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Outstanding mechanical properties of monolayer MoS2
and its application in elastic energy storage
Qing Peng*ab and Suvranu Deab
The structural and mechanical properties of graphene-like honeycomb monolayer structures of MoS2
(g-MoS2) under various large strains are investigated using density functional theory (DFT). g-MoS2 is
mechanically stable and can sustain extra large strains: the ultimate strains are 0.24, 0.37, and 0.26 for
armchair, zigzag, and biaxial deformation, respectively. The in-plane stiﬀness is as high as 120 N m1
(184 GPa equivalently). The third, fourth, and fifth order elastic constants are indispensable for accurate
modeling of the mechanical properties under strains larger than 0.04, 0.07, and 0.13 respectively. The second
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order elastic constants, including in-plane stiﬀness, are predicted to monotonically increase with pressure
while the Poisson ratio monotonically decreases with increasing pressure. With the prominent mechanical
properties including large ultimate strains and in-plane stiﬀness, g-MoS2 is a promising candidate of elastic
energy storage for clean energy. It possesses a theoretical energy storage capacity as high as 8.8 MJ L1 and
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1.7 MJ kg1, or 476 W h kg1, larger than a Li-ion battery and is environmentally friendly.

1 Introduction
The discovery of graphene1 raised the excitement over twodimensional atomically layered materials, which have distinct
properties from their bulk counterparts due to quantum confinement.2 The single-layer MoS2, which is also a graphene-like
two-dimensional material, has received enormous attention
due to its striking optical, electronic, and mechanic properties.3–5
Single-layer MoS2 (denoted as g-MoS2 in this paper) has a direct
optical gap of 1.8 eV.6–8 The presence of this band gap makes
g-MoS2 interesting for applications in nanoelectronics where it
allows the fabrication of transistors with low power dissipation
and current on/off ratios. The applications of MoS2 also include
the field-effect transistors (FET),9,10 valleytronics,11–16 phototransistors,17,18 gas sensors,19 catalytic hydrodesulfonization,20,21
hydrogen evolution,22,23 photoelectrochemical hydrogen production,24–27 small-signal amplifiers,28 solid lubricants,29 and
nonvolatile memory cells.30 In addition, g-MoS2 has promising
applications in flexible electronics where it would combine
high performance with low cost.
Knowledge of the mechanical properties of g-MoS2 is desired
for three reasons. First, it is critical in designing parts or
structures regarding their practical applications. For example,
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in its application in high-end bendable electronics, it requires
integration of the g-MoS2 with stretchable polymer substrates.
Second, strain engineering is a common and important
approach tailoring the functional and structural properties of
nanomaterials.31,32 Particularly, the strain-dependent electronic,
magnetic, and dielectric properties of g-MoS2 were reported.33–37
At last, g-MoS2 is vulnerable to strain with or without intent
because of its monatomic thickness. For instance, there are
strains because of the mismatch of lattice constants. The
lattice-mismatch between a deposited thick layer of HfO2 and
monolayer MoS2 in a recent MoS2 based transistor has been
regarded analogous to tensile strain which results in an increase
in the carrier mobilities.38
There are several reports of the mechanical properties of
g-MoS2 both experimentally and theoretically.33,35,39–41 Most of
them only considered the linear elastic properties. Nonlinear
elastic behavior of g-MoS2 is recently studied from first-principles
calculations,42 along with the ultimate strains.33 However, since
the small primitive unit-cell was used in their calculations, the
important modes of the third dimension movement were not
well studied. Indeed, the phonon calculation suggests that
the out-of-plane soft-mode causes instability under biaxial and
armchair strains.40
The goal of this paper is to study the structural and mechanical properties of g-MoS2 at large strains and to find an accurate
continuum description of the elastic properties from ab initio
density functional theory calculations. The total energies of the
system, forces on each atom, and stresses on the simulation boxes
are directly obtained from DFT calculations. The response of

Phys. Chem. Chem. Phys., 2013, 15, 19427--19437

19427

View Article Online

Published on 24 September 2013. Downloaded by Rensselaer Polytechnic Institute on 23/01/2014 02:57:36.

Paper

PCCP

g-MoS2 under nonlinear deformation and fracture is studied,
including ultimate strength and ultimate strain. The high order
elastic constants are obtained by fitting the stress–strain curves
to analytical stress–strain relationships that belong to the
continuum formulation.43 Based on our result of the high order
elastic constants, the pressure dependence properties, such as
the second order elastic constants, including in-plane stiffness,
are predicted. Promising applications in elastic energy storage
were proposed. Our results for the continuum formulation
could also be useful in finite element modeling of the multiscale calculations for mechanical properties of g-MoS2 at the
continuum level. The organization of this paper is as follows.
Section 2 presents the computational details of DFT calculations. The results and analysis are in section 3, followed by
conclusions in section 4.

