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Abstract 

MXenes have gained notable attention in tribology due to their excellent wear resistance based 

on the formation of beneficial tribofilms. However, studies using MXenes as solid lubricants have 

mainly focused on multi-layer Ti3C2Tx coatings, while little is known about the tribological 

performance of MXene composites. Therefore, our study aims at scrutinizing and understanding 

the tribological behavior of MXenes and MXene composites as solid lubricants under 

reciprocating sliding conditions. Theoretical predictions regarding the resulting interlayer 

adhesion and coating-substrate adhesion helped to design the hybrid coatings. Multi-layer Ti3C2Tx, 

molybdenum disulfide (MoS2) and two hybrid coatings using Ti3C2Tx and MoS2 (random mixture 

and sandwich-like) were spray-coated onto steel substrates with a coating thickness of about 

800 nm. Dry sliding tests using a steel ball as counter-body were carried out at room temperature. 

The coatings’ morphology and formed tribofilms were holistically characterized by scanning and 

transmission electron microscopy (SEM, TEM) as well as X-ray photoelectron spectroscopy 

(XPS). Our results demonstrate that both hybrid coatings notably reduce friction and wear, 

outperforming their respective pure coatings (Ti3C2Tx and MoS2). This is attributed to synergistic 

effects between Ti3C2Tx and MoS2, with adhesion forces appearing to be the governing mechanism 

in enhancing the formation of stable tribofilms. Numerical calculations validate our experimental 

results, verifying that hybrid coatings exhibit low interlayer friction and high adhesion to ferrous 

substrates. Consequently, our work reveals the potential of Ti3C2Tx/MoS2 hybrid coatings to 

further optimize friction and wear.  
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1. INTRODUCTION 

The current environmental scenario demands effective tribological solutions to reduce pollutant 

emissions and improve systems’ efficiency by reducing friction and wear [1,2]. The strategy of 

using low-viscosity lubricants approaches its limits, since it goes hand in hand with reduced 

lubricant thicknesses, thus increasing the probability of asperity contact, friction, and wear. 

Therefore, researchers strive to find alternative strategies to improve the tribological behavior 

under mixed and boundary lubrication by applying solid lubricants. A class of solid lubricants 

intensively researched for their outstanding properties are 2D materials [3–5].  

In the last two decades, 2D materials showcased their outstanding mechanical, electrical, and 

thermal properties compared to their 3D precursor materials [6–8]. Layered 2D materials can form 

easy-to-shear tribolayers, which separate both rubbing surfaces, thus reducing friction and wear 

[9–11]. In this regard, graphene and transition metal dichalcogenides (TMDs) are the most studied 

2D materials until now [12,13]. However, since their discovery in 2011, the more recently 

established material class of MXenes has rapidly gained notable attention owing to their tunable 

structure and chemistry, offering tremendous potential for tribological applications [14,15]. 

MXenes are early transition metal carbides, nitrides, or carbonitrides, which are synthetized 

from MAX-phase precursors by selectively removing their A layers [14,16]. MXenes’ general 

formula is Mn+1XnTx (n between 1 and 4, with M being an early transition metal and X either C or 

N, while Tx represent all surface terminations, e.g., –O, –Cl, –F or –OH [14]. The combination of 

possible chemical elements and surface terminations permits to tune MXenes’ properties, thus 

making them more versatile than traditional 2D materials. Despite their already observed excellent 

properties, it is anticipated that MXenes’ true potential is yet to be explored [17]. 
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Applications such as energy storage/harvesting and electromagnetic shielding have been initially 

studied [18–20], whereas tribological and mechanical properties have moved to the focus of 

research only in the past 5 years [3,21,22]. Even though there is a vast variety of possible MXenes, 

multi-layer Ti3C2Tx is by far the most studied in tribology [17,21]. In this context, MXenes can be 

either used as lubricant additives [23,24], solid lubricants [25,26], or fillers in composites [27,28]. 

MXenes and, particularly multi-layer Ti3C2Tx, have shown an excellent wear resistance [29] and 

friction reduction (coefficient of friction (COF) ≈ 0.1 - 0.3 under dry sliding conditions and low 

relative humidities) [30] in particular when used as solid lubricants deposited on various substrates 

by spray-coating, drop casting or electro-spraying [29,31,32]. The observed experimental 

tendencies were traced back to the formation of a stable tribofilm [33]. Generally, it has been found 

that homogenous, high-quality coatings are required for an excellent tribological performance. 

Additionally, irrespective of the deposition technique, the establishment of a proper substrate-

coating interface is crucial for achieving superior tribological performance under solid lubrication 

[17]. In this regard, recent experimental and computational studies focused on the adhesion forces 

between MXenes with homogeneous and mixed terminations to better understand their tribological 

properties [34–36]. It has been demonstrated that MXenes’ surface terminations significantly 

influence their interlayer and substrate adhesion, thus greatly affecting the resulting tribological 

performance. The best combination of low interlayer binding and high adhesion to ferrous 

substrates was verified for -O terminations, whereas -OH groups increased interlayer binding and 

-F groups reduced the resulting substrate adhesion. In contrast, the monolayer thickness (Ti2CTx 

versus Ti4C3Tx) was shown to have a marginal effect on adhesion [36]. 

Based on the presented state-of-the-art, it becomes evident that 2D materials and, particularly, 

MXenes can notably improve the performance of tribological components. Little knowledge is 
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available about MXenes’ true tribological potential, since a systematic study evaluating the effect 

of different tribological loading conditions is still missing. Moreover, only few studies have 

combined Ti3C2Tx with other 2D materials (e.g., graphene or MoS2) to induce synergistic 

tribological effects [37–39]. 

Therefore, our work aims at studying the tribological performance of Ti3C2Tx and Ti3C2Tx/MoS2 

hybrid coatings used as solid lubricants under reciprocating sliding conditions. Uncoated ball 

bearing steel substrates were used as benchmark references, while the tribological performance of 

pure Ti3C2Tx and MoS2 coatings was also addressed. An in-depth post-mortem characterization of 

the wear tracks helped to shed light on the underlying mechanisms responsible for the observed 

tribological phenomena. The experimental work was complemented with density functional theory 

(DFT) simulations used for determining the interlayer adhesion between MoS2 and MXene, as 

well as their respective adhesion onto ferrous substrates (i.e., pure iron and hematite). 
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2. MATERIALS AND METHODS 

2.1  Materials and coating deposition 

Ball bearing steel (AISI 52100) was used for both tribological counter-bodies of the 

reciprocating ball-on-disc test, namely, disc Ø24 ×7.9 mm (Ra = 35 nm) and ball Ø10 mm (Ra = 

20 nm - grade G10). The solid lubricant coatings were applied on the plane surface of the discs by 

spray-coating. As subsequently explained, a user-developed spray routine has been developed to 

enhance coating uniformity. Uncoated discs and balls were tested as reference material. 

