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Graphite oxide constitutes a hexagonal carbon network with oxygen atoms in carbon-oxide ether ring
formations and hydroxyl molecules. We have studied graphite oxide with a first-principles density functional
theory calculation for different oxidation levels. The oxygen atoms form 1,2-ether groups �epoxides� on the
carbon grid, with on the adjacent carbon atoms, but at the opposite side of the carbon plane, the hydroxyl
molecules. Graphite oxide cannot have 1,3-ether oxygens because of the higher formation energy. The trans-
verse wrinkling of the carbon grid is about 0.5 Å, mostly due to the deformation around the hydroxyl bonds,
yet the in-plane lattice axes retain the hexagonal features of graphene. A stable graphite oxide structure requires
hydroxyl molecules to relax the tension on the carbon grid from the 1,2-ether oxygens. At a low degree of
oxidation, graphite oxide is a semiconductor, but when the oxidation is saturated, it turns into an insulator.
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I. INTRODUCTION

Renewed interest in graphite oxide �GO� has been sparked
by recent discoveries of surprising electronic properties of
graphene,1–4 a single atomic layer of graphitic carbon. As a
result a quest has started for techniques to efficiently extract
and manipulate single graphene layers. GO is a promising
candidate as a precursor to making graphene platelets. Un-
like graphite, GO easily exfoliates and disperses in an aque-
ous solution, and a subsequent chemical reduction opens op-
portunities to synthesize individual platelets of a
graphenelike material.5–7 A thorough knowledge of the GO
base material, in particular its structural and electronic prop-
erties, is therefore a prerequisite.

Graphite oxide has been studied ever since its first syn-
thesis by Brodie in the mid 1800s.8 Over the years various
structural models have been proposed,9–14 which by now has
merged into a general understanding that oxygen atoms and
hydroxyl molecules are the key species on a laminar carbon
network, which adopts a wrinkled hexagonal structure with
typically 6–7 Å distance between the layers.15–17 The ratio
of carbon and oxygen atoms is the yardstick of the oxidation
efficiency. In progressively oxidized GO this ratio ap-
proaches the value of 2,17 whereas chemically reduced GO
platelets are reported to have C/O ratios up to 10.5,6 Fully
oxidized graphite has thus a coverage of the carbon network
of approximately 50% and its ideal chemical composition is
C8O2�OH�2 or C6O�OH�2.15,18,19 Intercalated water mol-
ecules, however ubiquitous in this hydrophilic material, have
marginal effects on the structure of the individual layers, but
moderate the interlayer distance.17,18,20

Much work has been done on investigating experimen-
tally the precise arrangement of the oxygen atoms and hy-
droxyl molecules on the carbon network of GO. The hy-
droxyl molecules undoubtedly are located on top of
individual carbon atoms in a more or less upright position
with respect to the carbon plane. However, the position of
the single oxygen atoms is still ambiguous. They are either in
a 1,2-ether or a 1,3-ether location, where the numbering
scheme refers to a three-member C-O-C ring �epoxide� and a

four-member carbon-oxide ring, respectively. Experiments
cannot distinguish between the two oxygen species and as-
signments have been made either way without reaching a
consensus.15–17,21–23

Experimental work on GO outnumbers the attempts by
theoretical modeling, which mostly have studied oxidized
graphite24–27 instead of more realistic models of GO as pro-
posed by experiments. Neglecting the presence of hydroxyl
molecules in the models makes the theoretical results of lim-
ited relevance to a better understanding of GO. A thorough
theoretical study into stable structures of GO must include
both oxygen atoms and hydroxyl molecules in the models.6,19

A systematical study and comparison of different structure
configurations of GO is still missing and is relevant to the
understanding of experimental data. In particular a theoreti-
cal study has not yet been conducted into the 1,2-ether and
1,3-ether arrangements of the carbon-oxygen rings in GO.

In present work we use density functional theory �DFT� to
study the structure of GO in order to find a theoretical foot-
ing for the configuration and arrangement of hydroxyls and
oxygens on the GO layers in the light of the 1,2-ether versus
1,3-ether oxygen ambiguity. A supercell of eight carbon at-
oms forms a hexagonal graphitic carbon frame. Ether and
hydroxyl groups are then placed at approximate locations,
followed by an energy relaxation to obtain the equilibrium
positions. Two types of GO are studied: a low degree of
oxidation, with one ether and one hydroxyl in the supercell,
and saturated oxidation, with two ethers and two hydroxyls
in the supercell.

