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ABSTRACT: Due to boron’s unique bonding nature, planar boron
materials, including borophenes, boron nanoclusters, and nanorib-
bons, show very puzzling features, especially the superior stability of
the free-standing planar boron edges. Here, we present a systematic
investigation of the bonding configurations of various edges of
borophene. Because of the flexibility of forming either three-center
two-electron (3c−2e) or two-center two-electron bonds (2c−2e), an
edge of borophene tends to be self-terminated by adopting a different
bonding configuration at the edge from that in bulk. Among various
borophene edge types, the double-chain-terminated flat edge is found
to be significantly stable. As a consequence, we found that the double-
and triple-chain borophene nanoribbons with a triangular lattice and
wider ribbons with hexagonal holes in the central area are more stable
than the quadruple-chain borophene nanoribbon. This study greatly deepens our understanding of the bonding configurations,
electronic properties, and stabilities of planar boron nanostructures and paves the way for the rational design and synthesis of various
boron materials.
KEYWORDS: borophene, edge, self-termination, density functional theory, chemical bond

■ INTRODUCTION
Since the experimental realization of all-boron fullerene1 and
theoretically predicted boron polymorphs,2,3 planar boron-only
materials, especially various two-dimensional (2D) boron
sheets, namely borophene, have recently attracted growing
interest. Due to boron’s electron-deficiency nature and the
related chemical bonding features,4,5 planar boron materials
exhibit many intriguing properties. Unlike many other
materials, including its carbon counterpart, free-standing planar
boron nanoclusters are reported highly stable and have been
successfully synthesized,6,7 indicating that edge energies of
these planar boron clusters must be considerably low. Except
for boron nanoclusters, one-dimensional boron nanostructures
that have two long pristine edges, such as linear and cyclic
double boron rings, are also predicted as low-energy
isomers.7−11 More interestingly, for 2D boron sheets,
polymorphs with hexagonal holes or larger holes are usually
energetically more favorable,12−14 implying the high stability of
hole edges in a triangular lattice-based borophene. All of these
results suggest that the edges of borophene are significantly
different from that of graphene. A pristine graphene edge has
an extremely high formation energy of ∼10 eV/nm15,16 and
introducing hetero functional groups, such as H, OH, or O, is
essential to passivate the highly unstable pristine edges of
graphene. In sharp contrast, the formation energy of a
borophene edge can be as low as ∼2 eV/nm.17 Such a small
edge formation energy implies that the dangling orbitals of an
as-cut borophene edge must be effectively self-passivated.

Zhang and co-workers have found that, on the silver
substrate, some specific types of borophene edges are very
stable and might be self-passivated as the interaction between
the borophene edge and the substrate is very weak.17 Some
theoretical studies have proposed similar chemical bonding
models with peripheral two-center two-electron (2c−2e) and
central three-center two-electron (3c−2e) bonds for planar
boron nanoclusters, showing different bonding configurations
at the edge and bulk of 2D boron materials.18,19 Unfortunately,
an insightful understanding of the superior stability of the
borophene edge or the mechanism of dangling orbital self-
termination at the edge is still missing.
Here, we investigate the borophene edge based on the

theory for the chemical bonding resonance in 2D boron
materials.20 It is found that the flat edge in the boron triangular
lattice is of high stability because of the self-termination of the
edge dangling orbitals by forming 2c−2e bonds and a
subsequent edge resonance following the 3c−2e bond
resonance in bulk. Considering the boron nanoribbons with
this most stable flat edge, using density functional theory
(DFT) calculation, double- and triple-chain with perfect
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triangular lattice are demonstrated to be the most stable
ribbons, and wider ribbons can reach similar stability by
creating hexagonal holes in the central area. DFT calculation
and the edge resonance model also reveal that a flat borophene
edge should be protected by a boron double chain. This work
proves that the pristine edge of 2D borophene can be
efficiently self-terminated without interacting with any func-
tional groups, which will benefit the design and synthesis of
boron-based materials or pure boron chemistry.

