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a b s t r a c t

Covalent functionalization of two-dimensional materials is a versatile tool to induce deep changes in
their initial properties leading to new functionalities. Unfortunately, in the case of graphene its poor
chemical reactivity turns this task rather difficult from the practical point of view. In this work, we show
how the adsorption of external species can be controlled by substitutional nitrogen atoms properly
distributed through the graphene layer. Nitrogen atoms can be experimentally incorporated in the
graphene lattice with high precision and tunable concentration and they can be used as active sites to
trigger an ordered functionalization. By means of first-principles calculations we study the adsorption of
single and multiple oxygen atoms in the vicinity of substitutional N defects, revealing a rich scenario
regarding adsorption configurations and electronic properties. In particular, we find a stable structure
involving three oxygen atoms that induces a robust magnetic behavior in the graphene layer. The great
chemical variability found in the oxygen-decorated N-doped structures presented in this study consti-
tutes a valuable platform for the future development of graphene-based electronic and sensing devices.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In the last years, the research work focused on graphene func-
tionalization has attracted increasing attention [1]. The reason for
such interest is related to expand the capabilities of graphene for
further applications. Despite its great promising properties, it is
well-known that free-standing graphene lacks of an electronic
band gap and displays a poor chemical reactivity. This circumstance
weakens the competitive strength of graphene in the fields of
semiconductors and sensors. In order to overcome these issues,
different strategies have been developed to promote chemical re-
actions of graphene (both with organic and inorganic molecules)
with the final aim of producing covalent patterns on graphene in-
terfaces with the desired properties. However, the chemical inert-
ness of graphene makes rather difficult a controlled and selective
covalent functionalization. Recent attempts have taken advantage
of the remarkable chemical reactivity induced by defects [2e4] or
even the rippled structure adopted by the graphene layer grown on
transition metal substrates [5e10]. In spite of the technical
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difficulties found in the experimental side, these functionalization
approaches have proven to be highly beneficial, providing new
features to the graphene layer, like a band gap opening via hydro-
genation [6,11] or diazonium compounds reactions [12]. Of course,
these techniques are not exclusively restricted to graphene, but
they can be applied to other bidimensional materials [13,14].

The search for magnetic behavior in graphene and other 2D
materials is another topic of special relevance in which covalent
functionalization can be useful [15]. Graphene itself does not show
a magnetic behavior but it is possible to confer some magnetic
moment either through the interaction with a ferromagnetic sub-
strate like nickel, or cobalt [16e19], with the aid of transition metal
atoms [20], or via single-atomvacancies engineering [21e23], what
has been studied in depth in the literature [21,22,24e29]. Lastly,
theoretical studies suggested that it was possible to induce a
magnetic moment through chemical modification using different
species [30e32]. Recent scanning tunneling microscopy experi-
ments [33] have demonstrated this point, revealing that a covalent
functionalization based on the controlled adsorption of hydrogen
atoms is indeed a suitable alternative for this purpose. In any case,
we have to take into account the remarkable experimental diffi-
culties to control the addition of defects with sufficient order,
which has been reported to be an essential aspect to retain the
induced magnetic properties on the layer. For instance, point de-
fects too close to each other belonging to different sublattices could
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turn off the magnetism [28,33]
Heteroatomdopants, as any other point defects, break the lattice

symmetry conferring to the surrounding areas distinctive proper-
ties different from those observed in pristine graphene. In partic-
ular, the incorporation of substitutional ereferred also as
graphitice nitrogen atoms in the graphene lattice leads to an
enhancement of the chemical reactivity, making feasible the use of
N-doped graphene as a metal-free catalyst for a number of chem-
ical reactions [34e38]. Besides, unlike other kinds of point defects,
recent progress in the production techniques enables the synthesis
of high quality samples with tunable concentration on different
substrates [39e43]. Even, in nanoribbons, on-surface synthesis has
allowed the controlled addition of different atoms with atomic
precision [44e46]. Moreover, nitrogen atoms are able to tune the
interaction with external species [47], and hence, can be used as
active centers for further functionalization, as it has been recently
demonstrated [48].

