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According to first principle simulations, we theoretically predict a type of stable single-layer graphene oxide (C2O).
Using density functional theory (DFT), C2O is found to be a direct gap semiconductor. In addition, we obtain the ab-
sorption spectra of the periodic structure of C2O, which show optical anisotropy. To study the optical properties of C2O
nanostructures, time-dependent density functional theory (TDDFT) is used. The C2O nanostructure has a strong absorption
near 7 eV when the incident light polarizes along the armchair-edge. Besides, we find that the optical properties can be
controlled by the edge configuration and the size of the C2O nanostructure. With the elongation strain increasing, the range
of light absorption becomes wider and there is a red shift of absorption spectrum.
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1. Introduction
During the past few decades, surface plasmons (SPs)

in nanostructures have attracted a great deal of attention in
nanoscience field, because they have remarkable effects on
molecular spectroscopy,[1,2] optical waveguides,[3] optoelec-
tronic devices,[4] bio-medical treatments,[5] etc. The SPs are
of the harmonic oscillations of free electrons in metal nanos-
tructures. The resonance frequency of SPs is affected by the
factors of size,[6,7] shape,[8] and surrounding environment.[9]

Usually, to excite plasmon, we mainly use traditional metal
nanomaterials such as nanoparticles of gold, silver, copper,
etc. However, there is a huge problem that the surface plas-
mons of the optoelectronic device of precious metal decay
quickly in the propagation process. Moreover, the plasmonic
device of precious metal has a relatively single performance of
resonance mode, which cannot meet the requirements for the
diversification of modern electronic devices. To overcome the
difficulty, scientists have made great efforts for a long time and
found that the metal-free materials can offset the insufficiency,
and graphene is the most representative material.

Graphene is one of the most promising two-dimensional
(2D) materials, which is structured by a planar honeycomb
monolayer of carbon atoms.[10] It permits electrons to flow
freely across its surface with particularly low scattering due
to its electronic structure-Dirac cone.[11] In the applications
of plasmon excitation, graphene has three advantages over

precious metals: firstly, π plasmon has a long-range charge
transfer excitation; secondly, electrons do not easily decay
on the surface of graphene; thirdly, graphene has several vi-
bration modes of energy. Due to the excellent properties
of graphene, scientists have also done a lot of research on
graphene derivatives, such as the substitutional doping of car-
bon atoms in graphene with transition metals (TMs) can tune
the electronic and magnetic properties of graphene.[12] More-
over, van der Waals heterostructure of graphene and g-GaN
can tune the Schottky barrier.[13] In addition, graphene ox-
ide (GO) is also a prominent material of graphene derivatives.
A lot of experiments have shown that GO has some superior
properties compared with graphene, such as its excellent sur-
face activity,[14] which can be eliminated by small molecules
or polymers.[15] Besides, GO has an important status in 2D
material for improving the thermal, electrical and mechanical
properties.[16–18] Current research on GO is not systematic nor
comprehensive, therefore, it is necessary to do more research
on GO.

In this paper, we theoretically predict a stable single-
layer structure of graphene oxide (C2O). There are two oxy-
gen atoms and four carbon atoms in the primitive cell. We use
the first principles theory to study the stability and the elec-
tron structure of C2O. Through the calculations of the cohe-
sive energy, formation energy and phonon spectrum of C2O,
we obtain that the structure of C2O is stable. In addition,
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this type of C2O is a direct gap semiconductor from analyz-
ing the electronic band structures and density of states (DOS).
To study the optical properties of C2O nanostructures, TDDFT
is used. By analyzing the structure of this type of C2O, we find
that the structure of C2O is anisotropic when the light polar-
izes along different directions, which means that the C2O is
a promising candidate of photoelectric switch. We focus on
studying the optical properties of C2O nanostructures when
the light polarizes along the armchair-edge direction. We con-
sider the influence on the optical response by changing the
edge configuration and size of the C2O nanostructure. What is
more, the influence of changing the elongation strain has also
been considered.[19] These studies will provide some theoret-
ical support for the practical application of the optoelectronic
devices which are made from C2O nanostructure. The rest of
the paper is organized as follows. In Section 2, we present the
computational methods. In Section 3, we show the stability
and electronic structure of the single-layer C2O, and the opti-
cal response of the C2O nanostructures. Finally, some conclu-
sions are drawn from the present study in Section 4.

