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Abstract: MXenes, a newly emerging class of layered two dimensional (2D) materials, are promising solid 

lubricants due to their 2D structure consisting of weakly-bonded layers with a low shear strength and ability 

to form beneficial tribo-layers. This work aims at evaluating for the first time MXenes lubrication performance 

and tribofilm formation ability on different metallic substrates (mirror-lapped Fe and Cu discs). After depositing 

MXenes via ethanol (1 wt%) on the substrates, pronounced differences in the resulting substrate-dependent 

frictional evolution are observed. While MXenes are capable to reduce friction for both substrates after the 

full evaporation of ethanol, MXenes lubricating effect on Cu is long-lasting, with a 35-fold increased lifetime 

compared to Fe. Raman spectra acquired in the wear-tracks of the substrates and counter-bodies reveal notable 

differences in the friction-induced chemical changes depending on the substrate material. In case of Fe, the 

progressive failure of MXenes lubrication generates different Fe oxides on both the substrate and the ball, 

resulting in continuously increasing friction and a poor lubrication effect. For Cu, sliding induces the formation 

of a Ti3C2-based tribofilm on both rubbing surfaces, enabling a long-lasting lubricating effect. This work boosts 

further experimental and theoretical work on MXenes involved tribo-chemical processes. 
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1  Introduction 

Friction and wear phenomena occur in almost all 

moving parts/components. Their utmost importance 

becomes evident when considering the energy balance 

of passenger cars or processes in mining industry, 

where friction and wear account for about 33% of the 

entire energy losses [1–6]. To improve the systems or 

components efficiency, and to extend their service 

lifetime thus reducing maintenance, tremendous 

research effort has been dedicated to reduce friction 

and wear in the last decades. 

Potential solution strategies are plentiful, ranging 

from the change of design concepts and materials 

over the usage of low-shear strength coatings, and 

the modification of the involved surfaces to the use of 

liquid lubricants (oils and greases) [7, 8]. In this regard, 

the application of liquid lubricants mixed with   

an additive package is still the easiest approach to 

effectively reduce the contact between rubbing surfaces 

thus reducing friction and diminishing wear. However, 

the tendency to reduce the lubricant viscosity and, 
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therefore, the acting oil film thickness, as well as more 

restrictions with respect to specific additives, urgently 

ask for new lubrication concepts.   

The usage of nanomaterials is an efficient strategy 

to overcome these limitations thus further improving 

the tribological performance of liquid lubricants [9–12]. 

Two-dimensional (2D) nanomaterials such as graphene 

and graphene oxide have shown an excellent 

performance as lubricant additive due to their low 

shear strength and nano-scroll formation, as verified 

for graphene [13–17]. Moreover, 2D nanomaterials 

have shown to be capable to induce the formation of 

beneficial tribolayers, which can substantially improve 

the resulting friction and wear performance [18–21]. 

With respect to 2D nanomaterials, MXene nano-sheets 

have recently emerged as an attractive material  

for tribological purposes. Being based upon MAX 

precursors with the general formula Mn+1AXn (M: early 

transition metal, A: element from 13–16, X: carbon 

and/or nitrogen and n = 1 to 4), MXenes are mainly 

synthesized by selectively removing the A-elements 

by wet etching. MXenes can be described by Mn+1XnTx, 

for which Tx resembles all potential surface terminations 

including –OH, –O, –F and –Cl groups depending on 

the etching route [22–25]. 

Due to MXenes theoretically predicted low shear 

strength, ceramic-like bonding characteristics and 

ability to form beneficial tribolayers, these nano-sheets 

have attracted significant attention in the tribological 

community when used as lubricant additives or solid 

lubricant coatings [18, 26]. In case of solid lubrication, 

multi-layer Ti3C2Tx have shown an excellent performance 

when deposited onto copper [27], stainless steel 

[28–30], or silicon [31, 32] resulting a 4-fold friction 

reduction [27, 28]. Marian et al. [33] tested the 

tribological performance of multi-layer Ti3C2Tx coatings 

for different relative humidities. They verified that 

these nano-sheets performed best under low humidity 

conditions, where higher relative humidities tended 

to increase friction. The first demonstration of 

superlubricity of Ti3C2Tx coatings under solid lubrication 

was realized in a dry nitrogen environment [34]. 

