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MXene/graphene oxide 
nanocomposites for friction 
and wear reduction of rough steel 
surfaces
Ali Zayaan Macknojia 1, Aditya Ayyagari 1*, Elena Shevchenko 2,3 & Diana Berman 1*

Development of solid lubricant materials that render reliable performance in ambient conditions, are 
amenable to industrial size and design complexities, and work on engineered surfaces is reported. 
These coatings are composed of Ti3C2Tx-Graphene Oxide blends, spray-coated onto bearing steel 
surfaces. The tribological assessment was carried out in ambient environmental conditions and 
high contact pressures in a ball-on-disc experimental set-up. The evaluation yielded that the use of 
Ti3C2Tx-Graphene-Oxide coatings led to substantial reduction in friction down to 0.065 (at 1 GPa 
contact pressure and 100 mm/s) in comparison to the uncoated of single-component-coated surfaces, 
surpassing the state-of-the-art. The coatings also provided excellent protection against wear loss of 
the substrate and counter-face. The results were explained based on the observations from Raman 
spectroscopy, scanning electron microscopy, transmission electron microscopy, and nanoindentation 
measurements. In operando formation of a dense, hard and stiff, dangling-bond-saturated tribolayer 
was observed to be the reason for the sustained lubricity even at high test loads and sliding speeds. 
This report presents the holistic exploration and correlation of structure-property-processing 
pertaining to the advancement of solid lubrication science.

Solid lubrication technologies have garnered significant research interest from both fundamental research aspects 
of materials design1–7, and applied front for oil-free8–11, non-polluting technologies that meet the demands of elec-
tric propulsion12,13. Solid lubrication is also of interest to extra-terrestrial applications14–17 as demonstrated by the 
systems and technologies developed for the Mars rovers and international space station components18. Commer-
cially successful, robust solid lubrication systems such as diamond-like carbon19,20, sputter deposited MoS2

21–24, 
or other layered (atomic layer deposition, chemical and physical vapor deposition etc.) have pushed the bounda-
ries of oil-free lubrication, even in harsh environments such as humid and high-temperature applications25–27. 
Although these coatings and materials technologies meet the needs of niche applications, the quest for simpler 
development techniques that are cost-effective and robust under multifarious test conditions is ongoing.

In the context of layered materials, a new class of material systems, having a chemical formula of Mn+1AXn 
that can be further processed to form MXenes28–30 has emerged. MXenes are layered transition metal car-
bides, nitrides, or carbonitrides, that have shown exceptional physical31, mechanical32–36, energy, chemical and 
electrochemical37–40, bio-imitating41–43, optical44 and tribological properties45–48. Recent reports explore the dry 
lubrication properties of MXenes and MXene-based coatings in high TRL examples such as roller bearings, 
thrust ball bearings under ambient conditions47,49–54. Recent publication showed superlubric behavior of MXene-
based coatings in dry nitrogen atmosphere, with very low dew-point55. Despite these advancements, there is a 
knowledge gap in realizing pathways enabling high lubricity in ambient/humid conditions, as seen in common 
place applications. The role of surface and terminal bond passivation is not as consequential when tested in inter 
atmospheres, as compared to humid conditions. Other equally important variables include microstructural 
morphosis, and chemical bond changes in tribological contacts, all of which affect the application of MXenes 
in humid and ambient environment applications. In addition to demonstrating impressive metrics of improved 
wear-resistance and lubrication, it is perhaps more important to explore and understand the modus operandi 
to pave way for continual advancement. This report presents the results of synthesis of an MXene-based solid 
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lubricant coating to render low friction, excellent wear loss prevention, and prolonged performance in ambient 
conditions. The development of the lubricant coatings itself is kept simple and scalable. In addition to demonstrat-
ing the lubrication properties, the mechanisms were explained using electron microscopy, nanoindentation, and 
Raman spectroscopy techniques. Correlations between structural, chemical, physical, and mechanical proper-
ties are also discussed. This multivariate analysis is believed to offer insights into hitherto unexplored aspects of 
materials tribology and, specifically, engineered tribolayer formation, and to advance solid lubrication science 
at large. Such would not only be of interest to fundamental research but also serve as a template for accelerated 
lubricant materials discovery in the applied domain.

