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Abstract 

Two-dimensional (2D) materials have unique friction properties that are different from their 3D 

counterparts. MXenes, a large family of 2D transition metal carbides, carbonitrides, and nitrides, 

have recently attracted attention as solid lubricants on the macroscale. Here we experimentally 

investigate the friction of Ti3C2Tx and Ti2CTx MXenes against Ti3C2Tx and Ti2CTx MXenes, 

graphene, and MoSe2 at the nanoscale, using atomic force microscopy (AFM). Ti3C2Tx and Ti2CTx 

MXene coated SiO2 spherical AFM probes were used to slide against films of these materials with 

varying number of monolayers deposited on the substrate. We have found that over the 15 nm 

sliding distance the measured nanoscale coefficients of friction (COFs) for all the investigated 2D 

interfaces are below 0.01. At the same time, hydrogen bonding involving -O- and -OH surface 

terminating groups on MXenes induced higher friction forces for the MXene/MXene contacts 

compared to other contacts. Moreover, a less significant number-of-monolayers effect on the 

friction was observed for MXenes due to their thicker monolayers compared with other 2D 

materials in this study. These results further contribute to our understanding of the mechanisms of 

friction of MXenes and reveal the potential of MXenes as tunable lubricants at the nanoscale. 

Keywords: MXenes; 2D materials; Friction; Nanoscale 

  



 

1. Introduction 

MXenes, a large family of two-dimensional (2D) materials, are commonly synthesized by 

removing A element layers from MAX phases with HF etching in aqueous environment. MAX 

phases are bulk ternary carbides, carbonitrides or nitrides with the general formula Mn+1AXn, 

where M is an early transition metal, A is an A-group element (mostly group IIIA or IVA), X is 

either carbon or nitrogen, and an integer n is within 1-4 [1-3]. During selective etching of MAX 

phases in aqueous environment, the resulting exfoliated MXene layers are always terminated with 

-F, -OH, and/or -O- groups. Thus, MXenes are referred to as Mn+1XnTx, where T represents the 

surface terminations (-F, -OH, and/or -O-) and x is the (unknown) fraction of T per formula unit. 

Around 30 different MXenes have been synthesized [4, 5] and more are expected to be exfoliated 

from >70 reported MAX phases in the future [6-8]. MXenes have shown attractive electronic, 

optical and magnetic properties [9-13], great potential in sensing [14-16], energy harvesting [17] 

and storage [4, 18], as well as electromagnetic shielding applications [19-23]. In prior research we 

have shown a higher adhesion energy at MXene/MXene interfaces than between MXene and other 

2D materials, including graphene and MoSe2 [24]. MXene frictional properties are also critically 

important for applications in solid lubricant coatings [25, 26], triboelectric nanogenerators [17], 

and wearable electronics [27, 28]. However, not many studies in the emerging area of MXene 

tribology have been published so far [25, 29-33]. 

One- to a few atoms-thick, 2D materials have unique friction and wear properties that are different 

from their 3D counterparts [34-37]. Atomic force microscopy (AFM) friction experiments on 

interfaces between SiO2 and a group of 2D materials including graphene, graphene oxide, MoS2, 

NbSe2, and h-BN have shown that measured coefficients of friction (COFs), depend on both the 

surface conditions (including roughness [38], and surface terminations [39]) and the contact-



 

induced elastic deformation, which is a function of bending rigidity of the 2D materials [40-42]. 

Bending rigidity of MXenes has been calculated to be higher than one-atomic layer thick 2D 

materials [43]. Due to their tunable monolayer thickness, achieved by changing n in Mn+1XnTx, 

and rich surface chemistry with a large number of terminating groups, MXene frictional properties 

were suspected to differ from other 2D materials based on computational investigations [44]. 

However, most experiments so far were limited to MXene friction against bulk materials. 

