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Topological defects and nanoholes in graphene
oxide/hexagonal boron nitride heterostructures:

stress buildup and accumulation

Lei Fan, © +*2 Xinyu Cai,1*® Hongwei Wang,? Jian Ye,? Yong Feng,? Zhuye Huang®

and Chen Qu*®

The built-in distorted stress field of graphene (Gr) and its derivatives in defective state will induce local
geometrical buckling due to the geometry of monatomic layer. The random distribution and types of
functional groups (FGOs) and defects will have a significant impact on the stress accumulation and
geometrical deformation of two-dimensional (2D) materials. By using molecular dynamics (MD),

structure design and nonlinear mechanics theory, a new model (combining both planar 2D
heterostructures and graphene oxide (GO)) was established to study geometrical effects, stress
accumulation, bonding energies and mechanical properties of 2D interface (key point) at stress distortion
field and accumulated stress field. The results show that grain boundaries (GBs), nanoholes and FGOs
have different effects on the mechanical properties and out-of-plane deformation of 2D materials. By

using Von-mises stresses and statistical mechanics, the geometrical effects, built-in distortion stress

transfer and attenuation appeared in the each domain of 2D materials during the order—disorder

transition processes. Moreover, there are two opposite aspects of stress accumulation, transmission,
attenuation and geometrical effects of grain boundary (GBs), FGOs and nanoholes with distance. The
ratio of strain energy (bond length and angle) is very sensitive to each domain of 2D materials. Finally,
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the 2D planar configuration gradually changes to a negative Gaussian surface, and the softening and

weakening effects induced by GBs, nanoholes and FGOs are gradually enhanced. It is hoped that the

DOI: 10.1039/d2ra06581a

rsc.li/rsc-advances the new growth point.

1 Introduction

The geometric effect in 2D materials is a fundamental problem
that cannot be avoided in the mechanical characterization of 2D
materials. As a 2D material of monatomic layer, Gr has low
bending rigidities, but its bending stiffness is not zero." The Gr
is similar to the bending rigidities of cell membrane, about
1 eV.” For a large scale of defect-free Gr, the folded morphology
is usually only formed at its edge.® Gr nanosheets can also form
curled shapes due to van der Waals force adsorption between
parts.> Therefore, Gr film is prone to large-scale thermal fluc-
tuation displacement and deformation due to external distur-
bance in the equilibrium state.*

The geometrical morphology of Gr depends not only on the
thermal disturbance of external environment and its own
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current results can be used as a guide to adjust the geometry and stress accumulation of 2D materials in

geometrical size, but also on its internal defect structure.® The
existence of GBs and nanoholes will not only generate built-in
distortion stress in 2D materials, but also cause buckling
deformation of structures, especially in 2D materials with low
bending stiffness such as Gr.*” Z. G. Song et al.® used the
combination and superposition of basic defect structures and
stress fields to explore the stress field distribution of common
defects in Gr. Their result indicated that the pseudo (inverse)
Hall-Petch effect is found in the brittle fracture behavior of
polycrystalline Gr, that is, the tensile strength is inversely
related (positively related) to the grain size. In addition, triple
GBs junctions serve as the nucleate centers for cracks and crack
propagation. In another work, the effect of topological defects
on geometrical deformation of Gr was investigated. The result
shows that a single 5|7 dislocation in 2D hexagonal lattice will
induce it to deviate from the plane configuration, and produce
cone and saddle shapes with positive and negative curvature,
respectively.® J. Xu et al. also proved® that the structural engi-
neering of graphene and even other 2D materials will broaden
the photoelectric application. In another work, Y. T. Niu et al.*
confirmed that the inhomogeneous spatial distribution of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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strain and doping can control the physical properties of
graphene.

Compared with three-dimensional bulk materials, defects
such as vacancy, doping and dislocation have more significant
effects on the physical properties of 2D materials."*** These
defects can significantly change the overall properties of Gr
derivative and heterostructures. The rigidity and strength
characteristics of Gr derivative and heterostructures were
weakened. Then, the scattering of electron and phonon trans-
port was also affected.'*"” More importantly, this kind of built-
in distortion stress can lead to the secondary mechanical
behaviors of 2D materials, such as sliding, buckling, folding,
breaking and out-of-plane movement of 2D materials. It is
directly coupled with the growth reaction, and then changed the
growth process of materials.

GO is a non-stoichiometric material with layered structure, with
hydroxyl (-OH) and epoxy groups (-O) on the surface and carboxyl
(-COOH) on the edge."®* These functional groups (FGOs) provide
a large number of active sites for connecting various organic small
molecules, polymers, biological macromolecules and other
FGOs.”*** Due to the uneven distribution of oxygen-containing
groups in GO, the sp” hybrid region is separated into “islands”
with a size of 2-3 nm by the sp® hybrid C-0.22** Moreover, a large
number of folds are produced on the surface of GO due to the
distortion of sp* hybridization to form tetrahedral structure. After
calculation, the bending rigidities of Gr derivative are also similar
to cell membrane.* It is worthy notice that Gr derivative is very
easy to bend and fold. Although reduced GO is similar to Gr
nanostructure and has similar properties (good conductivity, etc.),
RGO usually contains more defects and is lower in quality than Gr
directly produced from graphite. Moreover, reduced GO contains
residual oxygen and other heteroatoms.

Will the coupling of these internal fields coupling (GBs,
FGOs and nanoholes) lead to local buckling of 2D materials?
Whether the internal field coupling effect increases, decreases
or remains the same for mechanical properties of 2D materials?
From the perspective of structural design, stress accumulation
and energy, combining both planar 2D heterostructures and GO
opens up the possibility to create an unprecedented architec-
ture using 2D atomic layer.

