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Boron is the neighbor of carbon on the periodic table and exhibits unusual physical characteristics
derived from electron-deficient, highly delocalized covalent bonds. As the nearest neighbor of carbon,
boron is in many ways similar to carbon, such as having a short covalent radius and the flexibility to
adopt sp? hybridization. Hence, boron could be capable of forming monolayer structural analogues
of graphene. Although many theoretical papers have reported finding two-dimensional allotropes of
boron, there had been no experimental evidence for such atom-thin boron nanostructures until 2016.
Recently, the successful synthesis of single-layer boron (referred to as borophene) on the Ag(111)
substrate opens the era of boron nanostructures. In this brief review, we will discuss the progress
that has been made on borophene in terms of synthetic techniques, characterizations and the atomic
models. However, borophene is just in infancy; more efforts are expected to be made in future on the
controlled synthesis of quality samples and tailoring its physical properties.
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1 Introduction

Graphene, the first planar sheet of which was produced
by Novoselov and Geim in 2004 [1], has inspired the de-
velopment of a so-called flatland of two-dimensional (2D)
materials with complementary properties and function-
alities enabling rapid advances in science and engineer-
ing, and an accelerated global development in nanotech-
nology applications that can address societal challenges

*Special Topic: Inorganic Two-Dimensional Nanomaterials (Eds.
Changzheng Wu & Xiaojun Wu).

in energy, electronics, sensors and health [2-5]. As the
chemical properties of elements are determined by their
valence electrons, silicon, germanium, and tin all belong-
ing to same group IV in the periodic table may show
similarity to carbon in forming graphene-like monolayer
sheets [6]. Indeed, the Si-based silicene [7-10], Ge-based
germanene [11-13], and Sn-based stanene [14-17] have
been to be stable and realized by molecular beam epi-
taxy (MBE) growth in ultrahigh vacuum. Although the
graphene-like 2D materials based on Si, Ge, or Sn fol-
low the hexagonal honeycomb structure analogous to
graphene, their most stable form is a buckled honey-
comb lattice due to their larger interatomic distances
[6, 18, 19]. The buckled structure resulting from larger
interatomic distances and the strong spin-orbit coupling
(SOC) pave a pathway for accessing the new quantum
state of matter known as a 2D topological insulator [20].
However, these 2D materials are susceptible to oxida-
tion when exposed to the air and are limited in building
nanoscale devices.

Hence, the pursuit of alternative versatile 2D
graphene-like materials for the development of material
science and the future of nano-electronics is ongoing.

© Higher Education Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018
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The element boron, positioned just to the left of car-
bon in the periodic table, has a striking similarity to
carbon, from planar clusters [21-25] and cage-like fuller-
ences [26-30] to one dimensional (1D) nanotubes [31-
33], which motivates an exploration of monoatomic-layer
2D boron (named as borophene). As the fifth element
in the periodic table, boron has three valence electrons
with the ground-state configuration of 2s22p!, whereas it
has four available valence orbitals achieved by promoting
an electron from the 2s to the 2p orbital. It is at once
clear that there are more usable atomic orbitals than
number of electrons. This prevents the fulfilment of the
octet rule, resulting in the electron-deficient state of the
boron atom. This means there are not enough electrons
in the boron atom to fill all electron orbitals in a chem-
ical bond based on the classic two-centered two-electron
(2¢-2e) bonds used in carbon systems. Therefore, the co-
existence of localized 2c-2e and delocalized multicenter
two-electron (nc-2e) bonds is required to resolve the elec-
tron deficiency and stabilize the boron crystals (Fig. 1).

12 2¢-2e 0 bond
ON=1.85|e|

12 3¢-2e o bond
ON = 1.86-1.95 |e]

This unique nature enables boron to form complex poly-
morphic bulk structures and nanoscopic clusters as well
as a large number of compounds with different elements
[22, 34, 35]. The multicenter bonds and electron-deficient
features of boron make the synthesis of 2D boron chal-
lenging. This can be understood imagining that the mul-
ticenter bonds of boron are energetically competitive and
will cause boron atoms to assemble into various poly-
morphs. Therefore, a 2D boron sheet may generally be
a fluxional system [36].

