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ABSTRACT: Toward the goal of achieving superlubricity, or near-zero friction, in industrially relevant material
systems, solution-processed multilayer Ti3C2Tx-MoS2 blends are spray-coated onto rough 52100-grade steel surfaces
as a solid lubricant. The tribological performance was assessed in a ball-on-disk configuration in a unidirectional
sliding mode. The test results indicate that Ti3C2Tx-MoS2 nanocomposites led to superlubricious states, which has
hitherto been unreported for both individual pristine materials, MoS2 and Ti3C2Tx, under macroscale sliding
conditions, indicating a synergistic mechanism enabling the superlative performance. The processing, structure, and
property correlation were studied to understand the underlying phenomena. Raman spectroscopy, scanning electron
microscopy, and transmission electron microscopy revealed the formation of an in situ robust tribolayer that was
responsible for the performance at high contact pressures (>1.1 GPa) and sliding speeds (0.1 m/s). This report
presents the lowest friction obtained by either MoS2 or MXene or any combination of the two so far.
KEYWORDS: superlubricity, MXenes, molybdenum disulfide, steel, friction, wear, solid lubrication

Identifying materials and systems that can render super-
lubricity in real-world applications is an important research
area in sliding mechanical systems.1 Several niche

applications call for oil-free lubrication that can benefit from
nearly frictionless sliding on multiasperity contacts, also known
as engineering rough surfaces (ERS). Graphene,2−6 nano-
diamonds,7,8 and their combinations9,10 have been shown to
induce superlubricity. However, it must be pointed out that
this phenomenon has been reliably observed in a limited range
of controlled systems: namely, with an inert counterface like
diamond-like carbon (DLC), using atomically smooth
substrates such as silica wafers, or under vacuum condi-
tions.11−16 Other 2D materials, such as MoS2 and graphene
oxide, are known to be promising solid lubricant materials, but
the superlubricity in those has been dependent on the material

alignment and is highly sensitive to atmospheric conditions
and materials purity. Martin et al.12,13,17 have attributed the
mechanisms in the lubricity of MoS2 to intragranular shear and
intercrystallite slip, both of which are closely related to the
individual crystal rotation/orientation. Importantly, the
lubricity properties have been attributed to (a) intrinsic
material properties of MoS2 flakes in the aforementioned
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Figure 1. Schematic illustration showing the generation of suspensions containing solid lubricants in a nonreactive carrier medium (ethyl
alcohol) nd subsequent spray coating onto the preheated substrate, as well as unidirectional ball-on-disk sliding experiments. High-
resolution TEM images showing the lattice spacings of (b) MoS2 as 5.75 Å and (c) Ti3C2Tx as 8.78 Å. (d) Light microscopic image of the
coated steel substrate (e) with the corresponding surface profile showing the coating thickness of the solid lubricant deposited onto an AISI
52100 steel substrate. The average coating thickness was 3.3 ± 0.1 μm, and the roughness of the coated substrates was 450 ± 50 nm.
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orientations, rather than contact mechanics conditions, (b)
orientation of the grains, or basal plane reorientation, and (c)
intragranular and intercrystalline shear in the MoS2
grains.12,13,17 The major limitation for the advancement is
that most 2D materials call for highly controlled processing
steps such as atomic layer deposition, physical or chemical
vapor deposition, or sputtering that invariably need high-
vacuum systems, thus presenting limitations of size, geometry,
and uniformity.18

Slip and/or shear between the atomic planes in layered
structures such as in graphite,19 graphene,20,21 graphene
oxide,22 MoS2,

