
Vol.:(0123456789)1 3

Applied Physics A (2021) 127:541 
https://doi.org/10.1007/s00339-021-04693-5

Nanopore creation in MoS2 and graphene monolayers 
by nanoparticles impact: a reactive molecular dynamics study

Hamidreza Noori1 · Bohayra Mortazavi2 · Leila Keshtkari3 · Xiaoying Zhuang2 · Timon Rabczuk1

Received: 7 April 2021 / Accepted: 11 June 2021 / Published online: 20 June 2021 
© The Author(s) 2021

Abstract
In this work, extensive reactive molecular dynamics simulations are conducted to analyze the nanopore creation by nano-
particles impact over single-layer molybdenum disulfide (MoS2) with 1T and 2H phases. We also compare the results with 
graphene monolayer. In our simulations, nanosheets are exposed to a spherical rigid carbon projectile with high initial 
velocities ranging from 2 to 23 km/s. Results for three different structures are compared to examine the most critical factors 
in the perforation and resistance force during the impact. To analyze the perforation and impact resistance, kinetic energy 
and displacement time history of the projectile as well as perforation resistance force of the projectile are investigated. 
Interestingly, although the elasticity module and tensile strength of the graphene are by almost five times higher than those 
of MoS2, the results demonstrate that 1T and 2H-MoS2 phases are more resistive to the impact loading and perforation than 
graphene. For the MoS2nanosheets, we realize that the 2H phase is more resistant to impact loading than the 1T counterpart. 
Our reactive molecular dynamics results highlight that in addition to the strength and toughness, atomic structure is another 
crucial factor that can contribute substantially to impact resistance of 2D materials. The obtained results can be useful to 
guide the experimental setups for the nanopore creation in MoS2or other 2D lattices.
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1  Introduction

Two-dimensional  (2D) materials are crystalline materi-
als consisting of a single layer of atoms. These materials 
have found applications in photovoltaic and photo-catalysts, 
semiconductors, electrodes and water purification [1, 2]. The 
extraordinary physical properties of 2D materials have the 
potential to both enhance existing technologies and also cre-
ate a range of new applications. These materials can show 
exceptionally high mechanical [3], thermal [4] and electrical 

[5] as well as optical properties. These properties give them 
the ability to improve the performance of many products 
and materials. The ‘enabling’ characteristics of 2D materials 
allow them to either replace existing materials used in the 
manufacture of products or, in some cases, create completely 
new applications. One of the popular and very well-known 
2D materials is graphene. Due to the extraordinary charac-
teristics of graphene, it has attracted remarkable and increas-
ing attentions of scientists in academia and industry as well. 
Outstanding strength resulting from strong covalent carbon-
to-carbon bonds suggest graphene as unique candidate to 
enhance the mechanical properties of polymers. Graphene 
can also greatly improve the thermal conductivity of a mate-
rial because of its exceptionally high thermal conductivity 
[6]. It is also very impermeable to both gasses and liquids [7, 
8]. This property allows it to be exploited for a wide range of 
barrier applications. In applications which require very high 
electrical conductivity graphene can either be used by itself 
or as an additive to other materials [9, 10]. Even in very low 
concentrations, graphene can greatly enhance the ability of 
electrical charge to flow in a material [11]. Recently, numer-
ous researches have been carried out to study the impact 
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behavior of graphene [12, 13] as well as resistance rupture 
and creation of nanopore in graphene [14–17]. The results 
demonstrate that graphene sheets can be used as bulletproof-
ing due to its ultrahigh strength.

Another interesting and attractive 2D material is molyb-
denum disulfide (MoS2). This material is classified as a tran-
sition metal dichalcogenides and is relatively nonreactive. 
This 2D material exists in semiconducting (2H), and metal-
lic (1T) phases as are shown in Fig. 1. It is similar to graph-
ite and has been widely used as a dry lubricant [18, 19] for 
several centuries because of its low friction and robustness 
and these days addressed among scientists for its appropriate 
properties. Single layer of molybdenum disulfide (SLMoS2) 
can be mechanically exfoliated easily from its bulk coun-
terpart [20], is a semiconducting analog to graphene [21], 
which shows an intrinsic band gap. It offers unique oppor-
tunities to tailor mechanical, thermal, electrical and optical 
properties as well as osmotic power generation [22–24]. A 
MoS2 sheet consists of Stop-Mo-Sbot triple atomic planes, 
as shown in Fig. 1, with strong in-plane bonding. Interest-
ingly depending on the arrangement of S atoms, SLMoS2 of 
MoS2 can exhibit contrasting electronic properties of semi-
conducting (2H) and metallic (1T) phases. Experimental 
achievements confirm the possibility of fabrication of MoS2 
hetero-structures made of semiconducting and metallic in a 
single-layer form. Due to experimental and theoretical esti-
mations, MoS2 is a material with a bright prospect for a wide 
variety of applications. Mechanical properties of semicon-
ducting MoS2 films have been studied both experimentally 
and theoretically [25–27].

