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Introduction

Structure and mechanical properties of grain
boundaries in molybdenum disulfide (MoS,)
Robert D. Moore, (2@ N. Scott Bobbitt, ©° lan S. Winter,

Lisa Levandosky,® Sophia Renaud,“ Michael Chandross
Fadi Abdeljawad (2 **

® John F. Curry, (9°
* and

Molybdenum disulfide (MoS;) is a two-dimensional material widely used as a lubricant in many appli-
cations involving mechanical loading under a wide range of operating temperatures. Since many synthesis
and processing techniques yield MoS; in its polycrystalline form, establishing grain boundary (GB) struc-
ture—property relations is key to designing MoS, microstructures with tailored properties. Here, we
employ classical, reactive atomistic simulations to investigate the structure and mechanical behavior of a
wide range of GBs in MoS; as a function of temperature. Using a bicrystal MoS, geometry, we characterize
the atomic structure and calculate the energy of several low-angle GBs. Then, we simulate the tensile
deformation behavior of MoS, bicrystals at several temperatures. Our results reveal that at temperatures
above 100 K, the deformation of MoS, bicrystals is characterized by the nucleation of shear bands from
GBs that grow, with subsequent loading, into the MoS, crystals. At low temperatures, the tensile defor-
mation is characterized by the nucleation and propagation of deformation fronts, resulting in altered
bond angles and bond lengths. Quantitative analysis reveals a decrease in the ultimate tensile stress and
ultimate failure strain of MoS, bicrystals with the increase in temperature. Furthermore, our simulations of
the mechanical behavior of metastable GBs reveal that the strength and ductility decrease with the
increase in energy of these boundary structures. In broad terms, our work provides future avenues to
employ GB engineering as a strategy to tailor the properties of MoS, microstructures.

solid lubrication,’ electronics,”> photovoltaics,"* transistors,"
and catalysis."®

Molybdenum disulfide (MoS,), a two-dimensional (2D) tran-
sition-metal dichalcogenide, exhibits a compelling combi-
nation of engineering and functional properties. MoS, layers
have been found to possess high in-plane stiffness of ~200
GPa,"? an ultimate tensile strain of ~0.3,> and even exhibit
self-healing behavior after mechanical damage.” Its layered
structure, characterized by weak van der Waals interactions
between sheets, gives rise to exceptionally low friction coeffi-
cients and outstanding tribological performance.>”
Furthermore, monolayer MoS, exhibits a direct band gap of
~1.8 eV,® which can be tuned via strain® or polymorphic phase
transitions,'®"> enabling tunable functionality through hetero-
structure engineering. These unique properties make MoS, a
highly versatile material platform with applications spanning
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To enable the use of MoS, in the above-mentioned appli-
cations, scalable processing routes, such as chemical vapor
deposition,'”*® have been employed to synthesize large-area
polycrystalline MoS,.'** These 2D sheets are composed of
differently oriented crystalline grains that are joined at grain
boundaries (GBs). In these materials, GBs often exhibit
arrangements of atomic rings, or ring motifs, and can include
combinations of four-, five-, six-, seven-, and eight-membered
rings. These motifs have been observed and characterized in
both experimental and computational studies.>'*>>° Several
studies revealed that GBs and their atomic structures play a
critical role in determining the properties and functionalities
of polycrystalline MoS,. For example, experimental studies
showed that GBs can lead to significant variations in the band
gap,”””® and that electrical conduction can be modulated by
engineering the GB structure and its alignment with the con-
ducting channel.>****° Computational and experimental
studies demonstrated that the thermal conductivity across GBs
is highly sensitive to their atomic structure.>***> Moreover,
recent studies revealed that GBs can impart new functional
capabilities to MoS,. Shen et al.*® exploited GBs as sub-nano-
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meter pores, enabling selective water transport and ion rejec-
tion without the need for artificial pore drilling. Zhao et al.®”
demonstrated that GBs can activate the otherwise inert basal
plane of monolayer MoS,, facilitating CO, reduction through
localized electronic modification. Yan et al®® showed that
metal atoms can penetrate along GBs in multilayer MoS,,
forming conductive filaments that govern resistive switching
in memristive devices.