The fracture characteristics, geometric deformation and
bond energies induced by GBs and nanoholes in GO configu-
rations were investigated. The topological and geometrical
effects of the coupling effects of GBs and nanoholes on the
distribution and types of FGo as well as spatial configuration of
GO nanostructures were analyzed. By using GBs and nanopore
to control the geometry of 2D materials, nano-structures such as
nano-cones and hourglass channels can be constructed. It can
be used in the design of functional devices such as transmission
channels.

2 Computational model and method

The formation process of Gr-hBN heterostructures with GBs can
be seen as the overlapping of a perfect Gr and a perfect h-BN after
rotating at a certain angle. When the atoms in the overlapping
region cannot be arranged according to the six-ring structure of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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perfect Gr. The GBs is formed at the in-plane structures. Next, it is
assumed that Gr and hBN are two parts of region (B) and region
(C), respectively. An hBN layer (region (B)) has been butt-joined to
the left sides of a Gr layer region (C), and then creating GBs in their
interface. Moreover, by using structure design theory, another layer
of Gr (region (A)) has been butt-joined to the left sides an hBN layer
(region (B)), and another layer of an hBN (region (D)) has been
butt-joined to the left sides of a Gr layer (region (D)). A new gra-
phene-hBN-graphene-hBN (Gr-BN interface) configuration was
constructed by creating nanoholes and GBs in their interface,
including a nanoholes (at interface between A and B regions), GBs
(at interface between B and C regions), a nanoholes (at interface
between C and D regions). A hybrid Gr-BN interface with nano-
holes and GBs at the interface of their layers was shown in Fig. 1.
The GBs of Gr-BN interface nanostructures can be defined
by using mismatch angle (6):
ny, — my, NR — MR

V3(nL +my) V3(ng + mg)

where 0 and 6;, are the rotation angles of the left and right
parts, respectively.

Any non-six ring structure in the GBs is considered as
a defect. If the defects are arranged periodically, the GBs can be
characterized by the period length (L) of adjacent defects. The
periodic length (L,) can be expressed by the translation vector
pairs (g, my)|(ng, mg) on both sides of the GBs:

LR = QyV }’le -+ nrmg + mR2 (2)

L, = »80\/'1L2 + nypmy 4+ mmy 2 (3)

0 = Or + 0, = arctan + arctan

where «, is the unit vector of h-BN lattice, and £, is the unit
vector of Gr lattice. n and mis the translation vector of system. ng
and my, is the translation vector of h-BN, and n;, and my, is the
translation vector of Gr.

In order to deeply study the topological and geometric effects
of the coupling effects of GBs and nanoholes on the distribution
and types of different FGOs as well as the spatial configuration
of GO nanostructures. A series of FGOs (epoxy (C-O-C),
hydroxyl (C-OH) and their combination (C-O-C + C-OH) are
created in defective Gr-BN interface nanostructures, as shown
in Fig. 2(a-b).

It is noted that the density of FGOs in Gr-BN interface
nanostructures can be defined as R.

Nn
R= A (4)
where N, is the total number of carbon atoms in Gr-BN inter-
face with FGOs nanostructures, and N,, is the number of carbon
atoms connected to the FGOs.

The whole working case is realized by using large-scale
atomic/molecular massively parallel simulator (LAMMPS).>

Tersoff potential is suitable for describing the short-range
interaction of nitrogen (N), boron (B) and carbon (C)
atoms.”**” ReaxFF is employed to describe the bond dynamics
and interatomic interactions between hydrogen (H), oxygen (O)
and C atoms, as well as the parameters proposed by V. Akarsh
et al.?® Also, the interactions between N and O are characterized

RSC Adv, 2022, 12, 33988-34005 | 33989
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by charge-optimized COMB potential, which has been studied by L. Deng.** The hydrogen-nitrogen and hydrogen-boron
by T. Liang, et al.*® The interactions between B and O were bonds are very high, and the reaction self-consistent force field
characterized parametrically by Teter, which was investigated can only be used to accurately simulate.**
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Fig. 2 A defective Gr—BN interface nanostructures with FGOs at the B—C region. (a) Gr—BN interface nanostructures with circular nanoholes,
GBs and FGOs (GO-BN-C) and (b) Gr—BN interface nanostructures with square nanoholes, GBs and FGOs (GO-BN-S).
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The simulation for Gr-BN interface with FGOs nano-
structures can be divided into two stages. In the relaxation
stage, the spatial configuration was first equilibrated using an
NPT system with Nosé-Hoover method to control pressure and
temperature, at a time step of 0.5 fs. The entire penetration
process is simulated and calculated for 500 ps under the
condition of NPT ensemble at 300 K temperature and 1 atm
pressure. After this relaxation stage, the system is converted to
NVT ensemble at 300 K, running for 200 ps. Finally, this
simulation model runs at 300 K for another 500 ps to generate
atomic trajectory information for data analysis. The strain rate
of the GO-BN-GBs configuration is assumed to 0.001 ps~'.

The Young's modulus E was calculated as the initial slope of
the stress-strain curves, and the failure strength ¢ was taken as
the peak stress of the curves.

To obtain the stress-strain curves during deformation, the
atomic stress of individual atoms in the Gr-BN interface with
FGOs nanostructures were calculated according to the following

eqn (5):*

Oy = é (%m“v?vj + Zrﬁ ] (5)
B=1;n

where ¢ and ¢ denote the indices in the Cartesian systems;
«a and @ are the atomic indices; m* and v* denote the mass and
velocity of the atom «, respectively; r,g is the distance between
the atoms o and B; and Q% is the atomic volume of the atom o.
After obtaining the stress of each atom, the stress of the Gr-BN
interface with FGOs nanostructures were computed by aver-
aging over all the atoms in the nanostructures. The failure
strength was taken as the peak stress of the stress-strain curves.
Similarly, the failure strain was taken as the peak strain of the
stress-strain curves. It is worth mentioning that both sides of
hybrid nanostructures contain functional groups. If only one
side (upper surface or lower surface) contains functional
groups, the geometric deformation and deflection of hetero-
junction will change greatly due to the asymmetric effect.