The responses of the materials under high loading or 
impactare among the important engineering issues. Numer-
ous experimental and theoretical simulations have been done 
to study the response of conventional and composite materi-
als due to impact loading [28–30]. In addition, constructing 
a three-dimensional graphene structure [31] is performed to 
analyze the impact behavior of graphene sheets by ion beam 
irradiation. These studies reveal that graphene can demon-
strate excellent energy dissipation during impact due to its 
full sp2 strongly bonded carbon atoms. Haqueet et al. [12] 
studied impact behavior of graphene sheet using molecu-
lar dynamics simulations. In their study, one, two and three 
layers of graphene sheet were impacted with a fullerene 

rigid projectile in the impact velocity range of 3–8 km/s. In 
addition, Lee et al. [32] conducted 90 experiments to study 
the behavior of multilayer graphene membrane with the in-
plane dimensions L = W = 85 µm and average thickness of 
10–100 nm subjected to a spherical silica bullet with the 
mass of m = 5.0 ± 0.1 × 10–14 kg. In their study at 600 m/s 
and 900 m/s impact velocities, post-impact analysis iden-
tifies three to six radial cracks initiating from the impact 
site with equal numbers of triangular-shaped petals creas-
ing and folding at the base of the transverse cone which 
show graphene has extraordinary bullet resistance feature 
and excels in energy dissipation. Also, Avila et al. [33] have 
reported that addition of graphene sheets in the conventional 
composite materials increases their impact resistance. It was 
suggested that graphene sheets have advantages over carbon 
nanotubes (CNTs) since these are much easier to produce at 
relatively lower cost.

The investigations on 2D materials are extensive but still 
there is need for numerous studies. Researches show studies 
on one 2D material provide helpful understanding for the 
other family of 2D materials because many of the experi-
mental set ups (initially for one 2D) can be used to perform 
measurements on other materials in this family. For example, 
the mechanical properties of single-layer MoS2 (SLMoS2) 
were successfully measured using the same nanoindentation 
platform as graphene [34, 35]. In the theoretical community, 
many theorems or approaches, which were initially devel-
oped to study graphene, are applicable to other quasi-two-
dimensional materials. The interactions between the carbon 
atoms in graphene can be calculated using different com-
putation levels: ab-initio density functional theory simula-
tions and classical molecular dynamics simulations. For the 
modeling of MoS2, there are various potentials available. 
Liang et al. [36] parameterized a bond-order potential for 
MoS2, which was based on the bond-order concept underly-
ing the Brenner potential [37]. Study the nanoindentation 
in MoS2 thin films using a molecular statics approach [38], 
employing VFFM to calculate the phonon spectrum in bulk 
MoS2 [39]. There are numerous theories and approaches 
are used to study graphene [40, 41], and later on, these 
approaches were considered to study MoS2 [42, 43]. In these 
investigations, graphene and MoS2 are compared and the 
results reveal in some applications graphene is more useful; 

Fig. 1   Top and side views of 2H 
and 1T MoS2 monolayers
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however, there are some other applications that MoS2 seems 
more competitive.