Beyond its functional properties, many applications of
MoS, rely on its mechanical and tribological behavior. For
example, in flexible electronics such as foldable displays,
stretchable sensors, and wearable biomedical devices, MoS,
must withstand repeated bending and stretching without
failure.>® In applications involving nano-electro-mechanical
systems, its atomic-scale thickness and high Young’s modulus
permit robust, low-mass resonators and switches.’® MoS, is
also widely used as a solid lubricant in spacecraft mecha-
nisms, where components experience large temperature
changes.** Because friction and wear vary strongly with temp-
erature, the low-temperature mechanical behavior of MoS, has
attracted substantial interest. Experiments on MoS, films
tested between 298 K and 473 K revealed lower wear but higher
friction coefficients at lower temperatures.”” Similarly, a
different study at temperatures below 250 K also reported an
increase in the friction coefficient of MoS, as the temperature
decreases.”> At even lower temperatures, ~4 K in liquid
helium, tribological tests on MoS,/Cr coatings revealed that
the friction coefficient of MoS, remained low, yet the wear life
decreased dramatically.**

These application-driven demands have motivated prior
studies aimed at understanding the mechanical behavior of
MoS,. For example, atomistic simulations revealed an inverse
Hall-Petch behavior in which the mechanical strength of poly-
crystalline MoS, sheets decreases with decreasing grain size.*’
This trend was corroborated by Sabbaghi et al.,*® who observed a
similar grain-size dependence on fracture strength. MoS, bicrys-
tal sheets with GB misorientations of 30° and 45° were found to
have lower mechanical strength than single crystal sheets.*”
Wang et al*® reported that GBs composed of eight-membered
ring motifs exhibit higher fracture resistance than boundaries
with four-membered rings. In a study exploring the strain depen-
dence of the optical properties of polycrystalline MoS,, complete
strain transfer across GBs was observed when MoS, sheets were
loaded in tension.*® Another study revealed reduction of stresses
at GBs due to the accumulation of nanopores.*

While the above-mentioned investigations highlight the key
role that GBs play in controlling the properties of MoS,, absent
from such investigations is a detailed exploration of the geo-
metry and atomic structure of GBs and their impact on the
mechanical properties of MoS, sheets as a function of temp-
erature. Furthermore, the impact of metastable GB structures
on the mechanical properties of MoS, remains unexplored.
Recent advances in materials synthesis and processing tech-
niques have enabled the fabrication of far-from-equilibrium
materials nanostructures, including non-equilibrium GB
structures.”’** Indeed, recent studies explored the impact of
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GB metastability on boundary and bulk properties in metallic
systems.>>™” Here we use classical, reactive atomistic simu-
lations to investigate the atomic structures and energies of GBs
in MoS, as a function of boundary geometry, and to examine
the temperature dependence of the deformation behavior of
MoS,. We further identify multiple metastable GB configur-
ations, quantify their boundary energies, and explore their
impact on the mechanical properties of monolayer MoS,. We
construct a series of 2D bicrystal MoS, sheets with various GB
misorientations. For each GB geometry, we report several GB
atomic structures and their resultant boundary energies. Then
we investigate the tensile deformation behavior of MoS, bicrys-
tals as a function of GB geometry at temperatures in the range
5 K to 300 K. By correlating the mechanical response with the
GB atomic structure, our work provides avenues for employing
GB engineering to tailor the mechanical properties of polycrys-
talline MoS, sheets.

Methods

We leverage classical atomistic simulations employing
Molecular Statics (MS) and Molecular Dynamics (MD) to
examine the impact of GB structure and geometry on the
mechanical behavior of MoS, sheets at various temperatures.
All atomistic simulations reported in this work were performed
using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)*® and visualizations of atomistic struc-
tures were generated using OVITO.*

