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Abstract

Mechanical peeling is a well-known route to transfer a single piece of two-dimensional (2D)
materials from one substrate to another one, yet heavily relies on trial and error methods. In
this work, we propose a liquid-assisted, etching-free, mechanical peeling technique of 2D
materials and systemically conduct a theoretical study of the peeling mechanics for various 2D
materials and substrates in a liquid environment. The surface wettability of 2D materials and
substrates and surface tension of liquids have been incorporated into the peeling theory to
predict the peel-off force. The theoretical model shows that the peel-off force can be
significantly affected by liquid solvents in comparison with that in dry conditions. Moreover,
our analysis reveals that the mechanical peeling-induced selective interface delamination in
multilayered 2D materials can be achieved by employing a liquid environment. These
theoretical results and demonstrations have been extensively confirmed by comprehensive
molecular dynamics simulations and good agreement is obtained between them. The present
work in theory provides a new approach of peeling 2D materials from substrates and can also
be extended for peeling thin films and membranes.
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1. Introduction

Atomically thin two-dimensional (2D) materials, also referred to as monolayer materials, have
attracted extraordinary attention since the discovery of graphene.[1] The continuous interest of
2D materials is largely motivated by application spaces ranging from flexible electronics[2] to
high-efficiency water purification,[3] from transparent films[4] to anti-corrosion coatings, [5]
and from highly sensitive gas sensors[6] to drug delivery systems,[7] because of their

superlative properties including strength, conductivity, flexibility and transparency which are
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beyond their bulk counterparts. To realize the myriad of these applications, the transfer of 2D
materials from their growth/processed substrate to target substrate with a clean surface in a
low-cost and high-yield manner is very critical.

Numbers of transfer methods have been developed over the last decades from the earliest
mechanically peeling of graphene from graphite by scotch tape.[8] For instance, to isolate a
single layer film from their bulk materials, through the balance of the solvent-2D material
interaction in different solvents, liquid-phase mechanical exfoliation has been used to produce
graphene, [9] hexagonal boron nitride, [10] transition metal dichalcogenides, [11] and layered
metal oxides. [12] To transfer graphene CVD-grown on metal substrates (e.g. Fe, Ru, Co, Ni,
and Cu), chemical etching of the seed metals by their etchants or electrochemical delamination
of graphene and substrates have been proposed.[4, 13, 14] In the transfer of MoS,,
ultrasonication-induced microbubble in a liquid environment is developed to help delaminate
the MoS; layers from substrate,[15] and this similar mechanical technique is also applied to
roll-to-roll technique in the transfer of large-area 2D materials.[16]

From the mechanical exfoliation to environment-assisted transfer, most transfers involve
the use of chemicals, sometimes with the employment of scarifying layers, in particular, in the
transfer of CVD-grown 2D materials onto target substrates. In principle, the successful transfer
of a film is to apply a peel-off force that leads to an energy release rate at the interface beyond
the critical one, and the presence of chemicals generally decreases the critical energy release
rate, thus promoting the transfer. These transfer processes inevitably lead to degradation and
damage (e.g. failure or contamination) of 2D materials,[17, 18] and consumption of the
substrates.[ 19] Generally, the adhesive interactions between most 2D materials and substrates
are van der Waals force. [20-22] In comparison with a direct chemical degradation to substrates,
the presence of liquid molecules will affect physical interactions at the interfaces between film
and substrate and can be utilized to regulate their interfacial energy without the need of
chemical etching.

In the present study, we will introduce in theory an alternative approach of transferring
2D materials in a liquid environment. This approach relies on the surface wettability of both
2D materials and substrates to liquid environments and is free of chemical reaction. A

mechanics theory is proposed to quantitatively probe the effect of liquid on peel-off process by
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integrating the surface wettability with classic peel-off theory and is validated by extensive
molecular dynamics (MD) simulations. The peeling-induced sliding of 2D materials at the
interface is also discussed. Applications in the transfer of monolayer and layered graphene-
hexagonal boron nitride (h-BN) heterostructures on various substrates are demonstrated, and

remarkable agreement between theoretical predictions and MD simulations is obtained.