To date, numerous studies have been carried out to inves-
tigate the behavior of graphene impacted by high velocity 
projectile [33, 44, 45], and the results reveal graphene could 
be used as a high performance bulletproofing material. 
Researches on graphene versus MoS2 have encouraged us 
to conduct molecular dynamics simulations on the impact 
of a projectile over three nanomembranes of graphene and 
MoS2 with 1T and 2H phases. In order to conduct a direct 
comparison, the same conditions are considered for the three 
membranes. All the simulated membranes are with the same 
dimensions with fixed boundary conditions on the edges. 
Then, they are subjected to high velocity rigid projectile 
impacts the membranes at the center. Three different impact 
velocities are examined, and after the impact, different phe-
nomena are observed. Projectile impacts the membrane 
and bounces back without breaking any bonds. Projectile 
impacts the membrane and some bonds are breaking, but 
the projectile does not pass through the membrane. Projec-
tile bounces back or sticks to the target and then the whole 
system, membrane and projectile, vibrates. And finally, 
the minimum velocity that complete perforation happens 
is identified. Naturally, velocities higher than this velocity 
could break target bonds and passes through the target. Per-
foration, energy dissipation, and bullet trajectory are studied 
to identify the resistance of these three materials against 
high velocity impact. The results are compared and it will be 
discussed that how the strength and atomic structure of the 
nanosheet can contribute to the impact behavior.

2 � Modeling

In the present study, Large-Scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS) [46] is used to carry 
out MD simulation; Open Visualization Tool (OVITO) [47] 
is used for the graphical presentations. The following pro-
cess is employed, single-layer graphene (SLG) and single-
layer MoS2 with 1T (SLMoS2-1T) and 2H (SLMoS2-2H) 
sheets with the dimensions 200 × 200 nm as well as car-
bon sphere projectile with 20 nm diameter are constructed. 
The projectile coordinates introduced separately in each 
membrane file so that it hits the center of the target when 
it is allowed to move. An initial 6 Å distance is considered 
between the projectile and the target. As the main objec-
tive of this study is to find perforation and resistant force 
of the projectile, short distance initial position of the pro-
jectile does not affect the results but reduces the computa-
tional costs. All the nanomembranes edges, which are laid 
along x and y coordinate system directions, are fixed. The 
periodic boundary conditions considered in x and y planar 
directions, whereas along the z-direction non-periodic and 

shrink-wrapped (s) boundary condition is considered. The 
time step is used as 0.1 fs and the temperature is considered 
as 1 K to avoid thermal effect [12]. For the MoS2 phases, 
the intra- and inter-molecular interactions are modeled by 
the ReaxFF [48] reactive potential, which is the best choice 
to predict mechanical behavior of MoS2 as discussed in the 
previous study [27]. Similarly the time step is used as 0.1 fs 
and the temperature is considered as 1 K to avoid thermal 
effect [12] like in case of graphene. Moreover, before fixing 
the edge atoms, sheets were relaxed by the Nosé-Hoover 
barostat and thermostat method at the desired temperature 
and to reach zero stress. Once the system was free of resid-
ual stresses, the structures were further equilibrated at 1 K 
temperature using Berendsen thermostat. Then, the atoms 
at boundaries were fixed; the simulations were carried out 
by giving different initial velocities to the projectile rang-
ing from 2000 m/s to 15,000 m/s, 2000 m/s to 17,000 m/s, 
and 2000 m/s to 23,000 m/s for graphene, MoS2-1T and 
MoS2-2H, respectively. Three different velocity domains are 
identified to understand what happens to the target. With the 
low velocities, projectile moves toward the target, hits it, 
pushes the target in the same direction of velocity and then 
bounces back due to the elastic force of the stretched target. 
In these range of velocities, no bonds are broken. In the 
second range of velocities, the projectile moves toward the 
target, breaks some bonds and again bounces back or sticks 
to the target and vibrates with the target. In these velocities 
range, the number of breaking bonds depends on the values 
of initial velocity of the projectile, and such that a higher 
initial velocity leads to more breaking bonds. And finally, 
the third range of velocities is that the complete perforation 
happens. For these range and higher velocities, the projectile 
passes through the target after impact and a hole and cracks 
are created in the center of the target.

3 � Results and discussions

We first study the impact behavior of single-layer graphene 
(SLG). Figure 2 shows the graphene and projectile structure 
before and during impact for different initial velocities. All 
the graphene edges are fixed and different initial velocities 
are applied to the projectile which moves toward the target 
along the sheet’s normal direction and impacts the target. 
To examine the perforation, eight different initial velocities 
of 2000, 4000, 7000, 10,000, 11,000, 13,000, 14,000, and 
15,000 m/s are applied to the projectile.

