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Abstract 

Ti3C2TX nano-sheets (MXenes) are an emerging class of two-dimensional materials with outstanding 

potential to be employed in energy storage, catalysis, and triboelectric applications, on length scales ranging 

from the nano- to macroscopic. Despite rapidly accelerating interest in this new class of materials, their 

nanoscale frictional properties and in particular, their potential for solid lubrication on the nanoscale, have 

not been explored in detail yet. In this short communication, we present the first results on the nanoscale 

frictional characteristics of MXenes, in the form of a friction map obtained on an isolated Ti3C2Tx nano-

sheet deposited on a silicon dioxide substrate via friction force microscopy. Our experiments reveal that 

few-layer Ti3C2Tx nano-sheets indeed act as solid lubricants on the nanoscale, reducing friction on the 

silicon dioxide substrates, although not as effectively as few-layer graphene. The results reported here pave 

the way for further studies focusing on nanoscale solid lubrication achieved by Ti3C2TX (MXene) nano-

sheets. 
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1. Introduction 

The discovery of MXene nano-sheets by Gogotsi’s group in 2011 significantly expanded the family 

of 2D layered nano-materials [1–3]. In the initial study presented by Naguib et al. [2], the MAX-phase 

Ti3AlC2 was used as a precursor and chemically treated using a highly concentrated HF solution [1]. During 

this treatment, the aluminum layers of the original MAX-phase were selectively removed and replaced by 

-O, -OH and -F surface terminations thus creating Ti3C2 nano-sheets [3,4]. Due to the resulting surface 

terminations, the as-fabricated material was abbreviated as Ti3C2Tx, for which Tx represents the variety of 

possible combinations of different surface terminations. After the first successful synthesis of Ti3C2Tx nano-

sheets, numerous research endeavors were conducted to develop milder, less risky etching routes, to 

increase the efficiency of the synthesis (processing times and synthesized amount) and to explore their 

outstanding properties in different fields such as energy storage, catalysis and water purification [3,5–9]. 

Moreover, various MAX phases based upon different early transition metals were utilized to synthesize 

molybdenum-, vanadium- and niobium-based MXene nano-sheets. Until today, the MXene family already 

consists of more than 30 experimentally-verified members with variations in the early transition metal, the 

stoichiometry as well as mixtures between carbidic and nitridic structures [3]. 

From a structural point of view, Ti3C2Tx nano-sheets demonstrate great similarities with graphene 

nano-sheets due to their 2D layered-like structure with layer-by-layer distances of less than 1 nm. The 2D 

structure together with their chemical bonding and the resulting mechanical properties make these nano-

sheets promising candidates in the field of tribology. This idea was supported by numerical studies using 

density functional theory (DFT) calculations and molecular dynamics (MD) simulations demonstrating low 

interlayer friction for Ti3C2Tx nano-sheets and suggesting solid lubrication capabilities [10]. Encouraged by 

these numerical results, the tribological community started to explore the frictional performance of Ti3C2Tx 

nano-sheets. Initially, these nano-sheets were used as lubricant additives [11–13] and reinforcement phases 

in composite materials [14–18]. In 2018/19, the first studies regarding the solid lubrication ability of 

Ti3C2Tx nano-sheets were published [19–21]. Afterwards, the tribological performance of heterostructures 

combining Ti3C2Tx nano-sheets with nano-diamonds or graphene quantum dots proved the outstanding 
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tribological performance of these nano-sheets on the micro/macro-scale [22,23]. The wear behavior of these 

nano-sheets is particularly interesting due to the formation of ultra-wear resistant tribo-layers, which induce 

wear-free sliding conditions. However, a careful check of the existing literature evidently shows that 

nanoscale tribological research on Ti3C2Tx nano-sheets was just initiated. Nanotribological properties of 

Ti3C2Tx nano-sheets using atomic and/or friction force microscopy (AFM and/or FFM) have been barely 

reported, with only one study that does not focus on individual nano-sheets [24].  

