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Oxidation functional groups on graphene: Structural and electronic properties
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We presented a detailed study of the oxidation functional groups (epoxide and hydroxyl) on graphene based
on density-functional calculations. Effects of single functional groups and their various combinations on the
electronic and structural properties are investigated. It is found that single functional groups can induce
interesting electronic bound states in graphene. Detailed energetics analysis shows that epoxy and hydroxyl
groups tend to aggregate on the graphene plane. Investigations of possible ordered structures with different
compositions of epoxy and hydroxyl groups show that the hydroxyl groups could form chainlike structures
stabilized by the hydrogen bonding between these groups, in close proximity of the epoxy groups. Our
calculations indicate that the energy gap of graphene oxide can be tuned in a large range of 0-4.0 eV,
suggesting that functionalization of graphene by oxidation will significantly alter the electronic properties of

graphene.
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I. INTRODUCTION

Oxidation of graphene has recently been under intense
study owing to its fundamental interest and potential
applications.!> More importantly, oxidation of graphene
serves as an example for chemical functionalization of
graphene,*~’ which is of great interest to tune the electronic,
mechanical, and optoelectronic properties of graphene. Many
interesting properties of graphene oxide have been
reported.>31 Furthermore, chemical reduction in graphene
oxide has been demonstrated as a promising solution-based
route for mass production of graphene.>!!-1°

Graphene oxide is a single layer of graphite oxide and can
be fabricated using different chemical methods. Depending
on the fabrication processes and conditions, graphene oxide
can have very different compositions.!” The lower and upper
limits of the C:O:H ratio are 6:2.33:1.2 and 6:3.7:2.83,
respectively.'® This amorphous nature has imposed big chal-
lenges for understanding its atomic structure for more than a
century. Ruess!® first proposed that the carbon layers were
puckered and that the oxygen-containing groups were hy-
droxyl and etherlike oxygen bridges between 1 and 3 carbon
atoms, randomly distributed on the carbon skeleton. Based
on the Ruess model, Hofmann and co-workers?® suggested
that part of the hydroxyl groups are adjacent to C=C double
bonds. In 1991, Mermoux et al.?! confirmed the existence of
ether bridges, hydroxyl groups, and sp? coordinated carbons,
based on their FTIR and '*C NMR studies. These authors
also proposed an ideal stoichiometrical structure of
C30,(0OH),, corresponding to the local ordering of the three
building blocks.

On the other hand, Nakajima et al.'”-?> proposed a differ-
ent model for graphite oxide according to the fact that the
fluorination of graphite oxide yields the same x-ray diffrac-
tion pattern as stage-2-type graphite fluoride (C,F),. This
structure model is an intermediate form between two ideal
structures, Cg(OH), and CgO,, consisting of double carbon
layers linked with each other by sp? bonds perpendicular to
the carbon network. The carbonyl and hydroxyl groups are
combined with the double carbon layers from above and be-
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low. It has a structure with sixfold symmetry (hexagonal sys-
tem 6m2) with the stacking sequence A-A’/B-B’ of carbon
layers. Oxygen forms double bond with carbon, and there is
no epoxy group in this structure. This model, which involves
two layer graphene sheets with sp® bond in between, is dis-
tinct from previous ones, which essentially have single
graphene sheets.

Later, He and Lerf2*2* further established that the main
functional groups on graphene oxide are epoxy (1,2-ether,
not 1,3-ether) and hydroxyl groups, with some hydroxyl, car-
bonyl, and carboxyl groups at the edge. Based on the experi-
mental results, the authors suggested that graphene oxide
might contain aromatic “islands” of variable size which have
not been oxidized. These islands are separated from each
other by aliphatic six-membered rings containing C—OH,
epoxy groups, and double bonds. More recently, a high-
resolution solid-state '>C-NMR measurement® has con-
firmed the existence of C—OH (hydroxyl), C—O—C (ep-
oxy), and sp?> C units on these layers. The data further
indicate that a large fraction of sp?> C atoms are bonded di-
rectly to C atoms in the hydroxyl and epoxy groups, and that
a large fraction of C atoms in the hydroxyl and epoxide units
are bonded to each other.

On the theoretical side, Kudin er a studied the struc-
tures for functionalized graphene by calculating the Raman
spectra and comparing them with experimental data. A
graphene oxide model containing areas of sp? carbons with
an alternating pattern of single-double carbon bonds is used
to explain the experimentally observed blue shift of the G
band in graphene oxide. Through computational Monte Carlo
simulation, Paci et al.?’ found that the hydrogen bonding
between epoxy and hydroxyl groups and between hydroxyl
groups may have significant impact on the stability of many
structures. Density-functional calculations are also per-
formed by Boukhvalov and Katsnelson to study the struc-
tures of graphene oxide.”® More recently, oxidation of
graphene by only epoxy groups? and at various oxidation
levels’® are reported. An atomic mechanism to cut the
graphene sheet via epoxy pair is also proposed.’!

