
J. Appl. Phys. 132, 174302 (2022); https://doi.org/10.1063/5.0113425 132, 174302

© 2022 Author(s).

Effect of oxygen configurations on the
mechanical properties of graphene oxide
Cite as: J. Appl. Phys. 132, 174302 (2022); https://doi.org/10.1063/5.0113425
Submitted: 23 July 2022 • Accepted: 06 October 2022 • Published Online: 01 November 2022

Published open access through an agreement with JISC Collections

 Mohammad Nasr Esfahani,  Sepeedeh Shahbeigi and  Masoud Jabbari

ARTICLES YOU MAY BE INTERESTED IN

A theoretical examination of localized nanoscale induction by single domain magnetic
particles
Journal of Applied Physics 132, 174304 (2022); https://doi.org/10.1063/5.0102153

Nanoscale infrared imaging and spectroscopy of few-layer hexagonal boron nitride
Journal of Applied Physics 132, 174301 (2022); https://doi.org/10.1063/5.0107821

Effect of Mg-doping and Fe-doping in lead zirconate titanate (PZT) thin films on electrical
reliability
Journal of Applied Physics 132, 174101 (2022); https://doi.org/10.1063/5.0101308

https://images.scitation.org/redirect.spark?MID=176720&plid=1953376&setID=379065&channelID=0&CID=715910&banID=520851866&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=18c9ae256ba220cb9deb08f0f450f8efb0853432&location=
https://doi.org/10.1063/5.0113425
https://doi.org/10.1063/5.0113425
http://orcid.org/0000-0002-6973-2205
https://aip.scitation.org/author/Nasr+Esfahani%2C+Mohammad
http://orcid.org/0000-0002-4405-5754
https://aip.scitation.org/author/Shahbeigi%2C+Sepeedeh
http://orcid.org/0000-0003-3615-969X
https://aip.scitation.org/author/Jabbari%2C+Masoud
https://doi.org/10.1063/5.0113425
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0113425
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0113425&domain=aip.scitation.org&date_stamp=2022-11-01
https://aip.scitation.org/doi/10.1063/5.0102153
https://aip.scitation.org/doi/10.1063/5.0102153
https://doi.org/10.1063/5.0102153
https://aip.scitation.org/doi/10.1063/5.0107821
https://doi.org/10.1063/5.0107821
https://aip.scitation.org/doi/10.1063/5.0101308
https://aip.scitation.org/doi/10.1063/5.0101308
https://doi.org/10.1063/5.0101308


Effect of oxygen configurations on the mechanical
properties of graphene oxide

Cite as: J. Appl. Phys. 132, 174302 (2022); doi: 10.1063/5.0113425

View Online Export Citation CrossMark
Submitted: 23 July 2022 · Accepted: 6 October 2022 ·
Published Online: 1 November 2022

Mohammad Nasr Esfahani,1,a) Sepeedeh Shahbeigi,2 and Masoud Jabbari3

AFFILIATIONS

1School of Physics, Engineering and Technology, University of York, York YO10 5DD, United Kingdom
2WMG, University of Warwick, Coventry CV4 7AL, United Kingdom
3Department of Mechanical, Aerospace and Civil Engineering, University of Manchester, Manchester M13 9PL, United Kingdom

a)Author to whom correspondence should be addressed: mohammad.nasresfahani@york.ac.uk

ABSTRACT

Understanding the mechanical properties of graphene oxide (GO) is the primary challenge for applications in materials engineering.
The degree of oxidation and concentration of epoxide functional groups have been the main focus of previous mechanochemical studies.
This work uses the reactive molecular dynamic simulations to reveal that the mechanical behavior of GO is strongly dependent on the
epoxide configuration as well as its distribution. In this study, three main epoxide configurations—including top, bridge, and reside
groups—decorate monolayer GO sheets with linear and random distributions. The distortion associated with epoxide groups creates diamond-
like structures controlling the mechanical properties. Moreover, the orientation of those epoxide functional groups with applied loads has a dra-
matic impact on the mechanical response of GO. The effect of external electric fields on the mechanical properties of GO is another objective
of this study. Findings exhibit that the electric field enhances the tensile toughness. This study demonstrates new aspects of GO as a functional
material with potentials to control the mechanical properties through chemical compositions as well as external electric fields.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0113425