Motivated by the lack of nanotribological studies performed on Ti3C2Tx nano-sheets in the literature 

and to put theoretical predictions of nanoscale lubricative properties [10] to test, we present here the first 

results of FFM experiments performed on isolated Ti3C2Tx nano-sheets. Our measurements demonstrate 

that Ti3C2Tx nano-sheets can indeed be employed as nanoscale solid lubricants, with results that are 

somewhat inferior to those achieved by well-known solid lubricants graphene and MoS2. 

2. Experimental details 

2.1 Characterization of the as-synthesized Ti3C2Tx nano-sheets 

High-resolution transmission electron microscopy (HR-TEM) equipped with energy dispersive X-

ray spectroscopy (TEM-EDX) using an EDAX detector was utilized to assess the overall quality and 

chemical composition of the as-synthesized Ti3C2Tx nano-sheets. For imaging and chemical analysis, an 

acceleration voltage of 200 kV was utilized. In-situ diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) was performed to characterize the surface chemistry of the Ti3C2Tx nano-sheets. 

For this purpose, a Nicolet iS50 infrared spectrometer (Thermo Scientific) with an MCT detector cooled by 

liquid nitrogen, a Ge-on-KBr On-Axis beam splitter and DiffusIR Environmental Chamber (Pyke) were 

used. In order to obtain spectra with a good signal-to-noise ratio, 200 scans with a resolution of 8 cm-1 were 

collected. The sample of interest was directly placed into the sample holder without any pre-treatment 

(packing or dilution), flushed with Argon and heated up to the desired temperature. In order to analyse the 

intercalated water present between the nano-sheets, temperature-programmed decomposition mass-

spectroscopy (TPD-MS) was performed on the nano-sheets without any pre-treatment using the 3Flex from 
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Micromeritics coupled with a mass spectrometer (Cirrus 2, MKS Spectra Product). For this purpose, the 

nano-sheets (15 - 30 mg) were heated in a quartz reactor (helium atmosphere with a flow rate of 100 

mL/min) with a heating rate of 10 °C/min until a final temperature of 800 ºC was reached. Water formed 

during this treatment was characterized by mass spectrometry (m/z 18). The surface chemistry of the 

Ti3C2Tx nano-sheets was investigated by X-Ray photoelectron spectroscopy (XPS, Physical Electronics 

1257) using non-monochromatic MgKα radiation. For this analysis, the XPS system was operated at 15 kV 

and 400 W. All scans were acquired using a pass energy of 44.75 eV. Narrow scans of the C1s, F1s, O1s and 

Ti2p peaks were acquired using a step size of 0.1 eV. For the C1s, F1s and O1s peaks, the Shirley method was 

used to subtract the background. In case of the Ti2p peak, a linear background subtraction was utilized. All 

photoelectron peaks were fitted using Lorentz-Gaussian functions.  

2.2 Friction force microscopy measurements 

 Friction force microscopy (FFM) experiments were performed with a commercial atomic force 

microscope (Bruker, Dimension 5000) under ordinary laboratory conditions. Ti3C2Tx nano-sheets in powder 

form were dispersed in a glass container by the addition of acetone, followed by ultrasonication for 10 

minutes. The resulting solution was then deposited onto a SiO2 substrate via drop-casting using a 

micropipette (droplet volume: 0.5 mL). The SiO2 substrate was pre-heated up to 150 °C for ~5 minutes to 

facilitate acetone’s evaporation and thus achieve a more homogenous dispersion of nano-sheets on the 

substrate. All FFM measurements presented here were conducted using two silicon cantilevers 

(Nanosensors, PPP-CONTR) with normal spring constant values of 0.61 N/m and 0.42 N/m, as determined 

by the Sader method [25]. During measurements, the applied normal load ranged from a few tenths of nN 

to tens of nN. Scanning was performed at rates of 1 to 2 Hz on areas of a few hundred nm and above in 

lateral size, whereby topography and lateral force maps were collected simultaneously. Friction values (in 

arbitrary units) were extracted from lateral force maps in the forward (trace) and backward (retrace) 

directions, based upon established procedures [26]. 
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3. Results and discussion 

3.1 Characterization of the as-synthesized Ti3C2Tx nano-sheets 

 The HR-TEM micrograph (Figure 1(a)) reveals the multi-layered structure of the synthesized nano-

sheets with an average layer distance of about 0.87 ± 0.07 nm and a total number of layers of about 10. 