2. Mechanics model of liquid-assisted mechanical peeling
2.1 Peeling of a monolayer 2D material

Given the weak van der Waals interaction between 2D materials and substrates, in addition to
the vertical peeling from the substrates, a lateral sliding of 2D materials along the substrates
may happen during the peeling process.[23] Without loss of generality, assume there is a sliding
distance Ad and peeling length of Al when a monolayer 2D material with width of b is
peeled off from a substrate by a peel-off force F at the peel-off angle of a in a liquid
environment, as illustrated in Figure 1a. Consider this peeling process is quasi-static, the
energy balance among the work done by peel-off force WF, elastic deformation of the 2D
material Egeformation. and surface energy between solid and liquid Egy;rqce Will lead to [24,

25]

WF + Edeformation = Lsurface (1)

2 —
Where  WF = F(1 — cosa)Al + FcosaAd , and  Egepormation = — (A”i‘;;'tm adh

Al+Ad+|Al-Ad)|
2

where represents the length of unadhered thin film, E and t are the

Young’s modulus and thickness of the monolayer 2D material, respectively. Due to the

Al+Ad+|Al-Ad]|

presence of liquid, we have Egyrrace = (Vo1 + Vst — Vies) b , and with the help of

the Young’s equation y¢ =y — ¥1€0S0y , Vo1 = Vs — ¥1€0505, we have Egyrrace = [(ve +

Vs — Vis) — Y1(cosOy + cosbg)] bw, where y;, Ys and y; are the surface

tension of 2D material, substrate and liquid, respectively. y;s, ¥y and yg; are the interface
tension between 2D material and substrate, 2D material and liquid, and substrate and liquid,
respectively. 8;; and O, are the contact angle between 2D material and liquid, and substrate
and liquid at the equilibrium, respectively, and are employed to characterize the surface

wettability of 2D material and substrate, respectively. The parameter A is the sliding factor
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and is defined as A = At A =1, there is no lateral sliding and only a vertical peeling of

2D material occurs; at A =0 there is a purely lateral sliding without vertical peeling.

Therefore, the peel-off force per unit width can be written as

- _ 2 _ 2
F_ 2(A+cosa—2Acosa)Et \/4(Et) (A+cosa—2Acosa) n ZEt[GtS _ )/L(COSQS[ n COSHU)] (2)

b 1+]21-1| (1+]22-1[)2
Where G;s = y; +¥s — Ves 1S the interface adhesion energy between the 2D material and
substrate in dry conditions.

Generally, the elastic deformation is very small during the peeling of most 2D materials
such as graphene due to ultrahigh in-plane stiffness,[26, 27] and the effect of Egeformation ON
the peel-off force can be neglected (See supplementary Figure S1a and b). Note that when the
2D materials possesses a low in-plane stiffness such as phosphorene,[28-30] the elastic
deformation effect may become obvious (See supplementary Figure Sle¢ and d). For

simplification, with the neglectful elastic deformation, Equation (2) can be written as

F_ 1+[22-1] [Gis — v (cosOg + cosOy)] 3)

b 2(A+cosa—2Acosa)

Equation (3) shows that there is a minimum peel-off force F/b at a = 0°, where the peeling
distance Al is zero, i.e. A = 0, and only lateral sliding of 2D materials along the interface
occurs. Besides, when the peeling angle 0 < o < 90° , the peel-off force reaches a minimum
value at A = 0.5, where there is an equal contribution of vertical peeling and lateral sliding in
the peeling of 2D materials from substrate. When the peeling angle o > 90° , the peel-off
force has the minimum value at 4 = 1, where there is only vertical peeling and the lateral
sliding will not happen. Under this circumstance, the minimum peel-off force F/b can be

summarized to

“4)

F Ges — vi1(cosbOg + cosbyy), 0° < a<90°
(E)min - {1_Cosa [Ges — y1(cosy + cos,)] , 90° < a < 180°
Figure 1b shows the variation of peel-off force F/b with the peeling angle o« at 8, =
30.4°. It is shown that there exists a lowest bound for the peel-off force with the variation
of A at any given peeling angle, which is consistent with (F/b),,;, in Equation (4). The
similar results are obtained for 8;; = 92.5° and 6, = 151.2° (Supplementary Figure S2).