Ball-on-disc friction experiments with delaminated MXenes using a 9.526 mm diameter diamond-

like carbon (DLC) coated steel ball have demonstrated that Ti3C2Tx MXene is superlubric (COF 

<0.01 against DLC) under dry nitrogen environment [29]. Similar experiments with multilayered 

MXene and 6 mm diameter Al2O3 balls revealed surface terminations and intercalated water as 

key parameters influencing the frictional performance of Ti3C2Tx nanoparticles [30]. Experiments 

with Ti3C2Tx and 3.969 or 10 mm diameter 100Cr6 steel balls carried out under different normal 

pressures and humidity levels showed a significant reduction in friction under 0.8 GPa load and 

lower relative humidity of 20% [25]. Few-layer Ti3C2Tx nano-sheets were also reported as solid 

lubricants on SiO2 substrates, with inferior friction mitigation capabilities compared with graphene 

and MoS2 in AFM experiments [45]. 

At the nanoscale, AFM experiments with a 20 nm diameter silicon nitride probe were conducted 

to investigate the effects of surface terminations on the friction of Ti3C2 MXene [31]. The 

measured COF ranged from 0.007 to 0.01, indicating possible superlubricity of Ti3C2 produced by 

etching with LiF and HCl. AFM experiments with a 160 nm diameter SiO2 probe found that a 

lower normal pressure and oxidation of Ti3C2Tx surface reduced the friction [32]. Similar 

experiments with Ti3C2 and Nb2C MXenes showed that friction is related to dipole moment of the 

material [33].  



 

Experiments mentioned above have demonstrated exceptionally low friction of MXenes against 

bulk materials (DLC, Al2O3, 100Cr6 steel, SiO2, Si3N4). However, with much higher deformability 

of 2D materials compared to bulk ones, and higher adhesion measured between MXenes and other 

2D materials, it is not certain whether the low friction of MXenes against bulk materials will stay 

unchanged when MXenes are sled against other 2D materials. 

In this paper, we experimentally investigate the nanoscale friction of Ti3C2Tx and Ti2CTx MXenes 

against the MXenes, as well as against graphene and MoSe2. We measured friction forces by 

sliding the bare, as well as Ti3C2Tx and Ti2CTx coated, SiO2 spherical AFM probes against 

graphene, MoSe2, Ti3C2Tx, and Ti2CTx films with varying number (1-25) of the MXene 

monolayers and normal forces (0-2 µN). We have found that the nanoscale (15 nm sliding distance) 

COFs for all the investigated 2D interfaces are below 0.01. A less significant number-of-

monolayers effect on the friction was observed for MXenes than for other studied 2D materials. In 

addition, the measured COFs did not depend on the applied normal forces (0-2 µN) at contacts. 

These results reveal the potential of MXenes as excellent lubricants at the nanoscale for homo- 

and heterostructured 2D materials.  

2. Experimental Section 

2.1. Sample Preparation 

2.1.1. Synthesis of Graphene and Preparation of Graphene Samples on Si Substrates 

Large-area monolayer graphene was grown by chemical vapor deposition (CVD) method on 25 

µm thick copper foils (Alfa Aesar, CAS: 7440-50-8, LOT No. P17D009). Briefly, hydrogen and 

methane were fed into the reactor flow over the piece of copper foil, where methane was 

decomposed to carbon radicals at the Cu surface and then formed monolayer graphene. Then a 

thin layer of polymethyl methacrylate (PMMA) (4000 rpm for 30 s) was spin-coated on a Cu foil 



 

with graphene on top and cured at 150 °C for 5 min. The foil was then etched away in Cu etchant 

(Sigma Aldrich, 667528) for 2 h. The monolayer graphene/PMMA sample was obtained by 

cleaning in deionized water. For bilayer graphene sample, monolayer graphene/PMMA was 

transferred to another freshly synthesized graphene on Cu foil followed by Cu etching. The tri- to 

five- layer graphene samples were prepared by repeating this procedure. Finally, the graphene and 

PMMA composite samples were transferred onto target Si (111)/SiO2 substrates, pre-cleaned by 

bath sonication in acetone and hydrophilized in piranha solution, followed by thorough rinsing 

with deionized water. PMMA was removed by soaking in acetone solution and the residue of 

PMMA was removed by annealing at 400 °C in hydrogen and nitrogen mix for 2 h. 

