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Abstract: Recently experimentally synthesized three-dimensional (3D) MoS; spiral is a new kind of
helical structure with technically robust properties. The knowledge about the mechanical properties
of such appealing materials is indispensable but remains unexplored yet. Here, the stretching
characteristics of 3D spirally wound MoS; as a new type of mechanical nanospring are explored by
using large-scale molecular dynamic (MD) simulations. It is revealed that the MoS; spiral structures
not only exhibit unique sawtooth-like tensile responses inaccessible from conventional springs, but
also hold high stretching deformation capability. Surprisingly, there is a critical inner radius in jump
of elasticity but not in the tensile strength; below which it yields elastic strain of less than 320%,
while above which the elastic strain is over 1900%. The supergiant elasticity is primarily contributed
by the sliding-reorientation action, stepwise opening and elastic deformation of nanoribbons of MoS>
spirals. Moreover, imposed strain energy is mainly absorbed by the inner edges of MoS; spirals, and
MoS:; spirals catastrophically fail at the corner of inner hexagon-edge of buckled MoS; nanoribbons
that are more stress-concentrated. This study provides important insights into facile design of MoS>

spiral-based nanosprings with supergiant elongation capability for practical applications.
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1. Introduction

Van der Waals (vdW) layered transition metal dichalcoginides (TMDCs), are a fascinating class of
quantum structures for diverse applications, including optoelectronics, spintronics, valleytronics,
catalysis and so on (Bhimanapati et al., 2015; Chhowalla et al., 2013; Gupta et al., 2015; Hu et al.,
2018; Shearer et al., 2017; Zeng and Cui, 2015; Zhang et al., 2014). Those accessible promising
applications mainly arise from their distinctive physical and chemical properties that can be finely
tuned through thinning down from bulk to few-layer to monolayer, altering the structural phase and
the stacking order of layers, alloying, hetero-structuring, mechanically straining, and so forth
(Conley et al., 2013; Kang et al., 2013; Lee et al., 2010; Mak et al., 2010; Pan and Zhang, 2012;
Pierucci et al., 2016; Puretzky et al., 2015; Voiry et al., 2015). As an example, as the thickness of
vdW-layered MoS: is reduced from bulk to a monolayer, MoS; structure shows a transition from an
indirect band gap (Eq = 1.29 eV) to a direct band gap (Eq = 1.90 eV), resulting in over 10*-fold
enhancement in the photoluminescence (PL) quantum yield for monolayer MoS; (Lee et al., 2010;
Mak et al., 2010; Splendiani et al., 2010). However, as a result of the weak light-matter interaction,
arising from the atomic thickness of monolayer MoS,, monolayer MoS; exhibits poor nonlinear
optical conversion efficiency.(Zeng et al., 2015) To this end, thicker MoS; crystals with long
interference length are required for highly efficient nonlinear optical applications.(Fan et al., 2017;
Lin et al., 2018a; Lin et al., 2018b) Unfortunately, as a consequence of destructive interference of
nonlinear polarization between the neighboring vdW-layers, multilayer MoS, crystals show
vanishing oscillation of the second-harmonic generation effect with increasing numbers of layers,

limiting its nonlinear optical applications (Li et al., 2013; Lin et al., 2018a; Lin et al., 2018b).

Recently, similar to three-dimensional (3D) graphene spirals with atomically thin helical
periodicity (Sestak et al., 2015; Xu et al., 2016; Zhan et al., 2018; Zhan et al., 2017), 3D spirally
wound MoS; nanostructures were achieved via the interfacial screw dislocation-driven growth

mechanism (Kumar and Viswanath, 2016; Zhang et al., 2014). In contrast to monolayer MoSz, 3D



spirally wound MoS: is able to yield larger effective conversion coefficients, and presents intriguing
properties such as valley polarization and second order optical nonlinearity (Fan et al., 2017; Shearer
et al., 2017; Zhang et al., 2014). Those unique properties are mainly attributed to spiral morphology
of the MoS: nanostructures, and also that the spiral nanostructures are chiral and break the reflection
and inversion symmetries of the lattices. More intriguingly, as a result of continuous covalent bonds
in spirals made of vdW-layered MoS2, remarkable enhancement in vertical conductivity
(perpendicular to the layers) by carrying helical electrical current through the central threading
dislocations can be realized (Ly et al., 2016), in sharp contrast to normal vdW-layered MoS; flakes.
Those fascinating properties endow the spiral structure with appealing functionalities for diverse
applications such as nanoscale optical, electronic and optoelectronics devices (Ly et al., 2016; Xu et

al., 2016).

