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Interlayer sp® Bonds and Chirality at Bilayer Graphene Oxide/
Calcium Silicate Hydrate Abnormally Enhance Its Interlayer Stress
Transfer
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ABSTRACT: Graphene oxide (GO) is an ideal reinforcing material with e ——
super design capability, which can achieve the combination of strength and g TRk Eat O]

toughness. However, the actual effect of GO is far below the theoretical '
prediction. This is mainly due to the weak interface between the nanofiller
and the matrix. In this paper, a controllable method for improving interlayer
stress transfer of double-layer graphene oxide/C—S—H (D-GO—CSH)- -

layered nanostructures is proposed by using interlayer sp* bond and chirality. i\ () Type 3" Lsp3-2 model
The results show that, compared with the control group, the normalized s ST

shear stress and normalized pull-out energy of the OH-sp3 model are g #
increased by 44.93 and 49.25%, respectively, while those of the OO-sp3 B e L ! i e
model are increased by 32.26 and 31.03%, respectively. The interlayer sp fiodet

bonds lead to a great enhancement (more than 3 times) in normalized () Type: Lspi-d model

interlayer stress transfer of D-GO—CSH-layered nanostructures while \

exerting a little opposite effect (about 5%). The improvement effects induced by the interlayer sp® bonds are also strongly
dependent on their distributions and the chirality of GO. According to the fracture mechanic theory and molecular dynamics results,
the strain energy percentage difference (bond length and bond angle) of the zigzag-cen model is 34.8% lower than that of the control
group model, which proves that the interlayer sp’ bonds have a remarkably positive effect on the interlayer stress transfer of D-GO—
CSH-layered nanostructures. This provides a new way to further improve the interlayer stress transfer, pull-out energy, and interlayer
shear stress of D-GO—CSH-layered nanostructures.

(b) Type 2: Lsp3-1 model
(See Figure 8(c-d))

1. INTRODUCTION Valizadeh Kiamahalleh et al.'' found that the tensile and
compressive strengths of cement mortar with 0.1% GO for 28
days were increased by 53 and 91%, respectively, compared
with the reference group. Lv et al.'* discovered that the flexural
and compressive strengths of cement mortar with 0.03 wt %
GO for 28 days were increased by 76.2 and 86.1%, respectively,
compared with the control group. A large number of studies

Calcium silicate hydrate (CSH) is one of the main hydration
products of concrete materials, accounting for about 60—70%
of the total volume.! CSH is one of the main sources of
concrete strength.”’ However, the interlayer of the C—S—H-
layered structure is only maintained by van der Waals force and

weak ionic bonds. Therefore, using nanomodification technol- have shown'*'* that GO can greatly improve the mechanical
ogy to optimize the microstructure of C—S—H gel is a cutting- strength and durability of cement-based materials and play a
edge direction in the preparation of high-performance role in strengthening and toughening, but the strengthening
concrete. efficiency varies greatly.

Graphene oxide (GO) is a derivative of graphene ® The The difference between the strengthening—toughening effect
surface and edges of GO contain a large number of functional comes from the changeable arrangement of oxygen-containing
groups such as epoxy, hydroxyl} and carboxyl groups, which functional groups, complex stoichiometric ratio, and various
endow GO with new properties.”® In addition, functional spatial configurations of GO. These factors will lead to the
groups make GO have excellent hydrophilicity and high
chemical compatibility and it is easy to compound with Received: October 11, 2023
traditional materials to form new nanocomposites.9 Jing et al. Revised: ~ February 11, 2024
found'® that the large specific surface area of GO served as a Accepted:  February 14, 2024
template for the formation of concrete hydration products, and Published: February 22, 2024

GO filled the microdefects of concrete, thereby improving
mechanical properties and durability of concrete.'’
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diversity of GO/C—S—H structural forms, interface character-
istics, and interface interactions, seriously affecting the
strengthening and toughening effect of GO in concrete.

The interface plays a very important role in cross-linking the
bridge between GO and C—S—H and is the key to improving
the mechanical properties of nanocomposites.

Gao et al.” introduced covalently linked glutaraldehyde
molecules and water molecules into the interlayer of GO and
tested their stress—strain curves. The average Young’s modulus
and strength of GO paper connected by glutaraldehyde
molecular layers are about 30.4 GPa and 101 MPa, which
are 190% and 60% higher than 10.5 GPa and 63.6 MPa of
untreated GO paper, respectively. An et al.'® found that the
rigidity and strength of GO paper with 0.94% covalently
bonded bromine increased by 255 and 20%, respectively. After
further annealing, the Young’s modulus and tensile strength
can reach 127 + 4 GPa and 185 MPa, respectively. In addition,
Wan et al.'” found that the interlayer covalent and specific
noncovalent bonds were created in GO sheets, and then the
mechanical properties of the composite system can be
improved.