Thus, extensive theoretical efforts have been devoted
to exploring the 2D boron sheet. As early as 1997, Bous-
tani predicted that the quasi-planar 2D boron sheet
could be constructed from a basic unit of puckered B~
cluster [Fig. 2(a)], using the systematic ab initio density
functional method [37, 38]. This study caused increased
interest in finding out the free-standing monolayer struc-
ture of boron. A prediction of the stable buckled trian-
gular network of B atoms has been confirmed by Cabria
et al. using first-principle calculations (Fig. 2(b)) [39—

(d)

18 4c-2¢ o bond
ON=1.91-1.95 |e|

6 4c-2¢ r bond
ON = 1.86 |e]

-

%
3

6 36¢-2¢ 7 bond
ON =2.00 |e|

Fig. 1 Chemical bonding analysis for the hexagonal Cg, structure of Bsgs. (a) Localized o bonding of peripheral B-B
bonds. (b—e) Delocalized multicenter two-electron (nc-2e). The analysis was performed using the adaptive natural density
partitioning (AANDP) method, which localizes the computed density matrix into n-centre two-electron (nc-2e) bonds, with
n ranging from one to the total number of atoms in the molecule. ON stands for occupation number and is equal to 2.00 |e|
(meaning a density of exactly two electrons) in the ideal case. Reproduced from Ref. [24].
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(b)

New sheet

Fig. 2

Nlustration of structures of the monolayer boron sheet. (a) The schematic diagram of the growth from B7 cluster

to quasiplanar 2D boron sheet. (b) Optimized buckled triangular boron sheet from different perspectives. (c¢) Optimized
a boron sheet. (d) Low-energy structures of oi- and fi1-sheets. The panels (a), (b), (c), and (d) were reproduced from

Refs. [37, 41, 43, 45], respectively.

41]. However, the mixed hexagonal-triangular 2D boron
sheet [the a-sheet illustrated in Fig. 2(c)] proposed by
Tang and Ismail-Beigi was thought to be the more sta-
ble than one composed only of buckled triangular mo-
tifs [42-44]. In 2012, through an extensive structural
search using the first-principle particle-swarm optimiza-
tion global algorithm, Zeng’s group [45] found that two
flat monolayers — «;- and fB;-sheets, shown in Fig. 2(d)
— are the most stable 2D boron structures among the
state-of-the-art 2D structures including the a-sheet and
the sub-sheets reported by Yakobson’s group [46]. All
these flat 2D boron sheets have periodic hexagonal holes
incorporated in the triangular lattice, which can be ex-
plained by a chemical bonding diagram where hexagonal
holes are prone to accepting electrons as scavengers of
extra electrons from the flat triangular regions. Thus,
the stability of the flat monolayer boron structure de-
pends strongly on the hexagonal hole density 7 [43]. To
date, experimental evidence of flat nanostructured boron
is rare. On the other side, the planar Bsg cluster with a
central hexagonal hole has been determined experimen-
tally, providing the first experimental support for the
viability of atom-thin boron sheets [24].

In these theoretical works, many freestanding 2D
boron structures were proved to adopt a quasi-planar
configuration, but the 2D boron structure may be cre-
ated experimentally via the deposition growth process on
a suitable substrate. Thus, a more extensive investiga-
tion of substrate selection and the corresponding effects

on the boron structures is required. In 2013, Yakobson
and collaborators explored the possibility of synthesizing
a 2D boron sheet on metaland metal-boride substrates
by first-principle calculations. It suggested that the de-
position of boron on Ag(111) or Au(111) surfaces can
result in 2D boron [47]. In the same year, the superior-
ity of the Cu(111) substrate for the growth of borophene
was theoretically predicted by Zhao et al. in terms of
the low diffusion barrier of a single boron atom on a
Cu(111) surface and the monotonic decrease of forma-
tion energy during the growth process [48]. Additionally,
Gao et al. have considered the computationally possi-
ble synthesis of three types of single-layer boron sheets
on different metal surfaces. It suggested that a hexago-
nal boron sheet similar to graphene in geometry can be
formed on an Al(111) surface due to the electron transfer
from the metal substrate to the boron sheet [49].
Studies on borophene relied primarily on theoreti-
cal predictions until recent investigations experimen-
tally demonstrated borophene synthesis on Ag(111) sub-
strates. The first experimental attempt to synthesize
borophene on Ag(111) substrates by molecular beam epi-
taxy (MBE) in ultrahigh vacuum was performed by Chen
and Wu et al. [50]. Another parallel work was reported
by Mannix et al., showing very similar results [51]. The
successful synthesis of borophene brings a new member
to the wonderful 2D materials family and paves the way
to exploring boron-based microelectronic devices. How-
ever, the research of borophene is just in its infancy,
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and a lot of properties remain to be explored before
borophene can be established as a valuable alternative
for the next generation of electronic applications.

