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We report the results of classical molecular dynamics
simulations focused on studying the mechanical properties
of MoS, kirigami. Several different kirigami structures were
studied based upon two simple non-dimensional parame-
ters, which are related to the density of cuts, as well as the
ratio of the overlapping cut length to the nanoribbon length.
Our key findings are significant enhancements in tensile
yield (by a factor of four) and fracture strains (by a factor
of six) as compared to pristine MoS, nanoribbons. These
results, in conjunction with recent results on graphen, sug-
gest that the kirigami approach may be generally useful for
enhancing the ductility of two-dimensional nhanomaterials.

Molybdenum disulfide (MoS;) has been intensely studied in
recent years as an alternative two-dimensional (2D) material to
graphene. This interest has arisen in large part because (i) MoS;
exhibits a direct band gap of nearly 2 eV in monolayer form which
renders it suitable for photovoltaicsl; and (ii) it has potential
for many other technological applications, ranging from energy
storage to valleytonics 27,

The mechanical properties of MoS, have also been explored
recently, through both experimental®® and theoretical meth-
ods®~12, That MoS, has been reported experimentally to be more
ductile than graphene® naturally raises the critical issue of devel-
oping new approaches to further enhancing the ductility of 2D
materials.

One approach that has recently been proposed towards this end
is "kirigami," the Japanese technique of paper cutting, in which
cutting is used to change the morphology of a structure. This
approach has traditionally been applied to bulk materials and re-
cently to micro-scale materials 13-, though recent experimen-
tal 1® and theoretical 17 works have shown the benefits of kirigami
for the stretchability of graphene.
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Side view

Fig. 1 (Color online) Schematic of the MoS, kirigami, with key
geometric parameters labeled. The kirigami is deformed via tensile
displacement loading that is applied at the two ends in the direction
indicated by the arrows. Top image represents a top view of the kirigami.

Our objective in the present work is to build upon previous
successes in applying kirigami concepts to graphene 7 to investi-
gate their effectiveness in enhancing the ductility of a different 2D
material, MoS,, which is structurally more complex than mono-
layer graphene due to its three-layer structure involving multiple
atom types. We accomplish this using classical molecular dynam-
ics (MD) with a recently developed Stillinger-Weber potential 18,
We find that kirigami can substantially enhance the yield and frac-
ture strains of monolayer MoS;, with increases that exceed those
previously seen in monolayer graphene 7.

We performed MD simulations using the Sandia-developed
open source code LAMMPS 1920 and employing the Stillinger-
Weber potential for MoS, of Jiang!8. All simulations were per-
formed on single-layer MoS, sheets. Of relevance to the results
in this work, we note that while the Stillinger-Weber potential
does not have a term explicitly devoted to rotations, it does con-
tain two and three-body terms including angular dependencies,
which is important for out-of-plane deformations. Furthermore,
the Stillinger-Weber potential of Jiang!® was fit to the phonon
spectrum of single-layer MoS;, which includes both in and out-
of-plane vibrational motions. As a result, the Stillinger-Weber
potential should do a reasonable job of capturing out-of-plane
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Fig. 2 (Color online) Stress-strain curves of AC MoS, kirigami, where
the 2D stress was calculated as the stress o times thickness ¢. (a)
Stress-strain curve for constant a = 0.0866, = 0.0375. (b) Stress-strain
curve for AC kirigami keeping B = 0.0375 constant and varying o. Note
the brittle fracture of the pristine MoS, nanoribbon. In general, the strain
in region Il increases substantially for a > 0.

deformations that involve angle changes, such as rotations.

The MoS, kirigami was made by cutting an MoS, nanoribbon,
which had free edges without additional surface treatment or ter-
mination. A schematic view of the kirigami structure and the
relevant geometric parameters is shown in Fig. 1. The key geo-
metric parameters are the nanoribbon length L, the width b, the
height of each interior cut w, the width of each interior cut ¢, and
the distance between successive cuts d. We considered kirigami
for both zig-zag (ZZ) and armchair (AC) edges. A representative
AC MoS; kirigami consisting a number of N ~ 12,000 atoms with
a nanoribbon length Ly ~ 450 A, width b ~ 100 A, height of each
interior cut w ~ 70 A, width of each interior cut ¢ ~ 11 A, and
distance between successive cuts d ~ 55 A is shown in Fig. 1.