3 Results and discussion
3.1 Validation

To verify the simulation, Table 1 show the results of previous
work compared with the three mechanical values (fracture
stress, strain, and Young's modulus) of Gr and hBN in this

View Article Online
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Fig. 3 The geometrical deformation of Gr—BN interface with different
L, of GBs. (a) Plane view of a portion of Gr—BN interface with GBs and
(b) a perspective side-view of a portion of Gr—BN interface with GBs.

study. As shown in Table 1, the comparison shows that the
calculation method and the selection of potential function were
very reasonable, and the results obtained were very consistent
with previous work. The Young's modulus of the pristine Gr was
921 GPa. In addition, the Young's modulus of the pristine hBN
was 915 GPa. The simulated results were in good agreement
with the experimental result (1000 GPa for Gr** and 881 GPa for
hBN?*¢), the DFT result (1050 GPa for Gr** and 863 GPa for hBN*?)
and MD result (930 GPa for Gr*® and 930 GPa for hBN*®).

3.2 Effect of GBs on mechanical properties

The coupling of defects has significant effects on the mechan-
ical properties, crystalline structure and structural deformation
of 2D materials. These influences are not simply 1 + 1 = 2, while
it is a complex distortion effect for stress, strain and structural
deformation (it may be a superposition positive effect or
a superposition negative effect). The effect of single internal

Table 1 Comparing the Young's modulus, failure strength, and strain values of pure graphene and hBN obtained by the present study and by

previous experimental and computational works

Assessment method

Failure strength

Young's

Various types (potential) Failure strain (GPa) modulus (GPa) Ref.
Single-layer MD (Tersoff) 0.203 124 921 Present study
Single-layer MD (Tersoff) 0.201 131 930 Eshkalak et al.*®
Single-layer DFT 0.208 127 1050 Liu et al.®
Experimental 0.25 130 1000 Lee et al.**
Single-layer MD (Tersoff) 0.199 121 915 Present study
Single-layer MD (Tersoff) 0.2 131 930 Eshkalak et al.”®
Single-layer DFT 0.19 120 863 Ding et al.*®
Experimental — — 881 Bosak et al.*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 The mechanical properties of Gr—BN interface with different L,
of GBs.

field (GBs) on the out-of-plane displacement of Gr-BN interface
was investigated. Fig. 3 shows the out-of-plane displacement of
Gr-BN interface with GBs. It is found from Fig. 3 that the
existence of GBs cause 3D out-of-plane displacement of the 2D
structure. A series of out-of-plane displacement (d;, d,, d; and
d,) were formed in key regions of Gr-BN interface with GBs,
including Gr edge, hBN edge and their interfaces (see Fig. 3(b)).
In addition, the out-of-plane displacement values are different
in each region of Gr-BN interface with GBs. The highest value of
out-of-plane displacement are found at Gr edge (A region) of Gr-
BN interface with GBs, while the lowest value of out-of-plane
displacement are obtained at center region (GBs) of Gr-BN
interface with GBs. At the center interface regions (GBs), the
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spatial structure of Gr-BN interface with GBs is relatively low
position, compared with other regions. It is noticed that the
spatial structure of Gr-BN interface with GBs is a 3D concave
shape, instead of a planar 2D structure.

We turn our attention to the effect of GBs on the mechanical
properties of Gr-BN interface with GBs nanostructures.
Considering the different L, of GBs, the failure stress and strain
of Gr-BN interface with GBs were studied, as shown in Fig. 4. It
is found that the failure stress and strain of Gr-BN interface
with GBs increase with increase of L, of GBs. Because the GBs
promotes the out-of-plane displacement of 2D materials, and
out-of-plane displacement has a greater impact on local
mechanical response of 2D materials. During the process of
tension, the out-of-plane displacement and deformation of Gr-
BN interface with GBs are an uneven distribution, and the
degree of uneven distribution is closely to L, of GBs. More
importantly, C-C, B-N, C-B and C-N bonds near GBs will bear
greater stress, relative to Gr-BN interface with no GBs.

3.3 Effect of defects on mechanical properties

The previous studies®”° have confirmed that the defects
decreased the mechanical properties of 2D materials, and the
reduction degree of mechanical properties is closely to defect
types and defect numbers. However, the above-mentioned
calculation and simulation studies on the fracture behavior of
2D materials are mostly based on the planar 2D model, but the
real 2D materials usually contains out-of-plane displacement
under the external and internal field. Therefore, the out-of-
plane displacement and mechanical properties of Gr-BN
interface with nanoholes (circular and square) were investi-
gated, as shown in Fig. 5 and 6. It is found from Fig. 5 that the

Square

(

= 1

Nanohole

Fig. 5 The out-of-of displacement of Gr—BN interface with different nanoholes. (a) Plane view of a portion of Gr—BN interface with circular
nanoholes, (b) plane view of a portion of Gr—BN interface with square nanoholes, (c) perspective side-view of a portion of Gr-BN interface with
circular nanoholes and (d) perspective side-view of a portion of Gr—BN interface with square nanoholes.
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Fig. 6 The mechanical properties of Gr—BN interface with different nanoholes. (a) Failure stress and (b) failure strain.

existence of defects has important effects on the out-of-plane
displacement of Gr-BN interface with nanoholes. However,
the effect of defects and GBs on the out-of-plane displacement is
different. The out-of-plane displacements are formed in Gr-BN
interface with nanoholes due to the loss of atoms. The more
these atoms are eliminated and thus, the more the forces
balances between atoms are damaged and broken up, the
higher out-of-plane displacements will be. In view of the
resulting out-of-plane displacements, the existence of square
nanoholes in Gr-BN interface leads to greater out-of-plane
displacements than the presence of circular nanoholes (see
Fig. 5(c) and (d)). Obviously, the d; and d, at edge region are
higher than d, and d; at interface region (without defects) and
at central interface region (square nanoholes).