17,23−25 and WS2,
26−29 among others, are

primarily responsible for lubricity in solid-state sliding. The
tribomechanical or chemical phenomena such as crumbling of
the layered structure under high contact pressure,30 reactions
between the substrate and coating material changing its
chemical/crystal structure,31−33 or materials degradation by
intercalation with impurities,17 oxygen, or water molecules
(also referred to as structural water)34 are generally attributed
to the loss of lubricity over prolonged sliding and are barriers
to realizing superior performance. Therefore, the search for
more reliable and tribologically effective material systems
continues.
MXenes are a class of layered materials that could potentially

overcome these drawbacks, as they offer flexibility in the
structure and composition beyond previously tested 2D
materials while providing the lubrication benefits of the
layered materials. MXenes have been explored for their

tribological properties35,36 as lubricant additives in oils37,38

and organic solvents39,40 and as reinforcements in polymer-
based composites41−45 and solid lubricants.46−48 MXenes have
been shown previously to provide a superlubricity regime when
they are deposited on an atomically flat silicon substrate and
tested against the DLC surface.48 However, there are no
reports that have demonstrated a prolonged, sustainable
superlubrication performance when they are used as a solid-
state lubricant reducer on ERS with a steel counterface. To
bridge this knowledge gap, we demonstrate the pathways for
achieving superlubricity on ERS (Ra ≈ 200 nm) multiasperity
contacts, using hybrid Ti3C2Tx-MoS2 coatings.
This paper reports a simple spray-coating process for the

deposition of hybrid Ti3C2Tx-MoS2 coatings that resulted in an
exceptional lubricity performance under dry conditions under
high contact pressures of ∼1.1 GPa. The detailed character-
ization of the tribological interface revealed the origin of such
superlubricity in the rearrangement of the 2D materials to
accommodate the applied stresses. Optical profilometry,
scanning electron microscopy, transmission electron micros-
copy, Raman and X-ray photoelectron spectroscopy, and
nanoindentation were used to quantify the properties and
delineate the phenomenon. Our findings unravel opportunities
for frictionless sliding systems operating under conditions
relevant to industrial applications.

Figure 2. (a) Coefficient of friction behavior showing the performance of MoS2-Ti3C2Tx solid lubricant coatings under unidirectional sliding
at 0.1 m/s under various contact loads as a function of sliding distance in dry nitrogen. (b) Summary of steady-state friction values
juxtaposed with steel-on-steel, MoS2-on-steel, and Ti3C2Tx -on-steel references. (c) Coefficient of friction measured at 20 N and 0.1 m/s
under ambient conditions in contrast with the friction at 20 N under dry nitrogen conditions, showing the effect of humidity on the
tribological performance. (d) Coating wear on the steel substrate as a function of the normal load after sliding for the same distance. The
friction was observed to decrease with an increase in the normal load (contact pressure), with the 20 N test condition surpassing the
superlubricity threshold by 1 order of magnitude (0.0034). Wear rates were observed to decrease with increasing load as was the case for
friction.
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RESULTS AND DISCUSSION
A schematic illustration of the coating process and tribological
testing in unidirectional sliding is shown in Figure 1a. The
composition of the coating has been optimized to reveal the
maximum lubricity potential of the materials (Supporting
Information).
High-resolution TEM micrographs of the pristine as-

received MoS2 and Ti3C2Tx (Tx indicates the surface
terminations of the outer metal layers in the MXene structure,
such as O, OH, etc.) are shown in Figure 1b,c, respectively.
Both materials had a microcrystalline size (up to 500 nm
length and width), and multiple-layer (up to 30−50 layers for
MoS2 and up to 50−60 layers for Ti3C2Tx) structures. The
lattice parameters of MoS2 and Ti3C2Tx were about 5.75 and
8.78 Å, respectively, as calculated from Figure 1b,c. An SEM
image of the as-deposited coating is shown in Figure 1d. The
roughness of the coated substrates was 450 ± 50 nm. The
coating thickness was measured by removing the deposited
material with a sharp scribe and measuring the step height
between the underlying steel substrate and the top surface.
This procedure was repeated at multiple locations on each
substrate, thus calculating a coating thickness of 3.1 ± 0.1 μm
as shown in Figure 1e.
Friction data for individual test conditions are shown in

