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a b s t r a c t

Two-dimensional (2D) materials have demonstrated unique friction and antiwear properties unmatched
by their bulk (3D) counterparts. A relatively new, large and quickly growing family of two-dimensional
early transition metal carbides and nitrides (MXenes) present a great potential in different applications.
There is a growing interest in understanding the mechanical and tribological properties of MXenes,
however, no report of MXene superlubricity in a solid lubrication process at the macroscale has been
presented. Here we investigate the tribological properties of two-dimensional titanium carbide (Ti3C2)
MXene deposited on SiO2-coated silicon (Si) substrates subjected to wear by sliding against a diamond-
like carbon (DLC)-coated steel ball counterbody using a ball-on-disc tribometer. We have observed that a
reduction of the friction coefficient to the superlubric regime (0.0067 ± 0.0017) can be achieved with
Ti3C2 MXene in dry nitrogen environment. Moreover, the addition of graphene to Ti3C2 further reduced
the friction by 37.3% and wear by the factor of 2 as compared to Ti3C2 alone, while the superlubricity
behavior of the MXene remains unchanged. These results open up new possibilities for exploring the
family of MXenes in various tribological applications.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Efficiency and life span of machinery, which are affected by
friction, lubrication, and wear of materials, become increasingly
crucial in modern society [1]. Concerns about the increased con-
sumption of non-renewable energy resources, such as coal and
petroleum, demand minimization of friction in transportation and
industrial sectors [2]. Thus, the discovery and development of
excellent lubricant materials to combat friction and wear are of
great importance. Solid 2D lubricants such as graphene [2,3], gra-
phene oxide [4], and molybdenum disulfide (MoS2) [5] are now
gaining much attention for this purpose because of their superior
mechanical properties and environmental benignancy compared
with oil-based lubricants. Many experimental and theoretical
studies have investigated the tribological behavior of 2D materials

[6e12]. In particular, graphene has shown outstanding tribological
properties as promising lubricant, as well as excellent additive to
compositions for wear and friction reduction purposes. The possi-
bility to achieve superlubricity in various atmospheric conditions at
the macroscale, utilizing graphene and other 2Dmaterials and their
combinations, is another big step [13e16]. MXenes are a new class
of two-dimensional early transition metal carbides/nitrides
discovered in 2011 [17,18]. MXenes are produced by etching of the A
element layers from bulk MAX phases, where !M0 represents an
early transition metal (such as scandium [Sc], yttrium [Y], titanium
[Ti], zirconium [Zr], hafnium [Hf], vanadium [V], niobium [Nb],
tantalum [Ta], chromium [Cr], molybdenum [Mo], or tungsten [W]),
!A0 is a group IIIA or IVA element (such as aluminum [Al], gallium
[Ga], indium [In], silicon [Si], germanium [Ge], etc.), and X can be
either carbon (C), nitrogen (N) or both [19]. As a relatively new,
large and quickly growing class of 2D materials, MXenes have been
studied in various applications, including supercapacitors [20], la-
sers [21], electromagnetic interference (EMI) shielding and THz
communication [22], batteries [23e26], sensors [27e30], etc.
Thermal stability [31] and mechanical properties [32,33] of indi-
vidual MXene flakes have been studied computationally on a large
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scale, as well as experimentally [34], and their adhesion behavior
has also been investigated recently [35,36]. MXenes are promising
candidates for tribological applications because of their
outstanding mechanical strength and bending rigidity [32,34,37]
and a possibility for precise control over the monolayer thickness
[38e40]. Yang et al. reported that the addition of 1.0 wt% Ti3C2
MXene improved the antifriction properties of base oil [41]. In a
similar study published by Zhang et al., 1.0 wt% of 10e20 nm Ti3C2
nanosheets effectively improved the friction and antiwear prop-
erties of base oil [42]. Liu et al. reported a lower friction coefficient
and ball wear volume achieved with 0.8 wt% of highly exfoliated
Ti3C2 added to base oil [43].