In spite of many models proposed in the literature, the
exact structures of graphene oxide remain unresolved.!”-?!=24
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Since the electronic properties of graphene oxide signifi-
cantly depend on the exact structure, it is highly desirable to
establish the microscopic atomic picture of graphene oxide.
In our previous work,*? we reported preliminary results from
first-principles calculations that address the energetically fa-
vorable building blocks and stable phases in graphene oxide.
The current paper provides a complete report on the possible
structures of the functional groups and their effects on the
electronic properties of graphene.

The paper is organized as follows: In Sec. III A, the ef-
fects of a single functional group on graphene are studied.
We will discuss the structural distortions induced, and the
change in the graphene band structure. Interesting localized
electronic states are found. In Sec. III B, various combina-
tions of the functional groups on graphene are investigated
and their preference to aggregate on graphene will be dis-
cussed. Localized vibrational features are also reported for
some low-energy configurations. In Sec. III C, based on
these building blocks, we study some possible ordered
phases. Finally, a summary is given in Sec. IV.

II. CALCULATIONAL DETAILS

Density-functional calculations are carried out using the
local-density approximation (LDA) with a plane-wave basis
as implemented in the Vienna ab initio simulation package
(vASP).3® Vanderbilt ultrasoft pseudopotentials®* are em-
ployed. All calculations are performed with a plane-wave
cutoff energy of 500 eV. For configurations with a single
functional group, we have used graphene supercells with size
varying from 2X?2 to 6 X6 in order to check the conver-
gence as well as the change in the electronic properties of
graphene. An equivalent Monkhorst-Pack® k& grid of 24
X 24 for a 1 X 1 graphene unit cell is used in all calculations.
For various combinations of functional groups, we found that
a 5 X5 supercell is large enough for the energetics analysis.
The 5X5 unit cell contains 50 C atoms, providing a sepa-
ration of 12.3 A for the atomic combinations under investi-
gation. The vertical size of the supercell is 12 A so the in-
teraction between the layers is expected to be minimal. The
size and shape of the two-dimensional unit cell are optimized
for different coverages. The optimization of atomic positions
proceeds until the change in energy is less than 1
X 107® eV per cell and the force on each atom is less than
0.02 eV/A. In slab-type supercell calculations, the dipole
moment might introduce systematic errors in the work func-
tion and total energy.’® We have calculated the dipole correc-
tions for a single OH in a 5 X5 unit cell, and found that the
energy change is smaller than 0.01 eV, indicating a negligible
dipole correction for the systems under investigation.

III. RESULTS AND DISCUSSIONS
A. Isolated functional group on graphene

First, we consider two kinds of isolated functional groups
(epoxy and hydroxyl) on graphene with supercell size vary-
ing from 2 X2 to 6 X6. The existence of these groups on
oxidized graphene has been well established by experimental
investigation.”>">> They can be regarded as double-site and
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TABLE 1. Adsorption energy for isolated epoxy and hydroxyl
units in different graphene supercells. The energy is in electron
volt and with respect to free atoms.

2X2 3X3 4X4 5X5 6X6
Epoxy —4.68 -4.74 -4.73 -4.72 -4.73
Hydroxyl -9.17 -9.24 -9.34 -9.34 -9.33

single-site impurities on the graphene plane, respectively.
Hence, the study of an isolated group will be important for
investigating impurity scattering and doping effects of adsor-
bates on graphene. As listed in Table I, the adsorption energy
with respect to pure graphene and isolated atoms for each
group converges to a limiting value as the supercell size
increases (—4.72 eV for epoxide and —9.34 eV for hydroxyl,
as obtained from calculations using a 5X 5 unit cell).

A single epoxy or hydroxyl functional group on graphene
can induce significant local distortion. The detailed local
structure for the two cases is given in Figs. 1(a) and 1(b),
respectively. In Fig. 1(a), an epoxy group has one O atom
bridging over two neighboring carbon atoms. The relaxed
C—O bond length is 1.44 A, larger than the C—O bond
length in CO, (1.22 A) but very close to that in CO
(142 A). It is well known that LDA errors for the bond
length and bond angle are on the order of 1-2 % as com-
pared with experimental results. The two carbon atoms con-
nected to the O atom move upward by 0.34 A, resulting in
significant structural distortions on the graphene backbone.
These two carbon atoms are separated by 1.51 A, which is
6.3% larger than the value of 1.42 A in the graphene plane.