The MD simulations were performed as follows. The kirigami
was first relaxed for 200 ps within the NVT (constant number of
atoms N, volume V and temperature 7) ensemble at low tem-
perature (4.2 K), while non-periodic boundary conditions were
used in all three directions. The kirigami was subsequently de-
formed in tension by applying uniform displacement loading on
both ends, such that the kirigami was pulled apart until fracture
occurred. We note that in actual applications, the MoS, kirigami
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will likely lie on a substrate, and thus adhesive interactions with
the substrate may impact the deformation characteristics. In the
present work, we focus on the intrinsic stretchability of the MoS,
kirigami while leaving the interactions with a substrate for future
work.

Table 1 Comparison of mechanical properties of MoS, sheets and
pristine nanoribbons in the armchair (AC) and zigzag (ZZ) direction.
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System £ 02" (GPa) Y°P(GPa)
Sheet (AC) 0.178 16.8 154.0
Sheet (ZZ) 0.175 15.6 150.7
NR (AC) 0.130 14.6 145.8
NR (ZZ) 0.129 13.6 130.0

In addition, we simulated MoS; sheets (defined as monolayer
MoS, with periodic boundary conditions in the plane) and pris-
tine nanoribbons with no cuts for comparative purposes. The
calculated fracture strains &, fracture stresses o:°, and Young’s
modulus Y3P are tabulated in Table 1. The results are in reason-
ably good agreement with the experimental and first-principles
studies of MoS, monolayer sheets®8 8

In Figure 2 (a), we plot a representative stress-strain curve
of MoS, kirigami. For this, and the subsequent discussion, we
introduce two non-dimensional geometric parameters a = (w —
0.5b)/Ly and B = (0.5d — c¢) /Ly, which were also previously used
to describe graphene kirigamil’. « represents the ratio of the
overlapping cut length to the nanoribbon length, while 8 repre-
sents the ratio of overlapping width to the nanoribbon length.
Put another way, o describes the geometry orthogonal to the
loading direction, while § describes the geometry parallel to the
loading direction. Figure 2(a) shows the stress-strain for the
specific choices of oo = 0.0866, and = 0.0375, which were ob-
tained by choosing b=101.312 A, Ly=438.693 A, w=88.648 A,
¢c=10.967 10\, and d=54.837 A. In contrast, Figure 2(b) shows the
change in the stress-strain response if f = 0.0375 is kept constant
while o changes. This is achieved by changing w while keeping
other geometric parameters constant. We also note that the 2D
stress was calculated as stress times simulation box size perpen-
dicular to the plane ¢ x ¢ to remove any issues in calculating the
thickness 10, while the stress was obtained using the virial theo-
rem, as is done in LAMMPS.

It can be seen that there are generally three major stages of
deformation for the kirigami, as separated by the dashed lines
in Fig. 2(a). In the first stage (region I), the deformation occurs
via elastic bond stretching, and neither flipping nor rotation of the
monolayer MoS, sheet is observed, as shown in Fig. 3. In previous
work on graphene kirigami, it was found that the kirigami rotates
and flips in the first stage instead of stretching the bonds 7. This
does not occur for kirigami in MoS; in this first stage because the
bending modulus of MoS, is nearly seven times higher than that
of graphene 10,

In the second stage (region II), for tensile strains (€) exceeding
about 10%, further strain hardening occurs. Kirigami patterning

§1In the above table, 3D stresses 03" are calculated as 67 /1, where 1, is the effective
thickness with a value of ~ 6 A.
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Fig. 4 Von Mises stress prior to the fracture at a tensile strain of 62% in
(a) Mo layer and (b) top S layer of kirigami in Fig. 3. We plot the stress
distribution layer by layer to give a clear picture of the stress distribution.
The von Mises stress were scaled between 0 and 1.

allows the MoS, monolayer to exhibit out-of-plane deflections, as
shown in Fig. 3, which permits the MoS, monolayer to undergo
additional tensile deformation, which is in contrast to the brittle
fracture observed for the pristine nanoribbon immediately follow-
ing the initial yielding event, as shown in Fig. 2(b). Furthermore,
the out-of-plane deflections cause the slope of the stress-strain
curve in region II to be smaller than that in region I. This is be-
cause of the change in deformation mechanism from purely elas-
tic stretching of bonds in region I, to a combination of stretching
and out of plane buckling in region II.

