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Mechanical degradation of graphene
by epoxidation: insights from
first-principles calculations
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Oxidation is a major cause for the degradation of materials including graphene, where epoxidation

(forming the C–O–C bond) is very common. In addition, graphene oxide, in which the epoxy group is

one of the two major functional groups (the other is hydroxy), is an important precursor material used

for the bulk synthesis of graphene sheets. Information about the mechanical stabilities, non-linear elastic

properties, and elastic limits under various strain components is invaluable for application of these

nanomaterials. Here, we investigate the mechanical properties of the epoxidized graphene in ordered

graphene oxide, namely C6O1, C6O2, and C6O3, representing the carbon : oxygen ratios of 6 : 1, 3 : 1, and

2 : 1, respectively, using first-principles calculations within the framework of density functional theory.

We predict a reduction of Young’s modulus of graphene by a factor of 20%, 23%, and 27% for C6O1,

C6O2, and C6O3, respectively, indicating a monotonic degradation with respect to epoxidation. However,

there is no clear trend for Poisson’s ratio, implying that the local atomic configurations are dominant

over oxygen concentrations in determining the Poisson ratio. Our computed high order elastic constants

are good for the design of graphene oxide based flexible transparent electronics.

1 Introduction

Graphene is known for its fascinating mechanical properties
including high strength and flexibility.1–3 Since oxygen is widely
available in the environment, oxidation will readily occur,
leading to the degradation of this important engineering
material. Besides such unintended oxidation, the intended
oxidation of graphene, as in graphene oxide (GO), has attracted
extensive interest due to its electronic properties as well as its
importance in massively synthesizing graphene.4–10 In addi-
tion, GO has attracted increasing interest for drug delivery and
other biomedical applications due to its good biocompatibility,
ultrahigh drug loading capability, and the ease of surface
functionalization.11 Graphene oxide has demonstrated distinct
advantages as a biosensing platform due to its excellent capabilities
for coupling with biomolecules and processing in solution.12

With unique properties due to the presence of oxygen-
containing functional groups, GO holds potential for a wide
range of technological applications in many fields, such as
microelectronic and chemical devices,13–15 energy storage,16,17

and composite materials.18,19 For example, ultra-low density
(1/400 times density of graphite) three-dimensional foams were
fabricated using GO layers reinforced with conformal hexagonal
boron nitride platelets. Despite its importance, one interesting
and fundamental question is how the oxygen-containing groups
affect the mechanical properties of the perfect graphene sheet.
Practically, the knowledge of GO’s mechanical properties is of key
importance for its promising applications.

Extensive experimental20–28 and theoretical29–34 studies of the
mechanical properties of GO sheets show a wide range of
distribution of Young’s modulus and intrinsic strength. Despite
these studies, there is still only limited knowledge about mechan-
ical properties of GO, including the elastic limits, the non-linear
elastic properties, and the mechanical instabilities. Such infor-
mation is critical in designing devices with GO for practical
applications since GO is vulnerable to large strain components,
with or without intent, because of its monatomic thickness.35–37

For instance, strain can be induced because of the mismatch
between lattice constants and the substrates. In addition, the
nonlinear behavior and strain tolerance are critical in the design
of graphene oxide based flexible transparent electronics.
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It is generally accepted that GO mostly contains epoxy (–O–)
and hydroxyl (–OH) groups on its basal plane,38,39 while the
atomic structures of GOs are rather complicated and remain a
subject under debate.38–43 There is much experimental evidence
indicating that GOs are amorphous,38,40–41 whereas theoretical
investigations suggest that the ordered structural models are
energetically favorable.10,16,32,44,45 The inconsistency between
the experiments and theoretical predictions about the atomic
structures of GOs might be attributed to the kinetic factor and the
configuration entropy.34 Herein, we limited our study to the three
ordered models as illustrated in Fig. 1.

