



Supplementary Materials for

[bookmark: _Hlk144996435][bookmark: _Hlk164426381]Catalyzing Green Lubricants into Graphitic Carbon Layers by Iron Single Atoms to Reduce Friction and Wear


[bookmark: _Hlk149312635]Wei Song; Chongyang Zeng; Janet S. S. Wong; Chuke Ouyang; Ali Erdemir; Shouyi Sun; Seungjoo Lee; Weiwei Zhang ; Jianbin Luo; Xing Chen; Jinjin Li


Corresponding author: lijinjin@tsinghua.edu.cn; wwzhang@tiangong.edu.cn


The PDF file includes:
Experimental Section
ReaxFF reactive Simulation setup
C/O/H/Fe-2023 ReaxFF force field parameter
Fig. S1 to S42
Table S1 to S3
References






[bookmark: Tables][bookmark: MaterialsMethods]

Experimental Section
Materials
[bookmark: OLE_LINK7]PAO with a viscosity of 5.3 mPa.s at 30 ℃ was used as base oil as received from Chevron Corporation. Octanol (≥99%), malic acid (99%), oleic acid (OA, ≥99%) and hexane (anhydrous, 95%) were all purchased from Sigma-Aldrich, and they were used without further purification. A primary C8 ZDDP (≥90%) was purchased from Wuhan Yuancheng Technology Co., Ltd. Dioctyl malate (DOM) was synthesized using previously described method 1, 2, and its chemical structure was determined by 1H and 13C NMR spectra, as shown in Fig. S40 and Fig. S41. Dioctyl malonate (DOT), dioctyl fumarate (DOF), dioctyl adipate (DOA), dioctyl sebacate (DOS), didodecyl succinate (DOSN) were all purchased from Sichuan Yuanqi Pharmaceutical Technology Co., Ltd., and were used as received. 5% octanol, 5% oleic acid, 5% ZDDP, and 5% DOM in PAO were prepared by stirring at room temperature for 15 min.
Tribological test
[bookmark: _Hlk163132985][bookmark: OLE_LINK8][bookmark: _Hlk122254355][bookmark: _Hlk122254379]Tribological tests were performed using a SRV4 tribometer (Optimol Instruments). Specifically, the low disc was stationary, whereas the top ball is moving against the disc with a reciprocating mode. The diameter of the balls was 10 mm, whereas the diameter of the disc was 24 mm, with a thickness of 7.88 mm. The Balls and discs were composed of different materials, including AISI 52100 steel, diamond like carbon (DLC) coated steel, Si3N4, sapphire and glass, all of which were purchased from Beijing Jingyue Hongbo Technology Co., Ltd. The surface roughness (Ra) of the balls and discs was approximately 10 nm. Prior to the friction test, all the samples were ultrasonically rinsed in a mixture of ethanol and petroleum ether (v/v=1:1), followed by drying in air overnight. The friction test of neat PAO, 5% DOM, 5% octanol, 5% OA, and 5% ZDDP were conducted at 30 ℃ under 36 N. The reciprocating frequency was 10 Hz with a stoke length of 1 mm. The elastohydrodynamic film thickness of various additives in PAO was calculated according to Dowson and Hamrock’s equation (Note S1), and it was approximately 1.39 nm for the friction test with a frequency of 10 Hz at 30 ℃. The λ, which is the ratio of calculated liquid film thickness to initial root mean square roughness of the two surfaces (Rq, nm), was used to evaluate the lubrication regime, and it was approximately 0.1. Thus, friction tests with various additives were all performed under boundary lubrication. The tribological performance were also evaluated on different tribopair surfaces under loads of 12, 24 and 36 N, and their corresponding contact pressure are listed in Table S3. All friction tests were repeated three times, and all showed good reproducibility. The wear track surface was rinsed by hexane before surface analysis. The wear volume (V) was calculated with the following equation,
                                             (1)
Where d is the wear scar diameter, r is the radius of the ball, and
                                                       (2)
Surface analysis
The viscosity of lubricants at 30 ℃ was tested by rheometer (MCR02, Anton Paar) at shear rates from 10 to 3000 s-1, as shown in Fig. S42. The three-dimensional topography of the wear track was determined by white-light interferometry (ZYGO Lambda, USA). The topography and nanomechanics of the wear track were investigated by AFM (MFP-3D, Asylum Research) under the contact mode. The AFM tip was composed of silicon with spring constant of 0.29 N/m after calibration, and its free resonant frequency was 13 kHz. The lateral detector sensitivity was 25.66 nN/mV, which was calibrated by improved wedge method3. The topography of the wear track in Fig. S16 was obtained under a deflection setpoint of 0.5 V. Additionally, to assess the robustness of the tribofilm on wear track, a repeated friction test was applied 110 times on a 10 μm × 10 μm rectangular box inside the tribofilm (Fig. S17). The deflection setpoint was 8 V during the test, and the topography and lateral force were recorded for each friction test (Fig. 2c). The force–distance curves were obtained via AFM in three areas: the island-like area inside the wear track, no-island area inside the wear track, and unrubbed area. Specifically, the AFM tip approached the sample surface and then retracted from it, during which the force and distance between the AFM tip and sample surface were recorded (Fig. 2d). The maximum pull-off force during AFM retraction from the surface was used to evaluate the adhesion of the AFM tip to the sample surface (Fig. 2e). Force–distance curves were collected at 100 points in each area. The Young’s modulus and hardness of the tribofilm was evaluated by a nanoindentation test (Bruker TI 980 triboindenter). Specifically, a tip composed of a diamond with a diameter of 30 nm gradually approached the sample surface and reached a depth of 40 nm within the first 5 s. After that, the tip was maintained in the same position for 5 s, and then retracted from the sample surface. The force was monitored during the entire process, and the Young’s modulus and hardness were fitted using Oliver–Pharr model. Raman spectra (LabRAM HR Evolution, Horiba) with an excitation wavelength of 532 nm were obtained on the wear track to determine its chemical composition. The Raman spectra were collected at a power of 5 mW and acquisition time of 30 s. The Raman mapping image was collected in a 150 μm × 115 μm area inside the wear track with an acquisition step size of 3 μm. Micro-FTIR (Vertex 70V, Bruker) was performed on an 80 μm × 80 μm rectangular box on the wear track. A lamellar layer on the wear track formed by 5% DOM in PAO was prepared via FIB (LYRA3, TESCAN. Q.S., Czech Republic). Subsequently, the cross-sectional morphology and elemental mapping distributions were observed by TEM (JEM 2100F, Japan, 200 kV) and EDS. Prior to sample preparation, chromium and platinum layers were deposited on the sample surface using a precision etching and coating system (Gatan 682) to protect the sample. The elemental compositions and specific chemical statuses at various depths were determined by XPS (Ulvac-Phi Quantera II, Japan).  Each XPS test was run on a 100 μm × 100 μm rectangular box, and the sputter tests were performed at a rate of 0.3 nm/s. This sputtering rate was referred to as the SiO2 substrate. The XPS spectra were calibrated using sp3 C1s as the reference at 284.8 eV. The wear track surface lubricated by 5% DOM in PAO was further investigated by X-ray absorption spectroscopy (XAS) under the fluorescence mode to reveal the chemical state of iron. The test was conducted on the BL14W beamline using Si (111) crystal monochromators at the Shanghai Synchrotron Radiation Facility (SSRF), and the XAFS spectra were collected at room temperature using a 4-channel Silicon Drift Detector (SDD) Bruker 5040. Iron foil, FeO and Fe2O3 tested in the transmission mode were used as reference samples in this study.
The adsorption of additives on tribopair surface was investigated by QCM-D (Biolin Scientific). The sensor was composed of a Fe2O3 coated quartz with fundamental frequency of 5 MHz. Prior to the test, the sensor was ultrasonically cleaned in ethanol for 30 min, followed by UV ozone irradiation for 30 min.  The solution was pulled into the sensor cell by a pump with flow rate of 100 μL/min. The pipes were made of polytetrafluoroethylene (PTFE), whereas the O-ring and gasket for sealing were made of Kalrez, which were chemically stable in the solution in this work. The resonance frequency at overtone n = 1, 3, 5, 7, 9, 11, and 13 were recorded. A baseline was firstly obtained by neat PAO, followed by the introduction of 5% octanol/DOM in PAO. Subsequently, neat PAO was pumped into the sensor cell again to flush the sensor surface. The temperature was maintained at 30 ℃ during the test, and the resonance frequency was monitored during the entire process. The resonance frequency shift due to liquid loading, which arose from the viscosity and density difference of different liquids, was corrected in this work according to the method in the literature4-6. Hence, the adsorbed mass () can be calculated by the following formula:
                                                 (3)
where C is a constant with a value of 17.7 ng/(cm2 . Hz), n is the harmonic overtone number, and  is the frequency of each overtone after the viscosity correction. Because different overtones presented the same resonance frequency, n = 3 was used in this study. 
DFT calculation. 
The energy gap between highest molecular orbital (HOMO) and the lowest molecular orbital (LUMO) was calculated using density functional theory (DFT) with the method of BLYP/GGA and DNP as the base set7.
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Fig. S1. The wear track images of PAO and 5% DOM in PAO after friction test in Fig. 1g.