A series of monolayer MoS, sheets with symmetric GBs
were generated using a recently developed ReaxFF®”®' bond
order potential, fit to an extensive set of density functional
theory (DFT) calculations with the aim of accurately describing
the thermodynamic and physical properties of MoS, sheets
and point defect energies. This ReaxFF potential has pre-
viously been used to explore the mechanical properties of
MoS,."7%7%” For example, Shi et al.°® employed this ReaxFF
potential to investigate the deformation and tribological
response of monolayer MoS, over a broad temperature range
spanning 1-600 K. We consider ten GB misorientations in
MoS, bicrystals that were generated using the y-surface
method.®® For each MoS, bicrystal, a fully periodic system was
created from two MoS, half-crystals, each of which was rotated
from the original armchair configurations such that the result-
ing GB (line) between the half-crystals had the prescribed mis-
orientation angle # and the corresponding X value, where 1/X
represents the fraction of lattice points that are in coinci-
dence,”® see Fig. S1 for representative dichromatic patterns of
the £37 and %19 GBs. Fig. 1(a) shows a schematic of our mono-
layer MoS, bicrystal geometry, where the GB plane normal
aligns with the global x-axis and L,, L,, and L, are the dimen-
sions describing the size of the atomistic simulation box. Once
generated, a sequence of relatively small displacements of
0.2 A along the y-direction [see Fig. 1(a)] between the two MoS,
half-crystal sheets was used in conjunction with conjugate gra-
dient energy minimizations to identify low-energy GB configur-
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Fig. 1 Grain boundaries in MoS,. (a) A schematic of the monolayer MoS, bicrystal geometry employed in this work, where L,, L,, and L, are the
dimensions describing the size of the simulation box. (b) The GB energy as a function of misorientation angle using the y-surface method. Red stars
correspond to the 5|7 ring structures and cyan circles represent all other structures. (c) Atomic structures of three GBs with misorientation angles of
1.3°,5.1°, and 13.2°. Increasing the misorientation angle corresponds to a decrease in the spacing between the 5|7 ring structures.

ations. The MoS, bicrystal sheets were allowed to expand or
contract along the x-direction perpendicular to the GB plane.
Following an initial 0 K energy minimization, with a force tol-
erance of 1 x 10™® (kcal mol™*) A~ and relative energy toler-
ance of 1 x 10~%, the MoS, bicrystals were annealed at 10 K for
5 ps in the NPT ensemble with a Berendsen barostat’" to main-
tain zero pressure, then brought back to 0 K and their energy
minimized while allowing the simulation box to expand or
contract to maintain zero pressure. For each GB geometry, a
stoichiometric bounding box that encompasses the GB at the
center of the MoS, sheet and extends into the monolayer was
selected and used to calculate the GB energy v, as

Etot — EunitNtot
Ly

Yeb = (1)

Here, E, is the total energy of all MoS, unit cells in the
bounding box, Euyi is the energy of one unit of MoS,, Ny is
the number of MoS, unit cells in the bounding box, and L, is
the relaxed sheet width.

508 | Nanoscale, 2026, 18, 506-517

Following the construction of the MoS, bicrystals, we per-
formed MD simulations of uniaxial tension along the x-axis of
each sample at temperatures in the range 5 K to 300 K, while
keeping the pressure in the transverse y-direction at zero to
allow for lateral expansion/shrinkage. We defined upper and
lower atomic slabs [refer to Fig. 1(a)] of width ~2 nm in which
the z-component of the velocities and forces of all atoms were
set to zero. The MoS, bicrystals were brought to the desired
temperature and annealed for 50 ps using the NPT ensemble
with a Berendsen barostat to maintain zero pressure com-
ponents along the x and y directions. After annealing, the x-
and z-components of the velocities and forces of all atoms in
the lower slab were set to zero. Uniaxial tension was applied by
moving all fixed atoms of the upper slab along the x-direction
with a constant velocity ranging from 0.04-0.4 A ps™ resulting
in strain rates in the range 10°-10° s™'. In all cases the lower
slab remained fixed in both the x and z directions. The
nominal strain along the x-direction of the sample was calcu-
lated as ¢ = AL,/L,(0), where L,(0) is the initial length. To

This journal is © The Royal Society of Chemistry 2026
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obtain tensile stress-strain diagrams, the per-atom virial
stress’> was summed over all dynamic atoms in the sheet (i.e.,
excluding the upper and lower atomic slabs) and normalized
by the volume of the sheet assuming a thickness of 6.1 A.*° We
also used the per-atom shear strain’® implemented in Ovito as
V/(1/2)(EjEj) — (1/3)E?, where E; are the Green-Lagrange
strains and Einstein summation convention is invoked.

Here, we emphasize the computational scope of our study.
We employ atomistic simulations to investigate ten distinct GB
misorientations, along with their associated metastable con-
figurations identified via the y-surface method. Subsequently,
the mechanical response of these GB structures is examined
across a temperature range of 5-300 K. To account for sample-
to-sample variations, multiple independent runs are per-
formed for each simulation exploring the mechanical behavior
of MoS,. The total number of simulations of GB systems per-
formed in this work is ~1000, and the number of atoms in
each GB system is in the range of 14 000 to 37 000 atoms.