In this work, we investigate the potential applications of sub-
stitutional nitrogen atoms to induce further chemical modifica-
tions, showing a remarkable variation of the electronic properties
depending on the interactions with the bounded species. For this
purpose, we study in detail the behavior of nitrogen substitutional
defects in the presence of atomic oxygen adsorbates, and how they
affect the electronic properties of the graphene layer. We perform
Density Functional Theory (DFT) calculations on N-doped graphene
with one or more oxygen atoms adsorbed on the neighborhood of
the nitrogen defect. Firstly, we focus on the adsorption of a single
oxygen atom near the nitrogen defect, previously considered by
other authors focused on catalysis [38,49e51]. We confirm how the
chemical reactivity of the system is enhanced in the vicinity of the
defect and how adsorption configurations differ from those found
in undoped graphene. Additionally, we study the adsorption of
multiple oxygen atoms revealing strong interactions between ad-
sorbates. Finally, we study the electronic properties of the graphene
layer that can be drastically modified depending on the adsorption
configuration of the oxygen atoms. Moreover, we show that a
structure containing three oxygen atoms surrounding the N-center
induces a magnetic moment of 1 mB in the graphene layer. The high
stability of this structure suggests that it could be experimentally
achieved.

Combining the controlled oxygen adsorption with the possibil-
ity of designing periodical arrays of N-doped (or other hetero-
atoms) graphene layers, as it is indeed possible for nanoribbons
[44e46], would allow us to tune their magnetic properties, pre-
venting the quenching of themagnetism that appears in disordered
distributions of point defects [28,33]. Thus, our work shows that
subtle chemical modifications on N-doped graphene provoked by
oxygen adsorbates leads to a great variability of its electronic
properties which promotes new opportunities to the design of
electronic devices.

2. Computational details

Our theoretical approach is based on DFT calculations using the
plane-wave basis code VASP [52] with a cutoff of 400 eV for the
basis set. Pseudopotentials for all species (C, N and O) were built
using the projector augmented wave method [53,54]. A General-
ized Gradient Approximation (GGA) was used for the exchange and
correlation functional as described by Perdew, Burke and Ernzerhof
(PBE-functional) [55] supplemented by the D2 semi-empirical
correction [56] to take into account dispersion forces.

We have constructed our graphene cell using a lattice parameter
of 2.4678 Å, obtained by DFT simulations, corresponding to a CeC
bond length of 1.4248 Å. These values are very close to their
experimental counterparts, 2.4595 Å and 1.42 Å respectively [57].
Periodic boundary conditions are used in the simulations with
different unit cells. Most of the calculations are performed on a
½ð
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Þ�R7:6+� unit cell which contains 86 C atoms. One of

the C atoms was replaced by a N atom and several structures
involving one, two or three oxygen atoms were studied. This
rhombic cell has a side of 16.18 Å and more than 20 Å of vertical
spacing are left between periodical images along the z axis. This
choice allows us to perform reliable calculations on a large enough
unit cell but keeping reasonable computational requirements. In
any case, we have analyzed other cells, i.e. ð4�4Þ; ð5�5Þ; ð8�8Þ and
ð10�10Þ in order to study the influence of defect concentration.
Adsorption energies per oxygen atom are calculated as usual:

Ead ¼
E½tot� � E½G� �NOE½O�

NO
; (1)

where NO is the number of adsorbed oxygen atoms, E½tot� is the
energy of the total system including graphene plus oxygen atoms,
and E½G� and E½O� are the energies of the isolated N-doped graphene
layer and one oxygen atom respectively. Thus, we have considered
the isolated oxygen atom as reference instead of the O2 molecule.
To convert our results to the ones using the molecular state as
reference we can simply shift the chemical potential by 3.05 eV,
which is half of the dissociation energy of the molecule. However,
this value is poorly estimated at the GGA level compared to the
experimental figure of 2.56 eV [58].

