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Effect of surface termination on the balance between friction
and failure of Ti3C2Tx MXenes
Quanpeng Yang 1, Stefan J. Eder 2,3✉, Ashlie Martini 1 and Philipp G. Grützmacher 2

Reactive molecular dynamics simulations of Ti3C2Tx with three different surface terminations were used to understand friction and
failure of MXenes during sliding at normal pressures from 2–20 GPa and temperatures from 300–1100 K. The O-terminated MXene
had the smallest shear stress at low pressures and temperatures, but failed at more severe conditions due to interlayer bonding and
the formation of Ti–O–Ti bridges between MXene layers. Failure was not observed for the OH-terminated MXene or a
heterostructure combining O- and OH-terminations. For these, at less severe operating conditions, shear stress was smaller for the
OH-terminated MXene, while the opposite was observed at higher temperatures and pressures. These trends were explained in
terms of adhesion and the complex effect of hydrogen atoms that can either facilitate or hinder sliding, depending on the
termination and conditions. Results show that friction and failure are affected by and potentially tunable via MXene surface
termination.
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INTRODUCTION
The dimensional characteristics of a material dramatically affect its
properties1. Two-dimensional (2D) materials are a class of
materials characterized by atomically thin layers with strong
chemical bonds in-plane, but only weak out-of-plane coupling
between individual layers2. The successful isolation of graphene
by mechanical exfoliation has spurred research in the field of 2D
materials, and entirely new members of this material class are
being discovered each year3. 2D materials possess high specific
surface areas such that charge and heat transport are confined to
a plane1, and they have been shown to exhibit extraordinary
electrical, mechanical, and chemical properties4. As such, this class
of materials is fascinating for its potential use in a broad range of
applications, including energy storage, photonics, superconduc-
tors, flexible electronics, sensors, and tribology5,6.
One important application of 2D materials is as solid lubricants.

In this role, the weak interactions between layers of 2D materials
result in low shear strength and correspondingly low friction and
wear7. A prominent example of this class of materials is
molybdenum disulfide (MoS2), which has long been used as a
solid lubricant and is frequently utilized for space applications8.
Another well-known 2D solid lubricant is graphene, which is
already in common use as a coating, liquid lubricant additive, or as
one component of self-lubricating nano-composite materials9.
Given the right conditions, even superlubricity (i.e., a coefficient of
friction <0.01) can be achieved with 2D materials10. However, a
drawback of solid lubricants is their sensitivity to the environment.
In particular, MoS2 and graphite are quite sensitive to humidity9.
The applicability of MoS2 is limited if oxygen or water molecules
are present, whereas graphite only functions well if the surround-
ing air is humid. Moreover, most conventional solid lubricants are
easily worn out, exhibiting poor wear life11.
Another class of 2D materials that has only recently begun to be

considered for tribological applications is MXenes12–14. MXenes
are layered transition metal carbides, nitrides, and carbonitrides.
They are described by the chemical formula Mn+1XnTx (n= 1–4),

where M represents the transition metal atom (groups 3–6 of the
periodic table), X can be carbon or nitrogen, and Tx indicates the
surface termination15. MXenes have been increasingly used in
solid lubrication, liquid lubrication, and as reinforcement phase in
composites16. Recently, Grützmacher et al. demonstrated that
MXenes can outperform the more common 2D nanomaterials in
terms of wear life17.
A variety of different MXenes can now be synthesized15.