2.1.2. Synthesis of MoSe2 

MoSe2 was synthesized on SiO2 substrate by CVD method, using 700 mg of selenium (Se) (Sigma-

Aldrich) and 15 mg of molybdenum oxide powder (Sigma-Aldrich) as the Se and Mo precursors, 

respectively. MoSe2 was grown at 760 °C for 10 min under Ar/H2 (15% H2) flow. 

2.1.3. Preparation of MXene Thin Films on Si Substrates and Spherical AFM Tips 

Firstly, MAX phases were prepared using pressureless synthesis method. For Ti2AlC MAX phase 

synthesis, titanium carbide (typically 2-micron size, 99.5%, Alfa Aesar), titanium (-325 mesh, 99%, 

Alfa Aesar), and aluminum (-325 mesh, 99.5%, Alfa Aesar) powders were ball-milled in a molar 

ratio of 0.85:1.15:1.05. The mixture was then heated at 1400 oC for 4 h under Ar flow in an alumina 

boat. For Ti3AlC2 MAX phase synthesis, titanium (-325 mesh, 99%, Alfa Aesar), aluminum (-325 

mesh, 99.5%, Alfa Aesar), and graphite (-325 mesh, 99%, Alfa Aesar) powders were ball-milled 

in 3:1.1:1.88 molar ratio. Afterwards, the mixture was sintered at 1550 oC for 2 h in Ar flow in an 

alumina boat using a tube furnace (GSL-1800X -KS60-UL, MTI Corporation). The resulting 

ceramics were manually crushed into powders using pestle in a mortar. The selective etching of 



 

Al from MAX phases (Ti3AlC2 and Ti2AlC) to MXenes (Ti3C2Tx and Ti2CTx) procedure is as 

follows. Firstly, 0.3 g of MAX phase (-325 mesh, particle size ≤ 45 µm) was slowly added to the 

etchant prepared by dissolving 0.3 g LiF in 3 mL 9 M HCl in a 50 mL plastic centrifuge tube. Then 

the mix was stirred for 36 h at 35 oC, followed by repeated washing with deionized water and 

centrifugation until the pH of supernatant reached 5.5–6.0. After 5 min handshaking and 1 h 

centrifugation at 3500 rpm, the obtained supernatant was used as MXene aqueous colloidal 

solution. Our original interfacial film deposition method described before [11, 16] was used to coat 

MXene thin films on SiO2 substrates. At first, 50–300 µL of MXene colloidal solution was mixed 

in 50 mL DI water together with 3–6 mL toluene, and stirred for 15 min. Then the dispersion was 

poured directly into a beaker filled with 400 mL DI water and a few pieces of pre-cleaned Si 

substrates and spherical AFM tips placed at the bottom. After ~20 min standing still, when MXene 

films were self-assembled at the interface between water and toluene, the pieces of Si substrates 

or spherical AFM tips were slowly lifted up from the solution through the interface to catch the 

interfacial MXene films. Finally, the samples were dried in Ar flow at room temperature to avoid 

oxidation.  

2.2. Characterization of Materials 

2.2.1. Raman Spectroscopy 

Raman spectroscopy was conducted on graphene, MoSe2, Ti2CTx, and Ti3C2Tx MXenes using 

Renishaw InVia confocal Raman microspectrometer with 532 nm laser, 20 ´ objective, and 1200 

l mm-1 grating. Each spectrum was acquired over 10 s per accumulation at 10 % laser power and 

averaged over 3 accumulations.  

2.2.2. X-Ray Diffraction (XRD) and Determination of the Number of Monolayers in MXene 

Films 



 

XRD experiments were conducted on Ti2CTx and Ti3C2Tx MXenes using (PANalytical, Philips 

MPD) with Cu K < α > radiation (λ =1.5406 Å) at U = 45 kV, I = 40 mA.  

The number of monolayers in each sample was calculated by dividing the coating thickness 

(measured separately by AFM, see below) with a known d-spacing of a material. 

2.2.3. X-Ray Photoelectron Spectroscopy (XPS) 

XPS was recorded from Ti2CTx and Ti3C2Tx MXenes deposited on Si wafers using a KRATOS 

AXIS 165 X-Ray photoelectron spectrometer with a monochromatic Al X-Ray source. Charge 

neutralization was applied for the measurement. No sputtering was used. 