In those practical nanoengineering applications, despite valuable information of optical and
electronic characteristics of 3D spirally wound MoS: has been reported (Ly et al., 2017; Ly et al.,
2016; Shearer et al., 2017; Zhang et al., 2014), their mechanical behaviors are also critical for
reliable and optimal performance of MoS; helicoid-based device systems and of interest to
understand. However, to date, an overall picture of the tensile characteristics of 3D spirally wound
MoS: remains poorly unknown. Therefore, in the present study, the nanomechanical characteristics
including axial tension deformability and fracture of hexagon-shaped spiral MoS; with different
dimensionality and inner spiral radii are explored by using large-scale classic MD simulations. This
study provides valuable information for the future utilization and design of 3D MoS: nanosheets

made of spirals in nanoscale molecular devices.

2. Models and Methodology

2.1 Atomic Models of MoS: spirals



Experimental characterizations revealed that 3D TMDCs spirals by screw-dislocation-driven growth
mechanism show diverse polygonal projected morphology including triangular, hexagonal, or mixed
shapes (Fan et al., 2018; Shearer et al., 2017). Similar to the case of coiled carbon nanotubes
(CCNTs)(Wu et al., 2013a; Wu et al., 2013b; Wu et al., 2018b; Wu et al., 2018c), 3D spirally wound
MoS; are constructed by a simple creation procedure proposed by (Liu et al., 2010) and (Zhan et al.,
2017). Initially, columnar MoS; with periodicity in the off-plane direction is generated as shown in

Figure 1a, where all layers are in AA stacking mode. Subsequently, 3D spirally wound MoS; is

generated via identical screw dislocations with Burger’s vector ‘6‘ =6.141 A between neighboring

MoS: nanoribbons, as seen in Figure 1b, where the magnitude of Burger’s vector ‘6‘ is the thickness

(t) of monolayer MoS: (Liang et al., 2009; Stewart and Spearot, 2013). The screw dislocation is
achieved by intentionally bonding of interlayered Mo-S. In this study, 3D spirally wound MoS; with
hexagon-shaped projection are specifically considered and taken into investigation. As it is seen in
Figure 1, the hexagonal exterior is bounded by all-zigzag edges. It is noted that, due to the structural
heterogeneity of MoS; crystal lattices, all-zigzag hexagonal edges in MoS; spirals are alternately S-
and Mo-terminated. Moreover, the left-handed MoS; spirals are only studied in the present work,
although an experimentally synthesized MoS; spiral shows identical probability between left- and
right-handed helical confirmations (Shearer et al., 2017; Zhang et al., 2014). This is because, from
the mechanical point of view, left- and right-handed spirals with identically coiled parameters and
elemental compositions exhibit equal mechanical properties. Similar to graphene spirals (Zhan et al.,
2017), a MoS: spiral structure is also mainly characterized by three geometrical parameters,
including the outer radius R, inner radius r and pitch distance t. Thus, the width of spiral MoS; is
obtained as w = R - r. To ensure that the length of the spiral is over two times the Lennard-Jones (LJ)
cutoff distance, all MoS; spirals composed of four complete coils along the helical axis are generated.

A periodic boundary condition (PBC) is only imposed on the helical axis, while the perimeters of the
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simulation boxes are free to simulate free-standing spiral MoS». Such hybrid application of PBC and

non-PBC offers unconstrained ends to avoid any spurious end effects during the elongations.
2.2 MD simulations

Prior to MD simulations of axial loading, spiral MoS: are initially quasi-statically relaxed to a local
minimum configuration by the conjugate gradient method with energy and force tolerances of 10
eV and 10 eV A, respectively. Then, MD relaxation is carried out with 10° timesteps to equilibrate
the spirals. During the MD equilibrium process, the length of as-created spirals changes in the helical
axis direction for reaching zero pressure under NPT (constant number of particles, pressure, and
temperature) ensemble. The pressure and temperature are controlled by NoséHoover barostat and
NoséHoover thermostat. Finally, uniaxial tension MD simulation of the relaxed spiral models under
deformation-controlled technique is performed with a constant strain rate of 10° slunder NVT
(constant number of particles, volume, and temperature) ensemble with Nos&Hoover thermostat. A
small MD timestep of 0.2 fs with the velocity-Verlet algorithm is used to integrate the equation of
atomic motions in the MD calculations. During the uniaxial MD tension, the spiral MoS> undergoes
a Poisson’s contraction in the transverse direction. The stretching force and stress are computed
during the MD simulations from the virial stress tensor components on each atom. To eliminate the

strong thermal fluctuations, a low temperature of 10 K is adopted in all MD simulations.
2.3 Forcefield for Modeling MoS: spirals

