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ABSTRACT: In-plane mechanical behavior of stacks formed by titanium
carbide MXenes (Ti,CT,, Ti;C,T,) was investigated in a microscale uniaxial
tensile experiment with the in situ scanning electron microscope (SEM)
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nanoindenter and a push-to-pull (PTP) micro-electro-mechanical system —— —
(MEMS). When the number of MXene monolayers in a stack varies from 9 AR RR R R R,

to 26 (Ti,CT, with d-spacing of 1.36 nm) and 7 to 52 (Ti;C,T, with d- —)
spacing of 1.48 nm), the measured Young’s moduli stay almost constant, W
averaging at 217.75 GPa (Ti,CT,) and 204.92 GPa (Ti;C,T,). In the same -O group =7

- . . bridging *"
experiment, the measured tensile strength monotonically decreases from 9.61 o £

to 7.59 GPa (Ti,CT,) and 9.89 to 7.99 GPa (Ti;C,T,). Notably, this
dependence on the number of stacked MXene monolayers is much weaker
than that previously observed in multilayer graphene and MoS, stacks, which displayed a significant reduction of both tensile
strength and Young’s modulus, compared to what was expected from additivity, as the number of monolayers increased. This
difference implies a better scaling-up of the mechanical properties of MXenes as compared to other multilayer two-dimensional (2D)
materials. Furthermore, atomistic simulations show that defects in different layers in the multilayer MXenes give rise to the observed
dependence of the tensile strength on the number of MXene monolayers in a stack. The atomic damage initiated in the weakest layer
with the highest defect density promotes strain softening, leading to a reduced tensile strength of the MXenes. Our results show that
multilayer MXenes could be used as excellent mechanical reinforcing agents for composite materials across scales and potentially in
other applications where robust mechanical performance is essential.

KEYWORDS: in situ tensile testing, MXenes, Young's modulus, tensile strength, number-of-layer dependency

B INTRODUCTION

MZXenes, a large family of transition-metal carbides and

especially important for lubrication and antiwear applications.
MXenes were also reported as reinforcing agents for
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carbonitrides, are synthesized by treatment of Al-containing
MAX phases"” with a formula M,,,AX,, where “M” is an early
transition metal, “A” is an A-group element (mostly groups 13
and 14), “X” is carbon or nitrogen, and n = 1, 2, 3, etc,”* in
aqueous hydrofluoric acid (HF) solutions leading to selective
etching of AL™® The resulting stacked M, ,;X, layers are
terminated with mostly oxygen- and/or fluorine-containing
groups.””” These terminated MXenes are referred to as
M, X, T,, where T represents the terminating groups, x is
their fraction in the formula."

Ti,CT, and Ti;C,T, are the two most experimentally
investigated MXenes. They have demonstrated excellent
electrochemical performance'' and promising potential in Li-
supercapacitors,“"15 optoelectronics,lé_19
Terahertz (THz) electromagnetic interference (EMI) shielding
and communications,”*™** catalysis,z‘g_26 and sensors.”” %"
Recent experimental demonstrations of MXene suprelubric-
ity’" and superior wear resistance’® on the macroscale are

2,13

. . 1
ion Dbatteries,
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composites.”>** Specifically, much more tunable mechanical
properties of double transition-metal MXenes were found in
comparison with graphene.”® Mechanical properties of
MZXenes, although receiving an increased attention in the
past few years,”’ " have not been systematically studied yet.

Two-dimensional (2D) materials have a high in-plane
Young’s modulus, strength, and adhesion. However, for very
thin materials, such as graphene, these properties are
increasingly sensitive to defects and depend on the number
of layers stacked in the sample.”"** A recent study on adhesion
of MXenes has shown that the number-of-layer dependence of
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Scheme 1. Synthesis and Etching of MAX Phases to MXenes Followed by Deposition of MXene Films on PTP Devices
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adhesion energy is negligible for MXenes, which was attrlbuted
to their thicker monolayers as compared to graphene.” ® Atomic
force microscopy (AFM) indentation experiments have shown
a high Young’s modulus (0.33 + 0.03 TPa)*’ for monolayer
Ti;C,T, MXene. It is interesting now to investigate the
number-of-layer dependence and defect tolerance of the in-
plane mechanical properties of MXenes, which remain
unknown.