Results and discussion
Atomic structure and energy of GBs in MoS,

We start by investigating the atomic structure and energy of GBs
in MoS,. Fig. 1(b) shows a plot of the GB energy as a function of
misorientation angle 6, where for each angle € the energies of all
structures resulting from the y-surface search are shown in cyan
circles. The energies of GBs with 5|7 structural motifs are identi-
fied with red stars. Such motifs are commonly observed in experi-
mental studies of MoS, GBs.?"’*7® Several key observations
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emerge from Fig. 1(b). First, for a given misorientation angle,
there is considerable variation in GB energies for the structures
generated using the y-surface search. Second, in the low-angle
regime, GBs with the 5|7 structural motifs are the lowest energy
boundaries based on the y-surface method and all others are
metastable structures. Third, the number density of these 5|
7 motifs (i.e., number per unit length of GB) increases with the
misorientation angle 6. Fig. 1(c) shows representative GBs with
misorientation angles 6 = 1.3°, 5.1° and 13.2°, which reveal an
increase in the density of 5|7 motifs with the misorientation
angle. A study combining DFT and microscopy on low-angle
(3-4°) MoS, GBs revealed 5|7 ring motifs’* in agreement with the
structures we obtained for the 271 and X127 GBs, see Fig. 1(b)
and (c). Another DFT study by Gao et al’” identified 5|7 ring
motifs for the GB with a misorientation angle of 12.5°. The inter-
ested reader is referred to Fig. S2 for close-up views of the atomic
structures of all GB misorientations explored in this work. In the
Read-Shockley dislocation model of low-angle GBs, the dis-
location spacing within the dislocation array that makes up the
GB decreases with increasing misorientation angle,”® and this is
clearly visible in Fig. 1(c) for 5|7 motifs. For a validation of this
particular motif, we performed DFT-based, see SI for details,
structural optimization of the 5|7 motif for the £19 GB. Fig. S6 in
the SI shows the agreement between DFT and ReaxFF structures
for this particular boundary. Fourth, Fig. 1(b) shows that at mis-
orientation angles € > 7°, GB structures with energy lower than
those with 5|7 motifs emerge. For example, for the GB with 6 =
13.2° Fig. 2 shows several atomic structures of this GB generated
using the y-surface method, where the insets provide schematics
of the rings that define the boundary motifs. Fig. 2(a) shows the

/" 0O® Mo

(c) 5181417 ©mS

I] IWJ‘] Ij '_I‘] TJJ] Ij N_I‘:l ‘jl—lr

1

1 1]

Fig. 2 Metastable grain boundaries in MoS,. For the £19 GB with a misorientation angle of 13.2°: (a) the lowest energy GB structure with 4|4 motifs
and energy 74, = 2.4 €V nm™, (b) GB structure with 5|7 motifs and energy r4, = 3.2 €V nm™, and (c) GB structure with 5|8|4|7 motifs and a boundary
energy of yg, = 7.8 eV nm™. The insets show schematics of polygons to reveal the GB ring structures.

This journal is © The Royal Society of Chemistry 2026

Nanoscale, 2026, 18, 506-517 | 509


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03362d

Open Access Article. Published on 09 December 2025. Downloaded on 4/9/2026 1:02:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

boundary with 4|4 structural motifs which has the lowest energy
of ygp = 2.4 eV nm™". Fig. 2(b) and (c) shows metastable struc-
tures, where the GB with 5|7 motifs and energy of yy;, = 3.2 eV
nm™" is shown in Fig. 2(b) and the one with a more complex 5|8|
4|7 motif and boundary energy of yy, = 7.8 eV nm™" is shown in
Fig. 2(c). Here, we note that for all GBs generated in this work
the MoS, bicrystals were annealed at 10 K for 5 ps to ensure local
structural relaxations and help avoid the generation of unstable
GBs. The results depicted in Fig. 1(b) and 2 reveal a plethora of
MoS, GB structures with large variations in energy even for the
same GB geometry (i.e., misorientation angle and plane normal).

Role of GBs in the mechanical behavior of MoS,

We now direct our attention to the impact of GB structure and
geometry on the mechanical behavior of MoS, bicrystals at
300 K. For all boundary misorientations explored in this work,
we simulated the tensile deformation behavior using GBs with

Stress [GPa]
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5|7 structural motifs (i.e., structures highlighted by the red
stars in Fig. 1(b)). The rationale for choosing boundaries with
5|7 motifs is that these structures are commonly observed
experimentally.”"”*”> To account for sample-to-sample vari-
ations, five independent simulations were performed for each
GB misorientation. Fig. 3(a) shows stress-strain curves aver-
aged over five simulations as a function of misorientation
angle. Beyond the elastic regime, the MoS, bicrystals show
nonlinear behavior before failure at an applied strain >15%. It
is also interesting to note that while we simulated bicrystals
with different GB misorientations the sheets exhibit a similar
stress—strain response, mainly due to the fact that all these
boundaries have the same 5|7 structural motifs albeit with
different spacing, see Fig. 1(c) for examples of boundaries with
misorientation angles of 1.3°, 5.1°, and 13.2°.

