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            Abstract
Moving mechanical interfaces are commonly lubricated and separated by a combination of fluid films and solid â€˜tribofilmsâ€™, which together ensure easy slippage and long wear life1. The efficacy of the fluid film is governed by the viscosity of the base oil in the lubricant; the efficacy of the solid tribofilm, which is produced as a result of sliding contact between moving parts, relies upon the effectiveness of the lubricantâ€™s anti-wear additive (typically zinc dialkyldithiophosphate)2. Minimizing friction and wear continues to be a challenge, and recent efforts have focused on enhancing the anti-friction and anti-wear properties of lubricants by incorporating inorganic nanoparticles and ionic liquids3,4. Here, we describe the in operando formation of carbon-based tribofilms via dissociative extraction from base-oil molecules on catalytically active, sliding nanometre-scale crystalline surfaces, enabling base oils to provide not only the fluid but also the solid tribofilm. We study nanocrystalline catalytic coatings composed of nitrides of either molybdenum or vanadium, containing either copper or nickel catalysts, respectively. Structurally, the resulting tribofilms are similar to diamond-like carbon5. Ball-on-disk tests at contact pressures of 1.3 gigapascals reveal that these tribofilms nearly eliminate wear, and provide lower friction than tribofilms formed with zinc dialkyldithiophosphate. Reactive and ab initio molecular-dynamics simulations show that the catalytic action of the coatings facilitates dehydrogenation of linear olefins in the lubricating oil and random scission of their carbonâ€“carbon backbones; the products recombine to nucleate and grow a compact, amorphous lubricating tribofilm.
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                    Figure 1: Structure of the MoNxâ€“Cu nanocomposite coating.


Figure 2: Friction and wear behaviour of the MoNxâ€“Cu-coated steel ball and disk in PAO 10 oil, and comparison with uncoated steel in PAO 10 or fully formulated 5W30 oils.


Figure 3: Raman spectra of the tribofilms produced during tests of coated and uncoated steel balls in pure PAO 10.


Figure 4: TEM sample preparation and results.


Figure 5: Atomistic mechanism of tribofilm formation by MoNxâ€“Cu, deduced from ab initio and reactive molecular-dynamics simulations.
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Extended data figures and tables

Extended Data Figure 1 HRTEM analysis of the MoNxâ€“Cu nanocomposite coating.
Measurements of d spacing were performed using the DiffTools suite in DigitalMicrograph software25. a, Diffraction pattern, showing the presence of two phases of MoNx that have been reported in the Inorganic Crystal Structure Database (ICSD; http://icsd.fiz-karlsruhe.de/): hexagonal Î´-MoN (ICSD accession number 99452) and cubic Î´â€²-MoN (ICSD accession number 159439). b, Measurements of the d spacing taken directly from the HRTEM image show the presence of nanocrystals of copper (ICSD 64699) in the film. c, Î´-MoN found in the nanocomposite coating. d, Î³-Mo2N in the coating. e, Copper nanocrystal close to the surface. The numbers in parentheses in the figure are the Miller indices of crystallographic planes.


Extended Data Figure 2 X-ray diffraction patterns of the MoNxâ€“Cu coating.
These spectra show the presence of copper, the molybdenum bonding layer and three different phases of MoNx. The possible MoN phases that can be produced by physical vapour deposition have been well studied26, but identifying such phases by XRD is difficult because the diffraction peaks can overlap. Here, grazing incidence XRD could not recognize the molybdenum bonding layer (between substrate and coating) that is identified with the peak at 40.5Â° in the Braggâ€“Brentano measurement, and which corresponds to the (110) plane of molybdenum (ICSD accession number 52267). The presence of the hexagonal Î´-MoN, cubic Î³-Mo2N and cubic Î´â€²-MoN in the MoNxâˆ’Cu nanocomposite coating was confirmed using the relevant peaks. The lattice parameters were calculated on the basis of the d spacing of the peaks. The peaks located at 35.7Â°, 48.24Â° and 64.14Â° correspond to the (200), (202) and (220) planes, respectively, of Î´-MoN (ICSD accession number 99452); lattice parameters are aâ€‰=â€‰5.8035â€‰Ã… and câ€‰=â€‰5.7006â€‰Ã…. The peak at 42.67Â° is well associated with the (200) plane of Î³-Mo2N (ICSD accession number 158843); this peak is generally the one used to identify the presence of this phase26; the lattice parameter is aâ€‰=â€‰4.2345â€‰Ã…. The cubic Î´â€²-MoN (ICSD accession number 159439) was found via the low intensity peak at 60.11Â°; the lattice parameter is aâ€‰=â€‰4.35â€‰Ã…. Copper is more evident on the grazing incidence XRD pattern (owing to the greater surface sensitivity compared with the Braggâ€“Brentano method and the possibility of observing planes that are different to those that are perpendicular to the surface). The peaks located at 43.68Â°, 50.88Â° and 74.82Â° are associated exclusively with the (111), (200) and (220) planes, respectively, of copper (ICSD accession number 64699) (aâ€‰=â€‰3.5864â€‰Ã…).


