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Being the key process of a promising scalable production method, mechanical peeling is often used to construct
high-quality van der Waals (vdW) heterostructures. By combining molecular dynamics (MD) studies and theo-
retical analysis, the investigation of the process of peeling heterostructures at different angles is reported. Taking
vdW interaction into account, we present a theory that considers the effects of peeling angles on peeling forces.
The theory is verified with results of MD simulations and found to describe the stable peeling stage well.

Furthermore, there is a characteristic length at the initial stage of peeling, which reflects the bending and
interfacial properties of the layered materials during peeling and indicates the influence of peeling angles on
transition from unstable peeling to stable peeling. Our findings could help to understand the peeling mechanisms
of 2D material interfaces and may give a guidance for the construction of better-quality and more complex vdW

heterostructures.

1. Introduction

The monolayer graphene was successfully peeled from highly ori-
ented pyrolytic graphite [1] in 2004, and peeled-off two-dimensional
(2D) materials was shown to exist stably at room temperature and in air
[2,3]. Since then, the family of 2D materials has attracted significant
interest due to their outstanding structural, mechanical [4], electrical
[5,6], and optical [7] properties, which are dramatically different from
those of their three-dimensional counterparts [8]. As the derivatives of
2D materials, van der Waals (vdW) heterostructures have emerged. The
in-plane atoms in each 2D monolayer are chemically bonded, and
adjacent layers are weakly bonded by the vdW interaction. There is no
chemical bonding between different layers, making it possible to create
various heterostructures by separating, mixing, and matching atomic
layers with different properties. The unique structure equips the vdW
heterostructures with novel electronic and optoelectronic properties [9],
which renders a variety of applications, such as vertical transistors,
plasmonic devices [8], light-harvesting devices [9], etc.

Various applications require the mass productions of hetero-
structures. To this end, a scalable approach to assemble the vdW het-
erostructures is desired. To build heterostructures, the basic principle is
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to stack different layers of the 2D materials on top of each other [10]
(Fig. 1a, b), which is called direct mechanical assembly [8] or exfolia-
tion and restacking approach [9]. This method is able to create more
complex heterostructures with atomically clean interfaces. The process
can be divided into three steps: Preparing the 2D materials, transferring
the 2D materials to the substrates, using micromanipulators until the
two materials contact to form the heterostructures. During the assembly
process, sacrificial polymer membranes are used to transfer 2D mate-
rials. In the end of the transfer process, they are directly dissolved to
obtain heterostructures [11]. Unfortunately, the residue from the pro-
cess would be left on the heterostructures and hinder further operations
[8,9]. The residues not only increase the surface roughness and cause
bubbles or blisters but also give rise to chemical doping [12]. Moreover,
experimental operations require much time and lack reproducibility
[13], thus making the scalable production arduous. Furthermore, sig-
nificant efforts of the bottom-up methods, such as the direct growth
[14,15] and chemical vapor deposition [16,17], have been utilized to
grow vertical heterostructures. The bottom-up strategy is likely to be the
technique for scalable production of the vdW heterostructures [8].
However, for growing 2D materials on top of substrates, the weak vdW
interaction will not form the continuous monolayers growth but results
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Fig. 1. The vdW heterostructures. (a) Mechanical assembly stacking. (b)
Multilayer vdW heterostructure. (c) Atomic model of graphene/MoS, hetero-
structure (upper: graphene, lower: MoS,). (d) Atomic illustration of
peeling process.

in island growth [10]. In addition, the growing process is affected by the
highly sensitive growing conditions of 2D materials [9].

For the transfer process of the mechanical assembly method, it is
possible to achieve cleaner multilayer stacking if the polymer mem-
branes are peeled off instead, making this approach a better way to
construct better-quality vdW heterostructures. Therefore, mechanical
peeling is critical for the assembly process, and peeling force plays an
important role during the peeling process. Earlier studies on mechanical
peeling behavior at nanoscale focus on carbon nanotubes [18,19] and
nanoribbon [20]. For mechanical peeling of 2D materials, most studies
focused on peeling from rigid substrate at certain angles [20-23]. Zhang
et al. [22] compared the peeling of graphene and hexagonal boron-
nitride from copper or silicon substrate at 45° in both dry and water
environments. Tang et al. [23] experimentally peeled monolayer to
multilayer MoS, from MoS; crystal at an inclined angle and found
abrupt force drops which correspond to the formation of kinks during
the peeling process. Chen et al. [21] simulated the peeling process of
graphene sheet from copper substrate with a corrugated surface at 45°,
90° and found the peeling force is sensitive to the peeling angle. The
work by Lin and Zhao [24] focused on the situation of peeling at 90° and
how to explain the peak peeling force in the initial stage of peeling.
However, the detailed effects of peeling angles on peeling behavior of
2D materials are unclear. Moreover, the mechanics analysis of peeling
one 2D material can be applied to another one as long as the relevant
parameters (i.e., interfacial energy, elastic modulus and so on) are used,
which is flexible and convenient to analyze the peeling process of
different 2D materials. Thus, a deeper understanding of peeling angle
and force is critical for the mechanical peeling process, which provides a
guidance in the assembly of the vdW heterostructures.