Previous studies'® > show that the presence of interlayer
sp° reduces the in-plane mechanical properties of double-layer
graphene but improves the load transfer ability between layers.

A concept approach is to enhance the interfacial interaction
between CSH and GO through interlayer covalent bonding.
More importantly, can the sp* bonds be introduced into GO to
form a new configuration, which can enhance the interlayer
stress transfer and even the overall performance of GO/CSH?

In this paper, a controlled improvement of interlayer stress
transfer in double-layer GO/C—S—H (D-GO—CSH)-layered
nanostructures is proposed by using interlayer sp®> bonds and
chirality. In considering the effects of interlayer sp® bonds,
chirality, functional group types, and contents, the interlayer
stress transfer and interfacial bond energies of D-GO—CSH-
layered nanostructures were studied. In addition, the coupling
effects of these parameters on mechanical properties of D-
GO—CSH-layered nanostructures were investigated, and we
tried to find the best scheme to enhance the mechanical
properties of GO/CSH-layered nanostructures.

—20

2. COMPUTATIONAL MODEL AND METHOD

A Large-scale Atomic/Molecular Parallel Simulator
(LAMMPS) is used to achieve the simulation work.”'~**
The crystal structure of 11 Atbermorite was assumed as the
initial model. Then, all of the waters were removed from the
crystal model to obtain a calcium silicon skeleton structure.
Next, the silicon—oxygen tetrahedron on the silicon—oxygen
(Si—0) chain in the model is deleted. Some calcium ions were
added to make the final polymerization degree distribution of
the Si—O tetrahedron conform to the results of nuclear
magnetic resonance (NMR) test.”* A Tobermorite 11 A model
describing the layered nanostructure of CSH is shown in
Figure 1.

Next, a double-layer GO model was established, as shown in
Figure 2. The functional groups of the double-layer GO model
include hydroxyl (OH), epoxy (O—O), and hydroxyl + epoxy
(OH + 0O-O0) hybridization groups. The double-layer GO
model with different functional groups was inserted into the
center of the CSH layer, thus forming the double-layer GO/
CSH interface model (D-GO—CSH) (Figure 3).

The mutual effect of layered nanostructures in the simulated
works was characterized by using the Reactive Force Field

@0 ®Ca OSi

Figure 1. Schematic model of Tobermorite 11 A (CSH-layered
nanostructures). Red color, oxygen atoms; orange color, silicon
atoms; green color, calcium atoms.
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Figure 2. Double-layer GO model, including the hydroxyl (OH) and
epoxy (O—O) groups.
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Figure 3. Double-layer GO/CSH interface model (D-GO—CSH).
Pink, boron atoms; blue, nitrogen atoms. The double-layer GO model
is inserted into the center of the CSH layer.

(ReaxFF).”>~*" The interlayer sp® bonded to the GO layer,
and their interactions were described by Tersoff potential."”**

By using the Verlet algorithm, the characteristics of the
atomic trajectory are described. The time step is assumed to be
0.25 fs. So as to stabilize the kinetic energy, potential energy,
and temperature of the simulation works, 100 ps is relaxed in
the NPT ensemble. Finally, 1 X 107° tensile load is used to
simulate all models.

3. RESULTS AND DISCUSSION

3.1. Validation. The comparison of the Young’s modulus,
failure strength, and strain values of CSH and GO/CSH
models is obtained by the present study and by previous works,
as shown in Table 1. The Young’s modulus and failure strength
of the CSH model in simulated works are examined
respectively to be 29.6 and 1.54 GPa.

The simulated results are consistent with a previous study of
Kai et al. (the Young’s modulus and failure strength of CSH
are 329 and 1.89 GPa, respectively).”’ In addition, the
simulated works are also in good agreement with the previous
MD results.””*"

