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Figure S1: TEM images of the synthesized MXene powders (a) low-resolution TEM image of the as-synthesized few-layer Ti₃C₂Tₓ nanosheet. (b) SAED pattern; (b1) confirms its crystalline structure and the Ti₃C₂ phase along the [441] zone axis. (c) Measured layer thickness of Ti₃C₂Tₓ is 1.28 nm; an additional measurement from a HRTEM image yields a thickness of 1.04 nm. (e) Corresponding TEM image of a few-layer Nb₂CTₓ nanosheet. (f) and (f1) verify the crystalline structure and confirm the Nb₂C phase along the [001] zone axis. The corresponding HRTEM image (g) shows a measured layer thickness of 0.92 nm for Nb2CTx.
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Figure S2: (a) XRD patterns of Ti3C2Tx and Nb2CTx, indicating their phase composition and preferred orientations. (b) Normalized mean Raman spectra of MXene powder with standard deviation (n≥3): Ti3C2Tx (black) and Nb2CTx (red)
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[bookmark: _Ref197594662]Figure S3: Light-microscope images of the air sprayed coatings for (a) Ti3C2Tx (b) Nb2CTx (c) Hybrid

Table S1: The surface roughness of the respective coatings was determined based on light microscopy images equivalent to those shown in Figure S3.
	
	Sa
	Sz
	Sq
	Ssk
	Sku

	Ti3C2Tx
	1,197
	1,638
	26,204
	2,147
	10,186

	Nb2CTx
	0,168
	0,273
	6,776
	3,354
	26,039

	Hybrid
	0,868
	1,253
	24,409
	2,493
	13,930
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Figure S4: Energy-dispersive X-ray spectroscopy (EDS) analysis of the wear tracks for the different coatings. For the Ti₃C₂Tₓ coating (a), specific regions within the wear track were selected for analysis, with the corresponding elemental distribution maps shown in (a1). Similarly, the Nb₂CTₓ coating (b) was examined at marked areas within the wear track, and the resulting elemental maps are presented in (b1). For the hybrid coating (c), EDS measurements were also conducted at designated regions, with the respective element distribution results illustrated in (c1). These mappings provide insight into the elemental composition and spatial distribution of the coatings after tribological testing.

[image: ]
Figure S5: Overview of the TEM lamella preparation from the wear track of the hybrid coating. (a) SEM image of the wear track after a linear sliding friction test. (b) Zoomed-in section highlighting the region of interest showing the FIB cut position. (c) resulting cross-sectional TEM lamella. (d) presents the final TEM lamella, featuring two thinner regions specifically prepared for high-resolution TEM (HR-TEM) analysis.


Table S2: Summary of friction coefficients for different solid lubricants and hybrid coatings as reported in the literature
	Coating
	Contact pressure (GPa)
	Counterbody
	Speed (mm/s)
	COF
(steady state)

	MXene Ti3C2Tx
	0.35 [1], 0.46 [2], 
0.3 - 0.5 [3], 0.3 [4],
0.5 - 0.8 [5], 0.48 [this study]
	6 mm Al2O3 [1],
5 mm Al2O3 [2],
4 mm AISI 52100 [3], 6 mm Si3N4 [4], 
4 mm tungsten carbide [5], 6 mm Al2O3 [this study]
	1 [1], 2 [2], 2.5-6 [3], 1 [4],
2.5 [5],
1 [this study]
	0.21 [1], 0.16 [2],
0.2 - 0.3 [3], 0.13 - 0.2 [4], 0.11 - 0.5 [5],
 0.17* [this study]

	MXene Nb2CTx
	0.48 [this study]
	6 mm Al2O3 [this study
	1 [this study]
	0.17*[this study]

	Hybrid: Ti3C2Tx + Nb2CTx
	0.48 [this study]
	6 mm Al2O3 [this study]
	1 [this study]
	0.14 - 0.17 [this study]

	Hybrid: Ti3C2Tx + MoS2
	0.5 - 0.8 [5], 0.8 [6]
	4 mm tungsten carbide [5], 10 mm AISI 52100 [6],
	2.5 [5],
5 [6]
	0.11-0.32[5], 0.15 [6]