Methods
Pristine micro-crystalline MXene (Ti3C2Tx) powder obtained from Nanochemazone (Leduc, Alberta, Canada) 
was suspended in ethyl-alcohol at 35 g/L concentration, and was mixed with Graphene-Oxide aqueous suspen-
sion (5 g/L concentration) obtained from Graphene Laboratories Inc. (Ronkonkoma, New York, USA) in 1:1 v/v 
to form the suspension containing solids-lubricant materials in 1:3 ratio. The suspension containing the solid 
lubricant materials was spray coated using pneumatic spray-coater with dry nitrogen at 5 psi line pressure on 
to a 52100-steel substrate having a hardness of 60 HRc, average surface roughness of Ra = 30 nm, pre-heated 
to heated to 80 °C. The temperature was maintained such that the carrier liquid evaporated immediately upon 
contact with the substrate depositing the solids, simultaneously not altering the starting materials’ morphology 
or tempering the steel substrate. Scrapes from the substrate were lodged onto the lacy-carbon copper grid and 
imaged using JEOL 2000F transmission electron microscope. The lubrication performance of the coatings was 
assessed using Anton Paar tribometer in unidirectional sliding mode at 1 N, 10 N and 20 N sliding against 6 mm 
diameter hardened 52100 steel ball (corresponding to Hertzian contact pressures of 0.48 GPa, 1.0 GPa and 1.13 
GPa respectively). Each tribological (sliding) test was performed at least three times. The total sliding distance 
was kept constant at 30 m, and a velocity at 100 mm/s. Morphology of as-received materials, and tribopairs were 
imaged using FEI Quanta 200 scanning electron microscope at 5 kV beam voltage. Raman spectroscopy was 
performed using inVia Renishaw instruments with blue laser (457 nm). Changes in the hardness and modulus of 
the coating were quantified using the iNano nanoindenter, from KLA Instruments (Milpitas, California, USA). 
The indentations were made with a diamond Berkovich tip at 10,000 mN load in a continuous sensing mode. A 
Filmetrics Profilm3D Optical Profilometer was used to generate the 1D and 3D surface, and used to calculate 
the ball wear and flat rates. Each wear track and ball radius measurements were repeated five times. VersaSCAN 
micro-scanning electrochemical workstation with scanning kelvin probe (SKP) module was used for relative 
work function measurements. A tungsten probe was used as a reference for the SKP measurements.

Results and discussion
Schematics of the suspension preparation and spray deposition processes are shown in Fig. 1a. The suspension 
was characterized by a very homogeneous distribution (no phase-separation) of MXene and Graphene Oxide in 
ethanol, with no preferential settlement with time over several-day period. This enabled easy handling, transfer, 
and holding in the liquid chamber of the pneumatic sprayer-coater. The morphology of the as-received MXene 
is shown in Fig. 1b, with an average particle size of 7 ± 2 µm and each particle having a distinct accordion-like 
multi-layer structure. The coating thickness was assessed at multiple locations by cutting through the deposit up 
to the substrate and measuring the step height using the Filmetrics Profilm3D Optical Profilometer. A representa-
tive line profile of the step from the substrate to the top of the coating surface is shown in Fig. 1c. The average 
coating thickness was observed to be 2.5 ± 0.12 µm. Transmission electron micrographs of Graphene Oxide 
(shown in Fig. 1d) and of MXene (shown in Fig. 1e) confirm no deleterious changes occurred to the starting 
materials during synthesis and deposition. The average lattice parameter calculated from the images is 2.9 Å for 
Graphene Oxide and 8.2 Å for MXene correspondingly, and were found in line with previous reports7,18,48,50–52,56.

A schematic of the tribological experimental setup is shown in Figure 2a. The tests were conducted in uni-
directional sliding mode using static weights in ambient conditions (24 o C, 44% RH). The coefficient of friction 
(COF) vs distance graphs in Fig. 2b show characteristic dry-sliding behavior with a short run-in (also referred 
to as break-in) period, after which the friction was observed to attain a steady state and remain in equilibrium 
for the rest of the duration of the experiment. There is a clear trend of decreasing break-in time with increasing 
normal load, suggesting larger mechanical energy input accelerated the kinetics of materials transformation 
that effectively resulted in lubricious sliding. The average steady state friction was calculated and plotted as a 
function of normal load in Fig. 2c. A monotonous decrease in friction was observed as normal load increased, 
and is consistent with other solid lubricant materials behavior found in literature7,8,10,22,57.