All structures were subjected to ionic relaxations following a
conjugate gradient algorithm until forces upon atoms were less
than 0.01 eV/Å. During these relaxations all atoms were allowed to
relax. The reciprocal space was sampled using a 2� 2� 1
Monkhorst-Pack grid [59] during the structural relaxations in the
½ð
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Þ�R7:6+� cell while different meshes were used in

other cells according to their sizes. A thinner grid of 11� 11� 1
was employed for electronic structure calculations in all cases
except in the structure containing three oxygen atoms where a
31� 31� 1 grid was used to characterize accurately the electronic
properties like the spin-resolved density of states. In all cases, spin-
polarized calculations were carried out for all structures in the
search of magnetic ordering. In non-magnetic cases we use a
Gaussian smearing of 0.1 eV while for the three-oxygen-atom
structure, where the magnetic moment is stabilized, we study the
evolution of the magnetization as a function of the electronic
temperature in the range 0:01� 0:1 eV. Further tests with the
Methfessel-Paxton smearing [60] were carried out without finding
any remarkable difference in the final results.

The charge transfer between oxygen atoms and the N-doped
graphene layer was evaluated using Bader analysis, following the
algorithm developed and implemented by Henkemnan’s group
[61e63]. Finally, theoretical Scanning Tunneling Microscopy (STM)
images for different bias voltages were obtained from the local
density of states using the Tersoff-Hamann approximation [64,65]
and processed with the WSxM software [66].

3. Results and discussion

3.1. Adsorption of atomic oxygen on N-doped graphene

The adsorption of atomic oxygen on free-standing graphene has
been already studied, revealing that oxygen atoms preferentially
adsorbs on bridge positions forming epoxy groups [67,68]. In this
work, we show that substitutional nitrogen defects represent an
additional way to substantially modify the predominant trends
observed in free-standing graphene.

Fig. 1 shows a selection of three different adsorption configu-
rations involving one single oxygen atom depending on the



Fig. 1. Schematic representations of several structures of one oxygen atom adsorbed on a N-doped graphene layer. (a) Adsorbed on top of a first neighbor carbon atom. (b) Adsorbed
on bridge positions between a first and a second neighbor. (c) Adsorption on bridge position far from the defect, similarly to the undoped case. (A colour version of this figure can be
viewed online.)
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distance to the N-center. The most energetically favorable adsorp-
tion site is on top of a nearest neighbor carbon atom. It is worth
mentioning that our calculations discard other configurations with
the oxygen atom even closer to the nitrogen defect. For example,
the oxygen adsorption directly on top of the N-center is not a stable
configuration. The most stable configuration, labeled as structure I,
is shown in Fig. 1a and its adsorption energy is � 2:84 eV. If we
move away from the defect, bridge positions become again stable
but showing higher energetic configurations with increasing dis-
tance. For instance, a bridge configuration near the nitrogen atom
(structure II) is shown in Fig. 1b, whose adsorption energy, � 2:64
eV, is slightly less attractive. Finally, for large enough distances the
adsorption takes place exactly in the same way as in pristine gra-
phene (structure III), see Fig. 1c. However, this configuration is
clearly less energetically favorable, with an adsorption energy of �
2:22 eV. Notice that this value is very close to our calculated oxygen
adsorption energy in the undoped graphene (� 2:17 eV), which is
in agreement with a number of previous calculations [68e70].
Thus, an increment of � 0:7 eV ð>30%Þ on the adsorption energy is
gained due to the presence of the nitrogen atom. We remark that
bridge positions are the only ones stable throughout the N-doped
graphene layer except for the on-top configuration near the N-
center already described. The adsorption energies of these config-
urations decrease as we increase the distance from the N defect,
following the expected energetic landscape.

From the structural point of view, the adsorption of oxygen on
free-standing graphene always induces some corrugation due to
the change on the hybridization state of bonded carbon atoms [71].
While the structural parameters in the bridge position are
compatible with the geometry of an epoxy group, in the C-top
adsorption, the most favorable configuration, the C atom just below
the adsorbed oxygen atom changes its hybridization state to an sp3

configuration as demonstrated by its tetrahedral angles. In partic-
ular their values for the equilibrium geometry of structure I are 109:
2+;108:4+ and 109:4+ The CeO bond presents a length of 1.32 Å
revealing a partial double bond character. These structural features
are in agreement with previous studies [49,50] and supported by
our Bader charges analysis, which points out a larger charge
accumulation (0:2e) in those oxygen atoms adsorbed on-top with
respect to those on bridge configurations.