Figure 1(b) shows the relaxed structure for an OH group
on graphene. The O atom is on top of a carbon atom with the
C—O bond nearly perpendicular to the graphene plane. The
C atom bonded with the O atom moves upward by 0.37 A
relative to its three nearest-neighbor (NN) carbon atoms, en-
larging the C—C bond length to 1.48 A. This value is very
close to that of the C—C bond length with sp3-sp? bonding
(1.50 A).” The O—H bond length is 0.98 A, slightly
longer than that of the OH bond in H,O (0.96 A). The
C—O—H bond angle is 107.9°, slightly larger than the
bond angle of 104.4° in H,O. The C—O bond length is
1.47 A. With a new bond formed between C and O, the
bonding characteristics of the connecting C atom change
from planar sp? to distorted sp® hybridization for both epoxy
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FIG. 1. (Color online) Relaxed structure for a single (a) epoxy
and (b) hydroxyl group on graphene calculated using a 4 X4
supercell.
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FIG. 2. (Color online) Potential U(¢p) for the OH bond rotation
around the carbon atom attached to the OH group. The C—O—H
angle and the distance between H and C are fixed. The three lowest
eigenvalues are shown, together with their density distribution.
Note that @, has been shifted by 0.5 along the y axis.

and hydroxyl groups. The structures obtained in our calcula-
tions are in good agreement with those reported in previous
theoretical studies.!®

Note that the orientation of the OH bond on the graphene
plane points to the center of a hexagonal ring. Since the H
atom (proton) is much lighter than other atoms in the system,
the zero-point motion may be important. To estimate this
effect, we have calculated the energy variation when the OH
bond rotates around the carbon atom underneath. (Our cal-
culations show that the bending of the OH bond will induce
a much larger energy change, therefore this freedom can be
safely fixed.) To the first-order approximation, one can treat
only the H atom quantum mechanically. The calculated po-
tential U(g) for H rotating around the C atom is shown in
Fig. 2. Keeping the C—O bond length and the C—O—H
bond angle fixed, the wave function () satisfies HP(p)
=ED(p), with I:I=_2,Z:f;¢2+U(‘P)’ where w is the proton
mass and R is the distance between H and the C—O axis.
Note that the potential has a threefold symmetry: U(e
+2/3)=U(p). Therefore, there are three potential wells in
the 360° range. Since the energy barrier between adjacent
wells is only 30 meV, there is coupling between them. The
wave function can be written as ®(¢)=e*?u, (), where k is
an integer and could be restricted to one of the three values
—1, 0, and 1, and u(¢) has the same periodicity as the po-
tential U(p). Solve this eigenvalue problem, one obtains
three lowest levels with one singlet Ey=9.7 meV (for k=0),
and one doublet E;=11.0 meV (for k= =*1). For these
states, the wave functions are mainly localized around ¢
=0°, 120°, or 240°. The next level is £,=28.0 meV, only 18
meV higher, but the wave function is no longer confined in
the potential well. This indicates that at room temperature,
the H atom could be excited to this state.

Now we turn to the effects of the functional groups on the
electronic properties of graphene. Many interesting proper-
ties have been reported for adsorbates on graphite
surface’®*? and defects on epitaxial graphene.*> These ad-
sorbed molecules strongly perturb the surface electronic
charge density, giving rise to periodic oscillations that ema-
nate from the defect with the same physical origin as Friedel
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FIG. 3. (Color online) Band dispersion of graphene with a single
(a) epoxy and (b) hydroxyl group calculated using a 4 X 4 supercell.
The dotted lines show the folded band dispersions of graphene for
the 4 X4 supercell. Here I', K, and M are special points in the
supercell Brillouin zone. The Fermi level has been shifted to zero.
The band numbers of states near the Fermi level are indicated.

oscillations in metals. In Figs. 3(a) and 3(b), we show the
band dispersions for the configurations of a single epoxy and
hydroxyl group in a 4 X4 graphene supercell, respectively.
The folded band dispersion of graphene for the 4 X4 super-
cell is also shown for comparison. Distinct effects of the two
groups can be seen. The corresponding normalized density of
states (DOSs) are shown in Figs. 4(a) and 4(b), wherein the
DOS for clean graphene is also shown for comparison.

