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Abstract The influence of vacancies and substitutional
defects on the structural and electronic properties of gra-
phene, graphene oxide, hexagonal boron nitride, and boron
nitride oxide two-dimensional molecular models was stud-
ied using density functional theory (DFT) at the level of
local density approximation (LDA). Bond length, dipole
moment, HOMO-LUMO energy gap, and binding energy
were calculated for each system with and without point
defects. The results obtained indicate that the formation of
a point defect does not necessary lead to structural instabil-
ity; nevertheless, surface distortions and reconstruction pro-
cesses were observed, mainly when a vacancy-type defect is
generated. For graphene, it was found that incorporation of a
point defect results in a semiconductor—semimetal transition
and also increases notably its polar character. As with gra-
phene, the formation of a point defect in a hexagonal boron
nitride sheet reduces its energy gap, although its influence
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on the resulting dipole moment is not as dramatic as in
graphene. The influence of point defects on the struc-
tural and electronic properties of graphene oxide and
boron nitride oxide sheets were found to be mediated
by the chemisorbed species.
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Introduction

Since Geim and co-workers [1] reported the isolation of a
carbon monoatomic layer in 2004, scientific research on
nanostructured two-dimensional (2D) systems has increased
noticeably. Because of their novel physical and chemical
properties, such materials have been recognized as potential
materials with which to build data storage systems [2],
electronic devices [3], transparent displays [4], chemical
sensors, catalyzers [5, 6], and templates [7], among others
applications. In this regard, much effort has been focused on
developing easy, reliable and simple techniques to obtain
stable monoatomic layers [8].

In order to manipulate the physical and chemical proper-
ties of monoatomic layers, approaches involving chemical
modifications have been explored. For example, it is well
known that chemisorption of the hydroxyl group, carboxylic
groups and oxygen atoms on the surface of graphene layers
results in the formation of a new material: so-called gra-
phene oxide. This material has a bulk modulus higher than
other low-dimensional systems based on vermiculite [9],
single-walled carbon nanotubes [10], and even graphene
[11]. The synthesis through chemical modification of other
carbon-based two-dimensional (2D) materials, like graphane
[12-14], graphone [15, 16], graphene oxide [17], graphanol
[18], and fluorographene [19, 20], has also been reported.

@ Springer



840

J Mol Model (2013) 19:839-846

Theoretical calculations of C,H,,-like models have been
used to study the physical and chemical properties of gra-
phene [21], graphene oxide [22], III-A nitrides [23], and
silicon carbide sheets [24]. For example, Chigo et al. [22]
reported first principles calculations dealing with the effect
on its physical properties of chemical modification of gra-
phene oxide using molecular models [Cs4H;;+(OH);+0
+COOH]. They found that upon removing the carboxyl
group —COOH, a transition semimetal-semiconductor
occurs/happens/results. Similar molecular models have also
been used to explore the adsorption of water [25] and the
feasibility of obtaining stable Li- and F-doped hexagonal
boron nitride sheets [26].

Although it is well established that the elemental compo-
sition largely determines the resulting physical properties of
materials, formation of structural defects can also modify
them. This holds also for nanosized systems, in which their
influence is notoriously enhanced. Therefore, knowledge of
the effect of structural defects on the physical properties of
low-dimensional materials is highly desirable [27]. In this
regard, while detailed studies of defects in carbon-based
monoatomic layers using electron and probe microscopies
exist [28-30], theoretical studies that help understand the
influence of such defects on the structural stability and the
resulting physical properties are still scarce [31].

Here, we present a theoretical-computational study of
the influence of point defects on the structural and elec-
tronic properties of graphene, graphene oxide, hexagonal
boron nitride, and boron nitride oxide sheets. The influ-
ence of point defects on the atomic array, bond length,
dipole moment, binding energy, and HOMO-LUMO en-
ergy gap was analyzed.