I. INTRODUCTION

Graphene-based materials have been considered promising
structures with novel applications in various fields due to their
unique physical properties. Graphene oxide (GO) is oxygen-
functionalized graphene offering chemically modified graphene for
nanoelectronics,1 sensing,2 and composite3 technologies. This leads
to a broad range of efforts to study remarkable features of GO that
are particularly different from pristine graphene sheets.4

Experimental observations and theoretical studies have indicated
two main functional groups in GO containing a hydroxyl (–OH)
and epoxide (–O–) bonding on the basal plane,2,4 changing the
physical and chemical behavior of nanoplatelets. Mechanical prop-
erties are among those features that are greatly influenced by these
functional groups.4

Several studies have measured the mechanical behavior of GO
sheets.5–10 As a primary outcome, a lower elastic modulus and
strength is determined compared to pristine graphene sheets,
which has been addressed through carbon bonding transformation
from strong sp2 bonds to a weaker sp3 bonding. While hydroxyl

and epoxide groups reduce the mechanical properties of GO com-
pared to unfunctionalized carbon-based materials, a wide range of
mechanical behavior has been reported so far for GO sheets depend-
ing on the sample details. For example, an elastic modulus from 6 to
42GPa and an intrinsic strength in a range of 76–293MPa have
been measured for multi-layers of GO.7 This contrast enhances for
monolayer GO sheets, where an elastic modulus of 250GPa is
reported with a standard deviation of 150 GPa.5

Theoretical approaches have been developed to understand
experimental measurements, which include a range of molecular
dynamics (MD) simulations11–17 and density functional theories
(DFT)18–20 focusing on the influence of functional groups on the
mechanical behavior of GO sheets. For instance, DFT calculations
have demonstrated the impact of epoxide and hydroxyl concentra-
tion on the deformation and fracture strength of monolayer GO.18

Although epoxide groups can enhance the GO ductility,18 numer-
ous studies have revealed a significant reduction of the mechanical
strength through increasing the concentration of functional
groups.15,18,20 These changes in the mechanical properties can be
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enhanced for multi-layer GO sheets.14 There has been significant
attention focusing on the effect of functional group density14,15,20

and the epoxide-to-hydroxyl ratio,16,18 where the ratio of sp3 bonds
to sp2 bonding has been considered a critical criterion to predict
the mechanical properties of GO sheets. The influence of the func-
tional group configuration and its distribution on the mechanical
behavior become an immediate challenge for the characterization
of GO sheets.

Various experimental studies have identified oxide-rich
regions in GO.21–23 Previous studies have modeled those regions
with different epoxide configurations focusing mainly on the effect
of functional group density and the epoxide-to-hydroxyl
ratio,15,16,18,20 while the impact of atomic structures of epoxide
functional groups on the mechanical behavior of GO remains to be
addressed. This work uses MD simulations to study the effect of
epoxide configurations on the mechanical properties of monolayer
GO. The present study employs the reactive force field potential to
model the interaction between oxygen and carbon atoms. First, the
influence of epoxide structures on the tensile properties is studied
for GO with various oxide distributions. Next, the influence of elec-
tric fields on such functional groups is investigated. In the remain-
der, the MD model will be presented, followed by a discussion on
the epoxide configurations. Then, the tensile behavior of GO will
be studied for various epoxide groups with linear and random dis-
tributions. Finally, this work will be concluded by discussing the
electric field effect on the mechanical response of GO sheets.

II. SIMULATION MODEL

The atomic structure of GO is complicated regarding the type
and distribution of functional groups remaining controversial
among experimental observations and theoretical models.4,5,20

Most theoretical studies are based on the Lerf–Kilnowski model
focusing on the functional group density.2,4,11,20 The oxygen atoms
in the epoxide group can create bonds with carbon atoms in the
form of bridge, top, and reside, as shown in Fig. 1. The bridge