In the case of epoxide, at low concentrations (as high as
one in every 2 X2 unit cell) the O 2p orbital strongly hy-
bridizes with the extended m(7") bands in graphene, leading
to a shift of the Dirac point in the k space and a significant
reduction in the Fermi velocity (vz=3.7X10° m/s in a 4
X4 supercell calculation). Correspondingly, the DOS near
the Fermi level becomes steeper than that of the pure
graphene. This change may have some important effect on
the transport properties of graphene. When the concentration
becomes higher (for example, a single epoxide in a 2
X 1 unit cell), a gap opens arising from nearly exhaustive
bonding between O and carbon 7 states. In contrast, a single
OH group has a different effect on the electronic properties
of graphene, as shown in Fig. 3(b). The existence of an OH
group induces a flat band at the Fermi level, leading to a
small peak in the DOS. This state is half filled if a neutral
OH group is included in the calculation, and will be com-
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FIG. 4. (Color online) Density of states (DOS) of graphene with
a single (a) epoxy and (b) hydroxyl group calculated using a 4 X 4
supercell. The Fermi level has been shifted to zero.
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FIG. 5. (Color online) Isosurface of the charge-density distribu-
tion for the highest occupied state at I' for graphene with a single
(a) epoxy (band No.: 67) and (b) hydroxyl (band No.: 68) group
calculated using a 4 X4 supercell. The band numbers have been
indicated in Fig. 3, respectively. The dashed lines indicate the unit
cell in each case. The isovalue is 0.005 e/A3.

pletely filled if the unit is charged (i.e., hydroxyl radical,
OH™'). There is a small gap (about 0.14 eV, the exact value
depends on the concentration of OH group) between this OH
band and upper bands. The origin of this gap opening can be
ascribed to two reasons: (i) breakdown of the sublattice sym-
metry in graphene by the OH group; and (ii) change in car-
bon hybridization from sp” to sp> due to strong covalent
bonding between C and O.

In Figs. 4(a) and 4(b), a separate DOS peak between —20
and -25 eV can be identified. These peaks correspond
mainly to the 2s orbital of O from the epoxy and hydroxyl
groups. However, the peak location for an epoxy group is
about 2 eV lower than that of a hydroxyl group. This feature
might be useful for identifying existence of epoxy and hy-
droxyl groups in experiment.

Figures 5(a) and 5(b) show the band-decomposed charge-
density distributions for the highest occupied state at the T’
point. Clearly, these functional groups induce bound states
on graphene. The epoxy group induces a bound state with the
C,, symmetry. The hydroxyl group also induces a localized
state with a threefold symmetry, which arises from the hy-
bridization of the O 2p orbital with the 2p, orbitals of the
connected C atom and its first and the third NN carbon at-
oms. This localized electronic signature is very similar to the
impurity state in graphene reported by Wehling et al.** and
also analogous to the situation with a single carbon vacancy
in graphene.®

B. Aggregation of functional groups on graphene

Of particular interest is the distribution of these functional
groups on the graphene plane. A recent atomic force micro-
scope measurement showed that the oxidized graphene
sheets appear to have a thickness equal to integer multiples
of h=6.7 A,* indicating that epoxy and hydroxyl groups
are most likely to be present on both sides of the graphene
sheet. Hence, we will concentrate on possible two-sided con-
figurations throughout this work.
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FIG. 6. (Color online) Atomic configurations for two epoxy
groups on the graphene surface. The energy shown is calculated
using a 5 X5 unit cell and is in reference to the energy of isolated
epoxy units. The O atoms are represented by larger spheres.

To find out whether these functional groups prefer to ag-
gregate or not, we calculate the aggregation energy in refer-
ence to the energy of isolated units. Possible combinations of
two epoxy (0O+0, or 20) and two hydroxyl (OH+OH, or
20H) groups are shown in Figs. 6 and 7, respectively. The
aggregation energy for the fully relaxed atomic arrangements
are indicated. As can be seen from the figure, the energies are
lowered considerably when these epoxy and hydroxyl units
are grouped together. In particular, the most favorable con-
figurations for two epoxy groups are those with the two units
staying next to each other on opposite sides of graphene, as
shown in Figs. 6(a) and 6(b), respectively. For two hydroxyl
groups, significant energy gain is found for the OH units
forming 1,2-hydroxyl pairs on opposite sides of the sheet
[Fig. 7(a)]. This configuration is 0.3 eV lower in energy than
the second favorable 1,4-paired hydroxyl groups which are
on the same side of the plane. Note that the OH bond points
to the O atom of the neighboring OH group [Figs. 7(b) and
7(d)], indicating a hydrogen-bond formation between the OH
groups. Lahaye ef al.3® showed that a single OH group might
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FIG. 7. (Color online) Atomic configurations for two hydroxyl
groups on the graphene surface. The energy shown is calculated
using a 5X 5 unit cell and is in reference to the energy of isolated
hydroxyl units. C and O atoms are represented by large spheres, and
H by small spheres.
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FIG. 8. (Color online) Atomic configurations for combined O
+OH groups on the graphene surface. The energy shown is calcu-
lated using a 5X 5 unit cell and is in reference to the energy of
isolated epoxy and hydroxyl units. C and O atoms are represented
by large spheres, and H by small spheres.

induce magnetic properties in oxidized graphene. However,
our calculations showed that the energy gain for two OH
groups to form a 1,2-hydroxyl pair is quite significant (see
Fig. 7). In this case, the electrons in the system are all paired
and unlikely to create a magnetic system.