Note that the increment of the chemical reactivity produced by
graphitic dopants relies on the extra charge provided by the N atom
to the p-states close to the Fermi level of the neighbouring carbon
atoms [39,41], which can be used to form the new oxygen-carbon
covalent bond. Thus, the ultimate effect of the nitrogen dopant is
an effective energy reduction between the sp2 and sp3 hybridiza-
tion states of the neighbouring C atoms, leading to the hybridiza-
tion change in the presence of a reactive species like atomic oxygen.
Therefore, the modification of the adsorption sites for atomic ox-
ygen is a proof of the enhancement of the chemical reactivity
induced by substitutional nitrogen dopants. This situation is similar
to the one reported recently for graphene grown on strongly
interacting metallic substrates, where a local enhancement of the
chemical reactivity has been also observed [10]. This is due to the
strong interaction with the substrate, which promotes the change
of the hybridization states of some carbon atoms.

Now, we move to analyze what happens when more than a
single oxygen atom is involved in the adsorption process. Since we
have demonstrated the preference of oxygen atoms to adsorb close
to the nitrogen defect, we are going to restrict to the multiple
adsorption near the nitrogen defect exclusively, as illustrated in
Fig. 2. Note that the adsorption of a single atom in Fig. 2a, is the
structure I discussed before. An oxygen atom adsorbed on top of a
nearest neighbor carbon atom, which resulted the most energeti-
cally favorable configuration in the single-atom case. When two
oxygen atoms are adsorbed at the same time the simultaneous
occupancy of top configurations is not allowed. As a result, one of
them remains on top, exactly as in the single-atom case, while the
second atom adopts a bridge configuration typical of undoped
graphene, see Fig. 2b. This situation indicates that there is not
enough available charge on the vicinity of the defect to create two
CeO bonds with the characteristics of the partially double bond
described before. Therefore, the alternative solution is to keep one
of these bonds while the other oxygen forms an epoxy group.
Finally, if three oxygen atoms are considered, none of them adsorbs
on top positions. This fact can be attributed to the repulsion be-
tween oxygen atoms, which prevents the occupancy of top posi-
tions. As it is shown in Fig. 2c, the final configuration corresponds to
three oxygen atoms adsorbed on bridge positions between first and
second carbon neighbors, retaining the flatness of the graphene
layer. The adsorption energies per oxygen atom of these structures
near the N-centers are very stable from the energetic point of view,
with adsorption energies similar to the most favorable single-atom
configuration, being �2:63 eV and �2:77 eV for two- and three-
atom structures respectively. Notice that the number of quasi-
equivalent configurations might be degenerate. For example, the
configuration represented in Fig. 2c has an almost equivalent chiral
structure generated bymoving oxygen atoms to the next equivalent
bridge position. Other non-equivalent configurations may include
possible permutations of one oxygen atom, but these configura-
tions would be less symmetrical and less stable.

3.2. Electronic properties of oxygen-decorated N-centers

In the preceding section we have studied the chemical bonding
of oxygen atoms near substitutional nitrogen defects, revealing the
existence of a rich chemical scenario. Consequently, a similar sit-
uation is expected regarding the electronic properties of these
oxygen-decorated structures. In this section, we will disclose them
and show that the subtle interplay among adsorbed species gives



Fig. 2. Schematic representations of several structures containing a different number oxygen atom adsorbed near a substitutional nitrogen atom on a graphene layer. (a) One atom
adsorbed on top of the first neighbor carbon atom. (b) Two oxygen atoms adsorbed on top and on bridge sites. (c) Three oxygen atoms adsorbed on bridge positions near the
nitrogen defect. (A colour version of this figure can be viewed online.)
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rise to highly tunable properties that could be useful for function-
alization applications.

