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ABSTRACT: Two-dimensional (2D) transition metal carbides
or nitrides (MXenes) provide a versatile class of materials with
tunable surface chemistry and distinctive mechanical and
electronic  functionalities. Among them, Mo,TiC,T,, a
representative dual transition metal MXene, is distinguished by
its electrochemical activity and energy storage capability. Since
the reliability of such devices is closely linked to the mechanical
response of their smallest structural units, a clear
understanding of the intrinsic mechanical properties and
fracture behavior of monolayer Mo,TiC,T, is required. Here,
using a push-to-pull (PTP) device inside a scanning electron
microscope (SEM), we directly measure a Young’s modulus of
563.09 + 11.27 GPa for freestanding monolayer Mo,TiC,T,,
consistent with density functional theory (DFT) predictions for
dual transition metal MXenes. DFT calculations further track
bond-length evolution and charge-density redistribution during
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uniaxial tension, clarifying the microscopic origin of the exceptional stiffness and strength. This work elucidates the physical
origin of the enhanced mechanical properties of bimetallic MXenes, demonstrates their potential in advanced energy and
functional material systems, and provides key experimental and theoretical insights for improving structural reliability and

failure prediction in other 2D materials.

KEYWORDS: dual transition metal MXenes, Mo,TiC,T,, in situ mechanical test, mechanical properties

1 Introduction

Two-dimensional (2D) transition metal carbides, nitrides, and
carbonitrides (MXenes), with their high electrical conductivity,
good dispersion stability, and tunable surface chemistries, have
shown broad potential in electrochemical energy storage [1, 2],
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catalysis [3, 4], flexible electronic devices [5, 6], and electromagnetic
shielding [7, 8]. Ti,C,T,, which was synthesized earlier than other
MXenes [9], remains the most extensively investigated member of
the family [10-13]. Research on TiC,T, has established the
foundation for subsequent understanding of MXene structures and
properties. During the fabrication and operation of flexible devices,
Ti,C,T, is inevitably subjected to stretching, bending, and
compression. These mechanical loads readily trigger crack
initiation, interlayer sliding, and progressive structural degradation,
which in turn limit device performance and reliability [14-16]. To
overcome these limitations, increasing attention has been directed
toward Mo-based MXenes [17-22], particularly the out-of-plane
ordered dual transition metal Mo,TiC,T, [19, 22, 23]. By breaking
the single metal symmetry inherent to conventional MXenes [24],
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Mo, TiC,T, offers higher energy storage capacity together with
enhanced electrochemical activity and improved mechanical
tunability [23]. Despite these anticipated advantages in energy
storage and flexible electronics, the intrinsic mechanical properties
of Mo,TiC,T, have not yet been experimentally established.
Quantifying these properties is essential for assessing their
structural stability and long-term reliability. At present,
experimental data describing the mechanical behavior of
Mo,TiC,T, remain unavailable. For 2D materials, direct
mechanical measurements based on push-to-pull (PTP) have
been shown to provide robust access to intrinsic mechanical
properties [13, 25-27].