Although many properties of MXene materials, such as chemical
composition, atomic layer number, and flake size, can be tuned, it
is difficult to produce stable MXenes with homogeneous surface
termination18. With conventional synthesis strategies, MXenes
typically exhibit a random mix of different terminations, which will
directly affect their behavior in a sliding application. However,
using molten salt etching, uniformly terminated MXenes (-Cl,
-Br, -I) can be obtained. Since these terminations are less strongly
bonded to the M atoms than the typical terminations (-F, -OH, -O),
they can subsequently be replaced to produce other types of
termination or even bare MXenes18. Given the expected
significant effect of surface termination on interlayer sliding of
MXenes, it is desirable to understand how the various termina-
tions affect tribological behavior19,20.
The dimensional characteristics of 2D materials lend themselves

extremely well to analysis using molecular dynamics (MD)
simulation. Early MD modeling of MXenes focused on their
mechanical properties21, thermal stability22, or energy storage
potential23. Only recently has MD been applied to study the
frictional properties of this promising material class, focusing
either on operation at cryogenic and room temperature24 or on a
single termination25. In this work, we used reactive MD simula-
tions, i.e., simulations based on an empirical potential that
captures the formation and breaking of chemical bonds, to
characterize and understand the effects of surface termination on
friction and wear of MXenes over a wide range of temperatures
and pressures. This constitutes a significant contribution to the
field, particularly since solid lubricants are usually used under
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harsh conditions, markedly exceeding the conditions in previous
modeling studies. We constructed computational models of self-
mated Ti3C2Tx MXene layers with two different types of
terminations, as well as a heterostructure consisting of a mixture
of the two terminations. Over 600 different simulation cases were
run and analyzed. The effect of termination on pressure- and
temperature-dependent shear stress and, in some cases, failure,
was explained in the context of interlayer interactions and
bonding.

RESULTS AND DISCUSSION
Shear stress results
Frictional resistance to sliding was characterized as shear stress for
three bilayer Ti3C2Tx MXene models: both layers terminated with
O, both layers terminated with OH, or one layer terminated with O
and the other with OH (called heterostructure in this work). The
average shear stress as a function of their surface termination
(OH, O, heterostructure), pressure (2–20 GPa), and temperature
(300–1100 K) is presented in Fig. 1; the data is also presented as
contour plots in Supplementary Fig. 1. Close-up views of the
interface before loading are shown in the inset of each figure. At
300 and 500 K and pressures below 8 GPa, shear stress is smallest
for the O-terminated MXene. However, at all other conditions, the
O-terminated MXene has the largest shear stress. This indicates
that the presence of OH termination on either one or both MXene
layers can reduce the shear stress compared to O-terminated, self-
mated MXenes. The OH-terminated and heterostructure MXenes
have similar shear stress, except at the lower temperatures where
the shear stress is larger for the heterostructure.
Temperature affects shear stress in some of the simulation

cases. There is little effect of temperature on the OH-terminated
MXene, except at the highest pressures where the shear stress is

largest at 300 K. For the heterostructure MXene, shear stress is
larger at lower temperatures. Lastly, for the O-terminated MXene,
shear stress increases with increasing temperature at low
pressures, a trend opposite to that of the other two MXenes. At
high pressures, there is no statistically significant temperature
dependence for the O-terminated MXene.
In all cases, regardless of surface termination, the shear stress

generally increases with pressure, resulting from an increase in
shear strength of the interface as the two MXene layers are
pressed together. For the OH-terminated MXene and the
heterostructure, shear stress increases steadily with pressure.
The same trend of shear stress increasing with pressure is
observed for the O-terminated MXene at the two highest
temperatures of 900 and 1100 K, although large shear stress is
observed even at the lowest pressure of 2 GPa. In contrast, for the
O-terminated system at temperatures below 900 K, there are
sudden transitions to larger shear stress, and the pressure at which
this transition occurs decreases with increasing temperature.

Origin of interlayer failure
The transition to a larger shear stress for the O-terminated MXene
is associated with interlayer bonding and failure. This was
characterized by the number of bonds formed between atoms
in the opposing MXene layers. Except for a few Ti–C and C–O
bonds, most of these bonds are Ti–Ti or Ti–O (Supplementary Fig.
2), pointing to the origin of the large shear stress in O-terminated
MXenes as the formation of Ti–O–Ti bridges (illustrated in
Supplementary Fig. 3). The number of Ti–O–Ti bridges in the
O-terminated MXene at the end of each simulation is shown in
Fig. 2a. For the lowest pressures and temperatures, no bridges
form, while, at the two highest temperatures, bridges are formed
at any pressure. For temperatures of 300, 500, and 700 K, there is a
transition from no or little bonding to many interlayer bonds at

Fig. 1 MXene shear stresses. Shear stress of a O-terminated, b OH-terminated, and c heterostructure MXenes as a function of pressure at 300,
500, 700, 900, and 1100 K. The insets are close-up views of the model MXenes before they are thermalized and loaded. The error bars reflect
the standard error of three sliding cycles.