II. COMPUTATIONAL METHOD

For the molecular modeling, we have used the ab initio
total-energy calculation and molecular-dynamics program
VASP �Ref. 28� with the projector-augmented wave �PAW�
method29–32 for pseudopotentials of the core electrons and
the plane-wave basis sets of the valence electrons. The pack-
age implements the density functional theory with the gen-
eralized gradient approximation for the exchange and corre-
lation in the Perdew-Burke-Ernzerhof formalism.33–35 The
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Brillouin zone is sampled with 41 irreducible k points, cho-
sen from the two-dimensional 9�9�1 Monkhorst-Pack
mesh.36 A plane-wave cutoff energy of 400 eV for all atoms
guarantees a total-energy accuracy in the order of 10 meV.
The positions of the nuclei in the initial structures were first
relaxed by the conjugate-gradient algorithm, until the
Hellman-Feynman forces on each nucleus were less than
0.01 eV /Å.37–39 Using a plane-wave cutoff energy of 520
eV during the relaxation, we can also optimize the shape of
the unit cell at a constant volume. After the relaxation a
spin-polarized total energy of the electronic structure was
calculated using a self-consistent field method that termi-
nated when change in total energy between two subsequent
steps was less than 10−5 eV. Binding energy between two
species follows from the general procedure of total-energy
difference between the two constituents and the structure as a
whole, where each total-energy calculation is preceded by a
relaxation.

The procedure to construct the unit cell of GO is shown in
Fig. 1. The unit cell has a frame of eight carbon atoms ar-
ranged in a hexagonal configuration, i.e., a graphene super-
cell, with 10 Å between the layers to depreciate interlayer
interactions. Ether oxygen atoms are positioned between two
carbon atoms at an approximate height of 1.3 Å, and hy-
droxyls are on top of a carbon atom with a C-O distance of
1.5 Å and an O-H separation of 1 Å. Initially the nascent
carbon structure is flat when simulating structures with 1,2-
ether oxygens �Fig. 1�b��, but to tailor 1,3-ether oxygen con-
figurations the carbon atoms are initially in a wrinkled
zigzag-chair formation �Fig. 1�c��. In case of a low degree of
oxidation, there is one oxygen atom and one hydroxyl mol-
ecule per unit cell. Saturated oxidation requires two oxygens
and two hydroxyls in the unit cell. The final equilibrium
positions of all atoms in the structure follow from a subse-
quent structure relaxation, while maintaining an interlayer
distance of 10 Å.

Periodic boundary conditions replicate the unit cell into
an infinite layered hexagonal network. This also imposes a
periodic pattern of the oxidation. In reality, however, the oxi-
dation process distributes the oxygens and hydroxyls ran-
domly across the carbon grid.12,40 We have verified in our
calculations that a larger GO unit cell �16 or 32 carbon at-
oms� does not produce a different geometric structure.
Choosing a unit cell of eight carbon atoms allows us to sys-
tematically investigate and compare a variety of different
structure configurations.

III. RESULTS FOR LOW OXIDIZED GO

The elementary unit cell of the GO layer in our model
contains eight carbon atoms in a hexagonal arrangement.
This basic structure of carbon atoms is then decorated with a
single oxygen atom and a single hydroxyl molecule. The C/O
ratio of 4 represents a low oxidation level of GO.

In case of a 1,2-ether position of the oxygen atom, the
number of possible locations for the oxygen and hydroxyl
narrows down to four due to the symmetry in the unit cell.
Figures 2�a�–2�d� show the relaxation results �atom positions
of minimum total energy�. A similar number of configura-
tions exists with the oxygen atom in a 1,3-ether position, but
all are unstable except for the one shown in Fig. 2�e�. The
energy labels in the figure panels are the structure’s total
energy relative to the one with the lowest total energy in Fig.
2�a�.

(b)

(a)

(c)

FIG. 1. �Color online� The graphene supercell of eight carbon
atoms in panel �a� forms the basic structure for setting up the GO
unit cell. The in-plane lattice vectors, shown as arrows, are 5 Å
long and make an angle of 60°. Panels �b� and �c� show two ex-
amples of GO with one ether oxygen and one hydroxyl �1,2-ether
and 1,3-ether configuration, respectively� prior to the energy relax-
ation of the atom positions.