Local bond breaking near the edges starts to occur at the ten-
sile strain of € = 35%. The occurrence of bond breaking is usually
defined as the yield point, and signifies the demarkation between
regions II and III. This local bond breaking occurs due to the con-
centrated stress at the edges connecting each slab, as previously
observed in graphene kirigami 7. At this stage, each kirigami unit
is held by a small connecting ribbon which allows the monolayer
to be almost foldable. Fig. 3 (stages 1 to 3) shows how the inner
cut surface area having initial area w x ¢ and the height of the
monolayer (largest out-of-plane distance between S atoms) can
change significantly during the tensile elongation.

In the final stage, after more than 62.5% tensile strain, fracture
and thus failure of the kirigami nanoribbon is observed. Unlike
the pristine nanoribbon, the yield point can differ substantially
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Fig. 5 (Color online) (a) Influence of a on yield and fracture strain for
zigzag (ZZ) and armchair (AC) MoS; kirigami, with constant 8 = 0.0375
for AC and constant 8 = 0.0417 for ZZ. (b) Influence of « on yield and
fracture stress for zigzag (ZZ) and armchair (AC) MoS; kirigami. Data
are normalized by MoS, nanoribbon results with the same width.

from the fracture strain, and the difference increases with in-
creasing cut-overlap, which was described previously, as shown
in Fig. 2(b). Thus, it is important to quantify the yield point of
the kirigam,i as it defines the beginning of the irreversible defor-
mation regime. Note that these regions vary depending on the
kirigami structure, as shown in Fig. 2(b).

We also show, in Fig. 4, the von Mises stress distribution prior
to fracture at a tensile strain of 62%. In Fig. 4, the stress val-
ues were scaled between 0 and 1, and the stress distributions in
the top S layer and single Mo layer were plotted separately for
ease of viewing as MoS; has a tri-layer structure. We found that
the largest stresses are concentrated near the edges of the each
kirigami unit cell similar to our previous observation in graphene
kirigami 7.

Having established the general deformation characteristics for
MoS, kirigami, we now discuss how the yield and failure charac-
teristics depend on the specific kirigami geometry. We discuss the
yield and fracture stresses and strains in terms of the two geomet-
ric parameters @ and 3 that were previously defined.

The yield strain as a function of « is shown in Fig. 5(a), while
the yield stress as a function of a is shown in Fig. 5(b). In these,
and all subsequent figures, the stresses and strains are normalized
by those for pristine MoS, nanoribbons of the same width so that
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Fig. 6 (Color online) Influence of 8 on the kirigami yield and fracture
strain (a) and stress (b), with constant oo = 0.0186 for AC and constant

o = 0.0157 for ZZ. Data are normalized by MoS; nanoribbon results with
the same width.

the effect of the kirigami parameters can be directly quantified.
As shown in Fig. 5, the MoS, kirigami becomes significantly more
ductile for o > 0, where the zigzag chirality reaches a yield strain
that is about a factor of 6 larger than the pristine nanoribbon. In
contrast, Fig. 5 (b) shows that the yield stress for kirigami corre-
spondingly decreases dramatically for increasing o. We also note
that the kirigami patterning appears to have a similar effect on
the ductility of zigzag and armchair MoS, kirigami (shown in Fig.
5(a)), as the fracture strain and bending modulus of MoS, mono-
layer sheet in zigzag and armchair direction are similar 10-18,

The increased ductility occurs because a =0 corresponds to the
case when the edge and interior cuts begin to overlap. Increasing
o above zero corresponds to when the edge and interior cuts do
overlap, and thus it is clear that increasing the overlap increases
the ductility of the MoS; kirigami. In contrast, the yield stress is
higher for smaller o because for negative «, the edge and interior
cuts do not overlap, and thus the deformation of the kirigami
more closely resembles that of the cut-free nanoribbon.

In addition to the results of «, the effect of B on the kirigami
ductility is shown in Figs. 6(a) and 6(b). Specifically, B is var-
ied by changing d while keeping other geometric parameters con-
stant. For both the yield stress and strain, f does impact the
yield stress and strain. Increasing 3 corresponds to an increase
in the overlapping region width, which thus results in a smaller
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yield strain, and increased yield stress as compared to a pris-
tine nanoribbon. For > 0.03, we do not observe large differ-
ences between the AC and ZZ behavior in the case of varying 8
because increasing 8 (or decreasing the cut density) makes the
kirigami more pristine, leading to similar values of fracture stress
and strain in the AC or ZZ direction (see Table 1). Our results
suggest that the failure strain can be maximized by increasing the
overlapping cut (increasing «) and increasing density of the cuts
(decreasing f3).