Grützmacher et al. [29–32] verified an outstanding 

wear resistance for 100 nm thick, electro-sprayed Ti3C2Tx 

coatings on stainless steel due to the formation of 

a wear-resistant tribo-layer. They demonstrated 

that multi-layer Ti3C2Tx is capable to outperform all 

state-of-the art solid lubricants including graphene  

and MoS2 regarding their wear resistance and 

durability. Inspired by these excellent friction and 

wear performance of Ti3C2Tx, the possibility to further 

tune the resulting tribological performance by the 

generation of hybrid nano-materials has been elucidated. 

In this regard, Ti3C2Tx has been combined with graphene 

[34], nano-diamonds [31], and quantum dots [32], 

which resulted in an ultra-high wear resistance  

and a nearly zero wear behavior. The excellent  

wear performance of multi-layer Ti3C2Tx nano-sheets 

makes them very promising for wear-critical, high-load 

machine components [35, 36]. Therefore, Marian et al. 

coated the raceways of thrust ball bearings [37] and 

roller bearings [38] with multi-layer Ti3C2Tx. Under 

more realistic working conditions, the nano-sheets 

induced an improved wear resistance and extended 

wear life, which was traced back to the generation of 

beneficial tribo-layers. 

Concerning lubricant additives, Ti3C2Tx has been 

used in paraffin oil, poly-(alpha)-olefins, among others 

[30–43]. For concentrations of about 1 wt%, a maximum 

friction and wear reduction of a factor 2 and 9, 

respectively, was observed. These effects were traced 

back to the formation of a beneficial tribo-layer thus 

reducing abrasion and deformation. Similar results 

have been obtained for MXene hybrids utilized   

as additives in oil [44, 45]. However, the usage of 

as-synthesized MXenes as lubricant additives in apolar 

liquids is critical due to their inherent hydrophilic 

character originating from synthesis and the resulting 

surface terminations. This, in turn, induces a phase 

separation between the hydrophilic nano-sheets  

and hydrophobic base oils, which downgrades the 

dispersion stability over time [18, 46]. A poor nano- 

sheets dispersion results in downgraded tribological 

properties, which have been well reported in literature 

when higher MXene concentrations were added   

to base oils [40–43]. A potential solution strategy   

is to chemically functionalize MXenes or to use the 

as-synthesized nano-sheets in polar solvents. Recently, 

Ti3C2Tx chemically modified by tetradecylphosphonic 

acid showed an excellent stability in castor oil for 

about 7 days [43]. The modified MXenes improved 

the wear rate by about one order of magnitude 
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compared to castor oils mixed with as-synthesized 

nano-sheets [42]. With respect to different polar liquids, 

Ti3C2Tx MXenes for water lubrication demonstrated 

their best performance for a weight concentration of 

5 wt% with a friction and wear reduction of 20% and 

48%, respectively [47]. Mixing Ti3C2Tx nano-sheets 

with glycerol induced superlubricious states with a 

coefficient of friction (COF) of around 0.002 [48]. 

As outlined above, multi-layer Ti3C2Tx nano-sheets 

show an excellent performance under solid lubrication. 

Considering their usage as lubricant additives, their 

hydrophilic character hinders the generation of a 

stable suspension in apolar base oils. However, the 

dispersion in polar solvents, which may be potentially 

used as green lubricants, becomes possible. Therefore, 

we dispersed multi-layer Ti3C2Tx nano-sheets in ethanol 

and deposited them onto Fe and Cu substrates. The 

overall purpose of this work was to assess the effect 

of the substrate on the underlying tribo-film formation, 

which has not been explored and properly investigated 

so far. 