TEM-EDX (Figure 1(b)) verifies titanium, carbon, fluorine and oxygen as main elements. Negligible traces 

of aluminium (0.3 wt.-%) were detected, which stem from the original MAX-phase Ti3AlC2. The obtained 

results by HR-TEM and TEM-EDX match well with previously published reports [27,28]. Figure 1(c) 

summarizes the results obtained by in-situ DRIFTS performed as a function of temperature. Irrespective of 

the temperature, pronounced signals at around 1176, 3360, 3380, and 3458 cm-1 were detected. The first 

signal observed at 1176 cm-1 can be attributed to C-F stretching in alkyl halides (1000 - 1400 cm-1) [29], 

while the latter ones (3360, 3380, and 3458 cm-1) imply the presence of -OH surface terminations. The 

existence of the surface terminations can be explained by the synthesis process. During etching, which 

involves HF for the chemical exfoliation of Ti3C2Tx nano-sheets, the aluminium layers of the MAX-phase 

Ti3AlC2 are selectively etched out and randomly replaced by -O, -OH and -F surface terminations [3,30,31]. 

The TPD-MS used to characterize the water release from the nano-sheets shows three distinct peaks (Figure 

1(d)). The first one located at 83 °C can be connected to superficial water. Moreover, the second peak and 

the tail observed for temperatures between 200 and 400 °C indicate the presence of adsorbed and strongly-

bonded intercalated water, respectively [31–34]. Figure 1(e) and (f) show the results of the XPS analysis 

for the Ti2p and C1s peaks. As can be seen in Figure 1(e), three doublets were needed to fit the measured 

data for the Ti2p peak. In this context, the strongest contribution (62 %) located at 454.9 and 460.1 eV is 

associated with titanium carbides (MXenes) [31,35,36]. The contribution located at 456.1 and 461.4 eV, 

which accounts for about 17 %, can be connected to C-Ti-OH, which is in good agreement with results of 

in-situ DRIFTS [31]. The third contribution accounting for 21%, which is located at 457.8 and 462.7 eV, 

can be associated with C-Ti-O [31,37]. The peak fitting of the C1s photoelectron peak (Figure 1(f)) required 

four contributions. The most pronounced contribution is located at 284.8 eV, which represents carbon in 

C-C chemical environment and adventitious carbon [38]. The contribution at 281.8 eV is assigned to C-Ti-
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Tx [37,38]. Organic compounds (hydrocarbons) are well represented in the spectrum by the contribution 

located at 286.5 eV [35,37]. A less pronounced signal was found for C-F states at binding energies of 288.5 

eV [38]. In summary, the XPS analysis confirms -O, -OH and -F surface terminations as discussed for the 

results of in-situ DRIFTS. 

3.2 Friction force microscopy measurements 

In order to evaluate the potential of Ti3C2Tx nano-sheets as solid lubricants on the nanoscale, FFM 

measurements were conducted. While a large portion of the SiO2 substrate surface was covered by a film 

consisting of densely packed Ti3C2Tx nano-sheets after drop-casting, regions on the substrate comprising 

isolated nano-sheets were occasionally observed, which allowed for the evaluation of their nanoscale 

lubricative properties. Figure 2(a) shows a friction map recorded on such a region, where an isolated 

Ti3C2Tx nano-sheet with a triangular morphology and a height of about ~6.5 nm (corresponding to less than 

8 layers) is located. While the friction map (recorded with an applied normal load of 77 nN) directly 

confirms a reduction of friction on the Ti3C2Tx nano-sheet when compared with the SiO2 substrate, the line 

profile extracted from the friction map (Figure 2(b)) allows for a quantitative evaluation. In particular, we 

observe that the friction recorded on the Ti3C2Tx nano-sheet is ~35% of that recorded on the SiO2 substrate. 