structure has a bond length of 1.464 Å.19,24 When an oxygen atom
is attached to carbon atoms, covalent bonds form between the
oxygen atom and carbon atoms. This bonding form changes the
carbon bond length in graphene from an initial 1.42 to 1.58 Å con-
stituting a transformation of an in-plane sp2 structure to a three-
dimensional sp3 structure. Therefore, the bridge group creates two
sp3 structures, while the top group yields one sp3 carbon atom. In
another form, oxygen atoms sit entirely in the sheet plane, substi-
tuting with a carbon atom with a reside configuration as shown in
Fig. 1(c). In this structure, oxygen atoms create bonds with carbon
atoms with uneven distances of 1.513, 1.510, and 1.5 Å.24 Various
experimental observations identified different oxygen bonding in
GO.22,23 Those oxygen configurations in epoxide groups have been
modeled previously though studying mainly the influence of func-
tional group density,15,18,20 while the effect of oxygen bonding in
diamond-like structures necessitates to be addressed through a set
of benchmark studies. This study focuses on the impact of such dif-
ferent epoxide configurations on the mechanical behavior of mono-
layer GO using MD simulations.

This work performs MD simulations in a large-scale atomic/
molecular massively parallel simulator (LAMMPS).25 The bonded
and nonbonded interactions were modeled using the reactive force
field (ReaxFF) potential,26 which can capture the bond dynamic
between carbon and oxygen atoms by determining the bond order
empirically from the interatomic distance. This potential is consid-
ered a connection between non-reactive MD and quantum chemis-
try. In the ReaxFF potential, the energy of the system, Esys, is a
summation of various partial energy contributions as

Esys ¼ Ebond þ Eover þ Eunder þ Eval þ Etor þ Epen þ Econj

þ Evdwalls þ Ecoulomb, (1)

where Ebond is the bond energy, Eover and Eunder are the over-
coordination and under-coordination energy, respectively, Eval is
the valence angle energy, Etor is the energy associated with a
torsion angle term, Epen is the penalty energy of over-/undercoordi-
nation in a central atom, Econj is the energy of conjunction effects,
EvdWalls is the nonbonded van der Waals interactions, and Ecolomb is
the nonbond associated with Coulomb energies. In this study, the
parameter set for the ReaxFF potential for the oxidation of a hydro-
carbon is used to model GO.26

This study considers a graphene sheet size of 50� 20Å
2
with

a periodic boundary condition along x- and y-directions (Fig. 2).
This periodic boundary condition along in-plan directions elimi-
nates any edge and size effects. In contrast, a thickness of 30 Å is
considered along the z-direction with a fixed boundary condition
to replicate a monolayer GO sheet. Various epoxide functional
groups were defined with different distributions to create mono-
layer GO, where the oxygen density remains the same for all GO
sheets. Linear and random distributions are considered for epoxide
functional groups. This work denotes linear distributions perpen-
dicular and parallels to the tensile load as V-linear and H-linear,
respectively. The random number generator is used to locate
epoxide groups on GO sheets with the random distribution.18,27 All
simulations start with relaxation at a temperature of 300 K and a
pressure of 0 bar using an isothermal–isobaric (NPT) ensemble

FIG. 1. Oxygen bonding with carbon atoms in GO having (a) top, (b) bridge,
and (c) reside configurations creating diamond-like structures indicated with
dashed lines. Oxygen and carbon atoms are indicated with red and gray colors,
respectively. The blue shaded area indicates the in-plane of sp2 hybridization of
graphene sheets.
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with the Nosé–Hoover thermostat for 50 ps. Then, uniaxial tensile
deformation is applied along the x-direction with a strain rate of
5� 10�4 ps�1 at 300 K. All simulations are performed at a time
step of 0.05 fs. The charge equilibrium process was carried out at
every ten integration steps for all simulations.

The stress–strain graphs are used to measure the mechanical
properties. Here, the elastic modulus is obtained as the slope of the
linear elastic regime. The yield strength is estimated at the start of
post-peaks, while the fracture strain is determined in the last post-
peak before rupture. The fracture toughness is estimated by inte-
grating the stress–strain curve. Simulations are initially validated by
replicating previous works on the tensile tests of monolayer
GO.13,18 Motivated by the application of electric fields in graphene-
based devices,4,28–31 the impact of electric fields on the mechanical
properties is another objective of the present study. Considering
applications as electromechanical devices,28,29 the electric field is
mainly applied perpendicular to GO sheets. In this respect, an elec-
tric field of 0.5 V/Å is applied perpendicular (z-direction) to GO
sheets during the tensile deformation.