Fig. 2 Interlayer Ti–O–Ti bridges. Number of interlayer Ti–O–Ti bridges averaged over the duration of sliding for a O-terminated, b OH-
terminated, and c heterostructure MXenes as a function of pressure at 300, 500, 700, 900, and 1100 K.
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10 GPa for 300 and 500 K, and at 6 GPa for 700 K. This indicates
that the diffusion of O into one of the layers and subsequent
formation of interlayers Ti–O bonds is facilitated by higher
pressures and temperatures. Higher pressures correspond to
smaller atomic distances, increasing the likelihood of diffusion as
well as bond formation. Interlayer bond formation facilitated by
high pressure has been reported for other 2D materials, such as
graphene26, hBN27, and TMDs28. Similarly, temperature enhances
diffusion and the rate of bond formation due to the availability of
more thermal energy.
To corroborate these results, the interlayer distance between

O-terminated MXene layers was calculated as the position of the
first peak of the distribution of z-direction distances between Ti
atoms of opposing MXene layers. The interlayer distance in Fig. 3a
decreases from around ~0.4 to ~0.2 nm at the same pressures and
temperatures at which more Ti–O–Ti bridges start to form. Both
the number of Ti–O–Ti bridges and the interlayer distance trends
correlate well with the transition to larger shear stress in Fig. 1a.
Below the transition pressure and temperature, the MXene layers
remain separated and slide easily relative to one another, hence
providing smaller shear stress. When the interlayer distance is
reduced and chemical bonds form, however, their easy-to-shear
ability is lost, leading to large shear stress.
Interestingly, if only a few bridges form, such as seen in the

transition regime at 8 GPa and 500 K (Fig. 2a), the interlayer
distance does not decrease dramatically (Fig. 3a), and there is no
jump in shear stress. As long as there is sufficient spacing between
the layers, catastrophic failure associated with extremely large
shear stress does not occur, at least not within the short sliding
time of 400 ps considered here. Nevertheless, these isolated bonds
mark the beginning of failure of the MXene system, and a slight
increase in temperature or pressure results in failure. Therefore,
the formation of chemical bonds between layers is indicative of
failure of the material as a solid lubricant and is likely to
correspond to the onset of mechanical degradation of the
MXenes, as described, for instance, in ref. 17, which ultimately
might lead to reduced wear life of MXene solid lubricant coatings.
The same interlayer bond analysis was performed for the OH-

terminated and heterostructure MXenes, as shown in Fig. 2b. No
Ti–O–Ti bridges form at any pressure or temperature for the OH-
terminated MXene. For the heterostructure, only a few bridges
form at the highest temperatures. This is again consistent with the
interlayer distances for the OH-terminated and heterostructure
MXenes in Fig. 3b, which decrease gradually with increasing
pressure, but are between 0.4 and 0.5 nm at any temperature or
pressure, confirming effective separation of the MXene layers. The
interlayer distance is slightly larger for the OH-terminated case,
because the OH groups require more space than the O in the
heterostructure. This is in accordance with previously reported

interlayer distances, which were smaller for OH-terminated
MXenes than for O-terminated MXenes29. However, we do not
observe any clear correlation between interlayer distance and
shear stress, as previously reported for MXenes30 or graphene31.
For both the OH-terminated and heterostructure MXenes, there is
little interlayer bonding (Supplementary Fig. 2) such that these
MXenes are able to maintain stable shear stress even at high
temperatures and pressures. It is possible that the surface H atoms
additionally stabilize the layer structure to such an extent that the
formation of interlayer Ti–O–Ti bridges is impeded. As the
heterostructure MXene contains fewer H atoms, this stabilization
of the structure is less pronounced, and a few bonds form at very
high temperatures, but these isolated bonds have little effect on
the interlayer distance or shear stress.