2 Experimental  

To test the influence of underlying substrate, discs 

made of Fe (99.98% pure) and Cu (99.985% pure) 

were used as substrate materials. The discs have been 

lapped to obtain a surface roughness of about 30 nm 

(Root Mean Square) and cleaned in ultrasonic bath 

with acetone and ethanol. 

Ti3C2Tx nano-sheets were synthetized using the 

following procedure. 5 g of Ti3AlC2-powder (Forsman 

Scientific Co. Ltd., Beijing, China) were immersed  

in 50 mL of an aqueous hydrofluoric acid solution 

(concentration of 40%) to generate multi-layer MXenes. 

The solution was magnetically stirred (speed 60 rpm) 

for about 24 h under ambient conditions at a 

temperature of 35 °C. Afterwards, the solution was 

centrifuged for 5 min at 3,500 rpm prior to the 

collection of the residue. Then, a final pH of 6 was 

adjusted by washing the suspension with deionized 

water prior to filtering and drying. Filtering was 

realized by vacuum-assisted filtration using a water 

circulating vacuum pump, for which poly-ether-sulfone 

was chosen as a filter membrane. Regarding drying, 

it was stored in a fridge for 8 h at –10 °C prior to 

freeze-dying it for 24 h at –60 °C (pressure below    

30 Pa). An overview and magnified view of the 

as-synthesized nano-sheets acquired by scanning 

electron microscopy (SEM, FEI, Helios 600) are 

depicted in Figs. S1(a) and S1(b) in the Electronic 

Supplementary Materials (ESM), which clearly 

demonstrate the homogenous 2D-structure of Ti3C2Tx 

nano-sheets and their micro-scale, lateral dimensions. 

Transmission electron microscopy (TEM) and X-ray 

diffraction (XRD, not shown here) confirmed a 

d-spacing of about 0.9 nm. Based upon a statistical 

analysis, the multi-layer Ti3C2Tx nano-sheets have 

about 90 layers (z-direction) and present an average 

lateral size of about 1 μm (x-y-dimension). The full 

characterization of the as-synthesized Ti3C2Tx nano- 

sheets can be found in Refs. [28] and [29].  

Multi-layer MXenes were diluted in ethanol (1 wt% 

concentration) prior to be drop-casted onto the 

respective substrate. In this regard, ethanol is chemically 

inert and enables a good nano-sheets dispersion as 

well as a fast solvent evaporation after drop-casting. 

The use of ethanol-based suspensions has been already 

reported for other 2D materials, i.e. graphene flakes 

[49, 51]. Before deposition, the suspension was kept 

in an ultrasonic bath for at least 1 h to ensure a good 

dispersion of the nano-sheets. 

The tribological tests were conducted using a 

ball-on-disc configuration using unidirectional sliding 

at a temperature and relative humidity range of 19°–25° 

and 30%–50%, respectively (Fig. S1(c) in the ESM). 

The counter-body was a steel AISI-440C ball with a 

diameter of 4 mm and an average surface roughness 

of 30 nm. The applied load was 1 N, which corresponds 

to a nominal Hertzian pressure of about 0.4 GPa. The 

velocity was kept constant at 0.1 m/s. The following 

tribological testing procedure was realized. Starting 

from dry, unlubricated conditions, the COF was 

monitored in real time. After having reached a stable 

COF (running-in period), different amounts of ethanol 

(1, 2, or 3 drops with a volume of 22 μL each) with and 

without MXenes were deposited on the substrates. In 

this regard, the measurements in presence of ethanol 

only served as reference measurements. After the full 

evaporation of ethanol, the substrate was re-lubricated 

with the same number of drops, volume, and quantity 

of MXenes suspension. 
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MXenes chemical evolution in the wear track on 

different substrates and on the tribological counter- 

bodies was studied by Raman spectroscopy, using   

a He–Ne laser with a wavelength of 632 nm. The 

acquisition parameters are: 5 s acquisition time, 300 m 

slit, 500 m hole, 1,800 g/mm grit size, and 100 repetitions. 