The friction for the 1 N test was 0.168, for 10 N was 0.103 and for 20 N was 0.065. These values are significantly 
lower than those of the bare unlubricated steel-on-steel sliding (by 91.6%), just MXene (by 71%), or just Graphene 
Oxide (by 64%) even though the later two test coupons were prepared using the same processing conditions and 
lubricant amount on the surface. While the pristine materials’ lubrication properties are in line with previous 
reports51,58,59, the pronounced decrease in MXene-Graphene Oxide combination, relative to pristine MXene or 
Graphene Oxide suggests a synergistic mechanism at play that is hitherto not seen with either of the individual 
components. The summary of wear loss results from the discs measured using white light interferometry are 
shown in Fig. 2d. Although absolute wear scar diameter increased with increasing normal load, the wear rate, 
as calculated from Archard’s wear equation decreased monotonically, and was observed to be two orders of 
magnitude lower than for unlubricated sliding, and at least 90% lower than either of the two individual materials.

The scanning electron microscopy micrograph of the counterface surface is shown in Fig. 3a, and correspond-
ing line (1D) and surface (2D) interferometry scans of the contact regions are shown in Fig. 3b. It is evident 
from the three inputs that a robust transfer layer is formed on the counterface during sliding. This layer resisted 
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dislodging during commonplace sample wiping, handling/movement between various analyses and storage, 
suggesting its firm adherence to the counterface. The micrographs and interferometry data also showed no ball 
flat (or cap) formation, confirming no steel materials loss. The scanning electron micrograph of the wear track 
formed on the flat side is shown in Fig. 3c with d showing the corresponding line and 3D profiles of the surface. 
The micrographs did not show any rupture and consequent exposure of underlying steel. The profilometry data 
showed up to 500 nm of coating material underneath the wear track at the end of the sliding experiments. This 
tribolayer not only lowered friction, but also prevented wear loss by separating metal-on-metal contact.

Figure 1.   (a) Schematic showing synthesis and spray deposition of the lubricants onto the pre-heated steel 
substrate. (b) Scanning electron micrograph showing the morphology of pristine MXenes, inset showing a high 
magnification image clearly showing accordion-like multi-layer structure (c) Coating thickness measured using 
optical profiler by cutting a step on the substrate. Transmission electron micrographs of (d) Graphene Oxide and 
(e) MXene. The lattice parameter calculated from the images is 2.9 Å for Graphene Oxide and 8.2 Å for MXene 
correspondingly.
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The changes in the structure and bonding of lubricant on the counterface (Fig. 3a) and wear track (Fig. 3c), 
as measured by Raman spectroscopy are shown in Fig. 4. Raman point-scan for the 1 N test condition is shown 
in Fig. 4a, and for 20 N in Fig. 4b. The results indicate that signatures of the pristine materials were retained with 
pronounced signature emanating from the phase mixture of MXene and Graphene Oxide for the 1 N tribolayer. 
This is in stark contrast to the Raman signature from the tribolayer after sliding at 20 N, which showed changes 
corresponding to materials evolution under increased applied stresses. The relative intensity of the D-peak 
decreased, G-peak increased, and characteristic peaks of the MXene component were observed to increase in 
intensity. Spectrograms generated over the entire contact areas (Raman maps) are shown in Fig. 4c. The spec-
trograms from the 1N test showed more of green regions corresponding to the equimolar presence of Graphene 
Oxide and MXenes on both the disc and the counterface. For the 20 N tribolayers, the phase distribution showed 
more of red regions corresponding to Graphene Oxide presence in the center, blue regions corresponding to 
MXene presence on the edges, and green regions corresponding to equal phase presence inherited from early 
stages of sliding. The Graphene Oxide peaks were further resolved, and de-convolution indicated that G-peak 
and D-peak had equal prevalence in the 1 N test conditions and strong G-peak predominance in the 20 N test 
condition in the transfer layer. While the former set of observations indicates that the as-deposited material was 
not only loosely packed, exposing different orientations to the probing laser source, but also that the mechani-
cal energy input at 1 N was not sufficient to produce any significant material morphosis. On the other hand, 
more intense G-peak in the 20 N samples may indicate that the larger energy input into the tribosystem resulted 
in compaction and basal plane alignment of the Graphene Oxide as well as potentially mechanically-induced 
reduction in oxygen passivation. This mechanical energy converted the several layers of loosely deposited gra-
phene oxide into compact tribolayer resembling thick multi-layer Graphene, tending towards Graphitization. 
Despite the tests being carried out in an ambient atmosphere, the sliding path was not characterized by the pres-
ence of metal oxides or degradation of graphene oxide flakes, which could be due to the removal of structural 
water from the sliding path60,61. Literature indicates that materials with low relative work function, identified as 
active, anodic or having unsaturated terminal bonds tend to be electron transfer sites62–64 resulting in stiction 
and adhesion, in contrast to inert or passive phases that by virtue of higher work-function, or, bond saturation 
resist such interactions, effectively resulting in lower friction during sliding65–71. The SKP data after the sliding 
experiments is shown in Fig. 4d. The areas with high stiction are shown with yellow-orange hues and the ones 
with lower stiction characteristics are shown in green. The materials in sliding path clearly have lower stiction 
properties compared to the remaining as-deposited coating. Due to compaction with MXenes, which possess 
metallic nature, higher hardness, provide structural rigidity, and ensuing graphitization, the tribolayer may 
have attained greater terminal-bond-saturation relative to as-deposited coatings. The predominant in operando 