3.2. Effect of Functional Group Types Coupled by sp®
Bonds. To investigate the effects of functional group types
coupled by sp® bonds on the interlayer stress transfer of D-
GO—CSH-layered nanostructures, a series of sp> bonds were
created in GO layers (See Figure 4). The control groups
contain three types, D-GO—CSH with hydroxyl groups
(named OH), D-GO—CSH with epoxy groups (named

https://doi.org/10.1021/acsomega.3c07943
ACS Omega 2024, 9, 10343—-10352
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Table 1. Comparing the Young’s Modulus, Failure Strength,
and Strain Values of CSH and GO/CSH Models Obtained
by the Present Study and by Previous Works

assessment failure Young’s
method failure strength modulus
sample (potential) strain (GPa) (GPa) reference
CSH MD (ReaxFF)  0.111 1.54 29.6 present
study
CSH MD (ClayFF) 0.109 1.06 27.2 Houzget
al.
CSH MD (ReaxFF) 0.106 1.89 329 Kai 3&&
al.
GO/ MD (ReaxFF) 0.121 2.14 46.7 present
CSH study
GO/  MD (ReaxFF) 2.33 502 Kai et
CSH al®
GO/ MD (ReaxFF) 1.50 Hou et
CSH al?

00), and D-GO—CSH with hydroxyl and epoxy groups
(named OH-OO). When the interlayer sp® bonds were created
in three control groups, their corresponding research groups
were named OH-sp3, OO-sp3, and OH-OO-sp3 models,
respectively (see Figure 5).

We can see from Figure Sa,b that the D-GO—CSH interface
model only contained one type of functional group. However,
Figure 5¢ shows the GO/CSH interface model in the presence
of hydroxyl and epoxy groups coupled by sp® bonds (OH +
0O0-sp3). The OH + O0-sp3 model is different from the other
two models, and it is more complicated. What coupling effect
will the several types of functional groups have with the sp*
bond? More importantly, how will this coupling affect the
interfacial interaction of D-GO—CSH-layered nanostructures?

(a) Type 1: OH-sp3 model
/ (See Figure 4(a-b))

W

(b) Type 2: 0O-sp3 model
\ (See Figure 4(c-d))

D-GO-CSH coupled
by sp* bonds and epoxy groups

(¢) Type 3: OH-OO-sp3 model
(See Figure 4(e-f))

Figure 5. D-GO—CSH coupled by different types of sp> bonds. (a)
Type 1: OH-sp3 model; (b) type 2: OO-sp3 model; (c) type 3: OH-
0O-sp3 model.

It is difficult to visually determine the degree and difference
in the interfacial interaction between the GO layer and the
CSH model. Therefore, interfacial bond energies and shear
stress were used to analyze the degree of interfacial interaction
of the D-GO—CSH-layered nanostructures.

First, the interfacial bond energies of D-GO—CSH-layered
nanostructures were supposed to be E, . Then, the relation-
ship of interfacial energies can be obtained:

Ebonding = Etotal - (EC-S-H + EGO + Esps)

(1)

where E is the energies of interlayer sp® bonds, Ec gy is the
energies of the CSH model, Egg is the energies of GO layers,
and E,y ponding 15 the pull-out energies of D-GO—CSH-layered

Interlayer sp® bonds
(C-C bonds)

Hydroxyl,
,—~ ¢0H

group

Interlayer sp* bonds
(C-C bonds)

Interlayer sp® bonds
(C-C bonds)

Hydroxyl,
OH group
2 I

-~%

7
[}

Epoxy,
0-0 group

L
I

L
®©0 CH OC

GO

=L_.=L 1

sp-

x

Figure 4. Schematic model of GO layers coupled by sp® bonds. (a, b) Schematic model of hydroxyl groups coupled by sp® bonds, (¢, d) schematic
model of epoxy groups coupled by sp® bonds, and (e, f) schematic model of hydroxyl and epoxy groups coupled by sp® bonds. Ly Loy and L, are
lengths of interlayer sp® bonds, functional groups, and system, respectively.
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nanostructures when the GO layer is completely pulled out of
the CSH model.

x=1 x=I x=1
Epull-Bonding = / ATzdx = f zsqu = / ){2
x=0 x=0 x=0

w(L — x)tdx = wil? )

where § is the area of the GO layer, w and L are the width and
length of the GO layer, x is the coordinate of the drawing
direction, y is the proportion of interlayer sp® bonds in the GO
layer, 7; is the shear stress of the D-GO—CSH-layered
nanostructures, and i is types of functional groups (i = (1, 2,
or 3)).

E! .
nor __ “pull-bonding .
pull-bonding — E 1= (1’ 2, or 3)
max 3)
where Ejliiponding iS the normalized pull-out energies, and E,,,

is the maximum value of pull-out energies in all samples.
The shear stress (7;) in D-GO—CSH-layered nanostructures
can be counted by using shear-lag theory. The D-GO—CSH-
layered nanostructures were assumed to be a continuous solid
substance. Then, a relationship between interfacial tensile
stress (Op3.o), displacement, and shear stress (7;) can be
obtained.
dasp3-(;o _ Typ3-Go

dx - ¢ = Y(usp:%—GO - 1)CSH) (4)

where 6,3 o is interfacial tensile stress of a double-layer GO
model, and x is the direction of tension. 7,3 g0 is the interfacial
shear stress of a double-layer GO model, and y is a constant.
UgpsGo is the displacement of a double-layer GO model, and
vesy is the displacement of a CSH model.