The chemical analysis was performed on both 

substrates (Fe and Cu) after MXenes deposition and 

full solvent evaporation. The chemical evolution of 

the nano-sheets was studied acquiring Raman spectra 

on the wear tracks of Fe and Cu substrates for two 

different conditions, namely when the lubrication 

effect of MXenes was still active (low COF in the 

frictional evolution), and when it was terminated 

(high COF in the frictional evolution). The same 

procedure was carried out for the wear scars of the 

balls. 

3 Results and discussion 

3.1 Substrate-dependent frictional evolution 

The evolution of the COF measured on different 

substrates (Cu and Fe) for pure ethanol and Ti3C2Tx 

ethanol suspension is presented in Fig. 1. The frictional 

evolution for 3 different tests performed on Fe 

substrates are summarized Fig. 1(a). As described  

in the Experimental section, the substrate was first 

lubricated with pure ethanol in different quantities 

(1E, 2E, and 3E stand for 1, 2, and 3 drops of ethanol, 

respectively). These experiments are important to 

assess the contribution of ethanol on the friction 

evolution thus serving as reference data. Once the COF 

had reached its steady-state value again, the surface 

was lubricated with Ti3C2Tx ethanol suspensions 

(1MX, 2MX, and 3MX stand for the number of drops 

used). As can be seen, the evolution of the COF is fairly 

similar for all tests conducted. Under dry conditions 

(beginning of each test), the COF is about 0.2 and 

rapidly increases up to about 0.7 (running-in). The 

frictional signal becomes noisier over time, which can 

relate to some initial formation of wear debris. Once 

ethanol is dropped onto the Fe substrate, the COF 

instantaneously decreases to about 0.30. This low 

frictional level is kept constant for about 30–150 cycles, 

where the number of cycles with low friction correlates 

well with the quantity of ethanol applied. After ethanol 

full evaporation, the COF reaches a steady-state value 

of about 0.65, which goes hand in hand with a noisier 

signal, which may relate to the formation of debris. 

The application of MXene ethanol suspension induces 

different effects since the COF drops to a value of 

about 0.29. This low-COF lubricating effect lasts 

much longer and correlates well with the amount of 

 

Fig. 1 Evolution of the COF measured on (a) Fe and (b) Cu substrates for pure ethanol (E) and Ti3C2Tx ethanol suspension (MX). The 
respective number indicates the number of drops deposited. (a) A magnified view of the region indicated by the red-dashed rectangle in 
Test 2 is displayed in the inset. The red-dashed circle in the inset relates to the effect of the formed Fe oxide on the resulting COF. (b) A 
magnified view of test 2 of the region indicated by the red-dashed rectangle is displayed in the inset. For Test 1 and Test 2, the positions 
of the respective Raman measurements are highlighted by a red-dashed line labelled "Reff" and "Rfin", which stands for "lubrication still 
effective" and "lubrication terminated", respectively. 
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MXenes applied. As demonstrated in the inset of  

Fig. 1(a), the effect of the MXene suspension can be 

divided in three phases. In the first phase, the COF is 

very stable with a value of 0.29. This phase can be 

related to the effect of ethanol, which is still present 

in the contact and not yet fully evaporated (phase 1). 

The second phase is characterized by a COF of about 

0.32 and a noisier friction signal compared to the first 

phase. Moreover, the COF is kept low and stable for 

longer time lasting about 500–600 cycles in case of   

3 drops applied. This phase is assigned to the lubrication 

effect of Ti3C2Tx nano-sheets (phase 2). The third phase 

is characterized by the highest and noisiest COF with 

values of about 0.75 (phase 3). At the beginning of 

this phase before reaching steady-state conditions, 

the COF shows a large spike up to 0.82, which lasts for 

about 100–200 cycles (red dashed circle in the inset). 

