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A B S T R A C T

Since their discovery in 2011, interest in MXenes, two-dimensional transition metal carbides and/or nitrides, has
greatly expanded due to their promising functional properties and facile synthesis methods, and their devel-
opment for emerging technologies is propitiously progressing. Despite promising advancements, there still re-
mains a lack of understanding with regards to their fundamental mechanical properties. Here, nanoindentation
of the Tin+1CnTx MXenes was studied via atomistic simulations utilizing a parametrization of the ReaxFF in-
teratomic potential, to understand the influence of point defects. From force-displacement curves, the Young’s
moduli of pristine Ti3C2O2 and Ti2CO2 were calculated to be 466 GPa and 983 GPa, respectively. The influence of
both titanium and carbon vacancies (VTi and VC) on Ti3C2O2 were also quantified using simulated na-
noindentation of a set of samples containing both 1% VTi and 10% VC, resulting in a reduction of the calculated
Young’s modulus to 386 ± 31 GPa. Of particular importance, is that these results mirror recent experimental
findings indicating the fundamental role of defects in the mechanical behavior of MXenes. The calculated
modulus in this work for the defect-containing Ti3C2O2 surpasses that of graphene oxide, establishing it as a new
benchmark in strength for solution-processed, 2D materials. Results here also indicate improvements can be
made in current MXene processing methods to better approach the theoretical strength of pristine 2D materials.

1. Introduction

The family of 2D materials was significantly expanded in 2011 with
the discovery of MXenes [1], a group of early transition metal carbides
and/or nitrides which take on the chemical formula Mn+1XnTx. M is an
early transition metal, X is either carbon or nitrogen, T represents
surface terminations of eO, eOH, or eF, and n=1, 2, or 3. They are
composed of alternating layers of M and X elements (Fig. 1c). The
majority of MXenes are derived from their MAX precursors when the A-
element in a MAX phase is selectively etched with a fluoride-containing
acidic solution [2]. There are close to 100 MAX phases available and
hundreds of MAX phases can be made in the form of mono-transition
metal or multiple transition metal carbides and nitrides in the forms of
solid solutions or ordered phases [2–4]. To date, there have been close
to 30 MXenes synthesized, and the fundamental properties of several
additional MXene compositions have been studied theoretically [2,5].
MXenes have been explored for use in many of the applications in
which other 2D materials have been envisioned, and in some applica-
tions, such as energy storage and electromagnetic interference
shielding, MXenes have outperformed other 2D materials [2,6,7].

Significant focus on studying their electronic and electrochemical sto-
rage properties has led to substantial innovations and developments,
but critically, there is still a relative lack of understanding of their
fundamental mechanical properties.

The mechanical properties of 2D materials are of great interest as
they have been shown to be vastly different than their bulk counter-
parts owing to the limited length-scale in the nano regime. Graphene
has been experimentally measured to have a Young’s modulus of 1 TPa
[8], making it the strongest known material. Early density functional
theory (DFT) calculations indicate MXenes have similarly favorable
mechanical properties with Young’s moduli ranging from 500 to
800 GPa, and all are predicted to be stronger than their parent MAX
phases [9]. While MXenes may not reach the impressive strength at-
tained by graphene, they do have a distinct advantage in processing.
Graphene must be mechanically exfoliated from graphite, a tedious and
inefficient process resulting in only small amounts of 2D material when
single-layer flakes are made [10]. MXenes, however, are processed in
solution providing two distinct advantages: (1) larger quantities pro-
duced at a single time, and (2) the terminations imparted by the solu-
tion create a hydrophilic surface allowing for easy incorporation into
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polymer-based composites [2,11–14], similar to graphene oxide. By
comparison, when graphene is solution-processed, the result is gra-
phene oxide with a significantly reduced Young’s modulus of 200 GPa
[15] compared to pure graphene. As such, MXenes, have the potential
to become a new benchmark in strength for solution-processed 2D
materials.