0.0 eV 0.68 eV

0.60 eV 0.52 eV

0.62 eV

(a) (b)

(c) (d)

(e)

FIG. 2. �Color online� The five stable configurations of GO with
one ether oxygen and one hydroxyl in the unit cell of eight carbon
atoms. Panels �a�–�d� have 1,2-ether oxygens, and �e� has a 1,3-
ether. The dotted lines in panels �b� and �d� indicate intralayer hy-
drogen bonds between the ether oxygen and the hydrogen atom of
the hydroxyl. The energy labels in the figure are the total energies
relative to the most stable configuration of panel �a�.
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Most GO configurations with a 1,3-ether oxygen are un-
stable and, upon relaxation, spontaneously evolve into a 1,2-
ether oxygen. Although the carbon atoms are wrinkled in a
zigzag pattern before relaxation, to help survive the 1,3-ether
configuration, the carbon atoms still tend to restore a flat
structure during the relaxation. Then on such a flat carbon
plane the oxygen easily establishes a bond with the second
carbon atom in the ether ring, because that distance becomes
shorter than the intended C-O bond with the 1,3-carbon at-
oms. The single exception to this transformation occurs
when the hydroxyl molecule “occupies” the second carbon
atom in the 1,3-ether ring, as shown in Fig. 2�e�. The hy-
droxyl molecule perseveres in the deformation of the carbon
plane, which locally adopts the sp3 coordination, and this
prevents the 1,3-ether oxygen to create a bond with the sec-
ond carbon atom in the ether ring. Consequently, this con-
struct requires that the corresponding oxygen and hydroxyl
reside at opposite sides of the carbon plane in a close-packed
formation. Although this is the only stable structure with a
1,3-ether oxygen, its total energy is higher than most other
structures with 1,2-ether oxygens.

The structure in Fig. 2�a� has the lowest total energy and
thus is the most probable configuration for GO. It has the
hydroxyl immediately adjacent to the 1,2-ether oxygen, but
at the opposite side of the carbon sheet �transconfiguration�.
This confirms and refines an important experimental result
that the two species must be very close to one another.16,23,40

The structure in Fig. 2�b� differs from the previous one in
that the hydroxyl is on the same side as the ether oxygen
�cisconfiguration�. Such a configuration, however, creates
tension on the carbon-carbon bonds, because all three carbon
atoms attached to an oxygen elevate out of the carbon plane
in the same direction. This frustrates the desired sp3 hybrid-
ization of the carbon atom attached to the hydroxyl and the
tension increases the total energy by 0.68 eV. For the struc-
tures in Figs. 2�c� and 2�d�, the hydroxyl is located farther
away from the ether oxygen. This also leads to more tension
in the carbon grid and it increases the total energy by 0.60
and 0.52 eV, respectively.

An oxygen atom on flat graphene �without hydroxyl�
forms a 1,2-ether bond with the carbon atoms. The binding
energy of the oxygen is then 2.1 eV, previously reported as
1.9 and 2.4 eV.24,27 A hydroxyl alone on graphene, on the
other hand, turns out to have a binding energy of 0.7 eV. The
coadsorption of both the oxygen atom and hydroxyl mol-
ecule leads to a stronger concerted binding energy than con-
jectured from the separate bonds, which is in agreement with
simulation work by Boukhvalov and Katsnelson.19 For the
structure with the lowest total energy in Fig. 2�a�, the joint
binding energy of the oxygen and hydroxyl is 3.6 eV �an 0.8
eV gain with respect to the individual species�, whereas this
binding energy is merely about 3.1 eV �0.3 eV gain� for the
other structures in Fig. 2. In the latter cases the conjoint
binding energy is less due to the extra stress on the carbon
network. From this we conclude that for the structure as a
whole the tension on the carbon grid is the most relevant
factor in lowering the total energy and obtaining a stable
configuration of GO.

Intralayer hydrogen bonds are feasible only when the hy-
droxyl and 1,2-ether oxygen are in a cisconfiguration, as

shown in Figs. 2�b� and 2�d�. Note that hydrogen bonds be-
tween different layers are negligible in our model because
the large interlayer distance separates oxygens and hydroxyls
by at least 6 Å. The distance between the hydrogen atom
and the ether oxygen in Figs. 2�b� and 2�d� is 1.8 Å. This
hydrogen bond is too weak to be relevant to the stability of
the structure because both configurations with hydrogen
bonds have a higher total energy than the configuration with-
out hydrogen bonds in Fig. 2�a�. Hence, the hydroxyl mol-
ecules primarily minimize their total energy by adjusting the
bond angle to approximately 110° with respect to the C-O
bond, conform to the geometry of an oxygen atom with two
single bonds.