[image: ]
Fig. S2. The three repeated friction coefficient curves of (a) neat PAO, (b) 5% DOM in PAO, (c) 5% octanol in PAO, (d) 5% OA in PAO, (e) 5% GMO in PAO and (f) 5% ZDDP in PAO. The friction tests were conducted at 30oC under 36 N, and the stoke length was 1 mm with frequency of 10 Hz.


[image: ]
Fig. S3. (a) The average friction coefficient, (b) average wear scar diameter on top ball, and (c) average wear track width on disc of friction test with different additives. All friction tests were run at 30 oC under 36 N with stroke length of 1 mm and frequency of 10 Hz.
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Fig. S4. The three-dimensional white light interferometry images on the wear track lubricated by different additives at 10 Hz under 36 N. The wear track surfaces have been rinsed by hexane. 
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Fig. S5. The height profile and optical images of wear track formed by 5% OA in PAO.
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Fig. S6. The wear scar images on the top steel balls lubricated by different additives at 10 Hz under 36 N.
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Fig. S7. Three friction coefficients of (a) 5%GMO and (b) 5%ZDDP. Wear track images of (a) 5%GMO and (b) 5%ZDDP. All friction tests were run at 30 oC under 36 N with stroke length of 1 mm and frequency of 10 Hz.
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Fig. S8. The friction coefficient 5% DOM in PAO under 36 N. The friction tests were paused at 10 min, and then the steel surfaces were rinsed by hexane. After the hexane was evaporated in air, fresh 5%DOM was applied on the surface and the friction test was restarted. Since the ball and the disc were not uninstalled during rinsing and drying, the restarted friction tests after hexane rinsing were run on the same position as before. 