Monolayer MXene nanosheets are commonly obtained through
solution-based etching and subsequent delamination processes [13].
However, isolating a large area and high quality monolayer from
suspension remains challenging. Their atomic scale thickness
further complicates transfer procedures as well as in situ mechanical
testing [28]. As a consequence, experimental studies on the
mechanical properties of MXenes remain limited and have been
reported for only a small number of MXenes. For instance, the
elastic modulus of monolayer Nb,C,T, [29] was measured by
atomic force microscopy (AFM), whereas multilayer Ti,C,T, and
Ti,CT, [30] were characterized using a PTP device to avoid
structural perturbations and highly nonuniform stress fields
induced by the AFM probe during MXene measurements. In our
previous work, the Young’s modulus of monolayer Ti,C,T, was
directly measured using a PTP device to be 484 + 13 GPa [13]. This
value shows closer agreement with the theoretical prediction of
502 GPa [31] than the modulus obtained from AFM-based in-plane
measurements, which yielded 333 + 30 GPa [11]. At present, the
mechanical properties of monolayer Ti-based single transition
metal MXenes have been systematically explored through both
experiments and theoretical predictions. By comparison, the
mechanical behavior of monolayer Mo-based dual transition metal
MXenes remains far less explored. Mo,TiC,T,, as a representative
dual transition metal MXene, exhibits enhanced electrochemical
stability and energy storage performance relative to conventional Ti-
based MXenes, and has therefore been proposed as a candidate
electrode material under high load and repeated cycling conditions
[22]. Nevertheless, such electrodes are susceptible to cracking
during bending or mechanical deformation, which imposes stricter
requirements on their intrinsic mechanical properties.
Consequently, a systematic investigation of the intrinsic mechanical
properties of monolayer Mo, TiC,T, nanosheets, starting from the
fundamental structural unit, is essential for elucidating their
mechanical response and fracture mechanisms.

In this work, high-quality and large-area monolayer Mo, TiC,T,
nanosheets were prepared and transferred onto PTP devices using
an improved dry transfer technique. Direct in situ tensile
experiments were then carried out inside a scanning electron
microscope (SEM), enabling reliable mechanical testing under well-
controlled conditions. The Young’s modulus, ultimate tensile strain,
and tensile strength of monolayer Mo,TiC,T, were quantitatively
determined, providing the first experimental measurement of its
intrinsic mechanical properties. In combination with density
functional theory (DFT) based first principles calculations, the
microscopic mechanisms underlying the superior mechanical
performance of this dual transition metal MXene were further
examined. These results offer essential experimental data and
theoretical insight for assessing the structural stability of Mo, TiC,T,
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under mechanical loading in flexible electronic devices and energy
storage systems, and provide key mechanical parameters for the
design of reliable MXene-based functional devices.

2 Results

2.1 The transfer of monolayer Mo,TiC,T,

In this study, a dry transfer technique was employed to place a
monolayer of Mo,TiC,T, onto a PTP device. Briefly, a suspension
containing monolayer Mo,TiC,T, was drop cast onto a 400 mesh
copper grid without a carbon support film and dried under
vacuum, resulting in the monolayer nanosheets resting on the
copper grid as shown in Fig. S1(a) in the Electronic Supplementary
Material (ESM). One edge of the nanosheet was first cut using a
focused ion beam (FIB) operated at 30 kV and 1 pA. A
micromanipulator was then carefully advanced to contact the
nanosheet edge, followed by ion beam-induced platinum (Pt)
deposition to firmly attach the nanosheet to the micromanipulator,
as illustrated in Fig. S1(b) in the ESM. Subsequently, the remaining
three edges of the nanosheet were cut under the same beam
conditions, allowing the nanosheet to be lifted from the grid as
shown in Fig. Sl(c) in the ESM. The nanosheet was then
transferred to the 2.5 um tensile region of the PTP device in Fig.
S1(d) in the ESM. After Pt deposition was used to secure the
nanosheet to the device, the connection between the nanosheet and
the micromanipulator was removed, and the manipulator was
retracted as shown in Fig. S1(e) in the ESM. The enlarged dashed
circle indicates a schematic view of the monolayer Mo,TiC,T,
structure. Although Pt residues may remain on the Mo,TiC,T,
nanosheet after deposition, the deposited Pt particles are sparse and
discontinuous, rather than forming a continuous load-bearing layer
on the monolayer nanosheet. Therefore, their contribution to the
measured mechanical response is negligible. Previous PTP-based
tensile testing of monolayer Ti,C,T, MXene also showed that Pt
deposition does not exert a significant influence on the measured
mechanical properties [13, 32].

