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Abstract: Gradient-corrected density functional theory (DFT) computations were performed to
investigate the geometry, electronic property, formation energy, and reactivity of Stone—Wales
(SW) defects in zigzag-edge and armchair-edge boron nitride nanoribbons (BNNRs). The
formation energies of SW defects increase with an increase in the widths of BNNRs and are
orientation-dependent. SW defects considerably reduce the band gaps of BNNRs independent
of the defect orientations. In addition, the local chemical reactivity of SW defects and edge sites
in zigzag-edge and armchair-edge BNNRs was probed with the CH, cycloaddition reaction.
Independent of the nanoribbon types and the SW defect orientations, the reactions at SW defect
sites are more exothermic than those at the center of perfect BNNRs, and the newly formed
B—B and N—N bonds are the most reactive sites, followed by the 5—7 ring fusions.

1. Introduction

Since its experimental discovery in 2004,'? graphene, a
single atomic layer of graphite, has brought us a new
revolution in materials science due to its many charming,
unusual properties.®~ ¢ For example, graphene is the strongest
material ever measured,’ chemically stable and inert, and
conducts electricity better than any other known material at
room temperature.’ These outstanding mechanical, chemical,
and electronic properties have stimulated great interest and
extensive experimental and theoretical research on the
graphene-based materials family.” *' As one important
member of this family, graphene nanoribbons (GNRs), a new
type of one-dimensional (1-D) graphene-based material, have
been synthesized by cutting the two-dimensional graphene.
The electronic and magnetic properties of GNRs have been
widely studied.'> ' The tight-binding computational results
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showed that, depending upon the width and orientation of
the edges, the H-terminated GNRs can be semiconducting
or metallic.'®"'® While more reliable first-principles calcula-
tions revealed a nonzero band gap for GNRs independent
of the width and orientation of the edges.'®**** In particular,
this theoretical prediction was confirmed by the recent
experiments.””** Moreover, the zigzag GNRs are magnetic,”***
and applying electric field”® or edge-modifications®®*'
renders them half-metallic.

Inspired by the intensive studies on GNRs, researchers
have also broadened the field to inorganic nanoribbons, such
as BN,”” BNC,” B,* BCs;,”” B,C,* SiC,”” Zn0,’® and
MoS,*? nanoribbons. Among them, as an analogy to GNRs
structurally, BN nanoribbons (BNNRs) have attracted more
attention.>>*°~*” Note that single-layer and few-atomic-layer
hexagonal BN sheets have been experimentally realized.*®>>
In particular, Meyer et al.’' synthesized the clean single-
layer hexagonal boron nitride graphene and reported atomic
resolution imaging. Zhi et al.>* achieved large-scale fabrica-
tion of boron nitride nanosheets (as thin as three layers), and
these inorganic sheets were utilized to improve thermal and
mechanical properties of the polymeric composites.
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Therefore, similar to the case of GNRYs, it is highly possible
that the BNNRs may be synthesized by cutting single-layer
hexagonal BN. Due to the large ionicity of BN, BNNRs may
possess novel properties different from those of GNRs.
Theoretically, perfect BNNRs have been predicted to present
semiconductor behavior, regardless of their width and
orientation of the edges.*” The H-terminated BNNRs are
nonmagnetic,”® while the bare zigzag BNNRs are mag-
netic.>**® An applied transverse electric field can induce
electron reorganization and control the band gap of bare
zigzag BNNRs to produce a metallic—semiconducting—half-
metallic transition.*> The half-metallicity is also found in
BNNRs with only the B edge passivated with hydrogen.***”
These open promising opportunities for the application of
BNNRs in electro-optical devices.

Perfect nanomaterials exhibit attractive physical and
chemical properties; however, defects are inevitable in reality,
such as vacancies, adatoms, and topological defects, which
may impact significantly the electronic properties and chemi-
cal reactivity of nanomaterials.’> °® A well-known example
is the Stone—Wales (SW) defect, which is comprised of
two pairs of five-membered and seven-membered rings
(5—7—7-5) formed by rotating one bond of the traditional
six-membered ring by 90°.°” The effect of SW defects on
the electronic and mechanical properties of carbon nanotubes
(CNTs), BN nanotubes (BNNTSs), and GNRs has drawn
considerable attention, especially in terms of chemical
reactivity,3>-36-61:62:64766 AJ] of these studies show that the
SW defects play an important role in the structural recon-
struction, electronic properties, and chemical reactivity of
nanomaterials. To the best of our knowledge, however, no
investigations have been performed on the electronic proper-
ties and chemical reactivity of BNNRs with SW defects.