2 Density functional theory calculations
We consider a conventional unit cell containing 9 atoms with
periodic boundary conditions (Fig. 1). This conventional unit
cell of graphene-like materials is generally named K cell since it
can capture the K1 ‘‘soft-mode’’ phonon which is a particular
normal mode exhibiting anomalous reduction in its characteristic frequency and leading to mechanical instability.44 This
soft mode is a key factor in limiting the strength of monolayer
materials and can only be captured in unit cells with hexagonal

Fig. 1 (a) MoS2 plane, (b) one honeycomb cell, (c) side-view, (d) conventional
cell and simulation box, and (e) orientations.
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rings (as K cell).44 In addition, the response of the structure
in the third dimension is shown, i.e., the buckling height
in Fig. 1c.
The total energies of the system, forces on each atom,
stresses, and stress–strain relationships of g-MoS2 under the
desired deformation configurations are characterized via DFT.
The calculations were carried out with the Vienna ab initio
simulation package (VASP)45 which is based on the Kohn–Sham
density functional theory (KS-DFT)46 with generalized gradient
approximations as parameterized by Perdew, Burke, and Ernzerhof
(PBE) for exchange–correlation functions.47 The electrons explicitly included in the calculations are the 4p64d55s1 electrons for
molybdenum atoms and 3s23p4 electrons for sulfur atoms. The
core electrons are replaced by the projector augmented wave
(PAW) and pseudo-potential approach.48 A plane-wave cutoff
of 500 eV is used in all calculations. The calculations are
performed at zero temperature.
The criterion to stop the relaxation of the electronic degrees
of freedom is set by the total energy change to be smaller than
0.00001 eV. Optimized atomic geometry is achieved through
minimizing the Hellmann–Feynman forces acting on each
atom until the maximum forces on the ions were smaller than
0.001 eV Å1.
The atomic structures of all the deformed and undeformed
configurations were obtained by fully relaxing a 9-atom-unit cell
where three Mo atoms were initially placed in one plane. The
simulation invokes periodic boundary conditions for the two
in-plane directions.
The irreducible Brillouin Zone is sampled with a Gammacentered 25  25  1 k-mesh. Such a large k-mesh was used to
reduce the numerical errors caused by the strain of the systems.
The initial charge densities were taken as a superposition of
atomic charge densities. There is a 15 Å thick vacuum region to
reduce the inter-layer interaction to model the single layer
system. To eliminate the artificial eﬀect of the out-of-plane
thickness of the simulation box on the stress, we use the second
Piola–Kirchhoff stress43 to express the 2D forces per length with
units of N m1. The Lagrangian strain49 is used in this study,
defined as Z = e + 1/2e2, where e is the stretch ratio.43
For a general deformation state, the number of independent
components of the second, third, fourth, and fifth order elastic
tensors are 21, 56, 126, and 252 respectively. However, there are
only fourteen independent elastic constants that need to be
explicitly considered due to the symmetries of the atomic lattice
point group D6h, which consists of a six-fold rotational axis and
six mirror planes.50
The fourteen independent elastic constants of g-MoS2 are
determined by a least-squares fit to the stress–strain results
from DFT calculations in two steps, detailed in our previous
work,43 which had been well used to explore the mechanical
properties of 2D materials.51–60 A brief introduction is that,
in the first step, we use a least-squares fit of five stress–strain
responses. Five relationships between stress and strain are
necessary because there are five independent fifth-order elastic
constants (FFOEC). We obtain the stress–strain relationships by
simulating the following deformation states: uniaxial strain in
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the zigzag direction (zigzag); uniaxial strain in the armchair
direction (armchair); and equibiaxial strain (biaxial). From the
first step, the components of the second-order elastic constants
(SOEC), the third-order elastic constants (TOEC), and the fourthorder elastic constants (FOEC) are over-determined (i.e., the
number of linearly independent variables is greater than the
number of constrains), and the fifth-order elastic constants are
well-determined (the number of linearly independent variables
is equal to the number of constrains). Under such circumstances,
a second step is needed: least-square solution to these over- and
well-determined linear equations.