Titanium carbide (Ti3C2) MXene is also a promising material for
solid lubrication. Zhang et al. reported on the synthesis of Ti3C2/
ultra-high molecular weight polyethylene composites that reduced
the plow friction and adhesive wear [44]. Mai et al. designed Ti3C2
nanosheets/copper composites with a 19 times lower wear rate and
a 46% reduction in the coefficient of friction (COF) compared to the
bare copper counterbody under dry sliding [45]. Recently, Yin et al.
created Ti3C2/nanodiamond composites that showed the ultrawear
resistance when rubbed against a polytetrafluoroethylene (PTFE)
ball at room temperature in air. According to the authors, the
combination of the rolling action of nanodiamondwith the slipping
and intercalation of MXene provided the reduction inwear [46]. Hu
et al. reported Ti3C2Tx/Al composites with COF 0.2 in dry sliding
test, which is twice lower than that of bare Al [47]. Zhang et al.
predicted usingmodeling that defects, such as Ti and O vacancies in
MXene structure, increase the COF through increasing its surface
roughness. And compared with the -O- terminated Ti3C2, the eOH
terminations of Ti3C2 further reduced its interlayer COF [48].
Rosenkranz et al. verified that both surface terminations and
intercalated water in Ti3C2Tx MXene reduced the interfacial
bonding strength, resulting in a lower frictional force under dry
conditions on stainless steel surfaces [49]. Researchers have also
demonstrated that Ti3C2 MXene can act as solid lubricant on
different substrates at the nanoscale [36,50,51]. All these studies
utilizing MXene alone or in combination with other 2D materials
have shown that MXenes have great potential as solid lubricants,
however, none of these studies reported superlubricity either using
MXene itself or in combination with other materials. However, it
should be noted that MXenes may be quite reactive towards envi-
ronment, in particular, water [52e55] and water vapor, as well as
other gaseous species [27] may result in MXene degradation or at
least, change its surface terminations. Therefore, it becomes
important to conduct measurements in an inert atmosphere.

In this work, we investigate the tribological properties of Ti3C2
MXene as well as MXene/graphene films on Si substrates coated
with thin film of SiO2 (~300 nm thick SiO2, from Silicon Valley
Microelectronics, hereafter referred to as !Si substrates0) subjected
to wear by sliding against a diamond-like carbon (DLC)-coated
stainless steel ball using a ball-on-disc tribometer operated in a
controlled environment. We demonstrate that it is possible to
achieve superlubricity with MXene alone as well as in combination
with graphene, with an additional benefit of reduced wear in the
latter case.

2. Experimental details

2.1. Preparation of Ti3C2 MXene and Ti3C2/graphene coatings on Si
substrates

Ti3AlC2 MAX phase was synthesized by heating a mixture of Ti
(!325 mesh, 99.5%, Alfa Aesar), Al (!325 mesh, 99.5%, Alfa Aesar),
and graphite (!325 mesh, 99%, Alfa Aesar) powders
(3:1.1:1.88 M ratio) at a rate of 10

"
C/min from RT to 1550 "C and

holding at this temperature for 2 h. Heating and cooling were
entirely conducted under argon (Ar) flow. Ti3C2 MXene was syn-
thesized according to the published methods [53]. Briefly, the
etchant was prepared by adding 0.3 g lithium fluoride (LiF) to 3 mL
9 M HCl in a plastic centrifuge tube and stirring for 5 min. 0.3 g of
Ti3AlC2 MAX phase powder (!400mesh, particle size# 38 mm)was
gradually added to the etchant and left reacting for 36 h at 35 "C.
The etched powder was washed with deionized water until the pH
of the supernatant reached ~6. The Ti3C2 colloidal solutionwas then
obtained by 5 min hand-shaking followed by 40 min centrifugation
at 3500 rpm.

Samples of Ti3C2 on Si substrates (average flake size ~0.8 mm,
Fig. 1) were produced by 20 min bath sonication of the as-prepared
MXene colloidal solution and spray-coated from ~1.5 mL of the
diluted as-prepared aqueous colloidal solution (0.017 mg/mL
MXene). Ti3C2/graphene coatings were prepared by mixing diluted
Ti3C2 colloidal solution (0.017 mg/mL) and graphene ethanol so-
lution (0.010 mg/mL, Graphene Supermarket, carbon content
99.99%, average flake size ~550 nm) in a 1:1 vol ratio followed by
20 min bath sonication. ~1.5 mL of this dispersionwas spray-coated
on the Si substrates. All samples were dried in ambient environ-
ment for more than 24 h before testing. All Si substrates used in this
work were treated overnight in piranha solution (concentrated
sulfuric acid: hydrogen peroxide ¼ 3: 1) prior to film deposition.