The most studied MXene, Ti3C2Tx, has been demonstrated to be
useful in a variety of applications in which mechanical properties are
paramount. Structural composites with a MXene nanofiller in polymer
matrices exhibit significantly enhanced tensile strength compared to
each individual component [11,16]. Among the most studied applica-
tions for MXenes are electrodes in energy storage devices [2] - oper-
ating on the principle of ion intercalation. This process may result in
significant diffusion-induced stresses in the electrode upon cycling
[17]. Due to the stresses introduced, a mechanically robust material is
required in order to withstand large numbers of cycles while main-
taining its favorable initial atomic structure. Composite films consisting
of Ti3C2Tx MXenes, carbon nanotubes (CNTs), and polymer fibers have
been incorporated into energy storage devices and exhibit exceptional
tolerance to repeated deformation without failure [18,19]. Ad-
ditionally, water desalination and purification membranes [20–23], as
well as gas separation membranes made of MXene [24] will require
high mechanical strength to withstand the pressure during filtration.
Another application being explored for MXenes is piezoresistive sensors
for wearable electronics. Sensors utilizing both Ti3C2Tx MXene alone
[25] as well as a layered MXene/CNT composite [26] have successfully
detected both small and large deformations with high sensitivity and
excellent stability. These technological applications show the great
potential for MXenes in a variety of emerging areas. A further char-
acterization of their fundamental mechanical properties will help pro-
vide a better understanding of their limits in these applications and will
help inversely guide new directions for their implementation.

While a plethora of mechanical testing methods exist for bulk-level
characterization of materials, translation of these approaches to 2D
materials has remained challenging – indentation is one exception. First
demonstrated by Lee et al. with graphene [8], indentation employs an
atomic force microscope (AFM) to apply force at the center of a film of
2D material suspended over a substrate with circular holes. Based on
success with graphene, indentation has become the standard for me-
chanical testing of 2D materials, and its application to other materials
such as graphene oxide [15], h-BN [27], and MoS2 [28] has followed. It

is clear that indentation has the potential to characterize MXenes, and
due to recent advances in the synthesis of Ti3C2Tx [29], the first ex-
perimental measurements of its elastic properties have now been made
via AFM indentation [30]. Lipatov et al. measured a number of
monolayer samples, and the Young’s modulus was calculated to be
330 ± 30 GPa [30]. While this measured value is lower than the
Young’s modulus predicted in previous DFT [9] and molecular dy-
namics (MD) [31] studies, it has still been established as the new
benchmark for strength in solution-processed, 2D materials, surpassing
graphene oxide.

Computational methods have been instrumental thus far in devel-
oping a better understanding of MXene structures and properties, acting
as a guide for experimental efforts [5] and providing insight into MXene
behavior [9,31–37]. The experiments carried out by Lipatov et al. on
Ti3C2Tx [30] can be replicated with MD to provide a more fundamental
understanding of the results. Similarly, a multitude of atomistic in-
dentation studies have been performed on graphene [38–41] with re-
sults in good agreement with those from experiment [8]. Modeling
MXenes with interatomic potentials presents a challenge due to the
number and diversity of different interactions present in a single
system; M-M, M-X, X-X, as well as surface terminations and effects. For
this reason, a limited number of atomistic studies have been performed
on MXenes. One of the approaches taken has been the use of a hybrid
style interatomic potential, in which M-M, M-X, and X-X interactions
are all modeled independently. Borysiuk et al. have taken this approach
to modeling the mechanical behavior of the Tin+1Cn MXene system
with no surface terminations [31,32]. While this approach has yielded
results on large scale MXene sheets in good agreement with those
predicted via DFT, it is limited to a single MXene system and lacks
experimental validation. Another approach to modeling MXenes has
been the development of more generalized interatomic potentials. Osti
et al. have developed a parameter set for the ReaxFF interatomic po-
tential in order to study the intercalation dynamics of Ti3C2Tx MXenes
[33]. It is based on the existing TiO2 parameter set as well as DFT data
from the Ti-C interactions in MXenes. The ReaxFF parameter set has not
yet been used to study the mechanical properties of MXenes, but if it
can successfully model the Tin+1CnTx system including the influence of
surface terminations, it could be used for other MXenes as well.

Fig. 1. Indentation schematic showing (a) a perspective view of a MXene monolayer being indented with a spherical indenter tip, (b) a cross-sectional view giving the
relevant dimensions for Eqs. (2) and (3), and (c) the intralayer structure of Ti3C2O2 and Ti2CO2 MXenes.
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2. Methods

To model indentation on 2D materials with atomistic simulations, a
circular region was defined from a larger sheet of monolayer MXene,
and atoms within the circular region are free to move while those
outside have fixed positions (Fig. 1a). The indenter can be modeled in a
variety of ways as long as it remains rigid during indentation and does
not bond to the sheet. Some studies have used a Lennard-Jones po-
tential to model indenter-graphene interactions [38,39], but here a
simple spherical repulsive force of the following form was used:

= − −F r K r r( ) ( )tip
2 (1)

where K is a specified force constant, r is the distance from the atom to
the center of the indenter, and rtip is the radius of the indenter. In this
way, any atom within the sphere of the indenter feels a force, and the
indenter will remain rigid so long as K is large enough. A force constant
of 3470 nN/nm2 was used for indentations in this study. Rigidity of the
indenter was confirmed by plotting the MXene sheet displacement as a
function of indenter position. A linear plot up to the onset of fracture
indicated the immediate response of the sheet to coming in contact with
the indenter.