Figure 2 shows the target before and during impact. Fig-
ure 2a, b show the target before and after impact, respec-
tively, with the projectile’s velocity equal to 2000 m/s. In 
this velocity, the projectile impacts the target and bounces 
back as could be seen in Fig. 2b, and Fig. 2c and Fig. 2d 
show the projectile impacts the target for initial velocities 
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equal to 7000 m/s and 11,000 m/s, respectively. When the 
velocity is 7000 m/s, some bonds are broken and projectile 
penetrates through the target and the whole system vibrates. 
In the case of projectile’s velocity equal to 11,000 m/s, the 
complete perforation happens and then projectile continues 
to moves in negative z-direction. Generally, three cases hap-
pen and change in projectile’s kinetic energy and displace-
ment versus time are plotted in Fig. 3. In the first case, the 
projectile’s initial velocities are lower than 5000 m/s and 
there is no enough kinetic energy to break bonds of the 
graphene layer. As shown in Fig. 2b, for example, when 
the initial velocity equal to 2000 m/s, the projectile hits the 
graphene, pushes the graphene and reaches maximum dis-
placement in the negative z-direction, stops for an instant 
that at this time it has zero kinetic energy. The stretched 
graphene causes the bullet bounces back with lower kinetic 
energy than its initial kinetic energy and a harmonic circu-
lar wave is created, similar a wave appears by throwing a 
stone inside immovable and stationary water, and propagates 
through the target. The wave starts from the center, travels 
through the target and transmits energy, reaches the bound-
aries and finally the wave and its energy reflected back. 
Also, by considering Fig. 3, it can be seen that the change 
of kinetic energy and displacement versus time for initial 
velocity equal to 2000 m/s. Kinetic energy is constant as 
the bullet travels through the initial gap and then decreases 

during impact, turn to zero when reaches the maximum dis-
placement. Then, the bullet bounces back due to the elastic 
force of the stretched target and the kinetic energy starts to 
increases but not considerably and finally remains constant. 
The displacement of the projectile versus time for initial 
velocity equal to 2000 m/s is shown in Fig. 3. It can be 
seen the projectile travels toward the target and pushes it 
in the negative z-direction and reaches the maximum dis-
placement. Then bounces back due to the elastic force of 
the target and continues to travel in positive z-direction. For 
the velocities between 4000 to 5000 m/s, as it can be seen 
in Fig. 3 where initial velocity equal to 4000 m/s, the pro-
jectile impacts the graphene, no breaking of bonds happen, 
but does not bounces back similar to that happened when the 
initial velocity is equal to 2000 m/s. In the aforementioned 
range of velocities, the projectile impacts the target, pushes 
it back in the negative z-direction, sticks to the target and 
for a moment the projectile’s velocity becomes zero. The 
stretched graphene pushes the projectile back and all the 
system vibrates together. Similar to that happened for the 
velocity equal to 2000 m/s a harmonic circular wave is cre-
ated in the center of graphene, moves to the boundaries and 
reflected back.

In the second case, the projectile’s initial velocities are 
between 5500 and 10,000 m/s. In these range of speeds, the 
projectile starts to break some graphene’s bonds, but the 

Fig. 2   a Single-layer graphene and the projectile before impact. b 
Projectile with initial velocity 2000  m/s impacts SLG and bounces 
back. c Projectile with initial velocity 7000  m/s impacts SLG and 

sticks to the target. d Projectile with initial velocity 11,000  m/s 
impacts SLG and complete perforation happens
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complete perforation does not happen. After breaking some 
bonds, the projectile sticks to the graphene layer and all the 
system vibrates together. The number of breaking bonds 
depends on the initial velocity of the projectile. Higher ini-
tial velocities break more bonds. Similar to the first case, 
the wave is created in the center of target and propagates 
through the target, transmits energy, reaches the bounda-
ries and finally the wave and its energy reflected back. In 
the last case, the projectile’s initial velocities are more than 

10,500 m/s. In this case, the projectile completely passes 
through the graphene layer and complete perforation hap-
pens. The projectile loses some of its kinetic energy, passes 
through the graphene, and with constant kinetic energy con-
tinues to move in the negative z-direction. Similar to 1st 
case and 2nd case, the wave and its energy move through 
the target and reflected back as reaches the boundaries. The 
amount of projectile’s kinetic energy after complete perfora-
tion depends on the value of the initial velocity as it could 