III. RESULTS AND DISCUSSION

In the first step, the impact of oxygen distribution is studied
for various epoxide groups, including the top, bridge, and reside
configurations, where those results are compared with pristine
monolayer graphene. Table I lists the mechanical properties of pris-
tine graphene and GO sheets with top, bridge, and reside epoxide
groups in various distributions. Figure 3 exhibits the mechanical

behavior of GO sheets with epoxide groups distributed in the
V-linear form. The stress changes linearly until a yield point, where
there is a drop in the stress. The stress then increases until the frac-
ture occurs in the structures. This post-peak stress behavior is dra-
matically different for GO sheets. For example, the GO sheet with
the top epoxide configuration exhibits a significant reduction in the
post-peaks. The stress in GO with the bridge and reside epoxide
structures drops slightly, followed by a considerable increase to the
fracture point. In addition to the post-peak behavior, epoxide
groups have different impacts on the mechanical response of GO
sheets, which can be observed by comparing the yield strength,
fracture strain, and toughness presented in Table I. The effect of
the epoxide functional groups on the mechanical properties can be
studied by analyzing the deformation response. Atomic configura-
tions during the deformation at the yield and post-peaks indicated
in the stress–strain graph [Fig. 3(a)] are shown in Figs. 3(b)–3(d).
Starting from the top configuration, the C–C bonds between the
epoxide and sp2 break at the yield point [T1, Fig. 3(b)], while crack
propagation is observed upon further loading through cleavage of
sp2 bonds [T2, Fig. 3(b)]. Although a similar bond break between
sp3 and sp2 carbons is observed at the yield point of the bridge
epoxide [B1, Fig. 3(c)], the GO sheet reaches a brittle fracture
through breaking all epoxide bonds without any crack propagation
[B2, Fig. 3(b)]. A deformation response in the reside epoxide group
is found to be similar to the bridge configuration with a C–O bond
break followed by a brittle fracture [Fig. 3(d)]. The strength of C–C
bonds between epoxide and sp2 constitutes the yielding in the top
and bridge configurations, while the C–O bonds control the yield
strength of the reside epoxide group.

Now, it is time to study the effect of epoxide groups with a
random distribution. Figure 4 exhibits the mechanical properties of
GO sheets with randomly distributed epoxide functional groups.

FIG. 2. Atomic structure of GO sheets with epoxide functional groups with (a) a
linear distribution across the tensile load (V-linear), (b) a random distribution,
and (c) a linear distribution along with the tensile load (H-linear). Oxygen and
carbon atoms are indicated with red and gray colors, respectively.

TABLE I. The mechanical properties of pristine graphene and GO sheets with top,
bridge, and reside epoxide groups in various distributions.

Epoxide config.

Elastic
modulus
(GPa)

Yield
strength
(GPa)

Fracture
strain

Toughness
(GJ/m3)

Pristine graphene
… 1560 160 0.245 25.4

V-linear distribution
Top 506 48 0.119 3.0
Bridge 511 52 0.123 3.4
Reside 546 26 0.103 2.5

Random distribution
Top 581 52 0.196 6.1
Bridge 531 61 0.175 5.9
Reside 486 34 0.124 3.8

H-linear distribution
Top 549 59 0.225 8.2
Bridge 542 61 0.178 6.3
Reside 562 53 0.167 5.5
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Similar to V-linear, the stress changes linearly reaching the yield
point, where post-peaks with plastic deformations can be observed
upon further loading. Despite similar elastic behavior, the yield
strength and post-peaks are dramatically different for epoxide con-
figurations (Table I), which can be analyzed based on atomic defor-
mations. The C–C bond beak between the epoxide and sp2

constitutes the yielding of the GO sheets with the top oxygen
group [T1, Fig. 4(b)]. A crack propagation along sp2 bonds is
observed leading to post-peaks and cleavage [T2 and T3, Fig. 4(b)].
In contrast, at the yield point of GO sheets with the oxygen in the
bridge configuration, epoxide functional groups transform into
ether functional groups by breaking the C–C bonds associated with
the epoxide ring [B1, Fig. 4(c)]. Crack nucleation and propagation
are observed upon further deformations [B2 and B3, Fig. 4(c)]. The

deformation response of GO sheets with the random reside
epoxide groups is nearly the same as those GO with the reside
groups in the V-linear distribution shown in Fig. 3(d), where the
C–O bond strength constitutes the yielding and post-peak behavior.
Here, one random structure is considered to compare with the
linear distributions, while the randomness of the epoxide configu-
rations can slightly change the mechanical properties of GO.14,18

Proceeding with monolayer GO with epoxide functional
groups having a H-linear distribution, Fig. 5 demonstrates different
mechanical behavior than the random and V-linear distributions
(Figs. 3 and 4). The C–C bonds between sp3 and sp2 break at the
yielding point of GO sheets with the top epoxide functional groups
[T1, Fig. 5(b)]. Diagonal crack propagation is observed along with
sp2 carbon bonds upon more deformations [T2 and T3, Fig. 5(b)].