The relaxed atomic structures for combinations of both
epoxy and hydroxyl groups are shown in Figs. 8—11. These
combinations include: (i) O+OH, (ii) O+20H, (iii) 20
+OH, and (iv) 20+20H. For each case, we show multiple
configurations together with their aggregation energy gains.
Clearly, these functional groups prefer to form aggregates.
One of the reasons is the cancellation of vertical structural
distortion when these units can be located on both sides of
the sheet. From Figs. 6-11, we conclude that: (i) the OH
units form 1,2-hydroxyl pairs [Fig. 7(a)] on opposite sides of
the sheet; and (ii) the combination of O+20H and 20
+20H are particularly favorable [Figs. 9(a) and 11(a)]. In
Figs. 9(a), 10(a), and 11(a), H points toward the neighboring
O on the same side, yielding a configuration characterized by
a hydrogen bond. The results in Figs. 6—11 indicate that these
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FIG. 9. (Color online) Atomic configurations for combined O
+20H groups on the graphene surface. The energy shown is calcu-
lated using a 5X 5 unit cell and is in reference to the energy of
isolated epoxy and hydroxyl units. C and O atoms are represented
by large spheres, and H by small spheres.
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FIG. 10. (Color online) Atomic configurations for combined
20+OH groups on the graphene surface. The energy shown is cal-
culated using a 5 X5 unit cell and is in reference to the energy of
isolated epoxy and hydroxyl units. C and O atoms are represented
by large spheres, and H by small spheres.

adsorbed units prefer to stay close to each other on the
graphene surface. This is in full agreement with the experi-
mental results inferred from the NMR data.??->

In Fig. 12, we show the DOSs for representative combi-
nations of the functional groups. In the case of O+OH [Fig.
12(a)], there is a clear peak at the Fermi level. This state is
induced by the neutral OH group with an odd number of
electrons in the supercell. There are two well-separated O 2s
peaks (at around —23 eV and —-21 eV) far below the Fermi
level corresponding to the epoxy and OH groups, respec-
tively. This feature is consistent with that in the DOS for
isolated single groups. In Figs. 12(b) and 12(c), the 1,2-
hydroxyl pairs remove the localized state at the Fermi level,
opening a small band gap (around 0.1 eV) in the system.
Interestingly, in the case of O+20H [Fig. 12(c)], there are
three O 2s peaks corresponding to the epoxy and two OH
groups, respectively. This indicates that the O 2s peak posi-
tions are distinguishable for the epoxy and hydroxyl groups.

Vibrational modes can be used as a characteristic signa-
ture for the functional groups. We have calculated the local-
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FIG. 11. (Color online) Atomic configurations for combined
20+20H on the graphene surface. The energy shown is calculated
using a 5X 5 unit cell and is in reference to the energy of isolated
epoxy and hydroxyl units. C and O atoms are represented by large
spheres, and H by small spheres.
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FIG. 12. Densities of states for the combinations of epoxy and
hydroxyl groups on graphene calculated using a 4 X 4 supercell: (a)
0O+O0H, (b) OH+OH, and (c) O+20H.

ized vibrational properties of the 1,2-hydroxyl pair in a 4
X4 unit cell using the QUANTUM-ESPRESSO code.*’ Norm-
conserving pseudopotentials for C, H, and O have been em-
ployed. The optimized structures have been reevaluated us-
ing the QUANTUM-ESPRESSO code and the optimal structures
are found to be very similar to those obtained from VASP
calculations. The two stretching modes induced by the OH
groups are shown in Figs. 13(a) and 13(b), respectively. The
frequencies of the two modes are around 3656 cm™'. In con-
trast, the calculated frequency for the C—H stretching mode
of a single H absorbed on graphene in a 4 X4 unit cell is
found to be about 2600 cm~!. These vibrational modes
might be useful to identify the functional groups on
graphene.*$4°

C. Possible ordered structures for graphene oxide

In this section, we explore possible ordered phases con-
taining epoxy and hydroxyl groups incorporating the ener-
getically favorable building blocks found in the previous sec-
tion. Based on these energetics results, only the epoxy group
and 1,2-hydroxyl pairs on graphene will be included in the
current study.

A variety of possible structures with only oxygen on the
graphene surface have been studied.?>!° The configura-
tions with epoxy pairs on the same two carbon atoms have
been considered in a recent theoretical calculation.’! It was
found that an isolated epoxy pair is less stable than a carbo-
nyl pair; this provided an atomic mechanism to “unzip” the
graphene sheet.! If one finds a way to keep these epoxy
pairs, a new low-energy phase consisting of chains of these
epoxy pairs was proposed.’® In a recent work by Xu et al.,”
graphene epoxide covered with asymmetric unzipped epoxy
groups is shown to be more stable than normal epoxy groups.