According to the relationship between vcgy and uy3.o, the
interlayer stress transfer ((Q)s) can also be calculated.

Afterward, eq 4 can be translated according to the solid
mechanics theory:

d“sps-Go ]

Cip3-Go = Egp3-coAépi-go = EGOA{ dx

(s)

where £.,3.Go and E;3 o are the interfacial tensile strain and
Young’s modulus of a double-layer GO model, respectively. A
is the cross-sectional area.

We used Rggy to describe the displacement of the CSH
model in the z direction.

dvcsy
=R
dz CSH (6)

Next, we take the second-order derivative of eq S, then
substitute eq 6 into eq 7, and finally integrate them to get eq 8.

d’c, o
sp3-GO sp3-GO
2 =7 = Resy
dx Ey5coA

)

Oyp3-Go = Egp3-goARcsy + Esinh Ox + Weosh Ox (8)

where 6 = /ﬁ, £, and ¥ are constants. Considering the
G

constraints, 6,;.go = 0 at L = 0 and at x = 0. The equation can
be derived as follows:

cosh(nx/t) ]

Oip3-GO = ESp3—GO€sp3—GO( - —cosh(nL/Zt)

(9)

where

2’Gsp3-GO t
n= |——¢g—

4
Esp3—GO T ( 10)

where T is the unit cell size of D-GO—CSH-layered
nanostructures in the z direction. Therefore, the interfacial
shear stress of the double-layer GO model in D-GO—CSH-
layered nanostructures can be obtained as follows:

sinh(nx/L) ]

Ty5-Go = "Egs cofws.col ————=<
sp3-GO p3-GO®sp3 GO( COSh(VlL/Zf)

(11)

By using the above equations, the normalized pull-out
energies and normalized shear stress of the D-GO—CSH
interface model coupled by sp® bonds were obtained, as shown
in Figure 6. For the control groups (OH, OO, and OH-OO

104 T T T T

v 10
—_Q—
0.8
0.8
£ 0.6 R
kS L0.6 5 3
£% 041 &
= 0.4
0.2
_('.‘7
0.0

(\] > S K
S O o N o0 NG
) oW o 0‘\ 0\,‘, [\)
Samples

Figure 6. Normalized pull-out energies and normalized shear stress of
the double-layer GO/CSH interface model coupled by sp* bonds.
The control groups contain three types, D-GO—CSH with hydroxyl
groups (named OH), D-GO—CSH with epoxy groups (named OO),
and D-GO—CSH with hydroxyl and epoxy groups (named OH-OO).
When the interlayer sp*> bonds are created in three control groups,
their corresponding research groups are named OH-sp3, OO-sp3, and
OH-OO0-sp3 models, respectively.

models), the normalized pull-out energies (Epyiponding) for OH,
0O, and OH-OO models are 0.29, 0.51, and 0.67, respectively.
The Eliibonding Petween OH and CSH is greater than that
between OO and CSH, which is consistent with previous
research results.’> A lower pull-out energy is due to the weak
vdW interaction between the two GO layers, and their values
are only about half of E_,.. In addition, the normalized shear
stress values of control groups also follow similar regularity.
The normalized shear stress values (z3%,.) for OH, OO, and
OH-OO0 models are 0.31, 0.54, and 0.69, respectively. This is
the main reason why the GO—CSH composites in experiments
cannot achieve the strength predicted in theoretical research.
When GO—CSH composites are subjected to external loads,
due to the weak vdW interaction between the two GO layers,
the external loads cannot be transferred from the upper GO
layer to the lower GO layer. Therefore, GO—CSH composites
can be considered as two relatively independent configu-
rations: One structure shows that the upper GO layer is
connected to CSH, and the other structure shows that the