The indentation of a 2D material produces a force-displacement
curve, which can be modeled within elastic plate theory [8] via the
following:

= +
−F σ πδ E q a δD D

0
2 2 3 2 3 (2)

where a is the radius of the circular hole and q is a function of Poisson’s
ratio: q=1/(1.049–0.15v–0.16v2) (Fig. 1b). For this study, v was de-
termined to be 0.291 based on DFT calculations performed on Ti3C2O2

[36], however, it should be noted that varying v within what was
deemed a reasonable range for Ti3C2Tx MXenes (0.2–0.3) has a minimal
effect on Eq. (2). The parameters to be determined via fitting are σ D

0
2 ,

which represents the pretension in the film and E D2 , a 2D elastic con-
stant related to Young’s modulus through the film thickness (E=E2D/
t). Isotropic mechanical properties can be assumed in this situation due
to the sixfold rotational symmetry of the MXene lattice [8]. For con-
sistency, the thickness of each MXene monolayer used in this study was
determined as the center-center distance between two T groups aligned
along the c-axis plus the diameter of the T group (0.856 nm for Ti3C2O2

and 0.614 nm for Ti2CO2) (Fig. 1c). For comparison, experimental
calculations on monolayer Ti3C2Tx assumed a thickness of 0.98 nm,
determined via atomically resolved transmission electron microscopy
(TEM) [30]. From the force-displacement curve, the breaking strength
of the material, σmax

D2 , can also be determined via the following equation:

=σ
F E

πr4max
D f

D

tip

2
2

(3)

where Ff is the fracture force and rtip is the radius of the spherical in-
denter (Fig. 1b). The breaking strength represents the intrinsic strength
of a 2D material. The fracture force in Eq. (3) was taken as the max-
imum force up to the point where fits to Eq. (2) were made. Fits were
made only within the elastic regime up to the onset of fracture, which
was determined by the first deviation from linearity of sheet displace-
ment vs. indenter position plots.

The plate theory model assumes a point-load is applied, i.e., the
radius of the indenter tip is significantly smaller than that of the cir-
cular hole (rtip/a < 0.03). In experiments with indenter tips on the
order of nanometers and holes on the order of microns this is a rea-
sonable assumption, however, it is not the case at the nanometer scale
of atomistic simulations. As such, Tan et al. proposed a modification to
Eq. (2) taking into account a sphere-load, in which the cubic term is
corrected by a factor of (rtip/a)1/4 [39]. Within this framework, a point-
load is assumed initially when the contact area between the indenter
and sheet is small, and a sphere-load is used thereafter for large dis-
placements. This sectional fitting approach has been necessary in

simulations of graphene indentation as displacements regularly reach
values of δ/a=1 prior to fracture. However, in the current work, the
largest displacement observed prior to the onset of failure was only δ/
a=0.25, and therefore the point-load model described in Eq. (2) was
used for all fits.

The previously mentioned computational indentation studies
[38–41] all investigated 2D materials in the absence of defects. This is a
reasonable approach for studying graphene as mechanical exfoliation
has the capability of producing such pristine sheets, but the harsh en-
vironments of solution processing (usually hydrofluoric acid con-
taining) have been shown to impart defects in MXenes [42]. Ad-
ditionally, MXenes will inherit defects present in their MAX phase
precursors, which have been shown to be rather abundant [43,44].
Defects play a major role in determining the mechanical behavior of all
material systems. Therefore, in addition to pristine MXene monolayers,
this study examines the effect of randomly introduced Ti (VTi) and C
(VC) vacancies on MXene mechanical behavior. A random vacancy
distribution was chosen as predominantly single, isolated vacancies are
observed in MXenes synthesized under mild conditions while vacancy
clusters only become prevalent when higher hydrofluoric acid con-
centrations are used [42]. This gives a better analogue to experimental
results [30] and offers a comparison to properties theoretically
achievable with pristine materials.