This behavior can be related to the formation of Fe 

oxides, which subsequently are partially worn out, as 

further confirmed by Raman spectroscopy. 

The evolution of the COF measured on Cu substrates 

for ethanol only and Ti3C2Tx ethanol suspensions is 

displayed in Fig. 1(b). Initially, the COF starts at about 

0.25 and ends at a value of about 0.9. Compared to  

Fe, a slightly different frictional behavior can be 

observed after the application of pure ethanol. The 

COF shows a fast decrease to 0.35, which is followed 

by a slower decrease to 0.25. Afterwards, the COF 

progressively increases up to values of 0.9 (noisier 

signal), which can be related to the evaporation of 

ethanol. Regarding the deposition of Ti3C2Tx ethanol 

suspension, Cu substrates demonstrated notable 

differences in the frictional evolution compared to Fe 

substrates. One drop of the Ti3C2Tx ethanol suspension 

is sufficient to induce a long-lasting, low and stable 

COF on the Cu substrate. When Cu is lubricated 

with 1 drop of the Ti3C2Tx suspension, the COF 

instantaneously decreases to 0.2. In the very beginning, 

the COF shows a small peak, which lasts for about  

50 cycles (inset of Fig. 1(b)). It is important to note 

that this peak has been reproducibly observed for 

all experiments with Ti3C2Tx ethanol suspensions. 

Therefore, we hypothesize that this peak could be 

related to the nano-sheets reorientation under sliding. 

Afterwards, the COF remains fairly constant with a 

slightly increasing tendency for several 1,000 sliding 

cycles (1 drop of Ti3C2Tx ethanol suspension). These 

results clearly demonstrate that, even after ethanol 

evaporation, the lubricating effect of Ti3C2Tx survives 

for thousands of cycles. This is fairly different 

compared to the Fe substrate, which did not show 

similar effects even lubricated with more Ti3C2Tx 

ethanol suspension. Observing the COF evolution 

during MXenes lubrication, it is evident that the COF 

becomes noisier with increasing number of cycles, 

which can be correlated to some debris formation.  

As demonstrated for different tests, the lifetime of 

MXenes shows some scattering. Tests 1 and 3 show a 

lifetime of about 7,500 and 1,750 cycles, respectively, 

while Test 2 shows a lifetime of more than 4,000– 

5,000 cycles.  

Notable differences in the lubrication performance 

of MXenes depending on the underlying substrate 

are clearly shown in Fig. 1. This implies that the 

chemical properties of the substrate and the related 

chemical affinity to Ti3C2Tx are decisive for the resulting 

frictional behavior. Therefore, it is essential to 

investigate the underlying tribo-chemical processes 

induced during sliding by Raman spectroscopy. In 

Figs. 1(a) and 1(b), the positions where the tribological 

test was stopped to acquire the Raman spectra are 

highlighted by vertical, red-dashed lines labelled   

as "Reff” (lubrication effect still active) and “Rfin” 

(lubrication effect finished). 

3.2 Analysis of the underlying tribo-chemical 

reactions 

The Raman spectra of the Ti3C2Tx nano-sheets after the 

full evaporation of ethanol on Cu and Fe substrates 

are summarized in Fig. 2(a). The recorded spectra on 

both substrates are almost identical, which indicates 

that the tribological experiments start with similar 

conditions irrespective of the substrate used. Moreover, 

it implies that there are no detectable interactions 

between the nano-sheets and substrates. The Raman 

peaks observed correspond to the typical Raman 

peaks of the material, which include a peak at about 

209 cm-1, a broad structure between 325 and 455 cm-1 

and a double broad structure between 475 and 763 cm-1 

[52]. In addition to these MXene-related features, it is 

possible to identify two additional peaks located at 

about 129 and 155 cm-1. The first one relates to the use 

of HF during synthesis, while the second corresponds 
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to TiO2 [53]. The presence of TiO2 can be connected  