All the classic MD simulations are conducted using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS)(Plimpton, 1995) package with a short-range many-body reactive
empirical bond-order (REBO) potential plus a long-range two-body LJ potential (Liang et al., 2009).
The REBO potential parameterized by (Liang et al., 2009) is capable of not only describing crystal
properties but also dynamically capturing breaking and re-forming events of covalent bonds of MoS;

systems (Stewart and Spearot, 2013; Wu et al., 2015). As suggested by (Wang et al., 2016), the



parameters of the original MoS,-REBO potential were tuned to avoid artificial stiffening behavior. It
has been shown that the modified MoS>-REBO forefield is able to accurately predict the mechanical
properties of MoS; nanostructures including their elastic and plastic behaviors (Wu et al., 2018a; Wu
et al., 2019). In addition, for the non-bonded vdW interactions in the MoS, system, a LJ 12-6

potential for Mo-Mo, S-S and Mo-S interactions in the spiral MoSz system is adopted.

3. Results and Discussion

3.1 Structural Characteristics and Energetics in MoS2 Spirals

Unlike vdW-layered MoS: crystals where there are no covalent bonds between interlayers, a MoS;
spiral is structurally characterized by continuously covalent-bonded MoS: nanosheets as a result of
the introduction of screw dislocations between neighboring layers. The introduction of screw
dislocations in MoS> spirals could change the structural characteristics of vdW-layered MoS;
nanosheets. Figures 2a and 2b show the top-viewed structural motifs of fully relaxed MoS; spirals
with R =36.37 A, r =0.00 A and R = 36.37 A, r = 11.25 A respectively. To discern the stacking
characteristics in MoS; spirals, neighboring turns of MoS; spirals are alternately red- and blue-
rendered. It is observed that the initial perfect AA stacking layers in both MoS; spirals are not
preserved after structural relaxations. Instead, both MoS; spirals show complex layer stacking
morphologies. As it is indicated by the hexagonal exterior edges, the non-uniformly relative
rotational displacements between neighboring layers are mainly attributed to the complex stacking
morphologies in both MoS; spirals. For the inner hole-free MoS; spiral, both common AA and AB
stacking modes are detected from Figure 2a, which is in good agreement with previous experimental
identifications.(Shearer et al., 2017; Zhang et al., 2014) However, the AA and AB stacking orders
are heterogeneously distributed in the layers of inner hole-free MoS; spirals. The AA stacking order
is mainly distributed in the center of the MoS: spiral. This is because the dislocation cores are
located in the center of the MoS; spiral, which limits the displacement sliding of spiral layers.

Besides, in addition to the normal AA and AB stacking modes, a new stacking is observed, which



stands in the middle states of AA and AB stacking orders. Such new stacking order was not observed
by previous experimental characterizations. There are two main reasons for explaining the new
stacking mode in the MoS; spiral. The first one is that, as a result of the application of PBC in the
axial helical directions, our MD MoS; spirals are infinite long and thus the relative rotational
displacements are more difficult to occur. However, the experimentally synthesized MoS; spirals are
finite helical length and the half-exposed ends are more easily rotated to achieve energy-favorable
stacking configurations. The other one is that experimentally synthesized MoS: spirals are over one
order of magnitude larger than our MD models. A relative slight shift of adjacent spiral layers could
result in AA or AB stacking order from the new stacking order. With regards to the MoS; spiral with
hexagonal inner hole, it is found that the more energy-favorable AB stacking order becomes more
pronounced, while the higher energy-penalty AA stacking motif almost vanishes. Such stacking
transformation is due to that the delete of rigid region of dislocation core significantly frees the
relative rotational movements of spiral layers, as indicated by the larger lattice mismatch between
spiral layers from the exterior edges in Figure 2b. Likewise, the new stacking mode appears in the
hollow MoS; spiral.

To understand the bond configurations in MoS: spirals, the bond lengths of polar Mo-S are
computed. Figures 2c and 2d present the contours of bond length for both inner hole-free and hollow
MoS: spirals, respectively. Apparently, both spirals show non-uniform distributions of bond length
of Mo-S. Inner hole-free MoS: spiral show both large and small bond lengths of Mo-S and distortion
of hexagonal rings in the central dislocation cores and. This indicates that, as a result of screw
dislocations, the Mo-S bonds and Mo-S-Mo and S-Mo-S angles in the central dislocation core are
either highly stretched or contracted. Moreover, the dangling bonds in the exterior edges are also
contracted due to the surface effect, particularly for the S-terminated edges. As for the hollow MoS;
spiral, contraction of Mo-S bonds is also observed in both interior and exterior edges. Instead, the

second outermost Mo-S bonds adjacent to the Mo-terminated edges in both spirals are remarkably



strained. The lengths of Mo-S bonds in the interior of both spirals are relatively uniform and similar
to the bulk counterpart of MoS> crystals. Those abovementioned structural characteristics are also
found in other dimensional MoS; spirals.

