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Abstract To further understand the structure of graphene
oxide, several structures of graphene oxide were systemat-
ically investigated using density functional theory (DFT).
Our models consisted of a hexagonal in-plane structure of
graphene with epoxy groups, and different oxidation levels.
We found that different arrangements of these units yielded
a range of vibrational spectra. Raman positions of the D and
G bands depend sensitively on the local atomic configura-
tions. Both structure energy and spectra computations indicate
that the oxidation functional groups are energetically favor-
able to aggregate together and to be close to one another on the
opposite side of graphene surface.

Keywords Epoxy groups - First-principle calculations -
Graphene oxide - Molecular vibrational modes - Raman
spectrum

Introduction

Graphene, a two-dimensional crystal, is comprised of car-
bon atoms tightly packed into a hexagonal honeycomb
lattice. For the perfect crystal structure, it has unique phys-
ical properties, such as mechanical, electrical, optical and
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thermal properties [1-7]. Graphene is a basic building unit
for graphitic materials. It can be wrapped into zero-
dimensional fullerene, rolled into one-dimensional carbon
nanotubes and stacked into three-dimensional graphite [8].
Since 2004, Novoselov et al. [3] have succeeded in produc-
ing the monolayer graphene by micro-mechanical striping
method, which broke the traditional cognitive that strictly
two-dimensional crystals were thermodynamically unstable
and could not exist [9, 10]. The successful production of
graphene has opened a new era and generated renewed
interest in carbon compounds.

Due to the unique electronic structure of graphene,
the o bond with sp” hybrid mode of in-plane makes it
of a higher structural stability. And the delocalization of
7t bond of out-plane is important for appropriate func-
tional group modification, which will make of it a
system with important chemical activity. Graphene oxide
(GO) is one of the important derivatives of graphene.
Like graphene, it possesses excellent physicochemical
properties for the decorated oxygen-containing function-
al groups. Types of functional groups, contents and
relative density in the structure play an important regu-
latory role. Lahaye [11] and Dinh [12] have studied
changes in the relative position of functional groups
and their impacts on the structure stability of GO.
Fuente [13] calculated the infrared spectral character-
istics of the GO. Kudin [14] used DFT methods to
calculate the Raman spectra of GO, and compared with
the experimental Raman spectra to study the structural
changes. Because of the complexity and diversity of
oxygen groups, it has not worked out a unified structure
of graphene oxide.

Infrared absorption and Raman scattering spectrum is the
fingerprint of the matter structure. They are directly related
to the symmetry of the molecular structure. The infrared
spectrum reflects types of functional groups, quantity and
their associated molecular vibrational modes, and the
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Raman spectrum is used to identify contents of different
chemical bonds and disorder in the structure of GO. Oxida-
tion of graphite is generally considered to be achieved
through the intermediate formation of epoxy [15]. Pandey
observed GO has local crystal structure with oxygen atoms
regularly arranged on the carbon atom plane in the form of
epoxy groups through ultra-high vacuum scanning tunnel-
ing microscope [16]. Li found that line defects in GO are
arranged into columns of epoxy matrix structure [17]. Based
on previous research on properties of GO and the structure
model proposed by Hoffman [18], we use super unit cell to
build periodic variants, and apply DFT to study the effect of
numbers and arrangements of epoxy in the GO structure on
the molecular vibrational spectroscopy.

Models and calculation methods

Experimental data have shown that the C/O ratio of saturated
GO is close to 2:1 [19, 20]. Therefore, based on the ratio, we
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Part I Graphene and GO with C/O ratio of 8:1
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Part II GO with C/O ratio of 4:1

Fig. 1 GO models with different C/O ratio
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construct the GO models with different numbers of epoxy
groups and different arrangements. To avoid the effect of the
finite edges, we adopt a periodic supercell approach, using a 2 x
2x1 hexagonal supercell containing eight carbon atoms. With
principles of permutations and combinations, 19 kinds of gra-
phene oxide models were applied. They are displayed in Fig. 1.