The low friction coefficient of 5%DOM in PAO can still be maintained at 10 min even after hexane rinsing. Thus, it can be inferred that this rinsing process on the wear track did not affect its surface chemical/mechanical properties.
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Fig. S9. The three wear track images of neat PAO (a) before and (b) after hexane rinsing. The friction tests were run at 30 oC.
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Fig. S10. The three wear track images of 5% OA in PAO (a) before and (b) after hexane rinsing. The friction tests were run at 30 oC.
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Fig. S11. The three wear track images of 5% octanol in PAO (a) before and (b) after hexane rinsing. The friction tests were run at 30 oC.
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Fig. S12. The three wear track images of 5% DOM in PAO (a) before and (b) after hexane rinsing. The three-dimensional white light interferometry images obtained on the wear track of test3 in (b). The friction tests were run at 30 oC.
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Fig. S13. The evolution of friction coefficient and wear obtained by 5 wt% DOM in PAO. (a) The friction coefficient, and (b) wear track images of 5 wt% DOM in PAO under 36 N for rubbing time of 30 s, 1 min, 3 min and 5 min, and the friction tests were conducted at 30 oC with frequency of 10 Hz. (c) The wear track image process for surface coverage calculation. 
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Fig. S14. (a) The Young’s modulus fitted by Oliver-Pharr method, and (c) hardness of the three areas calculated from the curves in in Fig. S14. (b) and (d) are the average of (a) and (c).
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Fig. S15. The repeated depth-time, load-depth and load time curves obtained by three indentation tests on (a) island area inside wear track, (b) no-island area inside wear track, (c) unrubbed area. The wear tracks are formed by friction test of 5% DOM.
The load-time curve of the island area formed by 5% DOM shows that its load decreased continuously from 10 to 15 s (load–time curve, Fig. S15a) while maintaining the tip position at a depth of 40 nm. This indicates stress relaxation in the island-like film, which can be attributed to its viscoelastic property8. Usually, this stress relaxation phenomenon is observed in metallic materials at high temperatures, as well as in polymeric materials at room temperature8, 9. Hence, the island-like area consists of a viscoelastic tribofilm, and it is potentially composed of a polymer-like layer. Note that this viscoelastic property has not been observed on unrubbed area and no-island area.
[image: ]
Fig. S16. The height profiles and topography images of the edge area on the wear track of 5% DOM in PAO under 36 N. (a) on a 60 µm × 60 µm area, (b) on a 10 µm × 10 µm area, (c) on a 2 µm × 2 µm area. (b) and (c) are respectively the white dash box in (a) and (b). The height profiles were obtained from the line A, line B and line C in the below topography images.
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Fig. S17. AFM topography, height profile and friction of the island area on wear track formed by 5% DOM in PAO. The AFM topography images of a 10 µm × 10 µm island area at (a) 1st scanning and (b) 110th scanning. (c) AFM topography image, and (f) corresponding friction image of a 60 µm × 60 µm island area at 111th scanning. The marked white dash box in (c)(f) are the region where repeated rubbing tests were run. (d)(e) Height profile of the dash line A and line B in (a)(b). The corresponding friction images of (a)(b) are shown in Fig. 2c.
The topography image of 110th rubbing shows similar appearance with that of 1st rubbing, and the height gap between the highest point and lowest point at 110th scanning on line A and line B did not decrease, compared to that of 1st rubbing. Besides, the repeated rubbing area in the white dash box in Fig. S17c,f shows similar appearance but lower friction, compared to the surrounding area. Thus, it can be concluded that this island-like film possess low friction property and cannot be easily removed even under high pressure, suggesting its strong robustness on the tribopair surface. Notably, the repeated rubbing area showed lower friction than its surrounding area in the 111th scan (Fig. S17f).
[image: ]
Fig. S18. The AFM topography images on wear track formed by 5% octanol in PAO. (a)(b) The height profile of the dash line A and line B in (c)(d). The AFM topography images of the 10 µm × 10 µm area at (c) 1st scanning, and (d) 110th scanning.
The height gap between the highest point and lowest point at 111th scanning on line A and line B (Figure S18b) has been substantially decreased, compared to that at 1st scanning (Figure S18a). This suggests that the wear track surface is easy to be damaged under AFM rubbing test. 






[image: ]
Fig. S19. The FTIR spectra of neat PAO and neat DOM liquid.
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Fig. S20.  High-resolution XPS spectra of C1s in wear track formed by 5 wt% octanol in PAO after normalization.
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[bookmark: OLE_LINK4]Fig. S21.  High-resolution XPS spectra of Fe2p in wear track formed by (a) unrubbed area, (b) neat PAO, (c) 5 wt% DOM in PAO and (c) 5 wt% octanol in PAO after normalization.
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Fig. S22. The optical microscopy images of the wear track lubricated by different lubricants after XPS sputter test.
The tribofilm of 5% DOM is removed after the sequential XPS sputtering test, whereas those oxide-rich tribolayers of neat PAO and 5% octanol are still present. This suggests that the carbon tribofilm formed by 5% DOM is considerably thinner than the iron oxide film formed by neat PAO and 5% octanol.