In order to quantitatively uncover the effect of dimensionality on the bond configurations in spirals,
the distribution profiles of Mo-S bond length in different inner hole-free and hollow MoS; spirals are
calculated and shown in Figures 3a and 3b. Clearly, vdW-layered perfect MoS; crystal shows a
narrow distribution of Mo-S bond and one peak at around 2.446 A in the curve. The MD predicted
bond length of Mo-S is slight larger than that by experimental measurements (2.420 A) (Holinski and
Géansheimer, 1972). Unlike bulk MoS;, wide distributions of bond length in the curves are observed
for MoS: spirals. For inner hole-free MoS: spirals, as the radius (R) is decreased, a wider distribution
of bond length appears as shown in Figure 3a. This is because of a large ratio of atoms located in the
edges and dislocation cores to all atoms for small spirals. This indicates that changes in Mo-S
configurations of small-sized spirals becomes more pronounced. Moreover, several peaks in the
curves are identified. The peaks located at small abscissa positions correspond to the Mo-S bonds at
the edges and dislocation cores, while the peak situated at large abscissa positions explains the large
bond length of Mo-S in the dislocation cores and the second outermost structures. The highest peaks
in the curves correspond to the Mo-S bonds in the interior of spirals. It is revealed that the length of
those Mo-S bonds slightly deviate from 2.446 A of bulk MoS; (Holinski and G&nsheimer, 1972). It is
noted that those peaks can be also indicated by the Figure 2c. For the hollow MoS; spirals, similar
characteristics in the distribution profiles of Mo-S bonds are observed.

Additionally, the hybrid stacking orders could influence the thickness of layers (pitch distance t) in
the MoS; spirals. Figures 4a and 4c show the normalized thickness of layer of fully relaxed MoS;
spirals (t/toui) as a function of outer and inner radii (R and r), respectively. Obviously, the pitch
distance of MoS; spirals is strongly dependent on both outer and inner radii. The MoS; spiral shows

a monotonic reduction in the pitch distance as either the outer or inner radius is enlarged. For



example, for inner hole-free MoS: spirals, the normalized pitch distance decreases by around 0.7%
as the outer radius is increased from 12.42 A to 36.37 A. However, by examining the linear fitting
slopes of the curves, it is found that change in the inner radius is more sensitive to the pitch distance.
This indicates that the area of the dislocation core in the center of MoS, spirals plays a more
important role in the pitch distance. As it is expected, the pitch distances of both inner hole-free and
hollow MoS; spirals are larger than that of counterpart bulk MoS,. This mainly comes from that, due
to the screw dislocations, the AA and the new stacking orders in MoS; spirals enlarge the gap of
neighboring layers. Figures 4b and 4d present the potential energy per atom as a function of the outer
and inner radii R and r, respectively. As it is seen, both potential energies of inner hole-free and
hollow MoS: spirals show nonlinear relationships with the outer and inner radii (R and r), resulting
from the edge effects.

3.2 Tensile Characteristics of MoS2 Spirals

Unlike vdW-layered MoS; nanosheets, mechanical behaviors of tightly wound MoS; spirals via
screw dislocations are interesting for their practical nanoengineering applications. The effects of
outer radius on the helical axial stretching behaviors are initially investigated. Figures 5a-d present
the axial tensile stress - strain responses of inner hole-free MoS: spirals with the outer radius ranging
from 12.42 to 36.37 A. Apparently, all studied MoS; spirals show strong nonlinearity in the
mechanically deformational curves, which is inaccessible for engineering mechanical springs that
yield linear elastic responses under axial tension. In the initial small strain regimes, the stretching
loads pronouncedly rise to maximum strengths as the elongation is enlarged to critical values. This
deformation process is mainly against the vdW-adhesions between adjacent layers in MoS; spirals.
The vdW forces governed initial tension stiffness of spirally wound MoS; can be determined from
the linear fitting slopes of the stress-strain curves. It is calculated that the initial tensile stiffness are
similar to the tightly wound coiled CNTs (Wu et al., 2013a; Wu et al., 2018c), but one order of