Following the experimental realization of borophene,
this brief review will introduce the current progress in the
exploration of 2D boron. Here, we will focus on exper-
imental results and analysis combined with some theo-
retical calculations. We will provide a brief overview on
the development of borophene, in the hope that more
researchers will research this new and interesting 2D
atomic crystal. The rest of this article is organized as
follows: the experimental synthesis and relevant charac-
terization of boron sheets on Ag(111) surfaces is intro-
duced in Section 2. In Section 3, the detailed descrip-
tion of their atomic structures is presented. Section 4
provides a brief summary.

2 Synthesis and characterization

2.1 Two-dimensional boron monolayer

Unlike the naturally layered structures of bulk graphite
and black phosphorus, boron does not have a natu-

(2) (b)

20 nm

ral 3D allotrope with a layered structure. Thus, mi-
cromechanical exfoliation is not suitable to the produc-
tion of borophene. On the contrary, molecular beam
epitaxy (MBE) is a powerful technique for producing
high-quality and large-area atomically flat sheets on sub-
strates. Consequently, borophene was experimentally re-
alized by directly evaporating boron atoms onto a clean
single-crystal Ag(111) surface with suitable substrate
temperature. Feng et al. showed that 2D boron sheets
with two distinct structures defined as S1 phase and S2
phase can be formed epitaxially on Ag(111) surfaces,
which was confirmed by scanning tunneling microscopy
(STM) (Fig. 3) [50].

When the substrate temperature is lower than 570 K
during growth, only clusters and disordered boron are
obtained on the surface. Once the temperature reaches
about 570 K, the STM image shows the emergence of
atomically isolated islands (S1 phase) formed on the
Ag(111) surface. Increasing the boron coverage, the 2D
boron island can extend in size until it covers the en-
tire surface. High-resolution STM images in Figure 3b
reveal the ordered parallel stripes of the S1 phase, which
is attributed to a Moiré pattern resulting from the mis-
matching between the lattices of borophene and Ag(111)

(c) BT T T
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Fig. 3 Experimentally synthesized 2D boron sheets on Ag(111). (a) STM topographic image of boron structures on
Ag(111), with a substrate temperature of ~ 570 K during growth. The boron islands are labelled as the “S1” phase. (b)
Three-dimensional version of a, in which the stripes with 1.5 nm intervals are clearly resolved. (c) High-resolution STM
image of S1 phases. The S1 unit cell is marked by a black rectangle, and the 1.5 nm stripes are indicated by solid lines. (d)
STM image of boron sheets after annealing the surface to 650 K. The two different phases are labelled “S1” and “S2”. Most
boron islands are transformed to the S2 phase, but the S1 phase still remains in small parts of the islands. (e) STM image
obtained on the area marked by the black rectangle in (d). (f) High-resolution STM image of the S2 phase, zoomed in from
(e). Note that the image is rotated to allow comparison with (c). Bias voltages of STM images: —4.0 V (a, b), 0.9 V (c),
—4.0 V (d), and 1.0 V (e, f). Reproduced from Ref. [50].
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The atomically resolved STM image shown in Fig. 3(c)
indicates the unit cell of the S1 phase (marked by the
black rectangle), in which the distance between nearest-
neighbour bright protrusions is 3.0 A along the rows
and 5.0 A perpendicular to the rows. Another phase of
borophene (named S2) transforming from the S1 phase
was observed by annealing the sample above 650 K or
growing boron atoms directly with a substrate temper-
ature of ~ 680 K. The high-resolution STM images in
Figs. 3(e) and (f) indicate that the S2 phase also con-
sists of parallel rows of protrusions in the [112] direction
of the Ag(111) substrate. The distance between nearest-
neighbor protrusions is 3.0 A along the rows, and 4.3
A across the rows. Another obvious feature is that the
protrusions along the rows are divided into sections with
alternative brighter and darker protrusions, and each sec-
tion involves five protrusions. The growth of two differ-
ent phases on Ag(111) further verifies the polymorphic
nature of 2D boron.