The first-principles total energy pseudopotential calcula-
tions are based on the density functional theory with the
local-density-approximation (LDA) functional as imple-
mented in the CASTEP package [21, 22]. The form of
Ceperley and Alder as parametrized by Perdew and Zunger
is used for the exchange-correlation functional [23, 24].
Since LDA is known to be more accurate to describe inter-
layer coupling in graphitic materials and other van der waals
systems [20, 25, 26]. Moreover, structural properties of GO
have been achieved successfully by using LDA [27-30].
The interactions between core region and valence electrons
are described by the norm-conserving pseudo potentials
[31], and the cut-off energy for the plane-wave basis expan-
sion is 830 eV. Periodic supercells are used, in the Z
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direction a 15 A-thick vacuum region to separate the GO
sheet from adjacent images. The first Brillouin zone sam-
plings are performed using sufficient k-points generated by
the Monkhorst-pack scheme that ensures total energy con-
vergence to 5x10°eV [32]. Structural parameters are re-
laxed using the Broyden Fletcher Goldfarb Shanno (BFGS)
minimization method [33]. The structure is relaxed until the
force on each atom is less than 0.01 eV A™" and the stress on
the cell less than 0.02 GPa.

Results and discussion

After the relaxation process, the carbon atom plane of opti-
mized structure was warped with different degrees, keeping
the topology of the six-member network ring, and our cal-
culation is in agreement with the results of Lahaye and Dinh
[11, 12]. The foldings were caused by the stress induced
from the epoxy on both sides of the carbon plane, and these
statuses helped to reduce the whole system energy to main-
tain the structure stability. The bond length of C-C in opti-
mization structures is close to that of diamond, which
further confirmed the sp® hybrid bonds were gradually
changed to the sp> hybrid bonds and the newly increased
epoxy groups weakened the conjugated 7t bond intensity.

Structural stability of GO

To find out the stable GO structures and how the functional
groups prefer to arrange, we have calculated the energy change
associated with grouping the epoxy. For different oxidized GO,
we use the models with variable C/O ratio to calculate.

The energy for the fully relaxed atomic arrangements is
indicated. As shown in Fig. 2, the energy of model GO-II-4,
GO-III-5 and GO-IV-2 is the lowest for the C/O ratio of 4:1,
8:3 and 2:1, respectively. For models with C/O ratio of 4:1,
it is found that the configuration of GO-1I-4 is 0.66 eV lower
in energy than that of the second favorable structure (GO-II-
6). With the increase of oxidation, it also indicates that
models with epoxy groups on the opposite direction of

graphene surface are more stable in energy than that of
models with epoxy groups on the same side. Besides, the
energy is lowered considerably when epoxy groups are
aggregated together. Particularly, the most energetically fa-
vorable configurations are those models with the functional
groups staying next to one another, but at the opposite side
of the carbon sheet. This confirms the important experimen-
tal results inferred from the NMR data that the functional
groups must be very close to one another [34-36]. However,
the arrangements that the functional groups are attached to
carbon plane in the same direction and the functional groups
are located far away from each other will lead to more
tension in the carbon grid and it increases the total energy.
Clearly, the structure of GO is preferable in energy, and the
results in Fig. 2 indicate that these adsorbed groups prefer to
stay close to each other on the opposite side of graphene
surface. One of the reasons why these functional groups
prefer to aggregate together may be the cancellation of
vertical structural distortion when these functional groups
are located on both sides of the graphene sheet.

Analysis of molecular vibrational modes

Combining the group-theoretical analysis and molecular
structure symmetry, we performed the reducible representa-
tion character and vibrational modes. Results are listed in
Table 1.

It is clear that the symmetry of graphene is Dg¢, group.
Apart from three translational normal modes, graphene has
three optical normal modes at the Brillouin zone center. The
A,, and E, representations are translations of the plane; the
B, mode is an optical phonon where the carbon atoms
move perpendicular to the graphene plane. And the E,, is
a doubly degenerate in-plane optical vibration. Among these
modes, only the E,, mode is Raman-active. With respect to
graphene, the epoxy groups on the graphene surface de-
crease the symmetry of structure. Because the point group
of each GO model displayed in Fig. 1 is the sub-group of
Dgn. From Table 1, it can be concluded that the active
distributions of vibrational modes are greatly affected by
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Table 1 Vibrational modes, distributions and active of graphene oxide

No. Symmetry Vibrational modes and distributions IR active Raman active
Graphene Dgn BagtEatAsytE AsEr Eag