FIG. 3. (a) Tensile stress–strain curves of GO sheets with the top, bridge, and reside epoxide functional groups in a V-linear distribution and atomic configurations of GO
sheets during the deformation of (b) top, (c) bridge, and (d) reside configurations, where each numbered group is represented in the stress–strain curves in panel (a).
Oxygen and carbon atoms are indicated with red and gray colors, respectively.
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The bridge epoxide groups transform into ether groups leading to
crack nucleation and yielding [B1, Fig. 5(c)]. Further deformation
leads to a diagonal cleavage having an orientation of 45� with
respect to the uniaxial load [B2 and B3 in Fig. 5(c)]. Although the
C–O bond strength imposes a lower yield in the reside epoxide
configuration compared to the top and bridge epoxide groups, the

post-peak deformation exhibits a similar crack propagation and
cleavage [R2 and R3, Fig. 5(d)].

Results obtained in Table I exhibit a significant difference
between the mechanical properties of pristine graphene and GO
sheets, which can be linked to the transformation of sp2 bonds in
the pristine graphene into sp3 bonds in GO.4,8,18 This change in the

FIG. 4. (a) Tensile stress–strain curves of GO sheets with the top, bridge, and reside epoxide functional groups with a random distribution and atomic configurations of
GO sheets during the deformation of (b) top, (c) bridge, and (d) reside configurations, where each numbered group is represented in the stress–strain curves in panel (a).
Oxygen and carbon atoms are indicated with red and gray colors, respectively.
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bond structure can dramatically modify the mechanical behavior of
GO. Any fluctuations in the elastic region can be linked to the
thermal disturbances in the simulation box.13,18 A wide range of
elastic modulus is reported previously for GO from 110 to
420 GPa, which is linked to the oxidation density and prestresses in
GO sheets.6,9 This work demonstrates a change in the elastic

modulus from 480 to about 580 GPa due to the epoxide distribu-
tion and configuration, while the oxidation density remains the
same. For the first time, the importance of an epoxide distribution
and configuration on the mechanical behavior of GO sheets is
studied. Results presented in Figs. 3–5 can be compared with previ-
ous theoretical works. For example, a similar fracture strain in GO

FIG. 5. (a) Tensile stress–strain curves of GO sheets with the top, bridge, and reside epoxide functional groups with a H-linear distribution and atomic configurations of
GO sheets during the deformation of (b) top, (c) bridge, and (d) reside configurations, where each numbered group is represented in the stress–strain curves in panel (a).
Oxygen and carbon atoms are indicated with red and gray colors, respectively.
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with the bridge epoxide group having a V-linear distribution is
reported previously,19 while a higher fracture strength of about
97 GPa is estimated for GO. This difference can be linked to the
considered thickness for monolayer GO. Some studies assume the
pristine graphene thickness of 3.4 Å for GO,19 while a thickness of
7.5 Å is reported for monolayer GO.6,9 This has a significant effect
on the estimated strength for GO. This work considers a thickness
of 7.5 Å for monolayer GO. Therefore, a lower fracture strength
predicted here (Table I) compared to some previous works19 can be
linked to the assumed thickness for the monolayer GO. Overall, the
elastic modulus and strength predicted in the present study are in
the range of the mechanical properties of GO sheets with the same
oxidation density reported previously.11,14,15,18,20 Although the
ReaxFF potential has been used previously to model GO,11,13,14 the
functional group density is the main focus to study the mechanical
properties.15,18,20 This study reports the effect of various epoxide
structures, for the first time, on the mechanical behavior of GO
sheets.