Figure 2.   (a) Schematic of the pin-on-disc test showing unidirectional sliding test setup (b) COF vs sliding 
distance graphs showing the friction values obtained at 1, 10, and 20 N sliding for 30 m (c) histograms showing 
the average steady-state friction values at the three test conditions (d) wear rate on the flat substrate.
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formed multi-layer Graphene Oxide or graphitic carbon phase, as seen from the Raman spectrograms are known 
to have higher electron work function compared to single or few-layer graphene, graphene oxide, or reduced 
graphene oxide72,73, aligning with the observed lowered stiction and better lubricious behavior. The results from 
Figs. 4 and 2 can be summarized as following: higher sliding loads might have accelerated the transformation 
of pristine single layer Graphene Oxide to multilayer morphology akin to graphitic carbon, while the MXene 
formed a support truss that provided structural rigidity. This is reflected as stronger G-peak in Raman and 
greater passivation-driven lubricity in the COF graphs. The representative transmission electron micrograph of 
samples extracted from the center of the wear tracks (at the end of 20 N test) presented in Fig. 5a shows regions 
with intact MXene phase (delineated with yellow, having a lattice parameter 6.9–7.1 Å), densely compacted 
multi-layer-Graphene/Graphitic Carbon phase (delineated with red lines, having a lattice parameter 2.7–2.9 Å) 
as direct visual evidence supporting the aforementioned hypothesis.

The tribomechanical response measured using nanoindentation is shown in Fig. 5b. The indentation meas-
urements across the three wear tracks show a clear trend of increasing hardness with increasing normal load. 
The peak hardness and modulus in the tribolayer after 1N test was 1.3± 0.12 GPa and 150± 15 GPa; after 10 
N test was 2.5± 0.25 GPa, and 200± 25 GPa; and highest values were 4.5± 0.35 GPa and 300± 22 GPa in the 
wear track after 20 N test. The hardness of the substrate was measured to be 6.0± 0.2 GPa, while the measured 
hardness values of the tribolayers were well below 5.0 GPa, indicating that substrate effects did not produce 
any pronounced artifacts in the measured values. Summarily, there emerged a clear trend of compaction of the 
deposited powder, which resulted in improved hardness and enhanced stiffness during sliding under high con-
tact pressures. These tribomechanical observations in conjunction with remnant coating material after sliding 
(Fig. 3d), graphitization and saturation of dangling bonds in MXene-Graphene Oxide composite during sliding, 
indicate in operando transformation of materials in the tribolayer that contributed to the sustained lubricity 
performance. These mechanistic transformations are shown in Fig. 6. .

Figure 3.   (a) Scanning electron micrograph of counterface surface after sliding against the coated flat disc at 
20 N for 30 m (b) surface profile and three-dimension isometric re-construction of white light interferometry 
scans of the counterface surface (c) surface of the discs with pristine coating appearing darker and sliding path 
appearing brighter (d) surface profile of the coating with depression resulting from sliding under normal load. 
The scanning electron micrograph of the counterface shows the adhesion of the coating material transferred 
forming a lubricious tribofilm. The sliding direction is shown on the figure with white arrow. The tribofilm 
formation can also be seen in the line scan and surface scans. The wear track did not show any rupture or 
exposure of underlying steel as evidenced by the surface scan data showing about 500 nm of coating underneath 
the sliding path at the end of the sliding experiments.
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Conclusions
This study reported the wear and friction behavior observed for a novel binary composite of Ti3C2Tx and Gra-
phene Oxide synthesized using a spray-coating process. The coating was observed to provide excellent wear 
resistance on the substrate, and no detectable wear loss on the counterface ball. The friction values were signifi-
cantly lower as compared to the state-of-the-art materials tested in ambient temperature and humidity condi-
tions in contact pressures over 1 GPa. This behavior was explained based on observations from white-light-
interferometry, scanning and transmission electron microscopy, Raman spectroscopy (point and areal mapping), 

