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The mechanical behaviors of 2D materials are fundamentally important for their potential applications in
various fields. a-Molybdenum trioxide (a-MoQOsz) crystals with unique electronic, optical, and electro-
chemical properties, have attracted extensive attention for their use in optoelectronic and energy conver-
sion devices. From a mechanical viewpoint, however, there is limited information available on the
mechanical properties of a-MoOs. Here, we developed a capillary force-assisted peeling method to
directly transfer a-MoO3z nanosheets onto arbitrary substrates. Comparatively, we could effectively avoid
surface contamination arising from the polymer-assisted transfer method. Furthermore, with the help of
an in situ push-to-pull (PTP) device during SEM, we systematically investigated the tensile properties of
a-MoOs. The measured Young's modulus and fracture strengths along the c-axis (91.7 + 13.7 GPa and 2.1
+ 0.9 GPa, respectively) are much higher than those along the a-axis (55.9 + 8.6 GPa and 0.8 + 0.3 GPa,
respectively). The in-plane mechanical anisotropy ratio can reach ~1.64. Both Young's modulus and the
fracture strength of MoOs show apparent size dependence. Additionally, the multilayer a-MoOs3
nanosheets exhibited brittle fracture with interplanar sliding due to poor van der Waals interaction. Our
study provides some key points regarding the mechanical properties and fracture behavior of layered

«-MoOsz nanosheets.

Introduction

Thermodynamically stable molybdenum trioxide («-MoO;)
consists of bilayer planar crystals of distorted MoOg octahedra,
in which the internal linkages are formed by covalent bonds
and adjacent layers are held by weak van der Waals forces.">
As a promising anisotropic layered crystal phase, a-MoO; with
wide tunable bandgap, high electron mobility, and excellent
photoelectric properties, has attracted immense attention in
the fields of optoelectronics, flexible electronic devices and
energy conversion devices.> A comprehensive understanding
of the mechanical properties of a-MoOj; is essential to fulfill-
ing its potential applications. Given that the properties of elas-
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ticity, bending ability, fracture strength, and stretchability of
a-MoQ; are heavily orientation-dependent,®” the reliability of
devices based on a-MoO; nanosheets would be greatly affected
by their mechanical responses. However, there has been
limited information available on the mechanical properties
and failure mechanism of «-Mo0Qj.

Over the past decade, several testing methods have been
developed to explore the mechanical properties of 2D
materials, such as atomic force microscopy (AFM) nanoinden-
tation methods,® " micro-electro-mechanical systems (MEMS)-
based in situ tensile testing,">™** blister testing,"”® and so
on."?° For example, AFM-based nanoindentation is a tech-
nique that was first used to determine the modulus and break-
ing strength of freestanding monolayer graphene.® The blister
test is employed to study Young’s modulus and bending
stiffness of various 2D crystals involving graphene, MoS,, and
so on.'>'7?122 The in situ tensile test, as a direct testing
method, allows precise measurement of crystal orientation-
dependent mechanical parameters of 2D materials.”'*??
Additionally, it facilitates the observation of deformation beha-
viors in response to applied strain.>'*>* One of the major
challenges of in situ nanomechanical tensile tests lies in
precise manipulation and then successful transfer of the ultra-
thin 2D membrane onto the target device (e.g., push-to-pull
(PTP)). To date, the most frequently employed strategy is the
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polymer-assisted transfer approach,>** followed by sub-

sequent heating/washing treatments to remove polymeric con-
tamination. However, the presence of polymer residuals is
inevitable and affects the mechanical responses of 2D
materials.?® Therefore, it remains challenging to develop a
novel transfer method to prepare clean test samples with high
efficiency.