As coating materials, multi-layer Ti3C2Tx and molybdenum disulphide (MoS2) nano-sheets were 

utilized. For sake of simplicity, multi-layer Ti3C2Tx will be just named MXene throughout the 

entire manuscript. Regarding MXenes’ synthesis, commercial Ti3AlC2 MAX-powder 

(FORSMAN SCIENTIFIC Co. Ltd., Beijing, China) was immersed in a 40 % hydrofluoric acid 

solution. Under continuous stirring at room temperature for two hours, the reaction product was 

neutralized by several washing cycles with deionized water. Using centrifugation, the powder was 

separated prior to filtering under vacuum conditions and freeze-drying. The described synthesis 

resulted in multi-layer MXenes with a negligible amount of aluminum having x-y dimensions of 

about 2-3 µm. In z-direction, the as-fabricated multi-layers consisted of about 100-120 layers, thus 

being around 100 nm thick (0.9 nm average layer distance) (Figure S1a). More details about the 

synthesis process and the physicochemical characteristics of the as-synthesized MXenes can be 

found in Figure S1 in the Supporting Information and previously published research works 

[23,29,31,40]. Commercial MoS2 powder was purchased from Graphene supermarket (United 

States). In this regard, the MoS2 powder demonstrated a multi-layer structure with an interlamellar 

spacing of about 0.58 nm as measured by high-resolution transmission electron microscopy 

(Figure S1b). The initial characterization of MXene and MoS2 powders were conducted via 
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Raman spectroscopy (LabRAM HR Evolution). Raman spectra were obtained in backscattering 

geometry using a laser excitation wavelength of 532 nm. The laser output was 105 mW at the 

source and ~2 mW at the sample. The spectra were recorded in the spectral range from 80 to 1000 

cm-1 with an acquisition time of 128 s/spectrum and a spectral resolution of 3 cm-1 using a grating 

with a resolution of 1800 grooves/mm. 

In general, four different coating systems were fabricated: a MXene coating, a MoS2 coating, 

and two hybrid coatings consisting of a mixture of MXenes and MoS2 (Table 1). Irrespective of 

their composition, the 2D materials were mixed with ethanol using a concentration of 2 mg/ml. 

Composite I was prepared by dispersing MXenes and MoS2 in ethanol in the same weight fraction. 

The dispersions were homogenized for 5 minutes at 10,000 rpm using a shear-mixer (HG-15D 

digital homogenizer - Daihan Scientific). The dispersion and distribution of the nano-sheets were 

improved using tip sonication (QSONICA CL-18 Sonicators) for 1 hour (sonication time 5 s on, 5 

s off, 50 W power), followed by 2 hours of bath sonication. Afterwards, the solution was spray-

coated on the steel disc samples: The samples were arranged on a heating plate maintained at 75°C 

during spray-coating to speed up the solvent evaporation. A nozzle-substrate distance of 100 mm 

was kept constant for all samples. A pressure of 20 psi (1.38 bar) in the compressor was used 

during spray-coating. 

Composite II was produced by creating a sandwich-like structure with MXene being the bottom 

and MoS2 being the top layer as illustrated in Table 1. The sprayed volume was adjusted to obtain 

a coating thickness of 800 nm for all coatings (Composite I had two layers with an individual 

thickness of about 400 nm) except for MXene, which had a coating thickness of about 300 nm. 

After initial tribological pre-tests, it was observed that an increased MXene thickness brought 

drawbacks when compared to thinner coatings. Similar results had also been previously published 
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[26,41]. The resulting coating thicknesses were measured using white light interferometry (WLI, 

MFT-500, Rtec Instruments). 

 

Table 1. Summary of deposited coatings including coating design, thickness, deposited volume, 

and schematic representation of all samples considered. 

Name Material / Coating 

Volume 

sprayed 

(ml) 

Coating 

thickness 

(nm) 

Schematic 

REF Ball bearing steel AISI 52100 / /  

MXene MXene multi-layer Ti3C2Tx 2 275 ± 25   

MoS2 Molybdenum disulphide 4 775 ± 35 
 

Composite I 
“Mix”: MXene (50%) + MoS2 

(50%) 
6 825 ± 55 

 

Composite II 
“Bilayer”: MXene bottom + 

MoS2 top 

8  

(4+4) 
850 ± 50  

 

 

2.2 Tribological testing and tribofilm characterization 

The tribological experiments were carried out under reciprocating sliding using an SRV®5 

tribometer from Optimol Instruments. The disc samples were fixed on at the bottom part of the 

tribometer, whereas the balls are mounted on the upper oscillating sample holder. An electrical 

linear motor controls the frequency and stroke of the ball, while the normal load was applied to 

the disc through a load cell. Two piezo electric force sensors mounted on the disc sample holder 

measured the vertical (load) and lateral (frictional) forces (Figure S2). 
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The samples were tested at a Hertzian contact pressure of 0.8 GPa, an oscillating frequency of 

1 Hz, a stroke length of 2.5 mm, and a testing time of 15 minutes. The selection of the tribological 

conditions was backed upon previous research conducted by the authors, in which MXene solid 

lubricant coatings showed a beneficial friction evaluation up to contact pressures of 0.5 GPa [26]. 

A higher load has been selected in our study (contact pressure of 0.8 GPa) to verify MXenes’ 

operational limits and evaluate the potential of hybrid coatings for severe operations. The tests 

were performed at room temperature (20°C) and a relative humidity of 40 %. Each testing 

condition was repeated three times for statistical reasons to calculate mean values and standard 

deviations.  

The wear tracks were analyzed post-mortem by scanning electron microscopy (SEM, multi beam 

system JIB-4700F – JEOL) with energy-dispersive X-ray spectroscopy (EDS), focused ion beam 

microscopy (FIB), X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy 

(TEM, FEI TECNAI F20). XPS maps were acquired using a Thermo Fisher Scientific Thetaprobe 

with a monochromatic Al Kα X-ray source (1486.6 eV). The pass energy of 200 eV and spectrum 

energy step size of approximately 0.7 eV were used. The X-ray spot on the sample surface had a 

diameter of 50 µm and the map grid step size was likewise set to 50 µm. Prior to analysis, the 

whole map area was briefly sputter-cleaned with 3 keV Ar ions. Peak fitting was carried out with 

the Thermo Fisher Scientific Avantage Data System software using Gaussian/Lorentzian functions 

for peak fitting. The C1s peak of adventitious carbon located at 284.8 eV was utilized as a binding 

energy reference. 