This level of solid lubrication performance, while remarkable, is somewhat inferior to that verified for MoS2 

on SiO2, for which reductions in the friction force down to 15-40% were reported [39,40], and for graphene 

on SiO2, for which reductions in friction force down to 10-15% were presented  [40–42]. 

To further explore the nanotribological properties of Ti3C2Tx nano-sheets, we have performed load-

dependent friction measurements on an area containing multiple nano-sheets, whereby the applied load was 

varied from 0.7 nN to 26.3 nN (Figure 3). The results demonstrate that friction on Ti3C2Tx nano-sheets 

monotonically increases with applied normal load, in accordance with the majority of previous 

nanotribological studies in the literature performed via FFM [43]. 

While the results for the load dependence of friction reported in Figure 3 are perhaps not surprising, 

it is remarkable that the Ti3C2Tx nano-sheets exhibit nanoscale solid lubrication properties, much like well-
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known solid lubricants graphene and MoS2. Solid lubrication exhibited by such lamellar materials is often 

attributed to weak van-der-Waals forces acting between layers [44,45]. Zhang et al. predicted via 

computational approaches that the energy barrier for inter-layer sliding between Ti3C2Tx nano-sheets is in 

the same range as that of MoS2 [10], indicative of comparable solid lubrication characteristics. On the other 

hand, Hu et al. calculated that the interlayer coupling between Ti3C2Tx nano-sheets, although weakened by 

surface groups such as -O2, are still 2 to 4 times stronger than that for graphene and MoS2 [46]. These results 

were partially supported by Zhang et al., who predicted Ti3C2Tx nano-sheets to be good solid lubricants 

despite exhibiting significantly higher energy barriers to sliding than graphene [47]. These predictions are 

now confirmed by our FFM experiments, which verify notable solid lubrication properties for Ti3C2Tx nano-

sheets that are somewhat inferior to those exhibited by graphene and MoS2. 

Assuming that no transfer of Ti3C2Tx nano-sheets to the tip apex takes place during the experiments, 

it may be argued that interlayer sliding between Ti3C2Tx nano-sheets does not play an essential role in FFM 

measurements. If that is indeed the case, other mechanisms leading to low friction at the tip-Ti3C2Tx 

interface, including but not limited to those involving topographical roughness and/or suppressed chemical 

interactions of the tip apex with the surface groups on the Ti3C2Tx nano-sheets would need to be explored. 

Last but not least, the role that intercalated water molecules (as verified by the results of TPD-MS (Figure 

1(d)) play in modulating phonon-based energy dissipation mechanisms, such as those studied in FFM-based 

nanotribological studies of graphene [48,49], also constitutes an important avenue of future investigation. 

4. Conclusions 

  We presented here the first experimental results on the nanoscale solid lubrication characteristics 

of Ti3C2TX nano-sheets obtained via FFM. Friction maps revealed that few-layer Ti3C2TX nano-sheets 

indeed act as solid lubricants on SiO2 substrates, with friction mitigation capabilities that are somewhat 

inferior to that of graphene and MoS2. Further work needs to be performed in order to elucidate the 

mechanisms behind the lubricative character of Ti3C2TX nano-sheets and evaluate their effect on relevant 

applications such as triboelectric nanogenerators [50]. 
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Figure 1. a) HR-TEM micrograph of the as-synthesized Ti3C2Tx nano-sheets and (b) the corresponding 
TEM-EDX analysis. (c) summarizes the temperature-dependent DRIFTS results and (d) depicts the results 
of TDP-MS. (e) and (f) reveal the XPS results of the narrow scans acquired for the C1s and Ti2p regions with 
the measured data and the respective peak fittings. Please note that no correction due to surface charging 
has been applied and all peaks have been fitted using Lorentz-Gaussian functions. 
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Figure 2. (a) Friction map recorded on an isolated, few-layer Ti3C2Tx nano-sheet situated on the SiO2 
substrate. Please note that darker colors correspond to lower friction. (b) Line profile extracted from the 
friction map of (a) along the dashed white arrow, quantitatively demonstrating the observed friction 
reduction on the few-layer Ti3C2Tx nano-sheet compared to the SiO2 substrate. 
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Figure 3. Mean friction as a function of the applied load measured on a film comprising multiple Ti3C2Tx 
nano-sheets. Error bars represent the standard deviation extracted by dividing the corresponding friction 
map (inset) into a total of ten regions. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 



 12 

References 

[1] M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon, L. Hultman, Y. Gogotsi, 
M.W. Barsoum, Two-dimensional nanocrystals produced by exfoliation of Ti 3AlC 2, 
Adv. Mater. 23 (2011) 4248–4253. https://doi.org/10.1002/adma.201102306. 

