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1. [bookmark: _Toc118219664]Preparation of graphite mesa with Au cap
[bookmark: _Toc50129225][bookmark: _Toc58272639][bookmark: _Toc58275282][bookmark: _Toc58414082][bookmark: _Toc58579337][bookmark: _Toc58932844][bookmark: _Toc58933217][bookmark: _Toc58933377][bookmark: _Toc58933466][bookmark: _Toc58942299][bookmark: _Toc63527325][bookmark: _Toc63527389][bookmark: _Toc85475010][bookmark: _Toc85475281][bookmark: _Toc86665607][bookmark: _Toc96967859][bookmark: _Toc117861506][bookmark: _Toc117874898][bookmark: _Toc118219665][bookmark: _Hlk50191504][bookmark: _Hlk50192936][bookmark: _Hlk49452974][bookmark: OLE_LINK2][bookmark: _Hlk50192971]We firstly fabricated square graphite mesa arrays with Au cap on highly ordered pyrolytic graphite (HOPG, ZYB grade (Brucker) 1). The fabrication process is shown in Supplementary Fig. 1a, we firstly spun on a double layer photoresist LOR 1A (100 nm)/ZEP (400 nm) on the freshly cleaved surface of the HOPG as shown in Supplementary Fig. 1a (i), and then remove the photoresist in the mesa pattern array region by electron beam lithography and development process as shown in Supplementary Fig. 1a (ii). Secondly, we grew the Au film with thickness of 100nm through electron beam evaporation (includes the 10nm Cr as adhesion layer) as shown in Supplementary Fig. 1a (iii). Thirdly, we obtained the Au pattern array through lift-off process as shown in Supplementary Fig. 1a (iv). Lastly, we used Au pattern array as a mask to obtain graphite mesa with Au cap by oxygen reactive ion etching process as shown in Supplementary Fig. 1a (v), where the etching depth is .
[bookmark: _Toc96967860][bookmark: _Toc117861507][bookmark: _Toc117874899][bookmark: _Toc118219666][image: ]
[bookmark: _Toc50129228][bookmark: _Toc58272642][bookmark: _Toc58275285][bookmark: _Toc58414085][bookmark: _Toc58579340][bookmark: _Toc58932847][bookmark: _Toc58933220][bookmark: _Toc58933380][bookmark: _Toc58933469][bookmark: _Toc58942302][bookmark: _Toc63527328][bookmark: _Toc63527392][bookmark: _Toc85475013][bookmark: _Toc85475284][bookmark: _Toc86665609][bookmark: _Toc96967861][bookmark: _Toc117861508][bookmark: _Toc117874900][bookmark: _Toc118219667]Supplementary Fig. 1 Preparation of graphite mesa with Au cap. a Fabrication process of graphite mesa: (i) Spin-coating double layer photoresist LOR 1A (100 nm)/ZEP (400 nm) on the freshly cleaved surface of HOPG. (ii) Electron beam lithography. (iii) Electron beam evaporation of a layer of Au film. (iv) Lift off to get the Au pattern array. (v) Oxygen reactive ion etching. b Optical observation of fabricated graphite mesa with Au cap, where the upper and lower image are 20X and 50X lens observation respectively. c Atomic force microscope (AFM) morphology of fabricated graphite mesa with Au cap. d Local morphology of a single graphite mesa in the orange dashed region in c. e Section view of the blue dashed line in d, the height of the graphite mesa is around 913 nm.

[bookmark: _Hlk50193754][bookmark: _Toc50129226][bookmark: _Toc58272640][bookmark: _Toc58275283][bookmark: _Toc58414083][bookmark: _Toc58579338][bookmark: _Toc58932845][bookmark: _Toc58933218][bookmark: _Toc58933378][bookmark: _Toc58933467][bookmark: _Toc58942300][bookmark: _Toc63527326][bookmark: _Toc63527390][bookmark: _Toc85475011][bookmark: _Toc85475282][bookmark: _Toc86665610][bookmark: _Toc96967862][bookmark: _Toc117861509][bookmark: _Toc117874901][bookmark: _Toc118219668]In order to show the effect of the fabricated graphite mesa with Au cap, we carried out a series of characterizations. The observations of fabricated graphite mesa with Au film validated by optical microscopy (HiRox KH-3000) are shown in Supplementary Fig. 1b, where the upper and lower image are 20X and 50X lens observation respectively, and the brighter region in the images is the protruding graphite mesa with Au cap. The atomic force microscope morphology image of  graphite mesa array with Au cap is shown in Supplementary Fig. 1c, where the local morphology of a single graphite mesa in the orange dashed region is shown in Supplementary Fig. 1d. Supplementary Fig. 1e is the section view of the blue dashed line in Supplementary Fig. 1d, and the height of the graphite mesa is around 913 nm.