In this work, the mechanical peeling process of the graphene/mo-
lybdenum disulfide (MoS;) heterostructure is investigated to understand
the peeling behavior. Firstly, the peeling processes at different angles
ranging from 0° to 90° are simulated by using molecular dynamics (MD)
method. The peeling force is obtained by calculating the gradient of
graphene potential energy along the peeling direction. Then, a peeling
theory accounting for the vdW interaction and peeling angle is pre-
sented. The validity of our theory is verified with the results of simu-
lations. Finally, we find a characteristic length that is a crucial
parameter revealing the transitions from unstable peeling to stable
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peeling. Our study aims to clarify the peeling mechanisms of the vdW
heterostructures at different angles and provide an insight into the better
construction of scalable heterostructures.

2. Model and methodology of MD simulations

To understand the detailed behavior of peeling process, a set of
atomic simulations of peeling graphene/MoS; heterostructure are car-
ried out by the MD method. For graphene/MoS; heterostructure, due to
the “self-cleansing” mechanism [8], the MoS; substrate can be atomi-
cally flat, thus making the analysis for the peeling process relatively easy
without considering the substrate surface roughness. The atomic
computational model is with a suspended graphene sheet adhered to a
MoS; substrate (Fig. 1c). The upper rectangular-shaped graphene sheet
consists of 6400 carbon atoms with the dimensions of 192 A x 82 A for
the length and width. It is peeled from the same size lower MoS; layer
(Fig. 1d), which is comprised of 1800 Mo atoms and 3600 S atoms. The
initial distance between C atoms and top layer S atoms is 3.5 A.

The adaptive intermolecular reactive empirical bond order (AIREBO)
potential [25] derived from the second-generation Brenner potential
[26] is adopted to model the interactions of C-C atoms in graphene,
which has widely been adopted to study the thermal and mechanical
properties of graphene [27,28]. The Stillinger-Weber potential with a
developed parameterization set for the MoS; monolayer is used to
describe the atomic interactions within the MoS; [29] layer, which has
been proved to be able to well reproduce the thermal and mechanical
properties of MoS,. The 6-12 Lennard-Jones (LJ) potential is adopted to
describe the vdW interaction between graphene and MoSy, which is
given by [30-32]:

vy =4 ()"~ ()] M

where r is the distance of the interacting atoms, ¢ is the depth of the
potential (i.e., the bond energy at the equilibrium), ¢ is a parameter
determined by the equilibrium distance when interacting potential
equals to zero. The energy and distance parameters in the LJ potential
are ¢ = 3.95 meV and ¢ = 3.625 A [33], which are the equivalent po-
tential parameters for the interaction between single-layer of MoS; and
single-layer of graphene. These potential parameters were determined
by fitting to the interlayer spacing and the binding energy from density-
functional theory results [24,34]. The cutoff distance of LJ potential is
12 A,

Periodic boundary conditions are applied along the in-plane x-di-
rection to remove the edge effect, with the free boundary condition
along the y- and z-directions to allow the graphene to move freely. The
MoS; substrate layer is fixed along y- and z-directions. Prior to peeling,
the heterostructure system is relaxed 5000 time steps. The canonical
ensemble NVT (constant number of atoms, volume and temperature
[35]) is employed in the MD simulations while the temperature is
regulated at a constant 0.1 K by Nosé [36]-Hoover [37] heat bath
method. The lower temperature of 0.1 K compared to regular 300 K is
meant to prevent large thermal vibrations. The time step is 1 fs. The
conjugate-gradient algorithm is employed to minimize the energy, with
the tolerance of 10~ for energy and force. The energy minimization
during the peeling is to make the configuration of the system in an
equilibrium state. To simulate the peeling processes at different angles,
the first column of atoms at one end of graphene sheet is set to move
along the zigzag direction, with different displacements along y- and z-
directions at each time step while keeping the velocity the same value.
Then, 5 ps simulations are performed for the relaxation of the structure.