To reveal the deformation behavior at the atomic scale,
Fig. 3(b) shows the atomic structure and per-atom shear strain
for GBs with misorientation angles of 1.3° (£1951) and 13.2°
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Fig. 3 Mechanical behavior of MoS, bicrystals. (a) Stress—strain curves as a function of GB misorientation angle using boundaries with 5|7 ring
structures. Solid lines in black represent curves averaged over five independent runs and the shaded regions represent bounds of these runs. (b) For
GBs with misorientation angles of 1.3° and 13.2°, atomic structures depicting the spacing of the 5|7 ring structures and per-atom shear strains at an
applied tensile strain of 6.8%. (c) A close-up view of the shear band in the region, along with the outline of the 5|7 motif, enclosed in black dashed
lines in (b) showing the S-S bond length Ls_s in the initial and deformed states. In panel (c), sulfur (molybdenum) atoms are shown in blue square

(red circle) markers.
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(X19) at an applied tensile strain of ¢ = 6.8%. For the GB with a
misorientation angle of 1.3°, thin regions with highly localized
shear strains (i.e., shear bands) initiating from the GB can be
clearly seen. Such shear bands have been observed in experi-
mental and computational studies.””””® However, for the GB
with @ = 13.2° the deformation is accommodated along the
entire GB region, mainly due to the closely-spaced 5|7 struc-
tural motifs, and no shear bands nucleate at £ = 6.8%.

To better understand the atomic configuration of these
shear bands that initiate from the GBs, Fig. 3(c) shows a close-
up view of a shear band in the region enclosed in black
dashed lines in Fig. 3(b). The side-view direction, along the
yellow arrow in Fig. 3(c), reveals the S-S bond length Lg s. In
the initial state, Lg 5 for the pristine MoS, 2H phase given by
the ReaxFF bond order potential is ~3.19 A.°° At an applied
strain ¢ = 6.8%, Ls_s along the shear band decreases to ~1.9 A
Fig. 3(c) shows that at the atomic scale these shear bands are
characterized by the collapse of the S-S bond length as a result
of the applied strain.

The y-surface method employed in this work reveals several
GB structures [see Fig. 1(b)], however, the impact of these
boundary structures on the deformation behavior of MoS, is
not well understood. To demonstrate the impact of such meta-
stable boundary structures, we select the GB with a misorienta-
tion angle of 13.2° and employ three distinct boundary struc-

(a)

(b) £=8.8%,T=300K
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tures; specifically those with 4|4, 5|7, and 5|8|4|7 motifs.
These structures are shown in Fig. 4(a) noting that the GB with
4|4 motifs has the lowest energy as predicted by the y-surface
method, whereas those with 5|7 and 5|8|4|7 motifs are meta-
stable structures. Fig. 4(b) shows close-up views depicting
these boundaries at a tensile strain of ¢ = 8.8% with atoms
colored according to the per-atom shear strain. For the GB
with 4|4 motifs, the deformation is mediated along the GB
without the formation of shear bands at this applied strain.
However, for the GBs with 5|7 and 5|8|4|7 motifs Fig. 4(b)
show the nucleation of shear bands from the boundaries and
subsequent growth into the bulk MoS, sheet. The results
depicted in Fig. 4(b) suggest that the mechanical behavior of
MosS, can be controlled by the direct manipulation of the local
GB structure—a GB engineering approach that can be achieved
using strategies such as doping and the use of strain
gradients.