2. [bookmark: _Toc118219669]Preparation of nanostructured silicon surface.
In order to reproducibly fabricate uniform nanostructures on silicon surface, we produced a fabrication process as shown in Supplementary Fig. 2a. Firstly, we ultrasonically clean the silicon surface with acetone, alcohol and deionized water for 5 minutes, and then perform the surface hydrophilic treatment by oxygen plasma, as shown in Supplementary Fig. 2a (i). Then mix 200 nm polystyrene (PS) microsphere solution (mass fraction 10%, produced by Huge Biotechnology Company) with alcohol and deionized water in a ratio of 1:2:2 and ultrasonic for 30 minutes to obtain the diluted solution. Further immerse the silicon surface with deionized water and use the pipette to drop the diluted solution , and make it self-assemble on the liquid interface, as shown in Supplementary Fig. 2a (ii). 
Secondly, we evaporate the deionized water in atmospheric environment, and deposit the self-assembled PS microsphere array on the silicon surface, as shown in Supplementary Fig. 2a (iii). Then, we reduce the size of PS microspheres by oxygen plasma etching (power: 400 W, oxygen flow: 400 sccm, etching time: 4 min), as shown in Supplementary Fig. 2a (iv). In order to control the geometric size of the fabricated nanostructures, we need to accurately control the size and spacing of the PS microsphere array used as the mask, so we performed the scanning electron microscope (SEM) observation during the oxygen plasma etching process of the PS microspheres. Supplementary Figs. 2b-d show the SEM observations of the PS microsphere array deposition, oxygen plasma etching for 3 min and 5min, respectively, and the multiples gradually increase from left to right of each image. It can be seen that the microspheres are tightly arranged on the silicon surface when they are initially self-assembled (Supplementary Fig. 2b). After 3 minutes of oxygen plasma etching, the size of the PS microsphere array was reduced from 200nm to around 150nm (Supplementary Fig. 2c). When the etching time was further extended to 5 minutes, the size of the PS microsphere array was reduced to around 100 nm (Supplementary Fig. 2d).
Thirdly, we use PS microsphere array as mask to obtain the nanostructures by ion beam etching process (beam: , energy: 500 eV, etching time: 15s), as shown in Supplementary Fig. 2a (v). 
[image: ]
[bookmark: _Toc86665612][bookmark: _Toc96967864][bookmark: _Toc117861511][bookmark: _Toc117874903][bookmark: _Toc118219670]Supplementary Fig. 2 Fabrication process of nanostructured silicon surface and its characterizations. a Fabrication process of nanostructures on silicon surface: (i) Step 1: Clean the silicon surface. (ii) Step 2: Submerge the silicon surface with deionized water, and let the polystyrene (PS) microspheres self-assemble on the liquid interface. (iii) Step 3: Evaporate the deionized water, and then deposit the self-assembled PS microsphere array on the silicon surface. (iv) Step 4: Oxygen plasma etching to reduce the size of PS microspheres. (v) Step 5: Ion beam etching. (vi) Step 6: Remove the PS microsphere array. b Scanning electron microscope (SEM) observation of self-assembled PS microsphere array. c and d are the SEM observation after 3min and 5min of oxygen plasma etching, respectively. The multiples gradually increase from left to right of each image in b-d. e and f are the large area and small area atomic force microscope (AFM) morphologies of the fabricated nanostructured silicon surface after removing PS microsphere array. g AFM morphology of the fabricated nanostructured after final ultrasonic cleaning.

Lastly, we remove the PS microsphere array by excessive oxygen plasma etching, as shown in Supplementary Fig. 2a (vi). The large area and small area atomic force microscope (AFM) morphologies of the fabricated nanostructured silicon surface after removing PS microsphere array are shown in Supplementary Figs. 2e and f respectively. It can be observed that there are still some dirt remaining on the nanostructure. Then we use acetone, alcohol and deionized water ultrasonic cleaning to remove the residual organic matter on the nanostructures, and the AFM morphology of the fabricated nanostructured after final ultrasonic cleaning is shown in Supplementary Fig. 2g. The nanostructures are uniformly distributed and the peak height is uniform.