In this study, we carried out systematic first-principles
computations to investigate the formation energies and
electronic properties of zigzag and armchair BNNRs with
SW defects. Because of the stronger reactivity, carbene (CH,)
is used as a probe to examine the chemical reactivity of SW
defect sites in BNNRs with different edges. In particular,
we focus on the effects of the SW defects and defect
orientation on the formation energies, band structures, and
chemical reactivity of these BNNRs.

2. Computational Methods

The generalized gradient approximation with the PW91
functional®® and a 360 eV cutoff for the plane-wave basis
set were employed for all of the DFT computations with the
Vienna ab initio simulation package (VASP).®”7? The
ultrasoft pseudopotentials’? were used to model the electron—
ion interactions. Interactions between SW defects and their
images were avoided in our computational supercell models,
for which the distance between two SW defects is longer
than 10 A in both zigzag BNNRs (zBNNRs) and armchair
BNNRs (aBNNRs). The edges of BNNRs are terminated by
hydrogen atoms to remove dangling bonds. Five k points
were used for sampling the 1-D Brillouin zone, and the
convergence threshold was set as 10™* eV in energy and 10~°
eV/A in force. The positions of all of the atoms in the
supercell were fully relaxed during the geometry optimiza-
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Figure 1. Geometric structure for H-terminated BN nanorib-
bons: (a) zigzag-edged and (b) armchair-edged. The blue,
pink, and white colors represent N, B, and H atoms,
respectively.

tions. On the basis of the equilibrium structures, 21 k points
were used to compute band structures.

Defect formation energies (energies required to form SW
defects) are defined as

EF = ESW - Eperfecl (1)

where Egw and Erec are the total energy of the BNNR
containing a SW defect and that of the perfect BNNR,
respectively. Note that this definition does not take into
account the energy barrier height for the formation of the
SW defect, which may be higher than the calculated
formation energy on the basis of the ground state energy
differences. The reaction energy for the cycloaddition of CH,
group is estimated as

Ex = E — Epnnr — Ecn, 2

where Eiq1, Egnng, and Ecy, are the total energy of the CH»-
added BNNR, the pristine BNNR, and the CH, group,
respectively.

3. Results and Discussion

3.1. Geometric Structures of SW Defects in ZBNNRs
and aBNNRs. By convention, as shown in Figure 1, the
structures of zZBNNRs and aBNNRs are classified by
the number of zigzag chains N, and dimer lines N, across
the ribbon width, respectively. Figure 2 represents the perfect
and defective structures of 8-zZBNNR and 11-aBNNR. There
are two kinds of B—N bonds in ZBNNRs and aBNNRs. One
is parallel or perpendicular to the axis, and the other is
slanted. These are denoted by bond “1” and bond *“2” in
Figure 2a and d, respectively. Consequently, two types of
SW defects for each of the BNNRs (labeled as SW-1 and
SW-2) are possible via rotating bonds 1 or 2 by 90°, and
new B—B and N—N bonds appear in all of the defective
BNNRs. These new B—B and N—N bonds in 8-zZBNNR with
SW-1 (1.663 and 1.433 A) are slightly shorter than those in
8-zBNNR with SW-2 (1.664 and 1.439 A), while the
corresponding B—B and N—N bonds in 11-aBNNR with
SW-1 (1.672 and 1.443 A) are somewhat longer than those
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Figure 2. Optimized structures of BNNRs: (a, d) perfect and (b/e, c/f) with various SW defects.
Table 1. Bond Lengths, Pyramidalization Angles, and 7.2F
Formation Energies Related to SW Defects in 8-zBNNRs 70k (a)
and 11-aBNNRs =~
° 68} SW-1
O, (degree) 5 ool
species dsn (A) dss(A) dun(A) B N Er(eV) ] o4 SW-2
zBNNRs perfect 1.446° u=.| .
1.4437 g 621
SW-1  1.353° 1663 1433 0.15 018 6.50 g sof
SW-2  1.363° 1.664 1439 075 1.60 6.31 °
aBNNRs perfect 1.448° w 58f
1.446 56|
SW-1 1.365° 1.672 1443 054 0.15 6.30 L L L L L L L
SW-2  1.367° 1.668 1435 0.18 062 5.96 12 14 16 18 20 2 24 26 B
the width of zZBNNRs (A)
2The B atom at the 7—7 ring fusions of SW defects. ? The N
atom at the 7—7 ring fusions of SW defects. °Bond 1. “Bond 2 72F (b)
(see Figure 2a and d). © The B—N bonds at the 7—7 ring fusions 70k
of SW defects.
. . 2 . 3 %%r SW-1
in 11-aBNNR with SW-2 (1.668 and 1.435 A, respectively). 5;’: sl
Moreover, the B—N bonds at the 7—7 ring fusions of SW g ’ SwW-2
defects in all defective BNNRs are shorter than those in & 64r
perfect BNNRs. For the defective BNNRs, most of the bonds 5 e2f
are slightly longer than the corresponding bonds in BNNTSs E 6.0}
with SW defects due to local curvatures of BNNTs. E ssl
Usually, the pyramidalization angle (©, = 0,7 — 90°) is 56
used to measure the degree of sp* hybridization of an atom, “L " L N L " N
12 14 16 18 20 22 24 26