We have evaluated the geometric perturbation of the car-
bon atoms in the GO structures by a least square fit to a flat
plane. The maximum distance between the outermost carbon
atoms above and below the best-fit plane is a measure of how
much the GO structure is wrinkled in the transverse direction
with respect to a flat carbon grid. The 1,3-ether configuration
of Fig. 2�e� is wrinkled most by 0.9 Å, whereas for the
1,2-ether configurations �Figs. 2�a�–2�d�� this is 0.4 Å. Ad-
ditional simulations reveal that the wrinkling of the carbon
grid with just a single 1,2-ether oxygen is 0.12 Å and with
only a hydroxyl on the carbon grid we found 0.21 Å. There-
fore the hydroxyl molecule causes most of the wrinkling of
the carbon frame, but the coadsorption of the oxygen and
hydroxyl causes more wrinkling than inferred from their in-
dividual contributions.

Figure 3 illustrates in more detail the geometric properties
of the structures with the 1,3-ether oxygen and the 1,2-ether

(b)

(a)

FIG. 3. �Color online� Detailed geometric arrangement of the
two GO structures with a 1,2- and 1,3-ether oxygen from Figs. 2�a�
and 2�e�, respectively. The interatomic distances are in angström.
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oxygen �the latter is the lowest energy configuration from
Fig. 2�a��. The two configurations have in common that the
oxygen and hydroxyl pair up on neighboring carbon atoms at
opposite sides of the carbon plane. Also, the carbon atoms
far from the oxygen-hydroxyl pair resemble the flat geom-
etry of graphene with C-C bond lengths between 1.38 and
1.45 Å, although the short bond lengths of around 1.38 Å
rather indicate double bonds �C=C� of a conjugated carbon
structure. Differences between the two structures occur in the
C-C bond lengths near the oxygen and the hydroxyl. In case
of the 1,3-ether structure these C-C distances are closer to
the 1.54 Å distance of diamond, confirming that this struc-
ture locally has a much stronger sp3 hybridization �see also
Table I�. This causes longer C-O bond lengths in the 1,3-
ether ring, but shortens somewhat the C-O distance with the
hydroxyl, when compared to the distances in the 1,2-ether
structure.

Another notable difference between the two structures in
Fig. 3 is the C-O-C angle in the ether ring, also listed in
Table I. An angle of 88° in the 1,3-ether oxygen is supposed
to have less strain than the 60° in the 1,2-ether oxygen. The
optimum C-O-C angle is about 110° and from molecular
chemistry one learns that 1,3-ether oxygens are more stable
and less reactive than equivalent 1,2-ethers. In GO, however,
the 1,3-ether configuration is only feasible when the second
carbon atom in the four-member ring can move farther away
from the oxygen. This is difficult in a rigid carbon frame, but
the hydroxyl molecule can do this by inducing an sp3 hybrid-
ization. It steers the carbon atom away from the ether oxygen
and the 1,3-ether configuration remains stable at the cost of
extra strain in the carbon network. Without the assistance of
such a hydroxyl molecule, the geometry of the carbon atoms
only permits 1,2-ether oxygens.6,24

The strain in the 1,2-ether ring exercises a cleaving force
on the two carbon atoms. If the ether oxygen lines up with
the ones on neighboring carbon hexagons, they can create a
fault line in the carbon plane.27 Such a process coined as
“unzipping of graphite” causes cracks in the graphite struc-
ture, which eventually leads to small GO platelets. This must
occur in regions where the ether oxygens dominate over the
hydroxyl molecules. It is then a reasonable assumption that
the hydroxyl molecules are a stabilizing factor, which stops a
continuation of the cracking process and prevents a total
breakdown of the carbon network.