All indentations in this study were performed on 25 nm diameter
monolayers with full coverage of -O terminations, typically the domi-
nant surface group [45]. The ReaxFF interatomic potential developed
for the Ti3C2Tx system [46] was used to model all interactions with a
timestep of 0.25 fs. A 10-nm-diameter indenter tip was chosen to mimic
the size of experimental AFM indenters while keeping the rtip/a ratio as
small as possible. An indentation rate of 10m/s was used, and the
temperature was maintained at 1 K throughout indentation within the
canonical (NVT) ensemble. All simulations were implemented within
the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [47] and atomic imaging was performed in OVITO [48].

3. Results and discussion

The force-displacement curve for a pristine monolayer of Ti3C2O2 is
shown in Fig. 2a. The initial elastic part of the curve appears to follow
Eq. (2) followed by a gradual fracture process. This is in sharp contrast
to the behavior observed in graphene, both experimentally [8] and
computationally [38–41], which fractures suddenly once the process is
initiated. This could be attributed to the additional atomic layers in
Ti3C2O2 providing added resistance to crack propagation. Ti3C2O2 has 7
atomic layers, consisting of 3, 2, and 2 layers of Ti, C, and O respec-
tively. The fit to Eq. (2) provides an E2D value of 399 N/m and a cor-
responding Young’s modulus of 466 GPa. This value of Young’s modulus
is slightly lower than those calculated via DFT (523 GPa) [9] and hy-
bridized MD (502 GPa) [31], but could be due to the presence of surface
terminations, which were not considered in those studies. The Young’s
modulus calculated here is higher than that calculated experimentally
(330 GPa) [30] as would be expected from a pristine sheet. Some of this
discrepancy also stems from the difference in assumed MXene flake
thickness. If the experimentally determined thickness of 0.98 nm is
used, the calculated Young’s modulus becomes 407 GPa. Despite being
significantly lower than the calculated Young’s modulus of graphene,
this value is more than double that of graphene oxide, the current
standard for solution-processed, 2D materials. Similarly, the calculated
breaking strength of 25.2 N/m is significantly lower than that of gra-
phene (42 N/m) [8], but still represents a milestone for solution pro-
cessed, 2D materials.

Fig. 2b shows the force-displacement curve for a pristine monolayer
of Ti2CO2, a thinner MXene film which has 5 layers of atoms, 2, 1, and 2
atomic layers of Ti, C, and O respectively. In contrast to Ti3C2O2,
fracture occurs more suddenly at a higher force and lower displace-
ment. Having 2 less atomic layers in Ti2CO2 than Ti3C2O2 could explain
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the more abrupt failure. Fitting the Ti2CO2 elastic region to Eq. (2)
results in an E2D value of 604 N/m and a Young’s modulus of 983 GPa,
significantly higher than that calculated for Ti3C2O2 and approximately
the same as graphene. The calculated breaking strength of 33.6 N/m is
also higher than that of Ti3C2O2 and approaching the levels of gra-
phene. The calculated Young’s modulus for Ti2CO2 is not, however, in
very good agreement with previously calculated values from DFT
(636 GPa) [9] and hybridized MD (597 GPa) [31]. The trend of in-
creasing Young’s modulus from Ti3C2Tx to Ti2CTx is the same, but the
ratio ETi2C/ETi3C2 is approximately 1.2, whereas here it is calculated to
be 1.8. As there is not yet experimental data available for this system, it
is difficult to conclude the accuracy of values for Ti2CTx. Regardless,
due to the favorable mechanical properties observed in Ti2CTx here and
elsewhere, further work in optimizing its synthesis to enable experi-
mental studies is warranted.

The pretension in the films, σ D
0
2 , was determined to be 5.54 N/m and

10.5 N/m for Ti3C2O2 and Ti2CO2 respectively. These values are about
an order of magnitude larger than those observed experimentally [30],
but it is to be expected as σ D

0
2 has been shown to be directly related to

rtip/a [40], which is about an order of magnitude larger in MD in-
dentations as well. The elastic properties are largely independent of σ D

0
2

as has been demonstrated in previous MD studies of graphene [39,40].
Fig. 3 shows visualizations of the progressive indentation of the

pristine Ti3C2O2 and Ti2CO2 monolayers. Failure in both sheets appears
to start with the simultaneous initiation of several cracks near the
center (Fig. 3b, f) shortly after the fracture force is reached. In both
cases, three cracks are apparent at approximately 120° to one another,
consistent with the in-plane symmetry of the hexagonal MXene lattice.
As the cracks propagate outward, a triangle-shaped hole appears in the
middle of the sheets (Fig. 3d, h). The crack propagation in the thinner
Ti2CO2 is noticeably faster than in the thicker Ti3C2O2 providing evi-
dence for its more rapid failure as discussed above. The cracks appear to
be traveling to the edges of the sheets without impedance, an indication
of a pristine material lacking defects. Animations of both indentations
are provided as supplementary material with additional coloring by
atomic strain.