where 0, is the angle between ¢ and 7 bonds.”*7° Note
that perfect BNNRs have no pyramidalization angle because
of their s-conjugated planar structures. However, the ©,
angle can describe the degree of sp® hybridization for the B
and N atoms at the 7—7 ring fusions of SW defects, where
the B and N atoms are slightly outward from the plane
due to the formation of SW defects (Table 1). Obviously,
these O, angles may reflect the structural deformation owing
to the defect formation. As shown in Table 1, the respective
O, angles of the B and N atoms at the SW-1 site are 0.15
and 0.18° for zBNNRs and 0.54 and 0.15° for aBNNRs,
while the corresponding values at the SW-2 site are 0.75
and 1.60° for zBNNRs and 0.18 and 0.62° for aBNNRs,
respectively. Clearly, the orientation of SW defects in
BNNRs has different effects on the ©, angles: independent
of the orientation of the edges in BNNRs, the deviations of
the B and N atoms at the 7—7 ring fusions of SW-1 sites
are less than those of SW-2 sites. Note that deviations can

the width of aBNNRs (4)

Figure 3. Formation energies of SW defects as a function of
the widths of BNNRs: (a) zZBNNRs and (b) aBNNRs.

be directly reflected by ©, angles in BNNRs. These tiny
deviations of the B and N atoms at the 7—7 ring fusions of
SW defects may influence the formation energies of SW
defects in BNNRs. As shown in Table 1, in contrast to the
BNNRs with SW-1, the more deformed BNNRs with SW-2
are more favorable energetically and possess smaller defect
formation energy, independent of the orientation of the edges.

3.2. Formation Energies of SW Defects in zZBNNRs
and aBNNRs with Different Widths. The formation ener-
gies of SW defects in CNTs’””® and BNNTs® have been
reported, which depend not only on the defect orientations
but also on the tube radii. It has been pointed out that SW
defects form with more difficulty in larger-diameter BNNTSs
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Figure 4. Band structures of 8-zBNNRs—perfect (a), with SW-1 (b), and with SW-2 (c)—11-aBNNRs: perfect (d), with SW-1 (e),

and with SW-2 (f).

and CNTs.%>78 Also, in the BN graphene sheet, the formation
energy of SW defects is up to 7.28 eV.®® Naturally, it can
be expected that forming SW defects in BNNRs will be more
difficult than in BNNTSs,®® which is supported by our present
computations.

We computed the formation energies of SW defects in
zBNNRs and aBNNRs as a function of the ribbon width
(Figure 3), for which both kinds of SW defects (SW-1 and
SW-2) in a series of zZBNNRs and aBNNRs with various
widths (N, = 6, 8, 10, 12 and N, = 11, 13, 16, 19) were
considered. Our computations show that the formation
energies of both SW-1 and SW-2 increase with increasing
widths of ZBNNRs and aBNNRs (Figure 3). The narrowest
ribbons have the lowest formation energies of SW defects,
which are 6.14 eV for SW-1 in 6-zBNNR, 5.90 eV for SW-2
in 6-zZBNNR, 6.30 eV for SW-1 in 11-aBNNR, and 5.96 eV
for SW-2 in 11-aBNNR. When their widths are the same,
the formation energies of SW-1 are always larger than those
of SW-2 in all of the zBNNRs and aBNNRs. Obviously,
the orientation of the SW defect has different effects on the
formation energies of both zZBNNRs and aBNNRs. The SW-2
defect is closer to the edges than SW-1 defect in both types
of BNNRs (Figure 2). Consequently, the SW-2 defect is
easier to form than the SW-1 defect due to the easier

deformation of the edge, and the more deformed BNNRs
with SW-2 defect possess a smaller formation energy, as
shown in Table 1.