[2] M. Naguib, V.N. Mochalin, M.W. Barsoum, Y. Gogotsi, 25th anniversary article: 
MXenes: A new family of two-dimensional materials, Adv. Mater. 26 (2014) 992–1005. 
https://doi.org/10.1002/adma.201304138. 

[3] B. Anasori, M.R. Lukatskaya, Y. Gogotsi, 2D metal carbides and nitrides (MXenes) for 
energy storage, Nat. Rev. Mater. 2 (2017). https://doi.org/10.1038/natrevmats.2016.98. 

[4] Y. Gogotsi, B. Anasori, The Rise of MXenes, ACS Nano. 13 (2019) 8491–8494. 
https://doi.org/10.1021/acsnano.9b06394. 

[5] J.C. Lei, X. Zhang, Z. Zhou, Recent advances in MXene: Preparation, properties, and 
applications, Front. Phys. 10 (2015) 276–286. https://doi.org/10.1007/s11467-015-0493-x. 

[6] V.M. Hong Ng, H. Huang, K. Zhou, P.S. Lee, W. Que, J.Z. Xu, L.B. Kong, Recent 
progress in layered transition metal carbides and/or nitrides (MXenes) and their 
composites: synthesis and applications, J. Mater. Chem. A. 5 (2017) 3039–3068. 
https://doi.org/10.1039/c6ta06772g. 

[7] D. Xiong, X. Li, Z. Bai, S. Lu, Recent Advances in Layered Ti3C2Tx MXene for 
Electrochemical Energy Storage, Small. 14 (2018). 
https://doi.org/10.1002/smll.201703419. 

[8] L. Verger, V. Natu, M. Carey, M.W. Barsoum, MXenes: An Introduction of Their 
Synthesis, Select Properties, and Applications, Trends Chem. 1 (2019) 656–669. 
https://doi.org/10.1016/j.trechm.2019.04.006. 

[9] R.M. Ronchi, J.T. Arantes, S.F. Santos, Synthesis, structure, properties and applications of 
MXenes: Current status and perspectives, Ceram. Int. 45 (2019) 18167–18188. 
https://doi.org/10.1016/j.ceramint.2019.06.114. 

[10] D. Zhang, M. Ashton, A. Ostadhossein, A.C.T. Van Duin, R.G. Hennig, S.B. Sinnott, 
Computational study of low interlayer friction in Tin+1Cn (n = 1, 2, and 3) MXene, ACS 
Appl. Mater. Interfaces. 9 (2017) 34467–34479. https://doi.org/10.1021/acsami.7b09895. 

[11] J. Yang, B. Chen, H. Song, H. Tang, C. Li, Synthesis, characterization, and tribological 
properties of two-dimensional Ti 3 C 2, Cryst. Res. Technol. 49 (2014) 926–932. 
https://doi.org/10.1002/crat.201400268. 

[12] X. Zhang, M. Xue, X. Yang, Z. Wang, G. Luo, Z. Huang, X. Sui, C. Li, Preparation and 
tribological properties of Ti3C2(OH)2 nanosheets as additives in base oil, RSC Adv. 5 
(2015) 2762–2767. https://doi.org/10.1039/c4ra13800g. 

[13] M. Xue, Z. Wang, F. Yuan, X. Zhang, W. Wei, H. Tang, C. Li, Preparation of 
TiO2/Ti3C2Tx hybrid nanocomposites and their tribological properties as base oil 
lubricant additives, RSC Adv. 7 (2017) 4312–4319. https://doi.org/10.1039/c6ra27653a. 