We should note that when the peeling is conducted in dry conditions, and the lateral sliding is

not considered (i.e. 4 = 1), Equation (3) will reduce to the classical Kendall’s peeling model
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with the peel-off force of = Toosa [24]

2.2 Peeling of multilayered 2D materials

When there are multilayered 2D materials on a substrate, the peel-off force required to peel a
certain number of layers can also be obtained by following a similar procedure with that of a
monolayer in Section 2.1. Because the minimum peel-off force is desirable in practical
experiments, the minimum peel-off force in this section will be focused. Assume n layers
(1 <n <N, N is the total number of layers on substrate) need to be peeled off, the n layers
can be considered an integrated one and the rest layers and substrate is deemed a new substrate.
Under this assumption, similar to Equations (2) and (4), the minimum peel-off force can be

obtained via

T, 1 1
I{—1+JZ(tlEl+[252+"‘+tn5n)[th—tn+1—}’l(0059t1n+0059tln+1)]

ESE SO , 0°<a<90°
min = RN at 1<n<N-
min — — f—
’ _(1_Eosu)+J(1_cusa)2+Z(ﬁ+$+'”+ﬁ)[atn—tn+1—71(6059t1n+0059[ln+1)]
o o
L S SO , 90°<a<180
t1E1 t2E3 tnEn

1)
and when n = N, all layers will be considered an integrated one and the separation will occur
at the interface between the bottommost layer and substrate, and the minimum peel-off force

will be

1,1 1
_1+J2(—t151+—t252+...+7tNEN)[GtN_S—y,(cosetw+c059s,)] . .
T, 1 T , 0°<a<90
F ab ot Ty
— 1E1 B —
min = atn=N

—(1—cosa)+j(l—cosa)2+2(ﬁ+i+---+ﬁ)

[Gen—-s—Y (cosBun+cosby)]

90° < a < 180°
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+ et
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(6)
where t, and E, (n=1,2,..N) are thickness and Young’s modulus of the n" layer,
respectively. Gip_tne1 and Gey_s represent the adhesion energy between n'" layer
and (n+ 1) layer, between N layer and substrate in dry conditions, respectively.
Otin » Orinsr and Oy are the contact angle at the equilibrium and reflect surface wettability
of the n'*, (n + 1) layer, and substrate in liquid, respectively.

Similar to that of monolayer, when the effect of elastic deformation can be neglected,

Equations (5) and (6) will be simplified to



at 1<n<N

(p) Gen—tn+1 — Y1(€0SOyp + cosOpni1), 0°<a<90°
»Jmin = 1 ) o
b7 [Gen—tn+1 — V1(05On + c0SO41n41)], 90° < a <180

1—cosa
-1
and
Gin-s — V. (C059 + cos@ ), 0° < @ < 90°
F tN—-s — V1 tIN sl
Gmin=1_1 o _ 9 0 00° < o < 180° A N=N(®)
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Further, when these N layers are the same in materials such as graphite, Equations (7) and (8)

will reduce to

F Gee — 2y1c050y, 0° < a <90°
p/min = <n<N-—
i { L (G — 2yic056,), 90°<a<1gpe A 1snms=N-1.0)
1—cosa
and
F Ges — vi(cosOy + cosby), 0°< a < 90° v
@min = 1_C105a [Ges — vi(cosby + cosbs)],  90° < a < 180° at n =N (10)

Where G, represents the adhesion energy between monolayers in dry conditions.

Equation (9) indicates that (F/b) i is always the same at each interface when the layers
are the same 2D material, which echoes the randomness of peeling of graphene from graphite
by scotch tape. [8] When materials for layers are different, Equations (7) and (8) show that
(F/b)min will be different, and the presence of liquid may facilitate or resist the peeling of
them together or individuals. We should note that when peeling off films in macroscopic scale
with a low elastic modulus such as soft membranes,[24] or functionally graded composites
with different materials or thickness in each layer,[31] the peel-off event along a desirable
interface is possible because the effect of elastic term cannot be neglected, and Equations (5)
and (6) should be used.