It is observed from Fig. 6 that the existence of square
nanoholes in Gr-BN interface leads to a more reduction values
of failure stress and strain than the existence of circular nano-
holes. The reason is that square nanoholes leads to a more

Fig.7 The geometrical deformation of Gr—BN interface with different
FGOs nanostructures. (a) Plane view of a portion of Gr—BN interface
with different FGOs and (b) perspective side-view of a portion of Gr—
BN interface with different FGOs.

© 2022 The Author(s). Published by the Royal Society of Chemistry

reduction of atoms from Gr-BN interface and also the elimi-
nation of more hexagonal rings in their interface. Obviously, the
failure stress and strain of Gr-BN interface with circular nano-
holes is higher than that of Gr-BN interface with square
nanoholes. In addition, the failure stress and strain values do
follow a regular and similar trend. The failure stress and strain
values decrease with increase of nanoholes sizes.

3.4 Effect of FGOs on mechanical properties

The effect of FGOs on out-of-plane displacement and mechan-
ical properties of Gr-BN interface was studied, as shown in
Fig. 7 and 8. It is observed from Fig. 6 that out-of-plane
displacement of Gr-BN interface with different FGOs does
follow a similar trend, relative to above two simulations.
Although GBs, defects or FGOs are generated in the same
region, the out-of-plane deformation of 2D structures caused by
defects, GBs and FGOs are different. The vacancy defects cause
changes in the number of atoms and 6-rings. The GBs keeps the
number of atoms and 6-rings unchanged, while the 6-rings are
transformed into 5-7 rings. Also, the sp hybrid structures have
changed to hybrid state of sp® bonding by introducing the
FGOs. Obviously, the spatial configuration of Gr-BN interface
with FGOs is a cone shape (see Fig. 7(b)), and the apex of the
cone shape is located at FGOs area (interface region). Obviously,
the out-of-plane displacement at central interface region is
higher than that of other regions.

Next, we turn our attention to the effect of FGOs on failure
stress and strain of Gr-BN interface. The Gr-BN interface with
FGOs nanostructures were divided into 3 parts: OH-1 (only
hydroxyl groups), OH-O-2 (hydroxyl + epoxy groups) and O-3
(epoxy groups). Fig. 8 shows the failure stress and strain of
Gr-BN interface with different FGOs. It is found from Fig. 8 that
failure strain of OH-1 varies from 0.1987 to 0.1618 when the
densities of OH-1 are increased from 0% to 15%. The Gr-BN
interface with FGOs nanostructures possesses lower mechan-
ical properties than the pristine one, and the percentage of
difference is closely to the densities and types of FGOs. Clearly,
the presence of FGOs has an adverse effect on the failure stress
and strain of Gr-BN interface with FGOs nanostructures.

In considering the same densities of FGOs, the highest
failure stress and strain values are achieved when OH-1 are

RSC Adv, 2022, 12, 33988-34005 | 33993
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Fig. 8 The mechanical properties of Gr—BN interface with different FGOs. (a) Failure stress and (b) failure strain.

created at central interfaces. Nevertheless, the lowest failure
stress and strain values are obtained when O-3 are created at
central interfaces.

A key conclusion is that the internal field (defects, GBs and
FGOs) affect the mechanical properties of Gr-BN interface
nanostructures in two contrary ways. On one hand, the presence
of internal field can lead to a reduction in the failure stress and
strain. On the other hand, the presence of internal field changes
spatial configuration and out-of-plane displacement. The
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flattening of out-of-plane displacement can significantly reduce
the tensile ratio of covalent bonds, resulting in a significant
increase of failure strain.

3.5 Internal effects (GBs, nanoholes and FGOs) for
geometrical deformation

Fig. 9 shows the fracture strength and strain of defective Gr-BN
interface nanostructures in different cases, including nano-
holes shape (circular and square), nanoholes sizes (10 A and 20
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Fig.9 The fracture strength and strain of Gr—BN interface nanostructures in different cases. (a) Gr—BN interface with 10 A circular nanohole, GBs
and FGOs (GO-BN-C1), (b) Gr—BN interface with 10 A square nanohole, GBs and FGOs (GO-BN-S1), (c) Gr-BN interface with 20 A circular
nanohole, GBs and FGOs (GO-BN-C2) and (d) Gr—BN interface with 20 A square nanohole, GBs and FGOs (GO-BN-S2). The 1-C-OH, 2-C-OH
+ O and 3-C-O represent the Gr—BN interface with C-OH, C-O-C and C-OH + C-0O-C, respectively.
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A), FGOs types (C-OH, C-O-C and C-OH + C-O-C) and FGOs
density. According to Fig. 9, the fracture strength and strain are
reduced by increasing the nanoholes sizes and the FGOs density
in the of defective Gr-BN interface nanostructures. In the
interface zone, by increasing the dimensions of circular nano-
holes from 10 to 20 A, the fracture strength and strain of 2-C-
OH + O model are reduced by 21.89% and 12.96%, respectively.
While the fracture strength and strain are reduced by 11.31%
and 6.17% for the 10 A square nanoholes, compared with 10 A
circular nanoholes. The GO-BN-C1 generally has better fracture
strength and strain than those with GO-BN-S1 (square nano-
holes) due to more bonding failure and stress accumulation.
In this respect, in the x; region (with circular nanoholes), the
best fracture strength and strain are obtained when the C-OH
are created at accumulated stress field. However, the worst
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fracture strength and strain are obtained when the C-O-C are
created at accumulated stress field. Also, in the case in which
the nanoholes and FGOs are displaced to in the same regions,
the fracture strength and strain do follow a similar trend. It is
evident that FGOs types have a greater influence on the fracture
strength and strain of defective Gr-BN interface nanostructures.
In the x; region, by changing the types of FGOs from 1-C-OH to
2-C-OH + O, the fracture strength and strain are reduced by
8.81% and 16.13%, respectively. When compared with the 1-C-
OH, the presence of the 3-C-O results in 10.46% and 19.70%
reduction in the fracture strength and strain. For the three cases
which the types of FGOs vary in the x; region, the changes of
fracture strength and strain do not follow a regular trend. It is
expected that the degree of reduction will increase with
increasing FGOs density. With regard to the fracture strain at