Figure 4.   Raman spectrograms showing the multi point scan data and the average from (a) 1 N test (b) 20 
N test, (c) surface map and ratios of GO to MXene characteristic peaks. The point and area spectra indicate 
intensities in the contact area, with a slight prevalence of Graphene Oxide in the center and MXene on the edges 
at low loads. This trend intensifies at the 20 N test condition. Within the Graphene Oxide spectra, there is an 
equal prevalence of both G and D peaks at low loads, whereas significant signal strength emanates from the 
D peak (d) Scanning kelvin probe map showing the stiction variation and an in set showing the tracks on the 
sample.

Figure 5.   (a) Transmission electron mircograph of the sample taken from the tribolayer, showing MXene phase 
(highlighted with yellow line), and graphitic phase (highlighted with red line) (b) Hardness and modules of 
coating materials measured in the wear track.
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and nanoindentation measurements, as the formation of a robust tribolayer that was composed of MXene and 
graphitic carbon transformed from Graphene Oxide compaction, which prevented metal-on-metal contact. This 
tribolayer was characterized to possess high hardness, stiffness, and surface passivation that enabled excellent 
lubrication behavior. The success of this simple coating synthesis advances the technology readiness of solid 
lubricants for complex and real-world applications.

Received: 16 February 2023; Accepted: 28 June 2023

References
	 1.	 Kumar, R., Hussainova, I., Rahmani, R. & Antonov, M. Solid lubrication at high-temperatures—A review. Materials 15, 1695 (2022).
	 2.	 Zhai, W. et al. Recent progress on wear-resistant materials: Designs, properties, and applications. Adv. Sci. 8, 2003739 (2021).
	 3.	 Andrew, J. M. Expanding the repertoire of solid lubricant MoS2 . Tribol. Lubr. Technol. 77, 40–49 (2021).
	 4.	 Xu, J. et al. Superior tolerance of nanocrystalline diamond films to heavy-ion irradiation: Maintenance of solid lubrication proper-

ties. Appl. Surf. Sci. 572, 151470 (2022).
	 5.	 Ayyagari, A., Alam, K. I., Berman, D. & Erdemir, A. Progress in superlubricity across different media and material systems—A 

review. Front. Mech. Eng. 8, 908497 (2022).
	 6.	 Sumant, A. & Ayyagari, V. A. Superlubrious high temperature coatings. Tech. Rep., Argonne National Lab.(ANL), Argonne, IL 

(United States) (Patent Number 11,155,762, Issue Date 2021/10/26).
	 7.	 Ayyagari, A. V., Mutyala, K. C. & Sumant, A. V. Towards developing robust solid lubricant operable in multifarious environments. 

Sci. Rep. 10, 1–12 (2020).
	 8.	 Berman, D., Erdemir, A. & Sumant, A. V. Graphene: A new emerging lubricant. Mater. Today 17, 31–42 (2014).
	 9.	 Berman, D., Erdemir, A. & Sumant, A. V. Approaches for achieving superlubricity in two-dimensional materials. ACS nano 12(3), 

2122–2137 (2018).
	10.	 Mutyala, K. C., Wu, Y. A., Erdemir, A. & Sumant, A. V. Graphene-MoS2 ensembles to reduce friction and wear in DLC-steel contacts. 

Carbon 146, 524–527 (2019).
	11.	 Berman, D. & Erdemir, A. Achieving ultralow friction and wear by tribocatalysis: Enabled by in-operando formation of nanocarbon 

films. ACS Nano 15, 18865–18879 (2021).
	12.	 Farfan-Cabrera, L. I. Tribology of electric vehicles: A review of critical components, current state and future improvement trends. 

Tribol. Int. 138, 473–486 (2019).
	13.	 Lang, H. et al. Superior lubrication and electrical stability of graphene as highly effective solid lubricant at sliding electrical contact 

interface. Carbon 183, 53–61 (2021).
	14.	 Niebuhr, D. Friction and wear behavior of engineering materials in a simulated Martian ( Co2 ) environment, a preliminary study. 