2.2. Friction and wear tests

Friction and wear tests were conducted in dry nitrogen atmo-
sphere (Dew Point Temperature !40 "C, # RH 0.1%) at room tem-
perature using a multifunctional ball-on-disc type tribometer
(MFT-5000, Rtec Instruments). The Si substrates with deposited
films were clamped on a sample platform and slid against a
9.526 mm diameter stainless steel ball coated with diamond-like
carbon (DLC) film as described elsewhere [56,57]. The applied
normal load was controlled at 2 N (maximum contact pressure
0.60 GPa) with 0.1 m/s linear velocity for a total running time of 1 h.
Zero calibration of the machine was carried out automatically
before each test.

2.3. Characterization

Raman spectroscopy was performed using Renishaw InVia
confocal Ramanspectrometerwith 532 nm laser,100x objective and
a 1200 l/mm grating. The spectra were acquired with 500 s expo-
sure time, 0.5% of laser power and 1 accumulation.

Atomic force microscopy (AFM) was performed using Digital
Instruments Nanoscope IIIA under ambient atmosphere. The AFM
image of Ti3C2 was recorded in tappingmodewith a silicon tip (App
Nano, Tip radius < 10 nm).

3. Results and discussion

3.1. Tribological behavior of MXene coating

Friction tests were first conducted on the Si substrates vs. DLC-
coated balls for comparison. The experimental COFs for a Si sub-
strate and Ti3C2 MXene against the DLC-coated ball are shown in
Fig. 2 where the dash-dotted line represents the superlubric
threshold (COF ¼ 0.01). The average measured COF for Si substrate
against DLC in the range 700e1800 s (before the failure point) is
0.0222 ± 0.0035, whereas the average COF for Ti3C2 against DLC in
the range 700e3100 s, i.e. before the failure point, is in the super-
lubricity range, 0.0067 ± 0.0017, as shown in Fig. 2(b). The COF
value for Ti3C2 is 3.3 times lower than for the Si substrate. Failure
points at ~1800 s and 3100 s for the Si substrate and Ti3C2 coating,
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respectively (Fig. 2(a)), are due to wearing out of DLC coating on the
ball as explained below based on the wear marks observed on the
counterbody after wear tests.

X-ray photoelectron spectroscopy (XPS) data for similar MXene
samples published before [22,35] showed the presence of Ti, C, O, F,
and Cl elements, indicating that our MXenes are terminated with
different functional groups (T ¼ eOH, eF, -O- and -Cl), in good
agreement with other literature data [58]. As hypothesized in prior
studies, the surface terminations may affect friction by changing
the interlayer binding/adhesion energy of MXenes resulting in a
lower COF [49,59]. However, in this case, we believe that the inert
nature of the DLC counterbody as well as graphene-like shearing of
MXene flakes were mostly responsible for reducing the friction to
superlubric regime. Since we did not passivate MXene, it may react
over time of the experiment, which may eventually degrade the 2D
nature of the MXene. When this happens, shearing becomes
disturbed, leading to high friction that wears down DLC and results
in a rapid increase of friction to very high values towards the end of
the tribo tests as shown in Fig. 2(a). Optical microscopy images of
the wear tracks for the Si substrate and Ti3C2 samples are shown in
Fig. 3(a and b). Raman spectroscopy was further conducted on the
wear tracks of the samples. Fig. 3(c and d) show Raman spectra
recorded from the wear tracks on the Si substrate and Ti3C2 coat-
ings, respectively. Only Si peaks at 300, 520, and ~960 cm!1 were
observed in four representative spots on Si substrate (Fig. 3(c)) [60].
The Ti3C2 sample showed superlubric COF after 700 s and high
friction after 3100 s when DLC coating has worn out exposing the
underlying steel on the counterbody surface (Fig. 2(a)). Raman
spectra show only crystalline and amorphous Si peaks for spots 2e4