2.2 Characterization of monolayer Mo,TiC,T,

As shown in Fig. 1(a), a SEM image illustrates a monolayer
Mo,TiC,T, nanosheet fixed onto the tensile region of a PTP
nanomechanical device by ion beam-induced Pt deposition,
enabling in situ tensile testing. During the experiment, a probe
applies force to the hemispherical loading pad, which is converted
by the PTP device into in-plane tensile loading on the Mo, TiC,T,
nanosheet. Figure 1(b) shows a Mo,TiC,T, nanosheet with a length
of 2.5 um and a width of 4.0 um, where the blue arrows indicate the
tensile loading direction. The entire deformation process was
monitored and recorded in real time, as shown in Movie S1 in the
ESM. The thickness of the monolayer Mo,TiC,T, is a critical
parameter for the interpretation of in situ mechanical testing results.
AFM measurements confirm the monolayer nature of Mo,TiC,T,,
as shown in Fig. S2 in the ESM. However, AFM-based thickness
determination for 2D materials is subject to inherent limitations.
For example, although the theoretical thickness of graphene is
0.335 nm, AFM measurements often report values ranging from
04 to 1.7 nm [33] depending on imaging mode, tip-sample
interactions, surface adsorbates, and interfacial trapped species. To
avoid uncertainties associated with these effects, studies of 2D
material mechanics commonly adopt nominal thickness values
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Figure1 Experimental procedure and characterization of monolayer Mo, TiC,T.. (a) Schematic illustration showing how the PTP device converts the compressive force
applied by a hemispherical probe into tensile loading on monolayer Mo,TiC,T.. (b) Enlarged view of the blue region in (a), revealing a monolayer Mo,TiC,T, nanosheet
patterned into a rectangular tensile region by FIB cutting. The blue arrows indicate the tensile loading direction. (c) Cross-sectional STEM image of monolayer Mo, TiC,T,
acquired along the fractured edge of the tested specimen. The enlarged red region reveals the Mo-C-Ti-C-Mo atomic stacking sequence, confirming the monolayer
structure. Surface terminations, such as O and F atoms marked by red arrows, are distributed on the surfaces of Mo,TiC,T.,. (d) TEM image of monolayer Mo, TiC,T, and

the corresponding SAED pattern.

rather than AFM-derived heights [11, 13, 29, 34, 35]. For
monolayer Mo,TiC,T,, the nominal thickness was estimated to be
approximately 1.03 nm by combining the bare crystal height
obtained from high-resolution scanning transmission electron
microscopy (STEM), DFT structural modeling, and the thickness
contribution from surface terminations, following the nominal-
thickness treatment commonly adopted for monolayer MXenes
[13]. This value was further supported by cross-sectional STEM
characterization along the fractured edge of the tested specimen and
was subsequently used to evaluate the mechanical properties of
monolayer Mo,TiC,T,. As presented in Fig. 1(c), the fracture-edge
cross-section of the suspended Mo,TiC,T, nanosheet was
characterized after tensile testing using STEM. The enlarged region
clearly reveals the Mo-C-Ti-C-Mo atomic stacking sequence,
confirming the monolayer structure of the tested nanosheet.

X-ray diffraction (XRD, Fig. S3 in the ESM) and X-ray
photoelectron spectroscopy (XPS, Fig. S4 in the ESM) were
employed to assess the synthesis of Mo,TiC,T,. The precursor MAX
phase Mo, TiAlC, shown in Fig. S3(a) in the ESM is fully converted
into the MXene Mo, TiC,T, after etching, as evidenced in Fig. S3(c)
in the ESM. Figure S3(b) in the ESM presents the XRD pattern of
the Mo,TiAIC, MAX phase, while Fig. S3(d) in the ESM shows the
corresponding pattern of Mo, TiC,T,. The disappearance of
characteristic MAX phase reflections together with the emergence
of a strong low-angle (002) peak indicates successful removal of the
Al layers and the formation of a layered MXene structure with
enlarged interlayer spacing. No residual peaks associated with the
precursor phase are detected in the XRD pattern of Mo,TiC,T,,
confirming the complete transformation from Mo,TiAlC, to the
MXene phase. XPS spectra shown in Fig. $4 in the ESM dlearly
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reveal the presence of Mo-C and Ti-C bonding in Mo,TiC,T,,
consistent with its typical layered carbide structure. In addition, the
spectra in Figs. S4(c) and S4(d) in the ESM confirm the abundance
of surface termination groups on the MXene. Suspended
Mo,TiC,T, nanosheets were further characterized by TEM. As
shown in Fig. 1(d), the corresponding selected-area electron
diffraction (SAED) pattern exhibits a single set of hexagonal
diffraction spots, confirming the crystalline nature and hexagonal
carbide structure of Mo,TiC,T, and indicating the high structural
quality of the nanosheets. Previous studies have demonstrated by
TEM and SAED that the single-crystalline nature and crystal
structure of MXene nanosheets remain unchanged, suggesting that
Pt deposition does not introduce a substantive effect on their
intrinsic mechanical properties [13].