Figure 2, while the average steady-state friction values are
shown in Figure 2b. The coefficients of friction of the steel-
against-steel, MoS2-on-steel, and Ti3C2Tx -on-steel bench-
marking tests, performed with a 1 N load, were 0.78, 0.19, and
0.2, respectively. Higher load benchmarking was successful
only for the MoS2-on-steel system for loads up to 5 N (Figure
S1), since for all other samples the peak friction triggered the

autocutoff on the tribometer and terminated the tests
immediately after the break-in.
Coefficient of friction data for hybrid composites showed

that friction reduced by 89% in the 1 N test to 0.0791, by 91%
in the 3 N test to 0.055, by 94% in the 5 N test to 0.047, by 2
orders of magnitude to 0.013 at 10 N, and surpassing the
superlubricity threshold (of 0.01) by 1 order of magnitude at
20 N with a friction of 0.0034. Each test was repeated at least
three times to confirm the measurements. The best test
conditions, namely 20 N and 0.2 m/s sliding, was run for 2 h
totaling 40000 cycles (1.2 km), demonstrating steady-state
friction at 0.003, which confirmed the materials’ performance
to be prolonged and repeatable. Figure 2c shows the friction
results on sliding under humid conditions (RH 42%), with
values reaching as high as 0.65. This, in comparison with the
test results from dry nitrogen sliding, clearly shows the
deleterious effects of environmental oxygen and/or water
vapor. Following ascertaining friction response and its
repeatability, the wear induced on the coated surfaces was
studied, and the results are presented in Figure 2d (and in
Figure S2). The results indicate a 2 orders of magnitude
reduction in the wear rate for the coating tested at a 20 N load
in comparison to the bare steel vs steel sliding at 2 N and 0.1
m/s. A representative surface profile of the wear track is shown
in Figure 3a. The depth of the wear track was about 0.7−0.8
μm for the 20 N 0.1 m/s test condition and was much
shallower for lower loads. These results suggest that the
coating still remained intact during sliding and its compression
and adaptation allowed reducing the effect of the steel
substrate roughness on the frictional behavior. The modified
materials in the wear track also exhibited strong adhesion to

Figure 3. (a) Surface profile of the wear track of the hybrid nanocomposite at 20 N. (b) SEM-EDS mapping showing the distribution of
elements on the coating and wear track. (c) Summary of the results obtained by nanoindentation analysis inside the formed wear tracks
showing an increasing hardness and modulus with sliding across test loads.
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the substrate that made them capable of sustaining high load
and shear stresses.
The coating inside the sliding path remained intact at the

end of the sliding experiments, both short-term and long-term,
and did not reveal the underlying steel in any of the test cases.
A representative elemental mapping for the extreme test
condition, namely 20 N, is shown in Figure 3b. The faint Fe
signal is expected to originate from the underlying, unexposed
steel substrate due to the depth of electron material
interactions. The entire wear on the surface seen as
deformation/compression of the hybrid coating was contained
within the thickness of the deposit. The sliding path was

brighter than the as-deposited coating, indicating that the
coating may have been slightly polished during sliding.
To quantify the changes in the mechanical properties of the

coating material during sliding and to understand the
mechanisms resulting in superlubricity, nanoindentation
experiments were carried out inside the formed wear tracks
for all sliding conditions. The corresponding results are shown
in Figure 3c. A clear trend of increasing the resistance to
indentation and stiffness was seen with increasing contact
pressure. The indentation data are presented up to 5 N, since
during the tests performed at 10 and 20 N the depth of the
wear tracks approaches the thickness of the coating and thus

Figure 4. Raman spectra acquired on (a) as-deposited hybrid coating and (b) inside the wear track after tribological testing. (c) Raman
mapping on the wear track. The data shown here correspond to the wear track generated for a normal load of 20 N.
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the steel substrate largely affects the measurements of the
hardness and the elastic modulus. Indeed, the measured
hardness values for 10 and 20 N wear tracks were measured to
be 6.5 and 6.6 GPa respectively, which is close to the 6.6 GPa
hardness of the steel substrate. The observed trend of the
hardness and elastic modulus increase as a function of the load
at which the tribotests were performed is unambiguous
evidence of a compaction-driven increase in hardness and
modulus that has improved the lubricity, thus preventing a
steel-on-steel contact and improving the respective wear
resistance. The surface of the tribological counterbody studied
by optical profilometry and scanning electron microscopy does
not indicate any pronounced wear but did show firm
adherence of the transfer layer that could not be removed by
wiping or sonication (to assess ball cap diameter). The

