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Using first-principles calculations, we investigate the chemisorption of H, N, and P atoms
on a graphene substrate with or without Stone-Thrower-Wales (STW) defects. Energeti-
cally, all three atoms are preferred to adsorb onto the defect sites by an energy difference
of ~0.683-2.143 eV. In both the intrinsic and defected graphene, H atom adsorbs on top of a

C atom, while N and P atoms adsorb at the bridge site between two C atoms with the N
atom breaking the underneath C-C bond in the STW defect. Changes of atomic, electronic
and magnetic structures associated with the atomic chemisorption on STW defects in

graphene are discussed.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Atomic chemisorption on graphene is expected to affect the
fundamental properties of graphene, and conversely can be
used as an effective mean to tailor the properties of graphene
for potential applications. Most studies to date have focused
on atomic chemisorption on intrinsic graphene. However,
graphene, like all materials, contains defects [1,2] and there-
fore a study of atomic chemisorption on defective graphene
is of both fundamental and practical interest.

Among many possible choices of adsorbates, H is one of
the most studied atomic adsorbates on graphene by both the-
ory and experiment. Hydrogen chemisorption on graphene
has been shown to induce magnetism [3,4], to open band
gap [5] in graphene and to drive formation of carbon nano-
tubes from graphene nanoribbons [6]. Another interesting
class of adsorbates are so-called charge defects (or impuri-
ties), such as group V elements which have one extra valence
electron than C atom. The chemisorption of charge defects on
graphene is expected to induce large charge transfer and dop-
ing effect in graphene, which has been shown to affect the

electron transport [7] and magnetic properties [8] of graphene.
Therefore, we have chosen H and two group V elements N and
P as examples for our study. We note that although N and P
have similar chemical properties (in particular as charge
defects), their atomic size is different, which may lead to dif-
ferent atomic configurations of chemisorptions and hence
different effects on graphene electronic and magnetic proper-
ties as we show here.

On the other hand, a common type of defect in graphene,
as in carbon nanotubes, is Stone-Thrower-Wales (STW)
defect [9-15]. It is typically formed by a simple rotation of
one C-C bond by 90° and consists of pairs of 5- and 7-atom
rings. Rather than being a simple in-plane transformation of
two carbon atoms, out-of-plane wavelike defect structures
that extend over several nanometers are predicted [15]. STW
defects have also been predicted to alter band structure and
density of states of graphene, and hence to impact upon its
transport properties [16-20]. Recent calculations show that
such ring defects in graphene also modify graphene’s chemi-
cal reactivity on chemisorption processes [21-23]. In particu-
lar, the presence of the defects has a strong influence on
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hydrogen chemical reactivity, shifting the chemisorption
energy from highly unfavorable in the intrinsic graphene case
to virtually energy neutral over a STW defect in curved graph-
ene [19]. Overall, however, our understanding of chemisorp-
tions on STW defects is still rather limited, which has
motivated the present study.

We have carried out a comparative study to investigate H,
N and P atom chemisorptions on the STW defected graphene
versus the case of their chemisorptions on intrinsic graphene.
We found that all three atoms are preferred to adsorb onto the
defect sites. In both intrinsic and defective graphene, H atom
adsorbs on top of a C atom, while N and P atoms adsorb at the
bridge site between two C atoms with the N atom breaking
the underneath C-C bond in the STW defect. The electronic
structures including spin polarization are also analyzed for
the two chemisorption cases for comparison.

2. Methods and parameters

Our calculations were performed using the pseudopotential
plane-wave method within the spin-polarized generalized
gradient approximation implemented in the Vienna Ab initio
Simulation Package (VASP) as used before [24]. We used super-
cells containing 98 C atoms in a 7 x 7 super structure plus a
vacuum layer of 13.35 A, with a theoretically determined lat-
tice constant a=2.46 A. Three chemisorption sites, hollow
(H), bridge (B) and top (T) site, were considered for the chem-
isorptions of H, N and P atoms in intrinsic graphene, as
shown in Fig. 1(a). For the 7 x 7 supercell with a STW defect,
we varied the top chemisorption sites for H from T1 to T7,
as indicated in Fig. 1(b), and the bridge chemisorption sites
for N and P from Bl to B7, as indicated in Fig. 1(c). A
4x4x1 k-point mesh for Brillouin zone sampling and a
plane-wave cutoff of 400 eV were used. The system was re-
laxed until the force on each atom is minimized to be less
than 0.01 eV/A.

