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 27 

Abstract 28 

Two-dimensional heterostructures are excellent platforms to realize twist-29 

angle independent ultra-low friction due to their weak interlayer van der Waals 30 

interactions and natural lattice mismatch. However, for finite-size interfaces, the 31 

effect of domain edges on the friction process remains unclear. Here, we report 32 

on the superlubricity phenomenon and the edge pinning effect at MoS2/graphite 33 

mailto:gyzhang@iphy.ac.cn


and MoS2/h-BN van der Waals heterostructure interfaces. We find that friction 34 

coefficients of these heterostructures are below 10-6. Molecular dynamics 35 

simulations corroborate experiments highlighting the contribution of edges and 36 

interface steps to friction forces. Our experiments and simulations provide more 37 

information on the sliding mechanism of finite low-dimensional structures, 38 

which is vital to understand the friction process of laminar solid lubricants.   39 

 40 

Introduction 41 

Friction causes massive energy dissipation and mechanical abrasion between 42 

machine component parts in the world every year1,2. Understanding the mechanism of 43 

the frictional processes and searching for an optimum material combination, ideally 44 

providing a near frictionless state, is thus essential. The concept of superlubricity was 45 

proposed by K. Shinjo and M. Hirano in the 1990s3, which describes the phenomenon 46 

of vanishing friction between two contact surfaces. Superlubricity has been widely 47 

found in van der Waals (vdW) materials, as their crystalline structures are kept 48 

together by weak vdW forces4. However, superlubricity in two dimensional (2D) 49 

homostructures shows a strong twist-angle dependence5-7. Layers prefer to rotate and 50 

lock in the commensurate state when sliding occurs, leading to the disappearance of 51 

superlubricity6,8. VdW heterojunctions may reduce the commensuration problem 52 

since the lattice mismatch between the two contact materials will come into play. 53 

Micro-scale superlubricity has been uncovered in the graphene/hexagonal boron 54 

nitride (h-BN) heterostructure with a significant reduction of twist-angle dependence9-
55 

11. However, the twist-angle dependence is still present in graphene/h-BN 56 

heterostructure, perhaps due to the small lattice mismatch. Thus, it is crucial to 57 

explore the lattice mismatch influence on the superlubricity of 2D heterostructures. 58 

Furthermore, the effect of widespread domain edges and interface steps on the 59 

superlubricity of the finite-size 2D interfaces may prevent superlubricity. 60 

In this work, we characterized 2D heterojunction interfaces with different lattice 61 

mismatches: molybdenum disulfide (MoS2) /graphite, MoS2/h-BN, and graphene/h-62 

BN by Lateral Force Atomic Force Microscope (LF-AFM). Our results show that the 63 

coefficient of friction of the large lattice mismatch MoS2/graphite and MoS2/h-BN 64 

heterojunction interfaces is below 10-6, and twist-angle dependence is suppressed. We 65 

demonstrate that the friction forces of these two heterojunctions are dominated by 66 



pinned edges or substrate steps effects rather than resistance to interface sliding, from 67 

e.g. potential energy corrugation. We also measured graphene/h-BN, a heterojunction 68 

with a small lattice mismatch, for comparison. Interface sliding resistance still 69 

dominates the friction process. Classical molecular dynamics (MD) simulations 70 

indicate that atoms near the edges of the flake play a distinctive role during the sliding 71 

dynamics, presenting enhanced structural distortions with respect to the rest of the 72 

flake. Given the non-reactive nature of the force fields employed in the MD 73 

simulations, we also indirectly prove that dangling bonds at the edge of the domains 74 

contribute mostly to the friction force observed in climbing substrate steps. 75 

 76 

Results 77 

Growth and characterization of vdW heterostructures 78 

VdW heterostructure samples investigated in this work include MoS2/graphite, 79 

MoS2/h-BN, and graphene/h-BN with lattice mismatches of 26.8%, 24.6%, and 1.8%, 80 

respectively. Figs. 1a-c show the structures of these three heterostructures. All 81 

samples were prepared by an epitaxial growth technique described in our previous 82 

works12-14. (see the Methods section for more details). Figs. 1d–f show typical AFM 83 

topographic images; these epitaxial interfaces are ultra-clean. The heights of 84 

monolayer MoS2 on graphite and h-BN are 0.83 nm and 0.72 nm, respectively, and 85 

the height of monolayer graphene on h-BN is 0.35 nm, all in agreement with previous 86 