Wear 263, 88–92 (2007).
	15.	 Xu, W. et al. The marscode instrument suite on the mars rover of China’s tianwen-1 mission. Space Sci. Rev. 217, 1–58 (2021).
	16.	 Lince, J. R. Effective application of solid lubricants in spacecraft mechanisms. Lubricants 8, 74 (2020).
	17.	 Baker, C., Chromik, R., Wahl, K., Hu, J. & Voevodin, A. Preparation of chameleon coatings for space and ambient environments. 

Thin Solid Films 515, 6737–6743 (2007).
	18.	 Marian, M., Berman, D., Rota, A., Jackson, R. L. & Rosenkranz, A. Layered 2D nanomaterials to tailor friction and wear in machine 

elements—A review. Adv. Mater. Interfaces 9, 2101622 (2022).
	19.	 Yu, G. et al. Superlubricity for hydrogenated diamond like carbon induced by thin MoS2 and DLC layer in moist air. Diam. Relat. 

Mater. 102, 107668 (2020).
	20.	 Li, J. & Luo, J. Advancements in superlubricity. Sci. China Technol. Sci. 56, 2877–2887 (2013).
	21.	 Tian, J. et al. Shear-induced interfacial reconfiguration governing superlubricity of MoS2-ag film enabled by diamond-like carbon. 

Appl. Surf. Sci. 578, 152068 (2022).
	22.	 Mutyala, K. C., Doll, G. L., Wen, J. & Sumant, A. V. Superlubricity in rolling/sliding contacts. Appl. Phys. Lett. 115, 103103 (2019).
	23.	 Jia, Q. et al. Macro superlubricity of two-dimensional disulphide/amorphous carbon heterogeneous via tribochemistry. Mater. 

Today Nano 21, 100286 (2023).
	24.	 Gong, Z., Jia, X., Ma, W., Zhang, B. & Zhang, J. Hierarchical structure graphitic-like/MoS2 film as superlubricity material. Appl. 

Surf. Sci. 413, 381–386 (2017).

Figure 6.   Schematic showing formation of the compacted, hardened and stiff tribolayer composed of graphitic 
carbon bonded with MXene.



8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:11057  | https://doi.org/10.1038/s41598-023-37844-0

www.nature.com/scientificreports/

	25.	 Muratore, C. & Voevodin, A. A. Chameleon coatings: Adaptive surfaces to reduce friction and wear in extreme environments. 
Annu. Rev. Mater. Res. 39, 297–324 (2009).

	26.	 Shirani, A. et al. PEO-Chameleon as a potential protective coating on cast aluminum alloys for high-temperature applications. 
Surf. Coat. Technol. 397, 126016 (2020).

	27.	 Voevodin, A., Fitz, T., Hu, J. & Zabinski, J. Nanocomposite tribological coatings with “chameleon” surface adaptation. J. Vacuum 
Sci. Technol. A: Vacuum Surfaces Films 20, 1434–1444 (2002).

	28.	 Kumar, J. A. et al. Methods of synthesis, characteristics, and environmental applications of MXene: A comprehensive review. 
Chemosphere 286, 131607 (2022).

	29.	 Lim, K. R. G. et al. Fundamentals of MXene synthesis. Nat. Synth. 1, 601–614 (2022).
	30.	 Guan, X. et al. 2D MXene nanomaterials: Synthesis, mechanism, and multifunctional applications in microwave absorption. Small 

Struct. 3, 2200102 (2022).
	31.	 Champagne, A. & Charlier, J.-C. Physical properties of 2D MXene: From a theoretical perspective. J. Phys.: Mater. 3, 032006 (2020).
	32.	 Tang, H. et al. Post-processing strategies for improving the electrical and mechanical properties of MXenes. Chem. Eng. J. 425, 

131472 (2021).
	33.	 Zha, X.-H. et al. Role of the surface effect on the structural, electronic and mechanical properties of the carbide MXenes. EPL 

(Europhys. Lett.) 111, 26007 (2015).
	34.	 Borysiuk, V. N., Mochalin, V. N. & Gogotsi, Y. Molecular dynamic study of the mechanical properties of two-dimensional titanium 

carbides Tin+1Cn (MXenes). Nanotechnology 26, 265705 (2015).
	35.	 Xie, F. et al. Ultrathin mxene/aramid nanofiber composite paper with excellent mechanical properties for efficient electromagnetic 

interference shielding. Nanoscale 11, 23382–23391 (2019).
	36.	 Yorulmaz, U., Özden, A., Perkgöz, N. K., Ay, F. & Sevik, C. Vibrational and mechanical properties of single layer MXene structures: 

A first-principles investigation. Nanotechnology 27, 335702 (2016).
	37.	 Sun, S., Liao, C., Hafez, A. M., Zhu, H. & Wu, S. Two-dimensional MXenes for energy storage. Chem. Eng. J. 338, 27–45 (2018).
	38.	 Shinde, P. A., Patil, A. M., Lee, S., Jung, E. & Jun, S. C. Two-dimensional MXenes for electrochemical energy storage applications. 