Fig. 1 - Illustration of chemisorption sites. (a) Three
different chemisorption sites: the top, bridge, and hollow
site in intrinsic graphene; (b) top site for H chemisorption
on the STW defect; and (c) bridge site for N or P
chemisorption on the STW defect.

3. Results and discussion

The chemisorption energies are calculated as
Eags = Etot — Egraphene — Eatom, Where Ey and Egrapnene are the total
energies of the graphene with and without adatoms respec-
tively, and Egom stands for the energy of a single adatom. From
our calculation we found that energetically the most favor-
able chemisorption site is the top site for H with a chemisorp-
tion energy of —1.197 eV, and the bridge site for both N and P
with a chemisorption energy of —2.85 and —0.728 eV, respec-
tively, in agreement with the previous calculations [8,19,25].
In intrinsic graphene, each carbon atom is bonded with three
neighboring carbon atoms in sp? hybridization, leaving one
electron in the p, orbital. For H chemisorption, the most sta-
ble configuration is for H atom to bond on top of a carbon
atom forming an sp® hybrdization [6]. But for N or P chemi-
sorption, however, N or P bonds vertically with two C atoms
at the bridge site forming a planar, non-equivalent sp? hybrid-
ization [26] structure perpendicular to the graphene plane.

The presence of STW defect causes local changes of geom-
etries in graphene. The rotated C-C bond length is com-
pressed from 1.42 A in intrinsic graphene to 1.32 A, so that
overall the STW defect induces a compressive strain to graph-
ene. Because the in-plane graphene deformation is much stif-
fer than the out-of-plane deformation [27], in order to relax
the compressive strain, the carbon atoms around the STW de-
fect move out of plane [15]. The forming energy of single STW
defect is calculated to be 5.1eV per supercell. It is in
agreement with the results by Ma et al. of 4-5 eV [15] consid-
ering the different long-range elastic defect-defect interac-
tions for different supercell sizes. However, our focus here is
the relative chemisorption energies on defect, so the exact
formation energy of STW defect is not important.

The STW defect is expected to have a strong effect on the
atomic chemisorption on graphene. Seven different top
chemisorption sites T1-T7 as indicated in Fig. 1(b) for H were
tested. We found that the most favored H chemisorption site
is at T1, as shown in Fig. 2(a), where H is adsorbed on one of
the C atoms in the “rotated” bond in agreement with the re-
sult of [19]. It’'s chemisorption energy is ~0.68 eV lower than
that at the T5 site away from the STW defect, as shown in Ta-
ble 1. For N chemisorption, seven different bridge sites B1-B7
as indicated in Fig. 1(c) were tested. We found that the most
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Fig. 2 - (a) The top (top panel) and side (bottom panel) view of
the optimized structure of graphene with H chemisorption
on the STW defect; (b) same as (a) with N chemisorption; (c)
same as (a) with P chemisorption.
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Table 1 - Relative chemisorption energies (see zero point of energy) in eV on the STW defected

graphene at the top site for H chemisorption as shown in
chemisorption as shown in (c)-

(b), and at the bridge site for N or P

Chemisorption on a STW defected graphene

Sites 1 2 3 4 5 6 7

H —0.683 —0.670 —0.242 —0.247 0.000 —0.422 —0.021
N —1.089 —2.143 -1.714 —0.797 —0.712 -0.171 0.000
P -1.181 = —0.745 —0.395 —0.857 —0.374 0.000

favored chemisorption site is at B2, as shown in Fig. 2(b). It’s
chemisorption energy is ~2.14 eV lower than that at the B7
site outside of the STW defect, as shown in Table 1. The most
favored chemisorption site for P is at B1 (Fig. 2(c)), where the
chemisorption energy is ~1.18 eV lower than that at the B7
site (Table 1). These results show that the STW defect serves
as a “trap” for atomic chemisorption; all three atoms, H, N
and P are attracted to stay on the STW defect in graphene,
energetically.