Extended Data Figure 3 X-ray photoelectron spectroscopy of the MoNxâ€“Cu coating.
a, Survey spectrum showing the presence of copper, molybdenum, nitrogen and oxygen in the film. The composition was calculated on the basis of the high-resolution peaks of the molybdenum 3d (doublet), oxygen 1s, nitrogen 1s and copper 2p3/2 orbitals. Intensity is in counts per second. b, High-resolution spectra showing the peaks corresponding to the molybdenum 3p3/2 and nitrogen 1s orbitals. c, High-resolution spectrum of the molybdenum 3d orbital. d, High-resolution spectrum showing the copper 2p3/2 orbital.


Extended Data Figure 4 Nanoindentation analyses of the MoNxâ€“Cu coating.
a, Loading/unloading curves for the measurements, using loads of between 500â€‰Î¼N and 12,000â€‰Î¼N. The â€˜depthâ€™ on the x-axis refers to the penetration depth of the diamond indentation tip. Different loads were used to evaluate the hardness (H) and elastic modulus (Er) as a function of the contact depth (hc), in order to avoid any influence of the substrateâ€™s mechanical properties. The Oliverâ€“Pharr method27 was used to calculate the hardness and the elastic modulus of the coating. b, Hardness as a function of penetration. The hardness did not decrease with penetration, and was 19.6â€‰Â±â€‰1.4â€‰GPa. c, The elastic modulus of the coating was 234.7â€‰Â±â€‰11.4â€‰GPa across a range of indentations.


Extended Data Figure 5 TOF-SIMS spectra and mapping of the contact region.
See Supplementary Methods for experimental details. a, Spectrum of material from inside the contact spot (denoted with a circle). b, Spectrum of material from outside the contact spot (denoted with a circle). c, Spectrum after subtraction of the spectra in a and b, verifying the presence of carbon and other hydrocarbon fractions on the contact spot (subtraction has been done after normalization of each spectrum according to total ion counts). d, Two-dimensional TOF-SIMS images from the contact spot and surrounding regions, confirming the presence of carbon and hydrocarbon fractions in the contact spot. The strong carbonaceous signals in the far outside section of the perimeter are due to the carbon-rich debris layers shown in Figs 2b and 4a.


Extended Data Figure 6 Wear volumes, calculated using three-dimensional optical profilometry.
a, Three-dimensional representation of the volume loss of three steel balls (one coated with MoNxâ€“Cu and two uncoated, in different oils) on the basis of flattening of the spherical caps of the steel balls. There is very little wear, with only a few scratches, on the ball coated with MoNxâ€“Cu and tested in PAO 10. b, Wear volume calculations, based on the profilometry in a, and compared with geometrical calculations based on the wear scar diameter. The wear volumes calculated using the two techniques are comparable, except in the case of MoNxâ€“Cu, where the diameter represents only the polished Hertzian contact area. 7.35Eâˆ’15 is 7.35â€‰Ã—â€‰10âˆ’15, and so on.