3 Results and analysis
3.1

Atomic structure

The equilibrium lattice constant for g-MoS2 was optimized by
finding the minima of the energy as a function of the lattice
constant. The total energy as a function of lattice spacing is
obtained by varying the lattice constants, with full relaxations
of all the atoms. A least-squares fit of the energies versus lattice
constants with a fourth-order polynomial function yields the
equilibrium lattice constant (nearest Mo–Mo distance) as
a = 3.205 Å, agreeing with the experiments (3.162 Å in bulk).39
The buckling height D (depicted in Fig. 1) is 1.560 Å. Such most
energetically favorable structure is set as the strain-free structure
(Fig. 1). Specifically, the bond length of Mo–S bond is 2.420 Å.
To depict the angles, four atoms in the conventional cell are
marked as A to D, shown in Fig. 1(b). The bond lengths of AB,
BC, CD are denoted as d1, d2, d3, respectively, the bond angles
ABC and BCD for a1 and a2, respectively. Both bond angles
are 82.921. The dihedral angle ABCD (g) is 96.31. The buckling
height is the distance of atom A to the plane formed by Mo
atoms, as illustrated in Fig. 1(c). Our atomic structure is in
good agreement with previous DFT calculations, as summarized
in Table 1.
When strain is applied, all the atoms are allowed full freedom of motion. A quasi-Newton algorithm is used to relax all
atoms into equilibrium positions within the deformed unit cell
that yields the minimum total energy for the imposed strain
state of the super cell. Both compression and tension are considered with Lagrangian strains ranging from 0.1 to 0.4 with
an increment of 0.01 in each step for all three deformation
modes. It is important to include the compressive strains
since they are believed to be the cause of rippling of the free

Table 1 Calculated structural parameters (Mo–S bond length dS–S, S–Mo–S bond
angle a1, buckling height D) at strain-free state, compared with experiments and
theoretical predictions

Present Atacae
dS–S (Å)
3.205
dMo–S (Å) 2.420
82.92
a1
D (Å)
1.560
a
f

Ref. 42.
Ref 33.

b

Atacac

Coopera Lib

3.20
3.220 3.182
2.42
2.436
80.69 80.617
1.565 1.577 1.563
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3.19
3.178
2.43
2.45
81.1 80.68 80.878
1.585 1.589

Ref. 40. c Ref. 41: used GGA+D method.
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standing atomic sheet.62 It was observed that a graphene sheet
experiences biaxial compression after thermal annealing,63
which could also happen on g-MoS2. Such an asymmetrical
range was chosen due to the non-symmetric mechanical
responses of the material, as well as its mechanical instability,64
to the compressive strains and the tensile strains, as illustrated
in the next subsection.
The bond lengths (d1, d2, and d3), bond angles (a1, a2),
dihedral angles g, and the buckling height D are a function of
the applied strains, as plotted in Fig. 2(a). When the strain is
applied along the armchair directions, the AB and BC bonds are
equivalent. The bond length d1 = d2 is inert in response to the
applied strains. On the contrary, the CD bond has a dramatic
change of its bond length, extended about 27% at Z = 0.4. When
the strain is applied along the zigzag directions, the bond
lengths d1 = d2 increase under increasing strains, which extends
by about 12% at Z = 0.4. However, d3 decreases slightly with
respect to the strains. When the bi-axial strains were applied,
d1 = d2 = d3 were stretched homogeneously. The bond length
monotonically increases until Z = 0.26.
Two bond angles a1 and a2 are examined explicitly (Fig. 2(b)).
The bond angle a1 monotonically increases with increasing
armchair strain. However, the speed of the increment is greatly
reduced when Z 4 0.32. a2 decreases to its minima of 82.071 at
Z = 0.21 and then increases with strains. For zigzag and bi-axial
strains, both a1 and a2 monotonically increase with increment
of the applied strains. a1 is more active in responding to the
zigzag strains than a2. There is an increase of the increment
ratio in biaxial strain when Z 4 0.26.
The response of the dihedral angle to the applied strains is
shown in Fig. 2(c). The general trend is that the compressive
strain increases the dihedral angle and tensile strain decreases
the dihedral angle in all three tested deformation modes.
As the tensile strain is applied, the dihedral angle decreases
faster in the biaxial strain, with a burst at Z 4 0.26, indicating
instability of the structure. It is interesting that for compressive
strains, the g under biaxial strain is the same as under zigzag
strain.
The buckling height is an important parameter to characterize the corrugation of the surfaces. The compressive strains
increase the buckling height. The tensile strains decrease the
buckling height, as expected, but in a complex function. It is
worth noting that the armchair and zigzag strains have the
same eﬀect on the buckling height up to Z = 0.2. The biaxial
strain has a stronger eﬀect on the buckling height, approximately twice the uniaxial strains. There is also a burst from
D = 1.36 Å in decreasing the buckling height under biaxial
strain, as that in dihedral angle, for Z 4 0.26.
One could notice that the dihedral angle g is correlated to
the buckling height D to some degree, but they are independent
of each other.
There are crossovers of the curves at zero strains in
Fig. 2. These crossovers signify the fact that g-MoS2 is nonisotropic. The bond lengths, bond angles, dihedral angle, and
buckling height respond diﬀerently to the strains along diﬀerent
directions.

Phys. Chem. Chem. Phys., 2013, 15, 19427--19437
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Fig. 2 Evolution of the geometries of g-MoS2 under the armchair, zigzag, and biaxial strains: (a) bond lengths; (b) bond angles; (c) dihedral angles;
(d) buckling height.