2. Computational methods
All of our calculations were based on first-principle sim-

ulations. To study the stability, electronic band structure, den-
sity of states, and optical properties of single layer C2O, DFT
was used in the generalized gradient approximation (GGA),
which is expressed by the Perdew–Burke–Ernzerhof (PBE)
functional.[20] The CASTEP[21] package was used with norm-
conserving pseudopotentials and a plane-wave cutoff energy
of 830 eV. Our structure model was fully relaxed, until the
forces were less than 0.01 eV/Å and the energy tolerances
were less than 5×10−6 eV per atom. A vacuum spacing be-
tween the 2D single-layer structures was 20 Å. We adopted the
Monkhorst–Pack scheme for k-point sampling of the Brillouin
zone with 21×21×1 for C2O. The phonon dispersion of C2O
was calculated by the linear response method.[22] The calcu-
lations of the optical properties of C2O nanostructures were
performed by the real-space TDDFT code OCTOPUS.[23]

We described the oxygen atoms, carbon atoms and hydro-
gen atoms by the Troullier–Martins pseudopotential.[24] The
GGA and PBE functional for the exchange–correlation po-
tential were used in both the ground-state and the excited-
state calculations, respectively. The excitation spectra induced
by an impulse excitation were extracted by the Fourier trans-
form of dipole strength. We defined the simulation zone by
assigning a 6-Å-radius sphere around each atom and a uni-
form mesh grid of 0.2 Å. In the real-time propagation, Kohn–
Sham wave function is evolved for 6000 steps in time steps of
∆t = 0.003h̄ eV−1.

3. Results and discussion
3.1. Stability and electronic structure of single-layer C2O

The crystal structure of C2O is given in Fig. 1. The num-
ber of the outermost electrons of carbon atoms is four and
the number of oxygen atoms is six. It is possible to form a
layered structure such as C2O of this type. The space group
of C2O is PMMM (No. 47). The structural parameters of
the optimized geometric C2O include lattice constants, bond
length, layer height, and bond angle. The results of the opti-
mized C2O structure are summarized in Table 1. To illustrate
the stability of C2O, we conduct the cohesive-energy calcu-
lation and formation-energy calculation of C2O. In addition,
we also carry out the phonon-dispersion calculation of C2O.
The cohesive-energy Ecoh of C2O can be estimated from the
following expression:

Ecoh = [Etot −2Eatom(O)−4Eatom(C)]/6, (1)

where Etot represents the total energy of C2O, and Eatom is the
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Fig. 1. (color online) (a) Top view of C2O, (b) side view of C2O. Red
spheres represent oxide atoms and grey spheres refer to carbon atoms,
(c) Brillouin zone of C2O, (d) phonon band dispersion of C2O, from
which we can find that the structure shows kinetic stability.
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energy of a free atom in the ground state. We calculate Eatom

by placing each isolated atom in a cell with a cubic lattice of
10 Å to prevent the interactions between neighboring atoms.
By calculating, we obtain that the cohesive energy of C2O is
−7.83 eV/atom. However, we find that the thermal energy of
C2O is lower than the cohesive energy at room temperature.
To provide the conditions for synthesis of C2O, the forma-
tion energy of C2O is studied. The formation energy per atom
(Eform) of C2O is evaluated by using the standard expression
as follows:

Eform = [Etot −Emolecule(O2)−2E(graphene)]/6. (2)

Similarly, Etot is the total energy of C2O, Emolecule (O2) is the
energy of the oxygen molecule in the ground state. We cal-

culate Emolecule by each isolated O2 molecule that is placed in
a cell with a cubic lattice of 10 Å, which avoids the interac-
tions between neighboring molecules. The E (graphene) is the
total energy of single-layer graphene primitive cell. The for-
mation energy of C2O is −0.21 eV/atom, which illustrates that
the process of synthesizing C2O is an exothermic reaction, and
the reaction can take place spontaneously. Therefore, we may
synthesize C2O experimentally.[25]

In addition, we perform the phonon-dispersion calcula-
tion of C2O. As shown in Fig. 1(d), the result of phonon is
obtained from calculation along the high symmetric points in
the Brillouin zone. We find that the phonon dispersion has
no negative frequency, so it illustrates that this type of C2O is
kinetically stable.[26]

Table 1. Results for optimized geometries of C2O, obtained by using DFT with the PBE exchange–correlation functional.