Firstly, we analyze the electronic properties of the three single-
adsorbate structures I, II and III discussed in the previous section. In
the upper panel of Fig. 3, we show the Projected Density of States
(PDOS) of the nitrogen and oxygen atoms as well as other relevant
carbon atoms (C1, C2, C3 and C4). For structures II and III, where the
oxygen bridge configuration is found, the doping level is the same
as in the N-doped graphene without oxygen. Conversely, in the
structure I, the Dirac cone is abruptly shifted � þ1 eV to the p re-
gion (see the differences of the PDOS corresponding to the C4
atom). This is a consequence of the distinctive CeO bond created in
this configuration, rather different to the epoxy configurations
displayed in structures II and III. In this regard, our Bader charges
analysis also predicts a larger charge withdrawn for the unusual
CeO bond in structure I (0:91e) with respect to epoxy-like ar-
rangements of structures II and III (0:79e and 0:80e respectively).
Unfortunately, this analysis is unable to discern if this charge comes
from the graphene p bands or not. In any case, this point is espe-
cially relevant if we take into account the geometrical similitude
and the small energy difference of 0.20 eV between structures I and
II. This circumstance opens the door to carry out atomic manipu-
lation or even the spontaneous exchange between both structures.
Another interesting feature is the low amount of available states in
Fig. 3. Electronic structure for three different adsorption configurations of atomic oxygen on
the O atom and some representative carbon atoms (C1, C2, C3, and C4) of N-doped graphe
responding theoretical STM image after the Tersoff-Hamann formalism (isosurfaces values
a broad range around the Fermi level in those carbon atoms bonded
to oxygen adsorbates compared to other neighbouring atoms. This
is a characteristic common to all structures and it is a consequence
of the formation of covalent bonds. The PDOS associated with the
nitrogen and oxygen atoms is roughly similar in all cases, pre-
senting a peak near the Fermi level. The most significant difference
relies on the oxygen atom adsorbed on top, which possesses a
remarkably larger PDOS around the Fermi level due to in-plane p-
states. It is worth noting that none of these three single-atom
structures present a magnetic solution despite having an odd
number of electrons. In the next section we will discuss in more
detail the reasons responsible for the absence of magnetic behavior.

We have also investigated the theoretical STM contrast of these
structures by means of the Tersoff-Hamann approximation. In all
cases, the peak in the PDOS displayed by the oxygen atom, together
with the evident difference in height, leads to intense bright spots
in the STM images. In structure I, the contribution of the oxygen
adatom cannot be distinguished from the effect of the nitrogen
atom, which apparently preserves the three-fold symmetry.
Something similar occurs with structure II, in which the bridge
orientation of the oxygen atom can be hardly discerned in the
image but, still, both defects are too close to be properly resolved. In
structure III, the oxygen adatom is far enough to visualize both
defects separately, the oxygen atom adsorbed on bridge position
N-doped graphene. In each case we show the projected density of states of the N atom,
ne as indicated in the insets. Additionally, each structure if accompanied by the cor-
in e=�A3). (A colour version of this figure can be viewed online.)
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with the same fingerprint of structure II and the nitrogen defect
with its typical ternary symmetry described elsewhere [39,41].

Similar to the single-atom adsorption, the upper panel of Fig. 4
summarizes the electronic structure of the system when two oxy-
gen atoms are adsorbed near the substitutional N atom. Now, the
essential features displayed by the systems are somehow, a com-
bination between those observed in structures I and II previously
introduced. For example, the presence of a partial CeO double bond
implies the displacement of the Dirac cone towards the p region,
due to the charge withdrawal produced by the oxygen atom. Thus,
the p-like contribution arising from the on top adsorption of an
oxygen atom, observed in structure I, is confirmed again. On the
other hand, the strong oxygen peak observed in structure I has been
shifted to lower energies, while the PDOS shape of the N atom is
almost identical. The PDOS of those carbon atoms bonded to oxy-
gen atoms remain much smaller than other atoms on a broad range
½ �2;þ2� eV around the Fermi level. The analysis of the STM image
(see the lower panel of Fig. 4) using the Tersoff-Hamann approxi-
mation is in concordancewith those features obtained in the case of
a single oxygen atom: Oxygen atoms are visualized as bright spots
due to the topography and the accumulation of charge. In this case,
the two oxygen atoms can be separately resolved as different spots.

