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Introduction

Superlubricity is a lubrication regime in which two contact surfaces exhibit frictionless or vanishing resistance to sliding. By definition, it is proposed that the friction coefficient (µ) under boundary lubrication can be divided in three levels: [START_REF] Martin | Superlubricity of Molybdenum Disulfide[END_REF] (i) low friction with µ < 0.1; (ii) ultralow friction where 0.01 < µ < 0.1; and (iii) superlow friction if µ < 0.01, corresponding to the so-called superlubricity regime.

Achieving superlubricity is one of the most challenging realistic problems in the field of mechanical and material engineering. Many researchers have attempted to elucidate the mechanism of superlubricity on well-defined substrate surfaces such as mica, 2 silicon, 3 graphite, 4,5 and especially molybdenum disulfide (MoS 2 ). 6,7 Hexagonal MoS 2 (h-MoS 2 ) is a lamellar compound which has been used for a long time as a solid lubricant because of its excellent performance as a friction reducer. It has been very often claimed that the origin of easy glide between MoS 2 sheets is a weak interaction between them. Martin et al. reported an extensive experimental study on the superlubricity of pure MoS 2 coatings, and they have shown by high-resolution transmission electron microscopy (HRTEM) that the superlubricity of MoS 2 film can be attributed to "structural anisotropy" between MoS 2 layers. 6 They observed misfit angles between the myriad of MoS 2 nanocrystals composing MoS 2 wear debris in the superlow regime (molybdenite PVD coating under ultrahigh vacuum conditions). They proposed that a rotational disorder, i.e., a periodic misfit angle between some layers, could play an important role in the superlubricity of MoS 2 ,i n agreement with the pioneering work by Hirano. 2,3 Figure 1 shows an example of structural anisotropy in the superlubricity regime in a part of a wear particle coming from the MoS 2 coating. As it can be seen in HRTEM image, the material is here composed of only five MoS 2 single sheets in thickness (see schematic in Figure 1)) but a mosaic of nanometer-scale domains are depicted with different rotation angles between the sheets: (A) is about 15°(see optical Fourier transform of the part of the image) and (B) is 30°corresponding to incommensurate situation (Fourier transform is not shown here). Furthermore, Lieber et al. have studied the influence of misfit angle formation on MoO 3 /MoS 2 sliding contact using atomic force microscopy. 8 They also found that the measured friction was extremely anisotropic, with MoO 3 crystals sliding along only one of the three equivalent MoS 2 surface directions. However, there still remain some points which are not well characterized in this respect. Two of them are the relationship between the measure of misfit angle and the atomic-scale friction of the MoS 2 /MoS 2 sliding system, and the atomistic mechanism for achieving superlubricity by misfit angle formation.

Computational chemistry methods have emerged as a powerful tool in the field of nanotribology to analyze the mechanism of friction reduction at the atomic scale and have been extensively applied so far. [9][10][11][12][13][14][15][16][17] In fact, they have been used to study the mechanisms of superlubricity by some researchers. [18][19][20][21] Sasaki et al. 18,19 analyzed the ultralow friction of graphite/C 60 / graphite intercalated system using a molecular dynamics (MD) method, and they investigated the origin of the low friction in this system. However, in the state of our knowledge, there is no computational study that analyzes the mechanism of superlubricity of MoS 2 films, especially in the case of friction anisotropy.

In this study, we applied MD method to analyze the effect of the misfit angle formation to the dynamical friction of MoS 2 layers, and as suggested in the HRTEM image of Figure 1, we modeled the two-layered MoS 2 sliding sheets with dimensions of 15.4 × 15.8 nm 2 and 8.6 × 8.7 nm 2 , respectively, close to that of the domains measured in the image.

Computational Methods

MD simulation was performed by using the in-house code NEW-RYUDO. 22,23 In the present study, the following potential function was employed to consider the van der Waals, ionic, and covalent interactions in h-MoS 2 .