2.3 Insitutensile test of monolayer Mo, TiC,T,

To investigate the mechanical properties of monolayer Mo, TiC,T,,
in situ uniaxial tensile experiments were conducted inside a Carl
Zeiss CrossBeam 340 SEM. Prior to testing, a Bruker Hysitron PI
88 picoindenter was aligned with the hemispherical loading head of
the PTP device, and the driving parameters of the flat punch probe
were calibrated in air. Tensile loading was applied under
displacement control at a rate of 10 nm/s through the PI 88 probe,
during which the PTP device converted the applied compression
into uniaxial tension on the monolayer Mo, TiCT..
Load-displacement data were recorded by the probe sensor, and in
situ tensile videos were acquired at an accelerating voltage of 2 kV.
The tensile strain of monolayer Mo,TiC,T, was determined by
tracking sample deformation in the recorded in situ videos.
Representative scanning electron microscopy snapshots taken

Nano Research, 2026, 19, 94908929
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before loading and immediately prior to fracture are shown in
Figs. 2(a) and 2(b), respectively, from which a maximum
engineering strain of 5.54% was obtained. As shown in Fig. 2(c),
monolayer Mo,TiC,T, underwent catastrophic failure with typical
brittle fracture characteristics. A distinct crack can be observed in
the suspended tensile region, as indicated by the arrows. Notably,
fracture did not occur in the Pt-deposited clamping regions, and no
obvious crack branching was observed. The corresponding
load-displacement curve is presented in Fig. 2(d), where the slope
represents the stiffness of the system. Before fracture, the linear
loading region represents the combined stiffness of the monolayer
nanosheet and the PTP device. After fracture of the monolayer
Mo,TiC,T, nanosheet, the applied load drops sharply, and the
subsequent loading response is dominated by deformation of the
PTP device alone. Therefore, the slope of the post-fracture linear
region corresponds to the calibrated stiffness of the PTP device,
which is approximately 150 N/m. Accordingly, the intrinsic tensile
stiffness of the monolayer Mo,TiC,T, nanosheet was obtained by
subtracting the calibrated PTP stiffness from the total measured
stiffness. Under the continuum assumption, a stress-based
description is more appropriate than a strain-based description for
most regions of the specimen [13, 26], consistent with previous
reports.

To verify the reliability of the measurements, two additional
monolayer Mo,TiC,T, samples were tested. The dimensions,
Young’s modulus, ultimate tensile strain, and tensile strength of all
measured samples are summarized in Table S1 in the ESM.
Although only three successful tensile tests were obtained due to the
substantial experimental challenges associated with transferring and
testing freestanding monolayer MXene nanosheets, the measured

(@)

0%

mechanical properties show limited scatter among independent
samples. Statistical analysis gives a Young’s modulus of 563.09 +
11.27 GPa, an ultimate tensile strain of 5.24% + 0.26%, and a tensile
strength of 29.52 + 1.38 GPa. The corresponding 95% confidence
intervals, calculated using Student’s ¢-distribution for n = 3, are
563.09 £ 28.00 GPa, 524% + 0.64%, and 29.52 + 3.42 GPa,
respectively.