The most surprising scenario appears when three oxygen atoms
are symmetrical adsorbed around the N-center. Figs. 5a and b show
the PDOS of a number of relevant atoms in the system. As it is seen,
the electronic structure of N-center with three bridge adsorbed O
atoms in its neighborhood is completely different from all other
structures introduced so far in this work. Undoubtedly, the most
remarkable feature is the emergence of a magnetic solution. In this
multiple adsorption configuration, the pronounced peaks of O and
N atoms responsible for the chemical bonding have been shifted to
Fig. 4. Electronic structure of two oxygen atoms adsorbed on N-doped graphene. We
show the projected density of states of the N atom, one O atom and some represen-
tative carbon atoms (C1, C2, C3 and C4) of N-doped graphene as indicated in the inset.
In addition, the corresponding theoretical STM image after the Tersoff-Hamann
formalism if shown in the lower panel (isosurfaces values in e= �A3). (A colour
version of this figure can be viewed online.)
lower energy values with the exception of a sharp state close to the
Fermi level, which is only filled with one electron. Therefore, the
spin degeneracy is broken, giving rise to an energy splitting be-
tween up and down states and a local magnetic moment of � 1 mB
per oxygen-decorated N-center. This state is localized on the carbon
atoms belonging to one of the sublattices (the one without the N
atom), and has also some weight on the oxygen atoms but it is
much smaller in the N atom and its three C nearest neighbors. The
energy splitting is as large as 310 meV for small NeN distances or
high defect concentration (see the 4� 4 cell in Table 1) and the it
decreases with increasing NeN distance, being 130 meV for theffiffiffiffiffiffi
43

p
�

ffiffiffiffiffiffi
43

p
�R7:6+ cell represented in Fig. 5. This trend is very

similar to the one reported for the case of H on graphene [33].
Another characteristic, clearly observed in the PDOS shown in

Figs. 5a and b, is that the sharp peak is embedded in the middle of a
band gap of � 1 eV. This gap is observed in all the atoms of the
simulation cell. This fact is a consequence of the interaction be-
tween defects in different cells. Upon reduction of the defect con-
centration its magnitude is reduced until it starts to vanish at NeN
distances larger than 25 Å (i.e. � 0:5% N/C at.). Results of the band
gap as function of the cell size (or defect concentration) are shown
in Table 1, revealing that its width strongly depends on the defect
concentration.

Finally, we have presented in Fig. 5deg the Tersoff-Hamann
images of the oxygen adsorbates for different bias voltages. Un-
like the two-oxygen case, the overlap among oxygen atoms does
not allow us to resolve the different atoms except for high positive
voltages (see the 1 V case). For other voltages, a single triangular
spot is observed. In addition, the distinctive properties between the
two sublattices of graphene is clearly visible for those images at low
voltages (see ±0:25 V cases).

3.3. Emergence of magnetism in oxygen decorated N-doped
graphene

It is well-known that pristine graphene lacks an intrinsic mag-
netic behavior. According to Lieb’s theorem [72], such a systemwith
an even number of electrons is unable to display any magnetic
moment unless an unbalanced situation between both sublattices
was achieved. In principle, the presence of further external agents
like defects would be necessary for this purpose.

Naively, it can be thought that the introduction in the graphene
lattice of heteroatoms with a different number of valence electrons
(like nitrogen) could be a straightforward way to induce magnetic
behavior in the layer. However, this is not true. In the case of N-
doped graphene with concentrations less than � 6% N/C at., a
nonmagnetic ground state is expected, as explained by Bło�nski and
coworkers [73] This absence of magnetic behavior is related to the
preservation of G p-band upon nitrogen incorporation. The extra
electronic charge is stored in lower energetic levels, shifting the
Dirac cone and leading uniquely to a remarkable negative doping.
Only for higher concentrations it is possible to find weak magnetic
solutions (≪1 mB), and the description of the magnetism becomes
complex and highly dependent on the nitrogen concentration and
its geometrical arrangement. Moreover, a large number of possible
magnetic configurations can be found with a varying effective
magnetic moment per cell and exhibiting ferromagnetic, antifer-
romagnetic behaviors, or even a lack of magnetic order [73]. A
similar scenario has been reported for substitutional sulphur atoms
in graphene [74].

