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rical simulation of in-plane
mechanical properties of two-dimensional
monolayers

Sadegh Imani Yengejeh, Seyedeh Alieh Kazemi, William Wen and Yun Wang *

Many applications of two dimensional (2D) materials are often achieved through strain engineering, which is

directly dependent on their in-plane mechanical characteristics. Therefore, understanding the in-plane

mechanical characteristics of the 2D monolayers becomes imperative. Nevertheless, direct experimental

measurements of in-plane mechanical properties of 2D monolayers face great difficulties due to the

issues related to the availability of high-quality 2D materials and sophisticated facilities. As an alternative,

numerical simulation has the potential to theoretically predict such properties. This review presents

some recent progress in numerically exploring the in-plane mechanical properties of 2D materials,

including first-principles density functional theory, force-field based classical molecular dynamics, and

the finite-element method. The relevant case studies are provided to describe the applications of these

methods along with their pros and cons. We hope that the multiscale simulation methods discussed in

this review will inspire new ideas and boost further advances of the computational study on the in-plane

mechanical properties of 2D materials.
1. Introduction

The discovery of graphene through the mechanical exfoliation
of bulk graphite opens the eld of two-dimensional (2D)
materials.1 To date, many 2D materials including hexagonal
boron-nitride (h-BN), phosphorene, MXene, layered double
hydroxide (LDH), metal–organic frameworks (MOFs), covalent
organic frameworks (COFs), and transition metal dichalcoge-
nides (TMDs) have been experimentally and theoretically
investigated.2–29 Themechanical properties of 2Dmaterials have
become a hot research topic because mechanical properties are
physical features when a material is acted upon by external
forces during the large-scale practical applications.30 2D mate-
rials can be deformed by in-plane stretching or by out-of-plane
bending. Therefore, the mechanical characteristics of 2D
structures include both in-plane and bending moduli. For 2D
monolayers, the in-plane mechanical properties have attracted
specic attention since they are directly relevant to the appli-
cations through strain engineering, as illustrated in Fig. 1.31–39

As outlined, the 2D materials are promising candidates for
stretchable transparent electrodes with high conductance and
high exibility.40 The resistance of the graphene electrode dis-
played no evident variation up to a bending radius of 2.3 mm
corresponding to the uniaxial tensile strain of 6.5%. Meanwhile,
the pre-strained substrates could enhance the bending limit up
ool of Environment and Science, Griffith
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0247
to �11%. 2D nanoelectromechanical systems (NEMS) resona-
tors are strongly dependent on their mechanical properties, e.g.
Young's modulus, mass density, and resonant frequency.41 The
presence of piezoelectricity characteristic coupled with the
mechanical exibility of some 2D materials enables their
promising applications in wearable power-generated nano-
-devices. The associated piezoresistive and piezoelectric effects
under mechanical strain in 2D structures extend their applica-
tions to a diverse range in nano-industries.42–45 The 2D hybrid
organic–inorganic perovskites (HOIPs) solar cells possess
power-conversion efficiencies surpassing 25%.46,47 These 2D
structures are promising applicants for the next generation of
optoelectrical nano-devices, which bandgap can be tuned
Fig. 1 Potential applications of 2D materials related to their in-plane
mechanical characteristics.
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Table 1 The description of the most important mechanical properties

Mechanical property Description

Strength The amount of the load that a material can tolerate before failure
Brittleness The property of a material when the material fractures under stress without exhibiting

much elastic deformation or changes in dimension
Stiffness A material's ability to resist signicant elastic deformation while loading
Hardness A material's ability to resist various forms of deformation, indentation, and penetration
Toughness A material's capacity to withstand elastic and plastic deformation without failure
Elasticity A material's capacity to rebound back to their original dimensions aer the deformation

or being removed from its load
Anisotropy The property difference in terms of the direction or orientation of the material
Ductility A material's capacity to be stretched due to tensile stress
Creep A slow and gradual deformation (or change in dimensions) of materials under a certain

applied load in terms of time and temperature
Thermal expansion A change in shape, volume or area caused by changes in temperature
Poisson's ratio Poisson's ratio denes the ratio of transverse strain to the axial strain
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through strain engineering.48,49 Jiao et al. conducted a system-
atic study to investigate the structural and mechanical prop-
erties of TMDs using DFT calculations. Their theoretical
studies revealed that the 2D TcS2 and TcSe2 monolayers
exhibit promise as potential candidates for light harvesting.50

Furthermore, the analysis of the band alignment relative to
the vacuum level showed that the TcSe2 monolayer is
potentially plausible for water splitting. Meanwhile, a 2%
compressive strain can also make the TcS2 monolayer suit-
able for photocatalysts. Considering the importance of strain
engineering for 2D materials, many efforts have been devoted
to exploring their in-plane mechanical characteristics. Table
1 lists the details of typical in-plane mechanical properties
under the different external forces. The in-plane elastic
moduli, Young's moduli, shear moduli, and Poisson's ratio
are the parameters widely investigated in most studies.

There are different kinds of experimental technologies
developed to measure the in-plane mechanical properties of 2D
materials. These include (1) nanoindentation of suspended
monolayer using atomic force microscopy (AFM); and (2) pres-
surized blister tests. Lee et al. rst used the AFM nano-
indentation method to investigate the mechanical
characteristics of graphene.51 They reported that the force-
displacement properties were interpreted within a framework
of nonlinear elastic stress–strain response and yields an elastic
stiffness of 340 N m�1. Such quantities reveal graphene as
Fig. 2 A visualized landscape of the recent studies regarding the
mechanical characteristics of 2D materials.

© 2021 The Author(s). Published by the Royal Society of Chemistry
comparatively the strongest and toughest materials ever inves-
tigated. Regardless, the experimental measurements require
highly sophisticated facilities. Additionally, it is challenging to
synthesize large high-quality 2D monolayers for the analysis. As
such, numerical simulations to investigate the mechanical
characteristics of 2D materials has become attractive, as evi-
denced by the blue area in Fig. 2.

Computational materials science has become a rapidly
growing multidisciplinary eld. Striving to advance computing
capabilities to comprehend, understand, and solve the complex
problems of functional materials, including their mechanical
properties. The mechanical properties are derivable from the
linear stress–strain relationship or quadratic energy-strain
relationship. Computational approaches with different size
and time scales have been developed to explore the microscopic
and macroscopic mechanical behaviours of 2D materials. The
methods range from the sub-atomic [e.g. rst-principles density
functional theory (DFT)], atomistic level [e.g. force eld-based
classical molecular dynamics (MD)] and macroscopic levels
[e.g. nite element analysis (FEA)] for the process simulation
and engineering design, as illustrated in Fig. 3. In this review,
the principles of the numerical simulation of the in-plane
mechanical properties of 2D materials are presented. Some
recent cases facilitate further discussion about the pros and
cons of different methods.
Fig. 3 Space and time scale in computational materials science.
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Fig. 4 The principle approach of molecular dynamics simulation.
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2. Methodology
2.1 DFT method

The relationship between the in-plane elastic constants and
moduli of 2D monolayer materials can be described based on
Hooke's law under the in-plane stress condition.2

4 sxx

syy

sxy

3
5 ¼

2
4C11 C12 C16

C22 C26

C66

3
5
2
4 3xx

3yy
23xy

3
5 (1)

Here Cij (i,j ¼ 1,2, and 6) is the in-plane stiffness tensor or in-
plane elastic constants, which are equal to the second partial
derivative of energy (Es), with respect to strain (3).