	Hybrid: Ti3C2Tx + Graphene
	0.006 [7]
	9.526 mm diameter stainless steel ball coated with diamond-like
carbon (DLC) [7]
	100 [7]
	0.0042 [7] (N2 atmosphere)

	MoS2
	0.5 - 0.8 [5], 0.45 [8], 
	4 mm tungsten carbide [5], 3.2 mm 440C [8], 
	2.5 [5],
1 [8] 
	0.32 [5],
0.1 [8],

	* until coating removal
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Figure S6: Cross-section and TEM lamellas with measured tribofilm thicknesses of the different coatings: (a) Cross-section of the tribofilm on the Ti3C2Tx coating (b) – (c) corresponding thickness measurement showing an average of 1383.2 ± 142 nm. (d) TEM lamella from the tribofilm of the Nb2CTx coating (e) – (f) measured tribofilm thickness 202.1 ± 56 nm. (g) TEM lamella extracted from the tribofilm of the hybrid coating (h) – (i) measured tribofilm thickness 230.5 ± 82 nm.	Comment by Danecker, Christina: with or without decimal places


[image: Ein Bild, das Screenshot, Text enthält.

KI-generierte Inhalte können fehlerhaft sein.]
Figure S7: (a) TEM overview image of the lamella from the hybrid coating after the friction test, with a marked area (position 1) selected for detailed analysis. The corresponding selected area electron diffraction (SAED) pattern acquired at this position is shown in (b). (c-d) Further analysis of the diffraction pattern shows an overlap of the two phases: Ti3C2 in ZA [12,6,1] (c) and Nb2C in ZA [1,-1,1] (d).
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Figure S8: TEM characterization of the wear track of the hybrid coating: (a1) STEM overview image, (a2) bright field TEM image of the tribofilm in Zone 1. (3) HR-TEM image taken at position 1 while a4 shows the measurement of the lattice spacing.
[image: Ein Bild, das Text, Screenshot, Karte enthält.

KI-generierte Inhalte können fehlerhaft sein.]
Figure S9: Transmission Electron Microscopy (TEM) analysis of the wear track on the hybrid coating. (a) HR-TEM analysis of the TEM lamella extracted. (b) The lattice plane distance measurement shows a mean lattice space of 0.2438nm, which is in good agreement of the Nb2C (002) reflex. Same for (c), measured 0,2611nm for Ti3C2 (100) reflex, and (d) 0,2058 for Ti3C2 (106) reflex.
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Figure S10: XPS survey of a) the reference (no tribological test) hybrid coating, and b) the wear track.

Table S3: Quantification of XPS survey over two scanned areas and oxide/carbide ratio.
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                                                 Hybrid  Nb 2 CT x  Ti 3 C 2 T x  (a)  (a1)  (b)  (b1)  (c)  (c1)
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image15.emf
ratio oxide/carbide

Ti2p Nb3d C1s O1s F1s P2p Nb 3d Ti 2p

ref unsputtered 1,73 0,47 67,1 25,57 0,89 4,23 1,51 0,22

5 min GCIB 6,61 1,78 34,14 46,26 2,34 8,87 1,59 0,16

track unsputtered 4,91 1,64 62,23 26,5 2,44 2,28 5,29 0,17

5 min GCIB 12,08 4,62 21,34 51,93 4,37 5,66 3,48 0,33

ratio oxide/carbide

Ti2p Nb3d C1s O1s F1s P2p Nb 3d Ti 2p

ref unsputtered 1,95 0,43 71,56 21,8 0,74 3,52 1,83 0,23

10 min GCIB 7,92 1,96 33,04 45,81 3,36 7,92 1,24 0,16

track unsputtered 6,91 2,25 55,36 29,65 2,91 2,93 8,00 0,43

5 min GCIB 11,61 4,81 17,8 55,06 5,51 5,21 3,42 0,57

quantification at%

quantification at%

Area 2

Area 1