Fig. 3   Change of projectile’s kinetic energy and displacement versus time for different range of impact velocities over single-layer graphene 
(SLG)
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be seen in Fig. 3. For initial velocity equal to 13,000 m/s, 
the projectile leaves the target with the kinetic energy equal 
to nearly 250 eV; however, for the initial velocity equal to 
15,000 m/s, the kinetic energy is nearly equal to 1300 eV 
after perforation. It should be mentioned that our predicted 
velocities are relatively high compared to those numeri-
cal results [12] in which complete perforation happens at 
4500 m/s for single-layer graphene. In the study by [12], 
mass of the projectile consists of 180 carbon atoms which is 
lower than the present study in which projectile’s mass con-
sists of 207 carbon atoms. This should results in the present 
study perforation has to take place in lower velocities than 
those obtained by [12]. However, the mass is not the only 
factor that contributes to the impact problems.

The size of the projectile shows a significant effect on 
the impact loading problems. In the previous study  [12], 
the projectile’s diameter is 12 Å which is nearly two times 
smaller than the projectile’s diameter in the present study 
(20 Å). As the projectile’s diameter increases, the contact 
surface increases; therefore, more initial velocity is needed 
for the complete perforation. This could be approved by the 
following formulation that demonstrates the movements of 
a projectile through a media. When a moving object passes 
through a media, it experiences resistive forces via the 
media. In general, the resistive force could be written as 
follows:

In Eq. (1), the first term in the right-hand side is called 
viscous term and the second one is called pressure term. �̂  
is unite vector and the minus sign states the resistive force 
is in the opposite direction of the speed. Furthermore, the 
resistive force applied on the bullet is represented by k1 , and 
k2 which are depend on the kind of medium that the bullet 
passes through. Generally, the resistive force depends on 
the shape of the object, the size of the object, the medium 
that objects movingthrough, and the speed of the object. In 
this paper, the object is considered to be a sphere and conse-
quently the magnitude of the resistance force in the Eq. (1) 
can be written as:

where c1 and c2 are constant with the dimensions of kg
m s

 and 
kg

m3
 , respectively. Equation (2) shows the resistance force 

which results in how the target can resists against the projec-
tile, which strongly depends on the radius of the projectile. 
This is the reason why in the present study, the perforation 
happens in higher velocities than those reported in [12]. In 
order to conduct a numerical validation, a model similar to 
that one in earlier study [12] was conducted, with single-
layer graphene with the dimensions of 200 × 200 Å and a 
projectile with a radius of 12 Åwith the same mass. The 

(1)Fres = −

(
k1� + k2�

2
)
�̂

(2)||Fres
|| = c1r� + c2r

2
�
2

complete perforation happens for the initial velocities higher 
than 5000 m/s, which is in a close agreement with the results 
in the work by [12], that suggests the perforation happens 
for the initial velocities higher than 4500 m/s. Also, a model 
constructed similar to that experimented by [32], (projectile 
with the mass m = 3.61 × 10–24 kg) and complete perforation 
happened at the minimum velocity equal to 630 m/s which 
is in a good agreement by the value of 600 m/s reported 
experimentally  [32]. It should be mentioned that the veloc-
ity of conventional bullets is in the range of 1000–2000 m/s. 
In our theoretical analysis, we found the velocities that the 
projectile’s impact can result in the rupture of the graphene 
are very high. Nonetheless, if we have used bullet with big-
ger mass, the rupture would occur at lower velocities. This 
way, our results like other theoretical simulations can be 
useful to comparatively study the impact problems, rather 
than concentrating on the absolute values of the projectile’s 
velocity. We next explore the impact behavior of single-
layer graphene MoS2 with 1T phase (MoS2-1T). Like gra-
phene elaborately discussed above, a MoS2-1T sheet with 
200 × 200 nm along x and y-directions subjected to a 20 nm 
carbon projectile that initially distanced 6 Å from the target’s 
center in z-direction. As stated before, ReaxFF thoroughly 
is used in many studies to model intra- and inter-molecular 
interactions in graphene and MoS2. These studies demon-
strated taht ReaxFF and AIREBO force field reasonably 
predicted the mechanical behavior of MoS2 and graphene. 
Therefore, in this study, ReaxFF potential is employed to 
predict the transverse impact behavior of MoS2 subjected 
to a high velocity carbon projectile. The graphical view of 
MoS2-1T and projectile before and after impact is shown 
in Fig. 4. Figure 4a shows the whole structure, including 
projectile and target, before impact. Figure 4b, c show the 
impact for the initial velocities equal to 2000 and 7000 m/s, 
respectively. For the velocity equal to 2000 m/s, the bul-
let impacts the target, presses the sulfide bonds and then 
bounces back. The compression of sulfide bonds which 
are bonded to molybdenum atoms in the middle leads to 
distortion in the target. Unlike the case of graphene, a cir-
cular wave is not created and the distortion resembles that 
of the higher modes of vibration. As the projectile reaches 
maximum distance, bounces back due to the force of com-
pressed bonds connected to the sulfide atoms and also due 
to the stretched middle layer. When the velocity is equal to 
7000 m/s as shown in Fig. 4c, the projectile hits the target, 
but does not bounces back. In this velocity, the projectile 
sticks to the target and vibrates with the target. Like the 
previous impact, the target distorted as if higher vibration 
modes are created.