Computational methodology

The physical properties of the studied 2D structures were
calculated using the DMOL® Quantum Chemistry code
[32] based on density functional theory (DFT) [33-36]
at the level of local density approximation (LDA).
Perdew-Wang [37] parameterization was applied for the
exchange-correlation term, and the core electrons were
modeled using a double numeric polarized atomic base
(DNP) [38, 39]; further details can be found elsewhere
[21-26]. The cutoff orbital length and the tolerance for
the self-consistent field (SCF) cycle were set as 0.40 nm
and 1.0x10°® Ha, respectively. The condition of non-
complex frequencies was established as the stability cri-
terion for the studied systems [40]. All the models were
electrically neutral. While circular geometries were cho-
sen to avoid undesirable effects induced due to anisotro-
py, the system-size was determined by the convergence of
cohesion energy (AE~10° Ha).
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The optimized molecular models used to simulate gra-
phene (G; Cs4Hig), graphene oxide [GO; Cs4H;,+(OH);
+O+COOH], hexagonal boron nitride (hBN; B,7N,,H;5),
and boron nitride oxide [BNO; N,,B,;H;;+(OH)3;+O
+COOH] sheets are shown in Fig. 1. Two different config-
urations of the boron nitride oxide sheet were modeled,
considering the nature of the atoms bonded with the chem-
isorbed species: (1) when most are nitrogen atoms
(BNO/A)), and (2) when most are boron atoms (BNO/A,).

Results and discussion
Systems without structural defects

The optimized graphene (G) sheet shows a planar surface
(Fig. 1a) constituted by an array of hexagonal sub-units. The
calculated C—C bond length for the inner hexagons was
1.41 A, in agreement with the characteristic interatomic
distance reported for sp® carbon bonds [20, 41]. In the case
of graphene oxide (GO) (Fig. 1b), the chemical interaction
of the carbon sheet with the —OH, —COOH and O species
induces a slight distortion of the hexagonal sub-units, bend-
ing the layer. This effect is probably due to the formation of
sp-like orbitals, as the disposition of the new interatomic
bonds indicates. It is worth noting that the binding energy of
the GO sheet (21.13 eV) is slightly larger than that calcu-
lated for G layer (19.18 eV), suggesting the possibility of
obtaining stable graphene oxide sheets directly from the
oxidation of graphene.

Although the main structural features of the G and GO
sheets are quite similar, their electronic properties differ
considerably. The calculated bond lengths and binding en-
ergies for the G and GO molecular models are summarized
in Table 1.

Figure 1(c—e) shows the optimized models for hexagonal
boron nitride sheet (hBN) and the two different configura-
tions of boron nitride oxide sheet (BNO/A; and BNO/A),). It
can be seen that the hBN sheet has a planar topography
constituted by a hexagonal array of B and N atoms joined by
covalent sp” bonds. Like G, the incorporation of hydroxyl,
carboxyl and epoxy groups bends the hBN sheet slightly.
This is attributed to some displacement of charge towards
chemisorption sites, which in turn modifies the bond
strength of the surrounding atoms. Table 2 lists the structural
features of the hBN and BNO systems.

Estimation of the dipole moment (p) of chemical systems
can provide a global insight into their capacity to interact
with another molecule or chemical complexes when local
ionization energy surfaces capable of revealing the actual
reactive sites are not available [42]. The calculated dipole
moments for the G and hBN sheets were 2.9x10° and
13.4x1072 D, respectively, revealing the polar character of
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B27No7Hig

N27B27H17+(OH)3+O+COOH

Fig. 1 Appearance of the optimized models of a graphene; b graphene oxide; ¢ hexagonal boron nitride; and d, e boron nitride oxide sheets. Gray

Carbon, white hydrogen, red oxygen, blue nitrogen, pink boron

both systems; nevertheless, such low magnitudes indicate
that they interact weakly through dipole—dipole attraction
with stronger polar molecules like water (py,0 = 1.85 D)
[43]. Alem et al. [44] were able to demonstrate experimen-
tally the polar character of hBN layers. Previous DFT cal-
culations of smaller G (C,4H;,) and hBN (B{,N;,H;,) 2D

models [21] also estimated the magnitude of the dipole
moment for both systems at around ~107> D, supporting
the validity of molecular models to study the polar
character of larger layers.

In the case of GO, a substantive difference of its dipole
moment respect to the G sheet (>2,000 %) was observed.

Table 1 Bond lengths, dipolar

moment, HOMO-LUMO energy System Bond length (A) Binding  Dipole HOMO-LUMO
gap and binding energy calculated energy moment energy gap (eV)
for the graphene (G) and cC C-H O-H C-COOH C-N (eV) (10° D)
graphene oxide (GO) systems.
V¢ Carbon vacancy, N¢ G 1.41 1.10 - - 19.18 2.9 1.94
substitutional nitrogen 1.41%
1.407°

G+V¢ 1.39-1.45  1.10 - - 18.57 1055.0 0.11

G+N¢ 1.41 1.09 - 1.39 19.04 1374.4 1.69

GO 1.41-1.50  1.10 097 1.61 - 21.13 6470.0 0.42
. GO+Ve  1.37-1.77 1.09  0.98 1.58 - 20.61 5970.0 0.52
[20] GO+N¢e 141 1.09  0.98 1.59 1.38 21.02 6427.8 0.26