magnitude lower than the in-plane stiffness of MoS; sheet (Wu et al., 2018a; Wu et al., 2019). This is



because the vdW-bonding forces are much weaker than the Mo-S covalent bonding forces. Moreover,
the initial tensile stiffness depends on the dimensionality of MoS; spirals; MoS; spirals show a
reduction trend in the initial tensile stiffness as the outer radius is increased. This is mainly explained
by that, as the outer radius is decreased, the loading stress is mainly contributed by the covalent
bonds located in the dislocation cores. Similarly, the maximum strength (peak stress) is also
connected with the outer radius. As the outer radius is increased from 12.42 to 36.37 A, the
maximum strength is reduced by around 87.5%. Beyond the initial tension, stretching of multi-turns
MoS: spirals produces mechanical curves with complex sawtooth-like patterns of peaks. Those peak
loads are much lower than that of the initial peak. Those peaks distributed in the tensile curves
suggest stepwise occurrences of multiple structural transformations during the elongation process. It
is noted that the red arrows indicate the failure strains of the MoS; spiral. Finally, the mechanical
loads suddenly drop to zero, reflecting the complete rupture of MoS; spirals. In contrast to the
highest-peak stress and the initial tensile stiffness, MoS spiral with larger outer radius shows higher
rupture strain. Remarkably, MoS; spiral with outer radius of 36.37 A is able to yield rupture strain of

around 600%, showing outperforming deformational capacity.

To further reveal the deformation mechanisms underlying the behind complex nonlinear
mechanical responses, the development of the atomic structure of spirally wound MoS; subjected to
helical axial elongation is further examined. As an example, a series of snapshots of MoS; spiral with
the largest outer radius at different critical strains are therefore captured and displayed in Figure 6,
where the atoms are colored on the basis of 7. In equilibrium (¢ = 0.00), spirally wound MoS;
shows uniform gap spacing (around 2.90 A) between neighboring spring turns. As the tensile strain
is applied from 0.00 to 0.54, MoS: spiral deforms mainly by uniform self-reorientation and collective
sliding of the spiral nanoribbons, instead of enlargement of the inter-turn gap spacing. This indicates
that the separation between nanoribbons of MoS; spiral is not capable of accommodating the low

global axial deformation as a result of strong binding energy between the spiral nanoribbons, while



the imposed global strain energy are easily absorbed by the sliding and reorientation actions of MoS;
nanoribbons. The tension stresses oz, associated to Mo atoms grow with increasing global strain.
Such deformation produces initially steep increase to the highest peak but is followed by strong
oscillation in the loading stress. With further increasing the axial strain to a critical value, the
deformation of the MoS: spiral is characterized by the development of bending-buckling and
opening of the MoS: spiral, as it is seen in the spiral configuration at strain of 0.72 in the Figure 6.
This implies that the sliding and reorientation behaviors no longer accommodate the further
extension. Because of the buckling of multilayered nanoribbons, the spiral is locally compressed.
Once the strain reaches to strain of 0.76, one turn of the MoS; spiral spring is completely opened
with a big gap spacing and the buckled nanoribbons recover to flat configurations, resulting in
significant release of atomic stresses. The opening of the MoS; spiral therefore gives rise to a deep
drop of the global loading stress to around 0.76 GPa. Note that, during this complex deformation, no
bond-formation and -breaking occur. As the axial strain is enlarged to about 1.28, the MoS; spiral
elastically deforms by enlargement of the gap spacing between opened spiral coils. Meanwhile, the
atomic stresses oz, in the inner of MoS; spiral are augmented with increasing strain, resulting in the
re-increase in the global loading stress. As further elongation is applied, inner edges become highly
localized stress concentrated and the global pulling stress is not able to peel off the neighboring
vdW-bonding nanoribbons. Instead, MoS> spiral deforms by catastrophic failure via the dissociation
of Mo-S covalent bonds in the inner hexagonal corner, resulting in sudden drop of loading stress as
indicated by the red arrow in Figure 4d. This deformational mechanism strikingly differs from the
cases of graphene spirals and tightly wound coiled CNTs where elastically stepwise separations of all
spiral coils under high elongations are identified (Wu et al., 2013a; Wu et al., 2018c; Zhan et al.,
2017). The fracture propagates along the zigzag direction of nanoribbon and terminates to form a
nanohinge-like configuration. Subsequently, the pulling force peels off another piece of nanoribbon

because the global loading force is located at the exterior edge for confronting the vdW-adhesions.