For a rst-principles DFT method, the in-plane mechanical
properties of 2D materials are calculated through the parabolic
dependence of the energy on the elongation.52–57 The energy (Es) can
be obtained from theDFT calculations with the different intervals of
elongation. Using high-symmetry graphene as an example: the
uniaxial strain 3 was applied along the x or y direction, which leads
to 3yy ¼ 0 or 3xx ¼ 0, respectively. Under this condition,

Es ¼ 1

2
C113xx

2 ðalong x directionÞ or

Es ¼ 1

2
C223yy

2 ðalong y directionÞ
(2)

C11 and C22 were calculated from the coefficient of the quadratic
term by tting the data of elastic strain energy [Es(3)] as a function
of strain (3). Then, C12 was calculated based on the equation

Es ¼
�
1

2
C11 þ 1

2
C22 þ C12

�
3xx3yy (3)

while the equi-biaxial strain is applied. Finally, C66 was
calculated by tting the second-order polynomial.

Es ¼ 1

2
C113xx

2 þ 1

2
C223yy

2 þ C123xx3yy þ 2C663xy
2 (4)

Another method to calculate the in-plane mechanical proper-
ties is through the standard approach. In this method, the
conventional mechanical properties are rst calculated. Aer that,
the multiplication of the conventional stiffness tensors and
monolayer thickness will equate to the in-plane stiffness tensors.
Here, the thickness of the monolayer needs to be carefully justi-
ed. Additionally, the vacuum used to separate the monolayers
under the periodic boundary conditions also needs to be thick
enough for the converged in-plane stiffness tensors to be retrieved.

The in-plane planar Young's (Y2D) and shear (G2D) moduli,
together with Poisson's ratio (n2D) of 2D monolayer materials,
can be derived from the in-plane planar elastic constants as:

n2Dxy ¼ C21

C22

; n2Dyx ¼ C12

C11

(5)

Y 2D
x ¼ C11C22 � C12C21

C22

; Y 2D
y ¼ C11C22 � C12C21

C11

;

G2D
yx ¼ C66 (6)
20234 | RSC Adv., 2021, 11, 20232–20247
2.2 MD method

Each atom for MD simulation is subjected to Newton's law of
mechanics. The sequential steps to conduct MD simulation can
be presented by the owchart illustrated in Fig. 4.

2.2.1 Stress–strain method. Investigating the in-plane
mechanical properties (e.g. Young's modulus) of 2D materials
required the uniaxial tensile test to obtain the stress–strain
relation.58 The initial step for the stress calculation is to dene
the internal pressure tensor P for N particles in volume V:

PV ¼
XN
i¼1

mivi5vi þW
�
rN
�

(7)

where mi and vi are the mass and the velocity of the ith particle.
5 symbolizes an outer product and W is a virial tensor. The
interaction between the atoms are accounted for by the force
eld potential dened as:59

U ¼
XN
i

XN
j. i

uij ; (8)

In this equation: N is the total number of atoms, i and j are
atomic indices, and uij is the empirical potential. uij is used to
describe the interaction energy between atoms. Each energy
term uij depends only on a small number (Nk) of atoms located
at positions r1,r2,.,rNk, including atoms i and j. These atoms
can be either in the supercell or in periodic images. Groups are
assumingly chosen so that i is always in the supercell, which is
denoted as 0. A periodic image of the group belongs to the
periodic cell n. As such, the potential energy can be expressed as
a sum of elements of the primary cell in an unambiguous
manner:

U ¼
X
k˛0

uij
�
r1; r2;.; rNk

�
: (9)

The partial force on a specic atom image can be calculated
by deriving this expression with respect to the position rin of the
periodic image of atom i in cell n:
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Stress–strain curve of graphene, SnO2, and hybrid structures
from the ref. 61.

Fig. 6 Energy terms, (a) bonding stretching (b) angle bending (c)
torsion angle (d) inverted angle (e) nonbonding.
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F
0
in ¼

X
k˛0

d

drin
uij
�
r1; r2;.; rNk

�
(10)

According to the theory of Thompson et al., the virial tensor
is:60

W
�
rN
� ¼ X

n˛ℤ3

XN
i¼1

rin5F
0
in (11)

The true mechanical stress tensor is then simply the oppo-
site of the internal pressure tensor:

s ¼ �P (12)

The stress is proportional to the strain when the strain is
small, which obeys the general Hooke's law. The Young's
modulus can then be calculated because it is the slope of the
strain–stress curve, as illustrated in Fig. 5.61

2.2.2 Energy-strain method. Identical to the DFT method,
the in-plane mechanical properties can be calculated based on
the quadratic energy-strain relationship. In the MD simulation,
the energy Es is calculated using the empirical force eld
potential based on the atomic congurations of 2Dmonolayers.
The local environment includes the inner state of a molecule,
such as the bond length, bond angle, electrostatic forces and
van der Waals forces. The total energy of a molecule system is
the sum of its kinetic energy and potential energy. Additionally,
the force eld is a function of potential energy which, can be
expressed by the following equations:

Etotal ¼ Evalvance + Enonbond (13)

Evalance ¼ Ebond + Eangle + Etorsion + Einversion (14)

Enonbond ¼ EvdW + Eelectrostatic + EHbond (15)

where Etotal refers to total energy of the system, Evalance is
bonding energy, Enonbond is non-bonding energy, Ebond is bonding
stretching term, Eangle is angle bending term, Etorsion is torsion
angle term, Einversion is inverted angle term, EvdW is energy gener-
ated by van der Waals force, Eelectrostatic is energy generated by
© 2021 The Author(s). Published by the Royal Society of Chemistry
coulomb electrostatic force and EHbond is hydrogen bond energy.
Different types of energy terms are shown in Fig. 6.
2.3 FE method

The FE is a numerical method for solving problems, which can
be described by partial differential equations or formulated as
functional minimization. A domain of interest is represented
as an assembly of nite elements. The FEA exhibits two main
features. Firstly, the piece-wise approximation of physical
elds on nite element provides good precision even with
simple approximating functions. Another characterization of
the approach is that the locality of the approximation leads to
spare equation systems for a discretized problem. Thus,
helping to solve problems with a massive number of nodal
unknowns.