3 Discussion

A comparison of the Young’s modulus of Mo,TiC,T, with other
experimentally measured representative MXenes is presented in
Fig. 3(a). The comparison includes multilayer Ti,CT, and Ti,C,T,
tested by PTP devices, monolayer Ti,C,T, measured by both PTP
and AFM, and monolayer Nb,C,T, characterized by AFM. The
results indicate that the experimentally determined -effective
Young’s modulus of Mo,TiC,T, exceeds those reported for
previously studied monolayer or multilayer single transition metal
MXenes. Specifically, AFM measurements report an in-plane elastic
modulus of 333 + 30 GPa for monolayer Ti,C,T, [11]. Similarly,
monolayer Nb,C,T, exhibits a Young’s modulus of 386 + 13 GPa as
determined by AFM [29]. Considering the local stress perturbation
and surface height nonuniformity introduced by AFM probes, PTP
measurements yield a higher elastic modulus of 484 + 13 GPa for
monolayer Ti,C,T, [13]. In addition, PTP testing shows that the
Young’s modulus of multilayer MXenes remains nearly constant
with increasing layer number, with values of 217.75 GPa for Ti,CT,
and 204.92 GPa for Ti,C,T, [30], indicating a limited influence of
layer number on in-plane stiffness. By comparison, Mo,TiC,T,
exhibits an elastic modulus of 563.09 + 11.27 GPa, representing the

(b)
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Figure2 Tensile fracture of monolayer Mo, TiC,T, nanosheets. (a) Scanning electron microscopy image showing the Mo,TiC,T, specimen fully taut at 0% strain. (b)
SEM image acquired immediately before tensile failure, indicating a peak strain of 5.54%. (c) Brittle fracture of the Mo,TiC,T, after failure, showing that the fracture
occurred in the suspended tensile region rather than in the Pt-deposited clamping regions. (d) Measured load-displacement curve of the monolayer Mo,TiC,T,
nanosheet. The corresponding calculated mechanical parameters are summarized in Table S1 in the ESM (sample 1).
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Figure3 Comparison of the mechanical performance of monolayer Mo,TiC,T, with other experimentally measured MXenes. (a) Young’s modulus of monolayer
Mo, TiC,T, compared with other MXenes measured by AFM indentation or PTP tensile testing, including multilayer Ti,CT, and Ti,C,T, (PTP), monolayer Ti,C,T, (PTP
and AFM), and monolayer Nb,C,T, (AFM). Monolayer Mo, TiC,T, exhibits the highest experimentally measured modulus among MXenes. (b) Ultimate tensile strain and
fracture strength of monolayer Mo, TiC,T, compared with other MXenes characterized by AFM or PTP. Monolayer Mo, TiC,T, demonstrates the highest fracture strength

reported for MXenes to date.

highest experimentally reported value among MXenes to date.
Figure 3(b) further compares the ultimate tensile strain and fracture
strength of Mo,TiC,T, with those of other MXene materials.
Monolayer Mo, TiC,T, displays a fracture strength of 31.03 GPa,
exceeding that of commonly studied single transition metal
MXenes. For example, multilayer Ti,CT, measured using a PTP
device shows a fracture strength of 8.6 GPa [30], monolayer Ti,C,T,
measured by PTP reaches 154 GPa [13], Ti,C,T, measured by
AFM reaches 17.3 GPa [11], and Nb,C,T, reaches 26 GPa [29].
Remarkably, Mo,TiC,T, sustains a tensile strain of about 5.54%
before catastrophic failure, suggesting an appreciable failure strain
among MXene materials while retaining a brittle fracture mode.