Fig. 3 shows a detailed comparison between the chemi-
sorption structures (bond lengths and angles) of H, N and P
on the intrinsic graphene (top panel) and those on the STW
defects (bottom panel). On the intrinsic graphene, the dis-
tance between the absorbate and its neighboring carbon
atoms at the stable chemisorption sites is shown in Table 2.
The H-bonded C atom moves 0.39 A outward away from the
graphene plane, which breaks the symmetry of the graphene,
and changes the sp? hybridization of the graphene to an sp®
hybridization locally [6,19]. The N and P atoms, on the other
hand, are bonded with two C atoms to form a stable configu-
ration of non-equivalent sp? hybridization [26], forming a ver-
tical triangular plane perpendicular to graphene plane. The
two C atoms bonded to the N or P change to a sp>-sp> hybrid-
ization, and move outward from the graphene plane by 1.10
and 0.50 A for the case of N and P, respectively. The amplitude
of graphene corrugation is smaller for P chemisorption, which
indicates that the C-C bond below the P atom retains more of
its sp? character and rehybridizes relatively weakly with the P
atomic orbitals than the case of N. The equilibrium distance

between the adatom and C is 1.13, 1.46 and 1.94 A for H, N
and P, respectively, as shown in the top panel of Fig. 3(a)—(c).
The bond angle of C-N-C/C-P-C is 64.32°/45.58° and the C-C
bond length below the N/P atom is 1.56 A/1.51 A. The bond
length between the C atom bonded to the adatom and its
neighboring C atoms is increased to 1.50, 1.46 and 1.46 A from
the original value of 1.42 A, for H, N and P chemisorption,
respectively.

For H chemisorption on the STW defect, the equilibrium
H-C bond length is 1.11 A, as shown in the bottom panel of
Fig. 3(a), which is slightly shorter than 1.13 A in the intrinsic
graphene, as shown in the top panel of Fig. 3(a). The H-C-C
angle with the two C atoms in the “rotated” bond is 109.75°,
and the other H-C-C angle is 107.52°, indicating that the C
atom bonded to H has an sp® hybridization in the STW defect,
same as in the intrinsic graphene. The “rotated” C-C bond
length is 1.43 A, about the same as in the STW defect without
H chemisorption.

For N chemisorption on the STW defect, the equilibrium
N-C bond lengths are 1.39 A (with the C atom in the “rotated”
bond) and 1.33 A (Fig. 3(b), bottom panel), which are less than
1.46 A in the intrinsic graphene (Fig. 3(b), top panel). A notable
structural feature is that N chemisorption breaks the C-C
bond below, increasing distance of these two C atoms to
2.16 A, which is different from the case of intrinsic graphene
without breaking the C-C bond. The C-N-C angle is 104.99°
(Fig. 3(b), bottom panel), showing an sp® hybridization, which
is very different from 64.32° for N chemisorption on intrinsic
graphene in an sp® hybridization without breaking the G-C
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Fig. 3 - The bond lengths in A and bond angles of different chemisorption species and structures. (a) H chemisorption; (b) N
chemisorption and (c) P chemisorption. Top panel for the adatom on the intrinsic graphene and bottom panel on the STW

defect in graphene.
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Table 2 - The distances between the absorbed atom and its
neighboring carbon atoms, d._.tom, ON intrinsic graphene at

stable chemisorption sites. h denotes the maximum devi-
ation (outward) of the C atoms relative to graphene plane,
and u stands for the total magnetic moment of the supercell,

H(T) N(B) P(B)
(Y 1.13 1.46 1.94
h (A) 0.39 1.10 0.50
1 (ug) 0.48 0.71 0.20

bond underneath N. The “rotated” C-C bond length is 1.36 A,
~0.06 A shorter than in the STW defect without N
chemisorption.