reports14,15. We used selected area electron diffraction (SAED) to characterize the 87 

lattice alignment of our MoS2/graphite and MoS2/h-BN heterostructures. As 88 

illustrated in Fig. S1b and 1e, the hexagonal diffraction spots of both MoS2 and 89 

graphite (h-BN) have the same orientation, indicating either 0° or 60° twisting angle 90 

between the as-grown MoS2 and graphite (h-BN) substrate. Fig. S1h shows that the 91 

period of the moiré superlattice of as-grown graphene/h-BN heterostructure is ~16 92 

nm, also suggesting a 0° twist angle.  Raman and photoluminescence (PL) spectra in 93 

Fig. S1c and 1f also demonstrate a high sample quality. For more information, please 94 

refer to Supplementary Note 1. 95 



 96 

Fig. 1 ⎮ Friction characterizations of 2D heterostructures. a-c Atomic structures and d-f 97 

AFM images of three heterostructures: MoS2/graphite, MoS2/h-BN, and graphene/h-BN, respectively. g 98 

Diagram of friction force measurements. h and i Two different strategies for friction force 99 

characterizations of MoS2/graphite and MoS2/h-BN heterostructures: h by pushing from the edge of 100 

domain, or i by dragging with the tip placed at the center of the domain, the sign of the force indicates 101 

the sliding direction. 102 

 103 

Superlubricity behavior of vdW heterostructures 104 

We performed friction force measurements by AFM in dry N2 atmosphere and 105 

under ambient conditions. Fig. 1g shows a schematic of our measurements process. 106 

Based on a manipulation technique we developed previously11,16, we can slide atop 107 

epitaxial domains on the substrate by using an AFM tip and monitor the lateral force 108 

during the sliding simultaneously. (please refer to the Methods section and 109 

Supplementary Note 2 for more details). In the experiment, we explore two 110 

approaches to slide on-top domains on substrates by using AFM tips. The first is 111 

illustrated in Fig. 1h, where we laterally push the edge of the top domain and detect 112 

the difference of lateral force before and after on-top domain sliding. The second way 113 



is shown in Fig. 1i. For MoS2/graphite and MoS2/h-BN heterostructures, we could 114 

slide the top domains back and forth laterally by engaging the tip onto the center of 115 

the domain, with a load from 0.4 to 5µN , since the friction force between the tip and 116 

MoS2 is much greater than that between MoS2 and graphite (or h-BN).  117 

According to Amontons’ law, the dependence of the friction force 𝐹𝑟  on the load 𝐿 118 

is expressed by 119 

𝐹𝑟 = 𝜇 ∙ 𝐿, 120 

where 𝜇 is the coefficient of friction (COF). By taking advantage of both approaches, 121 

we can change the applied tip load 𝐿𝑡𝑖𝑝  from zero to a few µN  (zero tip load achieved 122 

by pushing the edge). The normal force experienced by the flake can be decomposed 123 

into two contributions 124 

𝐿 = 𝐿0 + 𝐿𝑡𝑖𝑝 , 125 

with 𝐿0 being the adhesion between MoS2 and graphite (or h-BN) and 𝐿𝑡𝑖𝑝  the load 126 

applied to the tip. It follows that: 127 

𝐹𝑟 = 𝜇 ∙  𝐿0 + 𝐿𝑡𝑖𝑝  =  𝜇 ∙ 𝐿0 +  𝜇 ∙ 𝐿𝑡𝑖𝑝 =  𝐹𝑟0 +  𝜇 ∙ 𝐿𝑡𝑖𝑝 . 128 

As shown in Fig. 2a and b, under N2, the friction forces of MoS2/graphite and 129 

MoS2/h-BN heterostructures are almost the same for different values of 𝐿𝑡𝑖𝑝 , which 130 

indicates constant 𝐹𝑟0 and ultralow COF. As shown in Fig. 2, the coefficient of friction 131 

of both MoS2/graphite and MoS2/h-BN heterostructure interfaces is well below 10-3, 132 

which is considered the threshold for superlubricity17. To calculate the friction 133 

coefficient precisely from the slope in Fig 2a and b, a much higher resolution and 134 

noise reduction of  the AFM signal would be needed. 135 

Nevertheless, we can use an alternative approach to estimate the COF. The 136 

adhesive force between MoS2 domains and graphite or h-BN represents the major 137 

contribution to the load L7. Thus, we can estimate the magnitude of the COF, 𝜇, by 138 

using:   139 

𝜇 = 𝐹𝑟0 𝐿0  
𝐿0 = 𝐺 ∙ 𝐴 

where G＝1.131±0.014  GPa is the critical adhesive pressure between graphite and 140 

