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Energetics of edge oxidization of graphene nanoribbons
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On the basis of the density functional theory, we studied the geometries and energetics of O atoms adsorbed
on graphene edges for simulating the initial stage of the edge oxidization of graphene. Our calculations
showed that oxygen atoms are preferentially adsorbed onto the graphene edges with the zigzag portion,
resulting in a large adsorption energy of about 5 eV. On the other hand, the edges with armchair shape
are rarely oxidized, or the oxidization causes substantial structural reconstructions, because of the stable
covalent bond at the armchair edge with the triple bond nature. Furthermore, the energetics sensitively

depends on the edge angles owing to the inhomogeneity of the charge density at the edge atomic sites.

1. Introduction

The exfoliation of graphite!"? and the thermal annealing of SiC** have now achieved
the synthesis of the single-layered graphite, graphene, which provides us an ultimate
two-dimensional electronic system with atom thickness. Much effort has been devoted
to not only the elucidation of the fundamental physics of this new and famous carbon
allotrope but also the exploration of the possibility of applications in future functional
devices.”® Graphene possesses a pair of linear dispersion bands at the Fermi level and
six corners of the Brillouin zone resulting in remarkable carrier mobility of 200,000
cm?V~1s7! leading to the application of graphene in high-speed switching devices.? !
The linear dispersion bands as well as the hexagonal covalent network allow us to
tailor the electronic structures of graphene by imposing additional boundary conditions.
The one-dimensional open boundary condition causes graphene strips of nanometer
width (graphene nanoribbons), of which electronic structure is sensitive to the edge
shapes and terminations.'? ' The graphene nanoribbons with hydrogenated armchair
edges are semiconductors with a direct band gap at the I' point, which oscillates with

triple periodicity of their width and asymptotically decreases with increasing width. In
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contrast, the graphene nanoribbons with hydrogenated zigzag edges exhibit magnetic
ordering around their edge atomic sites owing to half-filled flat-dispersion bands at the
Fermi level around the zone boundary. In addition to the edge shapes, the electronic
structure also substantially depends on the chemical functional groups attached to the
edges.'>2° Hydroxylation of the graphene edges renders the peculiar delocalized state
to the graphene edge. The state crosses the Fermi level and provides an electron channel
in the vacuum spacing alongside the graphene edges with the free electron nature.!8:19

The energetics of the graphene edges is less addressed than the electronic structures
in terms of the edge variation. Several theoretical calculations have demonstrated that
the energetics of graphene nanoribbons with clean and hydrogenated edges is sensitive
to the edge shapes and nanoribbon width.2!?7 Furthermore, the stability and geometric
structures of graphene nanoribbons with zigzag and armchair edges have been theoret-
ically studied.'®16:20 On the other hand, because of the large possible structures, the
microscopic mechanism of the adsorption of atoms and functional groups onto graphene
edges is still unclear. Thus, in this work, we aim to investigate the geometric structure
and the energetics of the initial stage of the oxidization of graphene edges in terms of
their edge shapes, using the density functional theory (DFT). Our calculations showed
that the graphene edges consisting solely of the zigzag shape are preferentially oxidized
with the large adsorption energy of about 5 eV, while the armchair edges are less prefer-
able than the zigzag edges owing to the substantial structural reconstruction to reduce

the large structural strain induced by the C-O covalent bonds in some cases.

2. Calculation methods and structural models

All calculations were performed in the framework of DFT?®2% using the Simulation
Tool for Atom TEchnology (STATE) package.?® To calculate the exchange-correlation
energy among the interacting electrons, we used the generalized gradient approxima-
tion (GGA) with the functional forms of Perdew-Burke-Ernzerhof (PBE).3!32 Ultrasoft
pseudopotentials generated using the Vanderbilt scheme were employed to describe
the interaction between electrons and nuclei.?® The valence wave functions and deficit
charge density were expanded in terms of the plane-wave basis set with cutoff energies
of 25 and 225 Ry, respectively. Integration over the one-dimensional Brillouin zone was
carried out using equidistant k-point sampling in which 4 k-points were taken along
the ribbon direction, which give sufficient convergence in both electronic and geometric

structures of graphene related materials.3%3°
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(a)

Fig. 1. Optimized geometries of graphene nanoribbons with (a) armchair edge (6 = 0°), chiral
edges (b) 0 = 8°, (c) 8 =16°, (d) 0 = 23°, and (e) zigzag edge (§ = 30°). The indexes show the

independent edge atomic sites.