Here, the first term corresponds to the Coulomb potential (Z is the atomic charge, e is the elementary charge, and r ij is the distance between atoms) and the second term corresponds to the short-range exchange repulsion potential (f 0 is the constant for unit adjustment, a is the size, and b is the stiffness) which gives a good account of the repulsive interactions arising from the overlap of electronic clouds. The third term represents the dipole-dipole van der Waals dispersive interaction (c is the constant for each atom). They are well-known as the Born-Mayer-Huggins-type potential function form which has been successfully applied to various ionic solid materials. [24][25][26] The fourth and fifth terms in eq 1 respectively correspond to Morse type potential (D ij is the bond energy, β ij is the form factor, and r 0 is the bond length at minimum energy) and angle potential (H θ is the force constant, θ is the bending angle, and θ 0 is the bending angle at minimum energy), which represent covalent interactions. All the parameters for each term in eq 1 were determined on the basis of a tight-binding quantum chemistry (TBQC) calculation in part I of this paper. 27 It is important to note that the applied potential functions with the TBQCdetermined parameters well reproduced the h-MoS 2 crystal structure. In the NEW-RYUDO program, temperature was controlled by scaling the velocities of atoms. The Verlet algorithm 28 was adopted to solve the equation of motion, and the Ewald method 29 was used to compute the long-range Coulombic interactions. 2a, and they are quite similar to the domains in HRTEM image (see Figure 1). For all the constructed models, MD simulation was performed for 200 000 steps. To simulate friction, an external pressure was applied vertically (z direction) to the upper S layer of the flake while it was forcibly slid in the x direction with a constant velocity. Its movement in the y and z directions was not constrained. Thus, the atoms in the sliding S layer could move in all directions, but their movement in the x direction per MD step was kept constant during the simulation in spite of the existing interaction with other atoms. On the other hand, the lower S layer of the plate was completely fixed; movement of the atoms in all directions was constrained. Hence, other atoms including Mo and S atoms in contact interface could move freely in all directions, although they were bound to sliding and fixed atoms via covalent interactions. These friction simulation conditions are also shown in Figure 2c. The integration time was 0.5 fs, and the temperature was controlled and maintained at 300 K. The applied vertical pressure was 0.5 GPa corresponding to the typical Hertzian contact pressure under the boundary friction condition. Note that the order of the applied contact pressure was widely seen in several friction experiments for the additive-derived MoS 2 film, e.g., 0.41-0.64, 30,31 0.5, 32 0.6, 33 and 0.7 34 GPa. The sliding speed was set to 5 × 10 -5 nm/step (100 m/s) to observe the sliding effects with a reasonable computation time.
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Results and Discussion

3.1. Motion of Sliding MoS 2 Flake. Figures 3 and4 show the trajectories of the sliding MoS 2 flake during MD simulation. Figures 3 and4 are taken from the zx and xy planes, respectively. Although all the simulations were carried out under periodic boundary (PB) condition, the figures do not show the PB correctly for better visualization of the change in position of the sliding atoms. In Figure 3 (zx plane), it is observed that the sliding took place between the flake and the plate for φ ) 0°. The same dynamics behavior was observed also for all remaining cases of misfit angle. These sliding phenomena are quite similar to that in part I of this work. 27 In the work, the TBQCbased MD simulation showed that the long-range Coulombic repulsive interaction (and not the van der Waals interaction) is predominant between S layers in different MoS 2 lamellas, leading to the interlayer sliding. In addition, Hod et al. theoretically studied a sliding of hexagonal boron nitride, which include both covalent and ionic interactions as well as h-MoS 2 , and showed that electrostatic interactions dictate its stacking mode and interlayer sliding corrugation. 35 Therefore, in the present MoS 2 contact model including artificial misfit angle, it is suggested that the observed interlayer sliding would be based on the electrostatic Coulombic interaction despite the size of misfit angle.

On the other hand, in Figure 4 (xy plane), we can see different movement between the models with and without misfit angle; MoS 2 flake moves in a zigzag way with respect to the sliding direction for φ ) 0°while it moves straightly for φ ) 30°. Moreover, for φ ) 30°, it was found that the flake moved to one specific direction by forming the angle with x-axis as defined as the movement angle, ω, in this paper. Size of ω is 20.4°that is also shown in Figure 4b. Note that ω was calculated by the following equation:

where r x M (t f ) and r y M (t f ) are the position of mass center of MoS 2 flake in the x and y directions at the end of the simulation, and r x M (0) and r y M (0) are those in the initial structure, respectively. The zigzag motion was also found for the φ ) 60°case, and the smooth motions and almost similar size of ω were observed in all the remaining cases.