Besides S1 and S2 phases, which covered most of the
area of Ag(111), two additional structures of borophene
of a smaller area were found and reported by Zhong et al.
[52]. Asshown in Figs. 4(a) and (b), the new S3 phase in
the middle and top left of the image features a smooth
surface with many bright domain boundaries, different
from the ordered striped row on the S1 islands. But the

(@)

(@

high-resolution STM images given in Fig. 4(c) show that
the S3 phase has the same rectangular lattice as that of
the S1 phase. On the other hand, another new boron S4
phase with hexagonal symmetry on Ag(111) [shown in
Figs. 4(d) and (f)] has a rhombic unit cell with a side
length of 5.2 A. The periodicity is very close to that of
the long-expected a-sheet.

Around the same time, Mannix and coworkers also
synthesized monolayer boron islands on Ag(111) surfaces
by the MBE method [51]. The atomically thin boron
reported by Mannix et al. also exhibits two different
morphologies, which are identified as the striped and
homogeneous phases [Fig. 5(b)]. STM characterization
revealed that the final product depended on the depo-
sition rate. At a low deposition rate corresponding to
low boron coverage, a flat striped phase consisting of
a rectangular lattice dominated the surface [Fig. 5(c)].
At higher deposition rates, more homogeneous islands
were observed as periodically protruding atomic chains
[Fig. 5(d)]. Despite some differences in the details (ow-
ing to the different bias voltages used for STM imag-
ing), this sheet does resemble the S2 phase described
by Feng et al. [50]. Meanwhile, the form of the striped
phase was also temperature dependent. On increasing
the substrate temperature, the initial flat striped phase
can transform into a new striped phase with periodic

Fig. 4 STM images of two metastable 2D boron sheets on Ag(111). (a) STM topographic image of boron structures on
Ag(111). The boron islands are labelled as “S1” and “S3” phases. (b) The derivative STM image of (a). (c) High-resolution
STM image of the S3 phases. The S3 unit cell is marked by a black rectangle. (d) STM topographic image of boron
structures on Ag(111). The boron islands are labelled as “S1” and “S4” phases. Most boron islands shown in the image are
the S1 phase. (e€) STM image obtained from the area marked by the red dotted rectangle in (d). (f) High-resolution STM
image of the S4 phase. The S4 unit cell is marked by a black rhombus. Reproduced from Ref. [52].
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(d)

2nm
i —

Fig. 5 Growth and atomic-scale characterization of
borophene sheets. (a) Growth setup with boron source of
MBE. (b) The STM image of mixed-phase borophene, where
the white, red, and blue arrows denote striped, homoge-
neous, and striped nanoribbon phase regions, respectively.
(c) Atomically resolved STM topography image of striped
phase, in which prominent stripe features structurally com-
mensurate with rectangular lattice regions (inset; where a
and b represent the lattice vectors) are visible. (d) Atomi-
cally resolved STM topography image of homogeneous phase.
(e) STM topography image of the undulated boron sheet on
Ag(111) with Moiré pattern, where the rhombic supercell is
highlighted in white. (f) Atomic resolution image detailing
the limited structural coherence and common structural mo-
tifs between the flat and undulated striped phases. Repro-
duced from Refs. [51, 53].

nanoscale corrugations, forming a ~ 8 nm rhombohedral
Moiré pattern [Fig. 5(e)] [51, 53]. However, there are al-
ways regions with the flat striped structure consisting of
a rectangular lattice within undulated striped phase do-
mains [Fig. 5(f)]. A detailed discussion of the undulated
phase will be presented in the next section.