In this paper, the mechanical properties of monolayer to
multilayer MXene films are investigated at the nano- to
micrometer scale via in situ tensile testing and atomistic
simulations. Experimental results show that Young’s modulus
exhibits only a small variance when the number of stacked
MZXene monolayers increases from 9 to 26 for Ti,CT, or 7 to
52 for Ti;C,T,. Meanwhile, the tensile strength monotonically
decreases from 9.61 to 7.59 GPa (for Ti,CT, with d-spacing of
1.36 nm) and from 9.89 to 7.99 GPa (for Ti;C,T, with d-
spacing of 1.48 nm). Comparing with what was previously
observed in multilayer graphene and MoS,, this dependence
on the number of stacked monolayers is much weaker,
implying good scaling-up of mechanical properties of the
tested MXenes. The dependence on the number of monolayers
in a stack can be attributed to variations in the number of
atomic vacancies among different monolayers in the multilayer
MXenes, as revealed by our atomistic simulations. Molecular
dynamics (MD) simulations have also demonstrated that the
cracks in the MXene flakes can be bridged by the —O— atoms,
hindering their propagation and leading to a ductile failure
behavior nontypical for ceramics.

B MATERIALS AND METHODS

Synthesis of MXenes and Fabrication of MXene Films. MAX
phases were chemically converted to MXene films, and MXene films
were deposited onto push-to-pull (PTP) devices (Scheme 1). The
details are as follows. Etching of Ti,AlC and Ti;AlC, MAX phases was
performed according to the previous report.*”’ Ti,AIC was synthesized
by mixing TiC (typically 2 pm size, 99.5%, Alfa Aesar), Ti (—325
mesh, 99%, Alfa Aesar), and Al (=325 mesh, 99.5%, Alfa Aesar)
powders in a 0.85:1.15:1.05 molar ratio for 12 h and heating at 10
°C/min from room temperature to 1400 °C for 4 h under Ar flow.
Ti;AlC, was synthesized by mixing Ti, Al, and graphite (—325 mesh,
99%, Alfa Aesar) powders in a 3:1.1:1.88 molar ratio for 12 h and
heating at 10 °C/min from room temperature to 1550 °C for 2 h
under Ar flow. The resulting MAX phase ceramics were manually
crushed in a mortar by a pestle and sieved through a —325 mesh sieve.
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The MAX phases were chemically converted to MXenes (Scheme
2). Ti,CT, was synthesized by slowly adding 0.3 g of Ti,AIC to the

Scheme 2. Commonly Accepted Chemical Reactions in
MXene Synthesis

LiF + HCI = HF + LiCl (1)
Ti;AIC, + 3HF = AIF; +3 Hy! + TisC, )
Ti,AIC + 3HF = AIF; + 3 Hyf + TixC 3)

etchant prepared by dissolving 0.3 g of LiF in 3 mL of 9 M HCl in a
plastic centrifuge tube. The etching reaction was carried out for 36 h
at 35 °C. Ti;C,T, was synthesized by slowly adding 0.3 g of Ti;AlC,
to the etchant prepared by dissolving 0.3 g of LiF in 3 mL of 9 M HCI
in a plastic centrifuge tube. The etching duration was 36 h at 35 °C.
The etched powder was washed with DI water several times until the
pH of the supernatant reached ~6. After this, MXene colloidal
solutions were obtained via S min of handshaking followed by 1 h of
centrifugation at 3500 rpm.