For TEM investigation, the lamellae were prepared by FIB. The TEM lamellae had a size of 

~30×10 µm2, with a thickness of <100 nm at the areas of interest (near the surface layer). TEM-

EDS mappings and line-scans provided information on the chemical composition. High Angle 
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Annular Dark Field (HAADF) images showed elemental Z-contrast, while TEM imaging revealed 

the structure of the formed tribofilms. Additionally, Selected Area Electron Diffraction (SAED) 

patterns were used for phase analysis. Additional high resolution-TEM (HR-TEM) imaging was 

performed for phase analysis using Fourier Transformation (FT) and the measurements of lattice 

spacings in the HR-TEM images. 

 

2.3 Numerical simulation 

The adhesion of pure MoS2 and MXene layers onto steel substrates and the interlayer adhesion 

between MoS2 and MXene layers were numerically evaluated using density functional theory 

(DFT) calculations to support coating design and improve the interpretation of the underlying 

mechanisms responsible for the experimental results. Previous numerical results proved that the 

MXene monolayer thickness plays a marginal role in terms of adhesion [36]. In our previous work, 

the work of separation and adhesion forces of Ti2C, Ti3C2 and Ti4C3 MXenes have been shown to 

be mainly influenced by their surface termination rather than the monolayer thickness and overall 

stoichiometry [36]. Therefore, Ti2CTx layers were simulated to reduce computational effort.  

Spin-polarized DFT calculations were carried out as implemented in version 7.2 of the Quantum 

ESPRESSO package. The Perdew-Burke-Ernzerhof (PBE) parametrization within the general 

gradient approximation (GGA) approach was adopted for the description of the exchange and 

correlation functional. A dispersion term (DFT-D2NG) was incorporated for the inclusion of van 

der Waals interactions. The D2NG scheme is a modification of the Grimme-D2 parametrization, in 

which the C6 and R0 coefficients of the metal atoms (Ti, Mo, and Fe) are replaced with those of 

the preceding noble gas (i.e., Ar). The authors have already tested the accuracy of the D2NG scheme 

in the past [36], revealing its ability to accurately improve the description of the interlayer 
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interaction between MXenes. The electronic wave-functions were expanded on a plane-waves 

basis truncated with a cut-off of 50 Ry, while a cut-off of 400 Ry was employed for the charge 

density, accordingly to our previous studies on MXenes [36,42]. The ionic species were described 

by ultra-soft pseudopotentials with 4 (C), 6 (O and S), 7 (F), 12 (Ti), 14 (Mo), and 16 (Fe) explicit 

electrons. Default thresholds on the total energy (10−4 Ry) and forces (10−3 Ry/Bohr) were used 

for structural optimizations, while adopting a Gaussian smearing of 0.02 Ry for the electronic state 

occupation around the Fermi level. 

To avoid spurious vertical interactions between replicated images, 15 Å of vacuum were 

included along the axis perpendicular to the surfaces. Ti2CTx@MoS2 and Ti2CTx@Fe2O3 bilayers 

were modelled using hexagonal cells of size 9.32 and 9.97 Å, respectively. The mismatch between 

the equilibrium lattice parameter of the hetero-interfaces and that of their constituents never 

exceeded 5%. Please note that the Ti2CTx layers contained a mixture of terminations, which is 

representative of the realistic conditions [43]. Therefore, the stoichiometric formula of our MXene 

model is Ti2C(F1/3O1/3OH1/3)2, but for simplicity we will refer to it as Ti2CTx. The Brillouin zone 

of the hexagonal cells was sampled with a 6×6×1 Monkhorst−Pack grid for Ti2CTx@MoS2, and a 

3×3×1 grid for Ti2CTx@Fe2O3, respectively, ensuring the convergence of the total energy. The 

hematite surface (Fe2O3) was modelled with the Fe-terminated (001) plane, being one of the 

dominating planes in most of natural conditions[44]. The PBE functional with the inclusion of the 

Hubbard correction (PBE-D2NG+U) was used for both the Fe2O3 surface and the Ti2CTx@Fe2O3 

interface to compensate the onsite repulsion between d electrons of iron. In fact, Fe2O3 is a strongly 

correlated system with the wave function showing an antiferromagnetic character. The value of 

the U parameter was set to 4.2 eV, as described and explained in our previous work [36]. 
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The work of separation, which is the opposite of the adhesion energy, was calculated as a 

difference between the total energy of the single surfaces (E1 + E2) and the total energy of the 

corresponding interface (E12), divided by the in-plane area of the cell: 

𝑊𝑆𝐸𝑃 =
(𝐸1 + 𝐸2) − 𝐸12

𝐴𝑐𝑒𝑙𝑙
 (1) 

 

From this equation, the higher the 𝑊𝑆𝐸𝑃 values, the greater the interlayer and layer-substrate 

interactions. The work of separation changes as a function of the relative lateral position of the 

interface constituents. Therefore, we evaluated the interlayer and layer-substrate adhesion 

sampling different inequivalent lateral positions. The WSEP values presented in this manuscript 

refer to the thermodynamically most favorable lateral position between adjacent layers. 

We would like to point out that the numerical simulations were not intended to replicate the 

entire complex tribological system. Therefore, aspects including plastic deformation, atomic 

mixing, chemical reactions, and structural transformations have not been considered in this 

contribution. Consequently, our simulations focused on the adhesion between 2D interlayers and 

substrate, giving fundamental insights and guidance for the design of the targeted composite 

coatings. Additionally, together with the detailed post-mortem analysis of the contact surfaces, the 

numerical simulation supported the interpretation of the complex mechanisms between the rubbing 

surfaces during tribo-testing. 

 

3. RESULTS AND DISCUSSION 

3.1 Theoretically predicted adhesion behavior 

It is well accepted that the tribological performance of 2D materials is greatly influenced by their 

interlayer adhesion (between adjacent layers) and the resulting coating-substrate adhesion [36]. To 
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shed light on both aspects from a theoretical point of view, we calculated the work of separation 

𝑊𝑆𝐸𝑃 between the 2D materials and with the ferrous substrate, i.e., iron (011) and iron oxide (001), 

which can give useful indications regarding the resulting coating design.  