2.2.4. Scanning Electron Microscopy (SEM) 

SEM images were taken using Helios NanoLab 600 (FEI, Hillsboro, OR) with secondary electrons. 

The accelerating voltage was 5 kV, beam current 0.17 nA, and working distance 5 mm. 

2.2.5. Roughness Measurements 

Bare and Coated Tip: Tapping mode AFM scanning of the AFM spherical probes was conducted 

using Innova AFM (Bruker, Satan Barbara, CA) before and after the application of Ti2CTx or 

Ti3C2Tx MXene coating using a 3 nm radius AFM tip.  

Substrate: AFM scans in tapping mode were performed on graphene, MoSe2, Ti2CTx, or Ti3C2Tx 

MXene coated on Si substrates right before conducting friction measurements. The coating and 

substrate thickness and roughness were calculated from the line scans. 

2.2.6. Friction Measurements 

AFM was used for friction measurements on graphene, MoSe2, Ti2CTx, and Ti3C2Tx in lateral 

force mode with bare, Ti2CTx or Ti3C2Tx MXene coated spherical SiO2 tip (ACTG-TL, Appnano, 

Inc.). The spherical probe radius was 2.5 µm, roughness 180 pm, and the cantilever stiffness ~ 

33 N/m. The scan rate was 10 nm/s, and the scan distance 15 nm. In a typical friction experiment, 



 

a specified normal force is applied, and the probe moves back and forth against the substrate 

surface to obtain the lateral deflection versus scan distance response (i.e., trace and retrace curves). 

Six friction measurements with 2 nm spacing between the traces were performed on each flake. 

The value of lateral force is extracted from the lateral deflection changes originating from the 

twist of the cantilever of AFM tip. The method to convert the lateral deflection to lateral force 

and the procedure for calculating the lateral deflection signal conversion coefficient value are 

described in the Supplementary Information Note 1. The friction force was then obtained from 

the average of the maximal and minimal lateral forces in trace and retrace curves, respectively. 

All friction measurements were performed at room temperature and relative humility of 25%, 

measured with Protmex Digital Temperature Humidity Meter. To minimize MXene degradation, 

all MXene samples were measured within no more than 12 h from their preparation and drying, 

similar to the procedure used before [46]. 

Two series of friction measurements were conducted. In first series, we focus on the effect of 

normal force on COF of different 2D material interfaces. The tips are bare SiO2, Ti2CTx, and 

Ti3C2Tx. The substrate materials are monolayer graphene, MoSe2, Ti2CTx, and Ti3C2Tx deposited 

on SiO2 surface. The normal forces were 0, 0.4, 0.8, 1.2, 1.6, and 2 µN. The monolayer substrate 

materials were characterized prior to the friction experiments using the methods mentioned above. 

With each normal force, six measurements were performed for every pair of interfaces to obtain 

the friction force with the scanning distance of 15 nm per measurement. The COFs were calculated 

from the applied normal force and the measured friction force. 

In the second series of experiments, friction between SiO2, Ti2CTx, Ti3C2Tx (tip materials), and 1 

to 5 monolayers or bulk (>20 layers) graphene, MoSe2, Ti2CTx, and Ti3C2Tx (substrate materials) 

was studied. The number of monolayers for substrate materials was determined prior to the friction 



 

experiments as mentioned above. For each coating with the known number of monolayers of 

substrate material, six measurements were performed for each interface.  

3. Results and Discussion 

3.1. Materials Characterization 

Raman spectra of graphene, MoSe2, Ti2CTx, and Ti3C2Tx MXenes, confirming the identity of these 

materials, are shown in Fig. 1. Our graphene sample has characteristic Raman peaks at 1580 (G 

band) and 2700 cm-1 (2D band) [47]. Monolayer graphene has a sharp 2D peak, which transforms 

to broader bands as the number of monolayers increases. The (IG/I2D) intensity ratio increases with 

the increased number of monolayers, and ranges from 0.3 to 3 [48] for 1-5 monolayer graphene. 