The mechanical behavior of GO can be analyzed based on the
epoxide configurations presented in Fig. 1. It was discussed previ-
ously that the C–C bonds between sp3 and sp2 constitute the
strength of GO sheets with the top and bridge epoxide functional
groups. In contrast, a weaker C–O bond imposes a lower strength
for the reside functional group. In addition, regardless of distribu-
tion, a higher yield strength is obtained for the bridge epoxide
group than the top configuration. This can be traced back to sp3

carbon atoms and a bonding structure in the top and bridge
epoxide groups. Starting from the top epoxide group [Fig. 1(a)],
the sp3 carbon atom moves out of the plane of sp2 carbon atoms,
which creates a diamond-like structure with rotated bonds between
sp3 and sp2 carbon atoms.27 This bond rotation forms two
diamond-like structures in the bridge epoxide group [Fig. 1(b)],
where two sp3 carbon atoms jump out of the graphene plane.15

Previous works demonstrate a higher bonding distortion in the top
configuration than the bridge one,15 which can be linked to the dif-
ferent tensile strengths of these epoxide groups.

Comparing the mechanical behavior of GO sheets in Figs. 3–5
exhibits the importance of epoxide configurations and their orien-
tations. In contrast, the density of the epoxide group is another
parameter controlling the mechanical properties of GO.14,18,20 The
top and bridge configurations are reported to be common epoxide
structures in GO sheets.19 After studying the effect of epoxide
structures, the impact of top and bridge density on the mechanical
behavior is studied, where the relative density, R, is considered

R ¼ NC�SP3

NC
� 100, (2)

where NC�SP3 and NC are the number of sp3 and total number of
carbon atoms, respectively. The relative density, R, effect on the
mechanical properties is evaluated for oxidation in a range of
1.2%–2.4% for a full top oxide to a full bridge epoxide, respectively.
Figure 6 exhibits the change of the mechanical properties as a func-
tion of R. Results demonstrate a reduction in the elastic modulus
from 580 to 525 GPa with changing R from 1.2% to 1.7%, while the
elastic modulus remains the same for R more than 1.7 %. In con-
trast, the yield strength changes from 52 to 61 GPa by increasing

the bridge functional group. This change in the yield strength
increases the fracture toughness for R less than 2.2%. The fracture
toughness reduces considerably for R more than 2.2%, which can
be linked to a dramatic decrease of the fracture strain for this rela-
tive density. The change of the fracture strain is found to be negligi-
ble for R less than 1.9%. Although the toughness of GO sheets fully
decorated with the top and bridge configurations is similar, higher
toughness is observed for GO sheets with a combination of both
epoxide functional groups with R about 1.9%–2.2%. Previous
studies report a reduction of the elastic modulus by increasing the
oxidation density,14,20 where the ratio of epoxide-to-hydroxyl and
oxidation levels is the main focus. Although it was demonstrated
that the oxidation content and decreasing the number of
epoxide-to-hydroxyl can reduce the strength and toughness,18,20

here, for the first time, it is presented that the mechanical proper-
ties of GO can be enhanced through increasing the relative density.
This can be linked to the change of epoxide structures from the top
configuration to the bridge configuration. In this respect, although
the relative density increases in the bridge configuration compared
to the top configuration, the mechanical properties is improved
through changing the diamond-like structure of epoxide. Previous
works report the importance of bonding transformation in the
epoxide functional groups during the mechanical deformation of
GO sheets.18

FIG. 6. The mechanical properties of GO as a function of R for (a) elastic
modulus and yield strength and (b) fracture strain and toughness.
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The influence of epoxide groups and their distribution on the
mechanical behavior of GO is studied so far. The incorporation of
electric fields and the mechanical behavior is an important aspect
on the application of GO as electromechanical devices.28,29

Therefore, the interaction of electric fields on the epoxide func-
tional groups is evaluated in the remainder. Figure 7 demonstrates
the change of GO mechanical behavior in the electric field. Results
show an insignificant effect of the electric field on the elastic prop-
erties and yield strength of GO sheets. The main impact of the elec-
tric field can be observed on the post-peak response in GO, with
epoxide groups having the random and H-linear distributions
[Figs. 7(b) and 7(c)]. For example, GO sheets with the bridge
epoxide group randomly distributed under no electric field have a
stress drop in a tensile strain of 0.15. At the same time, there is no
stress drop after the yielding of those GO sheets under the electric
field [Fig. 7(b)]. Although a broad post-peak region is observed in
GO sheets with the randomly distributed reside group under the
electric field, those GO sheets exhibit a brittle fracture without any
electric field. The immediate impact of changing the post-peak
behavior is the fracture toughness. Figure 7(d) shows the toughness
properties of GO under the electric field. Results exhibit an insig-
nificant electric field effect on the toughness of GO sheets with
epoxide groups having the V-linear distribution. In contrast, the
toughness under the electric field is significantly enhanced for GO
sheets with the random epoxide group. Although the electric field
reduces the toughness of the top and bridge epoxide groups with
the H-linear distribution, the toughness under the electric field dra-
matically enhances for GO sheets with the reside configuration.