Structure
Space Cohesive Formation Lattice Bond

Bond angle/(◦) Layergroup Energy/(eV/atom) energy/(eV/atom) constant/Å Length/Å

a l1 l2 l3 α β γ θ h

C2O PMMM –7.83 –0.21 4.97 1.52 1.34 1.45 115.92 122.02 88.23 91.77 2.08
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Fig. 2. (color online) (a) Electronic band structures of C2O. Dotted line
represents Fermi level. (b) Density of states (DOS) and the partial den-
sities of states (PDOSs) of C2O. There are two identical O atoms, two
identical C1 atoms, and two identical C2 atoms in the primitive cell of
C2O, and O atom, C1 atom, C2 atom are shown in PDOSs, Fermi level
is indicated by the dashed line.

Furthermore, we calculate the electronic band structure
and density of states (DOS) of C2O, through using both
PBE and the screened hybrid functional of Heyd–Scuseria–
Ernzerhof (HSE06). As shown in Fig. 2(a), the valence-band

maximum and the conduction-band minimum are near Y point,
and the difference between these two energies is 1.231 eV
which means that C2O is a direct gap semiconductor. Besides,
to understand the contributions of different orbitals to the elec-
tronic states, we figure out the DOS and the partial densities
of states (PDOSs) for C2O. The result is shown in Fig. 2(b).
It is observed from the PDOSs of C2O that the states near the
Fermi level (in green dashed frame) have contributions from
the p orbitals of O, C1, and C2 (shown in Fig. 1(a)). In addi-
tion, at conduction-band minimum near 4.5 eV (in blue dashed
frame), the contributions are mainly from p orbitals of O and
C2. At valence-band maximum near −2.5 eV (in the area of
red dashed frame), the contributions are from p orbitals of O
and C2. Moreover, there is a large number of electrons at
4.5 eV and −2.5 eV, which may lead to a phenomenon that
the absorption spectrum would have a very strong absorption
peak near 7 eV.

3.2. Optical response of C2O nanostructure

We investigate the periodic structure of C2O. As shown in
Fig. 3(a), we find that the light absorption spectra of C2O pe-
riodic structure ranges from visible region to near-ultraviolet
region. Besides, we find that the periodic structure of C2O
is anisotropic when we compare the two spectra in differ-
ent directions of the incident light. The first absorption peak
is at 3.39 eV, and there are two main absorption peaks at
4.89 eV and 6.42 eV, respectively, when the light polarizes
along the armchair-edge. Moreover, the first absorption peak
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is at 3.21 eV, and there is a strong absorption peak at 7.48 eV
when the light polarizes along the zigzag-edge.

Many experiments show that materials will have many
unique properties, such as surface effect, quantum effect, and
volume effect, when the macroscopic material is processed
into the nanometer size. These small-scale nanostructures can
be used in the fields of biological plasmon imaging, medical
treatment, and quantum plasmon transfer. Moreover, in the
practical application, the optoelectronic devices need higher
and higher integration level and the sizes of primary elements
need to be processed to be smaller and smaller until they can
be processed into nanoscale. However, as is well known, be-
cause of the quantum confinement effect,[27] the optical prop-
erties of nanostructure material would have a considerable dif-
ference compared with those of macroscopic material. There-
fore, in the rest of the paper, we focus on studying the optical
properties of C2O nanostructures.

We use Cartesian coordinates and fix atoms in the XY
plane, to deal with the rectangular C2O nanostructures that
the armchair-edge is parallel to the X-axis direction, and the
zigzag-edge is perpendicular to the X-axis direction. In addi-
tion, at the edge of rectangular C2O nanostructures, the dan-
gling σ bonds at the edges are passivated by hydrogen atoms.
Here, we regard the carbon ring (including oxygen atoms) as
a basic unit, then the rectangular C2O nanostructures with dif-
ferent sizes are named X ×Y , where X represents the number
of basic units in the X-axis direction, Y refers to the number
of basic units in the Y -axis direction.

Figure 3(b) shows the absorption spectra of 4×5 rect-
angular C2O nanostructure, when the incident light polarizes
along different directions. There appear different absorption
spectra in Fig. 3(b), we find that they show optical anisotropy.
By comparison with the absorption spectra of the periodic
structure of C2O, we find that there are some differences. The
most prominent phenomenon is that the main peak is blue
shifted. We analyze this case and draw a conclusion that with
the decrease of the structure size, the quantum size effect ex-
erts an influence on energy band structure, making the energy
gap become wider, and resulting in the increasing of photonic
band gap.

