O–S
and O–Mo interactions. 𝜖 and 𝜎 are expressed in eV and angstrom, respectively.

𝜖𝑂−𝑆 𝜎𝑂−𝑆 𝜖𝑂−𝑀𝑜 𝜎𝑂−𝑀𝑜

Attractive 3.148 0.0197654198 3.683 0.00406400943
Repuslive 0.0002535 4.0264 0.0002535 4.0264

can be achieved in the presence of high loads and independently of
the chemical nature of the substrates, as suggested by other authors
in previous works. High load are useful to promote bond breaking
and forming, while sliding helps misplaced atoms to reach crystalline
sites. With this study, we closed the gap in the description of the
mechanism that transforms MoDTC additives into MoS2 tribolayers and
proposed an atomistic description of the crystallization process, that
can be relevant not only for tribology, but also for several applications
unrelated to the study of friction.

CRediT authorship contribution statement

Stefan Peeters: Investigation, Writing – original draft. Gabriele
Losi: Investigation. Paolo Restuccia: Investigation, Writing – review
& editing. M.C. Righi: Conceptualization, Supervision, Funding acqui-
sition, Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

These results are part of the ‘‘Advancing Solid Interface and Lu-
bricants by First Principles Material Design (SLIDE)’’ project that has
received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation pro-
gram (Grant agreement No. 865633). We acknowledge the CINECA
award under the ISCRA initiative, for the availability of high perfor-
mance computing resources and support. The geometries of the systems
were visualized and represented in this work using XCrySDen [57],
VMD [58] and OVITO [59].

Appendix A. Lennard-Jones potentials

In order to qualitatively describe the interaction between the oxygen
atoms in the quantum region and the classical molybdenum and sulfur
atoms, Lennard-Jones potentials were employed. The attractive poten-
tial was parametrized according to the values reported in literature for
Mo, S [60] and O atoms [61] and the values of 𝜖 for the different
species were multiplied by 2 in order to enhance the stability of the
Mo–O and S–O interactions. The parameters for both the attractive and
repulsive Lennard-Jones potentials for the O–S and O–Mo interactions
are reported in Table A.2.
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Fig. B.8. Top and bottom: load and shear stress experienced by the Mo atoms of the
three layers during Car–Parrinello Simulation 8, respectively. The legend in the middle
of the Figure applies to both panels. The insets in the bottom-left corners of the plots
represent the force components of the Mo atoms considered for the stress calculation.
Different phases of the crystallization are indicated in the top panel.

Appendix B. Stresses on the Mo atoms during the crystallization

Fig. B.8 shows the load and the shear stress experienced by the Mo
atoms in Car–Parrinello simulation 8. The load was calculated as:

𝐹𝑁 = 1
𝐴

∑

𝑖
𝐹 𝑧
𝑖 (B.1)

where A is the area of the simulation cell, 𝐹 𝑧 is the 𝑧-component of the
atomic force and the index 𝑖 runs over all the molybdenum atoms of a
specific layer. Similarly, the shear stress 𝜏 is obtained by substituting
𝐹 𝑧 with 𝐹 𝑥 in the previous equation. These values do not take into
account the external forces that are constantly applied to the system,
hence the average value of zero for both quantities.

These plots are characterized by high-frequency oscillations due
to the stick–slip effect of the sliding layers. Since detecting different
phases during the crystallization is not straightforward in these plots,
the different regimes are schematically indicated in the figure. The
high peaks at the end of the simulations are due to the fact that the
sliding speeds up and the external layers start to oscillate in the vertical
direction, periodically pushing the inner layer.
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