MZXene thin films of different thicknesses were depos1ted on PTP
devices following the procedures in our previous study.*® In brief, 20—
200 pL of as-prepared Ti,CT, colloidal solution was mixed with 4—8
mL of toluene in 50 mL of water, and the dispersion was poured into
a beaker containing 400 mL of water, leading to the formation of a
Ti,CT, thin film at the interface between the water and toluene
phases. The PTP device was then lifted up slowly through the
interface catching the Ti,CT, film. Ti;C,T, films were prepared using
the same method with 20—100 uL of Ti;C,T, colloidal solution.
Finally, the MXene films on PTP devices were dried in an ambient
environment before testing. By adjusting the concentration of
colloidal solution during sample preparation, Ti,CT, films with a
different number of monolayers (9, 12, 26) and Ti;C,T, films with 7,
9, 13, 32, and 52 monolayers were deposited. Raman spectra of
Ti,CT, and Ti;C,T, prepared by the above techniques can be found
in our previous study'® and are shown in Figure Sla, Supporting
Information (SI).

In Situ Tensile Testing. The microscale uniaxial tensile
experiment was enabled by the in situ scanning electron microscope
(SEM) (Helios NANO LAB 600) nanoindenter (PI 85 Picolndenter,
Hysitron, Inc., Minneapolis, MN) and a PTP device (PTP, Hysitron,
Inc., Minneapolis, MN).

MD Modeling. Uniaxial tension of materials was performed along
the zigzag direction, as shown in Figure 7. An MD run in the NVT
ensemble at 25 °C was first conducted for equilibration. During the
tension along the longitudinal direction, the atoms within 0.3 nm
distance from the upper edge of the sample were moved up at a
constant strain rate of 0.002 ps~’, while the atoms within the same
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Figure 1. (a) TEM images of the MXene films and atomistic structures of Ti,CT, and Ti;C,T,. (b) SEM images of a PTP device and nanoindenter
(left) with TiyC,T, flakes (red dashed square) before and after stretching and a schematic of a push-to-pull MEMS device (right).

distance from the lower edge of the sample were kept fixed, simulating
stretching of the sample. Periodic boundary conditions were applied
along all three orthogonal directions (two in-plane and one out-of-
plane) in the modeling, while S nm vacuum slabs were added along all
directions to avoid possible interactions with the images of the atoms
in neighboring cells due to the periodic boundary conditions. The
strain—stress response, sample structure, and strain distribution were
extracted and generated with Ovito™®*® visualization software.
Multibody stress definition is adopted for the overall and per-atom
stress calculations, where boundary atoms are excluded.

Vacancy Generation. Initially, the Ti and C atoms are assigned
with a unique number identifier ranging from 1 to the total number of
atoms. A random sequence was generated following a uniform
distribution function®® to remove the atoms and reach the 3.0%
average vacancy ratio based on the published high-resolution
transmission electron microscopy (HRTEM) measurements.”’ The
final generated vacancy ratio is 3.0 & 0.5% over an average area of 7.5
nm X 8.0 nm in the MD model.

Terminating Group Generation. The surface terminating group
site occupation ratio, R (A = O or F for the terminating group
type), is determined based on the following equation

_ Rypsa XN

total
Rsite,A - N
site

(4)

where Rypg 4 is the ratio of the number of terminating groups to the
total number of Ti and C atoms based on the X-ray photoelectron
spectroscopy (XPS) results.*® Ny, is the number of Ti and C atoms
of defected MXene in MD modeling, N, is the number of surface
terminating group sites, which are the locations where O, F, or other
atoms could attach to the Ti layer as terminating groups. Afterward,
the O or F atoms were added to the terminating group sites with the
ratio of Ry, . The process follows the procedure described in the
vacancy generation approach.