It is worth noting that the combination of solution-based
synthesis and delamination of monolayer Mo, TiC,T, nanosheets
with a precise micromanipulator-assisted transfer inside a SEM
effectively overcomes long-standing challenges associated with
sample preparation and transfer in in situ mechanical testing of
solution processable 2D materials. This approach enables reliable
experimental determination of the intrinsic mechanical properties
of monolayer dual transition metal MXene Mo,TiC,T,, which has
not been previously accessible. Given that MXenes can be produced
at scale as dispersible 2D nanosheets and are already widely used in
conductive coatings and polymer composites, the intrinsic
mechanical properties of individual nanosheets play a critical role in
governing the macroscopic performance of these materials. The
higher effective Young’s modulus measured for Mo,TiC,T,
establishes a new experimental benchmark among MXenes and
suggests its suitability for applications where structural integrity is
required. Together with its previously reported electrochemical
stability, high electrical conductivity, and favorable energy storage
characteristics [36], Mo,TiC,T, emerges as a mechanically robust
candidate for flexible energy storage systems, including
supercapacitors [37] and memory-related devices [23], where
lightweight design, mechanical reliability, and deformation
tolerance are essential.

The experimentally measured elastic modulus is consistent with
the value of 594.6 GPa obtained from first principles DFT
calculations for Mo,TiC,T,, as summarized in Table 1. Among the
commonly considered termination configurations, O-terminated
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MXenes represent the most stable form [38]. At the first-principles
level, elastic constants are primarily governed by bond stiffness, and
the strong metal-oxygen interactions in O-terminated MXenes are
therefore favorable for enhancing in-plane stiffness [39]. The
monolayer thickness adopted in the calculations is 7.62 A, which
agrees well with previously reported DFT results [38, 39]. To
further evaluate the mechanical performance of Mo,TiC,T, among
dual transition metal MXenes, we calculated the elastic properties of
a series of dual transition metal MXenes, including Mo, TiC,T,,
Cr,TiC,T,, V,TiC,T,, Nb,TiC,T,, and Ta,TiC,T,. The optimized
structures are shown in Fig. S5 in the ESM, and the calculated
structural parameters and Young’s moduli are summarized in
Table S2 in the ESM. As shown in Fig. S6 in the ESM, Mo, TiC,T,
exhibits a higher calculated three-dimensional (3D) Young’s
modulus than Ta,TiC,T,, Nb,TiC,T,, V,TiC,T,, and Cr,TiC,T,
demonstrating its superior stiffness among the investigated dual
transition metal MXenes.

To clarify the origin of the high Young’s modulus and tensile
strength of monolayer Mo, TiC,T,, the atomic-scale fracture edges
were examined by STEM. As shown in Figs. 4(a) and 4(b), the
fractured region retains continuous and well-aligned atomic rows,
indicating that lattice order is largely preserved after failure.
Consistently, DFT evolution of the Mo,TiC,T, framework under
large strain reveals a continuous structural backbone, with
deformation mainly manifested as relative displacement between
surface terminations and the metal layers, rather than collapse of
the primary lattice (Fig. 4(c)). The uniaxial stress—strain response in
Fig. S7(a) in the ESM shows no abrupt instability over a wide strain
range, reflecting sustained stiffness and effective load bearing at
high strain. Analysis of bond length evolution in Fig. S7(b) in the
ESM further reveals differentiated load sharing among distinct
bonds. The Mo-C, Ti-C, and Mol-O1(2) bonds elongate
monotonically and accommodate the majority of tensile
deformation, whereas the Mo-Ti distance remains nearly