[14] Y. Sliozberg, J. Andzelm, C.B. Hatter, B. Anasori, Y. Gogotsi, A. Hall, Interface binding 
and mechanical properties of MXene-epoxy nanocomposites, Compos. Sci. Technol. 192 



 13 

(2020) 108124. https://doi.org/10.1016/j.compscitech.2020.108124. 
[15] G. Monastyreckis, L. Mishnaevsky, C.B. Hatter, A. Aniskevich, Y. Gogotsi, D. 

Zeleniakiene, Micromechanical modeling of MXene-polymer composites, Carbon N. Y. 
162 (2020) 402–409. https://doi.org/10.1016/j.carbon.2020.02.070. 

[16] H. Zhang, L. Wang, Q. Chen, P. Li, A. Zhou, X. Cao, Q. Hu, Preparation, mechanical and 
anti-friction performance of MXene/polymer composites, Mater. Des. 92 (2016) 682–689. 
https://doi.org/10.1016/j.matdes.2015.12.084. 

[17] Y.J. Mai, Y.G. Li, S.L. Li, L.Y. Zhang, C.S. Liu, X.H. Jie, Self-lubricating Ti3C2 
nanosheets/copper composite coatings, J. Alloys Compd. 770 (2019) 1–5. 
https://doi.org/10.1016/j.jallcom.2018.08.100. 

[18] S. Liu, L. Wang, X. Wang, L. Liu, A. Zhou, X. Cao, Preparation, mechanical and thermal 
characteristics of d-Ti3C2/PVA film, Mater. Today Commun. 22 (2020) 100799. 
https://doi.org/10.1016/j.mtcomm.2019.100799. 

[19] W. Lian, Y. Mai, C. Liu, L. Zhang, S. Li, X. Jie, Two-dimensional Ti3C2 coating as an 
emerging protective solid-lubricant for tribology, Ceram. Int. 44 (2018) 20154–20162. 
https://doi.org/10.1016/j.ceramint.2018.07.309. 

[20] A. Rosenkranz, P.G. Grützmacher, R. Espinoza, V.M. Fuenzalida, E. Blanco, N. Escalona, 
F.J. Gracia, R. Villarroel, L. Guo, R. Kang, F. Mücklich, S. Suarez, Z. Zhang, Multi-layer 
Ti3C2Tx-nanoparticles (MXenes) as solid lubricants – Role of surface terminations and 
intercalated water, Appl. Surf. Sci. 494 (2019) 13–21. 
https://doi.org/10.1016/j.apsusc.2019.07.171. 

[21] M. Marian, S. Tremmel, S. Wartzack, G. Song, B. Wang, J. Yu, A. Rosenkranz, Mxene 
nanosheets as an emerging solid lubricant for machine elements – Towards increased 
energy efficiency and service life, Appl. Surf. Sci. 523 (2020) 146503. 
https://doi.org/10.1016/j.apsusc.2020.146503. 

[22] X. Yin, J. Jin, X. Chen, A. Rosenkranz, J. Luo, Ultra-Wear-Resistant MXene-Based 
Composite Coating via in Situ Formed Nanostructured Tribofilm, ACS Appl. Mater. 
Interfaces. 11 (2019) 32569–32576. https://doi.org/10.1021/acsami.9b11449. 

[23] X. Yin, J. Jin, X. Chen, A. Rosenkranz, J. Luo, Interfacial Nanostructure of 2D Ti 3 C 2 
/Graphene Quantum Dots Hybrid Multicoating for Ultralow Wear, Adv. Eng. Mater. 22 
(2020) 1901369. https://doi.org/10.1002/adem.201901369. 

[24] Y. Guo, X. Zhou, D. Wang, X. Xu, Q. Xu, Nanomechanical Properties of Ti3C2 Mxene, 
Langmuir. 35 (2019) 14481–14485. https://doi.org/10.1021/acs.langmuir.9b02619. 

[25] J.E. Sader, J.W.M. Chon, P. Mulvaney, Calibration of rectangular atomic force 
microscope cantilevers, Rev. Sci. Instrum. 70 (1999) 3967–3969. 
https://doi.org/10.1063/1.1150021. 