MoS2 sheets18; and A is the area of the domain. From Fig. S3a, the area of our largest 141 

MoS2 domain on graphite is A = 15 μm2 and the friction force is 𝐹𝑟0 = 44.15 nN 142 

giving the adhesive force 𝐿0 =  16.97 mN and the COF of the MoS2/graphite 143 

heterostructure interfaces as 𝜇𝑀𝐺 =  2.6×10-6. This value is almost two orders of 144 



magnitude smaller than those reported in previous studies7,19,20. For the MoS2/h-BN 145 

heterostructure, according to Fig. S3b, the COF value is around 𝜇𝑀𝐵 = 2.29×10-6, 146 

similar to MoS2/graphite. 147 

To further explore the twist-angle dependence of superlubricity in large lattice 148 

mismatch heterostructures, we performed the friction test on the MoS2/graphite 149 

heterostructure with different twist angles. Although the heterostructures can be 150 

rotated to any twist angle21, they are only stable at large twist angles during sliding. 151 

We compare the friction force between aligned structures (0°/60°) and large twist 152 

angles of different MoS2 domains. As shown in Fig.3c, the measured friction forces 153 

from MoS2/graphite heterostructures before and after twisting show no angular 154 

dependence. This phenomenon is due to the fact that the in-plane interface friction 155 

force is almost zero even at 0° due to incommensurability, and the influence of the 156 

twist angle on the friction force has a negligible contribution to the total friction force.  157 

(please refer to Supplementary Note 3 for more details). 158 

 159 

 160 

Fig. 2 ⎮Superlubricity of MoS2/graphite and MoS2/h-BN heterostructure interfaces. a and b 161 

Friction force as a function of the tip load of MoS2/graphite and MoS2/h-BN heterostructures, obtained 162 

by AC200TS and AC240TS tips under N2 gas environment. The red dashed lines are the fits, the blue 163 

dashed line shows the limit of superlubricity. c The ratio of friction force before and after twisting of 164 

the MoS2/graphite heterostructure. F0° and FTwisted are the friction forces of a MoS2 domain before 165 

(aligned) and after twisting. The red dashed line is the fit. 166 

 167 

Edge pinning effect of large lattice mismatch vdW heterostructures 168 

 Although the interface COFs of MoS2/graphite and MoS2/h-BN heterostructure 169 

interfaces are small, there is still a constant friction force 𝐹𝑟0 independent of load. 170 

Previous results pointed out that the friction force could be affected by many 171 

parameters, such as edges, interface steps, and contaminations22-24. To determine the 172 

origin of this constant friction force, we define two parameters: shear strength S and 173 

domain edge pinning strength E. Considering the finite size of our samples, S and E 174 



are defined as follows: 175 

𝑆 = 𝐹𝑟 𝐴  
𝐸 = 𝐹𝑟 𝑃 , 176 

where 𝐴 and 𝑃 are the area and the perimeter of domains, respectively. We can expect 177 

three situations: 1) the in-plane interface sliding resistance predominantly contributes 178 

to the friction force and S is thus constant; 2) the in-plane interface friction is 179 

negligible and the edge pinning effect dominates the friction process and E is 180 

constant; 3) if both effects contribute significantly to the friction force, then both S 181 

and E cannot be constant.   182 

We first measured the friction force of the aligned heterostructure samples with 183 

various contact areas under a dry N2 atmosphere. The results are consistent even 184 

though different tips were used (Fig. S3), suggesting that our calibration method is 185 

very reliable. Fig. 3a shows a plot of the shear strength (S) of the MoS2/graphite 186 

heterostructure as a function of domain area (A), clearly revealing a non-constant S. 187 

In contrast, when we plot the data as E vs. P, as shown in Fig. 3b, the edge pinning 188 

strength E is constant with  E = 1.99−0.25
+0.35  nN/μm. These results indicate that the 189 

interface (in-plane) friction within MoS2/graphite is negligible, and the edges of the 190 