2.2 Borophene nanoribbons

Inspired by the experimental synthesis of borophene,
the 1D boron nanostructures are also expected to be
made with controllable and clean methods. Just like the
graphene nanoribbons, the 1D borophene nanoribbons

may also exhibit improved properties for building nan-
odevices. Indeed, in our previous study on the growth
of 2D borophene, the STM images revealed borophene
islands that show a predominantly triangular shape and
edges along the crystallographic orientations of Ag(111),
indicating the template effect of the substrate. It is in-
tuitive that the shape of 2D boron sheets can be con-
trolled by the anisotropy of the substrate. Zhong et al.
[54] grew boron atoms on an anisotropic metal substrate
— Ag(110) — and found single-atom-thick borophene
nanoribbons (BNRs) successful synthesized on it. All the
ribbons are along the [110] direction of Ag(110) and can
run across the steps on the surface. The width of the rib-
bons is distributed in a narrow range between 10.3 0.2
nm. High-resolution STM images revealed four ordered
surface structures in BNRs, named P1, P2, P3, and P4
respectively for the sake of simplicity (Fig. 6). As dis-
played in Fig. 6(a), the unit cell of P1 is rectangular
with the long side along the [110] direction of Ag(110).
Besides, Figs. 6(b) and (c) show that the long sides of
the unit cells of P2 and P3 are along the [110] direction
of Ag(110), indicating they are in mirror symmetry to
each other. As for P4 phases, the STM image shows a
unit cell with a rotational angle of 30° to the [110] di-
rection of substrate. Their results further confirmed the

Fig. 6 High-resolution STM images of boron nanoribbons
on Ag(110). (a—d) High-resolution STM images for P1-P4,
respectively. The unit cells of P1-P4 are marked by different
dotted patterns. The size of the unit cells can be listed as
follows: a = 0.40 nm, b = 0.43 nm, ¢ = 90 for P1; a = 0.44
nm, b = 0.82 nm, ¢ = 61° for P2; a = 0.45 nm, b = 0.76
nm, ¢ = 60° for P3; and a = 0.89 nm, b = 0.77 nm, ¢ = 90°
for P4. The [—110] direction of Ag(110) is marked by black
arrows in the images. The images are 6 x 6 nm? in size. The
bias voltages of STM images are —1.7 V for (a) and (b) and
—1.6 V for (c) and (d). Reproduced from Ref. [54].
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inherent polymorphism of 2D boron. These high-quality
BRNs suggested that the presence of 2D boron sheets
may be determined using many factors, such as substrate
temperature, deposition and the crystallographic orien-
tations of substrate.

3 Atomic structures of synthesized 2D boron

As mentioned above, Feng et al. observed the formation
of two sheets, referred to as the S1 and S2 phases. In or-
der to elucidate the fact that the synthesized monolayer
boron films are the long-expected borophene, they per-
formed independent theoretical work to determine the
atomic structures of these new phases. First of all, they
investigated a large number of 2D boron structures from
previous theoretical predictions, and then compared the
experimental periodicities of the two phases with the-
oretical values. As a result, B1o sheets share the same
periodicity as S1, while the unit cell of the S2 phase
is identical to that of the y3 sheet predicted by theo-
retical calculations. To confirm the atomic structures,
first-principle calculations were performed on these two
sheets on the Ag(111) surface. The S5 sheet was placed
on Ag(111) with the boron rows in the [112] direction
of the Ag(111) surface, as shown in Fig. 7(a). After re-
laxation, the geometric structure of 812 remains planar
[Fig. 7(b)]. From the simulated STM image in Fig. 7(c),
we can see that the (12 sheet is in excellent agreement
with the S1 phase, in terms of topography, rectangular
lattice and the Moiré pattern. On the other hand, the y3
sheet consisting of narrower zigzag boron rows separated