Afterwards, the global pulling stress is switched to the inner edge, resulting in another zigzag-
directional fracture in the exposed nanoribbon, as displayed by the configuration at strain of 5.17. As
the elongation is enlarged from strain of 5.17 to 5.97, the residual spiral coils reorient themselves in a
direction 90° from the global deformation axis with high shear stresses. Such deformation
mechanism gives rise to increase in the global loading stress as seen in Figure 4d. Finally,
dissociation of Mo-S bonds at one nanohinge occurs, leading to complete rupture of the MoS; spirals.

Note that the other three smaller MoS: spirals exhibit similar deformation mechanisms.

3.3 Critical Inner Radius for Achieving Supergiant Deformability of MoS2 Spirals

Because the global pulling stress is highly concentrated on the inner edges, the opening of MoS;
spiral nanoribbons by helical axial stretching is limited, resulting in low elasticity and ductility.
Enlargement of the inner edges by removing the inner dislocation cores could enhance both,
elasticity and stretchability. To this end, the effects of inner radius on the mechanical behaviors of
MoS; spirals are examined. Figures 6a-i plot the tensile stress-strain diagrams of MoS; spirals with
inner radius varying from 0.0 to 21.80 A but identical outer radius of 36.37 A. Obviously, the
characteristics of the strong nonlinear loading curves are quite similar; the initially small deformation
responses are primarily characterized by steep increase in loading stress followed by frequent
oscillations of high loading stress, whereas for the posterior large deformation MoS; spirals show
characteristic sawtooth-like patterns in the loading curves where low peaks stresses are observed.
Moreover, it is revealed that both the highest peak stresses and stretching stresses in the long-range
sawtooth-like regions are quite comparable, although the inner radii of those MoS: spirals are very
different. This implies that the inner radius is not critical to the pulling stress for elongation.
However, MoS; spiral shows pronounced enhancement in the rupture strain with increasing the inner
radius. As an example, as the inner radius is enlarged from 0.0 to 21.80 A, the rupture strain of MoS:
spiral is enhanced by around 480%. Intriguingly, the elasticity is surprisingly enhanced by about

2500% as illustrated by the arrows that indicate the initial fracture strains. It is also revealed that



there is a sudden change in the elasticity of MoS: spirals as the inner radius is slightly enlarged from
11.25 to 14.11 A. MoS; spiral with inner radius of 11.25 A yields elastic strain of around 310%,
whereas for the one with 14.11 A it is able to exhibit supergiant elastic strain of 1900%. This clearly
indicates that there are very different elastic deformation scenarios between MoS; spiral with small

and large inner radii.

To figure out the deformation mechanisms underlying the inner radius dependent stretchability of
the MoS: spirals, the evolution of molecular configurations of hollow MoS; spirals under helical
axial tension is examined. Similarly, as an example, a number of snapshots of deformational
configurations of MoS; spiral with inner radius of 14.11 A at different critical tension strains from
MD simulations are captured and displayed in Figure 7 to reveal the supergiant elasticity and
stretchability, where the color code of atoms is on the basis of stretching stress oz;. Similar to the
cases of other MoS; spirals, in the initial tensile deformation, the pulling of the MoS; spirals is
dominated by the sliding-reorientation-buckling deformation mechanisms that give rise to the initial
frequent variations of stretching stress in the loading curves. However, because MoS; spirals with
larger inner radius is able to reorient their nanoribbons in larger direction angles and more shrink of
inner radius of MoSz nanoribbon coils along the planes, significantly higher global axial deformation
can be accommodated as indicated by the configurations at strains of 0.54 and 2.00 in Figures 6 and
7, respectively. This explains the larger elastic regions with frequent oscillation in pulling stress in
the initial deformation. Moreover, reoriented MoS; nanoribbon coils with large inner radius are more
highly uniform stress-concentrated. Remarkably, the following supergiant elastic deformation is
primarily characterized by a series of sliding-buckling-opening mechanisms, in sharp contrast to the
cases of MoS; spirals with inner radius varying from 0.0 to 11.25 A where the late-stage elasticity
are only contributed by elastically stretching opened nanoribbon. Finally, all the nanoribbon coils in
the MoS: spiral are completely opened for accommodating supergiant elongation. Instead, the

opened MoS: nanoribbons are non-uniformly distributed along the spiral axis. Specifically, a part of