to some superficial oxidation due to environmental 

oxygen and/or some synthesis-induced defects. Laser 

power- and acquisition time-dependent Raman 

measurements (not shown here) have been performed 

to exclude that the oxidation was induced by the 

Raman irradiation itself. Since the peaks located   

at 129 and 155 cm-1 also belong to and represent 

fingerprints of Ti3C2Tx, they have been intentionally 

labelled with the same color. For higher Raman 

shifts, another broad Raman feature between 1,100 

and 1,650 cm-1 can be observed. This feature relates 

to the presence of amorphous carbon, as discussed 

in Refs. [54, 55]. The small peak at 1,402 cm-1 measured 

for the Fe substrate is related to the presence of  

Al2O3, which can be traced back to the used lapping 

solution [56]. 

The Raman spectra acquired on the wear tracks  

of the Fe and Cu substrates are summarized in Fig. 2. 

The Raman spectrum of the as-deposited MXene 

nano-sheets serves as a reference. The other two 

spectra have been measured at different cycles numbers 

of the tribological tests. To do so, the frictional test was 

interrupted in two distinct situations: when MXenes 

lubrication effect was still "effective", characterized 

by low COF (labelled by "Reff" in Fig. 1), and when the 

effect of MXenes lubrication was "finished", which 

corresponds to high COFs in phase 3 (labelled by 

"Rfin" in Fig. 1).  

In the case of Fe substrate (Fig. 2(b)), regarding the 

spectrum labelled with “finished”, four peaks located 

at 220, 290, 402, and 660 cm-1 can be recognized. None 

of these peaks can be correlated with Ti3C2Tx. Instead, 

they correspond to Fe oxides, i.e. α-Fe2O3 for the first 

three peaks (220, 290, 402 cm-1), and Fe3O4 for the last 

peak [57]. Even though the peak at about 660 cm-1 

could be also related to -Fe2O3, its symmetry points 

towards Fe3O4 [58, 59]. In contrast, the spectrum 

labelled “effective” shows Raman features of Fe oxides 

and Ti3C2Tx nano-sheets. This agrees well with the 

tribological tests, for which the COF is still low thus 

pointing towards the lubricating effect of MXene. 

Further, the noisier COF signal may indicate some 

sliding-induced oxidation and wear debris formation, 

 

Fig. 2 (a) Raman spectra of as-deposited MXenes on Fe (black) and Cu (red) substrates after ethanol evaporation. The symbols indicate
the reference peak positions for Ti3C2, TiO2, and the peak related to HF etching. For technical reasons, the wavenumber range had been 
split in two parts to acquire the full spectrum between 53 and 1,658 cm-1. (b, c) Raman spectra acquired for the wear tracks on Fe and 
Cu substrates, respectively. The red and blue spectra have been acquired when MXenes lubrication was still effective (Reff in Figs. 1(a) 
and 1(b)) and terminated (Rfin in Figs. 1(a) and 1(b)), respectively. The black spectra correspond to the as-deposited MXenes and serve 
as a reference. The symbols indicate the reference peak positions for Ti3C2, TiO2, and HF etching (black triangle and diamond), as well 
as Fe2O3 and Fe3O4 (open red circle and cube) and Cu2O (solid red circle). 
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which aligns well with the signal originating from 

Fe oxides. 

To deepen the aspect of Fe oxidation, the Raman 

features related to Fe oxides have been collected after 

a tribological test without any lubricant (Fig. S2 in 

the ESM). The respective spectrum reveals Raman 

features corresponding to γ-Fe2O3 and Fe3O4. However, 

the peak at about 1,400 cm-1 corresponding to the 

γ-Fe2O3 is not present, contrary to the case of the 

MXene-lubricated surface. This difference suggests 

that γ-Fe2O3 oxide is favored by the presence of Ti3C2Tx. 