As expected, higher velocities lead to more distortion 
and creation of higher vibration modes. The Fig. 4d shows 
the complete perforation for the initial velocity equal to 
17,000 m/s. In this velocity, the projectile hits the target 
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and passes through the target. The higher velocities lead to 
higher modes of vibration and more distortion. To exam-
ine the perforation, different initial velocities equal to 2000, 
7000, 10,000, 13,000, 14,000, 15,000, 17,000  m/s are 
applied to the projectile. The change of projectile’s kinetic 
energy and displacement versus time are plotted in Fig. 5 
for different initial velocities. As a constant routine, three 
different cases happen: in the 1st case, the initial velocity is 
lower than 3000 m/s. In these range of velocities, there are 
no braking bonds. The projectile impacts the MoS2-1T sheet, 
presses the sulfide connected bounds to molybdenum and 
creates some distortion in the target like standing waves and 
finally bounces back due to the elastic force of the connected 
bonds and stretched middle plane. When the projectile hits 
the target loses most of its kinetic energy and bounces back 
with a small amount of kinetic energy. The converted energy 
turns into potential energy in the target, heat, and other form 
of energy. Unlike the graphene, it seems that waves do not 
move, just distortion happens in the target like higher modes 
of vibration. In the 2nd case, the applied initial velocities are 
between 3000 and 13,000 m/s. In this extension of veloci-
ties, the projectile impacts the target, breaks some bonds and 
adheres to the target. The projectile loses all of its kinetic 

energy which converted to the potential energy in the tar-
get, heat, and other form of energy. The number of breaking 
bonds depends on the initial velocity of the projectile, and it 
means bigger initial velocities lead to more breaking bonds. 
Also, higher velocity results in higher vibration modes hap-
pen in the target. This happening higher modes and distor-
tion lead to not only the breaking bonds happen in the area 
of impact, but also some bonds far from the impact area will 
break. In the last and 3rd case, the velocities are more than 
14,000 m/s. In this case, the projectile hits the target and 
passes through the target and complete perforation happens. 
After perforation, the projectile continues to move with a 
constant velocity which is much less than initial velocity 
due to the loss of kinetic energy. Like the 2nd case, higher 
vibration modes created in the target and distort the target. 
As mentioned, braking of bonds are not just in the impact 
area but also in the other parts of the target. As the initial 
velocity increases and are very high, the distortion increases 
and the breaking of bonds happen at regions farer from the 
impact location.

Last but not least, we study the impact over single-layer 
MoS2-2H sheet. Different initial velocities equal to 2000, 
4000, 10,000, 13,000, 17,000, 19,000, 23,000 m/s are given 

Fig. 4   SLMoS2-1T and projectile’s structure before impact. b Pro-
jectile with the initial velocity of 2000  m/s impacts SLMoS2-1T 
and bounces back. c Projectile with the initial velocity of 7000 m/s 

impacts the sheet and sticks to the target. d Projectile with the initial 
velocity of 17,000 m/s impacts and complete perforation happens
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to the projectile. The pictorial appreciation of the impact is 
shown in Fig. 6. Figure 6a shows the whole system before 
impact where the target is completely flat and the projec-
tile distanced 6 Å from the target. Figure 6b represents the 
impact with initial velocity equal to 2000 m/s. With this 
initial velocity, projectile impacts the target and creates a cir-
cular wave in the center which propagates through the target. 
The wave transmits the energy and reaches the boundaries 
and then reflects back toward the center. The wave’s velocity 
is considerably less than in the case of graphene. The pro-
jectile compresses the sulfide bonds that are bonded to the 
molybdenum atoms in the middle plane and then pushes the 

target. As the projectile reaches the maximum displacement, 
bounces back due to the elastic force of the stretched middle 
plane and the compression force of the sulfide-molybdenum 
bonds.