The FE modelling approach was rst utilized in 2003, where the
theory of classical structural mechanics was extended into the
modelling of nanostructures.62 Atoms are bonded together with
a corresponding length and angle in a three-dimensional (3D) space.
When subjected to loading, materials behave like space frame
structures. Thus, the bonds between atoms are considered as con-
necting load-carrying generalized beam members. Meanwhile, the
atoms act as joints of themembers, as illustrated in Fig. 7. Structural
mechanics analysis is conducted to determine the displacements,
strains, and stresses of a structure under given loading conditions.
The stiffness matrix approach is one of the elementary instances for
solving linear elastic static problems. An additional application is to
solve problems that deal with mechanical characteristics such as
buckling, plasticity and dynamics. The stiffness matrix C consists of
the following submatrices:

C ¼
"
Cii Cij

CT
ij Cjj

#
; (16)

where
RSC Adv., 2021, 11, 20232–20247 | 20235
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Cii ¼

2
6666664

EA=L 0 0 0 0 0
0 12EIx

�
L3 0 0 0 6EIx

�
L2

0 0 12EIy
�
L3 0 �6EIy

�
L2 0

0 0 0 GJ=L 0 0

0 0 �6EIy
�
L2 0 4EIy

�
L 0

0 6EIx
�
L2 0 0 0 4EIx=L

3
7777775

Cij ¼

2
6666664

�EA=L 0 0 0 0 0

0 �12EIx
�
L3 0 0 0 6EIx

�
L2

0 0 �12EIy
�
L3 0 �6EIy

�
L2 0

0 0 0 �GJ=L 0 0
0 0 6EIy

�
L2 0 2EIy

�
L 0

0 �6EIx
�
L2 0 0 0 2EIx=L

3
7777775

Cjj ¼

2
6666664

EA=L 0 0 0 0 0

0 12EIx
�
L3 0 0 0 �6EIx

�
L2

0 0 12EIy
�
L3 0 6EIy

�
L2 0

0 0 0 GJ=L 0 0

0 0 6EIy
�
L2 0 4EIy

�
L 0

0 �6EIx
�
L2 0 0 0 4EIx=L

3
7777775
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The above elemental stiffness matrices indicate four
parameters that are needed including the tensile resistance EA,
the torsional stiffness GJ, and the exural rigidity EIx and EIy. All
the while, identifying the length of the element, L. The EA, GJ
and EI can be determined based on the energy equivalence
since the deformation of a space frame results in the changes of
strain energies. Based on the theory of classical structural
mechanics, the strain energy of a uniform beam of length L
subjected to pure axial force N can be presented as following:

UA ¼ 1

2

ðL
0

N2

EA
dL ¼ 1

2

N2L

EA
¼ 1

2

EA

L
ðDLÞ2; (17)

where DL is the axial stretching deformation, see Fig. 8a.
Fig. 7 Simulation of a graphene sheet as a space-frame structure.

20236 | RSC Adv., 2021, 11, 20232–20247
The strain energy of a uniform beam under pure bending
moment M is

UM ¼ 1

2

ðL
0

M2

EI
dL ¼ 2EI

L
a2 ¼ 1

2

EI

L
ð2aÞ2; (18)
Fig. 8 Pure tension, bending, and torsion of an element.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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where a denotes the rotational angle at the ends of the beam,
see Fig. 8b.

The strain energy of a uniform beam under pure torsion T is

UT ¼ 1

2

ðL
0

T2

GJ
dL ¼ 1

2

T2L

GJ
¼ 1

2

GJ

L
ðDbÞ2; (19)

where Db is the relative rotation between the ends of the beam,
see Fig. 8c.

On the other hand, this potential energy between atoms is in
the sum of contributions from bond stretch interaction Ur,
bond angle bending Uq, dihedral angle torsion Uf, improper
(out-of-plane) torsion Uu, and a non-bonded van der Waals
interaction.63 For covalent systems, the main contributions to
the total steric energy come from the rst four terms, which
have included four-body potentials. The harmonic approxima-
tion is adequate for describing the energy, considering the
assumption of small deformation.64 The dihedral angle torsion
and the improper torsion are oen merged into a single
equivalent term for convenience and simplicity's sake, i.e.,

Ur ¼ 1

2
krðr� r0Þ2 ¼ 1

2
krðDrÞ2; (20)

Uq ¼ 1

2
kqðq� q0Þ2 ¼ 1

2
kqðDqÞ2; (21)

Us ¼ Uf þUu ¼ 1

2
ksðDfÞ2; (22)

where spring constants kr, kq, and ks are the bond stretching
force constant, bond angle bending force constant and
torsional resistance respectively. Meanwhile, the symbols Dr,
Dq, Df represent the bond stretching increment, the bond angle
change, and the angle change of bond twisting, respectively.

Here, both Ur and UA represent the stretching energy, both Uq

and UM represent the bending energy, and both Us and UT

represent the torsional energy. It can also be assumed that the
rotation angle 2a is equivalent to the total change Dq of the
bond angle, DL is equivalent to Dr, and Db is equivalent to Df.
Hence, by comparing eqn (17)–(22), a direct relationship
between the structural mechanics parameters EA, EI and GJ can
then be deduced from the molecular mechanics parameters kr,
kq and ks as following:

EA

L
¼ kr;

EI

L
¼ kq;

GJ

L
¼ ks: (23)
Fig. 9 In-plane stiffness tensors Cij of TMDs with different structural ph

© 2021 The Author(s). Published by the Royal Society of Chemistry
Applying this concept followed by the solution procedure of
stiffness matrix method for frame structures, the deformation
and related elastic behaviour of 2D materials can be simulated.

3. Applications of numerical
simulations
3.1 DFT studies

3.1.1 Graphene. Investigating the elastic properties (e.g.
Young's and shear moduli and Poisson's ratio) of 2D materials
reveals signicant behaviour of the systems and characterizes their
structural stability. Various DFT-based studies with differing
exchange-correlation functionals have identied the in-plane
mechanical properties of pristine graphene.65–71 Two different
sets of units: (1) GPa and (2) N m�1 are oen used in the study of
2Dmonolayers. GPa is for the conventional mechanical properties,
and N m�1 is for the 2D mechanical modulus, which is converted
to the conventional unit through the division of monolayer's
thickness. For example, the calculated 2D Young's moduli by
Kudin et al.72 is 345 N m�1. Then, its conventional Young's
modulus is 1.03 TPa by assuming the think of the graphene is 3.35
Å, which is in good agreement with the measured values. We have
used the DFT-D3 method to calculate the in-plane stiffness of
graphene. The in-plane elastic constants C11, C12 and C66 are 348,
80 and 133 N m�1, respectively. Based on eqn (5) and (6), the
calculated in-plane 2D Young's modulus and Poisson's ratio is
329 N m�1 and 0.23, respectively. It Implies that the choice of
exchange-correlation functional is not sensitive to the calculated
2Dmechanical properties of graphene. Likely ascribing to the high
in-plane stiffness of graphene, thus directly resulting in a hexag-
onal lattice and strong carbon–carbon covalent bonds.

3.1.2 TMDs. Some 2D materials can display several atomic
structures that are either sufficiently close in energy to be
experimentally observable or stabilized through substrates or
doping. For such 2D congurations, the atomic arrangement
can signicantly affect the physical properties of the system73–91

(e.g. TMDs). TMDs are one family of well-studied 2D material
due to their diverse physical properties in terms of their struc-
tural phases.83,92 As an instance, molybdenum disulde (MoS2)
is reported to be most stable in its 1H semiconducting-like
structural phase. However, it has also displayed to be metallic
and unstable in its 1T structural phase. Additionally, it exhibits
a small bandgap topological insulator in its 1T0 phase.74,75 The
formation of their lateral heterostructures allows a new degree
of exibility in engineering electronic and optoelectronic
devices. Imani Yengejeh et al. carried out a comprehensive DFT
ases from the ref. 83.
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calculation to study the impact of the structural phases on the
mechanical properties of 1H, 1T0 and 1H/1T0 heterostructure
phases of different TMD monolayers. Including MoS2, molyb-
denum diselenide (MoSe2), tungsten disulde (WS2), and
tungsten diselenide (WSe2).83 Their results reveal that the
impact of the structural phase is signicant (Fig. 9). The elastic
constants of 1H–MoS2 were C11¼ 134, C22¼ 134, and C12¼ 29 N
m�1 which was in good agreement with the ones obtained in the
literature (where C11 ¼ 130, C22 ¼ 130, and C12 ¼ 32 N m�1,
respectively).93 The lateral heterostructures had a relatively weak
mechanical strength for all the TMD monolayers. As a result,
the signicant correlation between themechanical properties of
the TMDmonolayers and their structural phases can be used to
tune their stiffness of the materials.