Concerning the work of separation of the coating-substrate interface, pure MoS2 adheres better 

to pure iron (1.30 J/m2) than Ti2CTx (0.40 J/m2) as shown in Figure 1a. When considering iron 

oxide Fe2O3, the opposite trend can be recognized since Ti2CTx shows an increased 𝑊𝑆𝐸𝑃 

(0.87 J/m2) compared to MoS2 (0.35 J/m2). This can be related to both charge- and hydrogen-

transfer from the MXene layer to the hematite surface. The formation of chemical bonds between 

MXene’ terminations and the exposed Fe atoms of Fe2O3, as well as the H-transfer from the 

hydroxyl groups of Ti2CTx to the oxygen atoms of the hematite can be seen in Figure 1b. Since 

the used substrate is covered by a thin native oxide layer, these numerical insights motivate the 

usage of a MXene bottom layer in a sandwich-layer structure with MoS2 being the top-most layer.  

With respect to the interlayer adhesion, it is important to point out that a lower 𝑊𝑆𝐸𝑃 between 

the 2D layers indicates an improved lubricity. The interlayer adhesion between pure MoS2 layers 

is 0.27 J/m2, which explains the generally excellent lubricating capability of this material. 

Interestingly, the interlayer adhesion between MoS2 and Ti2CTx with 0.25 J/m2 has been estimated 

to be very similar, which indicates a similarly excellent lubricity for these hetero-interfaces. In 

contrast, the inherent adhesion between adjacent Ti2CTx layers is significantly higher (0.52 J/m2). 

Since the resistance to sliding typically decreases with the interfacial adhesion[45], coatings 

composed of a mixture of MoS2 and MXenes are highly promising to improve the frictional 

performance. Therefore, the theoretical calculations are indicative that MXene/MoS2 composites 

can offer low interlayer friction and high adhesion to ferrous substrates, which may lead to an 

excellent frictional performance, thus outperforming pure MXene and MoS2 coatings. 
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Figure 1. (a) Work of separation (𝑊𝑆𝐸𝑃) for MoS2/MoS2, MoS2/Ti2CTx and Ti2CTx/Ti2CTx 

interfaces (left-hand side) as well as MoS2 and Ti2CTx onto pure iron (middle) and (0001) hematite 

surfaces (right-hand side), respectively. (b) Optimized configuration for the MoS2@Ti2CTx bilayer 

and the Ti2CTx layer interacting with Fe2O3, respectively. 

 

3.2 Structure, morphology, and surface chemistry of the as-deposited coatings 

Using SEM, the cross-sectional morphology of the as-prepared hybrid coatings was assessed 

(Figure 2). Due to the contrast with the underlying steel substrates, coatings with homogenous 

thicknesses can be clearly distinguished. Within the coatings, contrast differences become 

noticeable in the HAADF images, for which MXene-rich areas tend to be darker, while zones 

enriched in MoS2 appear brighter (Figure 2a and b). The corresponding elemental mappings 

(Figure 2c and d) and EDS line-scans (Figure 2e and f as indicated in Figure 2a and b) verify the 

success of the adopted approach. For Composite I, MXene (Ti signal in yellow) and MoS2 (Mo 

signal in red) are randomly intermixed, while larger MXene flakes are surrounded by smaller MoS2 

particles. In the case of Composite II, MXene can be identified as the bottom-layer, while MoS2 is 

the top-layer. This is also well reflected by the EDS line-scans, showing alternating S (from MoS2) 

and Ti (from MXene) signals for Composite I and a clear separation between S and Ti signals for 

Composite II. The fact that the bottom MXene layer in Composite II is not perfectly continuous 
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can be traced back to spray-coating, in which the nanomaterials are stochastically deposited on the 

substrate. 

Apart from the overall morphology and coating structure, the surface chemistry of all as-

deposited coatings was assessed by XPS (Figure S3 for the pure Ti3C2Tx and MoS2 coatings as 

well as Figure S4 for both hybrid composites). In the case of the as-deposited Ti3C2Tx coating, 

three different peak regions, namely the C1s, Ti2p and O1s regions, were considered (Figure S3a-

c). Regarding the analysis of the C1s peak (Figure S3a), three contributions located at 284.8, 286.1 

and 288.8 eV were detected, which can be assigned to C-C, C-O and C=O bonds, respectively 

(presence of organic components) [46–49]. The peak fitting of the Ti2p region (Figure S3b) 

required four doublets. The major doublet (458.7 and 464.4 eV) is associated with superficial 

titanium dioxide, while the other doublets represent Ti-C (454.3  and 460.0 eV), TiCx/TiCxOy 

(456.0 and 461.7 eV) and, TiO2; TiO2-XF2X bonds (457.2 and 462.9 eV) [46–48]. The fit functions 

necessary to describe the observed contributions for the O1s peak can be assigned to metal oxides 

(Ti (IV) bonding states) as well as C-O and C=O bonds [46–48]. A summary of all fitted XPS data 

for the as-deposited pure Ti3C2Tx coating including the BEs, FWHMs, peak areas, relative atomic 

percentage (at.-%), and the respective assignment can be found in Table S1.  

Concerning the as-deposited MoS2 coating, the respective analysis is shown in Figure S3d-f and 

summarized in Table S2. The high-resolution analysis of the Mo3d and S2s peak regions (Figure 

S3d-e) reveal the presence of two doublets each, for which their main contribution located at 229.8 

(233.0 eV) for Mo3d and 162.4 (163.9 eV) for Mo3d and S2s, respectively correspond to MoS2 [50–

52]. The other doublet detected for the Mo3d peak at 233.2 (236.2 eV) connects with MoO3, 

whereas another contribution for Mo3d at 226.8 eV is assigned to sulfate species [50,51]. MoO3, 
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sulfates, organic compounds (SO4
2-/C-O/C=O) and absorbed water can be assigned to the 

respective contributions found in the O1s peak [46,48–51]. 

With regard to Composite I (mixed hybrid coating), a detailed HR-XPS analysis was performed 

for the main S2p, Mo3d, Ti2p, and O1s peaks as shown in Figure S4a-d and summarized in Table 

S3. Similar contributions with slightly changed relative intensities were found as for the as-

deposited pure Ti3C2Tx and MoS2 coatings. Related to Composite II (bilayer hybrid coating), the 

HR-XPS analysis was conducted for the S2p, Mo3d, Ti2p, and O1s peak regions as depicted in Figure 

S4e-h and summarized in Table S4. As verified in Figure S4g, no Ti signal was observed. 