For more than 5 monolayers, the Raman spectrum becomes hardly distinguishable from that of 

bulk graphite [49]. Therefore, the bulk graphene with 21 monolayers was characterized by AFM 

(details could be found in Section 3.2). MoSe2 shows characteristic Raman peaks between 200 and 

360 cm-1 [50]. Ti2CTx MXene shows characteristic Raman peaks at 200, 300, 374, 409, and 608 

cm-1. Ti3C2Tx MXene shows peaks at 206, 270, 374, 605, and 718 cm-1 [46].  



 

  

Fig. 1. Raman spectra for (a) 1-5 layers graphene, (b) monolayer MoSe2, (c) Ti2CTx and Ti3C2Tx 

flakes. 

The d-spacing values for Ti2CTx and Ti3C2Tx are 1.36 nm and 1.48 nm, respectively, as calculated 

from XRD (Supplementary Information Fig. S1) using Bragg’s law. The d-spacing for graphene 

stacks was assumed to be 0.37 nm [51]. Survey and high resolution XPS for Ti2CTx MXene are 

shown in Fig. S2a. For Ti2CTx MXene, peaks at 285.1 eV 459.6 eV 531.1 eV and 685.6 eV are 

attributed to C 1s, Ti 2p, O 1s and F 1s, respectively. F- and O-containing functional groups are 

introduced during the etching and delamination process. High-resolution spectrum of C 1s could 

be deconvoluted into four peaks at 282.2 eV, 283.2 eV, 284.9 eV and 286.4 eV, corresponding to 

C-Ti-(O/OH/F), COO, C-C, and C-OH, respectively. High-resolution spectrum of O 1s has peaks 
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at 529.3 eV, 529.9 eV, 531.2 eV, 532.0 and 533.8 eV, corresponding to Ti-O-C, TiO2, Ti-C-Ox, 

Ti-C-OHx, and H2O. High-resolution spectrum of Ti 2p could be deconvoluted into eight peaks at 

454.8 eV, 460.7 eV, 455.5 eV, 461.4 eV, 456.5 eV, 462.2 eV, 459.5 eV and 465.9 eV, which 

correspond to Ti-C (Ti2P3), Ti-C (Ti2P1), Ti(II) (Ti2P3), Ti(II) (Ti2P1), Ti(III) (Ti2P3), Ti(III) (Ti2P1), 

TiO2 (Ti2P3) and TiO2 (Ti2P1) species. High-resolution spectrum of F 1s could be deconvoluted 

into three peaks at 685.0 eV (C-Ti-Fx), 685.3 (TiO2-xF2x) and 686.4 (AlFx) [52]. XPS for Ti3C2Tx 

MXene is similar to that of Ti2CTx MXene as shown in Fig. S2b. 

3.2. Probe Coating and Substrate Material Profiles 

Friction forces at SiO2/graphene, SiO2/MoSe2, SiO2/MXene, MXene/graphene, MXene/MoSe2, 

and MXene/MXene interfaces were measured using a bare SiO2 spherical probe or the probes 

coated with Ti2CTx or Ti3C2Tx MXene, respectively, as illustrated in Fig. 2a. SEM images of SiO2 

AFM probes before and after coating with MXenes are shown in Fig. 2b. 

 

Fig. 2. (a) Schematics of AFM experiment for friction force measurements. (b) SEM images of 

bare SiO2 spherical probe and MXene (Ti3C2Tx or Ti2CTx) coated SiO2 spherical probes. 
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Line scans over the surface of bare SiO2 and MXene (Ti2CTx or Ti3C2Tx) coated AFM probes are 

shown in Fig. 3a and b. The surface height profiles of Ti2CTx or Ti3C2Tx MXene coating layer 

(Fig. 3c) were obtained by image subtraction of the surface of bare SiO2 probe from that of the 

MXene coated probe. From the line scans, the average coating thickness is 4.05 nm for Ti2CTx and 

4.41 nm for Ti3C2Tx (Fig. 3d), meaning that three MXene monolayers were coated on these probes. 

The RMS roughness was 0.52 nm for Ti2CTx and 0.28 nm for Ti3C2Tx MXene. The projected 

contact area during friction measurements was ~ 500 nm ´ 500 nm. 
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Fig. 3. (a) AFM maps of bare SiO2, Ti2CTx or Ti3C2Tx MXene coated probes, (b) height profiles 

along the blue lines in (a), (c) morphology of Ti2CTx or Ti3C2Tx MXene coating layer, (d) height 

profiles along the blue lines in (c). 