3.1.3 MXenes. Recently discovered MXenes are a well-
known category of chemically active 2D materials oen syn-
thesised through the surface functionalisation using terminal
groups (e.g. –OH, –O, –Cl, –F, or their combinations).30 The
resulting surface functionalisation led to numerous technological
applications, e.g. energy storage,3,94–97 electromagnetic interference
shielding,98–102 composite materials,103–107 catalysts108–111 and
sensors.112–115 The strain-tunable electrochemical properties of
MXenes enable them to be a propitious solution for exible and
stretchable devices.3,116,117 Despite over 3000 publications to date
on MXenes since their discovery, only 4.9% of the investigations
were conducted on the mechanical characterisation of the 2D
materials.30 On the other hand, a few experimental studies on the
mechanical stiffness and strength ofMXenes have been published,
ascribing to the challenges of the experimental procedures.118,119

Therefore, the necessity of conducting more computational
studies regarding the mechanical characterisation of MXenes has
been increasingly highlighted.

Luo et al.120 performed a comprehensive DFT-based study to
investigate the mechanical properties of the functionalized
MXenes. They calculated the elastic constants, free energy, and
work function of different MXenes to explore and comprehend
the impact of the transition metal and surface functional
groups on their characteristics. Apart from some O-termination
group exceptions, most of their material models were observed
to be dynamically stable. They nally indicated that the Young's
moduli for themost investigatedMXenes uctuated from 150 to
400 N m�1 and concluded that the functionalized MXenes
usually exhibits stronger structural stability. Kazemi et al.
recently conducted a theoretical investigation to study the
mechanical properties of 2D titanium carbide MXene-based
materials utilizing DFT calculations.121 They discovered that
in-plane elastic constants, Young's and shear moduli increase
over the thickness of the MXene systems. It further suggests
that the improved mechanical properties of the functionalized
MXenes. The stronger interaction between the –O terminal
group and the Tin+1Cn leads to the stronger mechanical prop-
erties of –O functionalized MXenes. Consequently, Ti4C3O2 is
the strongest material among all their considered systems.
More importantly, all Ti4C3T2 MXenes have the higher in-plane
Young's and shear moduli than graphene, which was previously
thought to be the strongest known 2D material. Therefore,
Ti4C3T2 can be a promising alternative to graphene for
20238 | RSC Adv., 2021, 11, 20232–20247
applications that need 2D materials with considerably high
stiffness and largely resistant to shape change. A similar role for
the surface functionalization was also reported by Fu et al.122

Amongst the ve functional groups that they considered, (–F,
–Cl, –OH, –H, and –O) the oxygen functionalized Ti3C2O2

possesses the largest adsorption energy, the highest in-plane
planar elastic modulus, and the greatest enhancement of
strength. Those ndings pave the avenue for tuning the
mechanical properties of MXene-based materials database by
engineering their composition.

3.1.4 Other 2D materials. Up to date, many 2D monolayers
have been investigated using the DFT-based energy-strain
relationship. Table 2 lists some recent studies for evaluating
the mechanical properties of 2D monolayers with different
exchange-correlation (XC) functionals.

For example, Aghdasi et al. performedDFT calculations to study
the in-plane Young's modulus of monolayer phosphorene with
andwithout the adsorption of different atoms, including Li,Mg, O,
Al, Pt, Pd, and Mo.126 Using the energy-strain method, they found
that the in-plane Young's modulus of monolayer phosphorene is
anisotropic. Its in-plane Young's modulus along the armchair and
zigzag directions are 25.36 and 92.30 Nm�1, respectively. They also
found that the impacts of different adsorbed atoms on the
mechanical properties can either be positive or negative. Addi-
tionally, the inuence of the atomic adsorption on the in-plane
Young's modulus of the armchair phosphorene is more remark-
able than the zigzag phosphorene. Observing the adsorbed zigzag
phosphorene reached the plastic region at smaller strains.
3.2 MD simulations

MD based simulation can be a promising approach for inves-
tigating the physical and mechanical properties of 2D materials
using a relatively large size due to the low computational cost.

3.2.1 Graphene. Both stress–strain and energy-strain
methods have been used to study the in-plane mechanical
properties of graphene. For the stress–strain method, tensile
tests were conducted to identify the Young's modulus, the
ultimate tensile strength, and the yield strength. The uniaxial
tensile loadings enabled them to obtain the elastic modulus,
fracture stress, and fracture strain of graphene with respect to
the orientation, sheet size and sheet temperature. Lebedeva
et al.127 evaluated the impact of the different potentials on the
in-plane mechanical properties of graphene using the energy-
strain method. The Tersoff potential (REBO-1990, REBO-2000,
REBO-2002 and AIREBO) and reactive bond-order potentials
(LCBOP, PPBE-G, ReaxFF-CHO and ReaxFF-C2013) were used in
their study. They uncovered that the impact of the potential was
signicant. Among all the force elds, LCBOP provided results
consistent with the experimental and DFT data. Thus,
describing the in-plane deformations of graphene. However, the
ReaxFF potentials greatly overestimate the Poisson's ratio.
Additionally, the elastic response of all the potentials consid-
ered is non-linear already at elongations of 3%. This non-
linearity, however, is particularly striking for REBO-2000, AIR-
EBO and REBO2002. It is oen responsible for very different
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Recent investigations for evaluating the mechanical properties of 2D materials using DFT calculations

Reference 2D material XC functional Investigated properties Research summary

Johari and Shenoy84 TMDs GGA-PBE Mechanical and electrical
properties

Performing DFT calculations
to evaluate the impact of
mechanical strains on the
electronic properties of
TMDs

Jiao et al.50 TcS2 and TcSe2 HSE Structural, mechanical,
electronic, and optical
properties

DFT calculations were
carried out to study the
physical properties of
monolayer 2D materials and
proposing their potential
applications in
photovoltaics,
photocatalysts, and other
nanodevices

Jiao et al.123 NaSnP GGA-PBE Structural, mechanical,
electrical, and optical
properties

Investigating the physical
properties of monolayer
NaSnP and suggesting its
promising applications in
photovoltaic

HSE

Lv et al.124 M2Se3 GGA-PBE Mechanical, magnetic,
electric, and structural
properties

Systematically investigated
the physical characteristics
of monolayer M2Se3.
Exploring superior
mechanical exibility and
negative Poisson's ratio in
the studied 2D models

Lü et al.125 Phosphorene GGA-PBE Young's and shear moduli,
Poisson's ratio

Exploring the behaviour of
phosphorene and its oxides
by investigating their
mechanical properties

Kazemi et al.121 MXene DFT-D3 In-plane planar Young's and
shear moduli

Evaluating the
characteristics of 2D
titanium carbide applying
DFT-D3 calculation to
predict their mechanical
properties of these 2D
materials

Imani Yengejeh et al.83 TMDs GGA-PBE Mechanical properties Investigating the impact of
hetero-structure phase on
the mechanical properties of
TMD monolayers
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results for the Young's modulus and Poisson's ratio across
varying intervals of strains and computational approaches.