Extended Data Figure 7 Wear produced on the flat surface of the disk rubbing against the balls.
The optical micrographs at the top showing the physical condition and difference in wear track size in the three tests. The line scans and three-dimensional images below show the extent of wear damage more clearly. There is unmeasurable wear for the MoNxâ€“Cu-coated flat surface. The steel surface tested in PAO 10 shows the highest wear loss, with a wider wear track and deep scratches; the flat surface tested in 5W30 oil shows a much smaller and narrower wear track.


Extended Data Figure 8 Detailed analysis of HRTEM images of the debris layer of MoNxâ€“Cu.
a, HRTEM image showing nanocrystals of Î´â€²-MoN and Î³-Mo2N embedded in an amorphous carbon matrix. There were also onion-like carbons in many of the regions examined. The d-orbital spacing of 0.341â€‰nm is a typical value for this form of carbon structure28,29. b, HRTEM image showing the amorphous matrix with one crystalline domain (yellow box), which corresponds to Î´-MoN.


Extended Data Figure 9 EDS of the debris layer of MoNxâ€“Cu tested in PAO 10.
The spectrum shows the presence of molybdenum on the tribofilm. Copper cannot be quantified using this method owing the background from the TEM column. On the left is a TEM image showing the area of interest from which the spectrum was generated.
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Atomistic evolution of a representative olefin molecule between two sliding transition metal surfaces as shown by our reactive molecular dynamics (MD) simulations.
Under the catalytic activity of the transition metal surfaces, the linear olefin chains dehydrogenate, and break down into shorter hydrocarbon molecules. (MPG 12876 kb)


Temporal evolution of linear olefin molecules between sliding metal surfaces that do not form stable carbides as shown by our reactive MD simulations at 900-1,000 K.
Here as a typical example of non-carbide forming transition metal, we shown Cu (111). Under the sliding action, the linear olefins degenerate via dehydrogenation (dissociation of C-H bonds), and random scission of backbone C-C bonds resulting in short hydrocarbons fragments. The free H gets adsorbed to the metal near the metal-olefin interface; subsequently they diffuse into the bulk of the metal or form H2 molecules. (MP4 23938 kb)


Temporal evolution of linear olefin molecules between sliding metal surfaces that form stable carbides as shown by our reactive MD simulations at 900-1,000 K.
Here, we show V (001) surfaces wherein, aggressive carbide formation takes place. The formation of such thermodynamically preferred metal carbides precludes formation of DLC-like tribofilms. (MPG 1966 kb)


Temporal evolution of linear olefin molecules between sliding Mo (001) surfaces during reactive MD simulations.
Although Mo is known to form stable carbide, and shows degradation of olefins similar to Cu and V, the catalytic activity at 1,000 K is much lower, resulting in sluggish kinetics. (MPG 12800 kb)


Evolution of a 1-pentene molecule on Cu(111) during AIMD simulation at 1,000 K.
Evolution of a 1-pentene molecule on Cu(111) during AIMD simulation at 1,000 K. (MOV 19246 kb)


Evolution of a 1-pentene molecule on Mo (100) during AIMD simulation at 1,000 K.
Evolution of a 1-pentene molecule on Mo (100) during AIMD simulation at 1,000 K. (MOV 22498 kb)


Evolution of a 1-pentene molecule on V (100) during AIMD simulation at 1,000 K.
Evolution of a 1-pentene molecule on V (100) during AIMD simulation at 1,000 K. (MPG 23596 kb)


Evolution of a1-pentene molecule on MoN (100) during AIMD simulation at 1,000 K.
Evolution of a1-pentene molecule on MoN (100) during AIMD simulation at 1,000 K. (MOV 5988 kb)
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        Editorial Summary
Low-friction tribofilms created in situ
This paper describes a novel approach to lubrication between moving mechanical interfaces that relies on the extraction of carbon tribofilms in situ directly from the base-oil molecules on catalytically active, sliding nanometre-scale crystalline surfaces. The newly developed coatings â€” comprising molybdenum or vanadium nitrides plus a copper or nickel catalyst â€” deposited on steel substrates generate protective tribofilms from lubricating oils that virtually eliminate wear and provide lower friction than films produced from formulated lubricants.
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