v

i e e

\
@l

by hole arrays is proposed for the S2 phase [Figs. 7(d)
and (e)]. A simulated STM image [Fig. 7(f)] reveals al-
ternating bright /dark protrusions along the rows, agree-
ing perfectly with our STM observations. It should be
noted that the atomic structures of the 815 sheet and x3
sheet on Ag(111) remain planar; thus, the patterns in
STM images are attributed to inhomogeneous electronic
interactions with the substrate. Such charge inhomo-
geneity comes from the matching between the boron lat-
tices and the Ag(111) lattice, which results in a different
arrangement of the boron atoms on the Ag(111) lattice,
especially along the boron row. By means of essentially
the same method, the S3 and S4 phases should be the
B12 and « sheet respectively. The calculated results of
these structures on Ag(111) based on the first-principle
theory are illustrated in Figs. 7(g) and (j). S3 is also
the 12 sheet, the same as the S1 phase, but with a dis-
tinct rotational relationship with the Ag(111) substrate.
The rotation of the 12 sheet with respect to Ag(111)
leads to perfect lattice matching between the film and
substrate; subsequently, no obvious Moiré patterns are
observed in the S3 phase. What needs to be emphasized
is that the S4 sheet, with a clear hexagonal symmetry,
is the long-expected « sheet. Both proposed models of
these new phases [Figs. 7(i) and (1)] give rise to simu-
lated STM images in good agreement with experimental
data [Figs. 4(e) and (f)].

It is a notable fact that the striped phase described
in Ref. [51] closely resembles the S1 phase described by
Feng et al. in Ref. [50] in terms of the rectangular lattice
and STM images. However, a bulked triangular lattice
with slight distortion along the buckled rows was ini-

-
)-$h

.

-~

=
R
0.
A
0.
o4
R
0.
Pl

Fig. 7 Structure models of borophene on Ag(110) based on DFT calculations. (a—c) Atomic structure of the 312 sheet
and simulated STM image, proposed for the S1 phase in Figs. 3(a—c). (d—f) Atomic structure of the x3 sheet and simulated
STM image, proposed for the S2 phase in Figs. 3(d-f). (g—i) Atomic structure of the 12 sheet and simulated STM image,
proposed for the S3 phase in Fig. 4(c). (j—1) Atomic structure of the a sheet and simulated STM image, proposed for the

S4 phase in Fig. 4(f). Reproduced from Refs. [50, 52].
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Fig. 8 Computational prediction of borophene structure and corresponding simulated STM images. (a—c) Atomic struc-
ture of a buckled triangular structure and simulated STM image, proposed for the striped phase in Fig. 5(c). (d—f) Atomic
structure of the x3 sheet and simulated STM image, proposed for the homogeneous phase in Fig. 5(d). (g—i) Atomic structure
of the 812 sheet on reconstructed Ag(111) and simulated STM image, proposed for the undulated striped phase in Figs. 5(e)

and (f). Reproduced from Refs. [55, 57].

tially proposed as an atomic model for the striped phase
[Figs. 8(a) and (b)]. The simulated STM image shown in
Figure 8c also captures the key features of experimental
images [the insert in Fig. 5(c)]. But a recent computa-
tional and experimental study [53] reported by Zhang et
al. provides solid support for the 512 sheet. As mentioned
in Section 2, the initial flat striped phase can transform
into a new striped phase with periodic nanoscale corruga-
tions at a higher substrate temperature. Zhang et al. [53]
suggested that the corrugated striped phase is the [
sheet on the reconstructed Ag(111) surface rather than
the a closely packed triangular model [Figs. 8(g) and (h)].
The simulated STM [the top panel of Fig. 8(i)] image of
this undulated (12 sheet shows excellent agreement with
the STM characterization of the “wavy” configuration
[bottom of Fig. 8(i)]. It may be that a structural tran-
sition from the triangular model to the 812 sheet occurs
before the flat-to-corrugated transformation, but such a
structural transition lacks evidence in view of the co-
herent atomic lattice across the interface between the
corrugated and flat regions [Figs. 5(c) and (f)]. In ad-
dition, the earlier ab initio calculations by global mini-
mum search also showed that the 12 sheet is the ground
state on Ag(111) [55]. Besides, the 12 sheet matches the
lattice constants of Ag(111) (only about 1% mismatch)
better than the triangular sheet (about 3.1% off) and
is also considerably more flexible with anisotropic high-
bending flexibility than the triangular sheet with finite
thickness. Although all this evidence tends to supports
the 812 sheet as the atomic model for the S1 and striped
phases, further experimental characterization and theo-
retical analyses are required to reach a firm conclusion.