All MD simulations in this work are performed using the publicly
available simulation code package large-scale atomic/molecular
massively parallel simulator (LAMMPS) [38], with the OVITO (Open
Visualization Tool) package used for visualization [39].
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3. Results and discussion
3.1. Simulation results

As shown in Fig. 2, a set of simulations are conducted at different
peeling angles, ranging from 0° to 90°. During the peeling process, the
peeled-off graphene part displays oscillation which looks like a wave
(Fig. 3) and the oscillation is more obvious for peeling angles less than
45°. This is because once detached from the substrate, the peeled-off
part is free from the vdW interaction and will go through a relaxation
process resulting in the wave-like oscillation. The non-flat relaxation
configurations have resemblance with the structures of graphene
observed by transmission electron microscopy [40,41].

The potential energy of graphene can be easily acquired from MD
simulations. Since we neglect the thermal fluctuations, the static peeling
force is what we consider. By calculating the gradient of graphene’s
potential energy along the peeling direction, the peeling forces at
different peeling angles are obtained. The directional gradient of po-
tential energy is acquired through the calculation of the first derivative
of outputted potential energy from simulation result with respect to the
displacement at each different angle. As shown in Fig. 4, there is a
sudden increase of the force in the initial peeling process. This is due to
the significant fluctuation of the kinetic energy of the heterostructure
system when the atoms of the peeling front go through the transition
from static status to dynamic status. Then, the peeling forces decrease,
and the degree of decline becomes more drastic with increasing peeling
angles. Besides, with the increase of peeling angles, initial maximum
peeling forces decrease. In addition, after the initial peeling stage, the
peeling forces fluctuate. The fluctuation is relatively sharp for the
peeling length less than 75 A and is more obvious at small peeling an-
gles. It is in consistent with the oscillatory behaviors of the peeling part
as discussed above (Fig. 3).

The fluctuation can be explained by the “accumulation-peeling
mechanism” [42]. The peeling force is applied on the graphene sheet.
Before the peeling process actually begins, the force will propagate
along the graphene sheet. Then, the stress resulting from the peeling
force gradually increases until the perpendicular component reaches the
maximum value of the vdW force between the heterostructure. Finally,
the peeling process continues until the sheet is completely peeled off
from the substrate. As soon as the force is strong enough to peel the
graphene, the contact part of graphene is peeled causing the fluctuation
of the curve. The sudden change in force is because after the peeling
process is finished and peeling stops, the stress begins to decrease
immediately making itself less than the adhesion force. In addition, the

(@)

45°

Fig. 2. MD simulations of peeling at different angles. (a) 0°, 5°, 10°, 15°, 20°,
27°. (b) 45°, 56°, 63°, 68°, 72°, 90°.
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Fig. 3. The relaxation configuration of peeled-off part of the graphene sheet
during the peeling process.

adhesion energy between the heterostructure is reduced suddenly
because the adhered part is peeled.

After the sharp fluctuations, as can be seen in Fig. 4, the peeling force
is a relatively constant value in steady stage. This character is in
consistent with the observations of Refs [24,43]. For further analysis,
special attention should be emphasized on the constant peeling forces at
different angles, which are obtained by calculating the average values of
forces in steady peeling stage.

3.2. Theoretical analysis of peeling process accounting for the vdW
interaction

For the two-layer graphene/MoS; heterostructure, to peel the gra-
phene sheet off from the MoS; substrate, the work done by the peeling
force should exceed the adhesion energy between the layers. The
expression of adhesion energy needs a further analysis.

As shown in Fig. 5, the following coordinate system is established
based on the atomic structure of heterostructure. The graphene layer is
parallel to the MoS, layer, and h denotes the distance between two
layers. The thicknesses of graphene and MoS; are t and T, respectively.
To establish a generalized expression, carbon atoms on the graphene is
homogenized and represented by volume density p; (i.e., the number of
atoms per unit volume). Therefore, the number of atoms in an infini-
tesimal volume dV is p; dV. Similarly, Mo and S atoms on the MoS; layer
were represented by volume density pa. The number of atoms over an
infinitesimal volume dV is p,dV.