MoS2 domains are pinned to the surface of graphite. MoS2/h-BN exhibits similar 191 

behavior, as shown in Fig. 3c and 3d, where E = 1.94−0.59
+0.80  nN/μm being very close to 192 

that of MoS2/graphite. It is also worth noting that the thickness of MoS2 domains has 193 

no apparent effect on the friction force due to the negligible interface friction (please 194 

also refer to Fig. S2d). As described above, the friction force of large lattice mismatch 195 

MoS2/graphite and MoS2/h-BN heterostructures mainly comes from the pinned edges. 196 

Therefore, the friction coefficient of infinite interfaces should be significantly lower 197 

than 10-6. 198 

The behavior of the aligned graphene/h-BN heterostructure, which has a small 199 

lattice mismatch (1.8%), is different from the MoS2/graphite and MoS2/h-BN 200 

heterostructures. From Fig. 3e and 3f, we can see that the shear strength of the 201 

graphene/h-BN heterostructure is constant and equal to S = 2.20 ± 0.39  MPa, 202 

suggesting that the in-plane interface friction is dominant. The dominance of in-plane 203 

friction in graphene/h-BN can be understood by considering its commensurate nature 204 

at small twist angles, where moiré superlattice can always be found 14,25,26.  205 



 206  207 Fig. 3 ⎮ Source of friction for three different heterostructure interfaces. a and b are plots of 208 

friction characterization of MoS2/graphite as a function of domain area A and perimeter P, respectively. 209 

c and d are similar plots for MoS2/h-BN. e and f Friction characterization of graphene/h-BN as a 210 

function of A and P.  211 

 212 

Simulation results of edge pinning effect of MoS2/graphite heterostructure 213 

To understand the origin of the edge pinning effect for the MoS2/graphene 214 

heterostructure, we performed a set of molecular dynamics (MD) simulations. The 215 

computational setups are illustrated in Fig. 4a and b. We considered triangular MoS2 216 

flakes with different side lengths ranging from 2 to 20 nm. Since no reactive force 217 

fields are available for the MoS2/graphene system, we described the interlayer 218 

interactions by means of Stillinger-Weber27 and AIREBO28 potentials for MoS2 and 219 

graphene, respectively. The interlayer interactions are modeled via a Lennard-Jones 220 

potential, which we recently parameterized29 using ab initio data. According to this 221 

potential, the critical adhesive pressure between MoS2 and graphite is G＝1.20 GPa, 222 

which is in good agreement with both experiments and ab initio calculations18. All 223 

systems have been equilibrated at room temperature, after which non-equilibrium 224 

simulations have been performed by applying a constant speed protocol and 225 

calculating the lateral force acting on the flake. For more details, please refer to the 226 

Methods section. 227 

Fig. 4 summarizes the simulation results. The shear strength (S) and the edge 228 

pinning strength (E) are reported as a function of MoS2 domain area (A) and perimeter 229 

(P), respectively. As shown in Fig. 4c, S presents a decreasing profile as A increases, 230 



while E is almost constant. We also calculate the shear strength of the infinite 231 

heterostructure, Sinfinite= 4.95 kPa, which is at least one order of magnitude smaller 232 

than that of our finite heterostructures. These trends are consistent with the 233 

experimental observations. To get a more in-depth insight into the underlying 234 

mechanisms, we analyzed the results in terms of structural and energetical parameters. 235 

Fig. 4d reports the map of the atomic root mean square displacement (RMSD) with 236 

respect to the equilibrium positions for different atomic layers of MoS2, and averaged 237 

over the MD trajectory. The mean displacement of edge atoms is significantly larger 238 

than for center atoms. Mo-S bond length data of the edge and center region in Fig. 239 

S4a also shows that edge atoms have both a larger bond length and broader 240 

distribution. Potential energy maps of different atom types within the MoS2 layer (Fig. 241 

4e) show that the edge S atoms have higher potential energy than S center atoms. 242 

Edge Mo atoms also present a similar trend but not as significant as for S atoms 243 

(please also refer to potential energy data in Fig.S4c and d). For the kinetic energy 244 

maps in Fig.4f, there is no apparent difference between edge atoms and center atoms.  245 

The MD simulations indicate that, during sliding, the edge atoms are more 246 

“active” and present more energetic distortions,  absorbing and dissipating more 247 

energy than the center atoms, providing the greatest contribution to the friction force. 248 