Moreover, the S, Mo, and O signals appear similar than the signals for pure MoS2 coating. For 

both hybrid coatings, an increased amount of sulfate species has been detected. In this regard, the 

environmental exposure of nano-MoS2 may help to promote its oxidation, which induces the 

formation of Mo (V), Mo (VI), and sulfate species. The respective sulfate species may be present 

as free sulfuric acid and/or coordinating sulfates in Mo−O−S moieties [53]. We anticipate that the 

underlying oxidation kinetics of MoS2 may have been accelerated by the heating during spray-

coating. However, the HR-XPS analysis aligns well with the conducted SEM analysis thus 

confirming the successful fabrication of the pure and hybrid coatings. 
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Figure 2. Cross-sectional morphology of the as-sprayed (a) Composite I and (b) Composite II 

coatings as analyzed by transmission electron microscopy. (a) and (b) demonstrate cross-sectional 

scanning electron micrographs, while (c) and (d) are elemental maps of the same areas with (e and 

f) the corresponding energy dispersive X-ray spectroscopy line scans along the lines indicated in 

(a) and (b) by black arrows. 

 

 

3.3 Frictional performance of the as-deposited coatings 

The frictional performance of all samples was evaluated using reciprocating sliding experiments 

at room temperature (Figure 3a). For the bearing steel reference (REF), the coefficient of friction 

(COF) started at around 0.4 and quickly increased to 0.7 until levelling off at about 0.9. This can 

be considered a typical frictional behavior for steel-on-steel contact.  

In contrast, the coated samples featured entirely different behaviors. The pure MXene coating 

did not show a beneficial effect for long under the chosen severe testing conditions since it only 

decreased friction for the first 200 s, after which it reached a high COF of 1.1. The high COF for 

the MXene coating is a result of coating removal and subsequent formation of debris, and oxides, 
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both acting as abrasives. We anticipate that the observed behavior can be related to the tribological 

testing conditions. Under an elevated contact pressure of 0.8 GPa, the MXene coating may be 

simply removed from the tribological contact zone, thus being deposited at the turning points of 

the wear track. The EDS analysis performed in the central region of the wear track did not detect 

the presence of Ti (zone 2 and 3 in Figure S5, Supporting Information). Additionally, the SEM 

micrographs confirm that the MXene coating was pushed away from the contact zone and 

accumulated on the edges of the wear scar (zone 1 in Figure S5, Supporting Information). 

In contrast, an excellent friction reduction was observed for the MoS2 coating (roughly four-fold 

reduction) in the first 600 s, in which it presented a COF of about 0.2, which aligns well with their 

calculated low interlayer adhesion. However, afterwards, the COF started to increase till the end 

of the experiment, thus reaching values of 0.4 and losing its beneficial lubrication effect. 

The best frictional performance was observed for the hybrid coatings, which did not lose their 

lubrication effect during the entire test duration. Both hybrid coatings demonstrated a very stable 

and low COF until the end of the experiment. These results implied an almost six-fold COF 

reduction. No significant frictional differences were detectable between both hybrid coatings. 

The experimental COFs before coating failure of some 2D materials (e.g. MXene Ti3C2Tx 

[29,31,32,54], MoS2 [55–57], graphene [58–61], h-BN [62,63], WS2 [55,64]) have been 

summarized in Table S5, Supporting Information. Based on this table, it becomes evident that, 

although keeping the experimental testing conditions fairly similar, quite some experimental 

scattering related to the obtained COFs can be seen for the individual 2D materials. These 

differences may be connected to the quality and structure of the initial 2D materials, the coating 

fabrication method as well as the coatings’ homogeneity, quality and adhesion, among others. 

Moreover, the observed scattering makes it challenging to directly compare the observed 
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experimental results with literature values. Therefore, we have experimentally evaluated not only 

the composite coatings, but also the pure 2D materials using the same equipment and testing 

conditions as well as the same batch of individual 2D materials.  

Regarding the wear behavior, the overall coarse-scale appearance of the wear tracks was similar 

for both hybrids (Figure 3c and d). In contrast, non-uniform, patchy films were observed in the 

wear tracks of the MXene and MoS2 coatings (Figure S5 and S6, Supporting Information). 

Additionally, the wear track of the pure MXene and MoS2 coatings were wider (width of about 

600 and 300 µm, respectively) than those of the composites (~200 µm), which is also in accordance 

with the high COF of MXenes and the partial failure of MoS2. 

 

 

Figure 3. (a) Evolution of the COF of all samples. SEM micrographs of the wear tracks for (b) 

MoS2, (c) Composite I and (d) Composite II. Mean values and the respective standard deviations 

of the three replicates are shown as plan line and shaded area, respectively. 

 

3.4 Wear track analysis by XPS 
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To better understand the underlying mechanisms that govern the excellent frictional 

performance of the composites, the wear tracks were analyzed by XPS. Concerning the wear track 

of the pure MXene coating (Figure S7a-d), local XPS measurements confirmed that signal 

contributions from oxidized Ti are still visible within the wear track. This clearly indicates that 

MXenes have experienced oxidation under the tribo-mechanical impact thus transforming into 

TiO2. Besides that, a mixture of F3O4, and α-Fe2O3 became evident when analyzing the Fe2p peak, 

which connects with the removal of the MXene coating from the contact zone. Both observed 

aspects go hand in hand with the observed frictional evolution of the pure MXene coating shown 

in Figure 3. In contrast, the detected signal in the wear track of the pure MoS2 coating confirmed 

only some slight oxidation, while a notable contribution that can be still assigned to the original 

MoS2 signal (Figure S7e-h). However, there is a significant increase in the contribution of base 

sulfate species in the S2p signal compared to the initial coating (Figure S7e), which can be 

associated with the formation of Mo-S-O groups [53]. The analysis of the Fe peak also 

demonstrates some substate exposure due to the presence of α-Fe2O3, while the FeSO4 specie 

algins well with the increased sulfate signal. A summary of all fitted XPS data for the wear track 

of Ti3C2Tx and MoS2 coating after tribo-testing can be found in Table S6 and S7. 