There are two common phases for a MoS2 monolayer. One is
g-MoS2 (or 2H-MoS2) as studied here. The other is 1T-MoS2
which is metastable only below 95 1C.65 The 1T-MoS2 structure
is described by a single S–Mo–S layer composed of edge-sharing
MoS6 octahedra.66 This phase is commonly transformed from
2H-MoS2 in the process of exfoliation via lithium intercalation
due to a change in the electron count from d2 to d3 through
electron transfer from Li.67 It was reported recently that these two
phases can coexist in a single layer of chemically exfoliated MoS2.68
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However, no 1T phase was observed though large stresses and
strains were applied in this study.
3.2

Strain energy

We define the strain energy per atom Es = (Etot  E0)/n, where
Etot is the total energy of the strained system, E0 is the total
energy of the strain-free system, and n = 9 is the number of
atoms in the unit cell. This size-independent quantity is used
for comparison between diﬀerent systems. Fig. 3 shows Es of

This journal is

c

the Owner Societies 2013

View Article Online

Published on 24 September 2013. Downloaded by Rensselaer Polytechnic Institute on 23/01/2014 02:57:36.

PCCP

Fig. 3

Paper

Energy-strain responses of g-MoS2 under armchair, zigzag, and biaxial strains.

g-MoS2 as a function of the strain in uniaxial armchair, uniaxial
zigzag, and biaxial deformation. Es is seen to be anisotropic
with the strain direction. Es is non-symmetrical for compression (Z o 0) and tension (Z 4 0) for all three modes. This nonsymmetry indicates the anharmonicity of the g-MoS2 structures.
The harmonic region where the Es is a quadratic function of
applied strain can be taken between 0.03 o Z o 0.03. The
stresses, derivatives of the strain energies, are linearly increasing
with the increase of the applied strains in the harmonic region.
The energy variation with respect to Lagrangian strain can
be classified into four strain regions: harmonic, anharmonic,
plastic, and failure region. The anharmonic region is the range
of strain where the linear stress–strain relationship is invalid
and higher order terms are not negligible. The maximum strain
in the anharmonic region is the critical strain Zc. The region of
0 o Z o Zc is the elastic region, where Es monotonically
increases and the system preserves its structure. Once the
tension is released, the system may return to its original state
at Z = 0. The ultimate strains Zm are determined as the corresponding strain of the ultimate stress, which is the maximum
of the stress–strain curve, as discussed in the following section.
The systems under this circumstance are in a meta-stable state,
which can be easily destroyed by long wavelength perturbations
and vacancy defects, as well as high temperature effects, and
enter a plastic state.69 Thus only the data within the ultimate
strain has a physical meaning and was used in determining the
high order elastic constants.
With even larger loading of strains Z 4 Zc, the systems will
undergo irreversible structural changes, and the systems are in
a plastic region where they may have phase transitions or fail.
There are two failure mechanisms for an ideal system without
any defect: elastic instability and phonon instability. A previous
DFT study using the primitive cell (3-atom cell) of g-MoS2
illustrated that the failure of the tensile deformation along
zigzag is caused by elastic instability and the failure mechanism of armchair, and biaxial deformation is caused by phonon
instability where the unstable phonon modes are corresponding
to vibration out of the plane.40 Our model used a 9-atom cell
which is three times larger than the primitive cell in order to
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capture the in-plane soft K1 mode, which was found to drive a
phase transition of monolayer graphene under tension from
a honeycomb-like structure to isolated hexagonal rings.44
Li’s study shows that it is the out-of-plane phonon mode that
plays the key role in the failure mechanism upon tension along
armchair and biaxial directions.
In order to examine the internal atoms movement, we denote
the atom displacement D = Rs  Rr as the vector pointing from
the initial homogeneously scaled position (Rs) to the final
relaxed position (Rr) under strains. Rs corresponds to the aﬃne
deformation under the applied strain and is the same as that in
a primitive (3-atom) unit cell. The atom displacements of each
atom in the unit cell under the ultimate strains are illustrated
in Fig. 4. Overall, the in-plane (xy plane) displacements are
small compared to the oﬀ-plane displacements. Under the
armchair and biaxial deformation, the atom displacements
are mainly along the z-directions (oﬀ-plane), which reduce the
strength of g-MoS2 and cause instability. For zigzag ultimate
strain, the atom displacements along x (armchair) directions are
notable. Our results agree with the previous phonon study of
g-MoS2 which used DFT calculations with a primitive (3-atom)
unit cell model.40
It is worth noting that, in general, the compressive strains
will cause rippling of the free-standing thin films, membranes,
plates, and nanosheets.62 The critical compressive strain for
rippling instability is much less than the critical tensile strain
for fracture, for example, 0.0001% versus 2% in graphene
sheets.64 However, the rippling can be suppressed by applying
constraint, such as embedding (0.7%),70 substrate (0.4% before
heating),63 thermal cycling on SiO2 substrate (0.05%)71 and BN
substrate (0.6%),72 and sandwiching.73 Our study of compressive
strains is important in understanding the mechanics of these nonrippling applications. The rippling phenomena are interesting and
important, which is, however, out the scope of this study.
3.3