3. [bookmark: _Toc118219671]Graphite flake/silicon interface formation
[bookmark: _Toc86665615][bookmark: _Toc96967866][bookmark: _Toc117861513][bookmark: _Toc117874905][bookmark: _Toc118219672]After the fabrication process of graphite mesa, we need to select a graphite flake with single crystal superlubric interface and transfer to the fabricated silicon surface, and the specific process is shown in Supplementary Fig. 3, where the left and right side of each image are schematic diagram and optical microscope observation respectively. Firstly, we used a tungsten microtip controlled by a micromanipulator (Kleindiek MM3A) to attach the Au cap of graphite mesa fabricated in Supplementary Fig. 1, as shown in Supplementary Fig. 3a, and applied a shear stress by the micromanipulator to split the graphite mesa a distance of ~ from the vertical direction, as shown in Supplementary Fig. 3b. Secondly, we removed the microtip to observe whether the sheared graphite flake undergoes self-recovery motion (SRM) 2 to determine whether it has a single crystal superlubric interface 3, as shown as shown in Supplementary Fig. 3c. Thirdly, we re-attached the graphite flake which has SRM property with a microtip and split it out completely, then picked up the dangling graphite flake dragged by the microtip as shown in Supplementary Figs. 3d and e. Lastly, we placed the dangling graphite flake slowly by micromanipulator on the fabricated silicon surface, since the adsorption force of the graphite flake and silicon is larger than that of the microtip and graphite flake, the graphite flake will remain on the silicon surface, as shown in Supplementary Fig. 3f, which formed the graphite flake/silicon interface shown in Fig. 1a. Since the cleaved interface of the finally transferred graphite flake was not exposed to the environment during the whole fabrication process in Supplementary Fig. 1a, it would not be contaminated.
[image: ]
[bookmark: _Toc86665614][bookmark: _Toc96967867][bookmark: _Toc117861514][bookmark: _Toc117874906][bookmark: _Toc118219673]Supplementary Fig. 3 Transfer process of graphite flake and its optical observation. a Attach a tungsten microtip with a tip curvature radius of around  to the graphite mesa. b Apply a shear stress by the micromanipulator to split the graphite mesa a distance of ~ from the vertical direction. c Remove the microtip to observe whether the self-recovery motion (SRM) has occurred. d Attach the microtip again same as b and split the graphite mesa out completely. e Pick up the dangling graphite flake dragged by the microtip. f Place the graphite flake slowly by micromanipulator on the fabricated silicon surface.

4. [bookmark: _Toc118219674]Statistical analysis of nanostructures on silicon
In order to obtain the geometric characteristics of the fabricated nanostructures and provide a basis for subsequent simulation, we designed the following algorithm to identify the location of rough peaks through AFM morphology data and count the average height  and spacing  of the rough peaks. Firstly, we import the AFM morphology data of fabricated nanostructured silicon surface, as shown in Supplementary Fig. 4a. Then, we count the  data points in Supplementary Fig. 4a to get the statistics histogram as shown in Supplementary Fig. 4b. It can be seen that the highest frequency corresponds to the height of the substrate with .
Secondly, we get the binarization image base on Supplementary Fig. 4a with the threshold of 1 nm, as shown in Supplementary Fig. 4c. In order to locate the rough peak more accurately, we perform 4-connected erosion base on Supplementary Fig. 4c to obtain the erosion image as shown in Supplementary Fig. 4d. 
Thirdly, we search for all the single connected domains in Supplementary Fig. 4d, and each domain corresponds to a rough peak. Next, we will capture the specific location and average height of each rough peak as following method. Take the i-th connected domain as an example, suppose the coordinates and height of the data points contained in it are  and  respectively. We can calculate the center coordinates  and average height  of the i-th rough peak by

where the height calculation considers the substrate height. The positions of all captured rough peaks  are marked with blue dots in Supplementary Fig. 4e.
[bookmark: _Toc96967869][bookmark: _Toc117861516][bookmark: _Toc117874908][bookmark: _Toc118219675]	Finally, we calculate the distance of the nearest rough peak for each rough peak , and then obtain the statistical histogram as shown in the upper part of Supplementary Fig. 4f. The statistical histogram of average height  is also plotted in the lower part of Supplementary Fig. 4f. It can be seen that the rough peak spacing  and height  corresponding to the highest frequency are  and  respectively, which are slightly different from the 200 nm diameter of the nanospheres we predicted and the designed etching height of 7 nm. The former is mainly due to the movement of PS microspheres by the gas flow in the later stage of the oxygen plasma etching process, as shown in Supplementary Fig. 2d, and the latter is mainly due to the slow etching rate at the beginning of ion beam etching process.

[image: ]
[bookmark: _Toc86665617][bookmark: _Toc96967870][bookmark: _Toc117861517][bookmark: _Toc117874909][bookmark: _Toc118219676]Supplementary Fig. 4 Statistical analysis of nanostructures on silicon. a Import the AFM morphology data. b Statistics histogram of all height data points in a, where the substrate height is around . c Binarized image obtained by a with threshold of 1nm. d Four-connected domain erosion image obtained by c. e Capture the location and average height of each rough peak by searching the data information of each single connected domain in d. f Statistics histogram of rough peak spacing  (upper) and height  (lower).