GO-I-1 Cyy 6B,+8A 1B +5A, Ay, Ay, By, B, Ay, Ay, By, By
GO-1II-1 C, 15A+15B A, B A, B

GO-11-2 Cs 15A'+15A" A, A" Al A"
GO-11-3 Cay 3B +5A,+5B,2A, Ay, Ay, By, By Ay, Az, By, By
GO-114 Con 8B, t7A 8B 7A, Ay, Ay, By, By Ay, B,
GO-1II-5 C, 15B+15A A,B A, B

GO-II-6 Doy 5B t4B3,4Bo +5B3g 3By t4A+3B T2A, Big, Bag, B3g, By, Bau, Bau Ag, Big, Bag, Bsg
GO-III-1 Cyy 8B,+10B;+9A +6A, A1, Ay, By, By Ai, Ay, B), B
GO-III-2 Cyy 8B,+10B;+9A +6A, A1, Ay, By, By Ai, Ay, B;, B,
GO-1II-3 C, 18B+15A A,B A, B

GO-III-4 C, 16A+17B A,B A, B

GO-III-5 C, A A A

GO-III-6 C, 16A+17B A,B A, B

GO-III-7 Csy 11E+6A15A, A, Ay, E AL E
GO-III-8 Cs 16A"+17A’ Al A A, A"
GO-1V-1 Coy 3B,+2B,+3A,+A, Ay, As, B, B, AL, A, By, B,
GO-1V-2 Do 2By, 3B 1y +3B3, 2B +A+3BogH3A+B Big, Bag, Bag, Biu, Bows Bau Ag Big By, Bag
GO-1V-3 Cyy 11B+9B,+10A +6A, Ay, Ay, By, By Ay, Ay, By, By
GO-1v-4 Con 5B, T4A, 5B H4A, Ay A, By, By Ay, B,

the arrangement of epoxy groups. Along with the oxidation
process, the vibrational modes of Raman active increase.
The lower symmetry of structure as compared to graphene
(Dgn) leads to a splitting of most modes, which is indeed
observed by the large number of peaks in Fig. 4 as compared
to the Raman spectrum of graphene.

Compared with the monolayer graphene results, distinct
feature can be identified for GO. There are more Raman active
modes in GO. These modes arise from the effect of epoxy
groups. Our GO models have various point group symmetries
for the T" point. The monolayer graphene possesses the Dgy,
symmetry. It reduces to C,y, for the model GO-I1-4, C, for the
model GO-III-5, C, for the model GO-III-6 and Dy, for the
model GO-IV-2. Correspondingly, their high optical zone-
center modes are of different mode symmetries: E,, mode in
graphene evolves into Ay+B, for the model GO-1I-4, A+B for
the model GO-11I-6, and A+B, for the model GO-IV-2. The
Ag, By, A, B and B, modes are both Raman and IR active.
Therefore, a complete picture of the zone-center modes can be
obtained from a combination of Raman and IR measurements,
and the mode splitting provides significant information about
the structure geometry.

Analysis of Raman spectra
The Raman spectrum is very sensitive to change of the

atomic structure in carbon materials. Therefore, it is the
most effective tool to study surface microstructure and the
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vibrational properties of graphene oxide, and the Raman spec-
trum can also characterize the ordered and disordered crystal
structures by distinguishing Raman shifts and shapes of
Raman peaks. Progress has been made in the structural char-
acterization of the GO on the theoretical side [11, 20, 37].
However, there is general lacking of a way from calculation
Raman spectroscopy to reflect the local structures of GO.

Experimental studies supply vital perspectives into the struc-
tural characterization of GO [14, 38, 39]. There are two prom-
inent bands in Raman spectrum of GO. One characteristic band
around 1585 cm™! is called G band, and the other band around
1350 cm™ is called D band. In the review of previous studies
[40—42], the G band is assigned to the doubly degenerate zone
center E,, mode, referring to the vibration of sp>-bonded car-
bon atoms in a two-dimensional hexagonal lattice, and the D
band is related to the K-point phonons of A, symmetry which
is assigned to local defects and structural imperfections induced
by functional groups on the graphene sheets. Therefore, the D
band is not observed in the defect-free graphene but discovered
in the defected graphene and GO. For all the local GO struc-
tures shown in Fig. 1, we have done the first order calculated
Raman spectrum of graphene in Fig. 3 and the Raman spectra
of GO in Fig. 4. The Raman spectra are focused on the
intermediate wave number region (1000-2000 cm ) that is
associated with the vibration of carbon atoms.