3.3. Band Structures of zZBNNRs and aBNNRs with
SW Defects. Similar to BNNTs,®® the electronic band
structures of perfect and defective ZBNNRs and aBNNRs
show typical semiconductor behavior (Figure 4). The perfect
BNNRs display a 4.56 eV direct band gap for 11-aBNNR
and a 4.28 eV indirect band gap for 8-zZBNNR (Figure 4a
and d), which are reasonably consistent with the results
reported by Du et al.*

Previous theoretical studies pointed out that the electronic
band structures of BNNTs can only be modified slightly at
the presence of some defects.”” %% However, different from
the BNNTs with SW defects,®’ the formation of SW defects
in BNNRs has significant effects on their electronic band
structures, although all of the BNNRs with SW defects still
retain typical wide-band-gap semiconductor character. As
shown in Figure 4, introducing SW defects in perfect BNNRs
leads to new levels of the top valence band and the bottom
conduction band. Consequently, the band gaps of BNNRs
with SW defects are reduced significantly, by 0.71, 0.65,
1.00, and 1.03 eV, respectively, for 8-zBNNR with SW-1,
8-zBNNR with SW-2, 11-aBNNR with SW-1, and 11-
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Figure 5. Electron density isosurfaces of the highest-energy
valence (v) and the lowest-energy conduction (¢) bands of
perfect and defective zZBNNRs and aBNNRs.

aBNNR with the SW-2 defect. The orientation of SW defects
has almost no effect on the band gap reduction of zZBNNRs
and aBNNRs.

To clearly examine the character of these new levels in
defective BNNRs, we plotted the electron density isosurfaces
of the valence bands and conduction bands of perfect and
defective BNNRs (Figure 5). For the perfect ZBNNR, its top
valence band is mainly from N atoms close to and on the N
edge, while its bottom conduction band is mainly from the
B atoms of the B edge; in contrast, for perfect aBNNR, the
top valence band and bottom conduction band originate from
almost all of the N atoms and all of the B atoms, respectively.
Obviously, the edge orientation of perfect BNNRs affects
the composition of their top valence bands and bottom
conduction bands. In comparison with perfect BNNRs, for
all of the defective BNNRs, independent of the edge and
defect orientation, the top valence bands originate mainly
from the N atoms in the N—N bonds at the SW defects sites,
while the bottom conduction bands are mainly from the B
atoms in the B—B bonds at the SW defects sites. Obviously,
the reduction of the band gap of BNNRs with SW defects is
due to the localized defect states appearing within the gap
of the pristine BNNRs, instead of the shifting of the original
valence and conductance bands. This is similar to the case
of the BNNTs with SW defects reported by Li et al.%
However, compared with the defective BNNTs, BNNRs with
SW defects show a much larger reduction of band gaps,
which indicates that the newly formed N—N bonds and B—B

Chen et al.

bonds of SW defect sites are more unfavorable due to the
planar structures of BNNRs.

Additionally, the introduction of SW defects obviously
reduces the band gaps of defective BNNRs, which implies
that the band gap of BNNRs is not so robust. As a result, it
is reasonable for us to suppose that the band gap of BNNRs
may be further reduced, even close to having metal behavior,
such as by chemical modification. These interesting electronic
properties will make BNNRs promising materials for many
potential applications, particularly in nanoelectronics.

3.4. Chemical Reactivity of SW Defects in zZBNNRs
and aBNNRs. Defects sites are usually considered as the
center of chemical reactions in nanomaterials. The chemical
reactivities of SW defects in CNTs and BNNTSs have been
widely investigated,®'0%¢+6>7980 in which some small
species such as CH,, O, Oz, and CO are deemed to be
excellent adsorbates due to their high reactivity. A previous
theoretical study, reported by Lu et al., indicated that the
central C—C bond of the SW-defect site in CNTs is less
reactive than all of the other sites.®' However, An et al. found
that the SW defects in BNNTs are more reactive than
the perfect sites.®* These different chemical reactivities are
related to the local deformation, characterized with the
pyramidalization angles ©, of the involved atoms. The
increased ©, angle has a significant contribution to high
chemical reactivities.