The chemisorption of different species on top of C atoms rep-
resents a suitable option to induce magnetism in the graphene
layer. In particular, this behaviour is found in most of the cases
involving a sp3 -type organic functionalization, where a new co-
valent bond (CeC or CeH) is created between the graphene and the



Fig. 5. Electronic structure of three oxygen atoms adsorbed on N-doped graphene. The spin polarized projected density of states of some atoms is shown in (a) and (b). We include
the N atom, one O atom and two carbon atoms (C1 and C2) in (a) and some additional carbon atoms in (b), as indicated in (c). In this latter case two different species are found,
Csand Cgap; displaying a split state and a band gap respectively. Theoretical STM images (isosurfaces values in e=�A3) after the Tersoff-Hamann formalism have been included for
different voltages (deg). In order to capture this magnetic behavior properly, a low electronic temperature must be used in the calculation, for example s ¼ 0:02 eV and a very dense
k-point mesh has been used to resolve the sharp peaks of the PDOS, as specified in the method section. (A colour version of this figure can be viewed online.)

Table 1
Characteristics of the unit cells used to determine the local influence of the N sub-
stitutional defects in the graphene lattice. The band gap width is calculated from the
PDOS of selected C atoms.

cell Area NeN dist. N/C Density Band gap
width

�
nm2� (Å) (% at.)

�
nm�2� (eV)

4� 4 0.844 9.87 3.13 1.185 1.77
5� 5 1.319 12.34 2.00 0.758 1.61
ffiffiffiffiffiffi
43

p
�

ffiffiffiffiffiffi
43

p
�R7:6+ 2.266 16.18 1.16 0.441 1.10

8� 8 3.376 19.74 0.78 0.296 0.88
10� 10 5.274 24.68 0.50 0.190 0.56
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adsorbate [30,33]. This kind of organic functionalization leads to a
magnetic moment of 1 mB because one electron is removed from
the p-band and retained in the covalent bond, creating a semi-
localized state in the neighbouring carbon atoms. However,
strong polar species, such as fluorine or other halogens, adsorbed
on graphene do not cause the same effect [30,31,75,76]. This is due
to the absence of truly covalent bonds in favor of a remarkable ionic
contribution [30,31]. Besides, in this latter case, the situation be-
comes more complex because the higher electronegativity of the
absorbate may affect the doping level importantly. It has been
shown that the doping level is able to switch on and off the mag-
netic moments of the graphene layer [23]. As a result, it is much
more complicated to stabilize the magnetic moment using elec-
tronegative atoms, at least for low adsorbate densities [31,75,76].

In the case of single oxygen atoms adsorbed on pristine gra-
phene, we have to take into account that it adsorbs necessarily on
bridge position. Therefore it will be impossible to induce magnetic
behavior in the layer because the two new bonds are created in
different sublattices and, in any case, an even number of electrons is
preserved in the p-band. Thus, the possibility of generating the
unbalance between sublattices required to induce the magnetic
moment is discarded. In N-doped graphene, the presence of sub-
stituional N-centers makes possible the O adsorption on top posi-
tion, as we have already explained (see structure I). However, this
feature is not sufficient to provoke the emergence of the magnetic
moment due to the high electronegativity of atomic oxygen. In this
sense, oxygen atoms behave similarly to the case of fluorine and
other halogens, at least at low concentrations. If we consider two
oxygen atoms adsorbed near the N-center, the situation remains
unchanged since the second atom occupies a bridge position.
However, in the three-oxygen N-doped graphene structure re-
ported in Fig. 2c, a magnetic moment of 1 mB is obtained, despite
having all adsorbates on bridge positions.