The impact of the electric field on the mechanical behavior of
GO can be linked to the epoxide distortion. The electric field can
change the binding energy followed by increasing the oxygen bond
length in the diamond-like epoxide functional groups.24,32 Such an
external in-plane force in GO nanoplatelets applies additional
energy to the system. Therefore, higher strain energy is required to
deform GO under the electric field compared to those without the
electric field, leading to the toughness enhancement. Similar effects
on the bonding energy have been observed in nanowires, where the
change of surface energy has impacts on the mechanical properties
of nanowires.33 The presented study exhibits a benchmark study on
the interaction of electric fields on the epoxide configurations,
while understanding the effect of electric field modulation on the
mechanical behavior of GO sheets necessitates further investiga-
tions. In addition to the electric field, there are various parameters
having impacts on the mechanical response. For example, the effect
of size is another important factor to be considered to model the
mechanical behavior of nanostructures.34,35 Here, the impact of
epoxide-rich regions is studied in GO sheets at the nanoscale, while
scaling up this into the microscale with including all functional
groups necessitates further investigations. The strain rate is another
factor changing the mechanical behavior of materials. Although the
strain rate has an insignificant effect on the mechanical properties
of graphene,36 GO deformation is strongly strain rate dependent.37

This work exhibits the influence of oxidation on the mechanical
properties of graphene, while defects can change the thermal
behavior of graphene-based materials.38 The structure of GO sheets
can be a combination of various epoxide configurations with

FIG. 7. Tensile stress–strain curves of GO sheets with an epoxide functional group having a (a) V-linear, (b) random, and (c) H-linear distribution along with the tensile
load under an electric field (Efield) of 0.5 V/Å. (d) The toughness of GO sheets without and with an electric field.
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different distributions,2,4 which can be fed into finite element
approaches to model GO platelets.21

IV. CONCLUSION

This work uses the reactive MD simulations to study the effect
of epoxide configurations on the mechanical properties of mono-
layer GO. Three epoxide structures are considered based on oxygen
bonding with carbon atoms, including top, bridge, and reside struc-
tures, where those epoxide functional groups have linear and
random distributions with respect to the applied load.

The major outcomes of this study are summarized as follows:

† A higher yield strength is observed in GO sheets with the bridge
configuration compared to GO with the top and reside groups.
In contrast, GO sheets with the reside functional group exhibit
the lowest yield strength, regardless of the epoxide distribution.

† A brittle fracture is obtained for all epoxide configurations with
the V-linear distribution, where the crack propagation occurs
along the sp3 bonds. GO sheets with the epoxide functional
groups having the random and H-linear distributions demon-
strate a ductile fracture.

† Epoxide configurations have a strong impact on the post-peak
behavior and toughness of GO sheets. The highest toughness is
obtained for GO with the top epoxide group having a H-linear
distribution, while GO sheets with the reside configuration and
the V-linear distribution show the lowest toughness.

† The change of the sp3 bond density from 1.2% to 2.4% increases
the yield strength from 52 to 61 GPa, while this change in the
number of the sp3 bond density reduces the fracture strain and
elastic modulus.

† The external electric field can change the mechanical properties
of GO, where the electric field enhances the mechanical tough-
ness. This change is significant for GO sheets with the bridge
and reside functional groups in the random and H-linear distri-
butions, respectively.

Although previous works mainly focused on the degree of oxi-
dation and concentration of functional groups, this study demon-
strates the importance of epoxide configurations as well as their
distributions on the mechanical properties of GO platelets. In addi-
tion to indicating new aspects to understand experimental observa-
tions, this work facilitates a guideline on potentials to control the
mechanical properties of GO sheets through chemical compositions
and using electric fields.
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