For P chemisorption on the STW defect, the P atom bonds
with the C atoms at a bridge site, in a non-equivalent sp?
hybridization, similar to the case on intrinsic graphene. The
equilibrium P-C bond length is 1.89 A, slightly shorter than
1.94 A in intrinsic graphene. The C-P-C angle is 44.39°, which
is slightly smaller than 45.58° for P adsorption in intrinsic
graphene. The “rotated” C-C bond is 1.43 A (Fig. 3(c), bottom
panel), which is about the same as the case on intrinsic
graphene.

Next, we discuss and compare the electronic structures
associated with the atomic chemisorption in the intrinsic
and STW defected graphene. Fig. 4 shows the band structures
(left panel) and spin density distributions (right panel) of H, N

and P on the intrinsic graphene. For H chemisorption, two flat
bands, spin up (red) and spin down (blue) appear around Fer-
mi energy as shown in Fig. 4(a), indicating that the H chemi-
sorption induces a localized state which is spin-polarized.
Fig. 4(b) shows the isosurface of spin density (i.e. p(1)-p(l))-
The spin polarization is induced on the C atoms around the
chemisorption site and decay exponentially away from it.
The total magnetic moment of the supercell is 0.48up. It is
very interesting to see that the magnetic ordering induced
by H chemisorption in graphene (Fig. 4(b)) is very similar to
that induced by a C vacancy [24,28,29] in graphene. This is be-
cause one consequence that H chemisorption has is to re-
move local n bands as it changes the C atom from sp? to sp?
hybridization just as if this C atom were removed. In the pris-
tine graphene, the = band, residing on the A-sublattice, are
degenerate with the n" band, residing on the B-sublattice, at
Fermi energy. When H adsorbs onto a C atom of A (B) sublat-
tice, it effectively creates B (A) zigzag edges, by breaking the n
bonding between the adsorbed C and its three neighbors,
which gives rise to flat bands of edge states at the Fermi en-
ergy (Fig. 4(a)), same as a vacancy will do. Consequently, the
resulting magnetism is the same as the edge magnetism
[24,28,29] produced by a vacancy. We note that it is well-
known in graphene that only the = bands are present at and
near Fermi level, while the ¢ bands are far away by 1-2 eV
from the Fermi level. Thus, in most situations concerning
ground-state or low excitation properties, only n bands need

r K M

Fig. 4 - The spin-up (red) and spin-down (blue) band structures and the spin density distributions, with the spin density
isosurface set to be 0.03 /A%, for chemisorptions on the intrinsic graphene. (a) and (b) H chemisorption; (c) and (d) N
chemisorption; (e) and (f) P chemisorption. Fermi energy is set as 0.0 eV. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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to be taken into account [30]. This is why when considering
the spin polarization in n electrons at the zigzag edge, H
chemisorption (without changing C-C ¢ bonds) and C vacancy
(creating three o dangling bonds) give rise to the same effect.

For N chemisorption on the graphene, Fermi energy shifts
downward below the original Dirac point, as shown in
Fig. 4(c). This indicates that there is certain amount of charge
transfer from graphene to N, making the graphene slightly p-
type doped. Because the bridging N atom bonds with two C
atoms (one from the A sublattice and the other from the B
sublattice), there is no N-induced magnetism in graphene
(Fig. 4(d)), as the case of H chemisorption (Fig. 4(b)). However,
the N atom itself is spin-polarized with a large moment of
0.84up, which in turn slightly spin-polarizes its neighboring
C atoms and induces small magnetic moments on them.
The reason for N spin polarization can be understood from
its bonding and electronic configuration. Nitrogen is in a
non-equivalent sp? hybridization with two sp? orbitals form-
ing N-C bonds and one sp? orbital occupied with an electron
pair, which differs from the equivalent sp® hybridization with
three identical sp® orbitals. Among five valence electrons of N,
two form covalent bands with its neighboring C atoms, and
two form a lone pair in the sp®-like orbitals. This leaves one
last electron in the p, orbital, which is perpendicular to the lo-
cal C-N-C (sp?) plane, parallel to the graphene. This “un-
paired” p, electron is spin polarized, giving a large magnetic
moment on N, as shown in Fig. 4(d).