Javvaji et al. used the stress–strain method to investigate the
inuence of external parameters on the yield properties of
graphene.128 They also studied the distribution of the stress–
strain plots with varying domain sizes, initial crack lengths and
lattice orientations. The yield values were observed to drop
signicantly for small initial crack lengths less than or equal to
0.1 L. The yield values were also observed to decrease with the
increase in domain size, as the larger specimens offer more
spaces for dislocations to initiate. Evidence was given for the
combined effect of the domain size, lattice orientation and
crack length on the yield values of stress and strain. Gamboa
et al. conducted a MD simulation to investigate the elastic
properties of graphene sheets through implementing the
uniaxial tensile tests.129 The values of the Young's modulus and
© 2021 The Author(s). Published by the Royal Society of Chemistry
Poisson's ratio obtained in their calculation were 730 GPa and
0.39, respectively. Differing signicantly from the former esti-
mations and much closer to experimental values. A proposed
explanation was that the effect of atomic relaxation leads to
a plausible accuracy. They nally observed an extended linear
domain in the stress–strain curves, which is relevant to Young's
modulus calculations at nite temperature.

Anastasi et al. conducted an intriguing investigation on the
mechanical properties of pristine and nano-porous graphene
using MD simulations.130 They studied the fracture behaviour, and
the temperature dependence of the 2D material models. Addi-
tionally, they investigated the random and uniformly distributed
vacancy defects. They discovered that higher temperatures tend to
signicantly decrease the fracture stress and strain almost linearly
with temperature. The elastic modulus was, however, only affected
at system temperatures higher than approximately 900 K. Thus,
RSC Adv., 2021, 11, 20232–20247 | 20239
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concluding that the fracture stress decreases substantially
inversely proportional to the defect density. Their latter attempt
was made for potential applications which require non-pristine
sheets such as ltration membranes.

3.2.2 TMDs. A MD simulation with the stress–strain
method was performed by Ying et al.131 to study the mechanical
behaviour of synthesized ternary TMDs under two loading
conditions: the uniaxial tension along the armchair and zigzag
directions and the biaxial tension along both directions. They
examined the impact of loading direction, the temperature on
the Young's modulus and also the fracture behaviour of their
investigated TMD nanosheets. The force interactions between
atoms in their system were described by the Stillinger–Weber
(SW) potential, which parameters were achieved by tting the
SW potential to an experimentally obtained phonon spectrum.
Based on their MD results, the in-plane Young's modulus of
monolayer MoS2xTe2(1�x) was slightly affected when x is in the
range of 0–0.4. Yet, ostensibly increased when x is larger than
0.4, which demonstrated that the Young's modulus of MoTe2 is
insensitive to doping S atoms inside them. Furthermore, it
shows that the Young's modulus of MoS2 nanosheets is very
sensitive to the doping Te atoms inside the nanosheets. More-
over, MoS2xTe2(1�x) was found to possess a ductile fracture
feature. Their Young's modulus and ultimate strength
decreased when the temperature became higher, which was
ascribed to the temperature-induced soening effect.

Zhao et al. conducted a MD study to evaluate the
temperature-dependent mechanical properties of monolayer
MoS2.132 Their computational results stated that the mechanical
characterizations of the material model vary with temperature.
More precisely, the Young's modulus, maximum loading strain,
and maximum load stress decrease with the rise in temperature
from 4.2 K to 500 K. They also discussed that the tendency of the
maximum loading strain with the different temperature is
opposite to that of metal materials which are caused by the
short-range SW potentials among the TMD atoms. Despite
holding the high computational efficiency, the mathematical
form of the SW potential may not be suitable for the atomic-
thick planar structures, such as graphene and b-BN, as such
potentials are less probably to resist the bending motion of
these real planar crystals.133–135

Jiang performed a MD simulation to study the mist strain-
induced buckling of the TMDs lateral heterostructures, such as
MoS2–WSe2 and MoS2–MoTe2.136 He also utilized the SW
potential to describe the interatomic interactions for each TMD
and the coupling between different TMDs. Computational
results indicated that mist strain presumably causes buckling
of the TMD with larger lattice constants in the lateral hetero-
structure, due to the atomic-thick nature of TMDs. These results
raise many mechanical challenges for the structural stability of
the low-dimensional materials.

3.2.3 Other 2D materials. Due to the limited availability of
force eld potentials, the studies on other 2D materials are few.
Table 3 summarizes some recent studies for evaluating the
mechanical properties of 2D materials using MD methods.

One recent MD simulation example conducted by Yang et al.
investigated the temperature-dependent stress–strain relations
20240 | RSC Adv., 2021, 11, 20232–20247
of monolayer black phosphorus while considering the impact of
temperature changes.142 The Young's and shear moduli under
uniaxial tension at different temperatures were investigated.
The values of the Young's and shear moduli ranged from 24 to
19.2 GPa and 25.4 to 20 GPa, respectively. Observations showed
that for a given temperature, the Young's moduli along the
zigzag direction are more than four times higher than those
along the armchair direction, which matches the DFT conclu-
sion.126 Their predicted strength and moduli were in good
agreement with the available experimental data.
3.3 FEM simulations

Due to its signicant advantages, the FEM approach has
become increasingly popular and a promising alternative for
evaluating the macroscopic mechanical properties of low-
dimensional materials for a wide range of emerging applica-
tions where high conductivity, mechanical strength, high
surface area, and high yield strain are required.143,144 FEM's
features enable researchers to work on a larger scale of the
material models, which consists of numerous atoms in their
structural congurations.

3.3.1 Graphene. Scarpa et al. proposed a FE model and an
approach based on cellular material mechanics theory to study the
in-plane linear elastic properties of the monolayer graphene
sheets. In their material model,145 the C–C bonds were represented
by equivalent mechanical beams having full stretching, hinging,
bending and deep shear beam deformation mechanisms. Finally,
using equivalent mechanical C–C bond characteristics, the in-
plane Young's, shear moduli and the Poisson's ratio were derived.

FEA is also strongly benecial for conducting the simula-
tions to explore the mechanical properties of defective low-
dimensional systems. Recently, Nakanishi et al. investigated
themacroscopic mechanical properties of hollow-wall graphene
gyroids by performing indentation tests with suitable interpre-
tation by FE simulations.146 They carried out two sets of inves-
tigations. Firstly, they used periodic cell calculations to explore
the mechanical properties of their systems in terms of the
relative density and cell wall characterization of the lattice.
Then, the indentation simulations of a continuum with the
effective properties of the gyroid were performed. They nally
concluded that hollow-wall graphene gyroids combine size-
dependent mechanical and electrical properties with
a topology of high structural efficiency.