[bookmark: _Toc96967871][bookmark: _Toc117861518][bookmark: _Toc117874910][bookmark: _Toc118219677]	Furthermore, we determine the shape of the rough peak to provide a basis for subsequent simulation modeling. We select a general rough peak, and export its height data as shown in Supplementary Fig. 5 (the blue square points). Then, we use the function  to fit the data points, where , the accurately fitted  is 10.22. In order to facilitate subsequent simulation modeling, we rounded  to get the fitted curve as shown in Supplementary Fig. 5 (red solid line).
[image: ]
[bookmark: _Toc96967872][bookmark: _Toc117861519][bookmark: _Toc117874911][bookmark: _Toc118219678]Supplementary Fig. 5 Fitting of rough peak shape. The blue square points are the height data of a general rough peak, and the red solid line is the curve fitted with the function , where  and  (Accurately fitted  is 10.22, the figure shows the result of rounding ).

5. [bookmark: _Toc118219679][bookmark: _Toc50129258][bookmark: _Toc58272678][bookmark: _Toc58275321][bookmark: _Toc58414121][bookmark: _Toc58579376][bookmark: _Toc58932883][bookmark: _Toc58933256][bookmark: _Toc58933416][bookmark: _Toc58933505][bookmark: _Toc58942338][bookmark: _Toc63527407]Friction measurement method of AFM system
[bookmark: _Toc96967874][bookmark: _Toc117861521][bookmark: _Toc117874913][bookmark: _Toc118219680][bookmark: _Toc50129257][bookmark: _Toc58272676][bookmark: _Toc58275319][bookmark: _Toc58414119][bookmark: _Toc58579374][bookmark: _Toc58932881][bookmark: _Toc58933254][bookmark: _Toc58933414][bookmark: _Toc58933503][bookmark: _Toc58942336][bookmark: _Toc63527405][bookmark: _Toc86665619]The friction measurements of the graphite flake/silicon heterostructures were performed under an ambient atmosphere. The experimental set-up included a commercial AFM (Cypher S-Oxford Instruments), a XYZ piezoelectric displacement platform, a high numerical aperture objective lens (20) and visualized AFM tip (ACCESS-NC-GG(Appnano)). Fig. 1a shows the schematic of the experimental set-up. We accurately pressed the AFM tip on the Au cap of the graphite flake through the optical microscope and piezoelectric displacement platform. The AFM tip was calibrated in situ by the Sader method 4,5 for the normal direction force and the diamagnetic levitation spring system 6 for the lateral direction force. The bottom surface of the silicon is fixed on the piezoelectric stage with tape, and the reflection of the laser projected on the cantilever of the AFM tip is received by the photodiode, and the movement of the laser spot caused by the deformation of the cantilever, which can accurately measure the lateral force during the sliding process.
[bookmark: _Toc86665620][bookmark: _Toc96967875][bookmark: _Toc117861522][bookmark: _Toc117874914][bookmark: _Toc118219681]Take the friction measurement in Fig. 3a as an example, the normal force  was applied by using the AFM cantilever, which can be written as

where  is the optical lever sensitivity,  is the normal spring constant, and  is optical detector signal. The lever sensitivity is measured by performing a standard force curve measurement as shown in Supplementary Fig. 6a, which includes loading (Forward, blue line) and unloading (Backward, red line) process. We also obtained average slope  through linear fitting. The normal spring constant  was calibrated by the Sader method 4. The optical detector signal  was set by AFM instrument. Therefore, we calculated the normal force of .
[image: ]
[bookmark: _Toc50129259][bookmark: _Toc58272679][bookmark: _Toc58275322][bookmark: _Toc58414122][bookmark: _Toc58579377][bookmark: _Toc58932884][bookmark: _Toc58933257][bookmark: _Toc58933417][bookmark: _Toc58933506][bookmark: _Toc58942339][bookmark: _Toc63527408][bookmark: _Toc86665621][bookmark: _Toc96967876][bookmark: _Toc117861523][bookmark: _Toc117874915][bookmark: _Toc118219682]Supplementary Fig. 6 Lever sensitivity measurement for normal and lateral calibration: (a) Standard force curve measurement for normal calibration, which includes the forward (blue) and backward (red) process. (b) Diamagnetic lateral force curve measurement for lateral calibration, where different colours represent different test lines.