J. Mater. Chem. A 10, 1105–1149 (2022).
	39.	 Zhang, C. et al. Two-dimensional transition metal carbides and nitrides (MXenes): Synthesis, properties, and electrochemical 

energy storage applications. Energy Environ. Mater. 3, 29–55 (2020).
	40.	 Pomerantseva, E. & Gogotsi, Y. Two-dimensional heterostructures for energy storage. Nat. Energy 2, 1–6 (2017).
	41.	 Zhao, T. et al. Bio-inspired photoelectric artificial synapse based on two-dimensional Ti3C2Tx MXenes floating gate. Adv. Func. 

Mater. 31, 2106000 (2021).
	42.	 Li, K. et al. Thermal camouflaging MXene robotic skin with bio-inspired stimulus sensation and wireless communication. Adv. 

Func. Mater. 32, 2110534 (2022).
	43.	 Huang, H. et al. Biomedical engineering of two-dimensional MXenes. Adv. Drug Deliv. Rev. 184, 114178 (2022).
	44.	 Han, M. et al. Tailoring electronic and optical properties of MXenes through forming solid solutions. J. Am. Chem. Soc. 142, 

19110–19118 (2020).
	45.	 Wyatt, B. C., Rosenkranz, A. & Anasori, B. 2D MXenes: Tunable mechanical and tribological properties. Adv. Mater. 33, 2007973 

(2021).
	46.	 Malaki, M. & Varma, R. S. Mechanotribological aspects of MXene-reinforced nanocomposites. Adv. Mater. 32, 2003154 (2020).
	47.	 Miao, X., Li, Z., Liu, S., Wang, J. & Yang, S. Mxenes in tribology: Current status and perspectives. Adv. Powder Mater. 2, 100092 

(2022).
	48.	 Rosenkranz, A. et al. Multi-layer Ti3C2Tx-nanoparticles (MXenes) as solid lubricants-role of surface terminations and intercalated 

water. Appl. Surf. Sci. 494, 13–21 (2019).
	49.	 Du, C.-F. et al. Probing the lubricative behaviors of a high MXene-content epoxy-based composite under dry sliding. Tribol. Int. 

165, 107314 (2022).
	50.	 Rosenkranz, A. & Marian, M. Combining surface textures and MXene coatings-towards enhanced wear-resistance and durability. 

Surf. Topogr. Metrol. Prop. 10, 033001 (2022).
	51.	 Marian, M. et al. Effective usage of 2D MXene nanosheets as solid lubricant-influence of contact pressure and relative humidity. 

Appl. Surf. Sci. 531, 147311 (2020).
	52.	 Marian, M. et al. MXene nanosheets as an emerging solid lubricant for machine elements-towards increased energy efficiency and 

service life. Appl. Surf. Sci. 523, 146503 (2020).
	53.	 Huang, S., Mutyala, K., Sumant, A. & Mochalin, V. Achieving superlubricity with 2D transition metal carbides (MXenes) and 

MXene/graphene coatings. Mater. Today Adv. 9, 100133 (2021).
	54.	 Marian, M. et al. Ti3C2Tx solid lubricant coatings in rolling bearings with remarkable performance beyond state-of-the-art materi-

als. Appl. Mater. Today 25, 101202 (2021).
	55.	 Macknojia, A. et al. Macroscale superlubricity induced by MXene/MoS2 nanocomposites on rough steel surfaces under high 

contact stresses. ACS nano 17, 2421–2430 (2023).
	56.	 Song, H., Wang, B., Zhou, Q., Xiao, J. & Jia, X. Preparation and tribological properties of MoS2/graphene oxide composites. Appl. 