3.3.2 TMDs. Recently, Li et al. combined the AFM and FEM
to investigate the in-plane Young's modulus of 1H/2H MoS2
monolayer and bilayer.147 The bimodal AFM is rst employed to
gure out the effective spring constant between the microscope
tip and sample. Aer that, the FEM is developed to quantita-
tively ascertain the effect of substrate stiffness on deformation.
Using this combined method, they calculated the conventional
in-plane Young's modulus of monolayer MoS2 of 265 GPa aer
removing the impact of the substrate. When assuming a 1H
MoS2 monolayer thickness of 6.15 Å, the corresponding 2D in-
plane Young's modulus is 163 N m�1 and comparably close to
the DFT value of 165 N m�1.148 Therefore, this combined
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Recent studies evaluating the mechanical properties of 2D materials using MD approaches

Reference 2D material Investigated properties Research summary

Jhon et al.137 Functionalized MXenes Tensile mechanical response Studying the surface termination
effect on the mechanical response
of the MXenes using MD
simulation. Exploring the tensile
variations of the MXenes under the
impact of surface vacancies

Chang et al.138 Phosphorene Young's modulus Examining the mechanical
properties of black and blue
phosphorene. The results indicate
that the temperature has weak
impact on the Young's modulus of
the structures

Vijayaraghavan and Zhang139 Boron nitride–carbon nanosheet Mechanical properties Investigating the tensile
characteristics of single layer BN–C
nanosheets. It was shown that the
BN–C nanosheet with parallel
arrangement exhibits slightly
improved mechanical resistance
than the BN–C nanosheet with
series arrangement

Hou and Yang58 Graphene oxides Tensile properties Carrying out tensile test to
investigate the mechanical
properties of graphene oxide sheets

Javvaji et al.128 Graphene Yield stress and strain Investigating the combined effect of
domain size, crack length, and
lattice orientation on the
mechanical properties of graphene

Anastasi et al.130 Graphene Mechanical properties and fracture
behaviour

Carrying out uniaxial tensile
loading to investigate the
mechanical properties of pristine
and nanoporous graphene. An
increase in system temperature
results in a signicant reduction in
the fracture stress and strain

Siriwardane et al.140 Sulfur-functionalized MXenes Structural, stability, and ion
dynamic properties

Performing computational
calculations at 400 K and bond-
length analysis to study the physical
properties of functionalized
MXenes

Cellini et al.141 Diamond boron-nitride Mechanical properties and pressure
induce phase transition

Investigating the mechanical
properties and pressure-induced
formation of 2D diamond boron
nitride. The results show
a metastable local rearrangement of
the h-BN atoms into diamond
crystal clusters when increasing the
indentation pressure
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method provides a convenient approach to calculate the in-
plane Young's modulus of 2D materials on a substrate.

3.3.3 Other 2D materials. Up to date, the FE studies on the
in-plane mechanical properties of other 2D materials are scarce
due to the restriction of the available spring constants. Table 4
summarizes the most recent studies for evaluating the
mechanical properties of 2D materials using the FEM.

3.4. Discussion

Overall, numerical modelling approaches with different size
and time scales have been developed for evaluating the in-plane
mechanical characteristics of 2D monolayers.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The in-plane elastic properties of some of the most studied
2D materials are presented in Table 5.51,83,121,147–149,153–157 Basi-
cally, in-plane mechanical properties (such as Young's
modulus, shear modulus, hardness, and Poisson's ratio) can be
calculated through the linear stress–strain or quadratic energy-
strain relationships. DFT methods are independent of any
empirical parameters, which provide the highest accuracy and
exibility, as evidenced by the data listed in Table 5. The DFT in-
plane Young's modulus and Poisson's ratio of graphene and
MoS2 are almost identical to the measured values. There is
a considerably large difference in the MXene system. Because
materials used for experimental measurements have hybrid
RSC Adv., 2021, 11, 20232–20247 | 20241
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Table 4 Recent studies evaluating the mechanical properties of 2D materials using FE approaches

Reference 2D material Approach Investigated properties Research summary

Khandoker et al.149 Graphene FEM Young's modulus, shear
modulus, and Poisson's
ratio

Investigating themechanical
properties of graphene using
atomistic modeling and
continuum approaches on
mono- and double-layer
graphene. The number of
layers affects the Poisson's
ratio but not the Young's
and shear moduli

Damascento et al.150 Graphene FEM Tensile and fracture strength Conducting an atomistic
simulation of FEM to
investigate the impact of
structural defects on the
mechanical properties of
graphene

Li et al.147 MoS2 FEM Young's modulus Demonstrating an approach
to map the in-plane Young's
modulus of single- and
double-layer MoS2. The
elasticity of both systems
cannot be differentiated

Zhang et al.151 Graphene FEM Mechanical properties Modifying the properties of
Sn–Cu–Ni solder joint used
for solar cells by exploring
their mechanical
characteristics. Applying
FEM to calculate the stress–
strain curve

Nakanishi et al.146 Hollow-wall graphene
gyroids

FEM Elastic modulus and yield
strength

Evaluating the macroscopic
mechanical properties of
solid-wall nickel gyroids and
hollow-wall graphene
gyroids using nano-
indentation testing with
a suitable interpretation by
FE simulation

Imani Yengejeh et al.152 Graphene FEM Natural frequency Performing a numerical
investigation to study the
mechanical properties of
topologically defective and
functionalized graphene
sheets. Reporting the
reduction of natural
frequencies of the material
models due to the presence
of the atomic defects
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terminal groups, this consequently leads to the theory-
experiment discrepancy. The simulation quality of MD simu-
lation is greatly affected by the force elds used in the study, as
evidenced by Lebedeva et al. on graphene.127 Table 5 lists one of
the best MD results, which are also close to the experimental
data. These results are caused by the potentials for graphene
and TMDs being purposely optimized. Up to date, graphene is
the most studied system via the FEA method. However, its
calculated in-plane mechanical properties are far from the
experiments. For example, the calculated Poisson's ratio of
graphene is about four times higher than the DFT and experi-
mental values.
20242 | RSC Adv., 2021, 11, 20232–20247
In addition, the rst principles DFTmethod does not require
any pre-set parameters. Its simulations can study chemical
reactions involving charge transfer, bond formation and
cleavage with high accuracy. Thus, DFT-based simulations
provide greater exibility for calculating the in-plane mechan-
ical properties of 2D materials. As a comparison, only limited
force elds are available for most of the 2D materials beyond
graphene. The parametrization of the force eld either derived
from the experimental data or rst-principles DFT results is
a very time-consuming task. As such, MD-based methods
cannot be widely used. The FEA simulation face the same
problem because its quality is based on the spring constants,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 In plane Young's modulus (Y2D), shear modulus (G2D) and Poisson's ratio (n2D) of 2D materials obtained by different computational
approaches and experimental measurements

2D Material Method Procedure Y2D (N m�1) G2D (N m�1) n2D Ref.