The distance between the outermost oxygen and hydrogen
atoms in Fig. 3 is an indication of the thickness of the GO

layer. This layer thickness is 3.7 and 3.9 Å for the 1,2-ether
and 1,3-ether oxygen structures, respectively. The experi-
mentally measured interlayer distance is 6 Å �or somewhat
less when the amount of intercalated water is small�,17 and
thus the interstitial void in between the GO layers is then
roughly 2–3 Å. This is barely enough space to accommo-
date water molecules that connect the layers via hydrogen
bonds, of which the bond distance is also about 2 Å. The
few water molecules that subsist in dry GO cannot be mobile
and must be firmly anchored in the structure. We surmise that
this explains the experimentally observed immobility of cer-
tain water molecules in GO independent of temperature.20

Possibly such rigid water molecules play a key role in the
stability of the laminar formation of the GO structure.

Before obtaining the total energy of a structure, the posi-
tions of the nuclei are relaxed into a configuration where the
forces are small �less than 0.01 eV /Å�. Besides maneuver-
ing all atoms into their equilibrium positions, the total-
energy minimization also adjusts the shape of the GO unit
cell to the new positions of the atoms. In fact, this only
affects the area and angle spanned by the in-plane lattice
vectors �as shown in Fig. 1�a�� since the enforced interlayer
distance of 10 Å is too large to influence the total energy
through changes along the c axis. All structures with the
1,2-ethers maintain the 60° angle between the in-plane lattice
vectors, but undergo a 2% increase in the spanned area, with
respect to an equilibrium graphite structure. This increase
can be attributed to the extended carbon-carbon bonds
around the hydroxyl and the ether ring. In case of the 1,3-
ether, the stronger wrinkling leads to a 2% decrease in the
area with an angle of 61°. All these changes in the unit cell
are fairly small. Also in experiments, the carbon atoms in
GO show a nearly perfect hexagonal structure.12,40 Thus by
and large the hexagonal dimensions of the in-plane carbon
frame in GO are still close to the one of graphene despite the
wrinkled geometry.

Oxygen atoms have a larger electronegativity than carbon
atoms. GO becomes a p-doped material where the charge
flow creates negative oxygen atoms and a positively charged
carbon grid. Unfortunately we cannot quantify the net
charges theoretically because ab initio calculations with
plane-wave basis sets have the drawback that charge transfer
is not uniquely defined; the local charge on an atom is the
integration of the charge density in an arbitrary spherical
volume around its nucleus and thus absolute values of charge

TABLE I. Summary of the results for the 1,2- and 1,3-ether oxygen in low oxidized GO structures of
Figs. 2�a� and 2�e�: the total binding energy of the structure �Etot�, the binding energy of the ether oxygen and
hydroxyl with the carbon frame �EO/OH�, the wrinkling of the carbon grid �W�, the C-O-C bond angle ���, the
average C-C bond lengths of the immediate adjacent carbon atoms at the ether oxygen and the hydroxyl
��C-C��, and the electronic band gap at the Fermi energy between equal spins �left value� and opposite spins
�right value�. Energies and distances are in electronvolts and angström, respectively. See text for further
details.

GO Etot EO/OH W

C-O-C C-OH band gap

� �C-C� �C-C� at Ef

1,2-ether 0.0 3.6 0.4 60° 1.48 1.51 1.4 0.4

1,3-ether 0.62 3.1 0.9 88° 1.52 1.55 0.7 0.0
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transfer have no meaning. However, comparing charge dif-
ferences for a fixed volume radius gives valid qualitative
trends. A radius of 0.863 Å for the carbon atom is a practical
compromise between maximizing the covered space and
minimizing the overlap of the spheres. We integrate the
charge distributions on all carbon atoms for both graphite
and GO, and the difference renders the relative charge flow
from the carbon grid to the oxygen atoms. The corresponding
charge distribution is calculated for the structures of Fig. 2
and it follows the trend of the total energy, in the sense that
the least charge transfer from the carbon to the oxygen atoms
corresponds to the lowest total energy. The structure with the
lowest total energy �Fig. 2�a�� has the transconfiguration and
the antipodal positions of the two oxygens may cause the
minimal charge transfer.

The electronic energy distribution of GO is depicted in
Fig. 4 as the density of states and the band gap at the Fermi
energy is given in Table I. The exchange interaction causes
an energy shift of the two electron-spin states, resulting in an
unpaired electron per unit cell for both the 1,2-ether and
1,3-ether configurations. If we neglect the possibility of spin
flipping, then the energy gap of the majority spin at the
Fermi level is 1.4 and 0.7 eV for the 1,2-ether and 1,3-ether
configurations, respectively, which is the characteristic band
gap of a semiconductor. If, on the other hand, the ambient
conditions allow spin flips, then the band gap shrinks to 0.4
and 0 eV for the two respective structures. The states of the
unpaired electron are near the Fermi energy. Because partial
states of the oxygen atoms have very little contribution in
that region, the unpaired electron predominantly resides on
the carbon atoms, in particular the ones farthest away from
the oxygen or hydroxyl adsorption sites.