To obtain the number of monolayers and roughness of substrate materials, AFM scanning was 

conducted immediately before friction measurements. The typical AFM images for the monolayer 

graphene, MoSe2, Ti2CTx, and Ti3C2Tx are shown in Fig. 4a. From the height versus scan distance 

curves (Fig. 4b), the thickness of graphene, MoSe2, Ti2CTx, and Ti3C2Tx coatings is 0.35 nm, 1.01 

nm, 1.32 nm, and 1.43 nm, respectively. The number of MXene monolayers was calculated by 

dividing the thickness of the coating with the d-spacing for Ti2CTx (1.36 nm) or Ti3C2Tx (1.48 nm), 

respectively. Using this method, we determined that our coatings were either 1-5 monolayers or 

nearly bulk Ti2CTx (24 layers) and Ti3C2Tx (25 layers). 1-5 monolayers and bulk MoSe2 (18 layers) 

were determined by counting the number of MoSe2 edges as shown in Fig. 4a and Fig. S3, using 

the same method as discussed in [53]. For 1-5 monolayers graphene, the number of monolayers 

was determined from Raman spectrum. Nearly bulk graphene coating (21 layers) was also 

confirmed by dividing the thickness of the coating with d-spacing value of graphite (0.35 nm). 

Surface roughness for graphene, MoSe2, Ti2CTx, and Ti3C2Tx was also determined from the line 

scans. The typical RMS roughness values for the monolayer graphene, MoSe2, Ti2CTx, and Ti3C2Tx 

were 94, 51, 67, and 60 pm, respectively, as shown in Fig. 4b.  



 

 

Fig. 4. (a) AFM images of 2D material films, and (b) line scans (along the red arrows in (a)) for 

monolayer graphene, MoSe2, Ti2CTx, and Ti3C2Tx. Scale bars are 1 µm. 

3.3. Friction Behavior of 2D Materials 

3.3.1. Effect of Varying Normal Force on COFs 

To investigate the effect of applied normal force on the COF, 6 different normal force values 

ranging from 0 µN to 2 µN were used in friction measurements. To check stability of the coating, 

first, friction measurements over 30 nm distance were performed under 2 µN normal force with 

Ti2CTx coated spherical tip on the same spot of the monolayer Ti2CTx. Lateral force versus scan 

distance curves and friction forces in Fig. S4 show no significant variations after 1080 scans. Thus 

friction between Ti2CTx and Ti2CTx didn’t change after 1080 scans signifying stability of the 

MXenes for wear resistant contacts. The lateral force versus scan distance curves for friction 

measurements on the monolayer graphene, monolayer MoSe2, monolayer Ti2CTx, and monolayer 

Ti3C2Tx using bare SiO2 tip and MXene coated tips under 0, 0.4, 0.8, 1.2, 1.6, and 2 µN are shown 

in Fig. S5. The relatively flat trace and retrace curves reflect the low RMS roughness of the 

substrate materials. Friction forces (Table S1) were determined as the mean value of the maximum 

force in the trace portion of the loop and the minimum force in the retrace portion (dashed lines), 

following the method described in reference [32]. In addition, as shown by lateral force versus 
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scan distance curves in Fig. S5, lateral forces of each pair increased from the lowest lateral force 

(denoted by the bottom dash line) to the highest lateral force (denoted by the top dash line) after ~ 

3 nm. Therefore, there won’t be any scan distance effect on friction when the scan distance is 

higher than 3 nm. From the friction versus normal force graphs (Fig. 5), the friction force increased 

linearly with the increasing normal force for all contact pairs. The linear relationship between the 

friction force and the normal load is similar to that of the typical macroscopic friction law [54]. 

Moreover, a non-zero residual friction force is present at zero applied normal force, indicating the 

effect of substrate and probe material interactions. 

The force ratio definition of COF:  

COF = %&'%(
%)

                                                              (1) 

was adopted in this research, where 𝐹+ is the friction force, 𝐹, is the applied normal force and 𝐹- 

is the offset friction force when the applied load is zero. 