The goal of this paper is to study the degradation of graphene
caused by epoxidation. To this end, we used the ordered graphene
oxide. To account for the concentration of oxygen in graphene
oxide, we selected three carbon : oxygen ratios as 6 : 1, 3 : 1, and
2 : 1. Even for a specific concentration, there are numerous atomic
configurations. Herein, we consider only the common high
symmetrical configurations of C6O1, C6O2, and C6O3 which are
shown in Fig. 1. The mechanical properties of graphene46 and
C6O47 were reported previously. We included them here for a
systematic study. We focus on the nonlinear elastic properties
and the mechanical instabilities of these three ordered graphene
oxide monolayers. Using density functional theory calculations,
we studied their mechanical behaviors under various strain
components. We found an accurate continuum description of
the linear and non-linear elastic properties of graphene oxides
with high order elastic constants up to the fifth order. With
computed high order elastic constants, one can predict the
pressure dependence properties, including sound velocities,
the second order elastic constants, the in-plane stiffness, and
the Poisson ratio. Our continuum formulation could be useful
in finite element modeling of mechanical properties of graphene
oxide at the continuum level.

2 Computational method
2.1 First-principles calculations

We consider a conventional unit cell which contains six carbon
atoms forming the basal plane of graphene oxide with periodic
boundary conditions in the in-plane directions only (Fig. 1).
Such a conventional unit cell is chosen to capture the ‘‘soft

mode’’, which is a particular normal mode exhibiting an
anomalous reduction in its characteristic frequency leading to
mechanical instability. This soft mode is a key factor in limiting
the strength of monolayer materials that can be captured only
in unit cells with hexagonal rings.48 A previous study shows that
the larger super cells, including (4 � 2), (6 � 3), (8 � 4), and
(10 � 10) unit cells have almost identical results.49

The armchair direction is along the direction of the projec-
tion of a carbon–carbon bond onto the basal plane, and it was
set parallel to the x axis, which is denoted ‘‘1’’ in the superscript
of strain and stress indices. The zigzag direction is perpendi-
cular to the armchair direction and was set as y-axis, which is
denoted ‘‘2’’ in the superscript of strain and stress indices.

First-principles calculations were carried out using the VASP
code,50 which is based on Kohn–Sham density functional theory51

with the generalized gradient approximations as parameterized
by Perdew, Burke, and Ernzerhof for exchange–correlation
functions.52 The projector augmented wave pseudo-potential53

was used where C 2s22p2 and O 2s22p4 were treated as valence
electrons. A plane-wave basis set with a kinetic-energy cutoff of
600 eV was used in all the calculations. Atomic relaxations
are performed using a gamma-centered 24 � 24 � 1 k-mesh
for sampling, and atomic positions are converged until the
Hellmann–Feynman forces on each atom are smaller than
0.001 eV Å�1. There was a 20 Å thick vacuum region to reduce
the inter-layer interaction to model the single layer system.

To eliminate the artificial effect of the out-of-plane thickness
of the simulation box on the stress, we used the second Piola–
Kirchhoff (P–K) stress54 to express the two-dimensional forces
per length with units of N m�1. The Lagrangian strain55 is used
in this study, defined as Z = e + 1/2e2, where e is the stretch
ratio.54

2.2 Linkage continuum elastic theory with an atomistic
model

For a general deformation state, the number of independent
components of the second, third, fourth, and fifth order elastic
tensors is 21, 56, 126, and 252, respectively.54 However, only
fourteen independent elastic constants need to be explicitly
considered due to the symmetry. By a two-step least-squares fit,
the fourteen independent elastic constants are obtained from

Fig. 1 Geometry of graphene and ordered graphene oxide monolayers with epoxy groups. Graphene plane (a), armchair-side-view (b), zigzag-side-
view (c). The counter parts are in (d–f) for C6O1; (g–i) for C6O2; and (j–l) for C6O3, respectively.
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stress–strain relationships.54 In the first step, we use a least-
squares fit to five stress–strain responses of armchair, zigzag,
and biaxial deformations. The second step is for a least-square
solution to the over- and well-determined linear equations.