Stress–strain curves

The second P–K stress versus Lagrangian strain relationship for
uniaxial strains along the armchair and zigzag directions,
as well as biaxial strains, are shown in Fig. 5. The results show
that the g-MoS2 can sustain large strains, 0.24, 0.37, and 0.26
respectively, even larger than graphene in all three tested
deformation modes (Table 2). This is mainly due to the buckling bonds which could be stretched longer. The evolution of
the buckling structures will be further analyzed in the following
subsections.
A further comparison shows that the large ultimate strain
is the prominent properties of g-MoS2. We found g-MoS2
possesses the largest ultimate strains among the examined
graphene-like honeycomb structures. Taking biaxial ultimate
strain as an example, its values for other materials are as
follows: graphene (0.23),54 BN (0.24),43,74–76 silicene (0.17),59
graphane (0.23),60 graphyne (0.18),51 graphene oxide (0.12),77
TlN (0.16),52 ZnO (0.20),53 GaN (0.16),58 BNC (0.16–0.24),57 AlN
(0.21),55 and GeC (0.16).56 The outstanding ultimate strains
could be the outcome of its six Mo–S covalent bonds around
a Mo atom.

Phys. Chem. Chem. Phys., 2013, 15, 19427--19437

19431

View Article Online

PCCP

Published on 24 September 2013. Downloaded by Rensselaer Polytechnic Institute on 23/01/2014 02:57:36.

Paper

Fig. 5 Stress–strain responses of g-MoS2 under the armchair, zigzag, and biaxial
strain. S1 (S2) denotes the x (y) component of stress. ‘‘Cont’’ stands for the fitting
of DFT calculations (‘‘DFT’’) to continuum elastic theory. The insets are geometry
under ultimate strains.

Table 2 Ultimate strengths (Sam, Szm, Sbm) in units of N m1 and ultimate strains
(Zam, Zzm, Zbm) under uniaxial strain (armchair and zigzag) and biaxial from DFT
calculations, compared with experiment and graphene

Present

Cooper
et al.a

Lib

Kumar
et al.c

Experimentd

Graphenee

Sam
Zam

11.9
0.24

11.9
0.25

15.4
0.28

B4.5
B0.24

15  3
0.06–0.11

18.9
0.17

Szm
Zzm

12.6
0.37

12.7
0.41

15.2
0.36

B4.5
B0.24

15  3
0.06–0.11

21.4
0.25

Sbm
Zbm

15.1
0.26

14.9
0.23

14.6
0.195

B4.5
B0.2

15
0.06–0.11

20.8
0.23

a
c

Fig. 4 The displacement vectors of the atoms in the relaxed 9-atom unit cell
referring to the homogeneous deformations under the (a) armchair (b) zigzag
(c) biaxial ultimate strains, which are Zam = 0.24, Zzm = 0.37, and Zbm = 0.26 respectively.
The Mo and S atoms are depicted as circles and hexagons, respectively. The vector
lengths were enlarged for better view.

The ultimate strength Sm is the maximum stress that a
material can withstand while being stretched, and the corresponding strain is the ultimate strain Zm. Under ideal conditions,
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Ref. 42: data read from Fig. 4(a) which used PBE-GGA. b Ref. 40.
Ref. 33. d Ref. 39: for averages of maximum stress. e Ref. 54.