Since COF is constant, as observed from the linear relationship between friction and normal forces 

in Fig. 5, an intermediate normal force, 0.91 𝜇N, was used to investigate the number-of-monolayer 

and the monolayer thickness effects on COF values. 



 

 

Fig. 5. Friction force versus normal force obtained from measurements on: (a) monolayer graphene, 

(b) monolayer MoSe2, (c) monolayer Ti2CTx, and (d) monolayer Ti3C2Tx using bare SiO2 and 

MXene coated probes as indicated in the corresponding graph legends. COF corresponds to the 

slope of these lines. 

3.3.2. Interfacial COFs  

The lateral force versus scan distance curves for friction measurements on 1-5 monolayers and 

bulk graphene, MoSe2, Ti2CTx, and Ti3C2Tx using bare SiO2 and MXene coated probes are shown 

in Fig. S6, and the calculated friction forces in Table S2. The measured friction forces under the 

applied normal forces 0 and 0.91 𝜇N were used to determine COF and 𝐹- listed in Table S1 and 

S2. The COF values with the corresponding standard deviations for all interfaces are listed in Table 

1. The measurements showed that all 2D material interfaces achieved COF values lower than 0.01 
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when tested over 15 nm length. Among them, the lowest friction was found for Ti3C2Tx/MoSe2 

interface with a COF (1.9 ± 0.1) ́  10-3. The highest friction was found for Ti2CTx/Ti2CTx interface 

with a COF (6.8 ± 0.2) ´ 10-3. In addition, both Ti2CTx and Ti3C2Tx showed higher friction in 

sliding against themselves in comparison with sliding against graphene or MoSe2. We suspect that 

the interactions between surface functional groups on MXene surfaces may lead to stronger 

interfacial MXene/MXene interactions manifested by higher friction.  

  



 

Table 1. Measured COF values with standard deivations for all studied interfaces (bulk 

represents 21, 18, 24, and 25 layers for graphene, MoSe2, Ti2CTx, and Ti3C2Tx, respectively) 

         Substrate 
Tip 

# of 
monolayers 

COF ´ 103 

Graphene  MoSe2  Ti2CTx  Ti3C2Tx  

SiO2 

1 30.1 ± 0.9 28.5 ± 0.8 26.2 ± 0.8 22.6 ± 0.7 

2  25. 2 ± 0.5 22.3 ± 0.6 20.4 ± 0.5 19.5 ± 0.6 

3 23.6 ± 0.7 17.7 ± 0.4 15.3 ± 0.4 16.3 ± 0.5 

4  15.2 ± 0.5 14.6 ± 0.5 14.4 ± 0.3 15.3 ± 0.5 

5  11.4 ± 0.4 12.4 ± 0.4 13.4 ± 0.4 14.4 ± 0.5 

Bulk 10.9 ± 0.3 11.9 ± 0.4 13.2 ± 0.3 14.2 ± 0.4 

Ti2CTx 

1 5.3 ± 0.2 4.9 ± 0.2 6.8 ± 0.2 6.5 ± 0.3 

2  4.6 ± 0.1 4.2 ± 0.1 5.9 ± 0.2 5.7 ± 0.2 

3 3.9 ± 0.1 3.6 ± 0.1 5.2 ± 0.1 4.8 ± 0.1 

4 3.2 ± 0.1 2.9 ± 0.1 4.8 ± 0.1 4.5 ± 0.1 

5  2.6 ± 0.1 2.2 ± 0.1 4.4 ± 0.1 4.2 ± 0.1 

Bulk 2.5 ± 0.1 2.2 ± 0.2 4.4 ± 0.2 4.1 ± 0.1 

Ti3C2Tx 

1 5.1 ± 0.1 4.7 ± 0.2 6.5 ± 0.3 6.3 ± 0.3 

2  4.3 ± 0.2 4.0 ± 0.1 5.6 ± 0.2 5.4 ± 0.2 

3  3.7 ± 0.1 3.3 ± 0.2 4.9 ± 0.2 4.6 ± 0.2 

4  2.9 ± 0.1 2.7 ± 0.1 4.5 ± 0.1 4.2 ± 0.1 

5  2.3 ± 0.1 1.9 ± 0.1 4.2 ± 0.1 3.9 ± 0.1 

Bulk 2.3 ± 0.1 1.9 ± 0.1 4.1 ± 0.1 3.9 ± 0.1 

 

The effect of the number of monolayers of a material on the measured interfacial COF is shown in 

Fig. 6. As the number of monolayers increases, the COF initially quickly drops until the number 

of MXene monolayers on the substrate reaches 3, after which the COF changes less dramatically. 