lower GO layer is connected to CSH. The two relatively

https://doi.org/10.1021/acsomega.3c07943
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independent configurations cannot bear the external loads
together. However, this situation can be improved by adding
an interlayer sp® bond. As shown in Figure 6, the E gl -bonding
and T“hear of double-layer GO/CSH interface models coupled
by sp® bonds (OH-sp3, O0-sp3, and OH-OO-sp3 models) are
greatly increased compared with the corresponding control
groups. The values of Ejfj ponding a0d Tghe,, show a trend: OH-
sp3 model>OH-OO-sp3 model>O0-sp3 model. Clearly, the
presence of interlayer sp® bonds in double GO layers can
enhance the interfacial interaction and overall coherence of
double GO layers and the CSH matrix. In addition, the degree
of enhancement is closely related to the coupling effects
between interlayer sp® bonds and the functional group types.
On the OH-sp3 model, E{j bonding has the highest degree of
enhancement, with an increase of 49.25% compared to the OH
model. However, the enhancement degree of Ejjj ponding in the
OO-sp3 model is relatively low, which is 31.03% higher than
that in the OO model. Although the enhancement effect of
interlayer sp® bonds on the strong bonding interface (OH and
CSH) is greater than that of the weak bonding interface (OO
and CSH), it can still increase Etlbonding and Tihie,, by 31.03
and 32.25%, respectively. These findings provide a new idea for
strengthening the mechanical properties of layered nanostruc-
ture materials.

The maximum value of interlayer stress transfer was
assumed to be 1. The results were compared by using
normalized interlayer stress transfer (eq 12).

(Qeest
(Q)max (12)

where Q,,., is the normalized interlayer stress transfer, (Q) . is
the interlayer stress transfer of the simulated model, and
(Q)nax is the maximum values of interlayer stress transfer in
the simulated model.

It can be seen from Figure 7 that the normalized interlayer
stress transfer (Q,,,) of the simulated models increases with

Qnor

g 1.04 Eot-sp3 =0.161 T

ng ot1-00-53=0-157 B

% 0.64 0. /‘_0 149

@

2 04 ¢ Lon =0.165
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Figure 7. Interlayer stress transfer of the double-layer GO/CSH
interface model coupled by sp® bonds with a change of strain.

the increase in strain. The Q,,, of all simulated models can be
divided into three stages: elastic stage, plastic stage, and failure
stage. In the elastic stage, the Q. value of the simulation
model increases slowly, indicating that the deformation is still
elastic. The values of Q,, are relatively small and remain at 0
to 0.2. The interlayer sp> bonds have not been subjected to
distorted stress from the GO and C—S—H layers. In the plastic
stage, their normalized interlayer stress transfer grows rapidly
from 0.2 to about 0.5, implying that irreversible plastic

deformation is caused. Finally, the maximum values of Q,, in
simulated models stay at the failure strain. For example, the
maximum value of Q,,, in the OH-OO-sp3 model is 0.872
when the failure strain is 0.157. Also, the maximum value of
Q.or in the OH-OO model is 0.278 when the failure strain is
0.161. The failure strain of the OH-OO-sp3 model is 0.004
lower than that of the OH-OO model, but the Q,, value of the
OH-OO-sp3 model is 3.14 times that of the OH-OO model.
Although the initial strain induced by sp® bonds has a negative
effect on the failure stress of the D-GO—CSH model, the load
transfer of the D-GO—CSH model increases exponentially. In
addition, the Q,,, values are closely related to the coupling
effect between interlayer sp® bonds and functional group types.
This result is also consistent with the previous values of
Epull -bonding and Tshear

3.3. Coupling Effect of sp® Bond Fractions and
Functional Group Contents. Next, we turn our attention
to the coupling effect of sp® bond fractions and functional
group contents on the interfacial interaction of the double-
layer GO/CSH interface model coupled by sp* bonds. L is
the length of the double-layer GO model, L,,; is the length of
interlayer sp® bonds on the double-layer GO model, and L, is
the length of the simulated system.

The double-layer GO/CSH interface model (containing an
OH group without interlayer sp®> bonds) was assumed to be

. _1
the control group. The control group containing Lo = £L,
was named Lsp3-0 (see Figure 8a,b). When Lo = L3 = éLx
, the simulated model is named Lsp3-1 (see Figure 8c,d).

When Lg, = 1
1

6 sp3
Lsp3-2 (see Figure 8e,f). When éLGO =Ly = L, the
layered model is named Lsp3-3 (see Figure 8gh). Next,
when Lgo = Ly = L,, the simulated model is called Lsp3-4,
which is similar to that in Figure 4a.

Finally, the double-layer GO/CSH interfaces coupled by
these relation models are shown in Figure 9.