opened nanoribbon is highly buckled without coiled morphology. This differs from the traditional
spring coils and grapheme spirals whose opened coils are uniformly distributed along the helical axis.
Unlike the strain-induced opening of coils of MoS: spiral, stretching of the fully opened MoS: spiral
gives rise to significant increase in the loading stresses, as indicated in Figure 6. This signifies that
deforming covalent bonds of Mo-S is more effectively absorb the stretch energy than that of stepwise
opening of coils in MoS; spirals. Because of the bending buckling morphology, the nanoribbon
shows complexity in stress states. For example, both inner and outer edges show positive stress,
while the concave buckled surface is highly compressed. For other parts of the MoS; spiral, the inner
edges of opened nanoribbon coils are tensiled, where for the middle regions of the coiled
nanoribbons they are compressed. In comparison, it is revealed that the magnitude of tensile stress in
the inner edges of buckled nanoribbon is higher than that of coiled nanoribbons. As a result, highly
elongated MoS; spiral fails by dissociation of Mo-S bonds located at the inner edges of buckled
nanoribbon as excess stretching is applied. This corresponds to the sudden drop of loading stress
after the peak marked by the arrows in Figures 6f-i. Similar to the case of MoS; spiral with inner
radius of 0.0 A as shown in Figure 5, break-vs-arrest behavior of Mo-S bonds situated at the buckled
nanoribbon dominates the plastic deformation. Finally, supergiant-elongation-at-rupture of MoS>

spiral with inner radius of 14.11 A is achieved, as illustrated by the configuration at strain of 21.67.
4. Conclusions

A new 3D helical structure of MoS: spiral has recently entered into the palette of promising building
blocks for the next generation of smart devices and multifunctional materials due to its unique
optical and electronic properties. This study mainly focuses on the role of outer and inner radius on
the stretching characteristics of experimentally realized 3D MoS: spiral structures by using classic
MD simulations based on a reliable many-body REBO combined with a two-body 12-6 LJ potentials.
MoS:; spirals show both outer and inner radii dependence in pitch distance, and their pitch distances

exceed the interlayer gap spacing of bulk MoS; crystal. Such structural characteristics are mainly



attributed by the presence of screw dislocations that introduce complex hybrid stacking orders
between nanoribbons of MoS; spirals. Moreover, as a result of the central dislocation cores, atomic
structures in the central region are highly distorted and thus prestress-concentrated. All the
investigated MoS> spirals exhibit characteristic sawtooth-like patterns in the tensile stress-strain
curves. The initial frequent oscillation in loading stresses is mainly attributed to the sliding-
reorientation-buckling mechanisms. For non-hollow MoS; spirals, dimensionality (outer radius)
dependent mechanical properties including the initial tensile stiffness, maximum tensile strength,
elasticity and ductility are revealed. However, with regard to the hollow MoS; spirals, it is
unexpectedly identified a critical inner radius that dictates their elastic capacity. For example, when
the inner radius of MoS; spiral is slightly enlarged from 11.25 to 14.11 A the elastic strain jumps
from around 310% - 1900%. More importantly, the loading strength is almost not degraded. By
analyzing their deformational configurations, it is revealed that the origin of this sudden change in
elasticity is because coiled nanoribbons of MoS, spiral with inner radius of 14.11 A are fully
elastically opened for accommodating global axial elongation, whereas for those with inner radius of
11.25 A, only one coiled nanoribbon is opened. Intriguingly, all opened coiled nanoribbons are non-
uniformly distributed along the helical axis because one coiled nanoribbon is severely buckled with
more stress concentration at the inner edge. A series of break-vs-arrest processes occur at the inner
hexagon corner of the buckled nanoribbon. The fractures propagate along the zigzag direction of
nanoribbons. These findings provide useful insights into the design of MoS;-based nanosprings with
outperforming elasticity for practical applications in device systems with coupling to their other

properties.
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Figure 1. MoS2 nanocoloum made of hexagon-shaped nanosheets. (a) Top- and side-viewed
molecular structure of AA stacked MoS; nanocoloum. The red arrow indicates the interlayer gap
spacing t = 6.141 A (b) Top- and side-view of molecular structure of hexagon-shaped MoS; spiral
constructed from screw dislocation. The three geometrical parameters including outer radius R, inner

radius r and width w of nanoribbon of MoS; spiral are illustrated in the top-viewed image, while the