Table1 DEFT results of elastic constants of monolayer Mo,TiC,T,

C,, (GPa) C,,(GPa) Poisson’s ratio Young’s modulus (GPa)
663.3 2134 0.32

Mo, TiC,T, 594.6
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unchanged, indicating its role as a rigid structural scaffold.
Correspondingly, crystal orbital Hamilton population (COHP)
analysis shows a clear reduction in the negative of the integrated
crystal orbital Hamilton population (-ICOHP) of Mo-O1(2) at
18% strain (Figs. S8(b) and S8(d) in the ESM) compared with the
unstrained state (Figs. S8(a) and S8(c) in the ESM), indicating
progressive weakening of Mo-O bonding contributions during
tension. Projected density of states (PDOS) analysis further reveals
that, in the occupied energy region below the Fermi level,
Mo, TiC,T, (Figs. S9(a) and S9(b) in the ESM) exhibits more
continuous and broader overlap between Mo-d states and O-p and
C-p states than TiLC,T, (Figs. S9(c) and S9(d) in the ESM),
indicating stronger p-d hybridization. Combined with the more
spatially extended and polarizable nature of Mo-d orbitals, these
results suggest that load bearing is no longer governed solely by Ti-
d-C-p backbone coupling, but instead supported by a reinforced
hybridized network involving Mo-d and O-p and C-p states.
Moreover, the 2D charge density distribution on the (001) plane in
Fig. 4(d), which shows pronounced and continuous charge
accumulation around oxygen and adjacent surface metal atoms
even at 18% strain, indicates persistent covalent interactions that
underpin the high stiffness and strain tolerance of monolayer
Mo, TiC,T..

In summary, the Mo/Ti-C backbone serves as the primary load-

(a) (b)

bearing pathway with high bond stiffness, while strong p-d
bonding introduced by O termination further promotes load
redistribution. This synergistic bonding network enables the
framework to remain continuous under large strain and delays the
onset of structural instability, providing a microscopic basis for the
mechanical reliability of Mo,TiC,T, in flexible devices and
structural reinforcement applications. Consistent with this
interpretation, previous studies have reported that the
incorporation of only 2 wt% Mo,TiC,T, can enhance the
elongation of Mo-based alloys by a factor of 2.3 to 2.7 and increase
fracture toughness by approximately 2.4 times [40], highlighting the
potential of Mo, TiC,T, as a lightweight reinforcement strategy.

4 Conclusions

In summary, this work employs a PTP device inside a SEM to
experimentally determine the intrinsic mechanical properties of
monolayer Mo,TiC,T, for the first time. The measured Young’s
modulus reaches 563.09 + 11.27 GPa, accompanied by an ultimate
tensile strain of approximately 5.24% + 0.26% and a tensile strength
of 29.52 + 1.38 GPa. These results provide the first experimental
mechanical data for a dual transition metal MXene and establish
the highest experimentally reported stiffness among MXene
systems to date. The combination of high tensile strength and

0.075

® Mo
o 0

()
0%
Figure4 Fracture characteristics, structural evolution, and electronic mechanism analysis of monolayer Mo,TiC,T,. (a) and (b) Atomic-scale STEM images of the

fracture edges of monolayer Mo, TiC,T,, showing that the lattice arrangement in the fractured region remains highly ordered. (c) DFT results over strains from 0% to 18%,
revealing the structural stability of the MXene framework under tensile deformation. (d) Charge density distributions on the (001) plane at 0% and 18% strain.
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appreciable ultimate tensile strain before brittle fracture indicates
that monolayer Mo,TiC,T, achieves a favorable balance between
stiffness and elastic deformability among MXene materials. First-
principles calculations further elucidate the evolution of bond
lengths and charge density during tensile fracture of monolayer
Mo,TiC,T,, offering mechanistic insight that informs structural
modulation, electrode design, and performance enhancement
under high stress conditions. Collectively, these findings suggest
that Mo,TiC,T, is a promising candidate for applications requiring
mechanical reliability in next-generation electronic and optical
functional materials.

5 Methods

5.1 DFT method

All first-principles calculations were performed within the
framework of DFT using the Vienna ab initio simulation package
(VASP). The projector augmented-wave (PAW) method was
employed to describe the electron-ion interactions, with the
Perdew-Burke-Ernzerhof (PBE) functional under the generalized
gradient approximation (GGA). The plane-wave cutoff energy was
set to 500 eV. For structural optimization, a Monkhorst-Pack k-
point mesh of 12 x 12 x 1 was adopted. To eliminate spurious
interactions arising from periodic boundary conditions, a vacuum
layer of 20 A was introduced along the z-direction. The
convergence criterion for self-consistent electronic iterations was set
to 1 x 10° eV, while the force convergence threshold was
0.015 eV/A, ensuring full relaxation of both lattice vectors and
atomic positions.