Friction mechanisms during wearless sliding
A good tribological system should not be operated under
conditions at which failure occurs, so we next analyzed the shear
stress results only for cases where the interlayer distance was
above 0.3 nm, i.e., all the OH-terminated and heterostructure
MXenes, and the O-terminated MXene at low temperatures and
pressures (Fig. 3). A comparison of the shear stress for the three
MXenes under conditions where no failure was observed is shown
in Fig. 4. At low pressures and temperatures, where the
O-terminated MXene did not fail, it has the smallest shear stress.
Comparing the OH-terminated and heterostructure MXenes at
300 K and pressures up to 12 GPa, the OH-terminated MXene has
smaller shear stress. At higher pressures and 300 K, as well as at
any pressure for temperatures between 500 and 900 K, there is no
statistically significant difference between these two systems. At
the highest temperature of 1100 K and pressures above 14 GPa,
the heterostructure shear stress is smaller than that of the OH-
terminated MXene. Also, at the three higher temperatures,
the slope of the shear stress vs. pressure curve (similar to the
macroscopic concept of friction coefficient) is smaller for the
heterostructure than for the OH-terminated MXene (Supplemen-
tary Table 1). These trends were analyzed in terms of the interlayer
binding energy and dehydrogenation of the surface termination.
For wearless sliding, frictional resistance is dominated by

adhesion. Adhesion in 2D materials can be directly related to
the binding energy between adjacent layers. It has been shown
that binding energy and, therefore, interlayer force, is weakened
by providing MXenes with surface terminations (compared to bare
MXenes such as Ti3C2), and that the interactions between the
layers are largely governed by the surface terminations19,20. The
binding energies of the three MXenes considered here were
calculated previously using first-principles calculations and the
weakest interactions were found for the O-terminated MXene19,20.
To evaluate this in our simulations, we calculated adhesion from

Fig. 3 Interlayer Ti–Ti distances. Interlayer Ti–Ti distance for a O-terminated MXenes, b OH-terminated and heterostructure MXenes as a
function of pressure at 300, 500, 700, 900, and 1100 K. The insets in a are representative snapshots of the O-terminated model, from top to
bottom, when there is no failure, as bonds start to form between the layers, and after failure.
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the intercept of linear fits of the shear stress vs. pressure data, i.e.,
the shear stress offset at zero pressure32. The resulting adhesive
stresses are given in Table 1.
Generally, adhesion decreases with temperature, which might

be a result of increased vibrational energy of the atoms, leading to
weakening of van der Waals interactions33. This decrease in
adhesion is also reflected by the smaller shear stress at higher
temperatures for the OH-terminated and heterostructure MXenes
in Fig. 1. The adhesive stress is lowest for the O-terminated MXene
and highest for the heterostructure at any temperature. The low
binding energy and adhesion for O-terminated MXenes has been
associated with localization of electrons around the O atom,
leading to electrostatic repulsion between the O-terminated
MXene layers34. This is consistent with our results that show, for
cases where there is no failure, the shear stress for the
O-terminated MXenes is the smallest among the three MXenes
(Fig. 4a, b). Comparing the heterostructure and OH-terminated
MXenes, the adhesion is higher for the heterostructure and the
difference is larger at lower temperatures. The adhesion trend is
consistent with the higher shear stress of the heterostructure at
300 K and lower pressures (Fig. 4a).
The adhesion trends in Table 1 may be explained by van der