■ RESULTS AND DISCUSSION
In the planar boron triangular lattice shown in Figure 1, we
define two basic vectors, v1 = (1, 0) and v2 = (0, 1), where the

angle between the two vectors is 60 degrees. Thus, any vector
connecting two lattice points can be expressed as mv1 + nv2 or
(m, n), where m and n are integers. Depending on their
alignments and periodicities, boronphene edges can be
classified into flat edges whose indexes are (m, 0), zigzag
edges whose indexes are (m, m), and chiral edges whose
indexes are (m, n) (m ≠ n, n ≠ 0). Note that different
oscillation amplitudes (or periodicities) along the zigzag
direction lead to different edge types, such as Z1 and Z2 are
different (Figure 1), and here, we denote them by (m, m) and
(2m, 2m), respectively. Similarly, we define zigzag edges with
larger oscillation amplitudes as Z3, Z4, etc.
Self-Termination of the Edge Dangling Orbitals
In this work, following the bonding model in ref 20, we assume
that all the B atoms are sp2 hybridized (light blue orbital
denotation), and in the boron triangular lattice, it tends to
form either conventional 2c−2e (head-to-head, denoted by
dark blue bar), 3c−2e (denoted by blue triangle) σ bonds, or a
new type of shoulder-by-shoulder (π type) 2c−2e bonds
(denoted by blue bar), as shown in Figure 2. We note that,
following this bonding model, each boron atom in a highly
stable borophene bulk shares six σ electrons or forms three σ
bonds with its neighboring boron atoms. Together with the
extra two π electrons, every boron atom in a highly stable
borophene bulk fulfills the octet rule.
Using three triple-chain ribbons as examples, we consider

the bonding configurations of three basic borophene edge
types, Z1, Z2, and F edges (Figure 2). For the Z1 edge (Figure
2a,b), half of the triangular lattices are occupied by 3c−2e

bonds and head-to-head 2c−2e bonds form at half of the edge
sites. The above orbital analysis shows that there is one
dangling orbital at each convex corner of the Z1 edge and,
thus, we predict that the Z1 edge is energetically less stable and
the reconstruction of the pristine Z1 edge will occur.17

Increasing the oscillation amplitude of the zigzag edge, we
have the Z2 edge (Figure 2c,d), on which half of the edges
form head-to-head (σ type) 2c−2e bonds and another half
form shoulder-by-shoulder (π type) 2c−2e bonds, leaving no
dangling orbitals on the self-terminated Z2 edge. According to
the above analysis, we predict that the Z2 edge is more stable
than the Z1 edge.17

To verify the above analysis, we calculate the formation
energies of a few types of ribbons, which contain the energy of
two identical edges as,

=E E N L( )/f ribbon B (1)

where Eribbon is the DFT calculated energy of a ribbon, N is the
number of B atoms in the ribbon, μB is the reference energy or
the energy of one B atom in a free-standing α-borophene, and
L is the ribbon length. The calculation details are presented in
Methods. The result shows that the energy of the Z1 edge
(6.53 eV/nm) is much higher than that of the Z2 edge (2.82
eV/nm), which validates our bonding analysis of borophene
ribbons shown in Figure 2. A similar analysis leads to a
conclusion that all the dangling orbitals of an even-numbered
zigzag edge (Z2, Z4, Z6,...) can pair up to form 2c−2e bonds
and, in contrast, the odd-numbered zigzag edges (Z1, Z3,
Z5,...) always have one unpaired dangling orbital in each
periodic unit. Therefore, an oscillation of the formation

Figure 1. Schematic diagram of the borophene edges. Two types of
primary borophene edges, flat (F) edges and zigzag (Z) edges, are
shown in a boron triangular lattice along (m, 0) and (m, m)
directions, respectively. According to the oscillation amplitudes,
zigzag edges can be defined as Z1, Z2, etc. as shown in the figure.

Figure 2. Chemical bonding analysis of the three basic borophene
edges. (a−d) Optimized structures, formation energies, and bonding
configurations of borophene ribbons with Z1 (a, b), and Z2 (c, d)
edges. (e) Formation energies of various zigzag ribbons by DFT
calculation. (f, g) Optimized structure, formation energy, and bonding
configuration of the borophene ribbon with the flat (F) edge. The
bonding analysis is performed on three triple-chain ribbons with
corresponding edge types. All the B atoms are sp2 hybridized, the
borophene bulk tends to form a maximum number of 3c−2e bonds,
and the 2c−2e bonds will be formed at the edge. The ribbon
formation energies presented are obtained by using eq 1, and
therefore, the edge energies are half of them, i.e., 6.53, 2.82, and 1.76
eV/nm, respectively.
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energies of zigzag ribbons is predicted. Our DFT calculation
(Figures 2e and S1) also demonstrates such formation energy
oscillation.
From the above DFT calculations, we can see that the

formation energy of the self-terminated borophene edge is just
a small fraction of that of the pristine edge of graphene,15