The normalized pull-out energies and normalized shear
stress of relationship models between Lo, Ly, and L, are
shown in Figure 10. It is shown that Elliponding and Tiheq
increase from 0.11 and 0.17 for the control group to 0.31 and
0.36 for the Lsp3—2 model, respectively. The Ejiiponding 2and
Tenear Values of the Lsp3-1 model are almost 2 times higher than
its control group. Clearly, the E}j. bonding and Ty, of simulated
models 1ncrease with an increase in Lgo and L. When the
interlayer sp® bonds do not exist, the Etll-bonding a0 Tveq, Of the

simulated model are mainly dominated by weak van der Waals
sp3 = éLx)’ in
addition to the van der Waals interaction, the D-GO—CSH
interface model also increases interlayer covalent interaction.
With only a low fraction of interlayer sp® bonds in the D-GO—
CSH interface model, the E[{li bonding 20d Tiheqr values of Lsp3-1
model are 0.14 and 0.21, which are 27.27 and 23.53% higher
than that of the control group. It is worth noting that the
Eftlbonding and Tghe, Of the Lsp3-3 model grew rapidly and
reached the maximum of 0.84 and 0.86 when

%Lco =Ly = %Lx. This is because the mechanical strength
of the GO—CSH interface comes from hydrogen bonding.*’
The more the OH groups of the D-GO—CSH interface model
reacted with silicate chains in the CSH matrix, the more
hydrogen bonding created and the greater the improvement of

interfacial interaction of GO and the CSH matrix will be.

6Lx, the simulated model is named

forces. When the interlayer sp® bonds exist (L,
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Figure 9. Double-layer GO/CSH interfaces coupled by relationship
models between Lgo, Ly, and L. (a) Type 1: Lsp3-0 model; (b)
type 2: Lsp3-1 model; (c) type 3: Lsp3-2 model; (d) type 4: Lsp3-3
model; (e) type S: Lsp3-4 model.

Furthermore, a higher improvement of EJii ponding and Tofieq at
the Lsp3-4 model, relative to the Lsp3-3 model, can be
attributed to the fact that interlayer sp® bonds can help
functional groups to better interact with the CSH matrix.
Interlayer stress transfer of relationship models between
Loy L3 and L, with a change of strain iss shown in Figure 11.
It is found that the value of Q,, grows the fastest with the
increase in strain, and its result is consistent with that of
pull-bonding ANd Tee,- In addition, the Q,,, value increases from

: :

nor
pull -bonding

E

Samples

Figure 10. Normalized pull-out energies and normalized shear stress
of double-layer GO/CSH interfaces coupled by relationship models
between Lo, Ly, and L,.

0.221 for the control group (LGO =

<Ly Lsp3-0) to 0.293 for
the Lsp3-1 model (Lgo = Lys =5 L,). The Q,,, value of the

Lsp3-1 model is 32.58% higher than that of its control group.
Nevertheless, the failure strain of the Lsp3-1 model has only a
little reduction (almost 2%) compared with the Lsp3-0 model.
Although interlayer sp* bonds increased the initial strain of GO
and reduced the in-plane stress of GO, resulting in a little
decrease in strain of the system, clearly, the Q. value is
significantly increased when adding the sp® bonds and
functional groups.

3.4. Coupling Effect of Interlayer sp® Bonds and
Chirality. D-GO—CSH models coupled by interlayer sp’
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Figure 11. Interlayer stress transfer of double-layer GO/CSH
interfaces coupled by relationship models between Lgo, Ly, and Ly
with a change of strain.

bonds and chirality were established (see Figure 12): a OH
group at the edge and at the center region. For each region,

(a) OH group at Edge

A tensile test in the armchair direction: -

(b) OH group at Center
A tensile test in the Armchair direction

P Y Yy I "
(¢) OH group at Edge
E A tensile test in the Zigzag direction
(d) OH group at Center » ;"
A tensile test in the Zigzag direction

Figure 12. Double-layer GO/CSH interfaces coupled by sp® bonds
and chirality when Ly,; = Lgo = L. (a) OH group at the edge region
in the GO layer when tensile stress is applied in the armchair direction
(armchair-edge), (b) OH group at the center region in the GO layer
when tensile stress is applied in the armchair direction (armchair-
cen), (c) OH group at the edge region in the GO layer when tensile
stress is applied in the zigzag direction (zigzag-edge), and (d) OH
group at the center region in the GO layer when tensile stress is
applied in the zigzag direction (zigzag-cen). The L,; and W), are the
length and width of sp® bonds on (a) and (b) models. The L, and
W,, are the length and width of sp® bonds on (c) and (d) models.