Indeed, in Fig. S5, we observe more pronounced lattice distortions at the edges using  249 

high-resolution transmission electron microscopy, which supports the simulation 250 

results. 251 

 252 



 253 

Fig. 4 ⎮ MD simulation results of a MoS2 flake sliding on graphite. a and b Side and top views of 254 

the MD computational setup, respectively. c Calculated shear strength as a function of MoS2 flake area; 255 

the inset shows the calculated edge pinning strength as a function of MoS2 flakes’ perimeter. d Root 256 

mean square displacement maps of different atomic layers in the MoS2 flake calculated with respect to 257 

the optimized geometry for a typical trajectory (flake size ~ 16 nm). e and f Per-atom average potential 258 

and kinetic energy maps of different atomic layers in the MoS2 flake, respectively. For the potential 259 

energy, values are reported as the difference with respect to the optimized system. 260 

 261 

Step pinning effect at MoS2/graphite heterostructure interfaces. 262 

We have found experimentally that substrate steps can impede the sliding of 263 

MoS2 domains even when they only have the height of a graphene monolayer (~0.4 264 

nm). As shown in Fig. 5a, the friction force increases almost tenfold when the MoS2 265 

domains approach the atomic height graphite step. The interface step pinning strength 266 

in Fig.5a is ~100 nN/μm, which is two orders of magnitude larger than the edge 267 

pinning strength mentioned above. Therefore, the friction force will rise dramatically 268 

if interface steps are present, and the superlubricity phenomenon will disappear. We 269 

also used MD simulations to monitor the friction force when a MoS2 flake is pushed 270 

toward a graphite step with different angles with respect to the sliding direction, as 271 

shown in Fig. 5b and c. From Fig. 5c, we can see that, regardless of the orientation of 272 

the step, all profiles show a qualitatively similar behavior; the friction force will rise 273 

several times when the MoS2 layer approaches the step. However, this increase in 274 

friction force is smaller than that observed in experiments. The difference between 275 



simulations and experiments can be ascribed to the fact that our model accounts only 276 

for non-bonded vdW interactions between flake and substrate (i.e., the model does not 277 

allow the formation of chemical bonds between MoS2 and graphene atoms). Previous 278 

works show that chemical bonds on graphite steps have a strong influence on the 279 

friction force30, so we attribute the step pinning effect to the interaction between the 280 

MoS2 layer and the free chemical bonds on the graphite step. 281 

 282 

 283 

Fig. 5 ⎮ Effects of interface steps on friction force. a Lateral force measurements when 284 

pushing one MoS2 domain across a monolayer step of graphite. The red dashed line marks the graphite 285 

step, and the blue arrow shows the tip route. The Ⅰ, Ⅱ, Ⅲ, Ⅳ tags the different stages of tip 286 

movement: Ⅰ, the tip is moving on graphite; Ⅱ, the tip is pushing the MoS2 domain; Ⅲ, the MoS2 287 

domain is moving across the step of graphite; Ⅳ, the MoS2 domain locks on the step and the tip jump 288 

onto the MoS2 surface. b MD computational setup. The dashed line marks the graphite step and the 289 

direction normal to the sliding direction (orange arrow). c Average friction force experienced by the 290 

MoS2 flake as a function of the distance traveled. The Ⅱ, Ⅲ mark the same stages as a. 291 

 292 

Conclusion 293 

In conclusion, we demonstrated that large lattice mismatch MoS2/graphite and 294 

MoS2/h-BN heterojunction interfaces provide ultralow coefficients of friction, ~10-6, 295 

without any twist angle dependence. Both experiments and molecular dynamics 296 

calculations indicated that pinned edges and interface steps in MoS2/graphite and 297 

MoS2/h-BN heterojunctions dominate the friction process, whereas small lattice 298 

mismatch in graphene/h-BN results in a significant contribution to the interface 299 

friction. Our results show that the large lattice mismatch of 2D heterojunctions and 300 

absence of interface steps are key components to designing a near-frictionless sliding 301 

pair. 302 

 303 

Methods 304 

Sample preparation. MoS2 domains were grown by three-temperature-zone chemical 305 



vapor deposition (CVD). S (Alfa Aesar, 99.9%, 4 g) and MoO3 (Alfa Aesar, 99.999%, 306 