nanoindentation results and wear data, from both the substrate
and counterface ball, indicate that there is an absence of wear
loss of the steel surfaces; sliding at high contact pressures
resulted in compaction and densification of the coating that
resulted in a robust tribofilm, which prevented the direct steel-
on-steel contact. This mechanical phenomenon in combination
with the shearing of the layered materials within the tribofilm
contributed to the sustained superlubricity. The densification
phenomenon is consistent with previous reports by Mogne et
al., where very dense, hard coatings were observed to produce
exceptional lubricity.13

To further probe the origin of the observed superior
lubricity, structural (crystallographic and morphological) and
compositional (chemical bonding) changes in the coating were
evaluated. Figure 4 summarizes the spectra collected from the

Figure 5. Bright-field TEM images of the tribolayer at (a) the 10 N test showing composite MXene and MoS2 overlapped flakes, (b) the 20 N
short-term test, and (c) the end of the long-term test. (d) Electron diffraction image. (e) Schematic of an in-operando mechanism consisting
of coating densification and reorientation that resulted in superlubricity.
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(center of) wear track formed during superlubric sliding under
20 N test conditions in comparison to a representative Raman
spectrum acquired on the as-deposited hybrid coating. A
gradual transition in the Raman signal is observed across the
regions of the sliding path. The tribotests induced changes in
the characteristic peaks of the as-deposited, pristine Ti3C2Tx-
MoS2 nanocomposite at 284 (Ti3C2Tx), 377 (E1

2g and
Ti3C2Tx), 406 (A1g), 598 (E1

2g + LA), and 822 cm−1 (2A1g),
while the intensity of the peaks located at 379 and 406 cm−1

remained unchanged. The intensities of the E1
2g and A1g peaks

were higher compared to those of the as-deposited coating,
indicating that the structure of MoS2 experienced a basal plane
reorientation of the basal planes under shearing and
compressive loads. The MXene component of the nano-
composite did not produce any resolvable spectral signal in the
sliding path due to signal-drowning from the MoS2. A faint
peak at 820 cm−1 was noticed in the as-deposited coating,
which was observed to be absent inside the wear track, and
none of the spectra had 159 or 666 cm−1 peaks. These three
peaks, namely, 159, 666, and 820 cm−1, correspond to MoO3

49

and may indicate a complete absence of oxidation/oxide
formation during the wear testing. 2D maps of all the major
Raman peaks (Figure 4c) indicate the consistency of the
coating inside the wear track. Interestingly, an analysis of the
steel counterpart after sliding (Figure S3) indicates transfer of
the coating to the ball side to ensure easier shearing of
materials with no signs of the steel substrate wear. In stark
contrast, the Raman analysis of the wear track produced in a
humid environment (Figure S4) shows no coating presence
inside the wear track after the sliding.
The X-ray photoelectron spectra (presented in Figure S5)

for the as-deposited coating and inside the wear track formed
during superlubric sliding summarize the changes in the Mo3d,
Ti2p, and S2p peak regions. The peak deconvolution of the
Mo3d region indicates a decrease of the Mo6+ oxidation state
with sliding. This corroborates the results obtained by Raman
spectroscopy and affirms the understanding that there is an
elimination of MoO3. The formation of MoO3 is a known
mechanism of dangling bond saturation in MoS2

49−52 when
crystal degradation or disruption occurs during sliding and has
been extensively documented to deteriorate the lubricity
performance.25,30−33 This brings up the question as to why
an indication of oxide was observed in the starting materials/
pristine coating and not in the tribolayer. This could be
attributed to two plausible sources. On the one hand, the
exposure to ambient conditions and adsorption of oxygen may
have led to the oxidation of MoS2 crystallites at defect sites or
edges. On the other hand, it may be traced back to potential
oxidation from the residual oxygen from the ethanol-based
deposition procedure. Continuous purging of nitrogen at low
dew-point temperature combined with tribochemical reactions
and reorientation might be responsible for the observed
decrease/vanishing of the oxygen. Additionally, Ti, which may
be released from Ti3C2Tx during sliding, is a known oxygen
absorber and its presence may accelerate the removal of the
adsorbed oxygen from MoS2.