Figure 6c represents pictorial view of the impact when 
the initial velocity is equal to 7000 m/s. In this velocity, 
the projectile impacts the target and compresses the sulfide 
bonds which are connected to the molybdenum atoms and 
pushes the target in the negative z-direction. The projectile 
breaks some bonds and adheres to the target. A circular wave 
creates in the center of the target and propagates through 
the target, reaches the boundaries and reflected back. The 

Fig. 5   Change of projectile’s kinetic energy and displacement versus time for different range of velocities, SLMoS2-1T
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reflected wave transmits the energy and causes the vibra-
tion of the target and the projectile. Figure 6d shows the 
impact when the initial velocity is equal to 23,000 m/s. In 
this velocity, the projectile hits the target and passes through 
the target and complete perforation happens. A circular wave 
created in the center of the target and propagates through the 
target and reflected back as reaches the boundaries. Similar 
to that happens to graphene and MoS2-1T, three different 
cases occur and graphical view of changing in projectile’s 
displacement and kinetic energy versus time is presented 
in Fig. 7 for different initial velocity of the projectile. In 
the 1st case, velocities are less than 4000 m/s that leads to 
no breaking bond. The projectile impacts the target, com-
press the connected bonds of sulfide to molybdenum and 
pushes the target, loses all of its kinetic energy and stops for 
a moment at maximum displacement, and finally bounces 
back due to the elastic force of the stretched target and 
compressed bonds with much less kinetic energy than ini-
tial kinetic energy. As aforementioned, projectile’s kinetic 
energy converts to potential energy of the target, heat, and 
other form of energy. The 2nd case is related to velocities 
between 4000 and 19,000 m/s. In this case, some bonds are 
broken and the projectile adheres to the target. Perforation 
does not happen, and the projectile and the target vibrate 

due to the transmitted and reflected wave. The number of 
breaking bonds depends on the values of the initial velocity, 
and for higher initial velocity, more bonds break. In the 3rd 
case, the velocities are higher than 19,000 m/s and the com-
plete perforation happens. The projectile impacts the target, 
breaks bonds and passes through the target. Most of projec-
tile’s kinetic energy converts to the other form of energy and 
as the projectile passes through the target, continues to move 
with constant kinetic energy.

Figure 8 shows the time history of the perforation resist-
ance force for SLG. Initially, as long as the projectile travels 
in vacuum, resistance force is zero. When the projectile starts 
to contact with the target, resistance force starts to increase. 
After reaching a maximum value, force starts to decreases 
with time. Peak value of the resistance force increases with 
the impact velocity. These perforation resistance forces are 
higher than the perforation resistance force those are pre-
sented by [12] for SLG for the same initial velocity. In their 
study, it is stated that the resistance force increases with 
the impact velocity and number of graphene sheets. In our 
study for the initial velocity equal to 7000 m/s, the maxi-
mum value of the resistance force is virtually 230 nN for 
SLG, which is nearly the same as the value reported by [12] 
for bi-layers graphene sheet (2L-GS). The reason for higher 

Fig. 6   a SLMoS2-2H and projectile’s structure before impact. b 
Projectile with initial velocity 2000  m/s impacts SLMoS2-2H and 
bounces back. c Projectile with initial velocity 7000  m/s impacts 

the sheet and sticks to the target. d Projectile with initial velocity 
23,000 m/s impacts and complete perforation happens
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resistance force compare to [12] is that in the present study, 
the diameter of the projectile is nearly two times bigger than 
the projectile’s diameter in the earlier study [12]. As stated 
before and theoretically confirmed by the Eqs. 1 and 2, the 
increase in projectile’s diameter leads to increase in contact 
surface during impact and results in higher resistance force.