For P chemisorption on the graphene, the band structure
shown in Fig. 4(e) is similar with that of N chemisorption, ex-
cept the Fermi energy lies almost at the Dirac point. This is
possibly because the P-C bond is weaker than the N-C bonds,
so that there is much less charge transfer between the P and C
atoms than the N and C atoms. The magnetism induced by P
chemisorption (Fig. 4(f)) shares the same mechanism with
that of N chemisorption discussed above. The magnetic mo-
ment is 0.2, much smaller than that induced by N chemi-
sorption, for the weak interaction between P and C atoms.

Fig. 5(a)-(c) shows the band structure of H, N and P chemi-
sorption on the STW defect. Different from H chemisorption
on the intrinsic graphene, the electronic structure of H chemi-
sorption on the STW defect is not spin-polarized, showing a
p-doped behavior. This is because the STW defect already
breaks locally the A-B lattice symmetry in graphene and
opens a gap for the n—n" bands, so that H chemisorption would
not induce the edge states as on the intrinsic graphene. For N
chemisorption on the STW defect, it makes the system p-
doped, same as the case of N chemisorption on intrinsic
graphene, because of charge transfer from graphene to N.
However, there is no magnetism, because N atom is no longer
spin polarized in an sp® configuration (with N breaking the C-
C bonds underneath) different from the case of intrinsic
graphene in an sp? configuration. For the P chemisorption
on the STW defect, the electronic structure is rather similar
to the case of P chemisorption on the intrinsic graphene be-
cause the atomic chemisorption structure is similar in two
cases. The ground state is spin polarized as shown in
Fig. 5(c), as the P atom is spin-polarized in an sp? configura-
tion with a magnetic moment of 0.2y, which in turn induces
small spin density in its neighboring C atoms, as shown in
Fig. 5(d). The charge distributions in Fig. 5(e)-(f) reflect the
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Fig. 5 - (a) The band structure of the chemisorption structure
in Fig. 2(a); (b) the band structure of the chemisorption
structure in Fig. 2(b); (c) the band structure of the
chemisorption structure in Fig. 2(c). All labels are the same
as in Fig. 4(a). (d) The spin density distributions of the
chemisorption structure in Fig. 2(c); the spin density
isosurface is set to be 0.03 e/A3. The charge density
distribution with the charge density isosurface at 0.50 eA3
(e) for N adsorbed graphene; (f) for P adsorbed graphene.

bonding properties for N and P atom chemisorption on STW
defected graphene, respectively. It clearly shows there is a
charge transfer from graphene to P and N, indicating the p-
doped graphene, and also there is much less charge transfer
from graphene to P than to N.

4, Conclusions

We have performed a comparative study and analyzed in
detail the atomic and electronic structures associated with
the H, N and P chemisorption on intrinsic graphene versus
the case on the STW defected graphene. For H chemisorption,
the atomic structure is similar in the two cases with H at the
top site, but the electronic structure differs dramatically. The
H induces spin polarization in the intrinsic graphene but not
in the STW defected graphene, because the STW defect
already breaks locally the A-B lattice symmetry. For N chemi-
sorption, the atomic structure is very different in the two
cases even though N is at the bridge site at both cases. Nitro-
gen breaks the underneath C-C bond in the STW defected
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graphene but not in the intrinsic graphene. Consequently, the
electronic structure is also very different: N is in an sp?
hybridization on the intrinsic graphene with magnetism but
in an sp® hybridization on the STW defect without magne-
tism. For P chemisorption, both the atomic and electronic
structure is similar in the two cases, with P at the bridge site
in an sp? hybridization with small magnetism.
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