Similar to the normal force, the friction force  was measured by AFM cantilever, which can be written as 

where  is the optical lever sensitivity,  is the lateral spring constant of diamagnetic levitation system6, and  is measured frictional optical detector signal 6. The  was calibrated by using high-speed CCD to detect the vibration frequency of the levitate graphite sheet and precision balance to measure its mass6. The optical lever sensitivity was measured by using the AFM tip to drag the levitate graphite sheet and measure its lateral force curve as shown in Supplementary Fig. 6b, we tested 256 times, and 16 of them are drawn in the figure, and we obtained its average slope  through linear fitting. Therefore, we calculated the lateral force coefficient .

6. [bookmark: _Toc118219683]Interface characterization method of tribological experiment  
In Fig. 2, Fig. 5 of the main text and Supplementary Fig. 9, we have performed friction and wear characterization on graphite flake/different types of silicon. Here we will introduce the specific operation process. Take Fig. 5 of the main text as an example, we first test the morphology of silicon sliding interface before and after friction test based on the atomic force microscope system (Cypher S-Oxford Instruments). Supplementary Fig. 7 gives a schematic diagram of the operation flow, the yellow solid block represents the graphite flake and the blue solid block represent the silicon substrate at the bottom, which includes the following steps:
· Step 1: We first find the transferred graphite flake on the silicon surface through the optical microscope as shown in Supplementary Fig. 7a, and then we measure the morphology of the right area 10  away from the center of the graphite flake based on a piezoelectric localization system, as shown in Supplementary Fig. 7b.
· Step 2: We use the AFM tip (ACCESS-NC-GG(Appnano)) to apply normal load on the graphite flake, and then move it to the right by 10  to the center of the previous morphological characterization region, as shown in Supplementary Fig. 7c.
· Step 3: Then we use the AFM tip to continue to drag the graphite flake to slid on the silicon surface to measure the friction force in situ, as shown in Supplementary Fig. 7d. 
· [bookmark: _Toc96967878][bookmark: _Toc117861525][bookmark: _Toc117874917][bookmark: _Toc118219684]Step 4: After the sliding process, we use the AFM tip to apply normal load on the graphite flake, and then move it to the left by 10  out of the characterization region, as shown in Supplementary Fig. 7e.
· [bookmark: _Toc96967879][bookmark: _Toc117861526][bookmark: _Toc117874918][bookmark: _Toc118219685]Step 5: Then, we measure the morphology of the right area 10  away from the center of the graphite flake again after the sliding process, which contain the sliding region, as shown in Supplementary Fig. 7f. 
After completing the above test process, we can continue to use the graphite flake as a mark to perform other characterization on the sliding region, such as friction mapping and Raman mapping characterization.
[image: ]
[bookmark: _Toc96967880][bookmark: _Toc117861527][bookmark: _Toc117874919][bookmark: _Toc118219686]Supplementary Fig. 7 Interface ccharacterization process of slided silicon based on atomic force microscope system. a Prepared graphite flake/silicon heterojunction. b Step 1: Characterize the morphology  silicon region centered at  on the right side of the graphite flake before sliding test. c Step 2: Move the graphite flake  to the right to the center of the characterization region. d Step 3: In-situ sliding friction test. e Step 4: Move the graphite flake  to the left to out of the characterization region. f Step 5: Characterize the morphology  silicon region in-situ after sliding test, which includes the sliding region.

After completing all the characterizations of slided silicon interface, we need to characterize the slided graphite flake interface to determine whether it occurred wear. Before that, we need to use the method shown in Supplementary Fig. 8 to lift the graphite flake by overcoming the van der Waals adsorption force between graphite flake and silicon interface. The whole process consists of three steps:
· Step 1: We place the AB glue mix in a ratio of 1:1 on the glass slide, and put it in the ambient atmosphere for 30 mins, and then we use a tungsten microtip controlled by a micromanipulator (Kleindiek MM3A) to extend into the AB glue (Supplementary Fig. 8a). There would be a micro glue drop (the diameter is around ) attached to the microtip (Supplementary Fig. 8b) when we pull out the microtip. The Supplementary Fig. 8c is the microscope observation after pulling out the microtip, and the yellow dashed frame is the position of the micro glue drop.
· Step 2: We align the microtip with micro glue to the top of slided graphite flake (Supplementary Fig. 8d), and then use the micromanipulator to stick the micro glue drop with the graphite flake (Supplementary Fig. 8e). The Supplementary Fig. 8f is the microscope observation of the sticking process.
· Step 3: When the micro glue drop is solidified and bonding, the bonding force between the micro glue drop and the graphite flake will be larger than the van der Waals adsorption force between the graphite flake and silicon, so we could lift the graphite flake by the micromanipulator (Supplementary Fig. 8g). 
After the above process, we flip 180 degrees of microtip to observe the slided interface of graphite flake by optical microscope as shown in Supplementary Fig. 8h, where the illustration in the upper left corner is a partial enlarged view (the region within the yellow dashed frame). Furthermore, we can perform the Raman characterization on the flipped slided graphite flake interface, to judge whether there is any observable damage from whether there is a D peak (1350 ).
[image: ]
[bookmark: _Toc50129266][bookmark: _Toc58272696][bookmark: _Toc58275339][bookmark: _Toc58414139][bookmark: _Toc58579394][bookmark: _Toc58932904][bookmark: _Toc58933437][bookmark: _Toc58933526][bookmark: _Toc58942358][bookmark: _Toc63527429][bookmark: _Toc86665624][bookmark: _Toc96967882][bookmark: _Toc117861529][bookmark: _Toc117874921][bookmark: _Toc118219687]Supplementary Fig. 8 Method to stick and flip graphite flake by micro glue drop. Step 1: a Use a tungsten microtip extend into the AB glue. b Pull out the microtip attach a micro glue drop (the diameter is around ). c Microscope observation after pulling out process. Step 2: d Alignment process of microtip with micro glue drop and graphite flake. e Sticking process of graphite flake and micro glue drop. f Microscope observation of sticking process. Step 3: g Lifting and flipping process of the graphite flake from silicon surface. h Microscope observation of slided interface of graphite flake. 