Based on Eq. (A.3), the adhesion energy per unit area (the detailed
expression can be seen in the Appendix A) is:

6 6
_ of O 1\ HT/ o 1
@ = 4mp,piTeo (ﬁ - ﬁ) =% G0 2

where H = 4n%ep,p,0°, which is the Hamaker constant. At the
mesoscopic scale, the Hamaker constant accounts for the strength of the
interaction and the density of the surfaces [44] on the order [35] of
107

From Eq. (A.2), if the thicknesses of upper and lower layer are
infinite, the adhesion energy per unit area can be written as:

T ® 1 H (o 1
® =320’ (m - ;7) = 2n (ﬁ - ;T) ®

which is the same result as those of previous work of Jiang et al. [45]
and Zhao et al. [46].

The atom number density of graphene [46] is 0.3818 A~2. Then,
using the thickness of graphene t = 3.35A, the volume density is
calculated as 0.1138 A~3. In addition, the atom number density of MoS,
was calculated to be p, = 0.2269 A~3. The adhesion energy as the
function of the distance magnitude between two layers of graphene/
MoS; heterostructure is shown in Fig. 6. The thickness of MoS; layer is
negligible compared with those of the length and width, thus, Eq. (2) is
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Fig. 4. Comparison of peeling forces for the graphene sheet at different angles. The red points are the reference points indicating the transition from initial peeling to

stable peeling.

Graphene

Fig. 5. The coordinate system and an atomic schematic diagram of graphene/
MoS; heterostructure.

taken for further analysis.

Considering the mechanical peeling process of graphene sheet from
flat and adhesive MoS, substrate as shown in Fig. 7, where a peeling
force F is applied on the right end of the graphene sheet with a peeling
angle 6, we focus on establishing an analytical expression for the relation
between the peeling angle 6 and the peeling force F. In the peeling
process, the quasi-static and plane strain conditions are assumed. The
thermal effect is neglected in order to prevent the kinetic peeling force
from the thermal fluctuations. The upper graphene sheet is taken as the
1D Euler-Bernoulli beam [47,48]. The Euler-Bernoulli beam theory as-
sumes the linear elastic material behavior and neglects the shear forces.
Moreover, graphene is taken as elastic material for the analysis [49-51].

0.25

0.20

0.15 4 analytical Eq. (2)
og analytical Eq. (3)
?3 0.10
S

0.05 4

0.00 -

-0.05 T T T T

2 4 6 8 10 12
h(A)

Fig. 6. Adhesion energy between graphene/MoS, heterostructure.

The mechanical behavior of 2D materials can be described by the con-
tinuum elasticity theory. The mechanical parameters of graphene used
in this study are summarized in Table 1.

In order to peel adhering graphene sheet from adhesive MoS; sub-
strate, the sufficient peeling force must be provided. During the peeling
process, the external work done by the applied peeling force can be
converted into the internal elastic energy, the adhesion energy required
to separate the heterostructure and the friction energy due to the sliding
of graphene sheet. These three kinds of energy can be included as the
internal energy.
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Fig. 7. Schematic of atomic peeling model. (a) Schematic illustration of the mechanical peeling process. (b) 2D sheet peeled off from the substrate.

Table 1

Mechanical parameters used in this work.
Young’s modulus [60] E (TPa) 1.23
Bending modulus [48] D (eV) 2.1
Thickness of graphene [61] t (i\) 3.35

The principle of the virtual work is used in this study to derivate the
expression of the peeling force. In variational form we have:

6E‘extemal = 6Eimemal = 6Eelaslic + 6Eadhesion + 6Efricli0n (4)

Firstly, by giving an infinitesimal virtual displacement du of the
peeling force along the peeling direction, the virtual external work
changes by:

6Eexlemal =F-du (5)

By denoting an infinitesimal virtual length 8c as peeled-off length of
graphene caused by the du (Fig. 7a), the virtual displacement can be
expressed by &c as:

F

|8u| = 8c(1 — cosh) + SCE (6)

where E is the Young’s modulus of the graphene sheet, b and t are the
width and thickness of the graphene sheet, respectively. The first term
8¢c(1 — cosh) of the right side of Eq. (6) is the displacement caused by the
detachment of the length &c. The second term 8cF/btE is the additional
elastic deformation resulting from the length 8¢ being stressed [52]. The
virtual external work done by the applied peeling force can then be
calculated by:

2

F
SEexiema = F-8u = Fdc(1 — cosf) + Scﬁ 7

Secondly, for elastic graphene sheet, the internal elastic energy (i.e.,
strain energy) corresponds to the work done by the internal forces and
elastic deformations [47]. The virtual internal force can be character-
ized by stress tensor 6, and elastic deformation can be denoted by the
virtual Cauchy strain tensor go = 1 (V&u + (Véu)"). Thus, the virtual
strain energy is:

S Euie = /// G+ SeodV ®)

Veraphene

where 6, and 8¢, are the stress and strain tensor of graphene sheet,

respectively. During the peeling process, the internal elastic energy
Eelastic is composed of the stretching energy Egecn and bending energy
Epena that arise from the stretching deformation and bending deforma-
tion of the graphene (i.e., Eejastic = Estreteh + Ebend), respectively. Ac-
cording to the Euler-Bernoulli beam theory, the shear-lag model is not
taken into account and the stretching energy density of the peeling
graphene sheet is uniformly distributed, the virtual stretching energy
can be expressed as:

1 8¢
SEiretch = 50-06801”66' = MFZ 9

The virtual bending energy can be written as:
1
8Epend = 5DKZSC (10)

where D is the bending modulus and « is the bending curvature. The
detailed derivation of bending curvature has been well formulated by
Gao et al. [43]. Combining the expression of bending curvature, from
Eq. (10), the bending energy can be obtained as [43]:

s

Epena = % / Db (s)ds = v2FDb (f - %ﬁogg) (11)

0

From Eq. (11), it is known for the graphene sheet with given bending
modulus and width, the bending energy is dependent on the peeling
force and peeling angle. Besides, as indicated by the simulation results,
the peeling force at steady peeling stage can be seen as a constant value.
As a result, during the steady stage for a fixed peeling angle the bending
energy can be regarded as a constant, which means the variation of the
bending energy 6Epe,q is equal to zero and can be neglected for our
further analysis. The Eq. (8) becomes:

d¢
SEctustic = OEgtrerch + OFbend = MFZ 12)
To obtain the change of the adhesion energy, by using y = |®| to be
the absolute value of the adhesion energy per unit area, the expression of
the adhesion energy for peeling the length &c is then:

SEdnesion = ¥bdC (13)

At last, the friction energy &Egicion iS caused by the sliding of gra-
phene sheet and the intrinsic lattice mismatch of two layered materials
[53]. The deformation caused by lattice mismatch can be obtained by
using the Cauchy-Born rule as shown in the Appendix C. The friction
energy has no effect on the adhesive motion for heterostructures and is
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magnitude of at least one order smaller than adhesion energy [54].
Besides, one experimental work by Annett and Cross [55] showed that
for sliding of graphene friction is of negligible magnitude compared to
interfacial force. Therefore, 8Eg;qion is neglected for the analysis. If the
corrugation and adhesion energy need to be considered simultaneously,
the registry-dependent Kolmogorov and Crespi interlayer potential can
be utilized [56].

Therefore, the total variation of the internal energy of the system
subjected to the peeling force F is given by:

d¢
Einternal = 4 —F2 1
3 internal }’556 + 2biE ( 4)

Considering the energy is balanced at the peel-off state, we have
8Eexternal = OEintemal- By using the Hamaker constant H = 4n2¢p, p,0°, the
adhesion energy per unit area is expressed as:

HIT [ o° 1
1= (s 2) (4

By combining Egs. (7), (14) and (15), the peeling equation is ob-
tained as:

F? +2F(1 — cos@)btE =

2EPCTH [ 6° 1
;( 4 ) 16)

SR 2t
It should be noted that the Eq. (16) can be reduced to the following
form:

\’>1 F

if we substitute the right side of Eq. (16) with y. Eq. (17) was given by
Kendall [52,57]. Eq. (16) can also be reduced to £(1 — cosf) =7, if the
nonlinear term is neglected [58], which was given by Rivlin [59].
Solving Eq. (16), we have:

»  2ELPTH [ o° 1
F = —(1 — cos®)Ebr + \/[(1 — cos6)Ebi] +T 5,0 o (18)

which is the formula of relations of peeling force and peeling angle.
When the structure is in an equilibrium state, the distance h can be
expressed as h = 2!/55, making Eq. (18) become:

24/3 HEDL 2T
F = —(1 — cosd)Ebt + \/ [(1 = cosO)Ebt]” +—— HEVET 19)
5 no*
Combining Egs. (15) and (18), we have:
Fe 2br (20)