To quantify the results depicted in Fig. 4(b), we calculated
the ultimate tensile stress and ultimate failure strain corres-
ponding to the peak point in stress-strain curves. Fig. 4(c)
shows plots of the ultimate tensile stress and ultimate failure
strain as a function of boundary energy and temperature for
the GB with a misorientation angle of 13.2° with the 4|4, 5|7,
and 5|8|4|7 motifs. The error bars represent one standard
deviation from the average of five tensile simulations. It can be
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Fig. 4 The role of GB metastability in the mechanical behavior of MoS,. For the 219 GB with a misorientation angle of 13.2°: (a) atomic configur-
ations depicting 4|4 (top), 5|7 (middle), and 5[8|4|7 (bottom) ring structures with their motifs outlined. (b) Snapshots at an applied tensile strain of
8.8% and T = 300 K, with atoms colored according to the per-atom shear strain. (c) A plot of ultimate tensile stress and ultimate failure strain as a
function of the boundary energy of these metastable structures at 10 K (blue) and 300 K (red). The error bars represent one standard deviation using

five simulations for each GB structure.
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ductility shown in Fig. 4 reflects a broader structural trend

clearly seen that for this specific GB the lowest energy structure
(i.e., one with 4|4 motifs) has the largest ultimate tensile stress

rather than a single misorientation effect. It would be interest-

ing, in future work, to systematically investigate the influence
of metastable boundary structures across a broad spectrum of

and ultimate failure strain values, whereas the highest energy
structure, one with 5|8|4|7 motifs, shows lower values. This
trend is observed even as the temperature is lowered to 10 K as

GB misorientations on the mechanical strength and ductility

of MoS, monolayers.

represented by the blue data points in Fig. 4(c). The results

shown in Fig. 4 demonstrate that the GB atomic structure
plays an important role in the strength and ductility of MoS,

Temperature effects on the deformation behavior of MoS,

sheets. Although the mechanical response is explicitly shown The results presented thus far describe the deformation behav-

for a representative 13.2° tilt boundary, similar structural

ior of GBs at room temperature 7 = 300 K. However, MoS, is

motifs (e.g., 5-7 and 4-4) have been observed in lower-X widely used as a solid lubricant in devices that require struc-

boundaries, suggesting that the impact of GB metastability on

a wide range of operating

durability under
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Fig. 5 The impact of temperature on the deformation behavior of MoS; bicrystals. For the 219 GB with a misorientation angle of 13.2°: (a) snapshots

at applied tensile strains of 12% and 16% and temperatures of 5 K, 200 K, and 300 K to demonstrate shear bands and deformation fronts. Atoms are
colored according to the per-atom shear strain. (b) A plot of the ultimate tensile stress and ultimate failure strain as a function of temperature. The

error bars represent one standard deviation using five tensile deformation simulations for each temperature.
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temperatures.*'*® Here, we investigate the role of GBs in the
deformation pathways of MoS, bicrystals as a function of
temperature. As an example, in Fig. 5 we show results for a
MoS, bicrystal with a X19 GB (misorientation angle 6 = 13.2°)
at temperatures ranging from 5 K to 300 K using a constant
strain rate of 1 x 10° s™*.

Fig. 5(a) shows snapshots of MoS, bicrystals deformed at
applied strains ¢ = 12% and 16% with atoms color-coded
according to the per-atom shear strain. The deformation be-
havior at temperatures of 5 K is shown in the top row, 200 K in
the middle row, and 300 K in the bottom row of Fig. 5(a). At
low temperatures (i.e., 5 K) the deformation of the MoS, bicrys-
tal is homogeneous in the initial stage [see top panels of
Fig. 5(a)], then a deformation front initiates at the GB and pro-
pagates in one of the MoS, half crystals leaving in its wake
regions with high shear strains. As will be discussed later in
Fig. 6, the region in the wake of this deformation front is
characterized by a collapse of the S-Mo-S bond angle and a
stretching of the Mo-S bond. The initiation and propagation
of such deformation fronts is consistently observed at tempera-
tures up to ~100 K. In contrast, at higher temperatures (i.e.,
300 K) the deformation follows the previously described
mechanism characterized by the nucleation of shear bands
from the GB, see bottom panels of Fig. 5(a). At intermediate
temperatures as in the case of 200 K, the middle panels in
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Fig. 5(a) reveal that the deformation of the MoS, bicrystal exhi-
bits a mixed character of both deformation fronts and shear
bands, where the propagating shear bands interact with the
deformation fronts. Here, we note that this temperature depen-
dence of the deformation behavior is observed over a wide
range of strain rates, the reader is referred to Fig. S3 for results
demonstrating the deformation behavior at strain rates in the
range of 10° to 10'% s7%.