In this work, we developed a capillary force-assisted peeling
method to directly transfer individual a-MoO; nanosheets
onto the target device in liquid environments. A comparative
analysis of the wetting behaviors of various liquids at the inter-
face between SiO,/Si and a-MoOj; systems was conducted. The
as-prepared samples are ready for mechanical testing after
removing residual solvents. The anisotropic mechanical pro-
perties of a-M0O; sheets were systematically investigated using
a nanomechanical tensile testing device during scanning elec-
tron microscopy (SEM). The derived mechanical properties of
a-MoO; nanosheets revealed orientation dependence, with an
anisotropic factor of Young’s modulus reaching 1.64. We
observed the apparent size dependence of Young’s modulus
and fracture strength values of a-MoO;. Additionally, the frac-
ture behaviors of a-MoO; were studied along two orthogonal
axes. Our work not only provides important insights into the
anisotropic mechanical properties and failure mechanism of
a-MoOs3, but will also be helpful in the transfer of other multi-
layer 2D nanosheets directly without the presence of an
additional polymer layer.

Results and discussion

Fig. 1a shows the schematic diagram of the a-MoO; layered
crystal structure, where a bilayer distorted MoOg octahedron
forms edge-sharing zigzag rows along the [001] direction
(c-axis) and corner-sharing armchair rows along the [100]
direction (a-axis). Along the [010] direction (b-axis), the multi-
layer a-MoO; nanosheets are held together by weak van der
Waals forces. In detail, there are three different types of oxygen
atoms within the distorted octahedron, including the terminal
oxygen (O;) bonding to the Mo atom in the b-axis direction,
the asymmetric oxygen (O,) bonding to two neighboring Mo
atoms having different lengths along the ag-axis direction, and
the symmetric oxygen (O;) forming bonds with two equal Mo
atoms in the c-axis and a bond in the b-axis. The reported
lattice constants of MoO; are, respectively, a = 3.963 A, b =
13.860 A, and ¢ = 3.697 A (JCPDS file: 05-0508).%>"+2

The a-MoO; nanosheets were prepared by the mechanical
exfoliation method with thicknesses in a range from 20 to
500 nm. As shown in Fig. 1b, the exfoliated a-MoOj;
nanosheets with their rectangular shape preferentially tear
along the c-axis due to the energy release along the c-axis
being much greater than that along the g-axis.® To further
verify this favored orientation, high-resolution transmission
electron microscopy (HRTEM) was employed to characterize
the crystal orientation and lattice spacings, as shown in Fig. 1c
and d. In detail, the lattice spacing of orthorhombic a-MoOj; is

0.38 nm along the c-axis and 0.39 nm along the g-axis, respect-
ively, which agrees well with the distances of [001] and [100]
lattice planes. The selected area electron diffraction (SAED)
pattern shown in Fig. 1e reveals the single-crystalline nature of
the sample.

As a non-destructive method, angle-resolved polarized
micro-Raman spectroscopy (ARPRS) was employed to deter-
mine the crystal orientation at the microscopic level.?*=°
Fig. 1f presents the polarized Raman spectrum of an individ-
ual MoO; nanosheet. The peaks centered at 114 cm™' and
283 ecm™' are assigned to B,, modes. The peak centered at
158 cm™' is assigned to the A; mode, which originates from
the translation vibration of the rigid MoOg octahedral chains
along the c-axis. The peak centered at 818 cm™* (A7 mode)
reflects the asymmetric stretching vibration of O-Mo-O atoms
along the a-axis.*"*? The polar plots and fittings of normalized
Raman intensities of A; and A7 modes as a function of sample
rotation angle @ are shown in Fig. 1g and h. The intensity of
both Ag and A, modes exhibits clear dependence on the
inclined angle 0, where 6 represents the angle between inci-
dent polarization and the g-axis. Specifically, the A7 mode
reaches local maximum along the c-axis while the A7 mode
reaches local maximum along the a-axis. These two modes can
be well fitted to I(Ay) « (Acos®@ + Csin’6)’, which is the
detailed calculation process for the anisotropy of Raman
signals presented in section S1.f Thus, we would employ Ag
and A} modes to identify the crystal orientation of the
samples.