(1 = cos)” + 24 (1 - cos)
If we denote F, by F, = by, then the dimensionless peeling force can
be expressed as:
F 2
Fo (1 —cos8)” +Z + (1 — cosd)

(21)

To verify the validity of the theory developed above, it is compared
with the results coming from the MD simulations. The peeling forces at
the stable stage for different angles are averaged, after we obtain the
peeling force versus peeling length curves. Then, the results are plotted
with the theory. As seen in Fig. 8, the theory is matched well with the
simulation results. The values of dimensionless forces from theory are
larger than the corresponding simulation results. The deviation between
simulation results and the curve of theoretical analysis stems from the
choices of related parameters in Eq. (21) (i.e., the adhesion energy, the
Young’s modulus of graphene and the thickness of graphene). Besides,
the adhesion energy is also influenced by the thickness of graphene from
its mathematical expression. However, for peeling angles less than 10°,
the values of forces from simulation results are bigger than the predicted
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Fig. 8. The evolution of peeling force as the function of varying peeling angles.

values obtained by the theory. This is due to the influence of elastic
modulus on the peeling force (Fig. 9). With the decrease of peeling an-
gles, small changes in the value of the elastic modulus will cause rela-
tively large differences of dimensionless peeling force. This effect is
obvious for peeling angles less than 30°. Thus, choosing the accurate
Young’s modulus is crucial.

3.3. Characteristic length at the initial stage of peeling

As can be seen in Fig. 4, after the high peaks of initial peeling force,
the curves show decreasing trends and enter a flat plateau. Here, a
characteristic length Ly can be identified, which is the length of gra-
phene from initial peeling stage to the steady-state peeling stage. After
the peeling force versus peeling length curves are obtained (Fig. 4), the
characteristic lengths for different peeling angles are the lengths the
reference points (the red points in Fig. 4) refer to. The length varying
with changes of peeling angles is shown in Fig. 10. For angles smaller
than 90°, the length Ly increases as the peeling angle increases.

To get the expression of the length Ly, we need to understand the
unstable peeling stage. Before the peeling direction of graphene sheet is
at a certain angle, the front region is firstly flat, then it will gradually rise
up to the certain angle. During the process, the deformation the front
region goes through can be seen as the bending of a 1D Euler-Bernoulli
cantilever beam.

By considering the curvature of the bending region:

60
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2 3 —0=45°
% —0=60°
e
g
g 20 -
£
a
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0.0 0.4 0.8 1.2 1.6 2.0

E (TPa)

Fig. 9. Dimensionless peel-off force versus elastic modulus E of graphene.
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x(s) = W 22)

the bending moment can be expressed as:

M(s) = Dbk(s) = \/2FDb(1 — cosa) (23)

For a cantilever beam with length [ and bending rigidity EI subjected
to a moment M on one end, its deflection w can be expressed as:

Mx?

=28 @4

the angle of the corner of the end g is the first order derivative of the
deflection, and thus is:

Ml

p=7 (25)

For the graphene sheet, by analogy with the cantilever beam, the
characteristic length is Ly = [ and bending modulus is D = EI/b. Then,
substituting Eq. (23) into Eq. (25), we have:

Ly——tP 26)
2FD(1 — cosa)

where F is the peeling force, a is the angle between the tangent to the
graphene sheet and the direction of the peeling force.

To obtain the characteristic length varying with angle j, we have to
get the relation between a and . According to the geometric relation-
ship, it is easy to obtain the relation a =}, then we have:

BD

2FD ( 1— cos”)

However, f is the approximation of tanf for small bending angles. Eq.
(27) is only suitable to the situations when bending deformation is small,
which is not appropriate for our simulations. Using the derivatives of
deflection to the length, for peeling angle 6, we have:

Ly = 27)

dw
tanf = — 28
an e (28)

For pure bending of beam, we have:

dw
= M

T, \21% Db
)]

Substituting Eq. (28) into Eq. (29), we have:

(29)
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dtand M
—— s ﬁdx (30)
[1+ (tang) ]

Integrating both sides of Eq. (30), we have:

tand M ML,
PRI / Db T T; BD
[1+ (tang) ] 0
Then, we have:
D
:ﬁb tan@ - (32)
[1+ (tang)’

Combining Eq. (23) and a = %0, we can finally get:

Db tand \/7 sind
Ly =
2F 0
\/(1+tan20) (l—cos ) y/1 — cosy

| 0 0
\/— ZSm COs = > /2Db> — COs ECOSE (33)
/ 0
1 — cos—
cos2
= 2Db 1+ cos 0cos9
"V FEY 2772

where D = 2.1 eV is taken [48]. For the value of peeling force F, the
characteristic length is defined as the length of graphene from initial
peeling stage to the steady-state peeling stage, thus the peeling force at
the stable stage is important. During the bending process, the peeling
force is to work against the adhesion between the heterostructure. Thus,
we take F = 0.54eV/A, which is the stable peeling force against adhe-
sion from our simulation results. At the stable peeling stage, we havey =
f, Eq. (33) then becomes:

2D
Ly = —~cosg {1+ cosg (34)
v 2 2

By considering two special conditions = 0° and ¢ =90°, ford =0,
cosg = 1, the expression of Eq. (34) becomes:

Ly = 2\/§ (35)
14

the value is 35.78 A, which is slightly smaller than the simulation
result. Actually, for & = 0°, the peeling process proceeds against friction
force.

For 0 = 90°, Eq. (34) becomes:

_ b
(2-V2)y

the characteristic length is about 23.4 A. The length is very close to
the elasto-peeling length proposed by Lin and Zhao [24].

By substituting Eq. (15) into Eq. (34), the characteristic length can
also be expressed with Hamaker constant as:

SnD [ [
Ly = 2‘/302\/%@055\/ 1+ cos 5 (37)

The curve from Eq. (34) with the simulation results is shown in
Fig. 10.

For 6>90°, we perform a simulation of 135° peeling and obtain the
peeling force versus peeling length curve. It is found that the dimen-
sionless peeling force is 0.69 from simulation result, which is very close
to 0.6 from Eq. (21). It means our theory is applicable for the situation
when 6>90°. However, the characteristic length is about 25 A, which is
not well matched with the result 12 A from Eq. (34). This is due to the

Ly = (36)



Z. Wei et al.

effect of bending process. The peeling part of graphene sheet is firstly a
flat region. Before the peeling was along a certain direction (i.e., at
certain peeling angle), it took relatively longer time to go through the
transition stage and thus peel longer length. Thus, the expression for the
characteristic length is only appliable for peeling angles less than 90°.

This characteristic length is physically significant: D is the bending
rigidity of the peeled graphene, ¢ denotes the equilibrium distance be-
tween the vdW heterostructure, H is the Hamaker constant, which ac-
counts for the strength of the interaction and is influenced by the
composition of the surfaces. Hence, it is a crucial parameter that reflects
the bending and interfacial properties of the layered materials during
peeling.

4. Conclusions

The mechanical processes of graphene peeled from MoS; substrate at
different angles are investigated by conducting MD simulations. By
calculating the gradient of graphene’s potential energy along the peeling
direction, the peeling forces at different angles are obtained. At the
initial stage, the peeling forces rapidly increase until the maximum
values are reached. The peeling forces then begin to decrease and
eventually become stabilized. In addition, the fluctuations on the
peeling force curves correspond to the oscillatory behaviors of the
peeled part of graphene, which can be explained by the “accumulation-
peeling mechanism”.

Based on a quasi-continuum method, we present a theoretical anal-
ysis coupling traditional peeling theory with the vdW interaction to
develop a theory revealing the effects of peeling angles on peeling
forces. The peeling forces decrease with the increase of peeling angles.
We compare our theory with the results of simulations and they are
matched well, which means the theory is capable of describing stable
peeling at different angles. For peeling angles less than 10°, the peeling
force is sensitive to the elastic modulus of the graphene sheet.

Furthermore, a characteristic length at the initial stage of peeling
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was found and formalized Ly = /2D/y-cos(6/2)/1 + cos(6/2), which
is an important parameter that elucidates the transition from unstable
peeling to stable peeling. This characteristic length is characterized by
the bending modulus of graphene and adhesion energy between the vdW
heterostructure, which means the peeling behavior is influenced by the
type of the 2D materials and adhesion energy of interfaces. It can also be
written with the Hamaker constant as Ly =
21362, /51D /HtT-cos(0/2)/1 + cos(6/2). Our findings are aimed at
understanding the mechanism behind the peeling process and helping to
better construct the vdW heterostructures.
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Appendix A. . The adhesion energy between graphene/MoS; heterostructure

The 6-12 LJ potential V(r) = 4¢ [(a/ ' — (o/r)® ] is adopted to model the vdW interaction between graphene sheet and MoS; substrate. As shown

in Fig. 5, the distance between the point O (0, 0) on the upper graphene and A (x, 2) on the lower MoS; is r = v/x2 + z2. The interaction energy E

between one atom on the graphene and the MoS, substrate is:

—h 00
E - / V(r)pydVaes, = 270, / / V(r)dzdx
VMos, —(h+T) JO
—h © 12 6
= 87tp2€/ / {(g> - (f) }Zdzdx
—(h+T) JO r r
—h o0 6
= 4np,e / /
~(n+7) Jo

012 (o2
@) (@+2)

721t)€ 2 (6" o o® o°
3P\ Tty K (h+T)

Then, the adhesion energy & per unit area is given as:

dz%dx

(A1)
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) 2 c ¢° o®
pldA/h 37 {_5<h_°_(h+T)> <F_(h+T)3>}dh

dA

il 1 !
30 [\F* (h+1) (4T (t+(h+T)F)
(L 1 (A.2)
" (h+t (h+T7 [t+(h+T)
LATA B 1
y 30 (\r* (h+0) (h+T) (t+(n+1)%)
(1 B L 1
o (h+1)? (h+TY [+ h+D))

For 2D materials, the size of thickness can be neglected compared to that of length and width, thus, adhesion energy @ per unit area can also be
calculated as:

b =

=3m1pae0°

p1dA-27p, T / V(r)zdz
0
dA

=27 zT/ -
P2 0 (xz +Z2)6 (x2 -"-22)3

@ 1
= 4np,p,tTec® (5 o 2x4>

_HIT 1
T 5x‘° 20t

where x is the distance between two 2D layers. From the above analysis, the adhesion energy of the vdW heterostructure due to the vdW interaction
can be decided.

b =

12 6

(A.3)

Appendix B. . The derivation of bending curvature of graphene

As shown in Fig. 7b, curvilinear coordinate system is established, where s is the curvilinear abscissa and a(s) as the angle between the tangent to the
graphene sheet and the direction of peeling force. Then, the curvature of graphene has the form: x(s) = da/ds and the bending moment can be
expressed as: M(s) = Dbk(s).

Combining the bending moment and the peeling force, we have:

d S
Dbi(s) =DX = F / sinads (B.1)
ds 0

Taking the first order derivation [43] of both sides of Eq. (B.1) and using the expression of curvature, we have:

k(s) d};g) = F;Za (B.2)

Integrating Eq. (B.2) with boundary condition [43], we have:

2F(1 — cos
(s) = % (B.3)
Thus, the bending curvature is given by:
2F(1 — cosa
K(s) = % (B.4)

Appendix C. . Lattice mismatch strain obtained by Cauchy-Born rule

For homogeneous continuum deformation, the Cauchy-Born rule is very often used to relate changes in lattice vectors to macroscopic deformation
of crystals. The position of a material point X in the reference configuration (the equilibrium configuration of each undeformed single layer) can be
mapped to the point x in the current configuration (the equilibrium configuration of each deformed layer in heterostructure) viax = X + u(X), where
u(X) is the displacement vector.

The transformation of an infinitesimal line segment from the reference configuration to the current configuration is describe by the deformation
gradient F, which is defined as F = dx/dX =1 + ou/dX, where I is the identity tensor of rank two. If the deformation function be denoted as ¢ (X, t), the
deformation gradient F can also be defined as F = dp(X)/0X = (0xi/0Xa)e; ® ea , where e; and e, are the bases of the current configuration and



Z. Wei et al. Composites Part A 150 (2021) 106592

reference configuration, respectively. Using deformation gradient F, the Green strain tensor E can be written as E =1 (FTF -I).
The Cauchy-Born rule views the lattice vectors as infinitesimal material vectors that transform according to:

a=FA (c.n
where A denotes an undeformed lattice vector and a the same vector in the deformed crystal. Similarly, the related atomic distance r; in the current

configuration can be obtained from the corresponding relative atomic distance R; in the reference configuration as:

r; =FR; = I+ H)R; (C.2)

where H is the displacement gradient tensor.
For lattice mismatch, it will result in a lattice mismatch strain defined as:

Em = (acombine - asingle) /asingle (C-3)
where dgingle and deompine are the lattice constants of the single and combined material, respectively. The Cauchy strain tensor of graphene and MoS,
can be expressed as:

o= L) -9

3 -1 ((eX))]

The components of the Cauchy strain tensor are:

99 (X.) 1
(£C1 ) _ X, C5)
Ec2 a(p(Xz) 1
X
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