From the stress-strain curves at various temperatures (see
Fig. S4) we show in Fig. 5(b) the ultimate tensile stress and
ultimate failure strain values as a function of temperature for
the MoS, bicrystal with a GB misorientation angle of 13.2°. At
low temperatures, where the deformation fronts dominate
mechanical behavior, Fig. 5(b) shows large values of ultimate
tensile stress and ultimate failure strain of the MoS, bicrystal.
Fig. 5(b) also reveals a rapid decrease in ultimate tensile stress
(i.e. mechanical strength) and ultimate failure strain (i.e. duct-
ility) as the temperature increases above ~100 K. In the temp-
erature range of ~100-200 K, the deformation of the MoS,
bicrystal involves both deformation fronts and shear bands,
while the behavior is shear band-dominated at higher temp-
eratures. The reader is referred to Fig. S5 for similar results for
MosS, bicrystals with GB misorientations of 1.3° and 5.1°. The
transition observed near 100 K signifies a shift between two
primary deformation mechanisms—shear-band nucleation

Region I Region II

Bond Lengths
Bond Lengths
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Fig. 6 Atomistic insights into the deformation of MoS,. For the 219 GB deformed to 20% tensile strain at a temperature of 5 K: (a) an atomistic
close-up view of the deformation front, with atoms color-coded by their local shear strain. The front delineates regions characterized by low
(Region 1) and high (Region II) shear strain. (b) MoS; unit cells in regions | and Il with Mo-S bonds colored by length. Histograms of the (c) Mo-S
bond lengths Lye-s and (d) S—Mo-S bond angles 0s_mo-s in regions | and Il, with the equilibrium bond length/angle indicated by the black dashed

lines.®°
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and front-propagated bond collapse. Although the present
study identifies this transition through direct atomistic obser-
vations, a quantitative assessment of the corresponding acti-
vation energies requires explicit sampling of the relevant tran-
sition pathways. Such an analysis is beyond the scope of the
current study, but constitutes an important avenue for future
investigation to establish a quantitative connection between
the observed mechanistic transition and its underlying energy
barriers. The increase in ultimate tensile stress and failure
strain at lower temperatures has been reported in single crystal
MoS, sheets in prior computational studies.**®* Furthermore,
recent experimental investigations reported reduced hardness
in sputtered MoS, films at 123 K compared to room tempera-
ture.®® Similarly, self-lubricating CoCrNi-Al,0;-Ni/MoS, com-
posite films have been shown to exhibit lower friction coeffi-
cients and reduced wear at cryogenic temperatures.®* These
studies suggest that the temperature-dependent mechanical
response of MoS, bicrystals can directly influence the tribolo-
gical performance of components and devices operating across
a wide range of temperatures.

To provide atomistic insights into the deformation fronts
observed at low temperatures, we examine a representative case
of a MoS, bicrystal with a 219 GB (0 = 13.2°) deformed to 20% at
5 K. A region of the bicrystal encompassing the deformation
front is shown in Fig. 6(a), with atoms colored according to the
per-atom shear strain. We identify two distinct regions, labeled
Region I and Region II, that are separated by the planar defor-
mation front and accommodate different amounts of shear
strain. Region I corresponds to the original structure of MoS,,
but now the whole bicrystal is under a 20% applied tensile
strain, while Region II is swept by the deformation front. We
record the bond lengths and angles and Fig. 6(b) show represen-
tative MoS, units from Regions I and II, where we label the rele-
vant Mo-S bond length Ly,_s and out-of-plane S-Mo-S bond
angle Og v,s.>° Fig. 6(c) shows histograms of the Mo-S bond
length for Region I, Ly, s, and Region II, Ly, . Under no exter-
nally applied strains, the Mo-S bond length Ly, s for the 2H
phase is 2.43 A*® and Fig. 6(c) shows that the Mo-S bond length
in Region I is peaked at ~2.5 A. As mentioned above, Region I
corresponds to the original MoS, atomic structure, but now
under a 20% externally applied tensile strain leading to an
increase in Mo-S bond length. In Region II, which was swept by
the deformation front, the distribution of Mo-S bond lengths
LY s has four peaks (ie., LY, LY, LY, and LY) indicating atomic-
level heterogeneity in the accommodation of applied strains. A
close examination of Fig. 6(b) and (c) suggests that the multi-
modal nature of the distribution of Mo-S bond lengths LT, . in
Region II arises from the orientation of Mo-S bonds with respect
to the tensile loading direction. Bonds with some degree of align-
ment with the loading direction such as LY, LY, and LY in
Fig. 6(b) increase in length with applied loading, whereas bonds
labeled LY in Fig. 6(b) are nearly perpendicular to the loading
direction and decrease in length under applied tensile strain.