the critical strain is larger than the ultimate strain. The systems
of perfect g-MoS2 under strains beyond the ultimate strains are
in a meta-stable state. The ultimate strain reflects the intrinsic
bonding strengths and acts as a lower limit of the critical strain.
Thus it is important for the consideration of its applications.
The ultimate strengths and strains corresponding to the
diﬀerent strain conditions are summarized in Table 2. Although
g-MoS2 has larger ultimate strains than graphene, it has smaller
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ultimate stresses, 63, 59, and 73% for armchair, zigzag, and
biaxial deformation, respectively. The material behaves in an
asymmetric manner with respect to compressive and tensile
strains. With increasing strains, the Mo–S bonds are stretched
and eventually rupture. The critical strains are not spotted in
the tested strain range under the three strain modes. This is
different from graphene and graphane, which have a critical strain
of 0.31 and 0.22 under armchair deformations, respectively.54
This might be due to the increasing size of the atoms as well as
bond lengths in g-MoS2.
It should be noted that the softening of the perfect g-MoS2
under strains beyond the ultimate strains only occurs for ideal
conditions. The systems under these circumstances are in a
meta-stable state, which can be easily destroyed by long wavelength perturbations and vacancy defects, as well as high
temperature eﬀects, and enter a plastic state.69 Thus only the
data within the ultimate strain has a physical meaning and was
used in determining the high order elastic constants in the
following subsection.
By applying the periodic boundary conditions, this model
represents an infinite plane of g-MoS2. Our results can serve as
an upper limit of the nanoribbons of MoS2 with a large width.
The uniaxial deformation along the zigzag has much larger
ultimate strains (Zzm = 0.37) than that of armchair (Zam = 0.24).
The ultimate stress of zigzag deformation is also greater than that
of armchair (Table 2). However, the slope of the stress–strain
curve of zigzag deformation is smaller than that of armchair
deformation, taken the value of the slope at strain of 0.04 which
is the linear elastic limit. The modulus of zigzag is 121.9 N m1,
smaller than that of armchair deformation as 124.2 N m1. Our
results indicate that the zigzag nanoribbons are softer than
armchair nanoribbons and have larger tolerance to the strains.
A thorough study of MoS2 nanoribbons is necessary to quantitatively discover their mechanical properties.
3.4

Elastic constants

The elastic constants are critical parameters in finite element
analysis models for mechanical properties of materials. Our
results of these elastic constants provide an accurate continuum
description of the elastic properties of g-MoS2 from ab initio
density functional theory calculations. They are suitable for
incorporation into numerical methods such as the finite element
technique.
The second order elastic constants model the linear elastic
response. The higher (42) order elastic constants are important to characterize the nonlinear elastic response of g-MoS2
using a continuum description. These can be obtained using a
least squares fit of the DFT data and are reported in Table 3.
The corresponding values for graphene are also shown.
The in-plane Young’s modulus Ys and Poison’s ratio n may be
obtained from the following relationships: Ys = (C112  C122)/C11
and n = C12/C11. We have Ys = 120.1 N m1, and n = 0.254. The
in-plane stiﬀness is smaller (about 1/3) than that of graphene
(341 N m1 , ref. 54), however it is still relatively large as
compared to metals. Taken the experimental value of 6.5 Å as
the height of g-MoS2,39 Its stiﬀness is equivalent to 184 GPa,
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Table 3 Non-zero independent components for the SOEC, TOEC, FOEC, and
FFOEC tensor components, Poisson’s ratio n and in-plane stiﬀness Ys of g-MoS2
from DFT calculations, compared with graphene

Ys
n
C11
C12
C111
C112
C222
C1111
C1112
C1122
C2222
C11111
C11112
C11122
C12222
C22222

Present

Coopera

Cooperb

Lic

Exptd

Graphenee

120.1
0.254
128.4
32.6
1460.0
48.0
1238.2
13 327
505
1467
10 452
57 311
972
13 289
19 630
68 555

118
0.31
130
40
1200
1010
60
7800
580
50
5760
26 460
4200
800
6880
21 300

129
0.29
140
40
1300
1090
30
8770
440
230
5870
29 830
4340
230
8450
18 930

123
0.25

180  60
0.27 (bulk)

340.8
0.178
352.0
62.6
3090
454
2928
21 927
2731
3888
18 779
118 791
19 173
15 863
27 463
134 752

a
Ref. 42 LDA. b Ref. 42 PBE-GGA. c Ref. 40.
maximum stress. e Ref. 54.

d

Ref. 39: for averages of

which is larger than iron (B170 GPa). Our results are in good
agreement with previous DFT calculations35,40,42 and experiment.39
Higher order (42) elastic constants are important quantities78
and can be determined by measuring the changes of sound
velocities under the application of hydrostatic and uniaxial
stresses.79 The high order elastic constants can be utilized to
study the nonlinear elasticity, thermal expansion (through the
gruneisen parameter), temperature dependence of elastic constants,
harmonic generation, phonon–phonon interactions, photon–
phonon interactions, lattice defects, phase transitions, echo
phenomena, and strain softening, and so on.54 Using the higher
order elastic continuum description, one can calculate the stress
and deformation state under uniaxial stress, rather than uniaxial
strain.50 Explicitly, when pressure is applied, the pressure dependent second-order elastic moduli can be obtained from the high
order elastic continuum description.43 The third-order elastic
constants are important in understanding the nonlinear elasticity of materials, such as changes in acoustic velocities due to
finite strain. As a consequence, nano devices (such as nano
surface acoustic wave sensors and nano waveguides) could be
synthesized by introducing local strain.51,74
Stress–strain curves in the previous section show that they
will soften when the strain is larger than the ultimate strain.
From the view of electron bonding, this is due to the bond
weakening and breaking. This softening behavior is determined by the TOECs and FFOECs in the continuum aspect.
The negative values of TOECs and FFOECs ensure the softening
of the g-MoS2 monolayer under large strain.
The components of the elastic constants are all smaller than
those of graphene in magnitude, consistent with the conclusion that the g-MoS2 is ‘‘softer’’. This could be a result of the
weaker Mo–S bonds in g-MoS2 as compared to C–C bonds in
graphene.
Cooper et al. studied the higher order elastic constants with
both LDA and PBE-GGA potentials.42 Although there is a good
agreement in second order elastic constants (linear part) as
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Fig. 6 Stress–strain curves of the biaxial tensile deformation from DFT calculations
(circle line) and resulting elastic constants in Table 3 (red solid line), compared with
previous results42 of LDA (dashed line) and GGA (dotted line).