50 mg) powders were used as sources, loaded separately in two inner tubes and placed 307 

at zone-I and Zone-II, respectively. Substrates were loaded in zone-III. During the 308 

growth, Ar/O2 (gas flow rate: 75/3 sccm) was flowed as carrying gases and 309 

temperatures for the S-source, MoO3-source and wafer substrate are 115 °C,  530 °C,  310 

and 930 °C,  respectively. Graphite and h-BN substrates were mechanically exfoliated 311 

from HOPG, Graphenium graphite (Manchester Nanomaterials), h-BN are used as 312 

substrates in this experiment.   313 

PECVD Growth of graphene/h-BN heterostructure. h-BN flakes were prepared by 314 

mechanical exfoliation of h-BN crystals onto 300-nm SiO2/Si substrate by Scotch 315 

tape. Before growth, the substrate was annealed in hydrogen at 400 °C for 30 min to 316 

remove tape residues. Subsequently, the epitaxial growth was carried out by R-317 

PECVD at a substrate temperature of ~500 °C with pure CH4 as the carbon source, 318 

and the gas pressure and plasma power were 0.2 torr and 100 W, respectively. The 319 

growth period was about 1.5h. 320 

Sample Characterizations. AFM measurements were performed on Asylum Research 321 

Cypher S with AC240TS-R3 and AC200TS-R3 tips. PL and Raman characterizations 322 

were performed in a Horiba Jobin Yvon LabRAM HR-Evolution Raman system. The 323 

laser wavelength is 532 nm. SAED was performed in a TEM (Philips CM200) 324 

operating at 200 kV. 325 

Environment control and Cantilever calibration. We placed Cypher S in a specialized 326 

glove box. Under dry N2 conditions, O2 and H2O were below 0.5ppm. We used 327 

standard Sader’s method to calibrate the cantilever in the vertical direction and a non-328 

contact method for the lateral direction31,32. During our measurements, two types of 329 

silicon AFM tips (AC200TS-R3 and AC240TS-R3) with different mechanical 330 

properties were used. The velocity of the tips is 0.6µm/s.  For more details, please see 331 

Supplementary Note 2. 332 

Simulation. Crystal structures for MoS233 and graphite34 were retrieved from the 333 

Crystallography Open Database35. The unit cell of bulk MoS2 was transformed into a 334 

monolayer structure by removing half of the atoms in the cell and adding 20 Å of 335 

vacuum along the direction perpendicular to the basal plane in order to avoid 336 

interactions between images. The structure was replicated in the a and b directions 337 

and triangular flakes with zigzag edges (ending with sulfur atoms) and varying sides 338 

from 20 to 200 Å were cut out. The flake structures were then optimized according to 339 



the Stillinger-Weber potential for MoS227. A bilayer graphene structure was obtained 340 

in a similar way and then optimized using the AIREBO decription28. The flake 341 

structures were then placed on top of the substrates within an orthogonal cell and 342 

finally optimized via energy minimizations with the conjugate gradients method. The 343 

interlayer interactions were modeled using a pure Lennard-Jones potential. Since the 344 

parameterization available in literature27 proved to be unsuitable for describing the 345 

stacking interaction of MoS2 and graphene correctly, we refined the actual parameters 346 

using Density Functional Theory calculations as a reference. More details about the 347 

procedure can be found elsewhere29. All structures were then thermalized at 300 K for 348 

50 ps using a Nosé-Hoover thermostat36,37. In order to obtain results with statistical 349 

significance, ten independent runs were performed for each setup by initializing the 350 

atomic velocities to the target temperature with different seeds for the random number 351 

generator. After this, sliding simulations of 2 ns were carried out by imposing a 352 

constant speed of 1 m/s to three atoms (whose relative positions were not allowed to 353 

change) within the top S layer and equidistant from the corners of the flake’s. In order 354 

to prevent  the whole system from moving, the positions of the C atoms belonging to 355 

the bottommost graphene layer were tethered to their initial positions by applying 356 

harmonic potentials with a spring constant of 0.3 N/m. Forces acting on the externally 357 

controlled group of atoms and along the sliding direction were stored and then 358 

averaged over the production trajectory. Final averages and standard deviations over 359 

the ten independent trajectories were then calculated and reported in the main text. 360 

For the simulations involving the graphitic step, in order to mimic the AFM setup, the 361 

motion of the MoS2 flake was obtained by imposing a constant speed to three atoms at 362 

the center of the flake edge opposite to the graphitic step. For all MD simulations a 363 

time step of 0.2 fs was employed. All calculations were carried out using the 364 

LAMMPS package38. 365 
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