Recently, Guo et al. showed stretchability of metal electrodes
can be enhanced by creating geometries similar to the ones il-
lustrated in Fig. 11°. Adopting the geometric ratios determin-
ing fracture strain described in Ref.1%, we found similar trends:
the fracture strain increases with decreasing (b;cw) and increases
with increasing 3 It is interesting to see that a similar trend is ob-
served at a different length scale (an atomically-thin monolayer in
this work as compared to a =40 nm thin film in the work of Guo
et al.), and for a different material system (MoS, in this work,
nanocrystalline gold in the work of Guo et al.), which suggests
that the fracture strain in patterned membranes can be described
entirely by geometric parameters.

It is also interesting to note that the yield and fracture strain
enhancements shown in Fig. 5(a) exceed those previously re-
ported for monolayer graphene kirigamil”. The main reason for
this is that the failure strain for the normalizing constant, that of
a pristine nanoribbon of the same width, is smaller for MoS,. As
shown in Table 1, this value is about 13%, whereas the value for
a pristine graphene nanoribbon was found to be closer to 30% 7.
However, the largest failure strain for the MoS, and graphene
kirigami were found to be around 65%, so the overall failure
strains for graphene and MoS, kirigami appear to reach similar
values.

In addition to the yield and fracture behavior, we also discuss
the elastic properties, or Young’s modulus. For the kirigami sys-
tem, we expect the Young’s modulus to decrease with increasing
width of the cut w due to edge effects®. Fig. 7 shows the de-
pendence of Young’s modulus with effective width begr = b — w.
As can be seen for both armchair and zigzag orientations, the
modulus decreases nonlinearly with decreasing effective width,
reaching a value that is nearly 200 times smaller than the corre-
sponding bulk value for the smallest effective width value we ex-
amined. Furthermore, the trend of the decrease differs from that
previously seen in graphene nanoribbons based on first principles
calculations2! and in Mo$S, nanoribbons based on atomistic simu-
lations®, where a significantly more gradual decrease in stiffness
was observed. This is due to the fact that for a given nanorib-
bon width b, the kirigami has significantly more edge area than
a nanoribbon, leading to significant decreases in elastic stiffness
even for effective widths beg that are close to the corresponding
nanoribbon width.

Before concluding, we note that we have used the more re-
cent Stillinger-Weber (SW15) potential of Jiang '8 rather than the
earlier SW potential also developed by Jiang and co-workers®
(SW13). This is because in comparing the tensile stress-strain
curves, the SW15 potential more closely captured the trends ob-
served in DFT calculations8. A comparison of the tensile stress-
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kirigami, pristine nanoribbons (PNR), and sheets. Inset shows EZ?P of
kirigami normalized by PNRs. The fitting dashed line (colored blue) is

given as a guide to the eye.

strain curve for monolayer MoS, is shown in Fig. 8 for the poten-
tials of Jiang (SW15) 18 and Jiang et al. (SW13)?. As shown by
Xiong and Cao?2, and also illustrated in Fig. 8, the earlier SW13
potential had a primary deficiency of exhibiting linear behavior
at large strains, rather than the nonlinear elastic softening seen
in DFT calculations. In contrast, the more recent SW15 poten-
tial, which we have used in the present work, exhibits the non-
linear elastic softening seen in DFT calculations22. Furthermore,
the SW15 potential shows failure occurring around 20% tensile
strain, in agreement with DFT calculations. These two facts show
that the SW15 potential resolves the primary issue with the ear-
lier SW13 potential, namely its accuracy at large strains close to
failure.

We have also performed simulations of many kirigamis,
nanoribbons, and monolayer sheets using the old SW potential.
We have found qualitatively similar results with the very impor-
tant difference that the SW13 potential predicts a tensile phase
transition in pristine nanoribbon and monolayer sheet!? that is
not observed in the SW15 potential 8.

In summary, we have applied classical molecular dynamics sim-

ulations to demonstrate that the kirigami patterning approach can
be used to significantly enhance the tensile ductility of monolayer
MoS,, despite the much higher bending modulus and rather more
complex tri-layer structure of MoS, compared to graphene. The
resulting enhancements in tensile ductility are found to exceed
those previously reported for graphene!”. These results suggest
that kirigami may be a broadly applicable technique for increas-
ing the tensile ductility of two-dimensional materials generally,
and for opening up the possibility of stretchable electronics and
photovoltaics using monolayer MoS,.
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