listed in Table 3, there are large diﬀerences in the high order
elastic constants (non-linear part). For a close comparison, we
also reproduced the stress–strain curves from their results of
elastic constants, and compared with our results and the
DFT calculations, using the biaxial tensile deformation as an
example. The results are shown in Fig. 6. It shows that their
stress–strain curve described by the elastic constants obtained
from PBE-GGA potentials is closer to our DFT results than that
from LDA potentials. Using the same PBE-GGA potentials as
this work, Cooper et al.’s result differs notably at large strains of
Z 4 0.18. Such difference is mainly due to the size of the unit
cells used in the modeling. The unit cell in the present study is
three times that of the previous study and the atoms are free to
move. The advantage of using a large unit cell is that it can
include a larger number of phonon modes during the geometry
optimization under strains. For example, the primitive unit cell
does not have the freedom to distort along the K1 mode as the
primitive translational symmetry is enforced in the calculation.44
These phonon modes affect the nonlinear behavior under large
strains and contribute to high order elastic constants, as well as
instabilities.40 However, there is no fundamental difference in
the fracture mode between this study in a 9-atom unit-cell and
the previous study in a 3-atom unit-cell.42
A good way to check the importance of the high order elastic
constants is to consider the case when they are missing. With
the elastic constants, the stress–strain response can be predicted from the elastic theory.43 When we only consider the
second order elasticity, the stress varies linearly with strain.
Take the biaxial deformation as an example. As illustrated in
Fig. 7, the linear behavior is only valid within a small strain
range, about 0.04 r Z r 0.04, as the same result obtained
from the energy versus strain curves in Fig. 3. With the knowledge of the elastic constants up to the third order, the stress–
strain curve can be accurately predicted within the range of
0.07 r Z r 0.07. Using the elastic constants up to the fourth
order, the mechanical behavior can be well treated up to a
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Fig. 7 Predicted stress–strain responses from different orders: second, third, fourth,
and fifth order.

strain as large as 0.13. For strains beyond 0.13, the fifth order
elastic are required for accurate modeling. The analysis of the
uniaxial deformations provides similar results.
Our results illustrate that the monatomic layer structures
possess diﬀerent mechanical behavior in contrast to the bulk or
multi-layered structures where the second order elastic constants
are suﬃcient in most cases. The second order elastic constants
are relatively easier to be calculated from the strain energy
curves,69,80 however, they are not suﬃcient for monatomic layer
structures. The high order elastic constants are required for an
accurate description of the mechanical behavior of monatomic
layer structures since they are vulnerable to strain due to the
geometry confinements.
Our results of the mechanical properties of g-MoS2 are limited
to zero temperature due to current DFT calculations. Once the
finite temperature is considered, the thermal expansions and
dynamics will, in general, reduce the interactions between atoms.
As a result, the longitudinal mode elastic constants will decrease
with respect to the temperature of the system. The variation
of shear mode elastic constants should be more complex in
responding to the temperature. A thorough study will be
interesting, which is, however, beyond the scope of this study.
3.5

Pressure eﬀect on the elastic moduli

With third-order elastic moduli, we can study the eﬀect of the
second-order elastic moduli on the pressure p acting in the plane
of g-MoS2. Explicitly, when pressure is applied, the pressure
dependent second-order elastic moduli (C̃11, C̃12, C̃22) can be
obtained from C11, C12, C22, C111, C112, C222, Ys, and n as:
1n
P;
C~11 ¼ C11  ðC111 þ C112 Þ
Ys

(1)

1n
P
C~22 ¼ C11  C222
Ys

(2)

1n
P
C~12 ¼ C12  C112
Ys

(3)
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nanotubes for energy storage was discussed and predicted that
the maximum mechanical energy densities stored are more
than three orders of magnitude greater than the energy density
of steel springs, and approximately eight times greater than the
energy density of lithium-ion batteries.84 Teich et al. postulated
high nanomechanical energy storage density in arrays of
twisted carbon nanotubes and nanotube ropes that constitute
a torsional spring,85 which has been indirectly confirmed in the
meantime by an observation of large torsional and tensile
actuation in twisted nanotube ropes.83 These techniques of elastic
energy storage could be applied to MoS2. Our results could arise
immense interest due to the great advantages in using the clean
energy. This could lead to the realization of wide applications of
MoS2 in clean energy storage in the near future.