The situation changes completely in case of Cu 

substrates, as evidenced by the Raman spectra shown 

in Fig. 2(c). For Cu, not only the spectrum which 

relates to the effective lubrication effect (labeled 

“effective”), but also the spectrum when lubricated 

effect was terminated (labelled “finished”) reveals all 

MXene-related Raman features (black triangles and 

diamonds in Fig. 2(c)). In addition, the spectrum at 

higher Raman shifts (see Fig. S3 in the ESM.) reveals 

an increasing intensity of carbon features (about 

1,555 cm-1) during sliding. This may be connected with 

the release of carbon from Ti3C2Tx, contributing to the 

final lubricating effect. The observed MXene-related 

Raman features point towards the formation of a 

beneficial MXene-rich tribolayer. Together with the 

increased carbon signal, both aspects contribute to the 

long-lasting lubricating effect of MXene on the Cu 

substrate. Once MXenes lubricating effect was over 

(“finished”), some peaks related to CuO2 oxide are 

evident at 93, 150, and 213 cm-1 [60]. Their presence 

is a confirmation that, when MXene is not able 

anymore to efficiently lubricate the surface, the COF 

returns to its pristine high value thus resulting in a 

pronounced oxidation of the substrate. 

To deepen the understanding about the ongoing 

tribo-chemical processes during rubbing, the wear scars 

on the counter-body have been analyzed. Figure 3 

depicts the optical micrographs and the related Raman 

analysis of the wear scar of the balls after tribological 

tests on the Fe and Cu substrates, which were 

interrupted when MXenes lubrication effect was still 

active. 

In the case of Fe substrates (Fig. 3(a)), dark regions 

are visible all over the wear scar, which become larger 

in size and more evident towards the upper-right 

edge of the scar, which corresponds to the sliding 

direction. This dark material is well adhered to the 

ball and constitutes a solid film thus pointing towards 

a material transfer via adhesional processes. To 

characterize these dark areas, position-dependent 

Raman spectroscopy was performed, such as in the 

middle of the scar and on the dark-edge, as indicated 

in Fig. 3(a). The related spectra are displayed in  

Fig. 3(b) (red and green lines) and compared to the 

Raman spectrum obtained for the wear track on the 

Fe substrate  

When the lubricating effect of MXenes was finished 

(blue line). It becomes evident that Fe3O4 oxides 

formed in the center of the scar and in the dark-edge 

(peak at 660 cm-1). Considering that on the pristine 

ball the Raman signal was absent, the dark areas 

observed in the wear scar can be assigned to Fe oxide 

originating from the substrate. However, no signal 

of other Fe oxides (Fe2O3) was observed at this stage   

of the test. The smaller amount of dark areas in the 

center of the scar can be related to the competition 

between oxide formation and transfer, and their 

wearing off, while oxidic debris tends to accumulate 

at the scar edges. A repetition of this analysis, when 

the lubrication effect of MXenes was finished, evidences 

the appearance of the Raman peaks related to Fe2O3 

(black line). This indicates that the presence of MXenes 

avoids, or at least retards, the formation of Fe oxides, 

which are easily formed when lubrication fails. 

Moreover, the evolution of the COF measured on  

Fe substrates shows a broad and transient increase of 

the COF after MXenes lubrication effect was over 

(inset in Fig. 1(a)). This increase prior to steady-state 

conditions can be related to the formation of Fe oxides 

once the lubrication of MXenes is over. The following 

decrease can be ascribed to the partial wear off of the 

oxides. 

The situation is completely different for Cu substrates 

(Figs. 3(c) and 3(d)). Looking at the optical image, the 

center of the ball appears almost clean with some 

minor scratches related to sliding. Along the edge of 

scar corresponding to the sliding direction, a brown 

area is visible. This brown area seems to be an 

accumulation of debris that were sintered due to  

the high pressure and heat release during sliding 

(tribo-chemical reactions). The Raman spectra were 
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acquired in the center of the scar and in the brown 

area. As comparison, the Raman spectrum of the 

as-deposited Ti3C2Tx on Cu is presented (Fig. 3(d)).  