°[41]
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Table 2 Bond lengths, dipolar

moment, HOMO-LUMO System Bond length (A) Binding Dipole HOMO-LUMO

energy gap and binding energy encrgy motl;ent energy gap (eV)

calculated for the hexagonal B-N B-H N-H O-H X-COOH C-N C-B (eV) (10° D)

boron nitride (hBN) and boron

nitride oxide (BNO) systems. Vy BN 1.44 1.21 1.02 - — — - 17.16 134 4.84

Nitrogen vacancy, ¥ boron 1.44% 4.64°¢

vacancy, Cy substitutional 1.44°

carbon in nitrogen site, C BN+Vy 1.43 121 1.02 - - ~ — 1650 8359 2.00

substitutional carbon

in boron site BN+Vy 1.43 121 1.02 - - - - 1651 1846 0.36
BN+Cy 1.44 1.21 1.02 - - - 1.50 17.09 221.2 3.60
BN+Cp 1.44 .21 1.02 - - 1.39 - 17.07 234.9 0.56
BNO/A, 1.43-1.47 121 1.02 0.97 3.48 - - 18.76  15840.0 1.20
BNO/A+Vy 1.32-145 121 1.02 0.97 1.62 - - 18.44  7340.0 1.42
BNO/A+Vp 1.42-144 121 1.02 097 1.42 - - 18.44  9309.8 2.82
BNO/A|+Cy 145 1.21 1.02 0.97 1.54 - 1.36 1875 19655.4 0.54
BNO/A+Cg 1.43 1.21 1.02 0.97 1.64 1.36 — 18.88  6973.5 1.73
BNO/A, 1.44-145 121 1.02 097 1.88 - - 18.88 65583 2.25
BNO/A,+Vy 1.43-1.45 1.21 1.02 0.98 1.48 - - 18.29 15430.8 0.46

ary BNO/A,+Vg 1.41-1.42 121 1.02 0.98 140 - - 18.45  9304.0 3.06

b[ 3 BNO/A,+Cn  1.44 1.21 1.02 0.98 3.11 - 1.50 18.88 15353.8 1.78

[47] BNO/A,+Cp 1.44-1.46 120 1.02 0.97 1.54 1.36 - 18.76  19655.4 0.54

[48] (theoretical study)

The strong polar character of GO (pgo = 6.47 D) is attrib-
uted to the formation of large charge densities around the
chemisorbed hydroxyl groups. Analogous behavior is
observed for the BNO/A; and BNO/A, models, with
dipole moments of 15.84 and 6.55 D, respectively.
These results suggest that the polar character of BNO
layers might be controlled by a selective process of the
chemisorbed species along with the atomic sites where
chemisorption takes place.

The chemical reactivity of molecular systems is associat-
ed closely with the HOMO-LUMO energy gap (difference
between the energies of the lowest unoccupied molecular
orbital and the highest occupied molecular orbital). This
relevant feature was calculated for each system. The calcu-
lated energy gap of the GO sheet was 0.42 eV, which is
considerably lower than that of the G model (1.94 eV) [22].
This indicates that a semiconductor—semimetal transition
could occur when graphene is oxidized.

For the case of the BNO/A; and BNO/A, models, the
calculated energy gaps fall in the range of semiconductor
behavior, 1.20 and 2.25 eV, respectively. Comparing
with the hBN sheet, it is observed that, in general, its
energy gap decreases when it is oxidized. The notorious
difference between the calculated energy gaps of BNO
models suggests that their electronic properties depend
strongly on the atomic sites to which the oxidant species
become bonded.

Tables 1 and 2 summarize the calculated dipole mo-
ment and HOMO-LUMO energy gap for each carbon- and
hBN-based system, respectively.
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Defects in graphene and graphene oxide

Figure 2 shows the optimized models of the G and GO sheets
containing structural defects. It was found that if a carbon
vacancy (V) is introduced into the graphene model the atoms
around it tend to reorganize, forming a pentagon and two open
rings (see Fig. 2a). It is proposed that an increase in total
energy due to the introduction of dangling bonds makes the
system reconstruct itself. However, it is expected that local
stress remains near the point defect. On the other hand, incor-
poration of a substitutional nitrogen (N¢) does not lead to any
reconstruction (Fig. 2b). The similarity between the atomic
radii of N and C atoms, along with the formation of sp? bonds,
prevent a large distortion of the system. Since the electroneg-
ativity of nitrogen is larger than that of carbon (3.2 and 2.7,
respectively [45]), the carbon atoms surrounding the substitu-
tional nitrogen approach each other slightly, probably induc-
ing lattice strain. Nevertheless, as the N-C bond length
suggests (1.39 A), the induced strain must be small and
distributed symmetrically around the N defect, allowing the
nitrogen-doped graphene sheet to be stable.