B RESULTS AND DISCUSSION

In Situ Tensile Testing Results. SEM and transmission
electron microscope (TEM) images of the MXene films are
shown in Figure la. MXene films reported in literature are
polycrystalline, several to hundreds of nanometers thick
(depending on the number of monolayers in a stack).”'’
The in-plane stress—strain relationships for multilayer Ti,CT,
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and Ti;C,T, films were measured in a microscale uniaxial
tensile experiment enabled by the in situ SEM, nanoindenter,
and a push-to-pull (PTP) micro-electro-mechanical system
(MEMS). The testing was carried out with the nanoindenter
coupled to the PTP device, as shown in Figure S2 (SI), and
operated with a SEM in a displacement-controlled mode at the
10 nm/s rate. The PTP device microfabricated on a silicon-on-
insulator wafer consists of a semicircular end (75.00 pm in
diameter) and specially designed cutouts, as shown in Figure
1b. When pushed by a flat punch diamond probe (5.00 ym in
diameter) on the semicircular end, the initial 2.50 gm wide gap
widens, leading to uniaxial stretching of the material suspended
over this gap (Figure 1b). Before testing, MXene films were
deposited on the loading device and parts of the films outside
the gap region were removed by dual focused ion beam (FIB).
During the in situ SEM tensile testing, a real-time video was
recorded to analyze the deformation and failure mechanism,
while the force—displacement data of the probe were measured
by the nanoindenter. The force exerted on the flat punch is
proportional to a sum of the stiffness of the PTP device and
the sample, as schematically shown in Figure 1b, since the
sample and PTP device springs share the same displacement.

The stress applied to the MXene film is defined as 6 =

twn’
where F is the measured force exerted on the film, t is the
monolayer thickness of the MXene (1.36 nm for Ti,CT, and
1.48 nm for Ti;C,T,, monolayer thicknesses of MXenes were
calculated from X-ray diffraction results,*® as shown in Figure
S1b, SI), w is the width of the film (~17 um, i.., the dimension
perpendicular to the loading direction, which is controlled by
FIBing), and 7 is the number of layers in the stack determined
by the averaged fringe count from TEM images, as shown in
Figure S3 (SI) (details on determination of the number of
layers are provided in Note S1, SI). The strain is defined as

&€= % where D is the displacement exerted on the film and [ is
the length of the suspended sample in the loading direction.

The typical experimental stress—strain curves for Ti,CT, and
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Ti;C,T, films made of nine monolayers are compared in
Figure 2.
12 —— . ;
_.._TI20TX
T, CT -
10F 8 2x Nonlinear m m 1
Descending
8_ -4
g Nonlinear
¢ f
5 6F E Descending p
g
[}
4} Linear .
2 -4
2.5pum
0 1
0 0.03 0.06 0.09

Strain

Figure 2. Stress—strain curves for nine-layer Ti,CT, and Ti;C,T,
samples. The inset illustrates the side view of the overlapping
multilayered MXene film being stretched over the gap.

The corresponding deformations were captured by SEM
images (Figure 3). Based on the stress—strain curves, the
deformation responses for both MXenes can be divided into
three stages: the linear stage, the nonlinear stage, and the stress
descending stage, as shown in Figure 2. The linear stage
corresponds to elastic deformation of the sample since no
cracks were observed prior to & = 0.034 (0.043) for Ti,CT,
(Ti;C,T,). The nonlinear stage partially comes from the

(@) TioCTy (b) TizCaTx

£=0.064

£=0.061

Figure 3. SEM images taken during the tensile testing of (a) Ti,CT,
and (b) Ti;C,T, samples at different values of applied strain (). (c)
Zoomed-in images of the crack. Red arrows show the beginning and
end of cracks. Scale bars are 2 ym.
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nonlinear elastic behavior at the finite strain. Crack initiation
was observed in SEM images (Figure 3) at &€ = 0.051 (0.058)
for nine-layer Ti,CT, (Ti;C,T,) with the maximum stress
values o, = 9.61 and 9.55 GPa. The cracks are indicated in
SEM images by red arrows. This was followed by the stress
descending stage caused by crack propagation. Eventually, the
cracks propagated through the entire sample in the gap leading
to failure at &€ = 0.082 (0.072) for Ti,CT, (Ti;C,T,). The
number of layers was determined after failure using a TEM
(typical TEM images are shown in Figure 4, details on
determining the number of layers are shown in Note S1, SI).