[image: ]
Fig. S23. STEM and EDX analysis on the tribofilm formed by 5 wt% DOM. (a) Scanning transmission electron microscopy (STEM) image, (b) EDS elemental concentration table of the tribofilm area in (a), (c) energy-dispersive X-ray spectroscopy (EDS) line scanning, and (d)–(f) elemental mapping images of the cross-sectional tribofilm in (a).
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Fig. S24. Normalized Fe K-edge X-ray absorption near edge structure (XANES)spectra of Fe foil, Fe2O3, Fe3O4 and wear track surface lubricated by 5% DOM in PAO. 
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[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Fig. S25. The wavelet transforms (WT) for the k2-weighted EXAFS signals from (a) Fe foil, (b) Fe2O3, and (c) Fe3O4.
[bookmark: _Hlk149309941]EXAFS Fourier transformation (Fig. 3k), XANES (Fig. S24) and wavelet transform (Fig. 3l, Fig. S25) on the tribofilm formed by 5% DOM show distinctive Fe-O bonding. Hence, combined with the corresponding HAADF-STEM image (Fig. 3i), it can be concluded that iron single atoms have been formed in the form of Fe-O-C.  
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[bookmark: OLE_LINK1]Fig. S26. (a) The QCM-D adsorption test of 5% octanol in PAO and 5% DOM in PAO after viscosity correction. The flow sequence: PAO (0~11 min)  5% friction modifiers in PAO (11~31 min)  PAO (31~42 min). (b) is a magnified image of the pink rectangular box in (a).
5%DOM shows a considerably higher adsorption mass than that of 5% octanol when PAO is replaced by PAO containing friction modifiers at 12 min (Fig. S26a). Interestingly, even after 5% DOM is flushed away by neat PAO at 32 min, it can maintain an adsorption mass of 60 ng/cm2 (Fig. S26b), corresponding to 1.04 DOM molecule per nm2. Considering that the chain length of DOM is approximately 2.6 nm (Fig. S27), monolayer adsorption may have occurred after neat PAO flushing. In comparison, no visible adsorption of octanol on the tribopair surface is observed after replacing 5% octanol with neat PAO at 32 min.
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Fig. S27. The three-dimensional molecular structure of DOM, showing the chain length of 2.6 nm.
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Fig. S28. the calculated HOMO-LUMO energy gap of (a) malic acid, (b) octanol and (c) DOM.
Malic acid exhibits a low energy gap of 4.77 eV, suggesting a high chemical reactivity (Fig. S28). In contrast, the octanol molecule shows a large energy gap of 7.29 eV between the HOMO and LUMO, indicating its chemical inertness. Nevertheless, its energy gap decreases substantially to 4.92 eV after its reaction with malic acid to form DOM.
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Fig. S29. The average friction coefficient and wear track width of diester additives derived from different length carboxylic acid in Fig. 4.
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Fig. S30. The load-depth curves obtained by three indentation tests of the white area (no island area) in the wear track formed by (a) DOT, (b) DOF, (c) DOA, (d) DOS, and (e) DOSN.
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Fig. S31. The average Young’s modulus and hardness of the black/grey area (island area) and white area (no island area) in the wear track formed by the diester in Fig. 4.
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Fig. S32. The XPS atomic concentration of (a) carbon, (b) oxygen, and (c) iron at different depths of the wear track formed by the diester in Fig. 4.
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Fig. S33. The normalized high-resolution XPS spectra of (a) carbon, (b) iron, and (c) oxygen at different depths of the wear track formed by the diester in Fig. 4.
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Fig. S34. Morphology and chemical analysis on the tribofilm formed by 5% DOT. (a) Cross-sectional TEM image of the wear track formed by 5% DOT. (b)(c) HRTEM of the tribofilm area in (a). (d) The lattice fringe spacing obtained from the red row in (b). (e) Scanning transmission electron microscopy (STEM) image, and corresponding (f) energy-dispersive X-ray spectroscopy (EDS) line scanning, (g)–(i) elemental mapping images of the cross-sectional tribofilm formed by 5% DOT. 
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Fig. S35. The friction coefficient of neat PAO and 5% DOM in PAO for (a) Si3N4-Si3N4 contact under 12 N, (b) Si3N4-Si3N4 contact under 36 N, (c) sapphire-sapphire contact under 14 N, (d) sapphire-sapphire contact under 36 N, (e) glass-glass contact under 36 N, and (f) DLC-DLC contact under 24 N. The frequency is 10 Hz, and the temperature is 30 oC.
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Fig. S36. Tribological performance of PAO containing 5 wt% DOM effect on various surfaces. Friction coefficient and wear track images, and Raman spectra of PAO and 5 wt% DOM in PAO for (a) DLC ball-on-steel disc under 24 N and (b) glass ball on steel disc under 36 N. The schematic of (c) the blocked interaction between DOM and steel surface with no iron single atoms formation, (d) the interaction between DOM and iron single atoms distributed on a thin carbon film, and (e) a thick carbon film formed on steel surface under iron single atoms catalysis.
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Fig. S37. Schematic model of DOM molecules confined by two (a) Fe and (b) SiO2 slabs.
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Fig. S38. The structure evolution of DOM molecules on Fe (110) surface at (a) 39.375 ps; (b) 39.750 ps, (c)39.875 ps, and (d) 40.500 ps. 
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Fig. S39. Schematic diagram of the structural evolution of the DOM molecules confined between two SiO2 (001) surfaces. (a) at 0 ps; (b) at 600 ps; (c) at 1200 ps. 
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Fig. S40. The 1H NMR spectrum of DOM in CDCl3
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Fig. S41. The 13C NMR spectrum of DOM in CDCl3
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Fig. S42. The viscosity of PAO, 5% octanol in PAO, and 5% DOM in PAO. All tests were run at 30 oC under shear rate from 10 s-1 to 3000 s-1.











Table S1 The Young’s modulus, poisson’s ratio, surface roughness of different tribopair surface before friction test.
	
	Young’s modulus (GPa)
	Poisson’s ratio
	Roughness (Rq, nm)

	AISI 52100
	230
	0.29
	18

	DLC coated steel
	230
	0.29
	18

	Si3N4
	238
	0.26
	22

	sapphire
	345
	0.30
	3

	glass
	70
	0.22
	2
















Table S2 The frequency, temperature, viscosity, calculated liquid film thickness and lambda ratio of the friction test.
	