Waals forces and the formation of interlayer hydrogen or
dihydrogen bonds. The O-terminated MXenes are dominated by
van der Waals forces since no (di)hydrogen bonds are possible
due to the lack of available H atoms in our ideal model systems.
OH-terminated MXenes have been shown to form weak dihydro-
gen bonds in a previous study20, and the heterostructure modeled

here may form hydrogen bonds. This was evaluated in the
simulations from the interlayer O–H distance for the hetero-
structure and the H–H distance for the OH-terminated MXene, as
shown in Fig. 5. For the OH-terminated MXene, the interlayer H–H
distance of ~0.17 nm agrees well with the published data of
0.173 nm (simple hexagonal stacking)20, indicating the presence of
dihydrogen bonds. For the heterostructure, the interlayer O–H
distance is below 0.15 nm, which falls within the range of strong
hydrogen bonds (0.12–0.15 nm)35, and therefore indicates forma-
tion of hydrogen bonds for this MXene. The hydrogen bonds in
the heterostructure are stronger than the dihydrogen bonds in the
OH-terminated MXene, which may explain why the adhesion is
larger for the heterostructure.

Table 1. Adhesive stress (in GPa) calculated from the intercept of
linear fits to the data in Fig. 4.

MXene 300 K 500 K 700 K 900 K 1100 K

O-terminated 0.35 0.22 – – –

OH-terminated 0.60 0.59 0.57 0.67 0.53

Heterostructure 2.03 1.17 0.84 0.78 0.57

Fig. 4 Shear stresses at conditions without MXene failure. Shear stress between O-terminated, OH-terminated, and heterostructure MXenes
as a function of pressure at a 300, b 500, c 700, d 900, and e 1100 K for conditions at which no failure occurred. The error bars reflect the
standard error of three sliding cycles.

Fig. 5 Interlayer H–H and O–H distances. Interlayer termination–
termination distance for the OH-terminated (H–H distance) and
heterostructure (O–H distance) MXenes as a function of pressure at
300, 500, 700, 900, and 1100 K averaged over the duration of sliding.
The insets are zoomed-in views of the corresponding MXene models
prior to thermalizing and loading.
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Adhesion explains the small shear stress of the O-terminated
and OH-terminated MXenes at low temperatures, but the trend is
not consistent with the smaller shear stress of the heterostructure
at high temperatures. This suggests there is another factor
contributing to the sliding resistance of these MXenes. Dehy-
drogenation has been seen previously in simulations of sliding at
Si–Si or DLC–diamond interfaces36,37. To quantify the potential
effect of dehydrogenation here, the percentage of broken O–H
bonds and the density of unbonded hydrogen atoms was
calculated by averaging the number of hydrogen atoms with no
covalent bond over time and then dividing by the nominal
contact area. As shown in Supplementary Fig. 4, for both OH-
terminated and heterostructure MXenes, higher pressures and, in
particular, higher temperatures lead to more hydrogen atoms
being sheared from the surface. However, for the heterostructure,
this process starts at a lower temperature, and the density of
unbonded hydrogen atoms is much higher at any pressure or
temperature condition. In the case of the OH-terminated MXene,
both layers are saturated with hydrogen atoms, resulting in a
lower tendency to break O–H bonds. On the other hand, during
sliding of the heterostructure MXene, the formation of strong
hydrogen bonds with the O-terminated layer lowers the activation
energy required for breaking of O–H bonds on the OH-terminated
layer. The removed hydrogen atoms can then either form covalent
bonds with any free O atom of both MXene layers or remain
unbonded between the layers, as shown in Fig. 6.
For the heterostructure at lower temperatures, few H atoms are

removed from the upper layer, so there are strong interactions (i.e.,
hydrogen bonds) between O-terminated and OH-terminated
layers, leading to the large shear stress. However, at higher
temperatures, there are many H atoms that leave the upper layer
and bond to the opposing layer such that both layers are (partially)
terminated by OH groups (Supplementary Fig. 5). In these cases,
the interface qualitatively resembles that of the OH-terminated
MXene, which leads to weaker interactions and explains the
similarity in the shear stress of both hydrogenated MXenes at high
temperatures (Fig. 4). According to a recent experimental study,
friction can be decreased by as much as 57% by reducing hydroxyl
groups by 7% in favor of oxygen and fluorine19. For the
heterostructure at high temperatures, the density of unbonded H
atoms is high (Fig. 6), so the system contains fewer hydroxyl
groups than if one of the surfaces were fully OH-terminated (i.e.,
the initial configuration of the heterostructure) at any given time.
This implies that, in our simulations, there are fewer hydroxyl
groups on the heterostructure at high temperatures, which leads
to smaller shear stress than in the OH-terminated MXene.
As no atoms ever leave the system in our simulations, some of the