[26] U.D. Schwarz, P. Köster, R. Wiesendanger, Quantitative analysis of lateral force 
microscopy experiments, Rev. Sci. Instrum. 67 (1996) 2560–2567. 
https://doi.org/10.1063/1.1147214. 

[27] Y. Liu, X. Zhang, S. Dong, Z. Ye, Y. Wei, Synthesis and tribological property of 
Ti3C2TX nanosheets, J. Mater. Sci. 52 (2017) 2200–2209. 



 14 

https://doi.org/10.1007/s10853-016-0509-0. 
[28] M. Cao, F. Wang, L. Wang, W. Wu, W. Lv, J. Zhu,  Room Temperature Oxidation of Ti 3 

C 2 MXene for Supercapacitor Electrodes , J. Electrochem. Soc. 164 (2017) A3933–
A3942. https://doi.org/10.1149/2.1541714jes. 

[29] R.M. Silverstein, F.X. Webster, D.J. Kiemle, D.L. Bryce, Spectrometric Identification of 
Organic Compounds, eighth ed, John Wiley & Sons, New York, 2014. 

[30] T. Hu, J. Wang, H. Zhang, Z. Li, M. Hu, X. Wang, Vibrational properties of Ti3C2 and 
Ti3C2T2 (T = O, F, OH) monosheets by first-principles calculations: A comparative 
study, Phys. Chem. Chem. Phys. 17 (2015) 9997–10003. 
https://doi.org/10.1039/c4cp05666c. 

[31] M. Hu, T. Hu, Z. Li, Y. Yang, R. Cheng, J. Yang, C. Cui, X. Wang, Surface Functional 
Groups and Interlayer Water Determine the Electrochemical Capacitance of Ti3C2 T x 
MXene, ACS Nano. 12 (2018) 3578–3586. https://doi.org/10.1021/acsnano.8b00676. 

[32] M.A. Hope, A.C. Forse, K.J. Griffith, M.R. Lukatskaya, M. Ghidiu, Y. Gogotsi, C.P. 
Grey, NMR reveals the surface functionalisation of Ti3C2 MXene, Phys. Chem. Chem. 
Phys. 18 (2016) 5099–5102. https://doi.org/10.1039/c6cp00330c. 

[33] V. Rives, Characterisation of layered double hydroxides and their decomposition 
products, in: Mater. Chem. Phys., Elsevier, 2002: pp. 19–25. 
https://doi.org/10.1016/S0254-0584(02)00024-X. 

[34] J. Plšek, K.A. Drogowska, V. Valeš, J. Ek Weis, M. Kalbac, Decomposition of 
Fluorinated Graphene under Heat Treatment, Chem. - A Eur. J. 22 (2016) 8990–8997. 
https://doi.org/10.1002/chem.201600901. 

[35] M. V. Kuznetsov, S. V. Borisov, O.P. Shepatkovskii, Y.G. Veksler, V.L. Kozhevnikov, 
Investigation of TiC-C coatings by X-ray photoelectron spectroscopy, J. Surf. Investig. 3 
(2009) 331–337. https://doi.org/10.1134/S102745100903001X. 

[36] A.A. Galuska, J.C. Uht, N. Marquez, Reactive and nonreactive ion mixing of Ti films on 
carbon substrates, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 6 (1988) 110–122. 
https://doi.org/10.1116/1.574992. 

[37] J. Halim, K.M. Cook, M. Naguib, P. Eklund, Y. Gogotsi, J. Rosen, M.W. Barsoum, X-ray 
photoelectron spectroscopy of select multi-layered transition metal carbides (MXenes), 
Appl. Surf. Sci. 362 (2016) 406–417. https://doi.org/10.1016/j.apsusc.2015.11.089. 

[38] J.F. Moulder, F.S. William, E.S. Peter, K.D. Bomben, Handbook of X-Ray Photoelectron 
Spectroscopy, Perkin-Elmer Corporation, Minnesota, 1992. 