PHYSICAL REVIEW B 82, 125403 (2010)

(a) 3655 cm-! b) 3656 cm-"

"

O e

FIG. 13. (Color online) O—H stretching modes for 1,2-
hydroxyl pairs shown in Fig. 7(a) calculated using a 4 X 4 unit cell.

However, the line up of unzipped epoxide is believed to be
the formation mechanism for fault lines observed in oxidized
graphene and graphite.*! In the current study, we focus on
the interplay of epoxy and hydroxyl units on the graphene
surface before the graphene sheet disintegrates. Following
the conclusion from the most recent NMR data,” we limit
our study to configurations with normal epoxy groups only.
Figures 14(a) and 14(b) show the relaxed atomic structures
for two different configurations with unit cells C40, and
C¢O3, respectively.

The energy of the configuration in Fig. 14(a) is 0.3 eV per
C,0 lower than that of the configuration in Fig. 14(b). In
Fig. 14(a), the epoxy groups follow Fig. 6(a) and stay in
rows on opposite sides of the sheet. The line up of epoxy
groups on both sides of graphene compensates the structural
buckling and exhibits a rectangular unit cell of 2.55 A
X 4.40 A. This is comparable to a recent UHV scanning
tunnel microscope study*® where a local periodicity with a
unit cell of 2.73 A X 4.06 A was reported in some region of
graphene oxide. Despite of a discrepancy of 8—9 % in indi-
vidual lattice parameters, we note that the area of our calcu-
lated unit cell is within 1.2% of the experimental value.
Other causes, for example, the substrate effect, might influ-
ence the measured lattice parameters. Similar results for
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FIG. 14. (Color online) Calculated structures for the fully oxi-
dized ideal phases covered by only epoxy or hydroxyl groups. (a)
C40,, (b)C403, (c) C4(OH), with H bonds, and (d) C4,(OH), with-
out H bond.
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C,0

FIG. 15. (Color online) Ternary diagram showing ordered
phases on the graphene surface with different amounts of sp? Car-
bon (C*), epoxide (C,0), and the 1,2-hydroxyl pair (C,(OH),). The
phases investigated in this study are marked on the diagram, with
dashed lines indicating those with the same relative amount of ep-
oxide and hydroxyl pairs.
epoxy-only structures were also
groups. 2529

For graphene fully covered with hydroxyl groups, two
energetically favorable atomic structures with formula
C,(OH), are shown in Figs. 14(c) and 14(d). Although the
theoretical composition of C,(OH), has not been observed in
experiment, the calculated structures will be useful to illus-
trate the key features of intermediate phases below. In Fig.
14(c), one can easily identify that the 1,2-hydroxyl pairs are
connected to form a chainlike structure on both sides of the
sheet in such a way that the interaction associated with hy-
drogen bonds can be maximized. The formation of hydrogen
bonds between OH groups lowers the energy by 0.2 eV per
unit cell as compared to the configuration shown in Fig.
14(d).

We now study the intermediate coverage with various
relative coverages of epoxy and OH groups. Previous work
by Boukhvalov and Katsnelson?® employed the energies of
H,0 and O, molecules as the reference points for calculating
the chemical potentials for the O and OH groups. Here we
are concerned with the relative stability of phases with dif-
ferent coverages and will adopt an approach frequently used
for a ternary system by investigating the relative formation
energy. Based on the energetics results, we consider only
arrangements with the OH group appearing in 1,2-hydroxyl
pairs, as shown in Fig. 7(a). Each periodic phase can be
specified by the relative amount of “free” sp> C atoms (de-
noted by C*, corresponding to C atoms not bonded to O),
epoxide (C,0) as shown in Fig. 1(a), and the 1,2-hydroxyl
pair [C,(OH), with the connecting C atoms included]. To
compare the stability for different coverages, one needs to
find a way to define the formation energy for this three-
component system. The representative stoichiometry is
Ci_,,(C;0),[C,(OH),],, or equivalently Cy,,,,O,(OH),,,
with 0=x=1, O0=y=1, and O=x+y=1. The ordered
phases we have calculated are marked on a ternary diagram
shown in Fig. 15, where the dashed lines indicate phases
with the same ratio of the epoxy group versus the hydroxyl
pair. For each phase we investigated, the structure was opti-
mized by exploring various different local arrangements of

reported by other
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TABLE II. Calculated cohesive energies (E,,;) and formation
energies (Ej) for the fully oxidized and intermediate phases.