Similar to other materials where defects can strongly influence the
fundamental mechanical behavior, MXenes are no exception. Sang et al.
recently observed via STEM the presence of VTi in Ti3C2Tx [42]. These
defects were observed to be present in concentrations ranging between
1 and 3% and to be dependent upon the concentration of hydrofluoric
acid used in the selective etching of MXene synthesis; higher con-
centrations resulted in a higher defect concentration. Other defects in
MXenes include pinholes, and it can be assumed VC are inherited from
the MAX phase precursors as titanium carbides always contain va-
cancies in the carbon sub-lattice. Several studies have noted the

presence of up to 10% VC in MAX phases such as V4AlC3 [43] and
Nb4AlC3 [44]. Therefore, indentation simulations were repeated on
Ti3C2O2 monolayers with both VTi and VC concentrations ranging be-
tween 1 and 10%. The resulting force-displacement curves were fitted
with Eq. (2) and the calculated Young’s moduli are plotted in Fig. 4 as a
function of defect concentration. With the introduction of both defect
types, there is a steady decrease in Young’s modulus with increasing
defect concentration. VTi appear to cause a more significant reduction
across all concentrations. The Young’s modulus for sheets containing
between 1 and 3% VTi, the experimentally observed concentrations,
range between 410 and 430 GPa. At a 10% concentration of VTi, the
Young’s modulus has been reduced from the pristine value of 466 GPa
to 316 GPa, a 32.2% decrease. This is similar to the experimentally
observed Young’s modulus, but it is unlikely that VTi were present in
this high of a concentration based upon the synthesis methods used
[30]. A more likely explanation is the presence of multiple types of
defects in the experimentally synthesized sheets. At smaller con-
centrations the introduction of VC results in little to no change of the
Young’s modulus. At a 4% concentration of VC, the Young’s modulus
begins to decrease with a final value of 375 GPa at 10% concentration.
This corresponds to a decrease of 19.5% from the pristine value. As the
defects examined here are randomly generated, there would be some
variance in the calculated values for Young’s modulus if multiple si-
mulations at each concentration were run. Despite this, the general
observation that defects have a significant effect on the mechanical
properties of Ti3C2O2 is evident, and it warrants a more thorough in-
vestigation, guided by careful material characterization, of a specific
defect composition, which is likely present in real MXene sheets.

A more realistic MXene sheet is likely to contain multiple types of
defects, and based on the current synthesis procedure for Ti3C2Tx [29]
and a non-ideal MAX phase precursor, likely defect concentrations for a
Ti3C2O2 monolayer used in experiment are about 1% VTi and 10% VC.
Therefore, these defect concentrations were randomly generated in 10
different samples and indentation simulations were repeated. The force-
displacement curve and fit to Eq. (2) are shown for a representative
sample in Fig. 5a. After the initial elastic portion of the curve, the onset
of fracture begins with a sharp drop in force. However, unlike the
pristine sample, the force then begins to rise again above the previous
maximum as a gradual fracture process occurs. A possible explanation
for this is the impedance of crack propagation by defects. As a crack
initiates, the force initially drops, but once it is arrested by defects, the
force begins to rise again as it can no longer propagate. This can be seen
in the progressive indentation images shown in Fig. 5b–d. Fig. 5b re-
presents the onset of fracture and crack initiation. However, in Fig. 5c,
the maximum force achieved, it is clear that the crack has been im-
peded. The extent of its propagation is much less than that observed in

Fig. 2. Force-Displacement curves for pristine monolayers of Ti3C2O2 (a) and Ti2CO2 (b). Both simulated data (black) and fits to Eq. (2) (red) are shown. Both fits
have R2 > 0.99 indicating an appropriate model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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the pristine sheet (Fig. 3c–d). A hole in the sheet becomes apparent as
the force begins to drop (Fig. 5d), but it is contained near the center of
the sheet by defects. This explanation is in agreement with the ex-
perimental observations of Ti3C2Tx indentation as holes were contained
to a localized region upon fracture [30] and in contrast to the experi-
mental indentation of pristine graphene, in which holes were observed
to propagate over the entire suspended region [8]. An animation of this

indentation is provided as supplementary material with additional
coloring by atomic strain.