	Frequency (Hz)
	Temperature
(oC)
	Viscosity
(mPa·s)
	film thickness (nm)
	λ

	PAO
	10
	30
	5.3
	1.15
	0.08

	5% octanol in PAO
	10
	30
	4.6
	1.04
	0.07

	5% DOM in PAO
	10
	30
	5.0
	1.11
	0.08
















Table S3 The calculated mean contact pressure and maximum contact pressure of different tribopair surface under different load
	ball
	disc
	Load (N)
	Mean Contact pressure (GPa)
	Maximum Contact pressure (GPa)

	Steel
	steel
	36
	1.09
	1.64

	DLC
	DLC
	24
	0.95
	1.43

	DLC
	steel
	24
	0.95
	1.43

	Si3N4
	Si3N4
	12
	0.77
	1.15

	Si3N4
	Si3N4
	36
	1.10
	1.66

	sapphire
	sapphire
	14
	1.05
	1.57

	sapphire
	sapphire
	36
	1.44
	2.16

	glass
	glass
	36
	0.48
	0.72

	glass
	steel
	36
	0.64
	0.97










Note S1 The elastohydrodynamic film thickness and lambda (λ) ratio calculation
The elastohydrodynamic film thickness () was calculated according to Hamrock-Dowson equation, as following,
                (S1)
where
                                                          (S2)
                                                           (S3)
                                                        (S4)
                                                          (S5)
                                                (S6)
                                                    (S7)
                                                    (S8)
,  are the surface velocities of tribopairs. ,, are the elastic modulus and possin’s ration of tribopairs, and they can be found in Table S1. , are principal radii of contact. W is the normal load,  is the lubricant viscosity,  is the pressure viscosity coefficient.
The lubrication regime was evaluated by λ, which is the ratio of calculated liquid film thickness () to initial root mean square roughness of the two surfaces (, nm). It is calculated as following:
                                                  (S9)
where  are the surface roughness of two tribopair surfaces, which can be found in Table S1.





[bookmark: _Hlk164435409]ReaxFF reactive Simulation setup
ReaxFF reactive molecular dynamics (MD) simulations were conducted to elucidate the lubrication mechanism of DOM on different surfaces. The Fe (110) and SiO2 (001) surfaces were constructed to model the steel and glass surfaces in experiments, as their surface energies are the lowest10, 11 . All ReaxFF MD simulations were executed using the LAMMPS package12 within a canonical ensemble (NVT) framework, employing a time step of 0.25 fs. In all simulations, we adopted a force-biased Monte Carlo (fbMC) technique13 to accelerate the tribochemical reaction, i.e., 50,000 MC steps every 25 ps of MD steps.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Our typical computational model consists of two slabs of either Fe or SiO2, separated by a vertical distance of 80 Å, as depicted in Fig. S37. The initial simulation box dimensions are approximately 28.6 Å X 28.3 Å X 130.0 Å for the Fe (110) surface and 25.5 Å X 24.5 Å X 128.0 Å for the SiO2 surface. Periodic boundary conditions were applied in both the x and y directions. Within this setup, 36 lubricating DOM molecules are randomly placed in the cacant space between the two slabs, constituting a total of 720 carbon atoms. As shown in Fig. S37, the simulated model comprises five layers, ordered from bottom to top as follows: (1) the stationary bottom rigid-body layer of Fe or SiO2 substrate atoms (2) a free Fe or SiO2 substrate layer where atoms exhibit dynamic movement in the simulations, (3) DOM molecules positioned between the two slabs, (4) anothor free Fe or SiO2 layer with atoms allowed to move dynamically in the simulations, and (5) the top rigid-body layer of Fe or SiO2, which is laterally movable. With this initial configuration, three steps were carried out to imitate the tribological process: (1) equilibration the system at room temperature for 20 ps. (2) loading a pressure of 0.5 GPa on the top rigid-body layer along the z-direction while maintaining the bottom rigid-body layer fixed in space, followed by equilibration of the compressed system for 100 ps, and (3) sliding of top layer along the x-direction at a constant velocity of 0.3 m/s under the applied load for 1.25 ns while the bottom rigid-body layer remains fixed. During the sliding, the system is equilibrated at 1600 K using the Nosé-Hoover thermostat to accelerate the tribochemical reactions. Additionally, it's worth noting that local areas on a single asperity may attain elevated temperatures during the rubbing process, as previously discussed14, 15.
In this study, the ReaxFF parameters governing SiO2-hydrocarbon interactions were adopted from the Protein/Silica/CuOx force field, which was used to study the chemical mechanical polishing process successfully16. Regarding the Fe-C/H/O interaction, we merged the C/H/Fe 17, Fe/C/O/H 18 and C/H/N/O/S 19 force fields to study the graphene growth in Fe nanocluster.
C/O/H/Fe-2023 ReaxFF force field development and validation
The ReaxFF reactive force field developed by van Duin et al.20 is a bond-order-dependent force field, which is known to describe formation and dissociation of chemical bonds well. It determines the connectivity between every pair of atoms using bond-order calculations based on interatomic distances that are updated at every molecule dynamics time step. The potential can be expressed by the following21: 
           (S10)
in which , ,  and  are two-body, three-body and four-body contributions, respectively, and all of those terms are bond-order dependent. The bond order between a pair of atoms can be obtained directly from the interatomic distance  as given in Equation (S11):