different cases of chirality have been investigated, including
different chirality of GO (armchair and zigzag) and different
locations of GO (edge and at the center region). The
normalized pull-out energies and normalized shear stress of D-
GO-CSH models coupled by interlayer sp® bonds and
chirality are shown in Figure 13. It is found that the EJi) ponding
and 73, values are closely related to chirality and sp® bond
positions of D-GO—CSH models. When tensile stress is
applied in the armchair direction, the Ejiiponding and Tghear
values of the armchair-edge model were found to be 0.64 and
0.69, respectively, which are lower than those of the armchair-
cen model. This larger improvement of the Ei bonding 20d Tehear
values at the armchair-cen model, relative to the armchair-edge

model, can be attributed to the fact that the interlayer sp’

1.0 T ’ "
[ L. 10
g
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<
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R R ’ e
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e R e 1;&?"3%
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Figure 13. Normalized pull-out energies and normalized shear stress
of D-GO—CSH models coupled by interlayer sp® bonds and chirality,
including the armchair-edge, armchair-cen, zigzag-edge, and zigzag-
cen models.

bonds in the center of the GO layer can transfer the distorted
stress to two sides, while the interlayer sp® bonds at the edge of
GO only transfer the distorted stress to one side.

Compared with the armchair-edge model, the sp® bonds in
the edge of the GO layer (zigzag-edge) result in 12.5 and 7.2%
improvement in EJi ponding a0d Tgheo, Also, the Effi ponging and
Tgnea: Of the zigzag-cen model are 12.36 and 9.89% higher than
those of armchair-cen model, respectively. It is attributable to a
greater torsion of the bond angle in the zigzag direction to
adapt the external load. Compared with armchair’s model, the
zigzag model can withstand a higher deformation of bond
length and bond angle. The detailed deformation model of
bond length and bond angle is shown in Figure 14.

Figure 14. Detailed deformation model of bond length and bond
angle.

To further investigate the change of bond length, bond
angle, and bond strain energy in armchair and zigzag models,
the strain energy percentage of D-GO—CSH models with
different chirality was studied.

The Ar is supposed to be the change of bond length, A® is
supposed to be the change of bond angle, and Aw is the
change of torsion angle.

According to the fracture mechanics theory, the strain
energy (Ugo) about bond lengths and bond angles at the GO
layer can be defined by eqs 13 and 14.
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where Ugy,q4.co is the strain energy related to bond lengths at
the GO layer, and Upyge.go is the strain energy related bond
angles at the GO layer. rgo, and 60, are bond lengths and
angles, respectively, at the GO layer during the initial
equilibrium state. 750 and 0go are bond lengths and angles,
respectively, at the GO layer after the tension state. F is the
force on the GO layer, and M is the bending moment. e is the
coeflicient.

Finally, the total strain energy percentage can be calculated
by the following equation (eq 15).

UBond—GO

Sco =

UBond»GO + UAngle-GO (15)

where Sg is the change of bond length and bond angle of the
GO layer with strain energy.

Figure 15 shows the strain energy percentage of D-GO—

CSH models coupled by interlayer sp® bonds and chirality,

1.0
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= Ar,-Control-group-Zigzag
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Figure 15. Strain energy percentage of D-GO—CSH models coupled
by interlayer sp® bonds and chirality. Ar is the proportion of strain
energy to the change in bond lengths, and A® is the proportion of
strain energy to the change in bond angles.

including control groups (without sp®> bonds, named control-
group-armchair and control-group-zigzag), the zigzag-cen
model, and the armchair-cen model. The results show that
the bond length changes (Ar) of D-GO—CSH models coupled
by interlayer sp® bonds and chirality increase with an increase
in strain, while their bond angle changes (A®) decrease with
an increase in strain. Among them, an obvious trend was
shown: Ary > Ar; > Ar, > Aryand AD; < AD, < AD, < AD,.

For the control-group-armchair model, the difference
between Ary and A®, is the largest, which is 0.515. In this
case, the influence of Ar, is not obvious compared with A®,,
The change of Ar, is the main factor affecting mechanical
properties; however, the influence of A® is relatively weak,
and the system breaks directly after Ar, reaches the cutting
radius. Similar to the control-group-armchair model, the
control-group-zigzag model also has a relatively larger
difference (0.471) between Ar, and A®,. However, the
difference between Ar; and A®, of the control-group-zigzag

10350

model gradually narrows with the increase in strain. It is found
that the difference between the Ar and A® of the zigzag model
is smaller than those of the armchair model, indicating that
A® plays a role in guiding stress deflection.

Next, we pay attention to the effect of sp* bonds on Ar and
A®. The difference between Ar, and A®D, in the armchair-cen
model is 0.348. Under the external load, the changes of Ar,
and A®, of the armchair-cen model are significant and both
changes cannot be ignored. In addition, we also found that the
difference between Ar; and A®; in the zigzag-cen model is
only 0.307, implying that Ar; did not reach the cutoff distance,
but the change in A®; was very significant. In this case, the
structural failure is due to the change of A®;, and the in-plane
distortion stress is effectively deflected and bifurcated.