Concerning Composite I (mixed composite coating), clear signals of Mo, Ti, and Fe are still 

present in the wear track (Figure 4a-d). In this context, a Ti peak located at around 459 eV can be 

seen, which can be attributed to TiO2 thus confirming tribo-induced oxidation of the initial MXene 

coating. The analysis of the Mo3d peak in the wear track confirms the existence of MoO3 and 

original MoS2. As seen in the peak fit of the Fe signal, the thermomechanical impact generates 

iron oxides and FeSO4. Previous studies have also observed the formation of FeS2 as a byproduct 

of tribo-chemical processes [48]. 
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In contrast, the XPS data of the as-deposited Composite II did not exhibit any Ti signal (Figure 

4e-h), which is consistent with the sequence order (MoS2 being the topmost layer). The XPS 

analysis of the wear track detects a mixture of TiO2 (originating from MXenes’ tribo-oxidation), 

original MoS2, and other oxidation products (MoO3 and sulfate species), which is similar compared 

to the species observed for Composite I. The observed TiO2 signal is indicative for the partial 

removal of the top-most MoS2 layer, which aligns well with the cross-sectional TEM analysis.  

This implies that the substrate is still protected by a beneficial tribological layer, composed of the 

original coating materials and their tribo-induced oxidation products.  

Comparing the relative contribution of the sulfate species of both composite coatings, an 

increase from 29 to 40 % becomes evident (detectable in the Fe2p3/2 signal (Figure 4h as well as 

in Table S8 and S9). This implies that Composite II contains more Mo- and Fe-based sulfates. It 

has been reported that these sulfates contribute to the generation of tribo-films and help to improve 

the respective wear resistance [48,65,66]  (Figure 3d). 
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Figure 4. Detailed XPS analysis of the wear track for (a-d) Composite I and (e-h) Composite II 

coatings demonstrating the highly resolved, mathematically fitted peak regions of (a and e) S2p, (b 

and f) Mo3d, (c and g) Ti2p and (d and h) Fe2p, respectively. Each contribution assigned to a different 

chemical bond has been presented in a different color. Single dots resemble the experimental raw 

data, while the solid line represents the fitted spectrum. 

 

Apart from the high-resolution XPS data, elemental XPS mapping (Figure 5) allowed for a 

detailed investigation of the superficial chemical states, which shed light on the chemical changes 

across the entire wear track. 

In the case of the pure MXene coating, no Ti signal was detected in the wear track, while strong 

signals of Fe and O were observed. This implies the full removal of the initial MXene coating and 

the tribo-induced oxidation of the underlying substrate. This observation goes hand in hand with 

the measured evolution of the COF for this coating, which did not show any beneficial performance 

after a few minutes of testing. Concerning the wear track of the pure MoS2 coating, some signals 

of S and Mo (carbide, attributable to as-deposited MoS2) were detected in the outer perimeter of 

the wear track, while a more pronounced Mo signal (oxide) became evident in the center of the 

wear track. Additionally, strong Fe and O contributions are visible in the center of the wear track, 

which is again attributed to the removal of the MoS2 coating, thus exposing the underlying 

substrate oxidized during tribological testing. This observation aligns well with the observed 

increase of the COF after a sliding time towards the end of the test (Figure 3a).  

When comparing the elemental maps of the pure coatings with both hybrid coatings, notable 

differences can be observed. Regarding Composite I (mix of MXenes and MoS2), contributions of 

S, Mo (carbide) and Ti were encountered in the wear track, which indicates the presence of a 

tribofilm containing MoS2 and MXenes (in depth tribofilm analysis see section 3.4). These results 

corroborate the excellent frictional performance of Composite I (Figure 3a), showing the presence 

of MXenes and MoS2 on the surface enduring the whole test. Moreover, signals of Mo (oxide), O, 
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and Fe indicated the contribution of oxidation in the wear track and the formation of a tribofilm. 

The excellent tribological performance of Composite I can be attributed to the lower 𝑊𝑆𝐸𝑃 between 

MXene and MoS2 layers as well as MoS2 interfaces compared to pure MXene interfaces (Figure 

1). Since a lower WSEP implies more lubricity, the mixture of MXene and MoS2 helps to reduce 

friction compared to the pure coatings. Additionally, the high adhesion of MoS2 to iron and 

MXenes to iron oxide ensures that the lubricious film is not easily removed, thus extending the 

wear life. 

With respect to Composite II (layer-by-layer coating having MoS2 as top layer), the wear track 

still contains some S and Mo (carbide), which originate from the as-deposited MoS2 top-layer. 

Besides that, a clear signal from Mo (oxide) can be seen inside the wear track, which points 

towards the oxidation of the outermost layers. Interestingly, the Ti signal is even stronger 

compared to the surrounding zones, which is due to the partial removal of the top MoS2 layer and 

the exposure of the bottom MXene layer. The Fe signal was weaker for Composite II compared to 

the pure coatings, still indicating the presence of a thin coating after the tribological tests. These 

findings based on the XPS analyses imply that the top MoS2 is only partially removed and 

oxidized. In this regard, sufficient lubricious MoS2 and MXene are still available in the wear track, 

which induces a low COF as presented in Figure 3. The excellent tribological performance of 

Composite II can be explained again considering the calculated 𝑊𝑆𝐸𝑃 in Figure 1. Due to the high 

interlayer adhesion between MXenes and the ferrous substrate, we assume that MXenes act as an 

intermediate anchoring layer between the substrate and MoS2. This can help to avoid the complete 

exfoliation and removal of MoS2 in Composite II. Therefore, we anticipate that the bottom MXene 

layer contributes towards the durability and longevity of the top MoS2 layer by acting as an 

adhesion layer, thus improving additional coating-substrate interface adhesion.  
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Comparing the elemental maps in the wear tracks of both composites, higher concentrations of 

S, Mo, and Ti were encountered in Composite II, whereas a stronger Fe signal was detected in 

Composite I. This points towards a thicker and more homogenous tribofilm formed for Composite 

II, which might be due to the higher adhesion between MXene layers compared to MoS2-MoS2 or 

MoS2-Ti2CTx, as well as their high adhesion to the ferrous oxides. Therefore, the bottom MXene 

layer in Composite II is more effective in increasing the adhesion of the coating to the substrate 

than the randomly distributed MXenes in Composite I. 

 

 

Figure 5. XPS element maps of the wear track for MXene, MoS2, Composite I, and Composite II. 

The abbreviation n.a. stands for not applicable. Please note that brighter colors imply higher 

element concentrations, while different scales were adopted for every distinct element to improve 

data visibility and readability.  