The behavior of MoS 2 flake in the z direction (perpendicular to MoS 2 basal plane) was next focused. Figure 5 shows the mean-square displacement (msd), 〈R 2 (t)〉, of the flake in the z direction computed by the following equation. 

)-tan -1 r y M (t f ) -r y M (0) r x M (t f ) -r x M (0) (2) 
〈R 2 (t)〉 ) 1 N ∑ i)1 N [r z i (t) -r z i (0)] 2 (3) 
Here, N is the total number of atoms in MoS 2 flake and r z i is the position of atom i in the z direction. Although all the MD simulations have been done for 100 ps (200 000 steps) duration, the analyzed results are shown only in the period from 20 to 30 ps for clear understanding. From the Figure 5, we can clearly see that the MoS 2 flake with φ ) 0°is irregularly fluctuating in the z direction during the sliding process. On the other hand, a smaller and regular fluctuation was observed for the φ ) 30°c ase. These "unstable" and "stable" fluctuations would respectively correspond to zigzag (random) and smooth motions in the xy plane. It is worth mentioning that the unstable fluctuation was also observed for φ ) 60°while others showed stable fluctuation. Thus, the misfit angle formation in h-MoS 2 affects not only motion in the basal plane but also that in the perpendicular direction. These differences will be discussed in the section 3.4.

Potential Surface.

To further investigate the motion of MoS 2 flake during the sliding process, the potential surface of the MoS 2 plate, which was the counter surface of the flake, was first analyzed. Figure 6, a and b, shows a part of the structure of MoS 2 plate and its potential surface in xy plane calculated by the applied force field (eq 1). From the figure, the highest repulsive energy can be found above all S sites while Mo sites show energetically stable (potential well). Part b also shows the trajectory of one S atom in the flake that the system shows the zigzag (φ ) 0°and 60°) and the smooth (other misfit angles) motions, respectively. In the upper figure, S atom is passing among S sites in a zigzag way because the potential barriers exist on center of S sites in the MoS 2 plate. S atom in the lower figure is also passing among S sites (the top of Mo sites), but moves straightly, reflecting the smooth motion of the MoS 2 flake. Therefore, despite the size of the misfit angle, two S atoms in different MoS 2 layers hardly overlap fully during the friction process due to their repulsive interatomic interactions.

3.3. Frictional Force. The frictional force was then analyzed for all the models. In this analysis, the force in the sliding direction (x) acting on the top sulfur layer in MoS 2 flake, viz., the sliding layer, was calculated by summing the forces on each atom. The force was averaged every 100 simulation steps and normalized by the number of the sliding atoms to obtain the force per atom (the unit is pN/atom). Thus, totally 2000 individual data for frictional force were obtained during 200 000 simulation steps. Figure 7 shows the frictional force for φ ) 0°,15°, and 30°as a function of simulation time. For all cases, their frictional forces were fluctuated drastically at the initial stage of sliding because all the atoms in the model began to relax. However, after the simulation time of 20 ps, the frictional force was maintained constant around zero for the φ ) 15°a nd 30° cases. The similar tendency was observed for the all cases without φ ) 60°. The friction in φ ) 0°(and also 60°) became smaller but was still fluctuating after 20 ps. The system thus showed steady friction after 20 ps, and it is expected that a smaller friction could be obtained by misfit angle formation (without φ ) 0°and 60°).

To clarify the misfit angle dependency of friction, average (steady) frictional force was calculated by averaging the individual frictional force in the period from 20 to 100 ps. Figure 8 shows the relationship between misfit angle and the calculated frictional force. It is found that the friction for φ ) 0° and 60° was 100 times larger (10 -2 pN/atom order) than for the other cases (10 -4 pN/atom order), as expected above. In the range from 5°to 55°of the misfit angle, we cannot see a clear difference in the order of friction among them. In the next section, the relationship with rotational disorder will be discussed.