which implies that the pristine borophene edges can exist in
ambient conditions. Among these self-terminated edges, the
flat edge, whose formation energy is only 1.76 eV/nm (Figure
2f), is much more stable than the zigzag edges. To understand
the stability of the flat edge, we plot the bonding configuration
of a triple-chain borophene ribbon with flat edges in Figure 2g.
On the bottom edge of the ribbon, head-to-head 2c−2e bonds
form between each two neighboring B atoms, just like that at
the hexagonal hole edge of borophene.20 In contrast, in-plane
shoulder-by-shoulder 2c−2e bonds form on the top edge. This
indicates that all of the dangling orbitals of both edges of a flat-
edged borophene ribbon are perfectly self-terminated.
We need to point out that under our current theoretical

framework,20 edge self-termination or no dangling orbitals at
the edge is a necessary condition to ensure the high stability of
the borophene nanomaterials with edges. But it is not a
sufficient condition. Stabilities of borophene structures, such as
borophene nanoribbons (as will be shown in the following
discussion), may vary intensively even when there are no
dangling orbitals and the octet rule is satisfied.
Resonance of the Borophene Edges

In the σ bond resonance theory,20 energy of the flat boron
system is further reduced by the resonance between the 2c−2e
and 3c−2e σ bonds within the triangular lattice of the boron
plane. The resonance happens between two identical bonding
configurations derived from two sp2 orbital patterns, which are
denoted by the light blue and light green sp2 orbitals shown in
Figure 3. Here, the green pattern of the sp2 orbitals can be
obtained by flipping the blue pattern. In a borophene bulk (see

Figure 3a,b, or Figure 3e,f, or in the original study of ref 20, the
resonance of alternating 3c−2e bonds (blue and green
triangles) leads to a diamond-shaped resonant 3c−2e bond
(yellow diamond), which is the type I resonance unit in Figure
3.
Following the resonance in bulk borophene, we plot another

equivalent bonding configuration at the Z2 edge (Figure 3b).
It is shown that the 3c−2e bonds (green) form in the other
half of the triangular lattice compared to the previous blue
configuration in Figure 2d (or Figure 3a), and the head-to-
head and shoulder-by-shoulder 2c−2e bonds at the zigzag
edges exchange their positions. The two equivalent bonding
configurations thus lead to a resonant bonding structure
(Figure 3c) including resonance units of (I) resonance of
alternating 3c−2e bonds in the bulk results in resonant 3c−2e
bonds (yellow diamond); (II) resonance of alternating 2c−2e
or 3c−2e bonds at each concave corner results in two resonant
3c−2e/2c−2e bonds (dark blue sector); (III) resonance of
alternating head-to-head or shoulder-by-shoulder 2c−2e bonds
at each convex corner results in two mixed-type 2c−2e bonds
(dark blue bar). As the electron density of a mixed-type 2c−2e
bond (type III) is higher than that of a resonant 3c−2e/2c−2e
bond (type II) and much higher than that of a resonant 3c−2e
bond (type I), we expect higher electron density at convex
corners, lower at concave corners, and lowest in the bulk,
which agrees well with the valence electron charge density
(VECD) map (Figure 3d). A similar resonance analysis can be
applied to the Z1 edge (Figure S2).
The flat edge (Figure 3e) has another equivalent bonding

configuration (Figure 3f), and the corresponding resonant
bonding structures are shown in Figure 3g. In the bulk, the
resonance is the same and composed of only resonance unit I.
At the flat edge, there also include two resonance units of (IV)
resonance of alternating head-to-head or shoulder-by-shoulder
2c−2e results in a mixed-type 2c−2e bond (dark blue bar);

Figure 3. Resonance analysis of borophene Z2 and flat edges. (a−c) Two equivalent bonding configurations of the triple-chain borophene
nanoribbon with the Z2 edges (a, b) lead to a resonant bonding structure shown in (c). (d) Corresponding valence electron charge density
(VECD) map verifies the bonding analysis. (e−g) Two equivalent bonding configurations of the triple-chain borophene nanoribbon with the flat
edges (e, f) lead to the resonant bonding structures shown in (g). (h) Corresponding VECD map verifies the bonding analysis of the flat borophene
edge. Inset: the resonance of alternating 3c−2e bonds in the bulk of the nanoribbons (I); the resonance units involving alternating 3c−2e and 2c−
2e bonds at the Z2 and flat edges (II and III; IV and V), respectively. The intensity scale bars of (d) and (h) are from 0.16 to 0.02 e/bohr3 (red to
blue).
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(V) resonance of alternating 2c−2e or 3c−2e bonds results in
a resonant 3c−2e/2c−2e bond (dark blue sector). Therefore,
the bonding configuration of the flat edge is with alternating
mixed-type 2c−2e bonds (type IV) and resonant 3c−2e/2c−
2e bonds (type V). The two alternating types of bonds (type
IV and V), like the conjugated π bonds in graphene, can
resonate again (Figure 3g, and details in Figure S3) and,
therefore, lead to an evenly distributed charge density along
the edge (Figures 3h and S4).
In chemistry, it is common knowledge that a stronger bond