TisCoTx

(a)

Ti,CTy

(b)

>

12 layers

Figure 4. SEM (top) and the corresponding TEM (underneath)
images of fractured MXene films made of a different number of layers:
(a) Ti,CT, and (b) Ti;C,T, flakes. Scale bars: 2 um for SEM images
and 10 nm for TEM images.

The stress—strain curves for specimens with different
numbers of stacked layers are compared in Figure 5. All of
the curves exhibit a similar linear response. In the nonlinear
stage, however, for the samples with more layers in the film,
the material becomes softer beyond a certain strain, manifested
by a reduced strength as compared to the monolayer case. This
number-of-monolayer dependence has also been found in
atomistic modeling results and corresponds to the situation
when the failure of the multilayer system is initiated in the
weakest monolayer and subsequently propagates to other
layers, i.e., it is a sequential layer-by-layer failure mechanism
instead of a concerted failure of all monolayers in the structure.
The failure mechanism at the atomistic scale is discussed in the
following modeling section.

Our measured results for the two MXene samples are listed
in Table 1 and compared with the literature data for MoS,*
and graphene””** produced using a similar experimental setup
in Table S1, SI. To compare the dependence of strength and
Young’s moduli of MXenes on the number of monolayers to
similar dependencies for MoS, and graphene using the weakest
link theory,”” the log—log plots are presented in Figure 6
(larger slope of the curve reflects stronger dependence) with
the corresponding fitting line parameters shown in Table S2,
SI. As seen in Figure 6, the strength and Young’s moduli of
MZXenes exhibit a much weaker dependence on the number of
monolayers in a stack in comparison to MoS, and graphene. A
rapid decrease in the mechanical properties of multilayer MoS,
implies a significant degradation of the material structure with
more layers. By contrast, the MXenes used in our study display
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Figure 5. Stress—strain curves for (a) Ti,CT, and (b) Ti;C,T, samples.
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Table 1. Strength (6,,) and Young’s Modulus (E) of Ti,CT,
and Ti;C,T, Films with a Number of Monolayers (1) in the

Stack

material

Ti,CT,

Ti,C,T,

method n
experiment 9
12

26

MD modeling 1
3

S

7

9

experiment 7
9

13

32

S2

MD modeling 1
3

S

7

o, (GPa) E (GPa)
9.61 217.15
8.61 218.68
7.59 217.44

11.66 26591
11.35 259.99
11.09 263.43
10.80 266.26
10.59 265.54
9.89 203.40
9.5§ 207.01
9.22 204.85
8.59 204.96
7.99 204.39
12.47 256.56
11.26 255.18
10.87 25591
10.59 254.36

much less pronounced reduction in mechanical properties with
an increased number of monolayers in the stack.
Atomistic Modeling and Defect Tolerance. Atomistic

LAMMPS*>*® and ReaxFF force fields for MXenes’”*® with
different numbers of monolayers in a stack. The atomic
vacancies (missing Ti and C atoms in Figure 7) were created
by the removal of Ti or C atoms from the lattice®® (details in
the Materials and Methods section). Similar vacancies created
during material synthesis using etching have been reported
before.’’ In our MD models, the overall vacancy ratio, defined
as the ratio of the number of missing atoms to the total
number of atoms in a monolayer, was kept at 3.0 + 0.5%.
Accordingly, in a multilayer system, the vacancy ratio among
different layers randomly deviates from the mean within the
standard deviation, as shown in Table S3, SI. In addition, the
terminating —O— and —F atoms were added randomly to the
models (8.0 + 0.9% of —O-terminating groups and 3.0 + 0.5%
of —F-terminating groups with respect to the total number of
Ti and C atoms in a monolayer according to the experimental
XPS results™® (Figure Slc, SI) for a 6.0 um X 6.0 um sampling
area).