Eon E;
(eV/fu.) (eV)
C,0, ~51.961 0.000
C40,(OH), ~94.902 ~0.157
C404(0H)g ~275.025 ~0.153
C,O(OH), ~111.268 ~0.115
C,(OH), ~84.941 0.000
C,0, ~51.961 0.000
c,0 -46.169 0.026
CgO -86.722 0.008
Cp,0 ~127.252 0.006
C -10.133 0.000
C1,04(0H), ~189.803 ~0.157
C,404(0H), -229.209 0.019
C,,0,(0H), ~310.409 0.003
C,604(0OH)g ~275.025 ~0.153
C1,0,(0H), ~176.854 0.073
C,40,(0H), ~217.553 0.035
C,,0,(0H), ~298.558 0.024
C,,0,4(0H) ¢ —445.071 ~0.115
C,40,(OH)g ~262.108 0.027
C,,0,(0OH)g ~343.310 0.007
C520,(0H)g —424.304 0.008
C,(OH), ~84.941 0.000
C3(OH)4 —124.969 0.084
C,(OH), ~165.367 0.064
C,4(OH), -205.864 0.048

the epoxy and hydroxyl groups. The lattice parameters and
atomic coordinates are fully relaxed. The formation energy is
defined in the usual way for a ternary system,

AE[x,y] = E[C},,,yO,(OH),,] = (1 = x = y) E[C*] - xE[C,0]
— YE[C,(OH),], (1)

where E[Z] represents the energy of a periodic phase Z. The
detailed formation energies have been presented in our pre-
vious publication.32 For completeness, we listed these results
in Table II, together with the calculated cohesive energy for
each phase. Below we report more detailed structural and
electronic properties marked in Fig. 15.

The formation energy for the fully oxidized phases with
mixed epoxide and hydroxyl compositions is negative,3? in-
dicating that these intermediate phases are stable against
separation into pure epoxide and pure hydroxyl phases.
These stable phases include C;,0,(OH),, C;,04(OH)g, and
C,,04(0OH) ¢, with an epoxide to hydroxyl ratio of 1:1, 1:2,
and 1:4, respectively. The structures are shown in Figs.
16(a), 16(c), and 16(e). The arrangement of hydroxyl groups
follows the same pattern as shown in Fig. 14(c): the 1,2-
hydroxyl pairs are connected to form a chainlike structure on
both sides of the sheet. In addition, O atoms are drawn to the
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FIG. 16. (Color online) Calculated low-energy structures for
representative ordered phases covered by both epoxy and hydroxyl
groups. The dashed lines indicate the unit cell in each case.

remaining C atoms in the same hexagonal rings to form ep-
oxides in close proximity. This is consistent with the energy
analysis in the previous section that epoxy and hydroxyl
groups tend to aggregate in the same hexagonal ring, as
shown in Figs. 11(a) and 11(b). These features turn out to be
quite energetically favorable in constructing phases with in-
termediate compositions. Boukhvalov et al. (Ref. 28) con-
cluded that CgO(OH), is the “most stable” configuration of
graphene functionalized by both oxygen and hydroxyl
groups. We find that the structure given in Figs. 1c and 4e of
Ref. 28 turns out to be 0.4 eV (per eight C atoms) higher in
energy than our optimized structure using a unit cell twice
large.

A brief comment on the hydrogen bond might be instruc-
tive. It is well known that hydrogen bond exists commonly in
biological macromolecules and liquid systems such as water.
In crystals, the hydrogen bond is relatively weaker than other
bonding types, such as covalent, ionic, and metallic bonds.
However, as the concentration of OH groups becomes
higher, the H atom will be attracted by the O atom of the OH
group at the nearest-neighbor site. In this case, the long
chainlike structures could form, resulting in a significant de-
crease in the total energy. Typically, the hydrogen bond has
an energy in the range of 5-30 kJ/Mol. In water, the
hydrogen-bond energy is about 21 kJ/mol, i.e., 0.2 eV/bond.
In graphene oxide, the energy associated with the OH---O
configuration is estimated to be about 0.05 eV/bond. Hence,
the orientations of the OH groups will play a significant role
in minimizing the system’s energy. As a consequence, hy-
droxyl groups on the graphene surface tend to interact and
form chainlike structures stabilized by hydrogen bonding.

Apart from the fully oxidized graphene with both epoxy
and hydroxyl groups, we could not find other ordered phases
with a negative formation energy in our calculations. There-
fore, we infer that the 7=0 lowest-energy configuration of

PHYSICAL REVIEW B 82, 125403 (2010)

the graphene oxide sheet is likely to be a combination of
fully oxidized regions and the clean graphene phase. How-
ever, since the oxidation process is a highly nonequilibrium
one, domains of various intermediate phases may still be
found in the sample under experimental conditions. The rela-
tive amount of epoxy and hydroxyl units on the graphene
sheet depends on the sample preparation process and can
vary over a wide range. Below we focus on phases along
each dashed line in Fig. 15, in which the relative amount of
epoxy and hydroxyl units on the surface is a constant.