The difference between Ar; and A®; in the zigzag-cen
model is 34.8% lower than Ar; and A®; in the control group
zigzag model. The interlayer sp® bonds have a remarkably
positive influence on the change of A®.

Figure 16 shows the normalized interlayer stress transfer
(Quor) of D-GO—CSH models coupled by interlayer sp® bonds
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Figure 16. Normalized interlayer stress transfer of D-GO—CSH
models coupled by interlayer sp> bonds and chirality with a change of
strain.

and chirality with a change of strain, including the armchair-
edge, armchair-cen, zigzag-edge, and zigzag-cen models.

As can be seen from Figure 16, the Q,,, value of the four
models is increased with the increase in strain. In the elastic
stage, their Q,,, value increases slowly, while in the plastic
stage, their Q,, value increases rapidly. Finally, the Q,, values
of armchair-edge, armchair-cen, zigzag-edge, and zigzag-cen
models remained at their maximum strain they can withstand,
which are 0.172, 0.163, 0.165, and 0.157, respectively. It shows
a trend in the Q,,, value: zigzag-cen > armchair-cen > zigzag-
edge > armchair-edge. In the same sp® bond location, the Q,.,
value of the zigzag-cen model is greater than that of armchair-
cen model. The results are also consistent with the values of Ar
and A®.

In the armchair model, the Q,,, value of the armchair-cen
model is greater than that of the armchair-edge model. This is
mainly because the sp®> bonds are located at the edge of the
GO layer, and the stress area it can transfer is limited.
However, the sp® bonds are located at the center of the GO
layer, and the stress area it can transfer is greatly enhanced.

4. CONCLUSIONS

In this paper, it is proposed to control and improve the
interlayer stress transfer in double-layer GO/C—S—H-layered
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nanostructures by using the interlayer sp® bonds and chirality
on the GO layer. Considering the influence of sp®> bond
location, sp® bond fraction, chirality, and type and content of
functional groups, the interlayer stress transfer and interface
bond energies of double-layer GO/C—S—H-layered nano-
structures were studied.

In considering the coupling effect of functional group types
and sp® bonds, the values of Etil-bonding @0d Tihe,, show a trend:
OH-sp3 model > OH-OO-sp3 model > OO-sp3 model.
Compared with the control group, the normalized shear stress
and normalized pull-out energy of the OH-sp3 model are
increased by 44.93 and 49.25%, respectively, while those of the
OO-sp3 model are increased by 32.26 and 31.03%,
respectively.

In considering the coupling effect of sp® bond fractions and
functional group contents, the Ejiji bonding a0d Tyjeq, Of simulated
models increase with an increase in Lgo and Lyy;. In addition,
the Q,,, value of the Lsp3-1 model is 32.58% higher than that
of its control group. Nevertheless, the failure strain of the
Lsp3-1 model has only a little reduction (almost 2%)
compared with the Lsp3-0 model.

In considering the coupling effect of interlayer sp® bonds and
chirality, the Eliiponding 30d Tgheq, Values are closely related to
chirality and sp® bond position of D-GO—CSH models.
Compared with the armchair-edge model, the sp* bonds in the
edge of the GO layer (zigzag-edge) result in 12.5 and 7.2%
improvement in E[{i ponding aNd Tihean respectively. Also, the
pull-bonding ANd Tihe,, Of the zigzag-cen model are 12.36 and
9.89% higher than those of the armchair-cen model.

Furthermore, the bond length changes (Ar) of D-GO—CSH
models coupled by interlayer sp® bonds and chirality increase
with an increase in strain, while their bond angle changes
(A®) decrease with an increase in strain. The strain energy
percentage difference (bond length and bond angle) of the
zigzag-cen model is 34.8% lower than that of the control group
model based on the fracture mechanic theory and molecular
dynamics results.

Clearly, the interlayer sp® bonds lead to a great enhancement
(more than 3 times) in normalized interlayer stress transfer of
D-GO—CSH-layered nanostructures while exerting a little
opposite effect (about $%). It is confirmed that the interlayer
sp> bonds have a remarkably positive effect on the interlayer
stress transfer of the D-GO—CSH-layered nanostructures.

It provides a new approach to actively control the interlayer
stress transfer, pull-out energy, and interlayer shear stress of D-
GO—CSH-layered nanostructures.
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