3 Results and analysis

Before straining, we first optimize the equilibrium lattice
constant for graphene oxides. When strain is applied, all the
atoms are allowed full freedom of motion. A quasi-Newton
algorithm56 is used to relax all atoms into equilibrium positions
within the deformed unit cell that yields the minimum total
energy for the imposed strain state of the super cell.

We defined the degree of epoxidation as the ratio of the
number of oxygen atoms to the number of carbon atoms in the
unit cells to quantify the concentration of oxygen atoms in GO.
The ultimate strength Su, ultimate strain Zu, and Young’s
modulus Y along the armchair, zigzag, and biaxial directions
as a function of the degree of epoxidation are illustrated in
Fig. 2. We observed a general trend of reduction of Young’s
modulus with the degree of epoxidation, indicating a mono-
tonic degradation with respect to epoxidation. This could be
understood as when the degree of epoxidation increases, more
C–C (p–p) bonds become weaker sp3 bonds of C–O–C, which
introduce discontinuities in the graphene lattice. As the density
of the p–p bonds decreases, the strength decreases. However,
there is no clear trend for Poisson’s ratio, implying that the

local atomic configuration is a dominant factor over oxygen
concentrations in determining the Poisson ratio.

The stress parameters are the derivatives of the total energies
with respect to the strain parameters obtained from DFT calcula-
tions. The second P–K stress versus Lagrangian strain relation-
ship for uniaxial strain components along the armchair and
zigzag directions and biaxial strain components is shown in
Fig. 3. The material behaves in an asymmetric manner with
respect to compressive and tensile strain. With an increase in
strain, the C–C bonds are stretched and eventually rupture.

Taking C6O1 as an example, when strain is applied in the
armchair direction (mode a), the bonds parallel to this direc-
tion are more severely stretched than those in other directions.
Under the deformation mode z (zigzag), in which the strain is
applied perpendicularly to the armchair direction, there is no
bond parallel to this direction. The two C–C bonds that have an
inclination toward the zigzag direction with an angle of about
301 are more severely stretched than those in the armchair
direction. Under the ultimate strain in mode z, which is 0.26,
the two C–C bonds that are not along the armchair direction
and closer to the oxygen atom are observed to rupture. Under
the ultimate strain in mode b (biaxial), Zb

u = 0.12, the two C–C
bonds that are not along the zigzag direction with an angle of
about 301 and further away from the oxygen atom are observed
to rupture.

The elastic constants are critical parameters in finite element
analysis models for mechanical properties of materials. The
fourteen independent elastic constants of graphene oxide are
determined by a least-square fit to the stress–strain results of DFT
calculations in two steps, detailed in our previous work,47,54

which had been used well to explore the mechanical properties
of 2D materials.57–69 A brief introduction is that, in the first step,
we use a least-square fit of five stress–strain responses. Five
relationships between stress and strain are necessary because
there are five independent fifth-order elastic constants (FFOECs).
We obtain the stress–strain relationships by simulating the
following deformation states: uniaxial strain in the zigzag direc-
tion (zigzag); uniaxial strain in the armchair direction (armchair);
and equibiaxial strain (biaxial). From the first step, the compo-
nents of the second-order elastic constants (SOECs), the third-
order elastic constants (TOECs), and the fourth-order elastic
constants (FOECs) are over-determined (i.e., the number of
linearly independent variables is greater than the number of
constraints), and the fifth-order elastic constants are well-
determined (the number of linearly independent variables is
equal to the number of constraints). Under such circumstances,
the second step is needed – a least-square solution to these over-
and well-determined linear equations.

The second order elastic constants model the linear elastic
response. The higher (42) order elastic constants are impor-
tant to characterize the nonlinear elastic response of C6O using
a continuum description. These can be obtained using a least-
square fit of the DFT data, and are reported in Table 1. The
corresponding values of graphene are also shown.