As a theoretical demonstration, Figure 2a illustrates a peeling of two layered 2D materials
from a substrate in liquid under a peel-off force applied on the top layer (layer 1). As we analyze
above, two resultant situations could happen. In situation (I), only top layer 1 is peeled off and
layer 2 remains a perfect adhesive on substrate, where the corresponding minimum peeling-off
force obtained via Equation (7) is referred to as F; and F,; in dry condition and liquid
environment, respectively. In situation (II), both layers 1 and 2 are peeled off together from

substrate, and the corresponding minimum peeling force obtained via Equation (8) is referred
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to as Fy; and F,p in dry condition and liquid environment, respectively. Figure 2b and ¢
shows the comparison of the peel-off force between these two situations in both dry condition
and liquid environment. In dry air condition, the relation between F; and Fj; only depends on
the difference of interface adhesion energy Gip_g — Gii_¢p, Where Ggq_, denotes the
adhesion energy at the interface between layer 1 and the layer 2 in dry condition, and Gy_g
denotes the adhesion energy at the interface between the layer 2 and substrate in dry condition.
When Gipog— G2 >0 , Fy>F  and when Gy s — G2 <0 , Fuy<F . In
contrast, in liquid environments, the relation between F,; and F,; depend on not
only Gip_s — Gy_¢p butalso 6y; and O, where 64, and 6, represent the contact angle
of the layer 1 and substrate in liquid at the equilibrium, respectively. For example, as shown in
Figure 2b, for the substrate with a high surface wettability (i.e. a small 6y;), F,; could
become lower than F,,; eventhough G;,_s — Gi1_» > 0, and if 6 is large enough, F,, >
F,,1 couldalsobe obtained at G;,_s — Gy1_¢2 < 0. Similarly, when the layer 1 possesses a high
surface wettability (i.e. small 6;;), Figure 2c¢ shows that F,; is less than F, even
at Giy_s — Gyt < 0 and at a higher 64, F,; > F,,;; is obtained. These differences of
peel-off force between in dry and liquid conditions show that the liquid environment can be
leveraged to achieve the peeling of 2D materials with a desirable number of layers separation
from substrate by carefully controlling the surface wettability, as summarized in

Supplementary Figure S3.

3. Computational modeling and method

All the MD simulations were carried out using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) package.[32] Two typical 2D materials, graphene and
hexagonal boron nitride (h-BN) with width of 2 nm and length of 6 nm, were employed as
representatives. The graphene, copper and silicon were chosen as representatives of substrates.
The adaptive intermolecular reactive bond order (AIREBO) [33, 34] and Stillinger-Weber (SW)
potentials[35] were employed to model the flexible graphene and h-BN respectively because
these potentials have proved to reproduce their mechanical properties. The popular embedded
atom potential [36] and Tersoff potential [37] were utilized to model the copper and silicon

materials, respectively. The 2D materials were placed on the top surface of substrate and
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immersed in a liquid water environment. The size of water liquid box was 4 nm X 10 nm X
6 nm which is sufficiently large to ensure a full immersion of 2D materials and substrate during
the entire peel-off process. The water molecules were modeled using the extended simple point
charge (SPC/E) model.[38] The non-bonded interaction among 2D materials, liquid and

substrate were modeled by the 12-6 pairwise Lennard-Jones potential V(r) = 4e(o'?/r1% —
0®/r®) and Coulomb interaction V,(r) = q;q;/4meor, where o and ¢ are the equilibrium

distance and the interactive well depth of the potential, respectively, r is the interatomic
distance, and g; and q; are the electronic charge counterpart, and €, is the permittivity of
vacuum. The cut-off radius was chosen 1.0 nm for all L-J interactions to calculate the short-
range van der Waals forces, and the particle-particle-particle-mesh (PPPM) algorithm with a
root mean of 0.0001 was used to handle the long range Coulomb interactions. The contact angle
6 of water droplet on the surface of 2D materials or substrate at the equilibrium is used to
characterize their surface wettability. In addition, the interactive well depth ¢ was tuned in the
simulations to achieve different surface wettability of graphene, which has proved to well
mimic chemical surface treatments in experiments. [39-41]