is shorter than a weak bond of the same type, such as the triple
C�C bond is shorter than the double C=C bond, and the
double C=C bond is shorter than the single C−C bond. Since
a 2c−2e bond is shared by two B atoms and a 3c−2e bond is
shared by three B atoms, the bonding strength between two B
atoms with a 2c−2e bond should be stronger than that
between two B atoms with a 3c−2e bond, and thus, the B−B
distance between two B atoms bonded with a 2c−2e bond
should be shorter than that between two B atoms bonded with
a 3c−2e bond. Carefully comparing the optimized B−B bond
lengths at the edges of borophene nanoribbons with those in
the bulk region of α-borophene (Figure S5), we find that the
bond lengths match well with our bonding configuration
analysis. The length of the type III 2c−2e bond at the vertex
corner of the Z2 edge is the shortest (∼7% shorter than the
bulk B−B bond length), that of the double-resonant bond at
the flat edge is the second shortest (∼5% shorter than the bulk
B−B bond length), that of the type II resonant 3c−2e/2c−2e

bond is longest one at the edge (only ∼2.5% shorter than the
bulk B−B bond length), and all edge bonds are shorter than
that of the bulk B−B bond length. Besides, our bonding model
of the borophene edges is further validated by the solid-state
adaptive natural density partitioning (SSAdNDP) analysis21

(Figure S6), in which 4c−2e bonds dominate the bulk region
and 2c−2e or 2c−2e/3c−2e resonant bonds appear at the
edges.
In summary, under the framework of resonance theory and

our bonding model, the high stability of the borophene flat
edge is attributed to the self-termination of the edge dangling
orbitals and the edge resonance, which leads to the delocalized
edge electronic states. Compared to the flat edge, the Z2 edge
has alternating high and low electron densities along the
edge,14 and therefore is less stable. Applying the same analysis,
we found that the Z4 edge should be more stable than the Z2
edge. Our DFT calculation proves the analysis (Figures 2e and
S1).
Verification of the Edge Bonding Configurations

The above analysis clearly shows that the resonance of bonds
along an infinitely long flat edge leads to the even distribution
of charge density, and thus it is impossible to identify the
alternating 2c−2e and resonant 3c−2e/2c−2e bonds. We,
therefore, take the well-known highly stable planar B36
nanocluster7 and its derivatives as examples to further analyze
the bonding configurations of borophene edges.

Figure 4. Bonding analysis of the flat edge using planar B36 nanocluster and its derivatives as examples. (a−h) Two equivalent bonding
configurations, resonance bonding structures, and VECD maps of (a−d) B36 and (e−h) B36H6 nanocluster, respectively. (i, j) Bonding
configurations of (i) B54 and (j) B72 nanoclusters show that there is a dangling orbital at the cluster edge with odd edge B atoms, and no dangling
orbital at the cluster edge with even edge atoms. (k) Resonant bonding structure of B72 cluster shows the alternating 2c−2e and resonant 3c−2e/
2c−2e bonds at the cluster edge. (l) Energy oscillation of the hexagonal nanoclusters with increasing size. Inserted plots are edge VECD maps of
the corresponding clusters. The intensity scale bars of (d) and (h) are from 0.16 to 0.02 e/bohr3 (red to blue), and that of (l) is from 0.165 to 0.02
e/bohr3 (red to blue).
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Before considering the resonance, the bonding configuration
of the sp2 hybridized B36 cluster has a three-fold symmetry
(Figure 4a,b). Along the edge of the central hexagonal hole,
there are three head-to-head 2c−2e σ bonds and three 3c−2e σ
bonds. The resonance of the two equivalent bonding
configurations (Figure 4a,b) leads to six resonant 3c−2e/2c−
2e bonds along the hexagonal hole (Figure 4c), which is the
same as the hexagonal hole in bulk borophene.20 Along the six
outer edges of the B36 cluster, three of them have nine total
head-to-head 2c−2e σ bonds. On each of the left three outer
edges, there are four dangling orbitals, perpendicularly pointing
out. The four dangling orbitals therefore form two shoulder-
by-shoulder 2c−2e σ bonds, similar to the extra in-plane bond
that leads to the self-passivation of the graphene armchair edge
(Figure S7).15,22 The resonance of the two equivalent bonding
configurations (Figure 4a,b) therefore leads to a bonding
structure as presented in Figure 4c, which perfectly matches
the calculated bonding details in the literature (Figure S8).7 In
the calculated VECD map of a planar B36 cluster (Figure 4d),
we can easily identify the existence of the mixed-type 2c−2e
bonds (high electron density bonds on the outer corners) and
the resonant 3c−2e/2c−2e bonds (low electron density bonds
at the center of the outer edges).
To further illustrate the bonding configuration at the edge,