 

Moreover, elemental depth profiles in the middle of the wear tracks were measured by XPS for 

all coated samples to shed light on the distribution of the elements across the tribofilms (Figure 

6). Related to the S distribution, it becomes evident that higher concentrations can be detected in 

surface regions. With increasing depth, the S signal decreases in an exponential fashion until 

almost disappearing at depths of about 200-300 nm (Figure 6a). For the MoS2 coatings, the S 
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concentration was significantly lower compared to both hybrid coatings (roughly three-fold 

reduction). This result proves that the MoS2 top layer of Composite II was still mainly intact after 

tribological testing, which agrees with the presented XPS surface mapping. Concerning the Mo 

distribution, the trend seen for the detected profiles of S stays unchanged (Figure 6b). The results 

of the S and Mo profiles are in accordance with the COF trend, being that MoS2 samples presented 

higher friction than both hybrid coatings (Figure 3a). In fact, the higher S and Mo concentrations 

in the composites compared to MoS2 indicate that the hybrid coatings were more prone to form 

stable tribofilms. MoS2 samples lost their lubricious properties at the end of the tribological tests, 

whereas the composites performed low and stable friction for the entire test duration (Figure 3a). 

Ti was only detected for hybrid samples and no traces were founded for the pure MXene 

coatings. This confirmed that the entire MXene layer was removed from the tribological contact 

zone without the possibility to form any beneficial tribolayer. This goes hand in hand with the 

discussed temporal evolution of the COF for the pure MXene coating, which shows an 

instantaneous increase reaching COF values above 1.1 (Figure 6c). For both hybrid coatings, the 

Ti signal was increased in surface-near regions, as observed for Mo and S, before decreasing in 

greater depths. In the case of Composite II, the maximum Ti concentration is shifted to a region 

further away from the surface (i.e., maximum is at a depth of roughly 100 nm) compared to 

Composite I, which aligns well with the as-deposited sandwich-like structure.  

The Fe signal was divided into metallic and oxidic contributions to distinguish between substrate 

contributions (metallic signal) and tribo-oxidation (oxide signal) as well as to better estimate the 

tribofilm thickness after tribo-testing. In case of pure MXene coatings, the concentration of 

metallic Fe quickly increased with increasing depth, confirming the exposure of the metallic 

substrate and the removal of the as-deposited MXenes (Figure 6d and e). For MoS2 and both the 
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metallic Fe signal monotonously increased with increasing depth reaching concentrations above 

70 % for depths of about 200, 300, and 400 nm. This outcome corroborates well with the COF 

trend and element maps, showing again a superior tribological potential of the composites. Finally, 

the oxidic Fe signal was notably increased in superficial regions for the pure MXene and MoS2 

coatings, whereas significantly reduced contributions for Fe oxide were observed for both 

composite coatings. On the one hand, this clearly proves the ability of the hybrid coatings to form 

a beneficial tribofilm, thus protecting the substrate and preventing its oxidation and, on the other 

hand, the inefficiency of the pure coatings to form protecting tribofilms. 

 

 

Figure 6. XPS elemental depth profile taken in the middle of the wear track for MXene, MoS2, 

Composite I, and Composite II: (a) S, (b) Mo, (c) Ti, (d) Fe (metal) and (e) Fe (oxide). 

 

3.4 Wear track analysis by TEM 

To further characterize the structure of the formed tribofilms on the hybrid coatings, their wear 

tracks were analyzed by TEM. Several TEM specimens were prepared by FIB from the center and 

turning points of the wear tracks of Composite I and Composite II. Additional TEM specimens 

were prepared imaging the transition zone between initial coating and wear track (Figure 7). 
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The TEM analyses of the transition zones of both coatings demonstrate a reduction of the coating 

thickness as a result of tribological loading (Figure 7a and b). Nevertheless, the original coating 

morphology is retained with intermixed MXene and MoS2 for Composite I and a sandwich-

structure for Composite II (Figure 7e-h). In some positions, however, the coating becomes very 

thin or, for Composite II, the top MoS2 layer is completely removed. This is accordance with the 

elemental mapping and depth profiles obtained by XPS demonstrating a much higher Ti 

concentration close to the surface for Composite II compared to Composite I. For Composite II, 

this implies that shear is mainly localized in the top MoS2 layer, while the bottom MXene layer 

helps to increase the adhesion of the tribofilms to the substrate, thus contributing to the beneficial 

frictional performance and increased wear life. Additionally, oxygen diffusion into the substrate 

and the incorporation of iron and iron oxide particles into the tribofilm can be clearly observed 

(Figure 7i-l). These findings correlate well with the observed Fe signals in the XPS analyses.  
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Figure 7. TEM analysis of the transition zone between original coating (left side of the images) 

and the wear track (images’ right side) for (a) Composite I and (b) Composite II. (a) to (d) show 

the transition zone and corresponding elemental mappings, whereas (e) - (l) show images from the 

wear track and corresponding elemental mappings and EDS line scans along the lines indicated 

(e) and (f) with black arrows. 

 

The exact positions for lamellae extraction inside the wear track (center and edge) are given in 

Figures S8 and S9 (Supporting Information). Particularly in the wear tracks’ center positions, the 

formed tribofilms tend to be rather inhomogeneous with respect to their thickness (Figure 8c and 

d). Based on the SEM micrographs of the top surface, which were obtained to define the location 

of TEM specimen extraction, contrast differences (i.e., brighter and darker zones) can be noted. 
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The TEM analysis shows that these zones correlate with thinner or thicker tribofilms, respectively 

(Figure 8c,d and i,j). In accordance with the results demonstrated above for the wear tracks’ 

transition zones, the tribofilms are partially completely removed or at least very thin (Figure 8c - 

f). In some cases, however, the initial coating structure with intermixed MoS2/MXene (Composite 

I) or a defined layer structure (Composite II) is retained (Figure 8i - l). For Composite II, again 

the selective removal of the top MoS2 layer in the thinner zones can be observed (Figure 8c and 

d). The thicker portions of the tribofilms are analyzed in detail. 
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Figure 8. Analysis of the uniformity of the tribofilms formed in the center of the wear tracks on 

(a) Composite I and (b) Composite II. The (a) and (b) SEM images clearly demonstrate darker and 

brighter zones from where TEM specimens were extracted for further analysis. (c) - (n) TEM 

analysis below and the corresponding elemental mappings and EDS line scans along the lines 

indicated in (c), (d), (i), and (j) with black arrows demonstrate the inhomogeneity of the wear 

tracks. 
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Figure 9 shows the TEM analysis of the wear track’s center position for Composite I. HR-TEM 

provides information on the structure of the tribofilms, while selected area electron diffraction 

(SAED) and elemental mappings by TEM-EDS of specific areas allow for an analysis of the 

tribofilm’s crystallinity and chemical composition. After tribological testing, the thickness of the 

tribofilm on Composite I is inhomogeneous ranging from roughly 220 nm to > 820 nm (Figure 