3.4. Friction Anisotropy. In summary, the zigzag motion of sliding MoS 2 flake (in section 3.1) and high friction (in section 3.3) were found when φ ) 0°and 60°. Also, the smooth motion and lower friction were found when φ ) 5°-55°. In order to unveil the effects of misfit angle formation on the sliding motion and the friction, the atomic structure of the superimposed MoS 2 layer was focused. A pair distribution function in sliding direction, P(r x ), which is defined as the following equation, was thus analyzed for each structure.

Here, r x is the radial distance in x direction, ∆r x is the mesh size, n is the total number of atom pair, ∆n(r x ) is the number of atom pair existing between r x -∆r x /2 and r x + ∆r x /2, and the angle brackets mean average for all the pairs. Figure 9 shows the internal S-S pair distribution in the sliding direction for MoS 2 flake with φ ) 0°,15°, and 30°. In the figure, S-S pair distribution for MoS 2 plate was also shown for reference. Note that the analyses were done for the initial structures. For φ ) 0°, it is found that the periodic peak positions, i.e., 0.274, 0.548, and 0.822 nm, which correspond to the arrangement of S atoms in the sliding direction (see Figure 6a) are completely matched between the flake and the plate, meaning lattice commensurate. In this situation, all pairs should show the same distance between S atoms in the flake and the nearest S atoms in the plate. On the other hand, for φ ) 30°, regular peak position can be found, but it does not match with that for the plate because the superimposed MoS 2 structure is incommensurate. Also, for φ ) 15°, many pair distribution peaks are found in addition to unmatched peak positions with the plate, indicating also incommensurate situation. These cases always contain irregular or random S-S arrangements between two MoS 2 layers. Similar to the φ ) 15°and 30°cases, the other MoS 2 system without φ ) 60°showed incommensurate situation. Only for φ ) 60°, the peak positions of the flake completely matched with that of plate, indicating two MoS 2 layers commensurate again by rotating flake by 60°.

Because of the highest potential barrier above S atoms as shown in Figure 6b, the frictionsatomic force acting on sliding directionswas probably arising when the S atoms in the flake were approaching to the closest S atoms in the plate. Therefore, in the commensurate situations (φ ) 0°and 60°), all the atoms in the flake close to that in the plate at the same time while the atomic force was acted in the same direction as schematically shown in Figure 10a. Again, the frictional force is defined by summing all the atomic forces in the sliding direction; the high order of friction was thus observed for φ ) 0°and 60°. This would lead also to zigzag and fluctuation motions in the system because the sliding atoms must move with avoiding overlap with atoms on the counter surface. On the other hand, when the incommensurate situations were made, the resistance force (opposite to sliding direction) acted on one S atom, and at the same time, the force on the same direction with sliding acted on the other S atom as shown in Figure 10b. As a result, the atomic forces in the sliding direction mutually canceled others. Therefore, the frictional force vanished, giving smooth and stable motions to the MoS 2 system. It is thus inferred that the MoS 2 system can reduce friction extremely when the incommensurate structure is made by forming interlayer misfit angle. By vanishing friction, the atoms in the MoS 2 flake can usually follow energetically stable sites on the counter MoS 2 plate, viz., potential well. On average, the MoS 2 flake thus moves in a specific direction along the white line in Figure 6b. The line, which is called the energetically stable line in this paper, follows potential wells on the friction surface, and it forms angle of 30°between the x-axis. We can see the trajectory of the atom is in agreement roughly with the energetically stable line. Here, the movement angle ω ≈ 20°has been observed in all the incommensurate structures, and this is smaller than the angle of the energetically stable line. We think that this is due to high sliding 

P(r x ) )

〈∆n(r x )〉 〈n〉 • ∆r x (4) velocity, i.e., 100 m/s. If smaller sliding velocity is applied to the system, the atoms in the sliding interface have much time to relax their position and the system will show the similar angle with the stable line. Therefore, it is concluded that the motion of the sliding MoS 2 flake is significantly influenced by the presence of misfit angle between layers.

MoS 2 Lubrication.