It is evident that the spectrum stemming from the 

brown edge is almost identical compared to the 

spectrum of the as-deposited MXenes. This means that 

the brown area can be considered as a transferred 

tribo-film consisting of Ti3C2Tx. The formation of a 

tribo-film in case of MXene-assisted lubrication  

has already been observed in literature [48, 61]. We 

hypothesize that this tribo-film continuously supplies 

self-lubricious material, maintaining friction at a low 

and stable level for a considerable period of time. In 

the related spectrum, the peaks at 192 and 162 cm-1, 

which belong to the use of HF used for synthesis 

and the presence of TiO2, respectively, are absent. 

The spectrum related to the center demonstrates some 

weak features (209 and 375 cm-1), which correspond 

to Ti3C2Tx.  

4 Conclusions 

In this work, we report on the tribological behavior 

and the related tribo-chemical reactions of Ti3C2Tx 

MXenes nano-sheets used as solid lubricants for Fe and 

Cu substrates. The nano-sheets have been dispersed 

in ethanol (1 wt%) before being drop-casted onto the 

substrates. The evolution of the coefficient of friction 

(COF) has been monitored in real-time during 

ball-on-discs tests to elucidate MXenes lubricating  

 

Fig. 3 (a) Optical image of the ball wear scar after a tribological test on Fe substrates lubricated with MXene suspension. The test was
interrupted when the MXene effect was still effective. (b) Raman spectra acquired on the center of the ball wear scar when MXene 
lubrication on Fe substrate was effective (green curve), and on the edge, when lubrication was effective and finished (red and black
curves), respectively. The location for which the spectra were acquired are indicated in image (a) by the green square and red circle, 
respectively. The spectrum acquired on the substrate wear track when the lubrication effect of MXene was over serves as a reference
(blue curve). The symbols indicate the reference peak positions for Fe2O3 and Fe3O4 (red symbols). (c) Optical image of the ball wear 
scar after a tribological test on Cu substrate lubricated with MXene suspension. The test was interrupted when the MXene effect was still
effective. (d) Raman spectra acquired on the ball wear scar in the center (green curve) and on the edge (red curve), as indicated in (c) by 
the green square and red circle, respectively. The spectrum acquired for the as-deposited MXenes is used as a reference (black curve). 
The symbols indicate the reference peak positions for Ti3C2, TiO2, HF etching (dark symbols), and Cu2O (red symbols). Prior to Raman 
spectroscopy, the balls were gently cleaned with ethanol to remove not-adhered wear debris. 
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performance depending on the used substrate. For 

both substrates, MXene nano-sheets are capable to 

reduce friction thus keeping the COF low and stable 

after the full evaporation of ethanol. However, this 

lubricating effect is much more pronounced and 

longer for Cu substrates, with a 35-fold increased 

lifetime compared to Fe substrates. To understand the 

origin of this notable difference, Raman spectra were 

acquired in the wear tracks of the substrates and 

counter-bodies to elucidate the friction-induced 

tribo-chemical reactions. Concerning Fe, the progressive 

failure of MXenes lubrication aligns well with the 

formation of Fe oxides on the wear-tracks of the 

substrate and counter-body. In contrast, in case of  

Cu, sliding induces the formation of a well-adhered 

Ti3C2-based tribofilm on both the Cu substrate and 

the counterbody, which induces the observed long- 

lasting lubricating effect. For the first time, this work 

clearly demonstrates that MXenes affinity to the 

substrate and the substrate-dependent tribo-chemical 

reactions decide about MXenes solid lubrication ability 

and performance. Apart from contributing to the 

fundamental knowledge about MXenes, our results 

aim at boosting further theoretical and experimental 

studies on MXenes tribochemical processes. 
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