After exploring various configurations, we find that the
lowest-energy periodic structure of these intermediate phases
contains strips of epoxide and hydroxyl combinations with
clean graphene ribbons in between. For example, the struc-
tures of C1604(OH)4, C]GOZ(OH)4, and C]GOZ(OH)g are
shown in Figs. 16(b), 16(d), and 16(f), respectively, which
contain separate regions of sp> and sp* carbon. The sp? strips
consist of hydroxyl chains on both sides of the plane and
neighboring epoxides. The strips interact weakly when sepa-
rated by carbon ribbons with sp? C* composition larger than
about 0.4. (Phases with different C* compositions have dif-
ferent strip separations.) With the formation energies falling
on a near straight line as shown in Fig. 2(b) in Ref. 32, many
of these phases are expected to coexist on the surface. It is
energetically favorable for these strips to coalesce since the
fully oxidized phase has a lower formation energy. However,
this process may not be completed during the sample prepa-
ration.

Based on the results discussed above, we arrive at the
following conclusion for the distribution of epoxy and hy-
droxyl groups on graphene: the hydroxyl groups form chains
resulting from hydrogen-bond interaction between 1,2-
hydroxyl pairs which greatly lower the energy; and the ep-
oxides are grouped next to these hydroxyl chains. Therefore,
the epoxide and hydroxyl units randomly deposited on the
surfaces are expected to arrange themselves locally follow-
ing these patterns, giving rise to patches of sp? carbon sur-
rounded by fully oxidized epoxide+hydroxyl regions or vice
versa. The possible existence of pure graphene ribbons was
proposed previously?® in order to explain the shift of the
Raman peaks in GO and few-layer graphenes. The current
study further supports this picture based on extensive first-
principles calculations.

The finite region of sp? carbon has an interesting conse-
quence in the electronic structure of graphene oxide. Without
knowing the exact atomic arrangements at various composi-
tions, we use the results of the ordered structures investigated
above to provide an estimate for this effect. In Figs. 17 and
18, we show the calculated DOSs for the ordered phases of
oxidized graphene. In the case of completely oxidized
graphene, an energy gap ranging from 2.0 to 4.0 eV can be
identified in Fig. 17. A considerable variation in the gap
value is observed for phases with different ratios of the OH
and epoxy groups, indicating that the gap opening by oxida-
tion is dependent on the relative amount of the OH and ep-
oxy groups. In particular, the gap size is dictated by the
width of the graphene ribbons in the intermediated ordered
phases we have studied. A few vanishing band gap values are
associated with armchair ribbons with 3n+2 rows of atoms
(n is an integer) or zigzag ribbons with an even number of
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FIG. 17. Density of states for completely oxidized phases shown
in Figs. 14 and 16. (a) C40,, (b) C1,04(0OH)4, (c) C;404(OH)g, (d)
C,404(0OH) 4, and (e) C4(OH),. The zero energy is set at the last
occupied state.

atomic rows. These may be considered as special cases.

IV. SUMMARY

In summary, we have performed first-principles calcula-
tions to study the structures of the oxidation functional
groups (epoxy and hydroxyl) on single-layer graphene, and
the induced changes in the electronic properties. Our calcu-
lations show that it is energetically favorable for the hy-
droxyl and epoxide groups to aggregate together and to form
specific types of strips with sp? carbon regions in between.
The isolated oxidation functional groups can induce interest-
ing bound states, which might have important effects on the
transport properties of graphene after reduction treatment.
By changing the oxidation level and the relative composi-
tions of the epoxy and hydroxyl groups, significant band
gaps can be developed in graphene oxide, suggesting a great
potential to tune the energy gap in graphene through con-
trolled oxidation processes.

It is interesting to note that hydrogen bonding appears to
play a significant role in determining the structure of these

PHYSICAL REVIEW B 82, 125403 (2010)
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FIG. 18. Density of states for ordered phases with intermediate
compositions as marked in Fig. 15. (a) C40, (b) C;404(OH),4, (c)
C160,(0OH)y, (d) C;40,(0OH)g, and (¢) Cg(OH),. The zero energy is
set at the last occupied state.

oxidized phases, yielding chainlike structures for the OH
groups. Although the probability of forming a large-domain
chainlike structures could be strongly dependent on the oxi-
dation process, the local aggregation of OH and epoxy
groups may follow the ordered phases discussed in this
work.
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