Graphene DFT Energy-strain 345 150 0.149 Wei et al.153

MD Stress–strain 320 150 0.22 Kalosakas et al.154

FEA — 272–323 85–153 0.7–0.8 Khandoker et al.149

Exp. AFM 340 � 50 0.165 Lee et al.51

MoS2 DFT Energy-strain 127.7 52 0.22 Imani Yengejeh et al.83

MD Stress–strain 149.42 — — Mortazavi et al.155

FEA — 163 — — Li et al.147

Exp. AFM 120 — 0.29 Cooper et al.148

Ti3C2O2 DFT Energy-strain 366–372 145 0.258 Kazemi and Wang121

MD Stress–strain 378.3 — 0.29 Plummer et al.156

FEA — — — — —
Exp. AFM (Ti3C2Tx) 326 � 29 — — Li et al.157
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which have the same issues related to the availability and
quality.

On the other hand, the force-eld-based classical MD
methods use empirical interatomic potentials to describe their
interaction energies. Thus, signicantly reducing the compu-
tational time using low cost. Consequently, the MDmethod can
assess the mechanical properties of large 2D materials. Addi-
tionally, the impact of temperature on the mechanical proper-
ties can also be evaluated. The FEM has the lowest
computational cost. Most of the FEM computations can be
conducted using desktop computers. Consequently, it can be
used to investigate some macroscopic mechanical properties.

To obtain the holistic picture of in-planemechanical properties
of 2D materials, a combination of different computational
methods is a plausible approach by taking advantage of each one's
strong features. So far, there have been some attempts to combine
the computational methods and propose a rened technique to
investigate themechanical properties of the nanostructures. Imani
Yengejeh et al. proposed a rened FEA to evaluate the vibrational
properties of the defective CNTs and their modications.158 They
implemented the well-established FEA for the perfect material
models. For appraising the properties of the defective structure,
the accurate DFT structural relaxation was used as FEA cannot
consider the rearrangement of the atoms aer the introduction of
the defect (e.g. vacancy defect). Their obtained results were in good
agreement with the experimental ndings, which suggested that
such a combined multiscale modelling approach is feasible for
investigating the mechanical characteristics of the 2D materials.
4. Summary and outlook

Over the past few decades, the family of low-dimensional
materials has rapidly grown beyond graphene. Many novel 2D
materials including, TMDs, MXene and phosphorene, have
become signicantly important. The remarkable properties of
2D materials pave a bright future for basic research and large-
scale industrial applications. Due to several limitations of the
experimental measurements, numerical simulation becomes
a promising alternative to evaluate the in-plane mechanical
properties of these 2D monolayers.
© 2021 The Author(s). Published by the Royal Society of Chemistry
This review described some widely used computational
approaches for investigating the in-planemechanical properties
of 2D material. Their features are discussed using some recent
study results as examples. DFT-based computation is the most
widely used approach to understand the in-plane mechanical
properties of 2D materials since their results are reliable. All 2D
monolayers can theoretically be investigated using the DFT
method aer their atomic congurations are correctly built. The
DFT results can be used to guide their design and screen for 2D
materials at the atomic level to achieve desired mechanical
properties. A major disadvantage of the rst-principles calcu-
lations is that only a few thousand atoms can be simulated.
Consequently, seriously limiting the direct comparisons to exper-
imental studies. In experiments, the measurements typically occur
on the micrometre length scale. For such larger sizes, classical MD
and FEM simulations are desirable. Theminuscule computational
costs of atomistic simulations using empirical force eld poten-
tials and spring constants enable the mechanical properties of
some 2D systems to be predicted. Basically, MD simulation is one
of the molecular simulation techniques which refer to a set of
approaches a conducting computational experiment on molecule
models. This simulation method can be classied into two major
categories: microscale dened in the range of 0.1–10 nm and
mesoscale dened from 10 nm to 100 nm. However, the key
ingredient for MD and FEM simulations is an empirical inter-
atomic potential and spring constants, which determines the
availability and accuracy of MD and FEM simulations. Since
different computational approaches exhibit their advantages and
disadvantages, the most appropriate computational technique can
be selected in terms of the type of mechanical properties of the 2D
material, the required accuracy of the results, and the features of
the applied method.

Finally, the development of novel technologies becomes
essential to generate a comprehensive understanding of the in-
plane mechanical properties of the 2D materials for their
applications based on strain engineering. Several promising
methods are discussed below:

(1) A combining approach may be an excellent solution to
describe a wide range of 2D materials properties as it would
enable the incorporation of positive features from eachmethod.
RSC Adv., 2021, 11, 20232–20247 | 20243
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For example, the machine learning method has been used to
develop the force elds from the DFT results, which can greatly
expand the application area of the MD and FEM
simulations.159–162

(2) The combination of the experimental measurements and
the numerical simulations also holds great potentials. As sug-
gested by the recent study, the experimental measurements can
be used to provide accurate spring constants, which can enable
the reliable in-plane Young's modules using the low-cost FEA
approach.163,164

(3) Machine learning technology can also be used to accel-
erate the advancement of this area. The DFT-based computa-
tional data can be used to build the database. The ensemble
learning system can be built using a diverse set of base
regressors/classiers. Construction is done through both
traditional learning algorithms (such as support vector
machine, decision tree, kernel ridge regression, Gaussian
mixture regression) and deep learning algorithms to identify
the relationship between the atomic ngerprints and their in-
plane mechanical properties.165,166

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This research was undertaken on the supercomputers in the
National Computational Infrastructure (NCI) in Canberra,
Australia, which is supported by the Australian Commonwealth
Government and the Pawsey Supercomputing Centre in Perth
with funding from the Australian Government and the
Government of Western Australia.

References

1 K. S. Novoselov, D. Jiang, F. Schedin, T. Booth,
V. Khotkevich, S. Morozov and A. K. Geim, Proc. Natl.
Acad. Sci. U. S. A., 2005, 102, 10451–10453.

2 Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin,
F. Kim and H. Yan, Adv. Mater., 2003, 15, 353–389.

3 B. Anasori, M. R. Lukatskaya and Y. Gogotsi, Nat. Rev.
Mater., 2017, 2, 1–17.

4 B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and
A. Kis, Nat. Nanotechnol., 2011, 6, 147–150.

5 L. Song, L. Ci, H. Lu, P. B. Sorokin, C. Jin, J. Ni,
A. G. Kvashnin, D. G. Kvashnin, J. Lou and B. I. Yakobson,
Nano Lett., 2010, 10, 3209–3215.

6 S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev and
A. Kis, Nat. Rev. Mater., 2017, 2, 1–15.

7 Q. Wei and X. Peng, Appl. Phys. Lett., 2014, 104, 251915.
8 A. Gupta, T. Sakthivel and S. Seal, Prog. Mater. Sci., 2015, 73,
44–126.

9 A. J. Howarth, Y. Liu, P. Li, Z. Li, T. C. Wang, J. T. Hupp and
O. K. Farha, Nat. Rev. Mater., 2016, 1, 1–15.

10 J. C. Tan and A. K. Cheetham, Chem. Soc. Rev., 2011, 40,
1059–1080.
20244 | RSC Adv., 2021, 11, 20232–20247
11 A. Kuc, A. Enyashin and G. Seifert, J. Phys. Chem. B, 2007,
111, 8179–8186.

12 R. C. Andrew, R. E. Mapasha, A. M. Ukpong and N. Chetty,
Phys. Rev. B: Condens. Matter Mater. Phys., 2012, 85, 125428.