                                                                      (S11)
where  is the total bond-order between two atoms i and j,  is the inter-atomic distance,  are the equilibrium bond distances of the   and bonds, and to are empirical parameters. 
The  and  are dispersive and electrostatic contributions between all atoms, regardless of connectivity and bond-order.  represents specific terms that are not included generally. Such a general formalism enables ReaxFF to accurately capture covalent, ionic, and metallic bonding, as well as transition states along a reaction pathway, it has been used successfully for a wide range of material systems, including metals, metal-oxides, ceramics, metal-organics, and hydrocarbons. The details of ReaxFF potential can be found in the CHO_2008 publication22. 
Since the C/H/N/O/S force field effectively describes graphitic carbon and hydrocarbon molecules, in this study, our primary focus centered on establishing pair potentials for Fe-C and Fe-H interactions. To achieve this, we retrained the bond terms, such as Fe-C and Fe-H, as well as the bond-angle terms for C–C–Fe, C–Fe–C, Fe-C-Fe, C-Fe-Fe, H-C-Fe, H-Fe-H, Fe-Fe-H, O-C-Fe angles. This optimization process was carried out using the successive one-parameter search technique implemented in the ReaxFF standalone code. In our training set, the binding energy of carbon atom on Fe (110) was considered. The ReaxFF predictions for binding energies of 5.77 in bridge sites and 7.11 eV in hollow sites of Fe (110) surface, reasonably align with the DFT calculations (6.72 and 8.19 eV, respectively). Furthermore, the heat formation energies of FeC, Fe2C and Fe3C predicted by ReaxFF are 2.12, 0.39 and 0.26 eV repectively, which closely match the DFT calculations (1.91, 0.56 and 0.17 eV, respectively). We also incorporated the equation of state (EOS) of Fe3C to describe the FeC crystal. Additionally, we considered the dehydrogenated catalytic reaction of the CH4 modeling molecule on the Fe (110) surface during our training. The DFT reaction barrier is 1.00 eV and ReaxFF predicts a barrier of 0.65 eV. It's evident that all the data in our training set effectively capture the interaction between the Fe surface and graphitic carbon. In summary, our ReaxFF results exhibit agreement with DFT data, validating the accuracy of ReaxFF in this study.
To emulate the loss of H2 molecules following dehydrogenation/chain scission, an efficient H2 removal scheme was implemented. By extracting information from the atomic connection table generated by LAMMPS using the “reaxff/bonds” keywords, the atom id of H in H2 molecule can be identified and then removed from the simulation box. Similarly, the count of C-H bonds was determined. Specifically, we monitored the numbers of H2 molecule and C-H bond every 25 ps MD steps with 50000 MC steps (Note, we verified that increasing the monitoring frequency did not significantly affect the results). The temporal evolution of the number of C-H bonds, H2 molecules and multi-membered carbon rings for both Fe (110) and SiO2 (001) surfaces is illustrated in Fig. 5d-f. 