51,52 It is hypothesized that the
synergistic mechanism wherein deleterious effects are elimi-
nated by local transfer of oxygen/structural water from one
constituent phase to another effectively resulted in vanishing
friction for unlimited lubricity. To explain the phenomenon by
quantifying microstructural changes, small scraps of the
tribolayer were mounted onto copper grids for transmission

electron microscopy. The bright-field TEM images and
electron diffraction patterns are shown in Figure 5.
The TEM micrographs depicted in Figure 5a show the two

materials with distinct lattice spacings overlapping each other
with MoS2 flakes extending beyond the phase mixture,
delineated with the black dotted line. Similar microstructural
features can be seen in Figure 5b,c, respectively, wherein
darker multilayer regions with both MoS2 and Ti3C2Tx were
interspersed in larger MoS2 blankets, as shown with the white
and red dotted lines, respectively. The three bright-field
images, albeit from different test and load conditions, retain
significant similarities to that of the pristine, as-received
materials as shown in Figure 1, indicating no flake-/crystal-
level deformation of lattice disruption. Figure 5d (and Figure
S6) shows a representative electron diffraction (ED) image
from the phase mixture ,showing bright diffraction spots from
both crystals and a complete absence of halos, smearing, and
formation of continuous or discrete rings across multiple
analysis regions. This confirms that the phases retained their
high degree of crystallinity with no significant degradation of
MoS2 or Ti3C2Tx whatsoever. Moreover, there was no
formation of amorphous phases that are typically observed to
form in high-load, high-speed sliding of 2D materials.26,30

The data from white light interferometry, scanning electron
microscopy with energy dispersive X-ray spectroscopy, nano-
indentation, Raman spectroscopy, and X-ray photoelectron
spectroscopy, supported by bright-field transmission electron
microscopy and electron diffraction imaging, converge to the
following observations: a robust tribolayer was formed and
continually hardened (driven by compaction and densifica-
tion) during sliding. The tribolayer was thick and resilient to
accommodate deformation from high contact pressure and
prevented direct (steel-on-steel) contact between the sliding
tribopairs. By virtue of sliding under a dry nitrogen
atmosphere, and the relative affinity of Ti to oxygen, the
deleterious effects of oxygen or structural water intercalation
on the lubricity behavior of MoS2 and Ti3C2Tx could be
completely circumvented to provide ultralow, stable, prolonged
superlubricity. An increased signal strength from the basal
planes of MoS2, which indicates the reorientation of the MoS2
crystallites in the tribolayer, and Ti3C2Tx form the structural
truss that facilitated hitherto unseen exceptional lubricity
performance under dry conditions. The respective mechanisms
are illustrated in the schematics shown in Figure 5e.
The observed lubricity results were significantly lower

compared to those of previously reported coatings deposited
using similar technologies such as burnished or (magnetron,
rf) sputtered MoS2 under dry, ambient, and humid sliding
conditions. The results also outperform composite and
chameleon coatings, MoS2 doped or blended with other
materials such as gold, silica, nickel, graphene, and graphene
oxide, MXenes, and MXene blends and even in comparison to
oil- or liquid-based lubrication with MXene1 or MoS2 additives
as illustrated in the Ashby plot shown in Figure
6.22,23,30−33,36,46,47,53−57

CONCLUSIONS
This study reported superlubricious behavior obtained for a
combination of Ti3C2Tx and MoS2. The friction results shown
here have been observed to be the lowest values reported in
the published literature despite testing at very high contact
pressures, exceeding 1 GPa. This was explained based on
extensive mechanical, microstructural, and molecular-bonding
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features of MoS2 and MXenes, originating from the
reorientation of MoS2 basal planes and a MXene truss
supporting the tribolayer all the while retaining the crystallo-
graphic integrity of the two materials at high contact pressures
and sliding at high velocities. This template of materials
development is hoped to accelerate the adoption of solid
lubricants onto rough surfaces and translate into commercial
applications as well as develop material combinations with
even better properties.