13 Y. Sun, Q. Wu and G. Shi, Energy Environ. Sci., 2011, 4, 1113–
1132.

14 J. Pang, R. G. Mendes, A. Bachmatiuk, L. Zhao, H. Q. Ta,
T. Gemming, H. Liu, Z. Liu and M. H. Rummeli, Chem.
Soc. Rev., 2019, 48, 72–133.

15 A. Cao, L. Zhang, Y. Wang, H. Zhao, H. Deng, X. Liu, Z. Lin,
X. Su and F. Yue, ACS Sustainable Chem. Eng., 2018, 7, 2492–
2499.

16 S. Zhao, Y. Wang, J. Dong, C.-T. He, H. Yin, P. An, K. Zhao,
X. Zhang, C. Gao and L. Zhang, Nat. Energy, 2016, 1, 1–10.

17 J. Liu, J. Kang and Y. Wang, J. Appl. Phys., 2019, 125, 142906.
18 Z. Zhu, H. Yin, C. T. He, M. Al-Mamun, P. Liu, L. Jiang,

Y. Zhao, Y. Wang, H. G. Yang and Z. Tang, Adv. Mater.,
2018, 30, 1801171.

19 W. Cui, S. Xu, B. Yan, Z. Guo, Q. Xu, B. G. Sumpter,
J. Huang, S. Yin, H. Zhao and Y. Wang, Adv. Electron.
Mater., 2017, 3, 1700024.

20 Y. Wang, X. Liu, J. Liu, M. Al-Mamun, A. Wee-Chung Liew,
H. Yin, W. Wen, Y. L. Zhong, P. Liu and H. Zhao, ACS Appl.
Energy Mater., 2018, 1, 1688–1694.

21 Q. Xiong, Y. Wang, P. F. Liu, L. R. Zheng, G. Wang,
H. G. Yang, P. K. Wong, H. Zhang and H. Zhao, Adv.
Mater., 2018, 30, 1801450.

22 Y. Qi, Q. Xu, Y. Wang, B. Yan, Y. Ren and Z. Chen, ACS Nano,
2016, 10, 2903–2909.

23 H. Ren, H. Shao, L. Zhang, D. Guo, Q. Jin, R. Yu, L. Wang,
Y. Li, Y. Wang and H. Zhao, Adv. Energy Mater., 2015, 5,
1500296.

24 J. Sun, S. E. Lowe, L. Zhang, Y. Wang, K. Pang, Y. Wang,
Y. Zhong, P. Liu, K. Zhao and Z. Tang, Angew. Chem., Int.
Ed., 2018, 57, 16511–16515.

25 P. Zhou, Q. Xu, H. Li, Y. Wang, B. Yan, Y. Zhou, J. Chen,
J. Zhang and K. Wang, Angew. Chem., 2015, 127, 15441–
15445.

26 M. Al-Mamun, H. Zhang, P. Liu, Y. Wang, J. Cao and
H. Zhao, RSC Adv., 2014, 4, 21277–21283.

27 V. Ramalingam, P. Varadhan, H. C. Fu, H. Kim, D. Zhang,
S. Chen, L. Song, D. Ma, Y. Wang and H. N. Alshareef,
Adv. Mater., 2019, 31, 1903841.

28 J. Liu, H. Yin, P. Liu, S. Chen, S. Yin, W. Wang, H. Zhao and
Y. Wang, J. Phys. Chem. Lett., 2019, 10, 6955–6961.

29 Z. Zhu, H. Yin, Y. Wang, C. H. Chuang, L. Xing, M. Dong,
Y. R. Lu, G. Casillas-Garcia, Y. Zheng and S. Chen, Adv.
Mater., 2020, 32, 2004670.

30 B. C. Wyatt, A. Rosenkranz and B. Anasori, Adv. Mater.,
2021, 2007973.

31 G. R. Bhimanapati, Z. Lin, V. Meunier, Y. Jung, J. Cha,
S. Das, D. Xiao, Y. Son, M. S. Strano and V. R. Cooper,
ACS Nano, 2015, 9, 11509–11539.

32 S. Z. Butler, S. M. Hollen, L. Cao, Y. Cui, J. A. Gupta,
H. R. Gutiérrez, T. F. Heinz, S. S. Hong, J. Huang and
A. F. Ismach, ACS Nano, 2013, 7, 2898–2926.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01924d


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/9
/2

02
6 

10
:2

2:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
33 E. Scalise, M. Houssa, G. Pourtois, V. Afanas’ev and
A. Stesmans, Nano Res., 2012, 5, 43–48.

34 R. Roldán, A. Castellanos-Gomez, E. Cappelluti and
F. Guinea, J. Phys.: Condens. Matter, 2015, 27, 313201.

35 S. Yang, C. Wang, H. Sahin, H. Chen, Y. Li, S.-S. Li, A. Suslu,
F. M. Peeters, Q. Liu and J. Li, Nano Lett., 2015, 15, 1660–
1666.

36 Y. Cai, Q. Ke, G. Zhang, Y. P. Feng, V. B. Shenoy and
Y. W. Zhang, Adv. Funct. Mater., 2015, 25, 2230–2236.

37 G. H. Ahn, M. Amani, H. Rasool, D.-H. Lien,
J. P. Mastandrea, J. W. Ager III, M. Dubey, D. C. Chrzan,
A. M. Minor and A. Javey, Nat. Commun., 2017, 8, 1–8.

38 Z. Dai, L. Liu and Z. Zhang, Adv. Mater., 2019, 31, 1805417.
39 Y. Li, K.-A. N. Duerloo and E. J. Reed, Nano Lett., 2014, 14,

4299–4305.
40 K. S. Kim, Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, K. S. Kim,

J.-H. Ahn, P. Kim, J.-Y. Choi and B. H. Hong, Nature, 2009,
457, 706–710.

41 C. Chen and J. Hone, Proc. IEEE, 2013, 101, 1766–1779.
42 W. Wu, L. Wang, Y. Li, F. Zhang, L. Lin, S. Niu, D. Chenet,

X. Zhang, Y. Hao and T. F. Heinz, Nature, 2014, 514, 470–
474.

43 H. Zhu, Y. Wang, J. Xiao, M. Liu, S. Xiong, Z. J. Wong, Z. Ye,
Y. Ye, X. Yin and X. Zhang, Nat. Nanotechnol., 2015, 10, 151.

44 R. Hinchet, U. Khan, C. Falconi and S.-W. Kim, Mater.
Today, 2018, 21, 611–630.

45 J. Zhang and S. Meguid, Semicond. Sci. Technol., 2017, 32,
043006.

46 Best research-cell efficiencies chart, NREL, https://
www.nrel.gov/pv/cell-efficiency.html.

47 G. Grancini and M. K. Nazeeruddin, Nat. Rev. Mater., 2019,
4, 4–22.

48 N.-G. Park, J. Phys. Chem. Lett., 2013, 4, 2423–2429.
49 J. Huang, Y. Yuan, Y. Shao and Y. Yan, Nat. Rev. Mater.,

2017, 2, 1–19.
50 Y. Jiao, L. Zhou, F. Ma, G. Gao, L. Kou, J. Bell, S. Sanvito and

A. Du, ACS Appl. Mater. Interfaces, 2016, 8, 5385–5392.
51 C. Lee, X. Wei, J. W. Kysar and J. Hone, Science, 2008, 321,

385–388.
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