In the simulation of peeling of 2D materials from substrate, we first carried out
equilibrium simulations through relaxation and thermalization of the system to 300 K with a
time step of 1.0 fs for 0.5 ns. After that, the steered molecular dynamics method was used to
peel off the 2D materials. Specifically, we clamped atoms at one edge of the topmost layer 2D
materials by constraining their relative positions. The clamped atoms were connected with one
end of a spring and the other end of the spring was applied by a displacement loading with a
peeling angle a. The loading rate was v = 0.014/ps and proves to mimic a quasi-static
loading. The spring stiffness was k = 0.1eV/A, which is at the same level with the stiffness
of AFM cantilever.[42] The bottom atoms of substrate were fixed in the simulations. Unless
otherwise stated, all simulations were performed in NVT ensemble with Nose/Hoover
thermostat at temperature 300 K. In parallel, the quasi-static peel-off simulations in dry
conditions were also performed for comparison. During all the simulations, potential energy
between 2D material layers, substrate and water molecules and positions of all the atoms in the

system were monitored every 10000 steps with a time step of 1.0 fs to ensure the sufficient data
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recorded in analysis.

4. Results and discussions

We first conducted simulations on the peeling of a single layer flexible graphene on a substrate
in both dry condition and water environments. Figure 3a shows the variation of peel-off force
with simulation time at the peeling angle o = 90°, where the substrate is graphene with the
surface wettability of 6, = 95.0° in water. Independent of peel-off environments and surface
wettability of graphene layer, all peel-off forces increase quickly at the beginning and reach a
maximum value, and then decrease till to arriving at a steady state with a constant magnitude
(snapshots see Supplementary Figure S4a). More importantly, when the graphene film to be
peeled is hydrophilic with 8;; = 30.4°, the peel-off force at the steady state is lower in water
environment than that in dry condition. In contrast, if the graphene film is hydrophobic
with 8, = 151.2°, the peel-off force at the steady state is higher in water environment than
that in dry condition. This opposite effect of water on peel-off force indicates the importance
of surface wettability of graphene layer.

Further, by taking the peel-off force at the steady state, we calculate the difference of the
peel-off force between in water environment and in dry condition AF /b as the variation of
contact angle of graphene layer 6,; , and plot them in Figure 3b. AF /b shows a monotonous
increase with the increase of 8. In parallel, given these parameters, the theoretical plots of
AF /b as a function of 6;; can be obtained by using Equation (4) and are also given in Figure
3b for comparison, where the surface tension of water is y; = 61.3 X 1073N/m [43, 44].
Good agreement between MD simulations and theoretical results are observed. Besides, it is
shown that AF/b =0 at 8, = 85.0°. When 6, < 85.0°, 4F/b < 0, indicating that the
presence of water will promote the peeling of 2D materials from a graphene substrate; if the
2D materials have a surface wettability with 8,; > 85.0°, the water environment will lead to
resistance to its successful peeling from graphene substrate. In addition, at a given 6;;, when
the substrate changes, the monotonous variation of AF/b with 6, is also obtained, and
AF /b will increase with the increase of  6;. For example, when the graphene is peeled from
the silicon substrate which has a lower wettability ( 65, = 110.6°) than that of graphene

substrate ( 85 = 95.0°), a higher AF/b is obtained, and by contrast, a lower AF /b is
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obtained to peel off the graphene from copper substrate ( 65; = 60.9°) in comparison with that
from graphene substrate because of higher wettability. These theoretical plots are also well
consistent with MD simulations. When the liquid solvent changes, a similar variation of AF /b
with 6,; is obtained because of dependence of peel-off force on surface tension of liquid y;,
as indicated in Equation (4). Both theoretical plots and MD simulations are given in
Supplementary Figure S5 and their good agreement is also obtained. In essence, our
theoretical analysis indicates the presence of liquid will lead to a change of adhesion energy
between 2D layer and environment when it is peeled from substrate. Figure S4b presents the
interfacial energy difference of peeling 2D graphene layer from graphene substrate in liquid
water in comparison with that in dry condition, which corresponds to plots in Figure 3a. For a
graphene layer with 8, = 30.4°, it is shown that the graphene layer has a lower interfacial
energy than that in dry condition, which agrees with a lower peel-off force in water than that
in dry condition. In contrast, for a graphene layer with 8;; = 151.2°, the graphene layer has a
higher interfacial energy than that in dry condition, which is also in good consistency with a
higher peel-off force in water than that in dry condition.