5.2 Sample preparation for tensile tests

Monolayer Mo, TiC,T, was prepared via selective etching and
subsequent delamination of Mo,TiAlC, powders (Fig. S10 in the
ESM). Briefly, 40 mL of 49% hydrofluoric acid (HF) was added to a
PTFE-lined reaction vessel. Mo,TiAlC, powder (2 g) was gradually
introduced into the HF solution in small portions to avoid rapid
exothermic reactions. The mixture was then stirred at 500 rpm and
maintained at 60 °C in an oil bath for 48 h. After etching, the
resulting suspension was collected and centrifuged at 8500 rpm for
5 min, repeated 7-8 times, until a viscous sediment was obtained.
The supernatant was discarded, and the sediment was re-dispersed
in 50 mL of 30 wt.% tetramethylammonium hydroxide (TMAOH)
solution, followed by manual shaking and subsequent transfer into
a 100 mL beaker. The suspension was stirred at room temperature
for 24 h under sealed conditions. To remove the residual TMAOH,
the suspension was centrifuged twice at 8500 rpm for 5 min.
Finally, the delamination process was achieved by centrifugation at
3500 rpm for 30 min, and the supernatant containing monolayer
Mo, TiC,T, was collected as a stable colloidal suspension.

5.3 Insitu SEM tensile testing

In situ tensile experiments on monolayer Mo,TiC,T, nanosheets
were conducted inside a Carl Zeiss CrossBeam 340 SEM chamber,
where real-time tensile deformation was recorded at a low
accelerating voltage of 2 kV. Before testing, the PTP device was
mounted on the recessed stage of an integrated 2D materials testing
platform using conductive silver paste. A Bruker Hysitron PI 88
Picolndenter (Fig. S1l(a) in the ESM) was aligned with the
semicircular indenter head of the PTP device (Fig. S11(b) in the
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ESM), and the electrostatic comb-drive actuator was calibrated in
air. Under displacement control at a rate of 10 nm/s, the PI 88
indenter applied compressive loading onto the PTP device, which
was mechanically converted into uniaxial tensile loading of the
Mo,TiC, T, nanosheet. The indenter transducer simultaneously
recorded the load-displacement curve. The ultimate tensile strain
was determined from the SEM tensile video, while the Young’s
modulus and tensile strength were calculated from the
load-displacement data. Specifically, the stiffness of the monolayer
Mo,TiC, T, nanosheet was obtained by subtracting the spring
constant of the PTP device from the overall slope of the
load-displacement curve. The 2D and 3D Young’s modulus are

l
calculated as follows: Exp = C- b Ep=C- b where C, I, b, and

h represent the tensile stiffness, length, width, and thickness of the
Mo, TiC,T, within the tensile region, respectively. In this study, the
sample length and width were measured to be 2.5 and 4.0 pum.
Generally, the definition of thickness for 2D materials is not
straightforward. Following the convention adopted for graphene,
we employed a nominal thickness for monolayer Mo, TiC,T,. Based
on STEM imaging and DFT calculations, the thickness of a
monolayer Mo,TiC,T, was determined to be 1.03 nm. It is
important to note that, due to the nanoscale thickness of the
monolayer, assumptions regarding the stress and strain state must
be made. During the tensile experiments, no necking was observed
at the suspended edges of the nanosheet. The maximum tensile
strain, € =5.54%, 0 =E,,-€ was used in the tensile strength
equation to calculate the ultimate tensile strength.

Electronic Supplementary Material: Supplementary material
(further details of sample preparation, structural characterization,
mechanical testing, and DFT calculations) is available in the online
version of this article at https://doiorg/10.26599/NR.2026.
94908929.
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