we compare the bonding configurations of the B36 cluster and
its partially hydrogenated cluster, B36H6 (Figure 4e−h). The
resonant bonding configuration of the B36 cluster has two
mixed-type 2c−2e bonds at each corner (Figure 4c) and a
resonant 3c−2e/2c−2e bond at the central of each edge, which

can be identified by the electron density distribution (Figure
4d). If we terminate the two end B atoms of an edge with
hydrogen (Figure 4e,f), the two dangling σ orbitals of the two
central B atoms will form a shoulder-by-shoulder 2c−2e σ
bond. Finally, the resonant configuration along the edge has a
mix-type 2c−2e σ bond in the center of each edge and two
resonant 3c−2e/2c−2e σ bonds near each corner (Figure 4g).
From the VECD map (Figure 4h), we can clearly see higher
electron density at the center of the edge and lower electron
density near each corner, which is opposite to the VECD map
of B36 (Figure 4d). This comparison of bonding configurations
of B36 and B36H6 clearly shows that the dangling orbitals at the
edge can pair up by forming 2c−2e bonds in a way like
shoulder-by-shoulder π bonds and well terminate themselves,
which validates our analysis for the bonding configurations of
borophene edges (see Figures S9 and S10 for more detailed
analysis of the bonding configurations of B36 and the
hydrogenated boron clusters).
The B36 cluster has an even number of B atoms at an edge

and thus all dangling σ orbitals of the edge can be paired into
2c−2e bonds, which ensures that each edge of the B36 is
dangling-orbital-free and thus highly stable. Following this
analysis, we draw the bonding configurations of triple-ring-
shaped boron clusters (Figure 4i−k). As shown in Figure 4i,
each inner and outer edge of the B54 cluster has 3 and 5 boron
atoms, respectively, and there are 6 unpaired σ orbitals in the
bonding configuration. Therefore, we predict that the B54
cluster is significantly less stable than the B36. Further
increasing the cluster size, when the numbers of both inner

Figure 5. Interaction between borophene edges and the substrate. (a) Binding energies between borophene edges and the Ag(111) substrate. (b)
Optimized structure of a triple-chain borophene nanoribbon with flat edges on the Ag(111) substrate from top and side views. (c, d) Charge
density difference maps of triple-chain borophene nanoribbons with flat and Z1 edges, respectively. The isosurface level is 0.006|e|/Å3, where yellow
denotes positive charge transfer and cyan represents negative charge transfer. (e−h) Optimized structures of triple-chain borophene nanoribbons
with zigzag edges (Z1, Z2, Z3, and Z4) on the Ag(111) substrate from top and side views, including their hydrogenated counterparts (shown
below).
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and outer edge B atoms are even (Figure 4j), all the edge
dangling orbitals pair up, and the cluster becomes stable again.
As shown in Figure 4k, alternating mixed-type 2c−2e (dark
blue bar) bonds and resonant 3c−2e/2c−2e (dark blue sector)
bonds appear on the flat edge.
The formation energy oscillation with an increase in the

cluster size is presented in Figure 4l. When the number of edge
B atoms is even, the formation energy of the cluster is greatly
reduced, and the edge shows a clear alternating charge density
feature (Figures 4l, S11, and S12). When the edge becomes
longer enough, the energy fluctuation becomes negligible and
the alternating feature of the charge density along the edge
cannot be clearly seen, implying that the resonance between
the mix-type 2c−2e bonds and 3c−2e/2c−2e bonds along the
edge becomes dominating. Finally, delocalized bonds with
evenly distributed electrons along a long edge, as presented in
Figure 3h for the flat edge, are formed.
Borophene Edges on the Ag(111) Substrate