Owing to the extra-low bending stiffness of few-layer thick
2D nanosheets, a polymer assisted method has been widely
employed to transfer the individual 2D nanosheets from the
initial substrate to the target substrate. After suitably position-
ing the test sample, the supported polymer layer has to be
removed by either thermal annealing or acetone washing.'***
Unfortunately, the presence of residual polymer acting as con-
tamination would greatly deteriorate the mechanical perform-
ance of 2D materials.** Here, we develop a facile method to
directly transfer 2D materials to the PTP devices. Fig. 2a pre-
sents the schematic drawing of the capillary force-assisted
peeling method, where the a-MoO; nanosheets are directly
exported onto the SiO,/Si substrate. To facilitate the manipu-
lation of individual a-MoO; nanosheets, the whole substrate
was immersed in a liquid solution (e.g., water (H,O), ethanol
(EtOH) and isopropanol (IPA)). The micro-probe was utilized to
slightly detach the edge of the MoO; nanosheet from the sub-
strate. Meanwhile, the solvent was gradually entrapped inside
the interface to weaken the interfacial adhesion between MoOj;
and the SiO,/Si substrate, as presented in Fig. 2b and c. To
deeply understand the underlying mechanism of the liquid-
assisted transfer methodology, we quantitatively evaluated the
changes in the work of adhesion based on an energy
analysis.>*” Generally, the thermodynamic work of adhesion
for the separation of MoO; nanosheets from the underlying
substrate in air can be expressed by eqn (1):

ngr = ¥5i0, T ¥Mo0; —¥5i0,-MoO; (1)
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Fig. 1 (a) Schematic diagram of orthorhombic a-MoOs, where a-MoO3z nanosheets are packed together by van der Waals interaction along the
b-axis, the vertex angle is shared along the a-axis direction and a common edge connection along the c-axis direction. (b) Optical picture of
a-MoOs3, with an angle of 0° to the vertical edge. (c) Low magnification TEM image of mechanically exfoliated a-MoO3 nanosheets. (d) HRTEM
image of a-MoOs. (e) Selected area electron diffraction pattern of a-MoOs. (f) Raman spectra at different angles with respect to the vertical axis of
a-MoOs. (g and h) Theoretical (solid lines) and experimental (circles) profiles for angle-resolved normalized Raman intensities of Ag and A7 modes,
respectively.
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Fig. 2 (a) Schematic diagram of the transfer process. (b) Peeling a-MoOsz progressively with a probe in a liquid environment. (c) Schematic diagram
of the liquid wetting interface in the capillary peeling experiment. (d) Calculated thermodynamic work of adhesion, W, in different liquid
environments.
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where, 7si0, and ymoo, are the free energies of the SiO,/Si sub-
strate and MoOj;, respectively. ysio,-mo0, represents the free
energy of the Si0,-MoO; interface. Once the air medium has
been replaced by certain types of solvents, and the whole sub-
strate is correspondingly immersed in a liquid environment,
the thermodynamic work, Wi, can be expressed by eqn (2):

liquid
WaTM% = 5101 + ¥Mo0;-1-75i0,-Mo0, (2)

where ysi0,1 and ymo0,1 are the free energies between the SiO,/
Si substrate and liquid, and MoOj; and liquid, respectively.

According to the Young-Dupré equation, the adhesion
work in the liquid environment depends on the liquid surface
energy () and contact angles on the SiO,/Si substrate and
MoOj; surface:

qu“id = W;‘ir — 71(cos Bsio, + €os Omoo,) (3)
where 0o, is the contact angle between the substrate and the
liquid, and .0, is the contact angle between MoO; and the
liquid. The free energies of the SiO, (ysio,), M0O; (ymoo0,)
and substrate-MoO; (ysio,-mo0,) interfaces can be derived via
the Owens Wendt model and Young-Dupré equation.*®?°
Detailed information is presented in the ESI section S2.}