The force-displacement curves from all 10 Ti3C2O2 samples were fit
with Eq. (2), and both the Young’s modulus and breaking strength were
calculated. Fig. 6a shows the distribution of calculated Young’s moduli.
Despite the limited sample size, it appears to be a normal distribution
with a mean value of 386 GPa and a standard deviation of 31 GPa. This
represents a 17.2% decrease from the pristine value of 466 GPa. The
presence of defects would be expected to cause this decrease, but it is
not overly significant for the high concentrations implemented and
remains above the 200 GPa standard of graphene oxide. Fig. 6b shows
the distribution of calculated breaking strengths. It also appears to be
somewhat normal with a mean value of 22.0 N/m and a standard de-
viation of 0.8 N/m. This represents a 12.7% decrease from the 25.2 N/
m breaking strength of pristine Ti3C2O2, again expected, but not overly
significant. The reduced values for Young’s modulus and breaking
strength calculated here for defective Ti3C2O2 samples approach those
measured experimentally (330 GPa and 17.0 N/m respectively) [30].
Since the defect concentrations used here were likely present in the
experimentally tested sheets, this provides compelling evidence that
defects such as VTi and VC were responsible for much of the observed
elastic behavior and its deviation from previous computational studies.
It should be noted that the mean value of E2D from these 10 samples is
330 N/m, in remarkably good agreement with the mean value from
experiment of 326 N/m [30]. The discrepancy in the Young’s modulus
noted above arises from the assumed MXene flake thickness used in its
calculation. When the experimentally determined Ti3C2Tx thickness of
0.98 nm is applied, the mean Young’s modulus becomes 337 GPa, si-
milar to the experimental value of 330 GPa. Despite the impact defects
have been shown to have on MXene behavior, this data provides a

Fig. 3. Images showing the progressive indentation and fracture of pristine monolayers of Ti3C2O2 (a–d) and Ti2CO2 (e–h). The first images in both series (a, e)
represent the point up to which fits were made, i.e. the initiation of fracture. Images are shown along both the a- and c-axes, and atoms are colored according to
element.

Fig. 4. A plot showing how the Young’s modulus of a Ti3C2O2 monolayer
changes as different concentrations of VTi and VC are introduced. *Experimental
data from [30].
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promising outlook for the mechanical properties of real Ti3C2O2 sheets.
They are not significantly reduced from the theoretical pristine values
and remain a benchmark for solution-processed, 2D materials. Experi-
mental measurements confirm that these properties can be achieved
with current synthesis methods.

4. Conclusions

Prediction of MXene mechanical strength makes them exciting
candidates for incorporation into composites for wide-ranging appli-
cations such as structural components, energy storage devices, flexible
electronics, membranes, etc. As demonstrated here, atomistic simula-
tions can serve as an important tool in providing insight and further
understanding of the mechanical behavior of MXenes. Indentations
were performed on both Ti3C2O2 and Ti2CO2 MXenes, and properties
were extracted by fitting the force-displacement curves with elastic
plate theory. Ti3C2O2 and Ti2CO2 were calculated to have Young’s
moduli of 466 GPa and 983 GPa respectively, greater than that of gra-
phene oxide, the current standard for solution processed, 2D materials.
A set of “realistic” Ti3C2O2 samples containing both VTi and VC were
created and indentation simulations repeated. The defects had a clear
effect on the fracture mechanism of the sheets as cracks failed to pro-
pagate all the way to the edges as they had in the pristine sheet. The
mean Young’s modulus from the 10 samples only decreased 17.2% from
the pristine value to 386 GPa, remaining above that of graphene oxide.
These results are in good agreement with recent experimental mea-
surements [30] and provide further insight into how defects influence
MXene mechanical properties. It is clear that despite the presence of

defects, with current processing methods, Ti3C2Tx MXenes can become
the new standard for mechanical properties in solution-processed, 2D
materials.
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Fig. 5. (a) A representative force-displacement curve. Both simulated data (black) and fits to Eq. (2) (red) are shown. All 10 fits have R2 > 0.99 indicating an
appropriate model. (b-d) Images showing the progressive indentation and fracture of the same representative Ti3C2O2 monolayer with 1% VTi and 10% VC. The first
image (b) represents the point up to which a fit was made, i.e. the initiation of fracture. Images are shown along both the a- and c-axes, and atoms are colored
according to element. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) A distribution of the calculated Young’s moduli for all 10 samples. (b) A distribution of the calculated breaking strengths for all 10 samples.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.commatsci.2018.10.033.
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