The proposed bonding configurations of the free-standing
borophene edges or borophene nanoribbons have clearly
shown that some edges have dangling orbitals, while some are
well self-passivated. On active metal substrates, an edge with
dangling orbitals tends to interact with the substrate strongly,
while the well self-passivated edges interact with the substrate
weakly. As an example, we calculate the binding energies
between various borophene edges and the experimentally
widely used Ag(111) substrate as

= + ×E E E E N L( )/2b ribbon Ag ribbon/Ag bulk (2)

where Eribbon, EAg, and Eribbon/Ag are the DFT calculated
energies of a free-standing borophene nanoribbon, an Ag(111)
metal substrate, and a borophene ribbon on the Ag substrate,
respectively. N is the number of B atoms in the ribbon, εbulk is
the binding energy between bulk triangular borophene and the
Ag(111) substrate per B atom (0.248 eV/atom), and L is the
ribbon length. We note that taking the van der Waals energy
between bulk borophene and the substrate as a reference to
estimate that between the borophene ribbon and the substrate
will lead to a slight energy deviation. However, it will not
damage our main conclusion considering that the van der
Waals energy deviation is very small compared to the edge
binding energy. Further calculation details are presented in
Methods.

The calculation results are presented in Figure 5a. It is
shown that the interaction between the flat edge and the
substrate is only 0.22 eV/nm or 0.035 eV per edge atom.
Besides, the optimized structure of the borophene nanoribbon
with flat edges on the Ag substrate shows no tendency of edge
atoms bending toward the substrate (Figure 5b), and the
corresponding charge density difference (CDD) map (Figure
5c) shows very limited charge transfer between the edge and
the substrate. The above analysis clearly shows that the edge
atoms of the flat borophene edge behave the same as the bulk
atoms when interacting with the Ag(111) substrate and it is
“perfectly” self-passivated.
In sharp contrast to the weak binding between the flat edge

and the Ag(111) substrate, a large amount of charge transfer at
each vertex corner of the Z1 edge can be seen in the CDD map
(Figure 5d), and the bending of the ribbon edge toward the
Ag(111) substrate is clearly shown (Figure 5e). The above
analyses indicate the existence of dangling orbitals at the Z1
edges. The binding energy between the Z1 edge and the
Ag(111) substrate is 1.95 eV/nm, which is about 1 order of
magnitude higher than that of the flat edge (Figure 5a). To
further prove this, we terminate the dangling orbitals at the
vertex corners of the Z1 edge with H atoms. The binding
energy of the H-terminated Z1 edge to the substrate is greatly
reduced to ∼0, and the bending of the borophene edge is no
longer observable (Figure 5a,e).
Increasing the oscillation amplitude of the zigzag nano-

ribbon, the binding energy between the Z2 edge and the
substrate is suddenly reduced and becomes close to that
between the flat edge and the substrate (Figure 5a), which can
be well explained by the pairing up of the dangling orbitals and
the self-termination of the Z2 edge (Figure 2d). If we
terminate the Z2 edge with H atoms like those of the Z1 edge
(Figure 5a,f), the binding energy between the hydrogenated Z2
edge and the substrate is increased.
The binding energies of zigzag edges with higher oscillation

amplitude (or larger period) on the Ag(111) substrate (Figure
5a,g,h) show a similar odd−even oscillation (Figure 2e), which
further validates our bonding analysis of the borophene edges
and the effectiveness of applying it to understand the
borophene edges on metal substrates. With such a simple
analysis, the behavior of borophene growth on the substrates
can be intuitively understood and thus could benefit the
controllable synthesis of borophene.17

Figure 6. Stability of boron nanoribbons with flat edges. (a) Schematic diagram of ribbon structure searching. (b) Formation energies of various
flat edge ribbons vs ribbon width. Black dots denote the ribbons with triangular lattice but no hexagonal hole; black circles denote the ribbons with
hexagonal holes. (c) Formation energies of 5- (red), 6- (blue), and 7-chain (green) ribbons vs occupation imbalance factor δ = Ne

σ/No
σ − Ne

π/No
π.
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Stability of Borophene Nanoribbons with Flat Edges