METHODS
Materials. To generate accordion-like multilayer Ti3C2Tx nano-

sheets, 2 g of MAX-Ti3AlC2 in powder form (Forsman Scientific Co.
Ltd., Beijing, China) was treated with 40% hydrofluoric acid. The
etching steps consisted of magnetic stirring at 60 rpm at 35 °C for 24
h. The suspension was centrifuged at 3500 rpm for 5 min, and the
residual product was collected. The final pH of 6 was adjusted by
several washing cycles with deionized water. Subsequently, the
suspension was vacuum-filtered and freeze-dried for 24 h at −60 °C
and a pressure of <30 Pa. Multilayer microcrystalline MoS2 flakes
were purchased from Graphene Supermarket, NY, USA.
Coating Preparation. The coatings were prepared using

multilayer Ti3C2Tx and MoS2 suspended in ethyl alcohol. For these
blends, 6 mg of MoS2 was mixed with 6 mL of ethanol and 25 μL of a
Ti3C2Tx suspension (concentration 70 mg/mL). The solution was
mixed thoroughly to create a multilayer Ti3C2Tx-MoS2 blend. The
prepared solution was sonicated for 5 min, such that the solution was
thoroughly mixed and ready for deposition. This solid lubricant
alcohol suspension was then transferred into the holding cup of a
pneumatic spray deposition apparatus. Dry nitrogen was used to
prevent any oxidation or deleterious intercalation during spray
coating. The 50 mm in diameter test coupons were made of hardened
and tempered AISI 52100 having a hardness of 59 ± 1 HRC and
roughness Ra of 250 ± 50 nm. The substrate was heated to 90 ± 10
°C to accelerate the evaporation of the carrier solution, instanta-
neously depositing the contained solids onto the substrates. Special
care was taken not to change the properties of the base steel through
tempering by limiting the thermal cycle to less than 20 min and
maintaining subtempering temperatures.
Tribological Analysis. Following the preparation of substrates,

the friction and wear response were evaluated under a dry nitrogen
atmosphere (−44 °C dew point under continuous purging) using an

Anton Paar tribometer under unidirectional sliding against AISI
52100 steel counterface spheres (6 mm diameter with a hardness of
57 HRC and Ra = 60 ± 2 nm). A schematic of creating the suspension,
spray coating, and tribological tests is shown in Figure 1. Tests were
carried out at 1 N (Hertzian contact pressure ∼480 MPa), 3 N (∼690
MPa), 5 N (∼820 MPa), 10 N (∼1000 MPa), and 20 N (∼1130
MPa) with sliding at 0.2 m/s linear speeds and run at the same linear
distance. Endurance tests were conducted for 2 h (equal to a distance
of 1.2 km or 40k cycles) at promising test parameters to assess the
longevity of the hybrid coatings. For comparison and benchmarking,
steel-against-steel tests were run at 20 N under dry nitrogen.

Characterization. Optical profilometry was used to measure the
coating thickness prior to the onset of experiments as well as the
respective wear loss on the tribopairs after the tests. The
morphologies of the as-received nanosheets, coated substrates, and
formed tribolayer were studied using scanning electron microscopy
(FEI Quanta 200 SEM equipped with energy-dispersive X-ray
spectroscopy (EDS) at 5 kV beam voltage), transmission electron
microscopy (JEOL 2000F), and optical microscopy (Leica optical
microscope). Chemical changes in the coatings were recorded using
Raman spectroscopy (Renishaw Raman system with a green 532 nm
wavelength laser) and X-ray photoelectron spectroscopy (PHI
Versaprobe, Al Kα radiation). The mechanical response was recorded
using a KLA iNano nanoindenter with a diamond Berkovich tip at
10000 mN load in a continuous sensing mode. A Filmetrics
Profilm3D Optical Profilometer from KLA Instruments (Milpitas,
California) was used to generate the 2D and 3D surface profiles of
sample surfaces.
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