Our results of in-plane stiffness of GO are Ys = 273.6, 264.1, and
247.5 N m�1 for C6O1, C6O2, and C6O3, respectively. Taking the

Fig. 2 Elastic limits. Ultimate strength Su, ultimate strain Zu, and Young’s
modulus Y along the armchair, zigzag, and biaxial directions as a function
of the degree of epoxidation.
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interlayer distance of 7 Å, our results of the in-plane stiffness
390.9, 377.3, and 353.6 GPa, respectively, are found to be in good
agreement with the experiment (250 � 150 GPa),23 MD prediction
(325 GPa),29 and DFT prediction (380–470 GPa).32 We predict a

reduction of Young’s modulus of graphene by a factor of 20%,
23%, and 27% for C6O1, C6O2, and C6O3, respectively. The in-plane
stiffness of GO is smaller than graphene, which indicates that
GO is softened by the epoxidation. This could be understood as

Fig. 3 Stress–strain relationship. Stress–strain responses of graphene (a), C6O1 (b), C6O2 (c), and C6O3 (d), under armchair (top), zigzag (middle), and
biaxial (bottom) strain. S1(S2) denotes the x(y) component of stress. ‘‘Cont’’ stands for the fitting of DFT calculations (‘‘DFT’’) to continuum elastic theory.
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follows, taking C6O1 as an example. The separation of the two
carbon atoms bridged by the oxygen atom in C6O is 1.505 Å,
about 6 percent larger than that of graphene (1.42 Å). The C–C
bonds have been stretched in C6O1 a priori by the introduction
of oxygen atoms as compared with the pristine graphene
(Fig. 1). These stretched C–C bonds are weaker than those
un-stretched, resulting in a reduction of the mechanical strength.

A recent experimental study demonstrated that graphene
can maintain a large fraction of its pristine strength and
stiffness when sp3-type defects exist in high density.28 Since
the defects in epoxidized graphene are sp3-type, our results
agree well with the experiment.

Higher order (42) elastic constants are important quantities70

and can be determined by measuring the changes in sound
velocities under hydrostatic and uniaxial stress.71 The higher
order elastic constants can be utilized to study the nonlinear
elasticity, thermal expansion (through the Grüneisen parameter),
temperature dependence of elastic constants, harmonic genera-
tion, phonon–phonon interactions, photon–phonon interactions,
lattice defects, phase transitions, echo phenomena, strain soft-
ening, and so on.46 Using the higher order elastic continuum
description, one can calculate the stress and the deformation state
under uniaxial stress, rather than uniaxial strain. Explicitly, when
pressure is applied, the pressure dependent second-order elastic
moduli can be obtained from the higher order elastic continuum
description.54 The third-order elastic constants are important
in understanding the nonlinear elasticity of materials, such as
changes in acoustic velocities due to finite strain. As a conse-
quence, nanodevices (such as nanosurface acoustic wave sensors
and nanowaveguides) could be synthesized by introducing local
strain.57,72

The hydrostatic terms (C11, C22, C111, C222, and so on) of GO
monolayers are smaller in magnitude than those of graphene,

consistent with the conclusion that GO is ‘‘softer’’. Both GO and
graphene monolayers exhibit instability under large tension.
Stress–strain curves in the previous section show that they might
soften when the strain is larger than the ultimate strain. From the
view of electron bonding, this is due to the bond weakening and
breaking. This softening behavior is determined by the TOECs
and FFOECs in the continuum aspect. The negative values of
TOECs and FFOECs ensure the softening of the GO monolayer
under large strain.

A good way to check the importance of high order elastic
constants is to consider the cases when they are missing.
With the elastic constants, the stress–strain response can be
predicted from elastic theory.54 When we consider only the
second order elasticity, the stress varies with strain linearly.
Taking the biaxial deformation as an example, as illustrated in
Fig. 4, the linear behaviors are only valid within a small strain
range, about 0.02. With the knowledge of the elastic constants
up to the third order, the stress–strain curve can be accurately
predicted within the range of Z o 0.06. Using the elastic
constants up to the fourth order, the mechanical behaviors
can be well treated up to a strain as large as 0.13. For strain
values beyond 0.13, the fifth order elastic constants are
required for accurate modeling. The analysis of the uniaxial
deformations provides similar results.