9a). Closer investigation of the tribofilm by HR-TEM clearly demonstrates a tribofilm consisting 

of amorphous and layered structures (Figure 9b-d). SAED confirms the presence of crystalline 

(well defined larger diffraction spots), nanocrystalline (smaller spots, partially forming well 

defined diffraction rings according to their crystal phases), and amorphous phases (diffuse 

diffraction rings) inside the tribofilm (Figure 9e and Figure S10, Supporting Information). The 

amorphous phases are mainly found close to the tribological interface as these are the positions 

with the highest pressure and temperature leading to thermo-mechanical amorphization. Close to 

the substrate surface, SAED verifies nanocrystalline Fe2O3, while inside the tribofilm a mixture of 

MoS2 and Ti3C2 prevails (P63/mmc space group). The chemical composition of the tribofilm is 

further analyzed by elemental mapping (Figure 9f). The structure of the tribofilm after tribo-

testing still resembles the initial coating structure, for which Ti-rich phases are randomly 

intermixed with Mo- and S-rich phases. Additionally, a significant amount of oxygen can be found 

inside the tribofilm. Taking these points into consideration, we anticipate that the MXene/MoS2 

hybrid coating is partially amorphized or converted into nanocrystals as a result of mechanical 

shearing under the high acting contact pressures (globally 0.8 GPa, higher peak loads are 

expected). Additionally, the MXene and MoS2 nano-sheets are partially oxidized due to 

tribochemical reactions. Nevertheless, there are still many intact 2D nano-sheets as well as 

MXene/MoS2 interfaces in the tribofilm (Figure 9c), which can provide low shear strength 
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(Figure 1), resulting in the low friction observed in Figure 3a. Similar observations can be made 

at the edge of the wear track (Figure S11, Supporting Information), where the tribofilm is 

generally thinner. 

 

 

Figure 9. TEM analysis of the wear track on Composite I. (a) – (d) TEM images with different 

magnifications provide information on the structure of the tribofilm, and (e) selected area electron 

diffraction patterns and (f) elemental mappings demonstrate the phase and the chemical 

composition of the tribofilm. 

 

Figure 10 shows the corresponding TEM analysis of the wear track’s center position for 

Composite II. Similar to Composite I, HR-TEM clearly indicates a mixture of amorphous, 

crystalline, and nanocrystalline phases inside the tribofilm, where layered nano-sheets can be 

easily distinguished (Figure 10a-c). The presence of amorphous phases and crystalline MoS2 and 

Ti3C2Tx is confirmed by SAED (Figure 10 d-f and Figure S12, Supporting Information). Stronger 
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amorphization has been observed for the zones close to the tribological interface (Figure S12, 

Supporting Information). As verified by the elemental mapping, the structure of the tribofilm 

strongly resembles the initial coating with a Mo-rich top-layer and a Ti-rich layer below, thus 

maintaining the original sandwich-like structure (Figure 10 g). These observations hold also true 

for the edge of the wear track, where the layered structure with Mo-rich phases on top and Ti-rich 

phases below is retained (Figure S13, Supporting Information). Nevertheless, there are still 

sufficient crystalline 2D structures in the tribofilm to provide low shear and to efficiently reduce 

friction. 

 

 

Figure 10. TEM analysis of the wear track on Composite II. (a) – (c) TEM images with different 

magnifications provide information on the structure of the tribofilm, and (d) – (f) selected area 

electron diffraction patterns and (g) elemental mappings demonstrate the phase and the chemical 

composition of the tribofilm on Composite II. 
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Considering the numerical calculations as well as XPS and TEM results for both composites, it 

becomes evident that the coatings’ structure remained mainly intact after tribological testing with 

little intermixing of the constituents. For Composite I, the low 𝑊𝑆𝐸𝑃 for mixed MXene/MoS2 

interfaces, which is similar to MoS2-MoS2 interfaces, is the major factor responsible for the 

improved lubricious properties. Since MoS2 tends to adhere to pure iron and MXenes demonstrated 

an improved adhesion to iron oxide, the formed tribofilm can stick to the substrate independent of 

the respective chemical state of the substrate. This helps to extend the useful lifetime of low friction 

tribofilms. In the case of Composite II, the stronger adhesion of MXenes to iron oxide acts as an 

adhesion layer, while the resulting frictional performance is mainly governed by the low interlayer 

adhesion of adjacent MoS2 layers. 

 

4. CONCLUSIONS 

The tribological performance of multi-layer Ti3C2Tx, MoS2, and two Ti3C2Tx /MoS2 hybrid 

coatings have been experimentally scrutinized under dry reciprocating sliding tests. Results were 

corroborated via numerical simulations of the adhesion forces between the layers and to different 

substrates. The friction and wear performance as well as tribolayer formation were holistically 

analyzed with a complementary characterization approach including SEM-EDS, FIB, XPS and 

TEM. Based on the acquired results, the following conclusions can be drawn: 

• Pure MXene coatings did not bring any tribological beneficial effect under the respective 

testing conditions compared to the steel reference (REF), whereas pure MoS2 coatings 

presented approximately a four-fold friction reduction. Both MXene/MoS2 hybrid coatings 

(random mixture and sandwich-like) significantly reduced friction (roughly six-fold 
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reduction compared to REF) even when compared to the pure coating materials. Low and 

steady COF values of around 0.15 were maintained for the entire test duration due to the 

formation of a stable tribofilm. 

• No significant wear protection was observed for the pure Ti3C2Tx coating (coating 

removal), whereas the pure MoS2 considerably reduced wear, although partially losing its 

lubricity towards the end of the test duration. The hybrid MXene/MoS2 coatings presented 

a superior wear behavior, displaying the highest wear resistance. 

• Numerical calculations validated the experimental results, being that MXene/MoS2 hybrids 

demonstrate an excellent frictional performance with low interlayer friction and high 

adhesion to ferrous substrates, outperforming the pure MXene and MoS2 coatings. 

• The coating structure of both composites remained intact even after the tribological tests, 

showing the synergic effect between Ti3C2Tx and MoS2. Particularly, the layer-by-layer 

structure still presented a MoS2 top-layer after tribo-testing. The adhesion force between 

Ti3C2Tx and MoS2 seemed to be the governing mechanisms to enhance the formation of 

the stable tribofilm. 

• Consequently, hybrid MXene/MoS2 coatings present a tremendous potential to be used as 

solid lubricant for severe tribological application (0.8 GPa), presenting both low friction 

and superior wear resistance. 
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