H atoms removed from the heterostructure will immediately form
stable bonds with the opposing layer, as described above. However,
some remain for short periods of time as unbonded atoms trapped

between the layers, possibly acting as a sort of lubricant38. Analyses
indicate that H atoms are only unbonded for a few picoseconds, but
there are continually new H atoms sheared from the surface, such
that the system is in dynamic equilibrium with unbonded H atoms
between the layers (Supplementary Fig. 6). Therefore, the observa-
tion that the density of unbonded H atoms increases with
temperature and pressure for the heterostructure (Fig. 6) may
explain why the slope of the shear stress vs pressure data is smaller
for the heterostructure than the OH-terminated MXene (Supple-
mentary Table 1). The H atoms that either rebond or remain
temporarily unbonded seem to sufficiently stabilize the system such
that, even though isolated Ti–O–Ti bridges form at the highest
temperatures (Fig. 2), there is no failure and the shear stress is low
(Fig. 4). This shows that the lubricating effect of the unbonded H
atoms and the reduction of interlayer forces due to fewer hydroxyl
groups for the heterostructure have a greater influence on the shear
stresses than the formation of isolated interlayer bonds as long as
the layers remain fully separated (Fig. 3).

Conclusions
In conclusion, our simulations showed that O-terminated, OH-
terminated, and heterostructure MXenes exhibited distinct
condition-dependent shear stress behavior. O-terminated MXenes
had the smallest shear stress at low pressures and low
temperatures, but showed a steep increase in shear stress above
6–8 GPa and 700–900 K due to interlayer bonding and subsequent
failure. The latter could be correlated with the formation of
Ti–O–Ti bridges between the MXene layers during sliding and a
simultaneous drop in the interlayer distance by around 50%. The
OH-terminated and heterostructure MXenes systems with hydro-
gen as part of their terminations did not fail at any of the studied
pressure and temperature conditions, but their shear stress trends
differed. While the shear stress in OH-terminated MXenes had
almost no temperature dependence, heterostructures showed a
clear decrease of shear stress with temperature, which was
dominated by a decrease in the (pressure-independent) adhesive
contribution to sliding resistance. The high adhesion in the
heterostructure MXenes at low temperatures may be explained by
the presence of hydrogen bonds, which are stronger than the
dihydrogen bonds in the OH-terminated systems. With increasing
pressure and temperature, the friction performance of the
heterostructure becomes comparable to that of the OH-
terminated MXene, finally surpassing it and exhibiting the lowest
shear stress at the highest pressure and temperature. This could
be explained by the hydrogenation of the O-terminated MXene
layer as well as unbonded H atoms, both of which weaken
interlayer interactions and therefore shear stress. Additionally, the
free hydrogen atoms, whose number increased linearly with the
temperature, possibly act as a lubricant. For future studies, it may

Fig. 6 Unbonded hydrogen atom densities. Density of unbonded H atoms for the a OH-terminated and b heterostructure MXenes as a
function of pressure at 300, 500, 700, 900, and 1100 K averaged over the duration of sliding. The inset snapshots of both MXenes are from a
simulation performed at 1100 K and 2 GPa. The error bars reflect the standard error of three sliding cycles.
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be interesting to add a variation of humidity to the parametric
study, as this is one of the parameters that greatly affect the
friction of MXenes and 2D materials in general. Macroscale
experimental studies have demonstrated that high humidity (i.e.,
80% rH) is detrimental to the tribological performance of
MXenes39, while in terms of failure, the intercalation of water
molecules between hydrophilic MXene layers might prevent bond
formation. It has been shown that MXenes even expand along the
crystallographic c direction when compressed in the presence of
water40. Generally, our results show that there is a termination-
dependent balance between low shear stress and wear resistance.
The findings provide a fundamental understanding of the effect of
MXene surface termination on sliding behavior and may serve as a
basis for selecting, or even designing, MXenes for a given
application and expected operating conditions.