Built-in
distorted

Built-in
distorted
stress field

Non-accumulated  Accumulated

stress field

‘-"B)Q 00

Fig. 10 The perspective and plane view of a portion of a Gr—BN with FGOs nanostructures in different cases. (a) Gr—BN interface with hydroxyl
groups (C—OH), (b) Gr—BN interface with hydroxyl and epoxy groups (C—OH + C-0O-C) and (c) Gr—BN interface with epoxy groups (C-O-C).
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Fig. 11 The geometrical deformation and stress distribution of a Gr—BN interface with hydroxyl groups, including (a and f) before cracking, (b, c

and g) reaching the strain limit and (d, e and h) after cracking.

which the fracture strength is investigated, it is confirmed that
defective Gr-BN interface nanostructures undergoes fracture at
the strain level varying from 0.0958 to 0.0644 when the fraction
of FGOs (3-C-O) increases from 3.75% to 30%. Likewise, the
existence of FGOs plays an opposite role in the fracture strength
and strain of defective Gr-BN interface nanostructures (loca-
tions between GBs and nanoholes).

In order to explore the effects of FGOs distribution and types
on the stress accumulation and geometrical effects of defective
Gr-BN interface nanostructures (key weaknesses region), and
the accumulated stress field (red region, FGOs are between
nanoholes and GBs), the non-accumulated stress field (green
region, FGOs are not between nanoholes and GBs) and the built-
in distorted stress field (purple region) are considered, as shown
in Fig. 10.

C-OH+C-0-C

Non-stress €
concentration

(f) d d, d,
d, i

X X xX; Xy, x; X x;

The fracture strength and strain in defective Gr-BN interface
nanostructures are divided into A(x;) domain, B(x,) domain,
C(x3) domain and D(x,) domain. The geometrical deformation
induced by GBs, nanoholes and FGOs in four domains of
defective Gr-BN interface nanostructures can be calculated by
the following eqn (6)—(13):*°

ag.

Ex = E_)Cl - 1//x1 Oloading (6)
X
d-1 d—1
Oy, = réBkL OGBs (L)éGle + rli)lese)zl Tholes (N) 6holesl
d—1 .

+r ;msgxl 0rGos(1)0FGosi (7)

a
&y, = E-—x2 - wxzo'loading (8)

X2

Releasing
energy

Fig. 12 The geometrical deformation and stress distribution of a Gr—BN interface with hydroxyl and epoxy groups, including (a and f) before
cracking, (b, c and g) reaching the strain limit and (d, e and h) after cracking.
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d-1 .
+ TGonns 7605 (1)05 G003 (11)
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Exy = - 1//x4o'loading (12)
E,,
d-1 d—1
Oxy = ra(BS*JZA 0GBs (L)6G354 + rlﬁ)lesei; Tholes (N)éholes4
d-1 .
+r ];(GOse)M 0¥Gos (1) 0rGoss (13)

where &, , &x , & and &, are the strain of x4, x,, x; and x, domain,
respectively. o, , 0, 0., and o, are the stresses of x;, x,, x; and
x4 domain, respectively. ioading iS the tension loading. ¥, ¥x,,
¥y, and ¥, are the Passion ratios of corresponding domains. E, ,
E,, E. and E, are the Young's modulus of corresponding
domains. d is the geometric dimension. r is the distance; rgps-x,
is distance from GBs to x; domain; rpeles—, iS distance from
nanoholes to x; domain; rrgos-x, is distance from nanoholes to
x; domain. oggs(L), ohotes(N) and oggos(i) are the stresses of GBs,
nanoholes and FGOs, i = 1, 2, 3, respectively. dgps1, Onoles1 and
Orgos1 1S the attenuation coefficient of stress with distance,
including the stresses of GBs, nanoholes and FGOs. Other
parameter symbols also refer to the above.

The stress accumulation (oggs(L)) of GBs can be expressed by
the following eqn (14):*

1 1
ages(N) ~ —~ - log(L) (14)
=t NV
C-0-C
(l‘ip()x)')

h-BN/

2R

h-BN __ Gr

Increasing

Load

View Article Online
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where Nis 5|7 dislocation.
The stress accumulation (opees(N)) of nanoholes can be
expressed by the following eqn (15):

11
Thotes(S ~ N) ~ Y "7 log(S ~ N) (15)

n=1..N
where N is the dimension of nanoholes; S is the number of
nanoholes.
The stress accumulation (orgos(Z)) of GBs can be expressed
by the following eqn (16):

1 1
s(1) ~ —_~ 1 [
oGs(i) ,,;N"J ; og(i)

where 7 are the hydroxyl, epoxy and their combination, i = 1, 2,
3.