The optimized model of the GO sheet containing a single
carbon vacancy is shown in Fig. 2¢. It was found that, after
introducing a V¢ in the GO system, a full reconstruction of
two carbon rings from hexagonal to pentagonal geometry
occurs, suggesting that the chemical interaction of carbon
atoms near the structural defect with chemisorbed groups is
responsible for allowing the formation of such pentagonal
subunits. It is worth noting that the introduction of a V¢ has
a stronger effect on the GO than on the G sheet.
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Fig. 2 Optimized models of
graphene (a, b) and graphene
oxide (¢, d) containing
structural defects. V- Carbon
vacancy, N¢ substitutional
nitrogen. Gray Carbon, white
hydrogen, red oxygen, blue
nitrogen. Ellipse Pentagonal
sub-units formed after recon-
struction process of the GO
sheet containing a V¢ defect

Like the nitrogen-doped graphene sheet, incorporation of
a substitutional nitrogen into the graphene oxide model does
not destabilize the system, or introduce a large structural
distortion; the same reasons concerning atomic radii and sp*
hybridization are believed to be responsible.

Based on the analysis of our 2D carbon-based systems, it is
proposed that preferential doping elements to obtain stable
doped G and GO should fulfill the following requirements:
(1) a similar atomic radius as the substituted atom in order to
minimize lattice strain and to prevent severe reconstruction
processes; (2) electronegativity of around 2.5, so that sites with
large charge density capable of destabilizing the system can be
avoided; and (3) the capacity to establish sp*-like bonds,
otherwise the system could be forced to remove the dangling
bonds by chemisorption or through reconstruction processes.

The effect of point defects on the resulting physical
properties involves not only structural issues; perturbation
of the atomic array could also lead to significant changes of
the dipole moment and energy gap. In this regard, it was
found that when a V¢ is introduced into the G sheet, the
permanent dipole moment increases from 2.9x107° to
1.05 D, and a N¢ defect increases it even further (1.37 D).
For the GO model, the influence of the structural defects on
the dipole moment is not as dramatic as for G, which can be
attributed to the fact that charge located at the chemisorption
sites cannot be redistributed easily. On the other hand, it was
determined that a transition from semiconductor to semimetal

behavior occurs when either a V- or a N defect is generated
in the graphene model. It is interesting to note that such a
transition was not observed for molecular models of graphene
if the central carbon-ring is substituted entirely by nitrogen
atoms (C;gNgH;,) [21]. Moreover, Panchakarla et al. [46]
reported that heavy nitrogen doping of graphene sheets does
not results in semimetal behavior. Therefore, it seems reason-
able to propose that the level of nitrogen doping has a strong
effect on the value of the energy gap of doped graphene layers.
In the case of the GO sheet, although formation of a point
defect (V¢ or N¢) modifies the energy gap slightly, no transi-
tion in electronic behavior was observed.

Table 1 presents the calculated dipole moment and
HOMO-LUMO energy gap for the modeled graphene and
graphene oxide systems containing structural defects.

Defects in boron nitride and boron nitride oxide

The optimized hBN sheets containing structural defects are
shown in Fig. 3. It was found that the hBN system remains
stable after the formation of a vacancy-type defect; neverthe-
less, the resulting consequence depends on the nature of the
removed atom. While a nitrogen vacancy (Vy) tends to bend
the hBN sheet (Fig. 3a), the formation of a boron vacancy
(Vg) does not disturb the planar topography (Fig. 3b). Al-
though the binding energy of the hBN sheet with a Viy defect
is similar to that containing a Vg defect (see Table 2), the
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Fig. 3 Optimized models of
hexagonal boron nitride (hBN)
sheets containing different
structural defects. a Nitrogen
vacancy, b boron vacancy,

¢ substitutional carbon in
nitrogen site, d substitutional
carbon in boron site. Gray
Carbon, white hydrogen, blue
nitrogen, pink boron

induced lattice distortion suggests that Vy is the least energet-
ically favorable vacancy-type defect.