Figure 4a shows the peel-off force of graphene F/b in water environment with 6;; =
30.4° and 65 = 95.0°. Similar to observations in Figure 3a, the peel-off force reaches a
steady state after the initial adjustment. Besides, the peel-off force at the steady state at the
peeling angle o = 120° is smaller than that of a < 90°. More importantly, when o < 90°,
the peel-off force at the steady state is approximately the same and does not change with a,
which is in good consistency with theoretical analysis in Equation (4). Figure 4b shows
quantitative comparison of the minimum peel-off force in water (F/b),,i, between MD
simulations and theoretical calculations at different a and 6,;, where the interlayer adhesion
energy of graphene is taken as G,; = 1.45eV /nm? in the theoretical calculations via Equation
(4).[45-47] Remarkable consistency between them is obtained. Besides, at the same «, a
higher 6,; will lead to a higher (F/b),;,. Figure S6a presents the MD snapshots at different
simulation times. Only a lateral sliding of graphene layer on substrate at « = 0° is observed,
both lateral sliding and vertical peeling occur at @ = 45°, and only vertical peeling occurs
at a = 90°, which agrees well with theoretical analysis. In addition, different from these peel-

off behaviors, once the peel-off force arrives at the steady state, the interfacial adhesion energy
10



difference of the 2D layer between that in water environment and in dry condition shows almost
the same, independent of «, as shown in Figure S6b, which is also well consistent with a

constant peel-off force in both theory and MD simulations in Figure 4b.

When there are two layered 2D materials on the substrate, the theoretical analysis (Figure
2, or Equations (7) and (8)) shows that the liquid environment could change the peel-off forces
at different separation interfaces, and can be utilized to control the separation at a desirable
interface. As a numerical demonstration, we performed MD simulations by employing
graphene and h-BN as 2D materials and copper and silicon as substrate. Note that the load was
always applied to the topmost layer for all simulations so as to ensure practical applications of
these demonstrations in experiments. Figure 5a shows MD snapshots of peeling two layered
graphene from copper substrate with the pee-off angle of @ = 45°. Their peel-off force with
simulation time is shown in Figure S7. In the dry condition, the top layered graphene is
detached with the increase of peel-off time, and the bottom layered graphene stays on the
substrate. In contrast, when the peeling is conducted in the water liquid, both graphene layers
are delaminated from substrate. When the copper substrate is replaced by silicon (Figure Sb),
in dry condition, both graphene layers are detached; and in water environment, only the top
graphene layer is peeled of, which is completely different from the separation event on copper
substrate. In theory, when two layered graphene sheets are placed on copper substrate, because
the binding energy  G;_s = 1.62eV/nm? [26] and Gg_pp = 1.45eV/nm? |[46]
and Gyp_g — Gii_p > 0, and given 647 = 95.0° and 6 = 60.9°, we will have Fj; > Fj
from the peel-off map in Figure 2b in the dry condition, and thus the separation tends to occur
at the interface between two graphene layers; Similarly, in water environment, we have F,,;; <
F,,1, leading to a separation of both graphene layers from copper substrate, which is in good
consistency with MD simulations. When the substrate changes to silicon, the consistency
between MD simulations and theoretical predictions can be confirmed through comparison of
interface adhesion energy among graphene, graphene and silicon substrate and surface
wettability of graphene and silicon. Further, when peeling off two different layered 2D
materials, graphene and h-BN from copper substrate, because G,_s = 1.62eV/nm?, and

th_tz = 1.696V/nm2,[48] and GtZ—S - th_tz < 0, and etll = 29.70 and 951 = 60.90,
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the theoretical calculations based on Figure 2c¢ predict that in the dry condition, Fj; < Fj , and
the separation tends to occur between graphene and substrate; and in water
environment, F,; > F,;, and the separation tends to occur between graphene and boron

nitride, which is also in good consistency with MD simulations in Figure 5c.