(16)

FGOs such as hydroxyl and epoxy groups are randomly or
directional distributed on the surface of defective Gr-BN
interface nanostructures. Different local distribution leads to
different degrees of lattice distortion. It makes the surface of
defective Gr-BN interface nanostructures show uneven fluctu-
ation. Fig. 11-13(f) show the FGOs, GBs and nanoholes will
induce defective Gr-BN interface nanostructures to deviate
from the plane configuration, and produce saddle shapes with
positive and negative curvatures. It is found from Fig. 5-7 that
the crack position with the maximum strain energy and Von-
mises stress always appears the accumulated stress domain
(x3), while the defect clusters have not yet appeared in the non-
accumulated stress domain (x,) and the built-in distorted stress
domain (x; and x,) (see Fig. 12 and 13(b and c)). With the
increase of tensile strain, the bonding of atoms in the stress
accumulation domain is incomplete, or the entropy of atoms is
unstable, and the energy distribution is unbalanced. It makes
the stress accumulation domain (x;) more prone to crack and
connect many defects. Due to the continuous expansion of

Defect cluster Stress

. (GPa)
D)

0.74

Fig.13 The geometrical deformation and stress distribution of a Gr—BN interface with epoxy groups, including (a and f) before cracking, (b, c and

g) reaching the strain limit and (d, e and h) after cracking.
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a single defect, the atomic stress distortion in the x; domain is
transferred to the adjacent area, and further defect clusters are
formed (see Fig. 11-13(d and e). In addition, according the Von-
mises stress theory, the lowest Von-mises stress for C-O-C
groups, relative to C-OH + C-O-C and C-OH groups, can be
attributed to the fact that the C-O-C groups has a lower binding
energy and stability in stress accumulation domain (x;).

The Von-mises stresses were calculated by the following eqn
(17):*

v = \/(al - 02)2 + (02 —203)2 + (o1 — 03)2 1)

where o4, 0, and o3 are characteristic as the first, second prin-
cipal and third stresses, respectively. It is assumed that the
whole system has no shear stress.

The existence of GBs, nanoholes and FGOs changes the
atoms arrangement and in-plane strain in the stress accumu-
lation domain (x3), the non-accumulated stress domain (x,) and
the built-in distorted stress domain (x; and x,). Also, the out-of-
plane deformation caused by geometrical effects also has an
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important impact on mechanical properties of Gr-BN interface
nanostructures. Next, we turn our attention to the effect of GBs,
FGOs and nanoholes on geometrical effects as well as the
structural buckling at different domain.

Geometrical effect and deflection (d) caused by strain of
stress accumulation domain, non-accumulated stress domain
and built-in distorted stress domain can also be calculated by
the following formulas (18)-(21):

dy =1/ (x +X181)2 — X = xl\/m (18)
dry =1/ (x2+ x262)2 — X = xz\/m (19)
dy =/ (x5 + X3€3)2 — X3 = mm (20)
dy =/ (x4 + x4e4)2 — X4 = x4\/m (21)

where d,, d,, d; and d, are displacement increment of deflection
in.xy, X, X3 and x, domain, respectively.
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Fig. 14 The transmission and decay of built-in distortion stresses in 2D materials (a) FGOs-GBs neighbor model, (b) FGOs central model and (c)

FGOs-nanoholes neighbor model.
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It is also found that Gr-BN interface with FGOs nano-
structures takes stress accumulation domain (x;) as the
fulerum, and the whole system presents different degrees of
structural buckling. With the action of external force, the 2D
planar configuration gradually changes to a negative Gaussian
surface. The softening and weakening effects induced by GBs,
nanoholes and FGOs are gradually enhanced. Clearly, the
displacement increment of deflection d, of the Gr-BN interface
with C-O-C nanostructures at fulcrum locations is higher than
that of other two types. In addition, the d; of the Gr-BN inter-
face with C-O-C nanostructures at stress accumulation domain
(x3) (the weakest key areas) also shows highest structural
buckling tendency. From the displacement increment of
deflection differences between the C-O-C, C-OH and C-O-C +
C-OH, a relatively small fraction of C-O-C groups can achieve
higher displacement increment of deflection at the cost of
a dramatically decrease in planar Von-mises stresses at stress
accumulation domain (x3), non-accumulated stress domain (x,)
and built-in distorted stress domain (x; and x,).

3.6 Accumulated stress and decay-induced region via
internal effects

It is confirmed from the foregoing analysis that the interaction
between GBs, nanoholes and FGOs affect the built-in distortion
stresses. Moreover, the built-in distortion stresses also affect the
geometrical buckling and stress accumulation of 2D materials.
Next, FGOs-Nanoholes neighbor model (1—x;), FGOs-GBs
neighbor model (2—x,) and FGOs central model (3—x3) are
created to investigate the transmission and decay effects of
built-in distorted stress from one domain to another domain, as
shown in Fig. 14(a—c). Fig. 14(a—c) contains the circular nano-
holes, GBs and FGOs in Gr-BN interface nanostructures, and
square nanoholes also created in system for comparison.

Fig. 15 shows the fracture strength and strain of FGOs-GBs
neighbor model, FGOs central model and FGOs-nanoholes
neighbor model. It is found that the fracture strength and
strain of three models are significant reduced by increasing the
nanoholes dimensions. Also, the lowest values for fracture
strength and strain are achieved when the FGOs is adjacent to
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the nanoholes, while the highest values for fracture strength
and strain are obtained when the FGOs is located at between
nanoholes and GBs. Of course, in the FGOs central model
(3—x3), by adding the sizes of circular nanoholes from 5 to 20 A,
the fracture strength and strain of 3—x; model are reduced by
43.56% and 36.68%, respectively. However, in the FGOs-
nanoholes neighbor model (1—x,), the fracture strength and
strain are reduced by 14.19% and 28.13% for the 20 A square
nanoholes, compared with 20 A circular nanoholes.