In this work, carbene cycloaddtions were used to probe
the chemical reactivity of SW defect sites in ZBNNRs and
aBNNRs. Some characteristic sites related to SW defects
were considered, as well as two sites on the edges of perfect
and defective BNNRs, because the edge plays an important
role in nanoribbons.®*” All of the addition sites on the
perfect and defective BNNRs with the different edges are
illustrated in Figure 6. Some typical structures of CH,
cycloaddition to perfect BNNRs and the B—B, N—N, and
7—17 ring fusion sites in defective BNNRs are shown in
Figure S1 (Supporting Information). Our calculated reaction
energies in Tables 2 and 3 reveal that these CH, cycload-
ditions are favorable thermodynamically. The chemical
reactivities of the B—N bonds on edges are higher than those
in the center for perfect BNNRs. In defective BNNRs, the
chemical reactivities of the bonds related to SW defects
are comparable to or even higher than those of the bonds on
the edges due to the existence of tiny pyramidalization angles
for the related atoms in SW defect sites. In particular, the
newly formed B—B and N—N bonds are the most reactive
sites in defective BNNRs due to their energetically unfavor-
able character. Among all of the sites including 7—7, 6—7,
5—7, and 5—6 ring fusions, the chemical reactivity of 5—7
ring fusion sites (sites 4 and 5) are higher than those of other
sites, followed by 6—7 ring fusion sites. All of the above
results are independent of the type of BNNRs.

4. Conclusion

SW defects in a series of zZBNNRs and aBNNRs were
investigated by means of DFT computations. By rotating
different B—N bonds, two kinds of SW defects (named SW-1
and SW-2) for zZBNNRs and aBNNRs were considered. The
formation of the SW defects in all BNNRs changes the local
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Figure 6. Possible sites for cycloadditions of CH, to perfect and defective BNNRs: (a—c) for zZBNNRs and (d—f) for aBNNRs.

Table 2. CH, Cycloaddition Reaction Energies (eV) on
Corresponding Sites (Figure 6a—c) in the Perfect and
Defective 8-zBNNRs

Table 3. CH, Cycloaddition Reaction Energies on
Corresponding Sites (Figure 6d—f) in the Perfect and
Defective 11-aBNNRs

reaction sites perfect SW-1 SW-2 reaction sites perfect SW-1 SW-2
1 —1.60 —-2.27 —2.22 1 —-1.62 —-2.22 —2.09
2 -1.62 —4.62 —4.54 2 -1.62 —4.45 —4.38
3 —-2.33 —4.81 —4.64 3 —2.45 —4.69 —4.51
4 —2.02 —2.93 -3.13 4 —2.36 —2.77 —2.89
5 -3.13 —2.79 5 -3.08 —2.63
6 —2.07 —2.12 6 —2.12 —-1.97
7 —2.36 —2.20 7 —-2.16 —2.14
8 —2.42 —2.46 8 —2.40 —-2.33
9 —2.53 —2.24 9 -2.02 —-2.07
10 —-3.03 —2.27 10 —-2.13 —2.52
11 —2.08 —2.49 11 —2.40 —2.52
12 —2.06 —2.89 12 —2.58 —2.82
13 —2.43 13 —2.47 -1.97
14 —2.06 14 —2.42 —2.34

curvature at defect sites and results in small pyramidalization
angles of the related atoms. Compared with BNNTs, BNNRs
show larger formation energies of SW defects due to their
planar structures. The SW orientations have an impact on
their formation energies, and SW-2 defects are preferred
energetically over SW-1 defects in BNNRs, independent of
the edge orientation. The chemical reactivity of SW defects
in BNNRs was investigated by using the CH, cycloaddition
reactions. All of the CH, cycloadditions in perfect and
defective BNNRs are exothermic and favorable thermody-

namically. The reactions at SW defects sites are more
exothermic than those in the center of perfect BNNRs. The
newly formed B—B and N—N bonds are the most re-
active sites, followed by the 5—7 ring fusions, irrespective
of the types of ribbon edges. Moreover, independent of the
SW defect orientation, the formation of SW defects signifi-
cantly narrows the energy gaps of the defective BNNRs,
though they still retain typical wide-band-gap semiconductor
behavior. It is indicated that the band gap of BNNRs is not
so robust, and it is highly possible to further reduce their
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band gap by chemical modification. These findings are useful
to design new nanodevices on the basis of BNNRs.
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