The shift of the majority and minority spins is an interest-
ing feature that allows us to predict magnetic properties for
this type of GO, which scale with one Bohr magneton per

21 Å2, i.e., a single unpaired electron per unit cell of eight
carbon atoms. We have not investigated further on whether
this type of GO is ferro- or paramagnetic.

IV. RESULTS FOR SATURATED OXIDIZED GO

The chemical composition of fully oxidized GO is close
to C8O2�OH�2.15,18,19 This requires an augmentation of the
preceding model with an additional ether oxygen and another
hydroxyl molecule. The number of permutations for the dif-
ferent structure configurations grows notably with the addi-
tional two species in the unit cell. Here we will discuss a few
structures of interest, collated in Fig. 5, namely, two configu-
rations with the lowest total energy, which both appear to
have 1,2-ether oxygens, and a structure with 1,3-ether oxy-
gens that has a much higher total energy. The two structures
with the 1,2-ether configurations demonstrate again that the
ether oxygens and the hydroxyls prefer to obey the transcon-
figuration, i.e., the hydroxyls are attached to a carbon atom
directly adjacent to the ether oxygen, but at opposite side of
the carbon plane. The main difference between the two struc-
tures is that the lowest total energy has all ether oxygens at
one side and all hydroxyls at the other side of the carbon
plane, whereas a slight increase in the total energy by 0.19
eV occurs when the species are located at alternate sides of
the carbon plane.

Most structures with 1,3-ether oxygens are unstable and
transform to 1,2-ether oxygens during the relaxation. The
structure in Fig. 5�c� is the only exception due to the fact that
the hydroxyl molecules, attached to the carbon atom in the
1,3-ether ring, prevent the transformation to a 1,2-ether con-
figuration. The total energy of this configuration is 2.75 eV

FIG. 4. �Color online� Density of states, with the majority and
minority spins separated, for the two structures in Fig. 3. The upper
panels represent the total density of states for all atoms in the unit
cell, whereas the two lower panels are the partial density of states
for the oxygen atoms separated into the ether oxygens and the oxy-
gen in the hydroxyl molecules. The abscissa is cropped at 4 eV
from the Fermi energy.

0.0 eV 0.19 eV(a) (b)

2.75 eV(c)

FIG. 5. �Color online� Three examples of the graphite oxide unit
cell with two ether oxygens and two hydroxyls. Panels �a� and �b�
are the configurations with the lowest total energy and have the
oxygen atoms in the 1,2-ether locations; panel �c� has the oxygens
in the 1,3-ether location. The dotted lines indicate intralayer hydro-
gen bonds between the ether oxygen and the hydrogen atom of the
hydroxyl. The energy labels refer to the total energy relative to the
structure in panel �a�.
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higher than the lowest total energy with the 1,2-ether oxy-
gens. This attests again that 1,3-ether oxygens are energeti-
cally very improbable in GO.

Another interesting instability happens when two hy-
droxyls form a vicinal diol on the same side of the carbon
plane. This weakens the bonds between the oxygen and the
carbon atoms such that during the structure relaxation both
hydroxyl molecules detach from the carbon grid. Hence, two
hydroxyl molecules at the same side of the carbon plane
must be in parapositions �separated by one or more carbon
atoms, like in Fig. 5�a��; this restriction does not apply to
hydroxyls positioned at alternate sides of the carbon plane as
in Fig. 5�b�. More than two hydroxyl molecules per carbon
hexagon cause too much tension in the carbon grid and result
in a spontaneous detachment of at least one hydroxyl from
the carbon plane. This seems to disagree with previously
proposed theoretical models,6,19 but is in line with experi-
mental analysis.18

Interactions between dangling hydrogens and oxygen at-
oms is inevitable in saturated oxidized GO. Figure 5 shows
the hydrogen bonds between an ether oxygen and a hy-
droxyl, or between two hydroxyls. In all cases, the distance
between the hydrogen and the oxygen atoms is about
1.95 Å. It is even larger than the 1.8 Å distance for hydro-
gen bonds in low oxidized GO. We therefore conclude that
intralayer hydrogen bonds also in saturated oxidized GO do
not play a significant role in the stability of the structure.