Fig. (16-18) show the geometrical deformation and stress
distribution of FGOs-GBs neighbor model, FGOs-GBs neighbor
model and FGOs central model, respectively.

Next, we turn our attention to the FGOs-GBs neighbor model,
the stress concentration mainly occurs at x; domain, followed
by x, domain, x, domain and x; domain (see Fig. 16). Moreover,
the corresponding displacement increment of deflection (d,
and d3) is highest at x; domain, followed by d,, d, and d;. With
the increase of loading, the built-in distortion stress in x;
domain of FGOs-GBs neighbor model reaches the maximum
value. Finally, the built-in stress field generated by GBs and
FGOs is transferred to the x, domain, x, domain and x; domain
through covalent bond. Therefore, we can know that the inter-
action of defects is greater than that of a single defect. The
values of the built-in distortion stress (induced by interaction of
defects) decays with the increase of bonds distance. Similarly,
the transmission and attenuation of the built-in distortion
stress in other models also follow the regular tendency.

Defect interaction will not only affect the in-plane stress
transfer, but also affect the out of plane stiffness of 2D
materials.

According to the theory of statistical mechanics, the struc-
ture with out-of-plane displacement (d) has the following
scaling relationship with equivalent tensile force, in-plane
Young's modulus, shear rigidities and bending rigidities:*

Ty, Ty~ Yd?|T (22)
Yi,G~\/T/Yd> (23)

100 0.20

(b) -G, |
2,
1 i,
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204
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Fig. 15 The fracture strength and strain of FGOs-GBs neighbor model, FGOs central model and FGOs-nanoholes neighbor model. (a) Circular

nanoholes in the models and (b) square nanoholes in the models.
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Fig. 16 The geometrical deformation and stress distribution of FGOs-GBs neighbor model, including (a and f) before cracking, (b, c and g)

reaching the strain limit and (d, e and h) after cracking.

where T is renormalized bending rigidities, T, is renormal-
ized Gauss bending rigidities, T is bending rigidities, Y is
regional Young's modulus, G is shear rigidities and Y; is
renormalized Young's modulus.

On the basis of the previous analysis, it is found that the
stress accumulation, transmission, attenuation and geometric
effects of GBs, FGOs and nanoholes with distance have two
opposite aspects. On one hand, for bridges with covalent bonds
as stress transfer, the built-in distortion stress and regional
Young's modulus decay with the distance of covalent bonds. On
the other hand, the interactions of GBs, nanoholes and FGOs
slightly enhance the bending rigidities of 2D materials due to

C-OH+C-0C Reile
adjacent  (DYEEEE
to Defects

Gr h-BN

F X

their interactions induced out-plane deformation. In addition,
because the 2D materials release energy in the process of tensile
failure, the potential energy and deflection are reduced, while
the defect energy is increased. Therefore, the negative effect of
defect interactions on 2D materials is greater than the positive
effect.

3.7 Bonding energy and length in internal effects (GBs,
nanoholes and FGOs)

In order to study the changes of bond length, bond angle and its
strain energy ratio in each domain of 2D materials, the strain
energy (Upona and Upngie) induced by bond length and bond
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Fig.17 The geometrical deformation and stress distribution of FGOs-nanoholes neighbor model, including (a and f) before cracking, (b, c and g)

reaching the strain limit and (d, e and h) after cracking.
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angle at xj, x,, x3 and x, domain can be calculated by the
following formulas (24)—(27):

i |

E/Xl sm 0x1 drxly UAngle—xl

NE

UBond—xl =i

=~
I

Txy

Oy —i

M, 0,d0,,

Il
-

(24)
O,

)
Il

Txg—i 1

E/x; sm 0der X2 UAngle—xz

N

UBond—x; =1

=~
I

Ty

Oy —i

M,,0.,db.,

I
M-

(25)

Oy

=~
I

2

Txy—i
UBond—X3 =1 Ef){g sm 0)(3er37 UAngle—X3
Ty

O3 —i

M. 0..do,,

~.

- 219

(26)
Oy

>
I

Txy—i

§/x4 Sin 0x4dr X4 UAngle—X4

NE

UBond—x4 =i

~
I,

Ty
Oxy—i

M.,,0.,do,,

I
-

(27)
1 '9X4

=~
Il

where Ugond-x,y Uond-x,» UBond-x, aNd Ugpond-x, are strain energy
of bond length change at x4, x,, X3 and x, domain, respectively.
Unngle-x,y Uangle-x,y Uangle-x, aNd Uapgle—x, are strain energy of
bond length change at x;, x,, x3 and x, domain, respectively. rco
represents the initial equilibrium bond length corresponding to
the C atom of Gr; g, and ryo represents the initial equilibrium
bond length corresponding to the B and N atom of BN;f, is
initial equilibrium bond length corresponding to the C atom of
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Gr; 0o and Oy, is the initial equilibrium bond length corre-
sponding to the B and N atom of BN; r;, rg; and ry; indicate the
bond length during stretching; fc;, fp; and fy; indicate the bond
angle during stretching; fis the force on the covalent bond and
M is the bending moment of the covalent bond angle.