Fig. 2d compares the calculated values of the work of
adhesion of the SiO,/Si substrate and MoOj; in air, EtOH, IPA
and H,O0. Apparently, the work of adhesion shows dependence
on the liquids employed. The decreased trend of work of
adhesion between the SiO,/Si substrate and the MoO; from
0.132 to 0.0036 J m™> (an ~37-fold decrease in H,0) was
observed. The quantitative analysis described above revealed
the underlying mechanism of the capillary force-assisted
peeling process. In addition, the wetting behavior of the device
also plays an important role in the deposition step. Fig. S3a
and bt show the contact angles of the PTP devices with and
without O, plasma treatment. The hydrophilic surface (contact
angle below 90°) facilitated the deposition of MoOj;
nanosheets onto the substrate, whereas the hydrophobic
surface weakened the interaction between the MoO;
nanosheets and the substrate (contact angle above 90°).
Eventually, the MoO; nanosheet was successfully transferred
to the plasma-treated device, followed by air drying (Fig. S4a—
ct). It is worth noting that the present transfer method devel-
oped in our work facilitates the preparation of test samples
with high efficiency.

To investigate the mechanical behaviors of multilayer MoOj3
nanosheets, uniaxial tensile strength tests were conducted
through an in situ nanomechanical testing system during SEM
(Fig. 3a). The pico-indenter pushes the freestanding part of the
device to induce uniaxial stretching with a constant strain rate
1 nm s~'. Meanwhile, the force is recorded by the sensor and
the whole deformation process is simultaneously recorded.
The thickness of MoO; nanosheets is measured by AFM
(section S5%). It is worth noting that the adhesion between
MoO; and the underlying substrate driven by the vdW inter-
action is strong enough to firmly clamp the sample without
apparent slippage. To support this, we measured the distance

between the reference point and the trench edge as shown in
Fig. S6a, b and c, df along two axes, respectively. The consist-
ent length before and after the tensile tests indicated that
there was no discernible slippage at the interface.

Fig. 3b presents the typical stress—strain curves of the MoO;
nanosheets along the c-axis and a-axis, respectively. The linear
elasticity of the curves enables us to satisfactorily evaluate
Young’s modulus along these two axes. As expected, the
measured Young’s modulus and fracture strength are strongly
dependent on the crystalline axes. In detail, the measured
Young’s modulus and fracture strength along the c-axis (91.7 +
13.7 GPa and 2.1 + 0.9 GPa, respectively) are much higher than
those along the g-axis (55.9 + 8.6 GPa and 0.8 + 0.3 GPa,
respectively) within a thickness range of 30-50 nm. Detailed
information is summarized in Table S3.1 The observed an-
isotropy in the mechanical properties is assigned to the aniso-
tropic crystal structure of MoO; nanosheets, where the asym-
metric O, atom is covalently connected with two Mo atoms
along the g-axis while the symmetrical O; atom bonds to three
Mo atoms along the c-axis. Furthermore, the derived an-
isotropy ratio (E.axis/Eqaxis) of Young’s modulus for MoO;
nanosheets within a thickness range of 30-50 nm could reach
~1.64. Comparatively, in-plane anisotropy ratios of various an-
isotropic 2D materials, including black phosphorene (3.81),*
As,S; (3.15),*"** TiS,; (1.6),** SiP (1.3),** SiAs (1.33),** SiC
(1.17), GeP (1.25)* and GeAs (1.2)** are summarized in
Fig. S7.7 Impressively, the anisotropy ratio of Young’s modulus
of MoOj; is one of the largest reported in 2D materials so far.

Fig. 3c, e and d, f represent the typical SEM images of the
MoO; nanosheets before and after the tensile tests along the
c-axis and g-axis, respectively. Similar to other 2D materials
(e.g., graphene, MoS,, MoSe,), the MoO; nanosheets exhibited
brittle fracture with a smooth crack front. Due to the in-plane
orthogonal structure of MoOj;, the crack could catastrophically
propagate along the lattice orientation, leading to a similar
fracture edge along the two axes.