[39] O. Acikgoz, M.Z. Baykara, Speed dependence of friction on single-layer and bulk MoS2 
measured by atomic force microscopy, Appl. Phys. Lett. 116 (2020) 071603. 
https://doi.org/10.1063/1.5142712. 

[40] M.R. Vazirisereshk, H. Ye, Z. Ye, A. Otero-De-La-Roza, M.Q. Zhao, Z. Gao, A.T.C. 
Johnson, E.R. Johnson, R.W. Carpick, A. Martini, Origin of Nanoscale Friction Contrast 
between Supported Graphene, MoS2, and a Graphene/MoS2 Heterostructure, Nano Lett. 
19 (2019) 5496–5505. https://doi.org/10.1021/acs.nanolett.9b02035. 



 15 

[41] M. Tripathi, F. Awaja, R.A. Bizao, S. Signetti, E. Iacob, G. Paolicelli, S. Valeri, A. 
Dalton, N.M. Pugno, Friction and Adhesion of Different Structural Defects of Graphene, 
ACS Appl. Mater. Interfaces. 10 (2018) 44614–44623. 
https://doi.org/10.1021/acsami.8b10294. 

[42] F. Long, P. Yasaei, W. Yao, A. Salehi-Khojin, R. Shahbazian-Yassar, Anisotropic 
Friction of Wrinkled Graphene Grown by Chemical Vapor Deposition, ACS Appl. Mater. 
Interfaces. 9 (2017) 20922–20927. https://doi.org/10.1021/acsami.7b00711. 

[43] A. Vanossi, D. Dietzel, A. Schirmeisen, E. Meyer, R. Pawlak, T. Glatzel, M. Kisiel, S. 
Kawai, N. Manini, Recent highlights in nanoscale and mesoscale friction, Beilstein J. 
Nanotechnol. 9 (2018) 1995–2014. https://doi.org/10.3762/bjnano.9.190. 

[44] M.R. Vazirisereshk, A. Martini, D.A. Strubbe, M.Z. Baykara, Solid lubrication with 
MoS2: A review, Lubricants. 7 (2019) 57. 
https://doi.org/10.3390/LUBRICANTS7070057. 

[45] D. Berman, A. Erdemir, A. V. Sumant, Approaches for Achieving Superlubricity in Two-
Dimensional Materials, ACS Nano. 12 (2018) 2122–2137. 
https://doi.org/10.1021/acsnano.7b09046. 

[46] T. Hu, M. Hu, Z. Li, H. Zhang, C. Zhang, J. Wang, X. Wang, Interlayer coupling in two-
dimensional titanium carbide MXenes, Phys. Chem. Chem. Phys. 18 (2016) 20256-20260. 
https://doi.org/10.1039/C6CP01699E. 

[47] H. Zhang, Z.H. Fu, D. Legut, T.C. Germann, R.F. Zhang, Stacking stability and sliding 
mechanism in weakly bonded 2D transition metal carbides by van der Waals force, RSC 
Adv. 7 (2017) 55912-55919. https://doi.org/10.1039/C7RA11139H. 

[48] H. Lee, J.H. Ko, J.S. Choi, J.H. Hwang, Y.H. Kim, M. Salmeron, J.Y. Park, Enhancement 
of Friction by Water Intercalated between Graphene and Mica, J. Phys. Chem. Lett. 8 
(2017) 3482–3487. https://doi.org/10.1021/acs.jpclett.7b01377. 

[49] H. Lee, J.H. Ko, H.C. Song, M. Salmeron, Y.H. Kim, J.Y. Park, Isotope- and Thickness-
Dependent Friction of Water Layers Intercalated Between Graphene and Mica, Tribol. Lett. 
66 (2018) 1–13. https://doi.org/10.1007/s11249-018-0984-3. 

[50]  Y. Dong, S.S.K. Mallineni, K. Maleski, H. Behlow, V.N. Mochalin, A.M. Rao, Y. 
Gogotsi, R. Podila, Metallic MXenes: A new family of materials for flexible triboelectric 
nanogenerators, Nano Energy 44 (2018) 103–110. 
https://doi.org/10.1016/j.nanoen.2017.11.044. 

 