7. [bookmark: _Toc118219688]The wear between graphite flake and atomic flat silicon surface
[bookmark: _Hlk117875209]	In order to understand the phenomenon of the large friction between the graphite flake and the atomic-level flat silicon surface in Fig. 1d of main text, we performed detailed in-situ characterizations of the sliding interface (See Methods Section and Supplementary Section 6 for details). First of all, we use the same experimental set-up as Fig. 1a under the same environmental conditions, and drag the  graphite flake with the AFM tip to slide on the atomic-level silicon surface for 1024 cycles with the normal load of  and the speed of . Measured sliding friction force as shown in Supplementary Fig. 9a is always maintained at a large level () throughout the process. 
Secondly, we tested the  topography of the sliding region in situ as shown in Supplementary Fig. 9b, where the white highlighted region is the graphite flake, and the yellow dash frame is the boundary of the sliding region on the silicon surface. The partial enlarged view of the upper boundary in Supplementary Fig. 9b is shown in Supplementary Fig. 10a.
Thirdly, we use the AFM tip to drag the graphite flake  to the left out of sliding region (Supplementary Fig. 10b), and then continue to characterize the topography in situ as shown in Supplementary Fig. 9c, where the yellow dash frame is the boundary of the sliding region. There were debris on the boundary of the sliding region, but the middle topography of the sliding region as shown in Supplementary Fig. 9d is still atomically flat without any wear. We further performed the in-situ friction mapping characterization between the AFM tip and the slided silicon surface, as shown in Supplementary Fig. 10c, where there is a high friction force distribution on the boundary of the sliding region. Both the inside and outside of the sliding region have the similar friction magnitudes. Therefore, based on the above characterization results, the wear mainly occurred at the edge of the contact region instead of internal contact region. 
[image: ]
Supplementary Fig. 9 Characterization of wear between graphite flake and atomic flat silicon surface. a Measured friction force during 1024 continuous sliding cycles with a displacement amplitude of  and speed of  under a normal force of . b Topography () of the atomic-level smooth silicon surface in situ after 1024 sliding cycles, where the white highlighted region is the graphite flake, and the yellow dashed frame is the boundary of the sliding region. c Topography  obtained after using AFM tip to drag the graphite flake  to the left out of sliding region and then offset  to the right, there is wear debris on the edge of the sliding region. d Local topography () of the middle area in sliding region (orange dashed frame in c). e-j are the Raman characterization results of the sliding silicon region, where e is the optical observation, the red area is the scan area of  (including wear debris), f-h are the intensity distributions of D peak (1350 ), G peak (1580 ) and 2D peak (2700 ), respectively, there is obvious graphite composition at the position of wear debris. i Single-point Raman spectrum at the position of wear debris on slided silicon surface (blue cross mark in e), there are obvious D, G and 2D graphite peaks. j Single-point Raman spectrum at the critical position (black dot in illustration) on slided graphite interface, there is obvious D peak indicating defects caused by wear, where the illustration is the optical observation of flipped graphite flake.

[image: ]
[bookmark: _Toc86665623][bookmark: _Toc96967881][bookmark: _Toc117861528][bookmark: _Toc117874920][bookmark: _Toc118219689]Supplementary Fig. 10 The additional surface characterization results base on the friction test of Supplementary Fig. 9. a Partial enlarged scan of Supplementary Fig. 9b. b Move the graphite flake to the left by  on the basis of Supplementary Fig. 9b. c Friction mapping characterization in-situ from Supplementary Fig. 9c, where the normal force applied by the AFM tip is , and the sliding frequency is .