In part I of this paper, 27 TBQC simulations were done to investigate the interlayer interaction of single MoS 2 sheets during sliding process. It was concluded that the long-range Coulombic repulsive interaction was predominant between S layers in different MoS 2 lamellas, and it was strongly influenced by its electronic states. Besides, the interlayer sliding was always lead by this interaction. Hence, it can be assumed that low friction of MoS 2 originates from the interlayer electrostatic interaction. However, it is important to mention that the structure on the contact interface, viz., misfit angle between MoS 2 layers, also affects its friction performance. Incommensurate MoS 2 structures made by forming effective misfit angle between sheets vanishes frictional force by canceling the atomic force in the sliding direction, leading to "superlubricity". In fact, the rotational disorder has been found experimentally by Martin et al. 6 (see Figure 1 for reference). It is thus inferred that the excellent lubrication by MoS 2 coating on a tribological system is attributed not only to its original material property (interlayer Coulombic interaction) but also specific crystal structure (rotational disorder) as schematically shown in Figure 11.

Conclusion

In this paper, the friction anisotropy of h-MoS 2 was investigated by using computational chemistry method. On the basis of our simulation, the following conclusions were drawn:

(1) Zigzag and smooth motions were observed when the superimposed MoS 2 lattice was commensurate and incommensurate situations, respectively. During sliding, the S atoms in the sliding layer moved with avoiding overlap with S atoms in counter surface because the potential barrier was directly on S atoms.

(2) Incommensurate structure with forming interlayer misfit angle could lead to extremely low friction state and smooth motion due to cancelation of the frictional force. When the superimposed structure was commensurate fully, all the atoms in the sliding part approached the atoms in counterpart at the same time while the atomic forces acted in the same direction, raising 100 times larger friction than the incommensurate situation.

(3) Mechanism of superior lubrication by h-MoS 2 was suggested from the theoretical point of view. The interlayer sliding was the primary source of friction reduction, and was based on the interlayer Coulombic repulsive interaction. In addition to this material property, the structure-relevant friction anisotropy was also important to achieve superlubricity. 

  Figure 2a,b shows the simulation model used in this study. The model is composed of a periodic h-MoS 2 plate (lower side in part b) and h-MoS 2 flake (upper side in part b). The areas of

Figure 1 .

 1 Figure 1. HRTEM image for wear debris of MoS 2 film.

Figure 2 .

 2 Figure 2. MD simulation model used in present study. The figures are taken from (a) xy and (b) zx planes. (c) Magnification of flake/ plate contact interface in (b). Yellow and blue balls represent S and Mo atoms, respectively. The angle between one side of the MoS 2 flake and x-axis is defined as misfit angle φ. In (a), a part of the models for φ ) 15°and 30°are also shown for comparing with HRTEM image.

Figure 3 .

 3 Figure 3. Trajectory of the sliding MoS 2 flake in zx plane (φ ) 0°).

Figure 4 .

 4 Figure 4. Trajectory of the sliding MoS 2 flake in the xy plane: (a) φ ) 0°and (b) 30°.
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Figure 5 .

 5 Figure 5. Mean-square displacement (msd) in the z direction (perpendicular to the MoS 2 basal plane) for the sliding MoS 2 flake. Solid and dots lines represent the result for φ ) 0°and 30°, respectively.

Figure 6 .

 6 Figure 6. (a) A part of the structure for the MoS 2 plate, and (b) the corresponding potential surface with trajectory of S atoms where zigzag and smooth motions had been observed.

Figure 7 .

 7 Figure 7. Frictional force obtained from MD simulation for the model with φ ) 0°,1 5 °, and 30°.

Figure 8 .

 8 Figure 8. Relationship between misfit angle and average frictional force.

Figure 9 .

 9 Figure 9. S-S pair distribution in sliding direction for the MoS 2 flake with φ ) 0°,1 5 °, and 30°. One for the MoS 2 plate is also shown.

Figure 10 .

 10 Figure 10. Schematic illustration of the atomistic friction of h-MoS 2 for (a) commensurate and (b) incommensurate situations.

Figure 11 .

 11 Figure 11. Relationship diagram of h-MoS 2 lubrication.
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