For comparison, we first calculated the Raman spectrum of
graphene (Fig. 3). From our LDA calculations, The Raman
spectrum of graphene, as expected, displays a prominent G
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Fig. 3 Raman spectrum of graphene

peak as the only feature at 1585 cm™, corresponding to the first-
order scattering of the E,, mode. Our calculation data agree
remarkably well with the experimentally observed G band at
1585 cm ! [43, 44]. With the addition of epoxy groups on the
graphene surface, a series of new Raman active bands appears
(Fig. 4), demonstrating the substantial contribution of the epoxy
groups to the Raman spectra. This may be attributed to the
lower symmetry which leads to the splitting of most modes.
The vibrational frequencies in the range 1300-1400 cm™ can
be correlated with D band. With an 80 cm™' Gaussian broad-
ening, some of them are in excellent agreement with the exper-
imental values. As the Raman spectrum of graphene shown in

Fig. 4 Raman spectra of
different GO models. (X1) X1
Raman spectra of structure with

Fig. 3, the D band is Raman inactive. When the epoxy groups
are arranged on the graphene surface, the structural symmetry is
broken. Thus, the D band is activated by the presence of
functional groups in GO and causes a change in the selection
rules. In Fig. 4 the band associated around 1585 cm™ is desig-
nated as G band. Some G bands of the spectra show shift of
varying degrees in the G band to higher energy regions, with
respect to graphene. In particular, it is more significant in higher
oxygen coverage. There are two possible explanations for the
blue shift of G band. One is overlap of the G band with the D
band (locating at 1620 cm™) that becomes active due to struc-
tural imperfections from the attachment of functional groups on
the carbon sheet. And the other is the presence of isolated
conjugate 7t bonds separated by functional groups on the car-
bon network of GO [14, 40]. The spectra of model GO-1I-4,
GO-III-5 and GO-III-6, and GO-IV-2 are more close to the
experimental data for the C/O ratio of 4:1, 8:3 and 2:1, respec-
tively. The Raman spectrum of GO-II-4 contains both G and D
bands (at 1585 and 1370 cm™, respectively), and the D/G
intensity ratio is the highest in other GO models. These results
can be compared with the experimental values for reduced GO
[38]. In the Raman spectrum of GO-III-5, the G band is
broadened and shifted to 1602 cm™, and the D band is at
1330 ecm™. This observation is consistent with experiment
[39]. From the above analysis of vibrational modes, we know
that these G bands are caused by those modes split from the E,,

C/O ratio of 4:1. (X2) Raman
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mode, and the D band is induced by modes split from the A,
mode. For all the above local GO structures, even at the same
degree of oxidization, the ID/IG ratio can be considerably
different. Among the structures considered (GO-1I-4, GO-III-
5 and GO-III-6, and GO-IV-2), the GO-II-4 structure has the
largest ID/IG ratios of about 4.2, whereas the ID/IG ratios for
others are much smaller. It is shown that the ID/IG ratio is a
strong function of the local structure. From the Raman spec-
troscopy view, the GO models with the functional groups
arranged close to each other on both sides of graphene surface
are more preferable. This is a line with the result of energy
analysis, and our studies are consistent with the Bulat’s achieve-
ment that ortho addition is energetically the most favored [45].

Conclusions

In summary, we have studied the structure and Raman spectra
of GO with different arrangements of oxidation functional
groups, using DFT method in the local density approximation.
We find that the epoxy groups changes the symmetry of the GO,
inducing new bands (D bands) in the Raman spectra, which is
greatly different from each other. In particular, the symmetry
reduction leads to a splitting of the E», modes of graphene into
low symmetry modes which causes the Raman G bands of GO.
Therefore, the Raman spectra are related to the oxidation level
and the location of the oxidized region. Both structure energy
and spectra computations indicate that the oxidation functional
groups are energetically favorable to aggregate together and to
be close to each other on the opposite side of graphene surface.
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