The effects of defects interaction on geometrical deforma-
tion by analyzing the change of bond length and bond angle in
the proportion of strain energy are expressed by the following
eqn (28)-(31):

P _ UBond—xl P _ UAngle—xl
x1—bond — s Px;—angle —
UBond—xl + UAngle—xl UBond—xl + UAngle—xl
(28)
) o UBond—xz ) o UAngle—xz
x,—bond — s Pxy—angle —
UBond—xz + UAngle—xz UBond—xz + UAngle—xz
(29)
) UBond—x3 ) UAngle—x3
x3—bond — s Px;—angle =
UB(md—x; + UAngle—x3 UBond—x3 + UAngle—X3
(30)
P UBond—X4 p UAngle—X4
xg—bond = s Pxy—angle =
UBond—X4 + UAngle—x4 UBond—X4 + UAngle—x4
(31)

where p. _pona and Pri-angle iS the bond length and bond angle
changes of x; domain in the proportion of strain energy; p,,-
bond aNd Pys_angle is the bond length and bond angle changes of
X, domain in the proportion of strain energy. The interpretation
of strain energy in x; and x, domain are the same as above.
According to nonlinear mechanical theory and eqn (23)-(30),
the changes of bond length, bond angle and its strain energy ratio
in each domain of 2D materials are shown in Fig. 19. It is noted
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Fig. 18 The geometrical deformation and stress distribution of FGOs central model, including (a and f) before cracking, (b, c and g) reaching the

strain limit and (d, e and h) after cracking.
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Fig. 19 The changes of bond length, bond angle and its strain energy ratio in each domain of 2D materials. (a) Increment curves of bond length,
(b) increment curves of bond angle and (c) ratio of strain energy (bond length and angle).

Fig. 20 The built-in distortion stress transfer and attenuation of 2D materials during the order—disorder transition processes. (a) Geometrical
effects induced by FGOs, nanoholes and GBs, (b) order transition processes and (c) disorder transition processes.

that the increment of bond length and bond angle are represented  (x3,%,,X; and x,) of 2D materials. Under the same strain, the change
by Ar and A6, respectively. There are obvious differences in the of bond length in the x; domain is higher than that in other
change tendency of bond length and bond angle in each domain  domain (x;, x, and x,). On the contrary, the change curve of bond
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angle in the x; domain is higher than that in other domain (x5, x,
and x,). Clearly, the distortion stress in x; domain is greater than
that of in x;, x, and x, domain. The bond angle change of x;
domain is obvious and plays a leading role in the stretching
process, while the bond length change of x; domain has a weak
influence during the tension. Therefore, the x; domain shows
strong ductility, relative to other domain. In addition, The py1-pond
increases gradually with the increase of strain, while py;_angie is
gradually decreasing. Herein, it should be noted that in the initial
tensile stage, the py; pona at X3 domain is greater than the py;_pona
at x; domain, while the p,;_angle at X3 domain is lower than the p,;_
bond at X; domain. The ratio of strain energy (bond length and
angle) is very sensitive to each domain of 2D materials. It explains
why the same material itself has obvious regional characteristics
(the differences of bond length, bond angle and its strain energy
ratio). It is confirmed that geometrical effect, built-in distortion
stress transfer and attenuation appeared in the order-disorder
transition processes of 2D materials (see Fig. 20).

4 Conclusion

The GBs, nanoholes and FGOs in 2D materials will lead to
geometrical deformation and related built-in distortion stress/
strain. This kind of builtin distortion stress can lead to the
secondary mechanical behaviors of 2D materials, such as sliding,
buckling, folding, breaking and out-of-plane movement of 2D
materials. It is directly coupled with the growth reaction, and then
change the growth process of materials. By using molecular
dynamics and nonlinear mechanics theory, a new model
(combining both planar 2D heterostructures and GO) was estab-
lished to study geometrical effects, stress accumulation, bonding
energies and mechanical properties of 2D interface (key point) at
stress distortion field, accumulated stress field and non-
accumulated stress field. The results show that FGOs such as
hydroxyl and epoxy groups are randomly or directionally distrib-
uted on the surface of defective Gr-BN interface nanostructures,
and the difference of local distribution induces different degrees of
lattice distortion. It makes the surface of defective Gr-BN interface
nanostructures show uneven fluctuation. Moreover, the FGOs, GBs
and nanoholes will induce defective Gr-BN interface nano-
structures to deviate from the plane configuration, and produce
saddle shapes with positive and negative curvatures, which have
displacement fields diverging with distance. The internal field
(defects, GBs and FGOs) affect the mechanical properties of Gr-BN
interface nanostructures in two contrary ways. On one hand, the
presence of internal field can lead to a reduction in the failure
stress and strain. On the other hand, the presence of internal field
changes spatial configuration and out-of-plane displacement. The
flattening of out-of-plane displacement can significantly reduce
the tensile ratio of covalent bonds, resulting in a significant
increase of failure strain.

The built-in distortion stress field and geometric effect
induced by defects will lead to richer growth morphology of 2D
materials, and will also cause to more interesting scientific
problems, which is expected to become a new growth point of
2D materials research in the future.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Abbreviations

Gr Graphene

FGOs Functional group

2D Two-dimensional

MD Molecular dynamics

GO Graphene oxide

GBs Grain boundary

C-OH Hydroxyl

C-0-C Epoxy

C-OH + C- Hydroxyl + epoxy

O-C

Gr-BN Graphene-hBN-graphene-hBN

interface

LAMMPS Large-scale atomic/molecular massively parallel
simulator

N Nitrogen

B Boron

C Carbon

H Hydrogen

o Oxygen

GO-BN-C1  Gr-BN interface with 10 A circular nanohole, GBs
and FGOs

GO-BN-C2  Gr-BN interface with 20 A circular nanohole, GBs
and FGOs

GO-BN-S1  Gr-BN interface with 10 A square nanohole, GBs
and FGOs

GO-BN-S2  Gr-BN interface with 20 A square nanohole, GBs
and FGOs
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