To simulate the geometric structure and energetics of edge oxidization of graphene
with arbitrary edge shapes, we consider the graphene nanoribbons with clean edges, of
which angles are 0 (armchair edge), 8, 16, 23, and 30° (zigzag edge) [Fig. 1]. To exclude
the width dependence of the structures and energetics, each ribbon has a width of about
15 A. As for the oxidization sites, we consider all independent edge atomic sites labeled
as I — VIII in Fig. 1. For these edge atomic sites, we adsorbed a single O atom and
performed structural optimization until the remaining force acting on each atom was
less than 0.01 hartree/au under the fixed lattice constant along the ribbon direction,
which corresponds to the length calculated using the experimental C-C bond length of
bulk graphene (1.42 A).

3. Results and discussion

Figure 2 shows the optimized structures of graphene nanoribbons, one of the edge atomic
sites of which is terminated by an O atom with large, moderate, and small adsorption
energies. The optimized structures under the O adsorption strongly depend on the edge
shape and adsorption sites. The atomic configuration retains its initial structure when
the O atom is attached to the zigzag atomic sites. In contrast, substantial structure

relaxation occurs in the adsorbed structures where the O atom is attached to the C
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Fig. 2. Optimized geometries of O adsorbed graphene nanoribbons with (a) the armchair edge
(0 = 0°), chiral edges (b) 8 = 8°, (c) 8 = 16°, (d) 0 = 23°, and (e) zigzag edge (6 = 30°). The brown
and red circles represent C and O atoms, respectively. The values in parentheses are the adsorption

energies for the corresponding structures.

atoms situated at armchair sites[Fig. 2(a)]. Under the relaxed structures, the C-C bonds
are longer by 0.15-0.18 A than those under the clean edges. Furthermore, when the O
atom is situated at the cove region (atomic sites VIII, IV, and VIII in Figs. 1(b)- 1(d),
respectively), the O atom bridges the cove and forms a pentagonal ring as its stable
structure. Note that the CO chain together with the pentagonal ring has been formed
when the O atom is attached to the atomic site V for the nanoribbon with the edge
angle of 8°. In the structure V in Fig. 2(b), the edge CO may be easily dissociated under
elevated temperature or other environmental conditions.

Table I summarizes the adsorption energy of the O atom to the edge atomic sites of
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Table I.  Adsorption energy AE of an O atom to the clean edges of graphene nanoribbons.
6 =0° Adsorption energy AFE (eV)
I
-26.29
6 =8° Adsorption energy AE (eV)
I I v v VI VII VIII
4.88 284 475 486 4.10 222 2776 4.45
6 = 16° Adsorption energy AE (eV)
I II Imr Iv
4.85 4.62 2.79 4.43
6 = 23° Adsorption energy AE (eV)
I II Imr Iv \Y% VI VII VIII
5.07 489 5.08 514 493 495 291 453
0 = 30° Adsorption energy AE (eV)
I
5.25

graphene nanoribbons with edge angles of 0, 8, 16, 23, and 30°. The adsorption energy

(AFE) is evaluated using the following formula:

AE = —(Egrjo — Egr — po),

where Eg,/0, Egr, and po are the total energy of graphene nanoribbons with the O
atom, that of graphene nanoribbons with clean edges, and the chemical potential of
the O atom evaluated with an isolated O, molecule, respectively. The O adsorption is
exothermic for all atomic sites and edge angles except the clean armchair edge (the edge
angle of 0°). According to the O adsorbed structures, the adsorption energy also depends
on the adsorbed atomic site and edge angles. For the atomic sites at the zigzag region,
the adsorption energies range from 4.62 to 5.25 eV, indicating that C atoms situated at
the zigzag edge are preferentially oxidized under O exposure, because the edge atomic
site with the zigzag shape is energetically unstable owing to the unsaturated covalent
bond. In contrast, the adsorption energies for the edge sites with armchair shapes range
from 2.22 to 2.91 eV, which is smaller than those for the zigzag edges. Therefore, the

armchair edges are less reactive than the zigzag edges, because the armchair edge is
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Fig. 3. Contour plots of the valence charge density of clean and edge oxidized graphene
nanoribbons with edge angles of (a) 0, (b) 8, (c¢) 16, (d) 23, and (e) 30°. The index in each panel
corresponds to the structures shown in Fig. 2. The adjacent contours denote the electron density of
0.05 e/au.