within thewear track (Fig. 3(d)) and no signs of MXene. Fig. 3(e and
f) show the optical microscopy images of the balls worn against the
Si substrate and Ti3C2, respectively. The DLC coatings were worn
out in both tests on the Si substrate and Ti3C2 samples, clearly
exposing the underlying steel surface of the balls. Although in case
of Ti3C2 superlubricity was achieved, the wear was still high. This
could be due to a relatively sparse coverage , exposing Si in gaps
between the flakes, as shown in AFM image (Fig. 1), which leads to
the intermittent contact between Si and DLC, thus increasing the
overall wear. However, this did not affect COF on average since the
flakes shear easily and are mobile within the wear track, thus
despite the sparse nature of the coating, Ti3C2 maintained low
friction over a period of time. This behavior is similar to that of
graphene flakes observed previously on steel surfaces [2].

3.2. Tribological behavior of MXene/graphene coating

From the experiments described above, Ti3C2 reaches the
superlubic regime but the coating is worn out finally. To check if it is
possible to maintain superlubricity and reduce wear of the coun-
terbody even further, we have also tried to fabricate a composite
MXene-graphene coating prepared from mixing solution-
processed graphene with Ti3C2 using sonication. A similar strat-
egy, when MXene was combined with another 2D material, was
shown to improve mechanical properties of the resulting com-
posite [61]. Another benefit of adding graphene toMXene coating is
to protect MXene from the effects of the environment, since the
hydrophobic nature of graphene may reduce exposure of MXene to
humidity that is detrimental to its structure [52,53]. A recent high-

Fig. 1. AFM image (left) and height profile (right) of Ti3C2 coatings on Si substrate measured along the white arrow indicated in the left panel.

Fig. 2. (a) Tribological behavior of Si substrate and Ti3C2 on Si substrate against a DLC-coated steel ball and; (b) comparison of COF values demonstrating the onset of superlubricity.
Error bars represent standard deviations of the average COF values.
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resolutionmicroscopy study [62] also showed that the introduction
of graphene nanosheets may induce the formation of the lubri-
cating tribofilm protecting the contact surface. Fig. 4(a and b)
display the friction test results of graphene, Ti3C2, and Ti3C2/

graphene coatings, respectively, on Si substrates tested against DLC.
The average friction coefficient for graphene vs. DLC was
0.0138 ± 0.0014 (700e3600 s), while for the Ti3C2/graphene
(~37 wt% of graphene) coating, it was reduced to 0.0042 ± 0.0011

Fig. 3. Top row: optical microscopy images of the wear tracks on (a) Si substrate and (b) Ti3C2 samples; middle row: Raman spectra from representative spots on (c) Si substrate and
(d) Ti3C2 samples; bottom row: optical microscopy images of the balls worn against (e) Si substrate and (f) Ti3C2 samples.

Fig. 4. (a) Tribological behavior of graphene, Ti3C2, and Ti3C2/graphene coatings against DLC-coated steel balls and (b) comparison of the corresponding COF values. Error bars
represent standard deviations of average COF values.
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(700e3600 s), which not only reached the superlubricity range but
indeed reduced the wear of the DLC ball significantly. The lower
friction coefficient of Ti3C2/graphene vs. DLC could be attributed to
the additional shearing and covering of MXene by graphene during
the sliding process thereby reducing wear on the DLC side. It is also
possible that graphene may have helped in passivating the reactive
surface of MXene during friction. However, while the addition of
37 wt% graphene to MXene reduced the COF from 0.0067 ± 0.0017
to 0.0042 ± 0.0011, a 100 wt% graphene coating yielded a higher
COF of 0.0138 ± 0.0014 indicating that a balance between graphene
and MXene concentrations must be maintained to achieve the best
performance. Thus, we experimentally demonstrated that a com-
bination of Ti3C2 MXene with a certain amount of graphene pro-
vides the lowest friction coefficient and lower wear than Ti3C2
alone.

