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The inability of boron to achieve a full octet of electrons
through covalent bonding with its three electrons is at the
heart of the element’s fascinating chemistry and physics.
Much has been written about the ability of boron to engage in
molecular compounds with both classical and nonclassical
bonding!"! by the formation of electron-precise (2c,2e) and/or
multi-center (3c,2e) bonds. However, this phenomenon is also
an issue in the solid-state science of boron, where its variable
bonding abilities have led to confusion about its structure and
phase diagram.”! Unsurprisingly given boron’s tendency
towards multicenter bonding, all of these allotropes have
three-dimensional structures, consisting of networks of fused
icosahedra.

The incredible success of graphene in materials science
(Figure 1 A)®! has led to intense research efforts aimed at
finding new 2D materials with unique properties.*! Boron,
having one electron fewer than carbon, was targeted early on
in this process as a possible electron “hole” in a two-
dimensional w-electron system,”! for use in applications such
as solar and fuel cells and as anode materials in lithium-ion
batteries. This has led to numerous reports on the synthesis
and study of boron-doped graphene and analogues (Fig-
ure 1B)[6] as well as discrete, molecular models thereof
(Figure 1E).[

Taking this technique to its extreme—the complete
replacement of carbon with boron—is expected to be an
enormous practical challenge. Recent photoelectron spectro-
scopic investigations into the laser vaporization products of
boron have led to a series of reports from the groups of Li,
Wang, Li, Zhai, and Boldyrev.®" This work described the
generation of low-temperature-stable, planar boron networks
of around 20-40 boron atoms,®! as well as an all-boron
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Figure 1. A-C) Selected 2D materials with increasing boron content
and D, E) examples of their well-defined molecular counterparts.

fullerene.” These discoveries have shed light on the structural
preferences of boron sheets, raising hopes for the synthesis of
flat boron-only infinite networks able to rival graphene
(Figure 1 A)®! and other two-dimensional, one-atom-thick
materials.¥

In late 2015, the groups of Oganov, Hersam, and Gui-
singer reported the construction of a 2D, one-atom-thick
sheet of boron atoms on a Ag(111) surface, a material they
named “borophene” (Figures 1 C and 2).'*"! In contrast to
solid-state syntheses of other boron allotropes, the boron
sheets were grown under ultrahigh vacuum conditions using
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Figure 2. The ridged structure of the new borophene material on Ag(111), with simulated and experimental STM images of units of roughly the
same size. Black: top-level boron atoms, gray: bottom-level boron atoms. Figures on the right reprinted with permission from Science Magazine/

AAAS.

an electron beam evaporator, and characterized on the atomic
scale by scanning tunneling microscopy (STM).

Considering the extensive theoretical predictions of the
structures of 2D boron networks,™® and the experimental
evidence for planar molecular boron networks described
above,®! the structure of borophene on Ag(111) comes as
something of a surprise. None of the previous work predicted
the borophene structure that was found here, which consists
of alternating ridges of boron atoms in a corrugated fashion
parallel to the surface of the substrate (Figure 2). Each boron
atom is bound to two other atoms along its ridge and four
others on its two nearby ridges, leading to a rhombohedral
repeating unit. This structure resulted in parallel lines in the
experimental and simulated STM images (Figure 2) with
repeating, aligned ovals of intensity, each corresponding to
the six-boron-atom unit cell. It is important to note here that
two subsequent Highlight articles!!! have described the
structure as consisting of repeating B4 hexagons capped by
a single boron atom (i.e., poly(B,)), in line with the prediction
of Boustani."” In fact, the strong anisotropic corrugation as
well as the oval-shaped STM structures, which are presumably
due to substrate-induced B trimer formation, indicate
a marked distortion of the B, structure owing to strong
interactions with the underlying Ag surface.

Although the material clearly does not have a delocalized
n-electron system like graphene, it is conductive in the
direction of the ridges (but not across them), leading to its
description as a highly anisotropic metal. This finding
distinguishes borophene from the other known boron allo-
tropes, which are in general semiconducting at ambient
pressure and superconducting at high pressures."! It also
singles borophene out from other 2D honeycomb metal
networks, such as silicene, stannene, or bismuthene, which are
insulating or even fall into the class of 2D topological
insulators.'”! The mechanical properties of borophene are
similarly anisotropic, with a Young’s modulus of 398 GPanm
in the direction of the ridges and 170 GPanm across the
ridges. Notably, the former value rivals that of graphene itself.

Although the new borophene material has not yet been
removed from its silver support or prepared on a larger scale,
the initial report provides impetus for further work, both
towards applications and a better understanding of its
properties. It remains to be seen whether the ridged structure
of borophene is an alternative to the previously observed
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planar structures,™ or is merely a result of its attachment to
the substrate. Whereas freestanding borophene may be
difficult to realize, its growth on insulating substrates or even
van der Waals type surfaces will assist the study of its
conducting properties and potentially facilitate planar
growth, respectively. Molecules with both planarl and
butterfly-type!'” networks of boron atoms (the latter similar
to that in borophene) are known in the literature; however,
these consist of only a few boron atoms. The discovery of
borophene may stimulate efforts into realizing larger 2D
networks of boron atoms in discrete and stable molecular
models, which are currently unknown and pose a formidable
synthetic challenge (Figure 1F). Recent advances in the
construction of boron-boron bonds may contribute to this
goal.l¥
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