energetically stable by forming a triple bond for reducing the dangling bond nature.
For the cases of the oxidized edges with a pentagonal ring, the adsorption energy is
relatively large, indicating that the cove region of the edges is also a reactive site for
oxygen adsorption. Note that the formation of a triangle by O and edge C atoms
results in a small adsorption energy (about 1.5 eV) because the resultant structure is
energetically unstable.

To give a theoretical insight into the energetics of the O adsorption on graphene
edges, we investigate the valence charge density of graphene nanoribbons with edge oxi-
dization. Figure 3 shows the contour plots of the charge density of graphene nanoribbons
before and after the edge oxidization. The oxidization at the zigzag edges does not affect

the charge density of C-C covalent bonds, reflecting the fact that the structural recon-
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struction upon oxidization is negligible for the zigzag edges. In contrast, the oxidization
at the armchair edges causes the charge density modulation around the oxidized edge
atomic sites. Because of the elongation of armchair C-C bonds at the edge, the charge
density on this bond substantially decreases upon O adsorption. Thus, the small ad-
sorption energy near the armchair edges is ascribed to the substantial modulation of
the charge density of armchair covalent bonds, which causes the dangling bond nature
at the edge C atoms adjacent to the C atom attaching to the O atom. For the cases
of the edge reconstruction forming a pentagonal ring, we find a finite charge density
between the atoms forming pentagonal rings at the edges. Thus, the covalent bonds are
formed between C and O atoms in the pentagonal ring.

Finally, we demonstrate the electronic energy band of edge oxidized graphene
nanoribbons (Fig. 4). Because the pristine nanoribbons with clean edges possess unsat-
urated bonds at their edges except the armchair nanoribbon, the Fermi level is pinned
at the dangling bond states associated with the edge C atoms. Even though the oxi-
dization causes an increase or decrease in the electron states associated with dangling
bonds, the Fermi level is still pinned at the dangling bond states. However, the oxidiza-
tion substantially modulates the 7 electronic states near the Fermi level by modulating
the electrostatic potential of C atoms connected to the O atom. Some of the energy
bands associated with the 7 electron states of nanoribbons near the Fermi level open
the finite gap of about 0.5 eV. In addition, the electronic structure weakly depends on
the adsorption site of the O atom. Note that the number of dangling bond states and
the edge C-O structure cause the band structure modulation near the Fermi level of

about a few hundreds meV.

4. Conclusions

We investigated the geometric structure and energetics of the initial stage of the ox-
idization of graphene edges in terms of their edge shapes, on the basis of the DFT.
Our calculations showed that the graphene edges consisting solely of the zigzag shape
are preferentially oxidized with the large adsorption energy of about 5 eV, while the
armchair edges are less preferable than the zigzag edges, because of the substantial
structural reconstruction upon O adsorption, which causes the dangling bond states at
the edge C atoms adjacent to the oxidized C atom. In addition, O adsorption to the cove
region of the armchair edge forms a pentagonal ring by bridging the cove. According to

the structural reconstruction, the oxidized nanoribbons comprising the pentagonal ring
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Fig. 4. Energy band structures of clean and edge oxidized graphene nanoribbons with edge angles
of (a) 0, (b) 8, (c) 16, (d) 23, and (e) 30°. The index in each panel corresponds to the structures

shown in Fig. 2. The horizontal dotted lines denote the Fermi level.

at the edge show remarkable energetic stability, and the energy gain upon O adsorption
is the same as that with the ground-state conformation. In contrast, the oxygen adsorp-
tion onto the bridging site of the edge C-C bond is the least stable oxidized structure.
The electronic structures of the graphene nanoribbons are substantially modulated by

the edge oxidization, while it is insensitive to the oxidized structures.
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