5. Conclusion

By introducing a liquid environment to the conventional mechanical peeling experiments, we
propose a liquid-assisted peeling technique capable of peeling of 2D materials from substrates
without chemical reaction involved. A physical mechanics model that integrates the peel-off
force and angle with surface wettability of 2D materials and substrates, surface tension of liquid,
and interfacial energy between 2D materials and substrates in dry conditions is developed and
utilized to predict the peeling phenomena of 2D materials from various substrates. When
peeling off a single layer 2D materials from a substrate, the theoretical analysis shows if 2D
materials and substrate are both hydrophilic, the presence of liquid molecules will lead to a
lower peel-off force in comparison with that in dry conditions, and promotes the interfacial
peeling. Moreover, the theory is extended to the peeling of multilayered 2D material system,
and an explicit peel-off force in liquid is also given. In particular, the analysis on peeling of
two layered 2D materials indicates that the interfacial separation can be completely different
in between a liquid environment and dry condition. The extensive molecular dynamics
simulations were performed and the results show remarkable consistency with theoretical
predictions.

The present study is expected to provide an immediate guidance for mechanical peeling
and transferring of 2D materials from various growth substrates to target substrates to meet the
needs in the fabrication of 2D materials enabled devices, where the liquid could be employed
to tune the peel-off force and achieve the selective delamination at a desirable interface. Further,
with the inherent van der Waals force interaction between films and substrates, it is envisioned
that our theoretical model can also be used in macroscale device fabrications that rely on
transfer printing process. Moreover, this study may facilitate the other manufacturing
techniques of 2D materials by employing a proper liquid solvents such as the popular

mechanical exfoliation in solvents.
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substrate (9,)

Figure 1. Peeling of a monolayer material from substrate in a liquid environment. (a)
Schematic illustration of peeling of a monolayer film in liquid with both lateral sliding and
vertical separation at the interface by a peel-off force F at a peeling angle a. 6, and 6
are contact angle of monolayer material and substrate in liquid at the equilibrium,
respectively, and represent their surface wettability.Ad and Al are sliding and peel-off
length, respectively. (b) Peel-off force per unit width F/b of a single layer material from
substrate versus peeling angle a. In the plots, the interlayer adhesion energy is Gy =
1.45eV/nm?, surface tension of liquid is y; = 61.3 X 103N /m, contact angle is 6, =
30.4° and 6 = 95.0°. Yellow region: only lateral sliding occurs, Dark blue region: both
vertical peeling and lateral sliding occur, Green region: only vertical peeling occurs, and NA:
neither vertical peeling nor lateral sliding occurs. A is the sliding factor and is defined as A =

Al
Al+Ad’
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Figure 2. Peeling of a two-layered material from substrate in a liquid environment. (a)
Schematic illustration of peeling of two-layer materials from a substrate by applying a peel-off
force on the top layer 1 (left), and the resultant two situations (right)- (I) only top layer 1 is
peeled of and layer 2 keeps adhesive on substrate and (II) both layers 1 and 2 are peeled of
together from substrate. 6,7 , 0y, and 6Oy reflect the surface wettability of layer 1 and 2,
and substrate in liquid, respectively. Theoretical map of the peel-off force with variation of
surface wettability of (b) substrate 65 and (c) top layer film 6;q. Gip_s — Gyi_¢ 1S the
adhesion energy difference between layer/substrate and layer/layer in dry
condition. F; and Fj; are the minimum force of peeling of one single layer (situation I) and
two layers (situation II) from substrate in dry condition, respectively, and F,,; and F,,;; are
the minimum force of peeling of one single layer (situation I) and two layers (situation II) from
substrate in liquid environments, respectively. Blue region: Fy; < F; and F, < F,,;; red
region: Fy; > F; and F,,;; > F,,;, and both regions indicate that the presence of liquid water
will not change the peel-off position. Yellow region: Fy; < F; and F, > F,;; green
region: Fy; > F; and F,,;; < F,,;, and both regions indicate that the presence of liquid water
will change the peel-off position.
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Figure 3. Variation of peel-off force of peeling of a monolayer material with different
surface wettability at peeling angle a = 90°. (a) Comparison of peel-off force F/b in dry
condition and water environment with different surface wettability of graphene ;. The
surface wettability of substrate in water is Oy = 95.0°. The peel-off force remains
approximately constant in steady state (the dark boxed area). (b) MD simulation and theoretical
comparison of peel-off force variation AF /b at the steady state of peeling of graphene with
different surface wettability 6, in dry condition and water environment from different