Our results of the mechanical properties of graphene epoxide
are limited to zero temperature due to the current DFT calcula-
tions. Once the finite temperature is considered, the thermal
expansion and dynamics will in general reduce the interactions
between atoms. As a result, the longitudinal mode elastic con-
stants will decrease with respect to the temperature of the system.
The variation of the shear mode elastic constants should be more
complex with temperature. A thorough study will be interesting,
which is, however, beyond the scope of this study.

Our results of the ordered GOs could be useful in estima-
ting the amorphous GOs which are common in experiments.

Table 1 Nonzero independent components of elastic constants for the
SOEC, TOEC, FOEC, and FFOEC tensor components (in units of N m�1),
Poisson’s ratio n and in-plane stiffness Ys of graphene (C6) and the ordered
GO (C6O1, C6O2, C6O3) monolayer from DFT calculations

C6 C6O1 C6O2 C6O3

a (Å) 2.468 2.53 2.568 2.592
Ys (N m�1) 340.8 273.6 264.1 247.5
n 0.178 0.195 0.139 0.084

2nd C11 352.0 284.5 266.5 249.3
C12 62.6 55.6 37.0 21.2

3rd C111 �3089.7 �2437.2 �2352.8 �2585.7
C112 �453.8 �518.3 �155.9 102.9
C222 �2928.1 �2993.6 �2041.1 �1946.0

4th C1111 21 927 11 416 18 514 23 677
C1112 2731 �4368 1439 �1799
C1122 3888 3277 �2119 �605
C2222 18 779 5822 9797 9409

5th C11111 �118 791 �42 938 �105 098 �143 392
C11112 �19 173 28 630 �1355 �7460
C11122 �15 863 �112 832 15 476 �34 349
C12222 �27 463 �335 145 21 277 �63 325
C22222 �134 752 99 159 �97 941 �116 554

Fig. 4 Order effect. Predicted stress–strain responses of biaxial deformation
of ordered graphene epoxide C6O2 monolayer of different orders (second,
third, fourth, and fifth order) compared to those of the DFT calculations
(circle line).
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The amorphous GOs could be considered as a combination of
these ordered GOs. The linear fitting of the in-plane Young’
modulus Ys of graphene and three ordered GOs with respect to
the degree of epoxidation x gives the proportional relationship
Ys(x) = �173.76x + 324.94. Therefore, amorphous GOs’ in-plane
Young’s modulus can be estimated from the proportional
relationship. GOs with hydroxyl groups might have similar
behaviors, which is an interesting further research topic.

4 Conclusions

In summary, we shed light on the mechanical degradation of
graphene by epoxidation through a comparison of the mechanical
properties of graphene and three ordered graphene epoxides,
C6O1, C6O2, and C6O3, which represent the carbon : oxygen ratio
of 6 : 1, 3 : 1, and 2 : 1, respectively, under various strain compo-
nents using first-principles calculations. It is observed that these
GOs exhibit anisotropic nonlinear elastic deformation up to the
ultimate strain. There is a reduction of Young’s modulus of
graphene by a factor of 20%, 23%, and 27% for C6O1, C6O2, and
C6O3, respectively. Thus, the strength of GO decreases with the
degree of epoxidation. However, there is no clear trend for
Poisson’s ratio, implying that the local atomic configuration is
a dominant factor over oxygen concentrations in determining
the Poisson ratio. Our computed second, third, fourth, and fifth
order elastic constants could be used for modeling the elastic
response to a mechanical loading of GO at the continuum level,
especially in the design of graphene/graphene oxide based
flexible electronics.
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