Optical microscopy images and Raman spectra of the wear track
on graphene-coated Si substrate are shown in Fig. 5(a, c), respec-
tively. Raman signature of graphene is observed in spots 1, 2, and 4
in Fig. 5(c) with an increasing intensity of D band, indicating pro-
gressive amorphization when moving from the edges to the center
of the wear track. The Raman spectrum from spot 3 shows amor-
phous carbon, which might be part of the transfer layer from DLC
coating of the counterbody. Compared with Ti3C2 (Fig. 3(b)), the

wear track on Ti3C2/graphene coating vs. DLC after the test appears
to be less abrasive (Fig. 5(b)). Raman spectra from thewear track on
Ti3C2/graphene sample showed amorphous carbon originating
either from graphene remaining in the track or fromDLC coating on
the ball. In case of graphene, the wear is smaller according to
Raman results (Fig. 5) and friction test (Fig. 4). Neat graphene film
has more complete coverage and therefore friction interface is
mostly between DLC and graphene and not with the underlaying
SiO2, resulting in a lower wear rate of the DLC ball. In case of Ti3C2/
graphene, the coverage is sparser as can be deduced indirectly by
looking at the intensity of the SiO2 peak in the Raman spectra of the
wear track (Fig. 5(d)) and comparing it with the Raman spectra
shown in Fig. 5(c). The higher intensity of SiO2 peak in case of Ti3C2/
graphene indicates that more SiO2 is exposed and therefore the
friction interface is mixed, increasing the likelihood of the inter-
mittent contact between DLC and SiO2. Although the overall friction
is still dominated by DLC-Ti3C2 contact (hence the superlubricity is
unchanged), a higher contribution from the intermittent contact
with the SiO2 must be responsible for the higher wear rate.

Images of the wear scars on the counterbody were also
analyzed. For graphene and Ti3C2/graphene-coated samples, rela-
tively small wear scars were observed after the tests (Fig. 5(e and
f)). The ball wear volume was estimated using the equation:

Fig. 5. Top row: optical microscopy images of the wear tracks on (a) graphene and (b) Ti3C2/graphene coatings; middle row: Raman spectra from representative spots for (c)
graphene and (d) Ti3C2/graphene samples; bottom row: optical microscopy images of the balls worn against (e) graphene, and (f) Ti3C2/graphene samples.
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d is the diameter of the ball wear cap, and r is the radius of the
DLC-coated ball (4.763 mm).

The ball wear rate was estimated using Archard's equation
[63,64]:

KB ¼
V
SW

(3)

where V is the ball wear volume, S is the sliding distance (360 m in
our study), and W is the applied load.

The ball wear rates against the Si substrate, Ti3C2, graphene, and
Ti3C2/graphene coatings are summarized in Fig. 6. The Si substrate
showed the largest wear rate as expected. Although achieving
superlubricity, Ti3C2 MXene also showed a high wear rate
(4.9& 10!7 mm3/(N,m)). It is worth noting that after adding 37wt%
of graphene, the wear rate of Ti3C2 was reduced by a factor of 2, to
4.5 & 10!9 mm3/(N,m), with COF further reduced by 37.3%. Thus,
graphene prolonged the running time of Ti3C2 in the friction tests
by reducing abrasion while the superlubricity of MXene remained
unchanged.

4. Conclusions

In summary, the tribological properties of Ti3C2 MXene coatings
on Si substrates have been investigated in a controlled environ-
ment. The ball-on-disk friction tests were conducted against the
DLC-coated steel ball counterbody in dry nitrogen atmosphere and
the results show that the average measured COF for Ti3C2 is
0.0067 ± 0.0017, falling into the superlubricity range. This COF
value is 3.3 times lower than that for the Si substrate. Moreover,
with the introduction of 37 wt% graphene to Ti3C2, the COF was
further reduced by 37.3% (to 0.0042 ± 0.0011) compared with Ti3C2,
while the ball wear rate of Ti3C2 was reduced by a factor of 2. Thus,
superlubricity against DLC can be achieved with MXene, further-
more, with the addition of graphene toMXene, the superlubricity of
the coating remained unchanged while abrasion was further
reduced. This work opens opportunities for exploring the potential

of MXenes and MXene/graphene coatings as novel solid lubricants
for various applications.
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