Fig. 8 Second-order elastic moduli and Poisson ratio as function of the pressure
for g-MoS2 from DFT predictions.

The second-order elastic moduli are seen to increase linearly
with the applied pressure (Fig. 8), except the shear mode C̃12
of g-MoS2. Poisson’s ratio decreases monotonically with the
increase of pressure. Poisson’s ratio of the g-MoS2 is more
sensitive to the in-plane pressure than that in graphene.54 C̃11 is
asymmetrical to C̃22 unlike the zero pressure case. C̃11 = C̃22 = C11
only occurs when the pressure is zero. This anisotropy could be
the outcome of anharmonicity.
3.6

Elastic energy storage

The rechargeable, safe, clean, and high energy density energy storage
media are desired for use in small, lightweight, highly eﬃcient
portable power sources. Compared with other 2D materials,51–60
the prominent mechanical properties of g-MoS2, including large
ultimate strains (high flexibility) and large elastic constants
(high strength), make it a promising candidate for elastic
energy storage for clean energy. At the ultimate strain of 0.26
under biaxial deformation, the strain energy of the unit cell is
9.52 eV, which is 1.06 eV per atom (Fig. 3). Taking the height of
6.5 Å from the experimental value,39 its energy storage capacity
is 8.8 MJ L1 (million joules per litter), which is about one order
of magnitude larger than rechargeable Li-ion batteries. Even for
specific energies, g-MoS2 (1.7 MJ kg1, or 476 W h kg1) is
larger than Li-ion battery (180 W h kg1),81 and carbon nanotubes (10 W h kg1).82 Since the energy storage in g-MoS2 is in
the form of elastic energy through strains, it is environmentally
friendly as no chemical process is involved. In addition, the
reversible elastic deformations make it rechargeable many times,
hence the long lifetime. For example, more than a million torsional
and tensile actuation cycles are demonstrated in torsional motors.83
This elastic energy storage could meet the demand for modern
electronic devices.
While the theoretical energy capacity is high, there are many
challenges to make a real device using MoS2. A lot of considerations including how to store and release the elastic energy
eﬃciently in and out of MoS2 based devices. The potential and
feasibility of using mechanical springs comprised of carbon
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4 Conclusions
In summary, we studied the structural properties and mechanical stabilities of g-MoS2 under various strains using DFT
calculations. It is observed that g-MoS2 exhibit nonlinear elastic
deformation up to an extra-large ultimate strain, which is 0.24,
0.37, and 0.26 for armchair, zigzag, and biaxial deformation,
respectively. The deformation and failure behavior and the
ultimate strength are anisotropic. We examined the evolution
of the geometries, including bond lengths, bond angles,
dihedral angles, and buckling height under various loadings.
The in-plane stiﬀness is 120 N m1 and the Poisson ratio
is 0.254.
The nonlinear elasticity of g-MoS2 was also investigated.
We obtained an accurate continuum description of the elastic
properties of g-MoS2 by explicitly determining the fourteen
independent components of high order (up to fifth order) elastic
constants from the fitting of stress–strain curves obtained from
DFT calculations. These data are useful for developing a continuum description which is suitable for incorporation into a
finite element analysis model for its applications on a large
scale. We also found that the harmonic elastic constants are only
valid within a small range of 0.04 r Z r 0.04. With the
knowledge of the elastic constants up to the third order, the
stress–strain curve can be accurately predicted within the range
of 0.07 r Z r 0.07. Using the elastic constants up to the fourth
order, the mechanical behavior can be accurately predicted up to
a strain as large as 0.13. For strains beyond 0.13, the fifth order
elastic constants are required for accurate modeling. The high
order elastic constants reflect the high order nonlinear bond
strength under large strains.
We predicted that both the second order elastic constants
and the in-plane stiﬀness monotonically increase with elevating
pressure, while the Poisson ratio reverses. The positive ultimate
strengths and strains, second order elastic constants, and the
in-plane Young’s modulus indicate that g-MoS2 is mechanically
stable. The internal atom displacements reveal that mechanical
instabilities are caused by the out of plane phonon modes.
With prominent mechanical properties including large ultimate strains and elastic constants, g-MoS2 is a promising candidate for elastic energy storage for clean energy. It possesses
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a theoretical energy storage capacity as high as 8.8 MJ L1 and
1.7 MJ kg1, or 476 W h kg1, larger than Li-ion batteries and is
environmentally friendly.
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