Surf. Sci. 419, 24–34 (2017).
	57.	 Berman, D., Erdemir, A. & Sumant, A. V. Reduced wear and friction enabled by graphene layers on sliding steel surfaces in dry 

nitrogen. Carbon 59, 167–175 (2013).
	58.	 Berman, D., Erdemir, A., Zinovev, A. V. & Sumant, A. V. Nanoscale friction properties of graphene and graphene oxide. Diam. 

Relat. Mater. 54, 91–96 (2015).
	59.	 Lee, J., Atmeh, M. & Berman, D. Effect of trapped water on the frictional behavior of graphene oxide layers sliding in water envi-

ronment. Carbon 120, 11–16 (2017).
	60.	 Gao, K., Wang, B., Shirani, A., Chang, Q. & Berman, D. Macroscale superlubricity accomplished by Sb2O3-msh/c under high 

temperature. Front. Chem. 9, 667878 (2021).
	61.	 Wang, B., Gao, K., Chang, Q., Berman, D. & Tian, Y. Magnesium silicate hydroxide-MoS2-Sb2O3 coating nanomaterials for high-

temperature superlubricity. ACS Appl. Nano Mater. 4, 7097–7106 (2021).
	62.	 Gu, J.-L., Shao, Y., Bu, H.-T., Jia, J.-L. & Yao, K.-F. An abnormal correlation between electron work function and corrosion resist-

ance in Ti–Zr–Be–(Ni/Fe) metallic glasses. Corros. Sci. 165, 108392 (2020).
	63.	 Ayyagari, A., Hasannaeimi, V., Arora, H. & Mukherjee, S. Electrochemical and friction characteristics of metallic glass composites 

at the microstructural length-scales. Sci. Rep. 8, 1–10 (2018).
	64.	 Hasannaeimi, V., Ayyagari, A. V., Muskeri, S., Salloom, R. & Mukherjee, S. Surface degradation mechanisms in a eutectic high 

entropy alloy at microstructural length-scales and correlation with phase-specific work function. npj Mater. Degrad. 3, 1–8 (2019).
	65.	 Zhang, L. et al. Macro-superlubric triboelectric nanogenerator based on tribovoltaic effect. Matter 5, 1532–1546 (2022).
	66.	 Li, G. et al. Experimental investigation of triboelectrification behaviour in the friction process. Lubricants 10, 180 (2022).
	67.	 Shi, B. et al. Investigating the effect of nanoscale triboelectrification on nanofriction in insulators. Nano Energy 91, 106620 (2022).
	68.	 Luo, N. et al. Controlling the tribological behavior at the friction interface by regulating the triboelectrification. Nano Energy 87, 

106183 (2021).
	69.	 Sun, X. et al. Controlling the triboelectric properties and tribological behavior of polyimide materials via plasma treatment. Nano 

Energy 102, 107691 (2022).



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11057  | https://doi.org/10.1038/s41598-023-37844-0

www.nature.com/scientificreports/

	70.	 Yang, D. et al. Tribological-behaviour-controlled direct-current triboelectric nanogenerator based on the tribovoltaic effect under 
high contact pressure. Nano Energy 99, 107370 (2022).

	71.	 Armitage, J. L., Ghanbarzadeh, A., Bryant, M. G. & Neville, A. Investigating the influence of friction and material wear on tribo-
electric charge transfer in metal-polymer contacts. Tribol. Lett. 70, 1–17 (2022).

	72.	 Naghdi, S., Sanchez-Arriaga, G. & Rhee, K. Y. Tuning the work function of graphene toward application as anode and cathode. J. 
Alloy. Compd. 805, 1117–1134 (2019).

	73.	 Garg, R., Dutta, N. K. & Roy Choudhury, N. Work function engineering of graphene. Nanomaterials 4, 267–300 (2014).

Acknowledgements
The authors acknowledge the support of this work by the National Science Foundation (NSF) (Award no. 
2018132). The use of 451 the Center for Nanoscale Materials, an Office of Science user 452 facility, was sup-
ported by the U.S. Department of Energy, 453 Office of Science, Office of Basic Energy Sciences, and Division of 
Chemical Sciences, Geosciences, and Biosciences under Contract no. DE-AC0206CH-11357.

Author contributions
A.Z. performed tribology experiments; A.A. carried out formal analysis and wrote the manuscript; E.S. per-
formed TEM experiments and analysis, reviewed manuscript; D.B. led the project, wrote, reviewed, and edited 
the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.A. or D.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	MXenegraphene oxide nanocomposites for friction and wear reduction of rough steel surfaces
	Methods
	Results and discussion
	Conclusions
	References
	Acknowledgements