To study the effects of the size and the edge configura-
tion of rectangular C2O nanostructures on their optical prop-
erties. We study the 2×5, 4×5, 6×5, 4×3, 4×7 rectangu-
lar C2O nanostructures, which are shown in Fig. 4. Because
C2O nanostructures are optically anisotropic, and the light ab-
sorption is stronger when the incident light polarizes along the
armchair-edge direction. We mainly study the optical proper-
ties of C2O nanostructures when the incident light polarizes
along the armchair-edge. As shown in Fig. 5, we find that

the nanostructures of C2O has light spectra with absorption
from visible region to near-ultraviolet region. Because of the
barrier of oxygen atoms, there is no main absorption peak in
the low-energy resonance zone. In the structure of C2O, the
electrons of oxygen atom are difficult to jump into adjacent
C2 atom, because this process needs to overcome a great en-
ergy barrier, which may result from the fact that the rectangu-
lar C2O nanostructure has a main absorption peak near 7 eV.
In addition, we show the absorption spectra of 2×5, 4×5,
6×5 rectangular C2O nanostructures in Fig. 5(a), where the
incident light polarizes along the armchair-edge. We main-
tain the length along the zigzag-edge direction of rectangu-
lar C2O nanostructures to be unchanged, while we change its
length in the armchair-edge direction. With the increasing
width along the armchair-edge direction, there appears a red
shift and the absorption strength become stronger.[28] There-
fore, the light absorption range becomes wider. Moreover,
we keep the length of rectangular C2O nanostructure along
the armchair-edge direction unchanged, and then change the
length along the zigzag-edge direction. In Fig. 5(b), with in-
creasing length along the zigzag-edge direction, the absorption
strength becomes stronger. Thus, we can draw a conclusion
that the light absorption of the rectangular C2O nanostructure
can be enhanced and the light absorption range become wider
through changing its size and edge configuration.
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Fig. 3. (color online) (a) Absorption spectra of (a) periodic structure of
C2O and (b) 4×5 C2O rectangular nanostructure. X represents that the
incident light polarizes along the armchair-edge. Y refers to the incident
light that polarizes along the zigzag-edge.
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Fig. 4. (color online) 2×5, 4×5, 6×5, 4×3, 4×7 rectangular C2O nanostructures, respectively, in 2D Cartesian coordinate system.
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Fig. 5. (color online) (a) Absorption spectra of rectangular C2O nanostruc-
tures 2×5X , 4×5X , and 6×5X , respectively, and the incident light polarizes
along the armchair-edge. The resonant frequencies are 7.5 eV (black curve),
7.32 eV (red curve), and 7.3 eV (blue curve), respectively. Absorption peaks
are 10.41/eV, 29.13/eV, and 41.10/eV. (b) Absorption spectra of rectangular
C2O nanostructures 4× 3X , 4× 5X , and 4× 7X , respectively, polarization
direction is along the armchair-edge. The resonant frequencies are 7.15 eV
(black curve), 7.32 eV (red curve), and 7.36 eV (blue curve), respectively, and
the absorption peaks are 26.23/eV, 29.13/eV, and 33.78/eV.

As shown in Fig. 6, we mainly analyze the Fourier trans-
form of induced charge density with 5 types of C2O nanostruc-
tures which are mentioned above. The induced charge density
plane is parallel to the XY plane, and the incident light polar-
izes along the armchair-edge at the photon energies of about

7.5 eV, 7.32 eV, 7.3 eV, 7.15 eV, 7.32 eV, and 7.36 eV, respec-
tively. Learning from Fig. 6, we find that there are some com-
mon characteristics of the induced charge. Firstly, the induced
charges of some electrons and holes are distributed at the
boundary.[29] Secondly, we find that the electrons and holes
are assembled in the area of two columns of adjacent oxygen
atoms, which means that the plasmon resonance modes are
of localized excitation.[30] It is different from the long-range
charge transfer excitation of graphene. This mode of localized
excitation may be caused by the fact that oxygen, which has
great bind to ambient electrons, and the electrons and holes
are confined in a limited space. Thirdly, we find that the elec-
trons and holes are spatially separated.[31] It is beneficial to
the fact that C2O can serve as a photo catalytic material. From
Figs. 6(a)–6(c), with the width increasing along the armchair-
edge direction, the columns of oxygen atoms increases, and
the densities of the electrons and holes also increase, which
is consistent with the phenomenon that the absorption spectra
become stronger. Moreover, the columns of localized exci-
tation are increased. The electrons and holes are assembled
in the center, because the center part is affected least by the
edge configuration. From Figs. 6(d)–6(f), with the increas-
ing width along the zigzag-edge direction, the distributions of
induced charge density are basically the same as the distribu-
tions of induced charge density in Figs. 6(a)–6(c). However,
their difference is that the electrons and holes are diffused to
the boundary. From the study of the plasmons of C2O nanos-
tructures, it is obvious that we can control the optical response
of surface charge by controlling the edge configuration and
size.
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Fig. 6. (color online) Fourier transformed induced charge densities for rectangular C2O nanostructures 2×5, 4×5, 6×5, 4×3, 4×5, 4×7. For
panels (a), (b), (c), (d), (e), and (f), the polarization direction is along the armchair-edge at the photon energies of about 7.5 eV, 7.32 eV, 7.3 eV,
7.15 eV, 7.32 eV, and 7.36 eV, respectively.