[bookmark: _Hlk164435419]C/O/H/Fe-2023 ReaxFF force field parameter
Reactive MD-force field: C/O/H/Fe-2023: Ashraf C/H/O + Benhzad Carbontube + Islam PCCP-2016 Fe 
 39       ! Number of general parameters                            
   50.0000 !p(boc1)                               
    9.5469 !p(boc2)                               
   26.5405 !p(coa2)                               
    0.7097 !p(trip4)                              
    2.7376 !p(trip3)                              
   70.0000 !kc2                                   
    1.0588 !p(ovun6)                              
    4.1319 !p(trip2)                              
   12.1176 !p(ovun7)                              
   13.3056 !p(ovun8)                              
  -68.7063 !p(trip1)                              
    0.0000 !Lower Taper-radius (swa)              
   10.0000 !Upper Taper-radius (swb)              
    0.0000 !not used                              
   33.8667 !p(val7)                               
    6.0891 !p(lp1)                                
    1.0563 !p(val9)                               
    2.0384 !p(val10)                              
    6.1431 !not used                              
    6.9290 !p(pen2)                               
    0.3989 !p(pen3)                               
    3.9954 !p(pen4)                               
    0.0000 !not used                              
    5.7796 !p(tor2)                               
   10.0000 !p(tor3)                               
    1.9487 !p(tor4)                               
    0.0000 !not used                              
    2.1645 !p(cot2)                               
    1.5591 !p(vdW1)                               
    0.1000 !Cutoff for bond order*100 (cutoff)    
    2.1365 !p(coa4)                               
    0.6991 !p(ovun4)                              
   50.0000 !p(ovun3)                              
    1.8512 !p(val8)                               
    0.0000 !not used                              
    0.0000 !not used                              
    0.0000 !not used                              
    0.0000 !not used                              
2.6962 !p(coa3)        
     5    ! Nr of atoms; cov.r; valency;a.m;Rvdw;Evdw;gammaEEM;cov.r2;#
            alfa;gammavdW;valency;Eunder;Eover;chiEEM;etaEEM;n.u.               
            cov r3;Elp;Heat inc.;n.u.;n.u.;n.u.;n.u.                            
            ov/un;val1;n.u.;val3,vval4                                          
 C    1.3967   4.0000  12.0000   2.0653   0.1084   0.9500   1.1706   4.0000
      9.5656   1.5000   4.0000  27.5134  79.5548   5.1291   7.0520   0.0000
      1.1168   0.0000 181.0000  14.2732  24.4406   6.7313   0.8563   0.0000
     -4.1021   5.0000   1.0564   4.0000   2.9663   0.0000   0.0000   0.0000
 H    0.9497   1.0000   1.0080   1.1000   0.0258   0.9900  -0.1000   1.0000
      9.0873   4.5839   1.0000   0.0000 121.1250   4.8370   9.7728   1.0000
     -0.1000   0.0000  62.4879   2.5194   2.3785   0.2223   1.0698   0.0000
    -15.7683   2.1488   1.0338   1.0000   2.8793   0.0000   0.0000   0.0000
 O    1.1696   2.0000  15.9990   1.9077   0.1189   0.9900   1.0981   6.0000
     10.4573   8.3139   4.0000  28.8967 116.0768   8.0411   7.0500   2.0000
      1.0479  20.0000  60.8726  10.0338   2.2024   0.9942   0.9745   0.0000
     -3.6141   2.7025   1.0493   4.0000   2.9225   0.0000   0.0000   0.0000
 Fe   1.9306   3.0000  55.8450   2.1229   0.1163   0.4744  -1.6836   3.0000
     10.4193   7.0680   3.0000   0.0000  18.3725   1.7785   8.6281   0.0000
     -1.2000   0.0000  66.4838  25.3430  10.1260   0.7590   0.8563   0.0000
    -16.0573   2.6997   1.0338   6.0000   2.5791   0.0000   0.0000   0.0000
 X   -0.1000   2.0000   1.0080   2.0000   0.0000   0.4744  -0.1000   6.0000
     10.0000   2.5000   4.0000   0.0000   0.0000   4.0000  15.0000   0.0000
     -0.1000   0.0000 127.6226   8.7410  13.3640   0.6690   0.9745   0.0000
    -11.0000   2.7466   1.0338   6.2998   2.8793   0.0000   0.0000   0.0000
 10      ! Nr of bonds; Edis1;LPpen;n.u.;pbe1;pbo5;13corr;pbo6      
                         pbe2;pbo3;pbo4;Etrip;pbo1;pbo2;ovcorr                  
  1  1  82.1865 112.8397  45.2477   0.5521  -0.5000   1.0000  34.9859   0.7929
         6.3452  -0.1772   8.1073   1.0000  -0.0695   8.0532   1.0000   0.0000
  1  2 179.8121   0.0000   0.0000  -0.5072   0.0000   1.0000   6.0000   0.6424
         5.4938   1.0000   0.0000   1.0000  -0.1172   6.5194   0.0000   0.0000
  2  2 114.5085   0.0000   0.0000  -0.6444   0.0000   1.0000   6.0000   0.8846
         1.7843   1.0000   0.0000   1.0000  -0.0478   5.9268   0.0000   0.0000
  1  3 143.3846 163.1622   5.0000  -0.8825  -0.1111   1.0000  10.5581   0.7985
         0.6948  -0.4615   9.7829   1.0000  -0.1852   4.5871   0.0000   0.0000
  3  3 149.3884 160.1169  23.1992  -1.0000  -0.1594   1.0000  32.9246   0.4891
         1.0000  -0.1707   7.0973   1.0000  -0.1143   5.2829   1.0000   0.0000
  2  3 169.7927   0.0000   0.0000  -0.9728   0.0000   1.0000   6.0000   0.5630
         1.4790   1.0000   0.0000   1.0000  -0.1782   4.6191   0.0000   0.0000
  1  4  61.3321   9.2635   0.0000   0.7282  -0.2000   1.0000  16.0000   0.0764
         1.0000  -0.1373  13.2414   1.0000  -0.1453   4.4530   1.0000   0.0000
  2  4  72.9758   0.0000   0.0000   0.5293   0.0000   1.0000   6.0000   0.1647
         0.5103   1.0000   0.0000   1.0000  -0.1487   5.5469   0.0000   0.0000
  3  4   0.0000   0.0000   0.0000   0.3239  -0.3000   1.0000  36.0000   0.0743
         0.9573  -0.3500  15.0000   1.0000  -0.1139   7.6419   1.0000   0.0000
  4  4  44.2147   0.0000   0.0000   0.2236  -0.2000   0.0000  16.0000   0.2849
         0.4922  -0.2000  15.0000   1.0000  -0.0552   6.7583   0.0000   0.0000    
  6    ! Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2   
  1  2   0.1254   1.5706   9.9698   1.2046  -1.0000  -1.0000
  2  3   0.1122   1.6420   8.7132   1.0966  -1.0000  -1.0000