Similar ‘reduction-to-steady’ trend is known in literature for other materials [42]. It was reported 

that as the number of 2D monolayers increases, the increasing out-of-plane stiffness of the stack 



 

reduces the elastic deformation at contact, which in turn reduces the “puckering” effect [42] as 

illustrated in Fig. 6d, hence, leading to a lower friction force. 

 

Fig. 6. COFs (with standard deviations) versus number of monolayers of graphene, MoSe2, Ti2CTx, 

and Ti3C2Tx on a substrate, measured using (a) bare SiO2 tip, (b) Ti2CTx coated, and (c) Ti3C2Tx 

coated tips (same graph legend applies to (a), (b), and (c)). Critical number of monolayers, at which 

the drop in COF with the number of monolayers ceased, is denoted by dashed lines. Bulk 

corresponds to 21, 18, 24, and 25 layers of graphene, MoSe2, Ti2CTx, and Ti3C2Tx, respectively. 

(d) Schematic illustration of puckering effect as the thickness of a coating changes. 

In addition, COFs measured with a bare SiO2 tip decrease from graphene to MoSe2, and to MXenes. 

This is mainly due to the increasing out-of-plane bending rigidity. The thickness for graphene, 

MoSe2, Ti2C, and Ti3C2 are 0.37 nm, 1.01 nm,1.36 nm and 1.48 nm respectively [24]. And the in-

plane stiffness are reported to be 335 N/m [55], 105 N/m [56], 135.53 N/m, and 214.85 N/m [57], 

respectively. Considering similar Poisson’s ratio, the out-of-plane bending rigidity is lowest for 
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graphene, followed by MoSe2, Ti2C, and Ti3C2 MXenes. Lower out-of-plane bending rigidity 

introduced more out-of-plane deformation and tip-sample contact area during friction 

measurements, resulting in higher friction forces and COFs. Moreover, the measured COF values 

for MXene/monolayer MXene are higher than those for MXene/monolayer graphene and 

MXene/monolayer MoSe2 interfaces. This may be due to hydrogen bonding mediated by the 

surface terminating groups (-O-, -OH, -F) between MXene layers. A similar effect of surface 

terminating groups on adhesion of Ti3C2Tx MXene was reported before [24, 58]. It should also be 

noted here that the surface defects and other terminating groups may also affect the friction of 

MXenes. However, these effects were not considered as dominant. 

4. Conclusions and Outlook 

In summary, we provide experimental data on the nanoscale friction bewtween MXenes and 

several other 2D materials measured using AFM. MXenes have demonstrated extremely low 

interfacial friction against themselves, graphene, and MoSe2. The extremely low COFs (£ 0.01) 

measured in this work at the nanometer scale (15 nm sliding distance) indicate a possible 

superlubric behavior when MXenes are in contact with other 2D materials at the nano- and possibly 

larger scales. All examined interfaces showed a gradual reduction of friction when the number of 

monolayers of a material has increased. This effect was prominent when the number of monolayers 

was 3 for interfaces invloving MXenes and 5 for the other 2D material interfaces. We suspect that 

this number-of-monolayer dependence of COF is most likely due to the nano-scale material 

deformations at the contact. When the total thickness of the stack of 2D material monolayers 

increases, its in-plane stiffness also increases, leading to less contact deformation and hence, to a 

reduced COF. Among the tested friction pairs, higher friction forces were measured for 

MXene/MXene contacts. To date, most studies of MXene friction were only performed with Ti-



 

based MXenes. Large structural diversity and compositional space of MXenes lend significant 

possibilities for optimization of MXene frictional and wear performance. 
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