Lastly, in order to clarify the composition of wear debris, we did the Raman mapping characterization on the slided silicon surface. Supplementary Fig. 9e is the microscope observation, where the red frame area is the Raman characterization area, which contains the wear debris at the boundary of sliding region (yellow dash frame). The intensity distributions of D peak (1350 ), G peak (1580 ) and 2D peak (2700 ) are shown in Supplementary Figs. 9f-h, respectively, there is large intensity at the position of the wear debris in three images. The single-point Raman spectrum at the high intensity position in Supplementary Figs. 9f-h (the blue cross mark in Supplementary Fig. 9e) is shown in Supplementary Fig. 9i, where contains the obvious D, G and 2D graphite peaks, which indicates that the wear debris contains graphite. We also performed Raman characterization at the critical position (black dot in illustration) on the slided graphite flake interface, as shown in Fig. 9j. The obvious D peak on the slided graphite flake interface indicates that there was wear to the graphite flake interface after 1024 sliding cycles. Combining all the Raman characterization results above, we can conclude that the carbon atoms along the edge of the graphite flake are dragged off to the substrate through the strong chemical bond interaction with silicon.

8. [bookmark: _Toc118219690]The setup of finite element simulation of edge warping mechanism 
[bookmark: _Toc118219691]8.1 Van der Waals interaction in the finite element methods
	The Van der Waals (vdW) interaction between the bottom surface of the graphite flake and the top surface of the nanostructured silicon substrate in the finite element methods is derived from the Lennard-Jones (LJ) potential, which is widely used to describe vdW forces between materials. The LJ potential between carbon and silicon atoms is given by:

where , and 7.
For atoms in two surfaces in contact with coordinate  and , the distance  between them can be described as:

in which is the distance in x-y plane. Considering that the action range of vdW forces is much smaller than the scale of the surfaces, the total potential between surfaces of unit area can be calculated as8:


In which  and  are the atom number densities of carbon in graphite and silicon in substrate,  is the distance between two surfaces. The pressure of vdW interaction between graphite and silicon surfaces is:

	The curve of function  is shown as the blue line in Supplementary Fig. 10. The balance position marked as point A takes place when , and the max adhesive pressure  appears when , which is marked as point B. The adhesive pressure declines rapidly as  increases, and when the distance between surfaces is greater than , the vdW interaction is negligible. The red line in Supplementary Fig. 11 is the approximation of vdW interaction used in the finite element methods, where the coordinates of points C and D are (5, 300) and (10,0). The straight line to the left of point A is the tangent of the function curve (blue line) at point A.
[image: ]
Supplementary Fig. 11 Pressure of van del Waals interaction between graphite and silicon substrate. Blue line is the vdW interaction derived from LJ potential (Eq. (S7)) between carbon and silicon atoms. The red line is the difference approximation curve used in the finite element method.

[bookmark: _Toc118219692]8.2 Simulation of graphite flake pressed on flat silicon surface
[bookmark: _Hlk96735421][bookmark: _Hlk96735476]We performed comparative finite element method simulations of graphite flake pressed against a flat silicon substrate. The model is shown in Supplementary Fig. 12a, in which the flat silicon substrate has the same size and thickness as the nanostructured silicon substrate but no rough peaks, and the other simulation settings and boundary conditions are consistent with graphite flakes on nanostructured silicon (Fig. 3a in main text). The Mises stress distribution across the diagonal section is shown in Supplementary Fig. 12b. Compared to graphite flakes pressed on the surface of nanostructured silicon, there is also a normal stress concentration near the loading center, but no stress concentration around, and stress exists in the peripheral areas of the graphite flake and the flat silicon. We further plot the displacement in height (upper) and Mises stress (lower) distribution along the bottom of the graphite flake pressed on flat silicon across the diagonal section, as shown in Supplementary Fig. 12c, which shows that the peripheral part of the graphite flake bottom on a flat silicon substrate remained in its original position (black dotted line) with no displacement in height under central loading. Therefore, the contact between graphite flake and flat silicon surface is continuously in the whole contact area and no warping of edges occurs.
[image: ]
Supplementary Fig. 12 Comparative finite element method simulations of graphite flake pressed against a flat silicon substrate. a Schematic diagram of the finite element simulation model with flat silicon/graphite flake heterojunction, where the concentrated normal load of is applied to the center of the graphite flake. b Mises stress distribution across the diagonal section under central normal loading. c Displacement in height (upper) and Mises stress (lower) distribution along the bottom interface of graphite flake across diagonal section (see illustration in the lower image), where the black dotted line in the upper image is the original position of the bottom interface of the graphite flake.
[bookmark: _Toc118219693]8.3 Calculation of the de-adhesion force between graphite flakes and rough peaks
In order to obtain the de-adhesive force generated by the bending moment of the graphite flake on the rough peak of nanostructured silicon surface under the concentrated force, we modified the boundary conditions based on the finite element method (FEM) simulation setup in Fig. 3a. By constraining the relative displacement in the z direction between the bottom surface of the graphite flake and the roughness peak of the nanostructured silicon, we obtained the Mises stress distribution across the diagonal section under central normal loading as shown in the illustration of Fig. 3h in main text. From the simulation results, we found that along the diagonal direction, the two rough peaks closest to the loading center are under pressure, while the third rough peak generates the reaction force (i.e., the de-adhesive force) required to balance the bending moment of the graphite flake, which is about  (red dotted line in Fig. 3h of main text), and it’s larger than the maximum adhesion force of  obtained by the molecular dynamics (MD) simulations detailed in Supplementary Section 10. Therefore, the de-adhesive process will occur at the third rough peak position. In addition, the third rough peak near the loading center has the smallest de-adhesive force, and after de-adhesive process occurs at the third rough peak position, all periphery rough peaks will occur de-adhesive process. 