The carbon frames in Fig. 5 have a wrinkling of 0.6 and
1.0 Å for the 1,2-ether and 1,3-ether oxygen configurations,
respectively, whereas this was 0.4 and 0.9 Å for the struc-
tures with only one oxygen and one hydroxyl �Fig. 2�. The
extra oxygen and hydroxyl cause a small additional wrin-
kling of the carbon plane. Although both 1,2-ether structures
in Fig. 5 have a similar amount of wrinkling, the nature of
the wrinkling is rather different, owing to the different loca-
tions of the hydroxyl molecules. In Fig. 5�a� the wrinkling of
the carbon grid is more the type of a smooth chair-shape
across the whole unit cell, whereas in Fig. 5�b� the wrinkling
is localized on two carbon atoms only, with the rest of the
unit cell fairly flat.

The thickness of the layer, defined as the distance between
the outermost atoms, depends on which site of the carbon
plane the oxygen atoms and hydroxyl molecules are located.
The distance is about 3.6 Å for oxygens and hydroxyls at
opposite sides of the carbon plane �Fig. 5�a��, and becomes
4.5 Å for the alternating orientations �Fig. 5�b��. For the
structure with 1,3-ether oxygens �Fig. 5�c�� it is even 4.9 Å.

The layer thickness is largest, when the hydroxyls reside at
both sides of the carbon plane, because the dangling hydro-
gens in the hydroxyl molecules protrude more than the ether
oxygens.

The C-O-C angle of the ether rings in Fig. 5 is listed in
Table II. They exhibit the same characteristics as their coun-
terparts for low oxidized GO in Fig. 3. Both 1,2-ether con-
figurations in Figs. 5�a� and 5�b� have C-O-C angles of 62°,
whereas these angles are 86° for the 1,3-ether configuration
in Fig. 5�c�. The configuration of GO with the lowest total
energy is the one with the highest tension in the C-O-C ether
ring.

The bond distances in the carbon frame are shown in Fig.
6 for the particular case of the structure in Fig. 5�a�, although
the other structures in Fig. 5 exhibit similar properties. The
ether oxygens and hydroxyls in the unit cell have a signifi-
cant effect on the distances between the carbon atoms. Most
of the carbon-carbon distances are extended, compared to
graphite, because most carbons become sp3 hybrids due to a
bond with an oxygen atom. Interatomic distances for the
ether oxygen atoms or the hydroxyl molecules are not indi-
cated, but they are similar to those depicted in Fig. 3. All
distances between carbon atoms are about 1.5 Å, except one
that is 1.36 Å. The longest bonds represent a nearly com-
plete sp3 hybridization and occur around the carbons with

TABLE II. Summary of the results for the 1,2- and 1,3-ether oxygen in saturated oxidized GO structures
of Figs. 5�a� and 5�c�: the total binding energy of the structure �Etot�, the wrinkling of the carbon grid �W�,
the C-O-C bond angle ���, the average C-C bond lengths of the immediate adjacent carbon atoms at the ether
oxygen and the hydroxyl ��C-C��, and the electronic band gap at the Fermi energy. Energies and distances are
in electronvolts and angström, respectively. See text for further details.

GO Etot W

C-O-C C-OH band gap

� �C-C� �C-C� at Ef

1,2-ether 0.0 0.6 62° 1.50 1.53 3.2

1,3-ether 2 75 1.0 86° 1.53 1.54 1.7

FIG. 6. �Color online� Distances between the carbon atoms for
the GO structure of Fig. 5�a�. The atoms in the unit cell are accen-
tuated by size and brightness. The dotted lines represent hydrogen
bonds between oxygens and hydrogens of adjacent hydroxyls. Dis-
tances are in angström.
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the hydroxyls. The short bond of 1.36 Å indicates a double
bond between two carbon atoms and implies a conjugated
carbon network. Each structure in Fig. 5 has one such double
bond per unit cell.