Earlier works have stated that the mechanical properties of
2D materials, such as graphene, graphene oxide (GO) and
MOoS,, are highly influenced by their size.***® For example, an
apparent decrease in modulus and fracture strength of gra-
phene nanosheets was observed, stemming from inevitable
interlayer slippage between adjacent layers during the indenta-
tion process.*® Furthermore, for GO and MoS, nanosheets, a
similar decreasing trend was observed with increasing sample
thickness.”””*® MoO; nanosheets are expected to exhibit a
similar size effect along the two axes. Fig. 3g shows an appar-
ent decrease in Young’s modulus (along the c-axis) with
increasing thickness from 30 nm to 150 nm. Comparatively, as
the thickness varied in a relatively large range from 30 nm to
600 nm (a twenty-fold increase), Young’s modulus (along the
a-axis) exhibited a significantly decreasing trend (Fig. 3h).
Furthermore, the fracture strength also presented a similar
trend. Upon increasing the cross-sectional area (thickness mul-
tiplied by width) from 0 to 0.3 pm?, a slight decrease in the
fracture strength (along the c-axis) was observed (Fig. S8at). In
contrast, within a larger range (from 0 to 7 pm?), the fracture
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(a) Nanomechanical device (PTP) and a pico-indenter. (b) Typical tensile stress—strain curves along two orthogonal directions. The derived

Young’'s modulus along the c-axis is 103.9 GPa and along the a-axis is 41.0 GPa. (c and d) Snapshots of MoO3z nanosheets before and after loading
along the c-axis. (e and f) Snapshots of MoO3 before and after loading along the a-axis. The dependence of Young's modulus of MoOs nanosheets
on sample thickness: along the c-axis (g) and a-axis (h). The arrows are plotted to guide the eye.

strength (along the a-axis) demonstrated a significant decline
as the cross-sectional area increased (Fig. S8bt). As mentioned
earlier, owing to its high mechanical anisotropy, the most exfo-
liated MoO; nanosheets appeared as ribbon-like structures
with length direction along the c-axis. Typically, the length of
exfoliated samples is around 10-50 pm and the width is
around 0.6-5 pm. As a consequence, experimentally, it is hard
to directly obtain the ribbon-like samples along the g-axis.
Instead, the width of tested samples is in a range of several
hundreds of nanometers to several tens of micrometers. To
exclude the sample size influence on Young’s modulus, we
also employed FIB to trim the exfoliated sample to strips
1.6 pm in width with stretching direction along the g-axis, as
shown in Fig. S9a.t For FIB-trimmed samples with a thickness
of 96 nm, the measured Young’s modulus along the g-axis is
44.7 GPa, which is close to that of sample #6 with thickness of

105 nm along the a-axis (61.2 GPa). Therefore, the impact of
width on Young’s modulus is negligible.

Unlike the observable failure process in the stretched
mono- or few-layer thick 2D materials (e.g., graphene, MoS,
and MoSe,),*?**®>® we were unable to capture the crack
initiation and propagation during SEM owing to the high
speed of crack growth. To reveal the underlying failure mecha-
nism, TEM was employed to characterize the fracture mor-
phology. Fig. 4a and b show the smooth edges of fractured
MoO; nanosheets roughly along the c-axis and a-axis, respect-
ively. The observation of the obvious layer step around the frac-
tured edges indicated the poor interlayer interaction, further
proving the interplanar fracture-dominated failure mode.
Earlier work has proven the transition of fracture modes from
intraplanar failure to interplanar failure for MoS, once the
layer thickness increases from a few nanometers to several
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(a and b) TEM images of the fracture morphology along the c-axis and a-axis, respectively. (c) Schematic illustration of the fracture mode of

the MoO3 nanosheet. (d) SEM image of the observable crack deflection. (e) TEM image of the fracture morphology along the a-axis. (f and g) HRTEM
images of MoOs in @ and @. Inset: Selected area electron diffraction pattern.