METHODS
Models of two layers of MXenes were built using Materials
Studio41 based on the Ti3C2 structure obtained from Materials
Project42. Terminal groups were then added to create three model
systems: both layers terminated with O, both layers terminated
with OH, or one layer terminated with O and the other with OH
(called heterostructure in this work). The atomistic models of these
three MXenes are shown in Fig. 7. Periodic boundary conditions
were applied in the x- and y-directions to mimic an ideal MXene
with infinite surface area and without defects. The dimensions of
the models in the x- and y-directions were 2.66 and 3.07 nm,
respectively. The positions of the bottommost atoms in the lower
MXene layer were fixed and the topmost atoms in the upper
MXene were treated as a rigid body. Although the models in this
study are approximations of synthesized MXenes with finite size
and defects, the simulation methods developed here can be
extended to more realistic model structures.
Reactive potentials enable MD simulations to capture the

formation and breaking of chemical bonds at sliding interfaces43.
Here, we tested the ReaxFF potential with four different parameter-
izations23,44–46, but found that only one of them maintained stable
structures for all three MXene terminations, see Supplementary
Table 2. The chosen potential, developed by Osti et al.23, has been
successfully applied in MD simulations of titanium-containing
materials, including titanium dioxide44,47,48 as well as MXenes23,49.
The MD simulations were carried out using LAMMPS (Large-scale

Atomic/Molecular Massively Parallel Simulator)50 and visualized
using OVITO (Open Visualization Tool)51. The simulations were run
in the NVT (constant number of atoms, volume, and temperature)
ensemble, with the temperature controlled using a Nosé–Hoover
thermostat52, and with a time step of 0.25 fs. Each simulation
consisted of two steps: loading and sliding (Supplementary Fig. 7).
For loading, a normal force was applied to the top layer of the
upper MXene, and the system was allowed to stabilize at the
specified load for 25 ps. It was ascertained by monitoring the
potential energy if the system had indeed reached a stable

equilibrium state (Supplementary Fig. 8). The pressure was
calculated from the load applied to the upper MXene divided by
the nominal contact area, i.e., the x–y cross-section of the system.
The rigid body at the top of the upper MXene was coupled with a
virtual atom (an atom that does not interact with the other atoms
via an interaction potential) using a harmonic spring with an elastic
constant of 70 Nm−1. After loading, the virtual atom was moved
along the x-direction at a constant speed of 20m s–1 for 400 ps.
The upper MXene was thus dragged by the virtual atom, making it
slide against the lower MXene. During sliding, the center of mass of
the upper MXene crossed the periodic boundary in x and
continued sliding. The simulation was run until this sliding loop
occurred three times. The simulations were performed at all
possible combinations of ten pressures (2, 4, 6, 8, 10, 12, 14, 16, 18,
and 20 GPa) and five temperatures (300, 500, 700, 900, and 1100 K),
a total of 600 simulations amounting to approximately 1 million
CPU-hours. The pressure range was selected to comfortably cover
all the pressures that might be expected at the single-asperity
level, while the temperatures were chosen to identify the
applicability limits of MXenes by starting at room temperature
and extending well beyond those temperatures where MXenes
have been experimentally shown to decompose53.
Shear stress was calculated as the lateral force divided by the

nominal contact area between the two layers of MXenes (x–y
cross-section of the system) and averaged over three sliding loops.
Covalent bonds were identified and counted using the bond table
generated during the ReaxFF simulation with a minimum bond
order threshold of 0.3.
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