As for the two cases with the lowest total energy �Figs.
5�a� and 5�b��, the in-plane geometry of the carbon skeleton
in the unit cell is still very close to graphene. The angle
between the unit vectors remains 60° and the area spanned
by these vectors is 4% larger compared to graphene. The
intensive wrinkling in the structure with the 1,3-ether oxy-
gens has a different impact on the shape of the unit cell. Both
angle and spanned area by the in-plane unit vectors contract
to 58° and 4% smaller area. Overall, these deviations from
the graphene unit cell are small and thus the in-plane dimen-
sions of the unit cell in GO closely resemble those of
graphene.

The two oxygen atoms and two hydroxyl molecules in the
unit cell make all the electron spins pair up and therefore
unpaired electrons are not present in the structures of Fig. 5.
Consequently, magnetic properties due to spin polarization
cannot exist. Besides the three structures shown in Fig. 5,
there are many other structures with a different arrangement
of the oxygens and hydroxyls, all with a much higher total
energy. A few of those actually do have unpaired electrons,
but their high total energies should prohibit the formation of
such structures. In contrast, when only one ether oxygen and
one hydroxyl exist in the unit cell �Fig. 2�, the structures with
the lowest total energy exhibit a spin polarization. Hence, the
vanishing of magnetic properties is an important difference
between partially and fully oxidized GO.

The spin-unresolved densities of states in Fig. 7 exhibit a
large band gap of 3.2 eV for the 1,2-ether configuration and
a much smaller band gap of 1.7 eV for the 1,3-ether configu-
ration. It is known from experiments that the conductivity of
graphite decreases with increasing oxidation.6,7,41 Fully oxi-
dized GO becomes an insulator, in contrast to low oxidized
GO that is a semiconductor, and graphene that is an extreme
good conductor. The small band gap of the 1,3-ether configu-

ration in saturated GO is yet another evidence that GO does
not consists of 1,3-ether oxygens. A charge-transfer analysis
�described in previous section� shows that the relative
amount of charge flowing from carbon to oxygen atoms fol-
lows the structure’s total energy, so that the lowest total en-
ergy also has the least charge exchange.

V. SUMMARY AND CONCLUSIONS

It is evident from the foregoing analyses that 1,3-ether
oxygens in GO are energetically not stable and therefore
should not exist, irrespective of the amount of oxidation.
There is the imaginary situation that a very high density of
hydroxyls could obstruct the oxidation and leave oxygens no
other choice than forming 1,3-ethers. However, the C/O ratio
in experimentally synthesized GO is never less than 2, which
means that there are always plenty of carbon atoms available
during the oxidation to support the formation of 1,2-ether
oxygens. It is therefore unlikely that, against all odds, 1,3-
ether oxygens could appear in GO. The proposed structure of
GO is one in which the 1,2-ether oxygen prevails and very
close, but at the reverse side of the carbon plane, is the hy-
droxyl molecule. This arrangement repeats along the carbon
network with subtle variations so that the oxidation over a
macroscopic region appears as a random pattern.

By modeling GO in a DFT simulation, we have not only
confirmed experimental findings, but in addition quantified
these properties and found interesting new features. The car-
bon skeleton in GO with 1,2-ethers has a moderate wrinkling
typically in the order of 0.5 Å. This deformation is mainly
located around the hydroxyl molecules because of the locally
induced sp3 hybridization. The GO layers maintain a hexago-
nal structure that is close to graphene, despite the wrinkled
geometry.

GO needs hydroxyl molecules to safeguard the stability of
the structure, because the sole presence of 1,2-ether oxygens
creates too much tension on the carbon grid. Intralayer hy-
drogen bonds between the hydroxyls and 1,2-ether oxygens
are not relevant to a stable GO structure. However, hydrogen
bonds via intercalated water molecules most probably are
important in the interactions between the GO layers, which is
a topic for further research.

The level of oxidation affects significantly the electronic
structure of GO. At a low oxidation the band gap is small and
gives GO the characteristics of a semiconductor. In addition,
the existence of unpaired electrons should yield either ferro-
or paramagnetic properties. At saturated oxidation levels the
magnetic properties disappear and the band gap extends to
figures closer to insulators.
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FIG. 7. �Color online� The electronic density of states around
the Fermi energy for the 1,2-ether and 1,3-ether structures of Figs.
5�a� and 5�c�, respectively. The total density of states is the sum
over all atoms in the unit cell, and the partial density of states is for
the oxygen atoms in the ether ring and in the hydroxyl molecule.
The abscissa is cropped at 4 eV from the Fermi energy.
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