The examples presented above and the agreements between
the theoretical predictions and the results of ab initio
calculations prove that the bonding theory is a powerful tool
for the analysis of various boron materials. Now, let us explore
the borophene nanoribbons with flat edges.
First, formation energies of triangular lattice-based ribbons

with different widths, like single-, double-, and triple-chain, etc.
(Figure 6a), are calculated using eq 1 and the result is shown in
Figure 6b, denoted by black dots. It is shown that double-chain
and triple-chain ribbons are energetically the most favorable
ribbons. Further increasing the ribbon width leads to lower
stability. The less stability of the wider triangular lattice-based
ribbons is not a surprise because 2D borophene tends to form
hexagonal holes to reduce the ratio of π electrons.8,14,20

In the original study of the σ bond resonance theory,20 we
propose an occupation imbalance factor to measure the
stability of borophene. The factor is defined as

= N N N N/ /e o e o (3)

where Ne
σ, No

σ, Ne
π, and No

π are the numbers of σ electrons, σ
orbitals, π electrons, and π orbitals, respectively. δ is the
electron-to-orbital ratio (Ne/No) difference between σ and π
systems. If occupation ratios of the σ and π systems are the
same or the occupations are balanced, δ = 0. Numerous
calculations showed that the occupation imbalance factor can
be regarded as an indicator to measure the stability of flat
boron materials. Smaller δ implies more stable borophene, and
borophene isomers with δ = 0 are the most stable ones.
To find the optimal δ for ribbons, we introduce hexagonal

holes into wider ribbons to search for the most stable ribbon
isomers (Figure 6a, see the caption of Figure S13 for details of
the isomer generation). The optimized structures, the

calculated formation energies, and the corresponding occupa-
tion imbalance factor δ of these ribbons are presented in
Figures S13−S16 and Tables S1−S4. As shown in Figure 6b,
where the data for ribbons with holes are denoted by black
circles, we can clearly see that introducing holes into the wide
ribbons (w > 5) properly can reduce their formation energies
or stabilize them. In Figure 6c, we plot the formation energies
of various 5-, 6-, and 7-chain ribbons as a function of the
imbalance factor, δ. A strong correlation between the
formation energies and the imbalance factor is clearly shown.
From the parabolic fitting of the low energy data, we can find
that the most stable ribbon isomers always have imbalance
factors close to 0.1, which is slightly different from δ = 0.0 for
2D borophene.20 This analysis clearly shows that the
imbalance factor is an effective indicator of understanding
the stability of borophene nanoribbons.
Double-Chain Protection of the Flat Edges

It is worth noting that there is a high kink in the energy curve
in Figure 6b, which implies that the 4-chain ribbons are less
stable than others. We search many isomers with different
hexagonal hole patterns and δ values (Figure S9 and Table S1)
and find that the 4-chain ribbons with holes are always less
stable than the ribbons without holes. To understand the
interesting phenomenon, we look into all of the ribbon isomers
(5-, 6-, and 7-chain) with holes (Figures S14−S16). It can be
seen that the most stable ribbon structures (denoted in black)
never contain any hexagonal holes at the edges. Taking several
6-chain ribbons (Figure 7a,b) as examples, energies of the
isomers with hexagonal holes exactly at the edge are mostly >2
eV/nm higher than those of the structures when the holes are
moved one triangular lattice away from the edge. It has been
reported that flat boron structures containing B atoms with a
small coordination number (<4) are not energetically

Figure 7. Double-chain protection of the borophene flat edge. (a, b) Flat-edged borophene nanoribbons with hexagonal holes at the edge (a) have
higher formation energies than those with double-chain-protected ribbons (b). (c, d) Comparison between ribbons with hexagonal holes (c) at the
edge and (d) at the central area, leaving the flat edge protected by the double chain. (e, f) Bonding configuration of the ribbon with holes at the
edge shows the break of hole and edge resonance, which is verified by (f) the localized electron density. (g, h) Bonding configuration of the ribbon
with double-chain protection shows a good resonance at both the ribbon edge and hexagonal hole edge, with the demonstration from (h) the
VECD map. The intensity scale bars of (f) and (h) are from 0.165 to 0.02 e/bohr3 (red to blue).
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favorable.14 The double-chain is like a special structure,9,17

which well protects the flat edge by avoiding the existence of
the B atoms with small coordination numbers and therefore
increases the stability.
We further analyzed the bonding configurations of the