The second phase proposed by Mannix et al., referred to
as the homogeneous phase, shows the same STM features
as the S2 phase described by Feng et al. So, the homoge-
neous phase should have an atomic structure like the x3
sheet. Mannix et al. did not present the corresponding
model in their initial report unit the recent review [56]
after the description by Feng et al.

Similarly, first-principle calculations were also carried
out to confirm the atomic structures of BNRs on these
four phases on Ag(110), and the optimized atomic mod-
els are shown in Figs. 9(a)—(h). The P1, P2, P3 and
P4 boron nanoribbons correspond to the xs, 8, and [
sheet, respectively. From the side view of the optimized
P1-P4 BNRs [Figs. 9(e)—(f)], only the x3 sheet remains
completely planar, indicating high stability. The simu-
lated STM of the x5 sheet shown in Fig. 9(i) reproduced
both the striped feature and the unit cell in the STM
image displayed in Fig. 6(a). The experimental STM im-
ages and the DFT calculations indicate that the P2 and
P3 phases can both be explained by the S structure,
but with mirror-symmetric orientations with respect to
Ag(110), as shown in Figs. 9(b) and (c). In contrast to
the perfectly planar configuration in P1, the g boron
sheet is slightly buckled on Ag(110) due to the interfa-
cial interactions, as displayed in Figs. 9(f) and (g). It is
the buckled structure with different boron atom height
that results in the protrusions with a different brightness
in STM images [Figs. 6(b) and (c)]. Consequently, the
simulated STM data displayed in Figs. 9(j) and (k) con-
cur with experimental images. The (g sheet predicted
by Wu et al. [45] is proposed as an atomic model for
the P4 phase. In spite of the larger fluctuation of the re-
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Fig. 9 Atomic structures of boron nanoribbons on Ag(110) optimized by DFT. (a—d) Top and (e—h) side views of
optimized P1-P4 BNRs on Ag(110) surface, respectively. Color codes: B, small orange spheres; topmost Ag, large white
spheres; and lower Ag, large blue spheres. (i—1) Simulated STM images for P1-P4 based on the calculated electronic density
(0-2 eV above the Fermi level). The red frameworks correspond to the observed unit cells in STM images. Reproduced from

Ref. [54].

laxed structure [Figs. 9(d) and (h)], the simulated STM
image of the g sheet [Fig. 9(i)] is also in good agree-
ment with experimental ones [Fig. 6(d)]. All these four
kinds of phases as nanoribbons have a similar probabil-
ity of forming on the anisotropic Ag(110) surface during
growth, owing to the similar formation energies. Surpris-
ingly, these four kinds of structures share common fea-
tures: they consist of full-filled boron chains separated
by single rows of hexagonal holes. The full-filled boron
chains act as “donors” while the hexagon holes act as
“acceptors”, which are mixed in such a way as to com-
pensate the electron deficiency of boron and make the
2D boron sheet more stable.

4 Summary

Recent advances in the experimental synthesis and char-
acterization of 2D boron have been introduced in this
review. In addition, we particularly focus on the plausi-
ble structural model and the structural polymorphism of
the successfully realized borophene in experiments. Be-
ing the fifth element, boron offers more puzzles in its
structural organization than its neighbors in the peri-
odic table, because it is has an electron-deficient atom
and the number of valence electrons is lower than that
of available orbitals. This causes boron to form the pla-
nar 2D borophene and BNRs through the coexistence of
localized 2c-2e and delocalized multicenter two-electron
(nc-2e) bonds. In particular, the successful fabrication

of the monolayer borophene on metal substrates paves
the way to exploring boron-based microelectronic device
applications. It is worth mentioning that the electronic
properties of borophene are also important and intrigu-
ing, albeit beyond the scope of this brief review. Fur-
ther details on the electronic properties of the success-
fully synthesized B12 and x3 structures can be found in
Refs. [58-60]. It should also be stressed that the unam-
biguous metallicity of 2D boron may complement the
shortage of existing 2D materials and open possibility to
making boron a core material for future nanodevices.
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