hundred nanometers.*® During the tensile process, the pres-
ence of defects or incomplete sheets within the MoO;
nanosheets would easily induce stress concentration, followed
by the crack penetrating the whole cross-section of stretched
nanosheets, and finally the sudden brittle fracture occurred in
the width direction as shown in the schematic of Fig. 4c.
Additionally, we also observed the slight crack deflection when
nanosheets were stretched along the a-axis, as presented in
Fig. 4d. TEM characterization of the deflected point shown in
Fig. 4e—g proves that the fracture path is not exactly along the
c-axis with a tilted angle of around 7°. Generally, the deflected
crack path enables materials to dissipate more energy, leading
to their relatively large fracture strength as well as
toughness.”*> For example, arising from asymmetric edge
elastic properties, the stable crack propagation with a deflected
and branched path endows a monolayer h-BN nanosheet with
high fracture toughness far beyond that given by Griffith’s
law."> Herein, the small tilted angle together with catastrophic
failure proves the brittleness of MoO; nanosheets.

Conclusions

In summary, we developed a facile liquid-assisted transfer
approach to directly transfer MoO; nanosheets onto PTP
devices in a liquid environment. The trapped H,O can greatly
reduce the adhesion energy between MoO; and the SiO,/Si

substrate to facilitate the detachment of nanosheets. The
approach developed in the present work not only efficiently
avoids the contamination caused by the conventional polymer-
assisted transfer method, but also enhances the efficiency of
preparing test specimens. Furthermore, we systematically
investigated the mechanical properties of multi-layered MoO3
nanosheets as well as their size dependence along two axes.
The Young’s modulus of MoO; significantly decreases with
increasing thickness. In the same thickness range, the derived
Young’s modulus and fracture strength along the c-axis (91.7 +
13.7 GPa and 2.1 + 0.9 GPa, respectively) are much higher than
those along the g-axis (55.9 + 8.6 GPa and 0.8 + 0.3 GPa,
respectively). The derived anisotropy ratio reaches ~1.64,
which can be assigned to its crystal structure. Additionally, the
multilayer MoO; shows a brittle fracture mode with apparent
interlayer slippage. Our work provides a basic understanding
of the application of MoOj; in electronic and optoelectronic
devices.

Experimental section
Materials preparation and characterization

MoO; nanosheets were mechanically cleaved from their bulk
using Scotch tape. The Si wafers with a 300 nm SiO, capping
layer were processed using oxygen plasma (CPA-A, CIF) before
transferring MoO;. Optical microscopy was used to prelimina-
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rily determine the crystal orientation and this was further con-
firmed by micro-Raman spectroscopy (Renishaw invia plus).
TEM images and SAED patterns were recorded to characterize
the lattice structure using a field emission FEI Tecnai G2
F20 microscope (FEI, USA) operated at 200 kV. The AFM
(Multimode 8HR, Bruker), in the standard tapping mode, was
used to measure the thickness of MoOs;.

Contact angle measurements

We measured the water contact angle on both plasma-treated
and untreated devices. MoOj; crystals and the SiO,/Si substrate
were utilized to measure their contact angles within different
liquids (H,O, EtOH and IPA) using a KRUSS DSA100S
instrument.

Preparation of MoO; for mechanical tensile tests

The transfer of MoO; was conducted with the help of a transfer
platform (Metatest, E1-T). Solvents such as H,O, EtOH and IPA
would evaporate spontaneously after the PTP devices contain-
ing individual MoO; nanosheets were removed from their
liquid environment.

Tensile testing

MoO; on the PTP device was tested using a Hysitron pico-
indenter (PI85) inside a JC-Zeiss Merlin SEM. A diamond
indenter can push the PTP device and the load force and dis-
placement were recorded using the transducer. The stretching
rate was set at 1 nm s~ to realize quasi-static loading. The real
displacement of the sample in the tensile process is read
through video using the program code we wrote. The fractured
MoO; was characterized by TEM using an FEI Tecnai G2
F20 microscope (FEI, USA).
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