To be applied to a real system, C2O should be grown on

a flexible substrate, which may cause a lattice constant mis-

match to inevitably occur.[32,33] From many experimental and

theoretical studies, we find that the strain has an effect on the

optical properties. We can freeze the lattice constants by us-

ing the mechanical biaxial strain, which is different from the

optimized value. We use η = (a−a0)/a0 to represent a biax-

ial strain, from which a0 represents an optimized lattice con-

stant, and a refers to the lattice length which is along the strain

direction.[34] Positive values of η represents the elongation.

The band gaps of strained C2O as a function η are presented

in Fig. 7(a), and within a strain they are 0, 1%, 8%, 9%, respec-

tively. With the increase of η , we can find that the absorption

peak becomes stronger in low-energy region, and the main ab-

sorption becomes weaker. In addition, there is a red shift of

the resonance point for each of the rectangular C2O nanos-

tructures and an enhanced absorption of visible light. Elon-

gation strain makes the energy gap become wider, and results

in the increasing of photonic band gap, therefore, the absorp-

tion spectra are red-shifted. The C2O is a material which is

sensitive to strain and can be used as a mechanically sensitive

material. Moreover, we obtain the Fourier transform of the in-

duced charge density for 4×3 rectangular C2O nanostructures.

This is a process of gradual change, when the values of η are

0 and 9%. We can easily find the transitional tendency with

the optical responses of electrons and holes. For Figs. 7(b)

and 7(c) the values of η are 0 and 9%, the incident light polar-

izes along the armchair-edge at the photon energy points about

7.15 eV and 5.85 eV. From Figs. 7(b) and 7(c), we find that the

electrons and holes are assembled in the center, and then dif-

fuse to the boundary. This phenomenon may be caused by the

fact that the thickness of C2O becomes thin, and the surface

of C2O becomes flat as the value of η increases. Elongation

strain has an obvious effect on the C2O nanostructure, which
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helps us to change the properties of the material.
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Fig. 7. (color online) (a) Elongation-strain-induced changes of the ab-
sorption spectra of 4×3 rectangular C2O nanostructures. Fourier trans-
form of the induced charge density for rectangular C2O nanostructures
4×3; ((b) and (c)) Polarization direction is along the armchair-edge at
the energy points 7.15 eV and 5.85 eV, respectively, and the values of η

are both 0, 9%.

4. Conclusions
In this work, we theoretically predict a highly stable

single-layer C2O. We perform first principles simulations to
investigate the stability and the electronic structure of C2O.
By computing the phonon spectrum, cohesive energy and for-
mation energy, we draw a conclusion that the C2O is kineti-
cally stable. Through analyzing the electronic band structures
of C2O and the density of states of C2O, we find this structure
is a direct-gap semiconductor. According to TDDFT, we carry
out a systematic study of the optical properties of monolayer
C2O nanostructure with rectangular geometry. Because of the
existence of anisotropy in C2O structure, its absorption spec-

tra show optical anisotropy, which means it would be used as
a photoelectric switch. We focus on the optical absorptions
of the single-layer C2O nanostructures when the incident light
polarizes along the armchair-edge direction. With the increas-
ing of width along the armchair-edge, the absorption strength
becomes stronger and the resonance point is red-shifted. In
low-energy resonance area, this phenomenon will improve the
utilization region of solar energy. With increasing width along
the zigzag-edge direction, the absorption strength becomes
stronger. The optical properties can be controlled by the edge
configuration and size of the C2O nanostructure. In addition,
elongation strain also has an effect on the optical properties
of C2O nanostructure. With the elongation strain increasing,
there is a red shift and the range of absorption spectra become
wider. Ours research results reveal that C2O is a promising
candidate as a photoelectric material.
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