—

burger’s vector 0 of screw dislocation is marked in the bottom side-viewed image.
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Figure 2. Structural characteristics of non-hollow and hollow MoS; spirals with outer radius of
around 36.37 A. (a) and (b) Top-viewed atomic structures of MoS; spirals with inner radius of 0.0 A
and 11.25 A, respectively, where the coiled turns are alternately red- and blue-rendered for
identification of stacking characteristics. (c) and (d) Top-views of atomic strucutres of MoS; spirals
with inner radius of 0.0 A and 11.25 A, respectively, where the color code is on the basis of the bond

length of Mo-S for distinguishing bond configurations.
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Figure 3. Geometry dependent distributions of Mo-S bonds in MoS; spirals. (a) Bond distribution
profiles of Mo-S in non-hollow MoS; spirals with outer radius varying from 12.42 to 36.37 A, as
well the bulk MoS; crystal. (b) Comparison of bond distribution profiles of Mo-S in hollow MoS;

spirals with inner radius in the range of 0.00 to 21.80 A, as well the bulk MoS; crystal.
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Figure 4. Geometry dependent pitch distance and energetics in MoS; spirals. (a) and (b) Normalized

pitch distance and potential energy per atom in MoS; spirals with enlarging the outer radius from

12.42 to 36.37 A. (b) Normalized pitch distance and potential energy per atom in MoS; spirals with

increasing the inner radius from 0.00 to 21.80 A,
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Figure 5. Global tensile mechanical stress-strain responses of 3D spirally wound MoS2
nanostructures with outer coiled radius of (a) R = 12. 42 A, (0) R=20.03 A, (c) R=27.54 A and (d)
R = 36.37 A, respectively. All studied MoS; spirals show strong nonlinearity in the loading curves,
indicating complex structural transformations inaccessible from conventional engineering springs.
Mechanical properties of those MoS: spirals including initial stiffness, maximum tensile strength,
elastic strain and rupture strain are dimensionality dependent. The red arrows in the curves indicate
the critical strains, above which MoS: spirals are catastrophically failed via dissociation of the strong

covalent bonds of Mo-S.
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Figure 6. Development of molecular structure of non-hollow MoS; spiral with outer radius of 36.37
A subjected to helical axial tension. A series of side-viewed snapshots of helical configurations of
the MoS; spiral at different tensile strains are shown to reveal the deformational characteristics,
where the color code is based on the tensile stress oz,. The MoS; spiral shows very complex
deformational mechanisms. Within strain from 0.00 to 1.28, sliding, reorientation, buckling and
opening mainly dominate the elastic deformations. It is observed that only one coiled nanoribbon is
opened to accommodate the limit elastic strain. Beyond the elastic strain of 1.28, plastic
deformations by break-vs-arrest events take place in the inner hexagon-corner to separate the partial

opened MoS; spiral.
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Figure 5. Complete stretching mechanical stress-strain diagrams of 3D spirally wound MoS;
nanostructures with inner coiled radius of (a) r =0.00 A, (b)) r=3.05A, (c)r=6.10 A, (d)r=9.14
A @€r=1125A (fr=1411 A, (9) r = 1658 A, (h) r = 19.27 A and (i) r = 21.807 A,
respectively. Independent on the inner radius, all investigated MoS: spirals exhibit characteristic
sawtooth-like patterns in the stretching curves. The initial steep increases in loading stress primarily
come from the vdW interaction between coiled nanoribbons of MoS: spirals. The subsequent
frequent oscillations in the loading stress are mainly attributed by the sliding-reorientation-buckling
deformation mechanisms. The red and blue arrows in the curves indicate the critical strains, above
which catastrophic failure of MoS, spirals occurs via breaking the covalent bonds of Mo-S.
Intriguingly, a critical inner radius between r = 11.25 A and 14.11 A that strongly affects the

elasticity is identified, resulting from distinct elastic deformation mechanisms.
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Figure 6. Molecular structural evolution of hollow MoS; spiral with inner radius of 11.41 A under
helical axial tension. Numbers of side-viewed snapshots of coiled configurations of the MoS: spiral
at different strain levels are captured to uncover the supergiant deformation characteristics. Within
the initial elastic strain region of about 0.00 to 4.12, this MoS; spiral presents the similar elastic
deformation characteristics to that of non-hollow MoS: spirals. Note that the large elasticity in this
region comes from large sliding displacements between coiled nanoribbons. In the intermediate
elastic tension stage (from around 4.12 to 16.75), the surpergiant elastic deformation is characterized

by the sliding, buckling and the stepwise opening of all coiled nanioribbons. It is observed that one



coiled nanoribbon with unique morphology from other coiled ones is severely buckled. The late
elasticity is dominated by elastic stretching of opened coiled nanoribbons. As exceeding the
supergiant elastic strain of around 19.90, plastic deformations is analogously characterized by
multiple breaking-vs-arresting of Mo-S bonds located at the inner hexagon-corner of the highly

elongated MoS; spiral.