9. [bookmark: _Toc118219694]Calculation of the real contact area between graphite flakes and nanostructured silicon
For finite element method model shown in Fig. 3 of main text, the pressure distribution between the bottom surface of the graphite flake and nanostructured silicon substrate can be obtained as shown in Supplementary Fig. 13. The real contact area between graphite flake and nanostructured silicon surface (i.e., the location where the pressure distribution is greater than zero) can be divided into two parts: One part is the center area of the bottom surface of the graphite flake, which is pressed on the nanostructured silicon under concentrated load; the other part is the contact area between the bottom surface of the graphite flake and some rough peaks close to the loading center.
[image: ]
Supplementary Fig. 13 Simulated pressure distribution between the bottom surface of the graphite flake and nanostructured silicon substrate. Since there are tens of thousands of data points in the original data, it is difficult to draw graphs with software, so we use  difference points to draw graphs, resulting in asymmetric pressure distribution.
The contact area in the center area of the bottom surface of the graphite flake, which is pressed on the nanostructured silicon under concentrated load, can be approximated to a circle with radius , and the contact area between the bottom surface of graphite flake and the 32 rough peaks which keep in contact under the normal load can be calculated through DMT model. According to the DMT model, the contact area is given by:

where  is the curvature radius of the top of the rough peak, is the normal force between the graphite flake and a single rough peak, is the energy of adhesion which can be derived from the van del Waals interaction discussed above, and  is the reduced Young's modulus given as:

[bookmark: OLE_LINK1]where  and  are Young's modulus of the graphite in the contact direction and the silicon substrate, respectively; and  and  are the Poisson ratios of graphite and silicon, respectively. Combine Eq. (S8) and (S9), we calculated the real contact area between graphite flake and nanostructured silicon substrate under concentrated normal load to be .

10. [bookmark: _Toc118219695]The setup of molecular simulation of single rough peak adhesive force
[bookmark: OLE_LINK7][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK8][bookmark: OLE_LINK9]The MD simulation model consists of the silicon substrate and AB-stacking bilayer graphene. The morphology of the substrate is based on the experimental characterization (Figs. 3e and f are characterized by AFM, Cypher S-Oxford Instruments). Since the equilibrium distance of the vdW interaction between silicon and graphite is sub-nanometer and it decays with distance to the 6 powers, we used a miniature simulation model to ensure the simulation efficiency. The 2-nm-thick substrate used in our simulation is the tip of the realistic rough peak (usually with height 7 nm), and only bilayer graphene is used. The simulation box has the size of  and  atoms. Periodic boundary conditions are applied to  and  directions.
The quasi-static MD simulations are performed using LAMMPS9. The interlayer interaction between graphene/graphene and graphene/silicon is described by Lennard-Jones potential10. The intralayer interaction of graphene and substrate is described by REBO force field11 and the modified Tersoff force field12 respectively. The bottom atomic layer of the substrate is fixed as a rigid body. Springs with spring constant  are tethered to each carbon atom of the upper graphene layer to mimic the elastic behavior of bulk graphite13. 
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]To extract the maximum adhesion between the graphene and silicon substrate, we used the quasi-static simulation protocol14. At each step the rigid bottom atomic layer is displaced by  along z direction, followed by minimizing the total energy of the whole system with FIRE algorithm15 until the forces acting on each atom reduces below the tolerance .
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