In our typical MD simulation, the system is uniaxially
stretched at 298 K along the zigzag direction in an NVT
ensemble with a Nosé—Hoover thermostat. MD simulations
differ from the experiments in many aspects, including a
simplified material model and a 10°~10* times higher loading
rate. Nevertheless, the stress—strain relationships (Figure 8a,b)
obtained from MD exhibit behavior similar to the experiment.

Modeling of Uniaxially Strained Multilayer MXenes. To
reveal the underlying failure mechanism from the obtained
experimental results, we conducted a series of molecular
dynamics (MD) in silico experiments, in which MXenes were
subjected to uniaxial tensile stress. In the MD simulations, we
considered the effects of defects, terminal groups, and
interlayer interactions. The simulations were conducted using

To understand the deformation and failure mechanism, a series
of snapshots of the atomistic systems were taken along the
loading path, as shown in Figure 8c,d. The layer-by-layer strain
contours for all MD modeling cases are illustrated in Figures

S§4—S518, SI. Color in these snapshots encodes the strain on
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Figure 6. Log—log plots of (a) strength and (b) Young’s modulus as a function of the number of monolayers in a stack for different materials
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are shown for comparison.
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original and final distances along the loading direction between
the atom of interest and its ith neighboring carbon atom (six
carbon atoms are considered as neighbors in an example in
Figure S19, SI).

In the initial elastic stage, the monolayer and multilayer
systems display similar distributions of strain, where the
interatomic bonds experience larger deformations near the
vacancies compared to pristine regions. The observed earlier
crack initiation in the multilayered structure compared to the
monolayer structure is a consequence of statistical variation in
the number of vacancies among the stacked layers. Although
the average vacancy ratio in our simulations was 3.0%, it
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slightly varied from monolayer to monolayer within +0.5%.
With these variations, it is natural that a chance of
encountering a monolayer with a larger-than-average vacancy
ratio in a stack is higher when the stack is formed by a larger
number of the monolayers. Such a more defected monolayer
represents the weakest link in the stack and shows earlier crack
initiation compared to other monolayers in the stack, as well as
to those individual monolayer models that have a lower
vacancy ratio. This is illustrated in Figure 8c,d (cartoons C and
G) for both MXenes. In the multilayer system, the crack
nucleates and propagates nonuniformly among different layers
mainly due to their different defect densities. The crack
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Figure 9. (a) Monolayer Ti,CT, after failure. (b, c) Zoom-ins of the areas indicated in (a). (d) Monolayer Ti;C,T, after failure. (e, f) Zoom-ins of

the areas indicated in (d).

propagation in the weakest layer promotes softening in the
stress—strain curve and leads to a reduced strength as the
number of monolayers increases. As the load increases, the
cracks nucleate and propagate across different layers until a
final rupture of the sample. We believe that the statistical
variation in the vacancy ratio between different monolayers is
the main reason for the observed number-of-layer dependence
of strength in the studied MXenes.

Young’s modulus and strength obtained from MD
simulations are listed in Table 1 and plotted in Figure 6 as a
function of the number of monolayers in a stack (n). Similar to
the experimental measurements, the modulus is independent
on n, while the strength decreases with the increasing number
of monolayers. It is also shown in Table 1 that there is a
discrepancy between simulation results and experimental
results for both MXenes, which is mainly due to different
time and length scales implemented in the MD modeling.
However, the main purpose of the MD modeling is to provide
more insights with regard to the failure mechanisms rather
than exactly reproduce the values of mechanical properties
measured in the experiment. Direct comparison between
strength and modulus values is not the main goal of this work.
In the same figure, we also plotted literature results for
multilayer MoS,”> and graphene,” obtained from simulations
in which the material defects were not considered. In contrast
to our modeling results for the MXenes, the strength calculated
from those simulations does not show any dependence on the
number of monolayers in a stack. Based on this comparison, it
is evident that defects and their statistical variation in
monolayers making up the stack of a layered material play
an important role in the overall mechanical behavior of the
stack.