substrates 6; (copper: Cu, and silicon: Si).
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Figure 4. Effect of peeling angle on peel-off force. (a) Peel-off force of graphene at different

peeling angles, where surface wettability of graphene and substrate in water is 6y =
30.4° and 65 = 95.0°, respectively. (b) Comparison of the minimum peel-off force between

theory and MD simulations for peeling of graphene with different surface wettability 6,;.
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Figure 5. MD simulation of a selective peeling of layer(s) from a substrate in dry and
liquid environments. Comparison of the peeling process in dry condition and water
environments for the system of (a) graphene/graphene on copper substrate (b)
graphene/graphene on silicon (Si) substrate (¢) h-BN/graphene on copper (Cu) substrate. The
peel-off force is applied on the top layer at a peeling angle a = 45°.
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Supplementary Information
Liquid-Assisted, Etching-Free, Mechanical Peeling of 2D Materials
Yue Zhang, Qingchang liu and Baoxing Xu*

Department of Mechanical and Aerospace Engineering, University of Virginia,

Charlottesville, VA 22904, USA

Figure S1. Comparison of peel-off force with and without the elastic deformation of
peeled materials in a liquid environment. (a) Peel-off force versus elastic modulus £ of
peeled graphene. The peeling angle a = 90°. (b) Peel-off force of graphene versus peeling
angle a. The elastic modulus of graphene E =1 TPa, the thickness t = 0.34nm, the
interlayer adhesion energy G,; = 1.45eV/nm?, the surface tension of liquid y; = 61.3 X
1073N/m and the contact angle 8, = 0 = 95.0°. (¢) Peel-off force versus elastic modulus
E of black phosphorene (BP). The peeling angle a = 90°. (d) Peel-off force of black
phosphorene versus peeling angle «. The elastic modulus is E = 41.3 GPa and E =
106.4 GPa for armchair and zigzag black phosphorene, respectively. The thickness t =
0.529nm, the interlayer adhesion energy G, = 2.24eV/nm?, the surface tension of liquid
¥; = 61.3 X 1073N/m and the contact angle 8, = 65 = 90.0°.

* Corresponding author: bx4c(@yvirginia.edu

21


mailto:bx4c@virginia.edu

a
5 5
4 N 4
- 1=0 L
| Sliding I
= — Slidi :
“E 3t NE 3t aing Peeling
s [ Peeling = |
2. <
< 2 < 2F
= [ ® =1 =
A=0.5
1F 1F f
A=0.5 NA
L NA L
f, =151.2° 8, =92.5°
0 M 1L 2 1 2 1 5 1 2 1 2 0 N 1 2 1 2 1 2 1 M 1 2
0 30 60 90 120 150 180 O 30 60 90 120 150 180
o (degree) a (degree)

Figure S2. Peel-off force of peeling of a single layer graphene from substrate versus
peeling angle o for (a) 6, = 151.2° (b) 6, = 92.5°.
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Figure S3. Theoretical map of the peel-off force with variation of surface wettability of
substrate Og;, the top layer thin film 6,; and adhesion energy difference in dry
condition G;y_g3 — Gq_¢2-
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Figure S4. (a) MD simulation snapshots of the peel-off process in dry condition and water
environment with 6;; = 30.4° and 6, = 151.2°. (b) The vdW adhesion energy difference of
graphene layer between that in water environment and dry condition for 6y =
30.4° and 6;; = 151.2° during the peel-off process.
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Figure S5. Peel-off force change AF /b at the steady state of peeling of graphene with
different surface wettability 0,, in dry condition and in different liquid solvents O
(H20: water, EG: ethylene glycol, MI: diiodo-methane, G: graphene). The peeling
angle a = 90°.
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Figure S6. (a) MD simulation snapshots of the peel-off process in water environment
with 8;; = 30.4°, for peeling angle a = 0°, a = 45° and a = 90°. (b) The vdW adhesion
energy difference of graphene layer with 8,; = 30.4° between that in water environment and
dry condition, for peeling angle a = 0°, @ = 45° and @ = 90° during the peel-off process.
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Figure S7. Comparison of peel-off force for the system of graphene/ graphene on copper
substrate, graphene/graphene on silicon substrate, and h-BN/graphene on copper
substrate in water environment and dry condition.
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