The time history of the perforation resistance force for 
SLMoS2-1T is presented in Fig. 9. As long as the projec-
tile travels through the vacuum to reach the monolayer, 

the resistance force is zero. The resistance force starts to 
increase as soon as the impact occurs. Resistance force 
increases during impact and reaching a maximum value 
and then begins to decrease. As expected, the peak of the 
resistance force increases with the impact velocity. Fig-
ure 9 also shows impact resistance force for SLMoS2-2H. 
Worthy to note according to earlier MD study, 2H phase of 
MoS2 nanosheet is considerably stronger than its 1T coun-
terpart [27], which is consistent with our reported results 

Fig. 7   Change of projectile’s kinetic energy and displacement versus time for different range of velocities, SLMoS2-2H
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which indicate higher resistive forces for the impact over 
SLMoS2-2H than SLMoS2-1T. By comparing the results 
shown in Figs. 8 and 9, it is clear that the maximum resist-
ance force is highest for SLMoS2-2H and minimum for the 
SLG.

To summarize our results, we have conducted the simu-
lations with initial impact velocities of 2000, 7000, 10,000, 
13,000, 14,000, 15,000 and 17,000 m/s. We predicted that 

for the SLG, perforation happens for the initial velocities 
more than 10,000 m/s. For the SLMoS2-1T and SLMoS2-2H, 
the perforation happens for the velocities more than 
14,000 m/s and 19,000 m/s, respectively. It is thus clear that 
required energy for the nanopore creation in MoS2 monolay-
ers is considerably higher than SLG, which is a very inter-
esting finding. Lee et al. [32] realized that the combination 
of strength and toughness of a material are two important 

Fig. 8   Perforation resistance 
force versus time for single-
layer graphene

Fig. 9   Perforation resistance force versus simulation time for SLMoS2-1T and SLMoS2-2H
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factors that contribute to stop speeding projectile as well 
as dissipating the absorbed kinetic energy. In their study, 
they found specific penetration energy for multilayer gra-
phene is virtually 10 times more than the literature value for 
macroscopic steel sheet at 600 m/s. Although the breaking 
strength and young’s modules of SLG are nearly 5 times 
more than the SLMoS2 [26], the penetration happens with 
smaller kinetic energy for graphene compare to SLMoS2 
phases. In the present study, as a new fining, we show that in 
addition to the strength and toughness, there are other factors 
that can contribute to improve bulletproofing application. 
With our reactive molecular dynamics results, we clearly 
show that atomic structure can yield substantial enhance-
ment in bulletproofing. The superiority of MoS2 to graphene 
can be attributed to its layered structure, in which a plane 
of molybdenum atoms is sandwiched by planes of sulfide 
atoms (Stop–Mo–SBot) as shown in Fig. 1. In this system, 
strong in-plane bonding forms between Mo and S atoms. 
In this simulation, we understood that topology and atomic 
configuration of the material play important role in impact 
problems. The 2H phase is the original structure of MoS2 
which shows a hexagonal lattice with the atomic stacking 
sequence of ABA. On the other hand, 1T phase represents 
an atomic stacking sequence of ABC, in which the S atoms 
on the bottom are placed in the hollow center of the hex-
agonal lattice. In accordance with the results shown in ear-
lier theoretical simulations [27], the arrangement of sulfide 
atoms in two phases also changes the mechanical strength 
and contributes to amplify the perforation resistance and 
energy absorption during impact.

4 � Conclusion

Extensive reactive molecular dynamics simulations are 
performed to estimate resistance of single-layer graphene, 
MoS2-1T and MoS2-2H to the impact loading. As a remark-
able finding, we show that despite the higher strength and 
toughness of graphene compare to MoS2 monolayer, MoS2 
shows distinctly higher resistance to the impact loading as 
compared to graphene. The underlying mechanism is dis-
cussed to be due to the three-layered sandwich structure 
of MoS2 phases. Our results also indicate higher resistive 
forces for the impact over 2H phase of MoS2 than its 1T lat-
tice. Therefore, it could be concluded that in addition to the 
strength and toughness, atomic structure is another crucial 
factor that can contribute substantially to impact resistance 
of 2D materials. Outcomes of this study can also guide the 
experimental studies for the nanopore creation in MoS2 
nanosheets.
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