Nanocrack Bridging Due to Surface Terminating Groups.
In addition, we discuss a specific failure mechanism of the
MZXenes revealed from MD simulations. Atomic images shown
in Figures 8¢,d and S4—S18 show that the nanocracks in the
MZXenes are often bridged by the —O-containing chains
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originating from the surface functional groups on MXenes.
This bridging effect is more clearly seen in Figure 9, where the
crack is bridged by two chains, in which the O atoms play an
essential role by connecting two or more Ti atoms. When Ti—
C bonds within MXene layers start to fail, the strong
interaction between O and Ti atoms results in new Ti—O
bonds. This bridging effect may increase the ductility and
toughness of MXene. As a result, both the simulation and
experiment display a ductile fracture to some extent, in
contrast to clean brittle failure observed in other 2D materials
such as graphene.” It is worth noting here that no bridging
was observed in our prior MD simulations of stretching of
MZXene without terminating groups,61 pointing out to an
interesting role played by surface functional groups in
mechanical behavior and failure mechanisms of MXenes.
Scaling Effect on the Strength of MXenes. From the
experimental and modeling results, we found that the strength
of MXene stacks decreased with the increasing number of
monolayers. We also compared the trend of reduction in
strength with similar trends for graphene and MoS, stacks, as
illustrated in Figure 6, from which the MXenes showed a much
lower property degradation rate. Combining these experimen-
tal observations with the modeling results, we speculate that
this is due to two main reasons: (1) relatively larger monolayer
thickness of the MXene monolayers compared to other 2D
materials and (2) nanocrack bridging induced by the surface
terminating groups of MXenes. With a larger monolayer
thickness of MXenes, an isolated atomic vacancy has a less
dramatic effect on the structural stability of the MXene
monolayer, leading to a higher defect tolerance. In contrast, in
other 2D materials such as MoS, or graphene, a missing Mo or
C atom creates a hole through the monolayer rendering it
dramatically more vulnerable to fracture.”” > In MXenes, the
surface Ti atomic vacancies are more common than missing
core C vacancies, which allows these materials to retain
integrity due to the mainly intact inner C layer even when the
outer Ti layers are damaged, resulting in a higher tolerance of a
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MZXene monolayer to fracture. In addition to the larger
monolayer thickness, the nanocrack bridging by functional
groups further reduces residual stress at crack edges, which
contributes to the higher defect tolerance of MXenes.

B CONCLUSIONS

We present a combined experimental and computational
investigation of the in-plane mechanical behavior of stacked
MXene films (Ti,CT,, Ti;C,T,). From the experiment, it is
found that Young’s modulus exhibits only a small variance
when the number of stacked MXene monolayers increases
from 9 to 26 for Ti,CT, and 7 to 52 for Ti,C,T,. At the same
time, the tensile strength monotonically decreases from 9.61 to
7.59 GPa (Ti,CT, with d-spacing of 1.36 nm) and from 9.89
to 7.99 GPa (Ti;C,T, with d-spacing of 1.48 nm). This
dependence on the number of stacked monolayers is much
weaker than what was previously observed in multilayer
graphene and MoS, films, implying a better scaling-up of
mechanical properties of at least the tested MXenes as
compared to other multilayer 2D materials. From the atomistic
simulations, it is found that the dependence on the number of
monolayers in a stack can be attributed to variations in the
number of atomic vacancies among different monolayers in the
multilayer MXenes. As a result, the cracks are initiated in the
weakest layer with the highest defect density, leading to a
softening manifested in stress—strain curves and reduced
tensile strength. Moreover, MD simulations demonstrated that
the cracks in the MXene samples can be bridged by —O—
atoms, hindering their propagation and leading to a ductile
failure mode. Collectively, these results indicate that MXenes
can be excellent reinforcing agents for composite materials
across different length scales.
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