Figure 3(c,d) shows the optimized carbon doped hBN
models. It can be seen that carbon doping results in a non-
distorted stable doped hBN sheet, regardless of whether
carbon substitutes nitrogen or boron.

Like the hBN system, incorporation of a point defect
(vacancy or substitutional) into the BNO sheets does not
lead to structural instability (Figs. 4, 5). A comparison
between the BNO/A | and BNO/A, models containing struc-
tural defects suggests that the distortion induced by the
vacancy-type defects depends on the relative positions of
the point defect and the chemisorbed species (see Figs. 4a,b
and S5a,b). For example, while the formation of dangling
bonds generated due to a Vy defect does not activate a
severe reconstruction process, the system removes them by
building a pentagonal subunit when a Vg defect is present. It
is interesting to note for the BNO/A; model that the lattice
distortion induced by the point defect allows chemical in-
teraction between the chemisorbed hydroxyl groups, leading
to the formation of molecular water (Fig. 4a).

The defect-free hBN sheet had a lower dipole moment
(13.4x107 D) than analogous systems containing a point
defect. In this regard, it was found that the formation ofa Vg
or Vy defect increases the magnitude of the dipole moment
to 184.6x10° and 835.9x10> D, respectively. Not only
the formation of point defects determines the resulting
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dipolar moment of the hBN sheet, the oxidation process
also noticeably changes its magnitude. For example, 15.84
and 6.55 D were calculated for the BNO/A; and BNO/A,
configurations, respectively, i.e., more than one order of
magnitude more than hBN sheet. A comparison among the
calculated dipolar moment of the hBN and BNO sheets with
and without point defects suggests that the polar character of
the system can be increased by introducing lattice disorder;
nevertheless, the overall effect depends on the nature and
spatial distribution of the structural defects (see Table 2).

For the hBN sheet model, it was found that formation of a
V5 leads to a semiconductor—semimetal transition, although
a comparable effect was not achieved by incorporating a Vy
defect. Analogous behavior was observed in carbon-doped
hBN sheets. Therefore, it seems that the energy gap of hBN
sheets is more sensitive to perturbations of the boron sub-
lattice than those related to the nitrogen sub-lattice.

Like the hBN system, the incorporation of a point defect has
a drastic effect on the energy gap of BNO sheets. For example,
the formation of a Vg defect increases the energy gap of the
BNO/A; model (3.06 ¢V) and the incorporation of a substitu-
tional carbon (Cg) in the BNO/A; model results in a semicon-
ductor—semimetal transition. However, it is important to point
that, unlike hBN, no general tendency was recognized.

Table 2 summarizes the calculated HOMO-LUMO
energy gap for the BN and BNO models containing
point defects.
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Fig. 4 Optimized models of
boron nitride oxide sheets
(configuration BNO/A )
containing different structural
defects. a Nitrogen vacancy,
b boron vacancy, ¢
substitutional carbon in
nitrogen site, d substitutional
carbon in boron site. Gray
Carbon, white hydrogen, blue
nitrogen, pink boron. Circle
Molecular water formed by
chemical interaction of
hydroxyl groups on the surface
of the BNO/A, sheet

Fig. 5 Optimized models of
boron nitride oxide sheets
(configuration BNO/A;)
containing different structural
defects. a Nitrogen vacancy, b
boron vacancy, ¢ substitutional
carbon in nitrogen site, d
substitutional carbon in boron
site. Gray Carbon, white
hydrogen, blue nitrogen, pink
boron

BNO/ A2+CN

BNO/ A2+CB
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Conclusions

The results obtained indicate that incorporation of point
defects into graphene, graphene oxide, hexagonal boron
nitride and boron nitride oxide sheets does not necessarily
result in structural instability; however, surface distortions
and reconstruction processes can be generated, mainly when
a vacancy-type defect is involved.

On concerning the cohesion of the studied systems a
general tendency is observed: the formation of vacancy-
type defects reduces the binding energy to a larger
extent than substitutional atoms. For the hBN and
BNO models, although neither a vacancy-type defect
nor carbon doping leads to structural instability, it is
proposed that among them the Vy is the least energet-
ically favorable defect.

Finally, it is concluded that the formation of point defects in
graphene, graphene oxide, hexagonal boron nitride and boron
nitride oxide sheets has a strong effect on their structural and
electronic properties; therefore, taking advantage from this
fact, development of methods that allow us to control the
nature and density of structural defects could lead to potential
novel applications of these monoatomic layered materials.
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