ribbon structures with and without hexagonal holes at the edge
(Figure 7c−h). As presented in Figure 7e, when the hole
appears at the ribbon edge and the hole edge coincides with
the ribbon edge, the resonance of the ribbon edge interferes
with that of the hole edge, and thus, both resonances break. In
addition, at the edge of both the ribbon and hole, it shows
particularly high electron density due to the coexistence of the
unconventional 2c−2e bond of the ribbon edge and the
conventional 2c−2e bond of the hole edge (highlighted by a
red square, as shown in Figure 7e,f). In the case when both
edges are well protected by the double-chain (Figure 7g,h), the
resonances of both the ribbon edge and the hexagonal hole
edge are reserved, and the VECD map also shows a good
electron delocalization.
The above analysis indicates that double-chain protection is

essential for the flat edge to be highly stable.17 We could
therefore understand the energy kink at the 4-chain ribbons
(Figure 6b). Although the introduction of hexagonal holes into
the 4-chain ribbons can increase the occupation imbalance
factor δ, approaching the optimized value, ∼ 0.1, it must break
the double-chain protection of at least one edge (Figures 6b
and S13) and, thus, the 4-chain ribbon appears a magic
unstable structure among all ribbons.
We note that two preconditions of the double-chain

protection mechanism are that the boron material is triangular
lattice-based and the flat edge should be long enough. Small
boron clusters containing largely deformed triangular lattices
or short edges are beyond the scope of this study.

■ CONCLUSIONS
In summary, we have investigated the bonding configurations
and stabilities of various borophene edges based on the theory
of the σ bond resonance in sp2-hybridized boron materials.
Different from the pristine edge of other 2D materials, the
borophene edge can be self-terminated by adopting different
bonding configurations at the edge to diminish the dangling
bonds. Thus, the pristine borophene edges, especially the flat
ones, own very high stability of ∼2−3 eV/nm and can exist
under ambient conditions. Such pristine edges can be used for
different applications, such as catalysis and one-dimensional
quantum materials. We further verify the analysis of bonding
configurations of various boron edges by first-principle
calculations. Based on the verified bonding theory, borophene
nanoribbons with flat edges are further explored. Double-chain
and triple-chain ribbons with triangular lattices are highly
stable, and introducing a certain number of hexagonal holes in
the central area of the ribbons is essential to stabilize the wider
ribbons. The occupation imbalance factor, δ, which has been
successfully applied to 2D borophene, is found to be an
effective indicator to measure the stability of borophene
nanoribbons. Moreover, we also show a double-chain
protection mechanism of the borophene flat edge. This study
reveals the origin of borophene’s edge stability and proves that
the bonding configuration theory can be used as a powerful
tool for boron materials design.

■ METHODS
Details of the DFT calculations and the VECD maps. The planar
boron nanoclusters and borophene nanoribbons were relaxed using
DFT with Vienna ab initio Simulation Package (VASP).23,24 The
projected augmented wave (PAW) method25 and generalized gradient
approximation (GGA)26 energy for the exchange-correlation inter-
actions were employed. The DFT-D3 method27 was used to describe
the weak van der Waals interaction (Figure S17), and the plane-wave
cutoff energy was set as 400 eV. The Brillouin zone was sampled using
Monkhorst−Pack k-mesh28 with a separation criterion of 0.02.
Criteria for energy and force convergence were 10−4 eV and 10−2 eV/
Å in geometry optimization, and those were 10−5 eV and 10−2 eV/Å
in the calculations of electronic properties, respectively. The criteria
have been tested valid as shown in Figure S18 and Table S5. In all of
the calculations, we turned on the spin with the parameter ISPIN = 2.

To calculate the formation energies of the free-standing borophene
nanoribbons and nanoclusters, we used 3D supercells with all
perpendicular (along the z-axis) and parallel (along the x-axis)
vacuum distances larger than 15 Å. For the calculation of each ribbon
or edge structure, the lattice constant along the ribbon length
direction (y-axis) was optimized in advance.

To calculate the binding energy between borophene nanoribbons
and a Ag substrate, the perpendicular vacuum distance (along the z-
axis) was set larger than 12 Å, and a (111) three-layer Ag slab model
with a fixed bottom layer was used to present the Ag(111) substrate.
On the Ag(111) substrates, a minor strain (<0.3%) was introduced
into the ribbon (along the length direction, i.e., y-axis) because of the
lattice mismatch between the borophene and fcc Ag(111) surface. In
the supercell, the distances between the neighboring ribbons (along
the x-axis) on the substrates were set larger than 10 Å to ensure that
the interactions between neighboring slabs are negligible. Each ribbon
was placed at several different positions of the substrates and the one
with minimum energy was used for the final calculation and analysis.
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