This surprising result arises from a situation rather different
with respect to the simpler examples described before. Essentially,
the hybridization of the three oxygen atoms forming epoxy groups
locally destroys the G p-band in the neighborhood of the N-center
leading to its full isolation from the layer and thus, producing the
unbalance between sublattices leading to the final magnetic char-
acter. The spin charge density landscape is shown in Fig. 6, which is
mainly localized throughout the p-bands of the graphene layer
constituted by the carbon pz orbitals. Although the total magnetic
moment induced in the layer is 1 mB, the spin is distributed all over
the layer, revealing the slow decay of the spin moment created by
this functionalization [24,33]. The distribution of the spin moment
follows the twofold nature of the graphene lattice. The accumula-
tion of spin density on the N-center is negligible and the magnetic
moment over the three carbon first-neighbors is also rather low.
Conversely, oxygen atoms store up spin together with those C
atoms belonging to the N-free sublattice, while the down spin



Fig. 6. Spin density in the oxygen-decorated N-doped graphene layer. The original
structure is shown in the upper panel while the superimposed spin density is dis-
played in the lower panel (calculated with a Gaussian smearing of 0.02 eV). In both
cases the N substitutional atom appears in the center. Electron up and down densities
are shown in red and blue colors respectively for isodensity values of ± 5� 10�4 e=�A3:

Note the charge splitting between both sublattices, in agreement with the projected
density of states. (A colour version of this figure can be viewed online.)
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density is retained in the sublattice owning the N-center. This spin
distribution is rather similar to those found after direct function-
alization with organic adsorbates like CH3; C2 H6; COOH, etc. [30]
However, this latter proposal is much more difficult to achieve
experimentally. On the contrary, oxygen atoms are specially
appropriate candidates for this purpose. They are highly reactive
species which can diffuse throughout the graphene layer, as
demonstrated by experimental work in undoped graphene [77,78].
In addition, the saturation value of 1 mB is reached for electronic
temperatures up to 0.025 eV, revealing the robust nature of the
magnetic behavior and pointing out that it is expected not only for
extremely low temperatures.

This overall behavior, the emergence of magnetism and the
opening of a band gap at certain defect concentrations, is very
similar to the one reported for atomic hydrogen adsorbed on gra-
phene [33]. The difference here is that substitutional N atoms can
act as fixing centers to promote an ordered functionalization. This
fact would be highly beneficial from the experimental point of
view. Remember that the creation of two defects closely located but
in different sublattices quenches the magnetism. In the case of the
hydrogen adsorption, this is the most energetically favorable
configuration [33] making the experimental production of mag-
netic samples remarkably hard. In this regard, the possibility of
growing controlled N-patterned graphene layers [44e46] could
avoid this difficulty and open the door to tune the magnetic
properties, as well as inducing a band gap with tunable width, on
graphene layers.
4. Conclusions

In summary, we have theoretically shown how substituional N-
defects embedded in a graphene layer can be used as active sites to
control a subsequent covalent functionalization with atomic oxy-
gen. We have investigated in depth the adsorption of atomic oxy-
gen near a graphitic N-defect on free-standing graphene. As a
novelty, we pay special attention to the evolution and tunability of
the electronic properties upon adsorption. This includes, changes
on the electronic doping level, the opening of a band gap, and the
emergence of a permanent magnetic moment when three oxygen
atoms adsorbed on bridge positions symmetrically surround the N-
center. Moreover, we have discussed the feasibility of obtaining
these structures experimentally. The local enhancement of the
chemical reactivity in the neighborhood of these dopants leads to
high values of adsorption energies (�2:77 eV per oxygen atom).
Therefore, these findings reveal the suitability of this kind of
structures to be experimentally achieved.

The search for exotic electronic properties in two-dimensional
materials is attracting much attention due to its potential applica-
tions in the development of electronic devices with new func-
tionalities or a better performance. This work moves one step
forward in this direction, concluding that a magnetic moment of 1
mB can be induced on N-doped graphenewhen a graphitic N atom is
isolated from the graphene p-bands. We have illustrated this effect
with the particular choice of oxygen adatoms but this approach
could have been carried out with other adsorbates, leading to new
interesting properties. Notice that this goal is reached by means of
covalent functionalization even without considering any ferro-
magnetic species. We expect that this study could serve as a plat-
form for future experimental work based on the functionalization
proposal presented here.
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