  1  3   0.1054   1.7161   8.9221   1.4148   1.1155   1.1290
  1  4   0.0743   1.6193  11.0023   1.4989   1.4126  -1.0000
  2  4   0.0200   1.8123  10.8190   1.3855  -1.0000  -1.0000
  3  4   0.0596   1.4000  10.1813   1.6923  -1.0000  -1.0000
 39    ! Nr of angles;at1;at2;at3;Thetao,o;ka;kb;pv1;pv2            
  1  1  1  75.1328  27.4838   2.6006   0.0000   0.0100   0.3556   1.8543
  1  1  2  60.6707   8.5483   3.2240   0.0000   1.1420   0.0114   1.5290
  2  1  2  71.7688  35.0000   3.2124   0.0000   0.0490   0.0000   1.0656
  1  2  2   0.0000   3.7388   7.6138   0.0000   0.0000   0.0000   1.0771
  1  2  1   0.0000   3.4110   7.7350   0.0000   0.0000   0.0000   1.0400
  2  2  2   0.0000  27.1364   5.7262   0.0000   0.0000   0.0000   1.0400
  1  1  3  77.3737  13.0091   8.3131   0.0000   0.3892  49.7758   2.3177
  3  1  3  77.7704  25.2112   5.9290  -22.0727   3.1622  -33.2764  3.4923
  2  1  3  81.3847  29.8062   1.3869   0.0000   0.4153   0.0000   2.0000
  1  3  1  80.3715  19.3753   5.2592   0.0000   0.1599   0.0000   1.0000
  1  3  3  83.0885  14.0865   3.1156   0.0000   1.8807  44.3521   1.0875
  3  3  3  89.9375  31.5616   2.3538   0.0000   0.2571  56.4579   1.0000
  1  3  2  82.9640  32.4874   0.8777   0.0000   0.9627   0.0000   1.0010
  2  3  3  86.8710  16.3493   1.5384   0.0000   3.3834   0.0000   2.1810
  2  3  2  83.3893  27.6273   0.4468   0.0000   0.7813   0.0000   2.4315
  1  2  3   0.0000  14.7208   3.1396   0.0000   3.9711   0.0000   1.0291
  3  2  3   0.0000   0.9153   4.0071   0.0000   0.0000   0.0000   1.6464
  2  2  3   0.0000   0.8773   2.1235   0.0000   0.0000   0.0000   2.4841
  1  4  1  41.6096  27.8737   1.3648   0.0000   0.3624   0.0000   2.7636
  1  1  4  38.5926  13.6942   0.7750   0.0000   0.3878   0.0000   1.0000
  1  4  4  19.0400   3.2335   0.0733   0.0000   2.9835   0.0000   1.6380
  4  1  4  74.3275  39.7379   0.5742   0.0000   0.0100   0.0000   1.3083
  2  1  4  14.7669  17.8047   0.8449   0.0000   0.0341   0.0000   1.5886
  2  4  2  18.6785   2.5574   2.8066   0.0000   0.7654   0.0000   1.0000
  2  2  4   0.0000   0.0100   0.9114   0.0000   1.8602   0.0000   3.5737
  4  2  4   0.0000  11.7607   7.9077   0.0000   2.3862   0.0000   1.0124
  2  4  4  46.9068   5.1156   0.9599   0.0000   2.1753   0.0000   1.8015
  2  4  4 178.1120   -6.1368  22.0872   0.0000   0.6019   0.0000   1.2898
  1  3  4  90.0000  38.4576   7.9692   0.0000   2.9022   0.0000   1.8972
  3  1  4  47.6545  13.7655   7.5388   0.0000   0.4122   0.0000   1.3233
  3  4  3  46.6898   0.0196   1.6860   0.0000   0.1614   0.0000   3.0337
  4  3  4  55.1830  13.0772   7.6870   0.0000   0.0100   0.0000   2.3562
  2  3  4  27.5385  39.7725   0.1787   0.0000   1.1209   0.0000   1.0000
  3  3  4  73.6721  32.6330   1.7223   0.0000   1.0221   0.0000   1.4351
  3  4  4  58.5114   4.2372   7.8281   0.0000   0.2071   0.0000   1.0000
  3  2  4   0.0000   0.0128   3.1837   0.0000   2.0791   0.0000   1.4444
  2  4  3  37.2200  11.3161   0.0100   0.0000   0.1687   0.0000   1.7164
  1  4  2  45.2113   0.5296   0.0100   0.0000   0.2694   0.0000   2.0539
  1  2  4   3.0179   0.0100   2.7348   0.0000   2.4636   0.0000   2.2833
 33    ! Nr of torsions;at1;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n
  1  1  1  1   2.0000  18.9182   0.0100  -6.5704  -2.6029   0.0000   0.0000
  1  1  1  2   1.3170  79.8617  -0.2022  -6.3640  -2.6774   0.0000   0.0000
  2  1  1  2   2.0337  79.9898   0.4134  -8.2236  -7.9500   0.0000   0.0000
  1  1  1  3   0.4234  23.2761   0.2581  -2.0998  -1.3532   0.0000   0.0000
  2  1  1  3   2.3808  53.6659   0.5289  -7.1478  -3.9822   0.0000   0.0000
  3  1  1  3  -1.9037   2.5825   -0.2749  -9.9928  -4.0000   0.0000   0.0000
  1  1  3  1  -0.6865  54.8942   -1.4494  -2.3861  -4.0000   0.0000   0.0000
  1  1  3  2  -1.8869  78.4072   0.9875  -3.4328  -3.3186   0.0000   0.0000
  2  1  3  1   0.5836  77.8163   0.6279  -3.0868  -3.4068   0.0000   0.0000
  2  1  3  2  -2.1339  76.0312   0.9518  -3.3793  -1.5592   0.0000   0.0000
  1  1  3  3   0.3480   1.2364   0.3518  -6.4927  -7.8349   0.0000   0.0000
  2  1  3  3   1.9489  78.7906   0.6453  -2.5000  -8.0000   0.0000   0.0000
  3  1  3  1  -4.0000  78.0053   1.0516  -2.2982  -3.9657   0.0000   0.0000
  3  1  3  2  -2.8330  79.2512   -1.0000  -2.7133  -3.9994   0.0000   0.0000
  3  1  3  3  -1.4019  84.3612   4.6337  -2.3987  -1.6173   0.0000   0.0000
  1  3  3  1   3.7709   0.1643   1.0000  -6.6851  -0.5327   0.0000   0.0000
  1  3  3  2   0.7358  19.5880   -0.9615  -2.0000  -2.7091   0.0000   0.0000
  2  3  3  2   4.1868  -3.0511   -0.9985  -7.5111  -3.0000   0.0000   0.0000
  1  3  3  3   4.1242  -9.9890   1.7676  -2.0000  -1.8951   0.0000   0.0000
  2  3  3  3   0.4296  -10.1982  -0.9773  -1.1308  -0.5000   0.0000   0.0000
  3  3  3  3  -0.2448   2.0795   3.2251  -7.4664  -0.5000   0.0000   0.0000
  0  1  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000
  0  2  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000
  0  2  3  0   0.0000   0.1000   0.0200  -2.5415   0.0000   0.0000   0.0000
  0  1  1  0   0.0000  50.0000   0.3000  -4.0000  -2.0000   0.0000   0.0000
  0  3  3  0   0.5511  25.4150   1.1330  -5.1903  -1.0000   0.0000   0.0000
  2  1  4  4   0.0000   0.0000   0.0000  -5.0000   0.0000   0.0000   0.0000
  1  1  1  4   0.0000   7.3327   0.0100  -6.2853   0.0000   0.0000   0.0000
  4  1  1  4   0.0000  26.4661   0.3169  -4.2449   0.0000   0.0000   0.0000
  1  1  4  1   0.0000   5.0000   0.0100  -5.9725   0.0000   0.0000   0.0000
  2  1  1  4   0.0000  25.8172   0.3850  -4.0000   0.0000   0.0000   0.0000
  2  1  4  1   0.0000   6.5550   0.0100  -5.9405   0.0000   0.0000   0.0000
  1  1  4  2   0.0000   5.0000   0.3769  -5.8716   0.0000   0.0000   0.0000
  1    ! Nr of hydrogen bonds;at1;at2;at3;Rhb;Dehb;vhb1             
      3  2  3   1.8130  -3.5409   2.3815  21.9463
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