The distributions of the S-Mo-S angles 65 -5 in Regions 1
and II are shown in Fig. 6(d). Under no externally applied
strains, the equilibrium S-Mo-S angle 65 s for the 2H phase
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is 81.82.°° In Region I, corresponding to the original MoS, 2H
structure but now at a 20% externally applied strain, the angle
distribution has a single peak at ~79°, below the equilibrium
angle. Tensile loading leads to a reduction of the S-S distance
through the thickness of the MoS, layer and a decrease in the S-
Mo-S bond angle s no-s. In Region II, which is swept by the
deformation front, the distribution of the S-Mo-S bond angles
05 mo-s is bimodal with one peak 6 ~ 72° and a second peak 6}
centered approximately at the same mean angle as that in
Region I. A close examination of Fig. 6(b) and (d) reveals that in
Region 1II the first peak & in the bond angle histogram corres-
ponds to S-Mo-S angles on planes parallel to the tensile loading
direction, while the second peak 6% corresponds to angles on
planes that are perpendicular to the loading direction. As a
result of their aligned orientation with the loading direction, the
S-Mo-S bond angles ¢} decrease from their equilibrium values
under applied tensile strains. Together, panels (b) through (d) of
Fig. 6 reveal an atomic-level heterogeneity, in which the low
temperature deformation of monolayer MoS, bicrystals is charac-
terized by deformation fronts leading to multimodal distri-
butions of bond lengths and angles. This is in contrast to the
cases at 300 K where inelastic deformation is driven by localized
shear bands that nucleate from GBs and propagate through the
MoS, sheet.

The results shown in Fig. 5 and 6 highlight the role of GBs
in accommodating externally applied strains and reveal temp-
erature-sensitive mechanical strength and ductility of MoS,.
Fig. 3 shows that GBs serve as nucleation sites of shear bands,
that at the atomic scale are regions characterized by reduced
S-S bond length compared to pristine MoS,. Also, GBs in
general do not always attain their ground-state structures due
to several factors, including geometric constraints imposed on
the GB network in polycrystalline MoS, or the use of advanced,
yet far-from-equilibrium processing routes to fabricate MoS,.
Fig. 4 demonstrates the impact of GB metastability on the
mechanical behavior of MoS,, where the strength is found to
decrease with increasing the energy of boundary structures, at
least for the GB with a misorientation angle of 13.2°.

Conclusions

In this work, we employed classical reactive atomistic simu-
lations to investigate the atomic structure and mechanical
response of a wide range of GBs in monolayer MoS,, including
the role of temperature in governing deformation mecha-
nisms. We employed the MoS, bicrystal geometry, which
allowed for the generation and exploration of GB geometries
with various misorientation angles in a systematic manner.
The focus on mechanical behavior is motivated by the wide-
spread use of MoS, as a solid lubricant in applications where
materials are subjected to high contact stresses under a wide
range of operating temperatures.

Using the y-surface method, we generated atomic structures
and computed energies of several low-angle, symmetric GBs.
For example, for the GB with a misorientation angle of 13.2°,

This journal is © The Royal Society of Chemistry 2026
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we identified several metastable structures and examined their
tensile deformation behavior, revealing that mechanical
strength and ductility decrease with increasing boundary
energy. At temperatures above 200 K, simulation results of all
GB geometries explored in this work revealed that the tensile
deformation behavior is dominated by the nucleation of loca-
lized shear bands at GBs, that then propagate with subsequent
loading into the MoS, crystals. At lower temperatures, however,
the deformation behavior is characterized by the nucleation
and growth of deformation fronts, leaving in its wake regions
with high atomic shear strain. Our results revealed that the
ultimate tensile stress and ultimate failure strain of MosS,
bicrystals decrease with increasing temperature. Simulation
results highlighted the critical role that GBs play in controlling
the mechanical performance of MoS, over a wide range of
operating temperatures. In broad terms, insights gained from
our work provide future avenues to explore GB engineering as
a near-atomic scale strategy to design MoS,-based materials
with tailored mechanical properties. For example, approaches
such as selective doping may be used to alter the structure of
GBs and stabilize specific GB configurations, thereby tailoring
the mechanical properties of MoS,. Synthesis and processing
routes employing strain gradients, for example, may also be
used to fabricate polycrystalline MoS, with controlled density
of GB misorientations, thus providing a pathway to control the
macroscopic properties of MoS, sheets.
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