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Abstract: Two-dimensional (2D) materials, such as graphene
and boron nitride, have specific lattice structures independent
of external conditions. In contrast, the structure of 2D boron
sensitively depends on metal substrate, as we show herein using
the cluster expansion method and a newly developed surface
structure-search method, both based on first-principles calcu-
lations. The preferred 2D boron on weaker interacting Au is
nonplanar with significant buckling and numerous poly-
morphs as in vacuum, whereas on more reactive Ag, Cu, and
Ni, the polymorphic energy degeneracy is lifted and a particular
planar structure is found to be most stable. We also show that
a layer composed of icosahedral B12 is unfavorable on Cu and
Ni but unexpectedly becomes a possible minimum on Au and
Ag. The substrate-dependent 2D boron choices originate from
a competition between the strain energy of buckling and
chemical energy of electronic hybridization between boron and
metal.

Boron is one of the most intriguing elements not only
because of its position between metals and nonmetals in
periodic table but also because of its ability to form an
enormous number of allotropes.[1] Apart from several bulk
(3D) phases,[2] boron can form 0D clusters,[3] 1D nanotubes[4]

and nanowires,[5] and 2D layers.[6] In particular, boron sheets
of monoatomic thickness have raised interest as a potential
new 2D-material and as a (conceptual) precursor, for
example, so-called a-sheets,[7] from which other boron
structures—fullerene cages[8] and tubes[9]—might be con-
structed. In fact, a number of planar B clusters up to tens of
atoms, found in experiments,[3f–h,k,10] appear as seeds for
extended sheets. The 2D boron is shown to be polymorphic,[11]

with numerous local minima in a narrow energy interval
above the ground line, in contrast to other 2D materials.
Boron sheets are rich in multicenter bonding as a result of the
electron deficiency of B atoms,[12] making their structures
fluxional, unlike for sp2-bonded 2D materials.[13] These
features render the synthesis of 2D boron challenging.

Synthesis of 2D materials is commonly achieved through
chemical vapor deposition (CVD) on a metal substrate which
catalyzes the reactions and supports the sample,[14] as
exemplified by graphene and h-BN sheets. In this respect,
the 2D B should not be an exception—it must form on
a substrate first and then be separated by a transfer process.

How and to which extent the 2D B structures are predeter-
mined by metal substrates is important for their synthesis, yet
this connection remains elusive. Previous work has probed the
nucleation of B clusters on metals,[15] showing that planar
clusters are preferred over 3D structures owing to lower
nucleation barriers and thus suggesting the possibility of
synthesizing 2D B on metals. Therefore, it is important to
know what structures will be favored on metals and what
interaction dominates at the boron–substrate interface.

The ground-state configurations of freestanding 2D B
have been intensively studied by different global minima
search methods.[6a, 11, 16] Including the substrates into such
search by most methods will make the computations daunt-
ing. As a powerful tool for evaluating the stability of alloys,
cluster expansion (CE) method[17] has recently been invoked
to explore the stability of various 2D materials.[11,18] Herein,
we go one step further, using the CE to explore the structural
diversity and stability of 2D B on metals. The systems are
treated as a binary “alloy” composed of triangular B sublat-
tices with hexagon vacancies, all on a metal support. We apply
the CE method to such alloy systems, which enables a system-
atic first-principles study of diverse B sheets on common
metal substrates, including Au, Ag, and Cu which do not form
boride, and on Ni that does. The results are entirely different
from other 2D materials and also from freestanding 2D B.

Graphene and h-BN exclusively adopt a honeycomb
lattice independent of substrate, while 2D MoS2 shows a little
variability yet exists dominantly in a 2H phase. We show
herein that 2D B is the first 2D material that does not have its
own fixed structure but depends on the metal substrate. On
weakly interacting Au, 2D B remains polymorphic as in
vacuum but exhibits off-plane buckling. In contrast, on Ag,
Cu, and Ni with increased reactivity the configuration energy
degeneracy could be lifted, and a specific planar structure is
increasingly favored, most likely to emerge from CVD
synthesis. Interplay between the 2D B buckling and boron–
metal hybridization appears to control the preferred structure
of 2D B on metals. A tentative yet intriguing observation
worth mentioning is that the adhesion to metals may even
turn the 2D B into promising catalyst for the hydrogen-
evolution reaction.

The 2D B sheet can be viewed as a triangular lattice (B)
with a pattern of vacancies (denoted as &) and formally
treated as an alloy B1¢v&v ;[11] the vacancy concentration is v =

m/N, where m is their number in a supercell of N lattice sites.[7]

The substrate and sublattice of honeycomb boron framework
are configurationally inactive, but each triangular sublattice
site (the hexagon center) can be either a B atom or vacancy
(Figure 1a). The commensurability between the B sheets and
metal (111) surfaces is met by 0.8–2.5% compression/
stretching of the metal lattice. The rhombic 2 × 2 and
rectangular 2  2
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supercells (see the inset in Figure 1 a)
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are initially employed and then also larger super-
cells are screened, up to 42 B atoms. We use ATAT
(alloy theoretical automated toolkit)[19] incorpo-
rated with DFT-computed values to extract the
energy of all generated structures. More details on
the CE and DFT methods[20] are provided in
Supporting Information. The stability of various
2D B sheets can be compared in terms of their total
energy per atom, defined as EB = (Esyst¢Emetal)/NB,
where Esyst and Emetal are total energies of the
boron–metal system and the metal substrate within
the same supercell, respectively, and NB is the
number of B atoms. Among � 300 B structures
obtained on each metal, we select 30 structures
with the lowest EB for more precise energy
calculations.

The CE method restricts the B sheets to
a honeycomb lattice, excludes trying non-hexagons
and other possible deviations, and thus may miss the true
ground state. We hence perform an additional structural
search using a newly developed surface reconstruction
prediction method[21] based on particle swarm optimization
(PSO), as implemented in CALYPSO code,[22] which has no
lattice restriction. To predict the 2D B sheets on metals, we set
up a metal (111) substrate, generate 2D B structures with
various symmetries on it and then relax all the B atoms plus
the metal atoms of the topmost two layers using DFT
calculations, as illustrated in Figure 1b. Other details about
the structural search can be found in the Supporting

Information. Testing with Ag and Cu, the PSO-predicted
ground-state structures are in good agreement with the CE
results (Figure 1c and Figure S1). As the CE method is
computationally more effective, we focus on using CE.

We start our discussion by showing the CE results for
freestanding 2D B. Figure 1a presents EB of all symmetry-
inequivalent structures calculated by CE fits. The ground
states for freestanding 2D B lie within v = 0.1–0.14, including
not only the previously reported a-, v1/8-, v2/15-sheets[11] but
also a new v4/33-sheet. All the sheets are planar, with a buckling
of less than 0.2 è. The energy difference of these structures is
within 8 meV/atom, and the v4/33-sheet is almost as stable as
the v1/8-sheet (Figure 2). We are aware that using hybrid
functional, such as PBE0,[23] may slightly change the energy
difference between the structures[16b] but will not qualitatively
affect the conclusions.

The results become totally different on metals. On Au, the
CE-predicted ground state of 2D B is found at v = 1/9
(Figure 1a), while the second and third stable structures
appear at v = 1/12. The v1/9-sheet is more stable than the two
v1/12-sheets by only 3 and 6.2 meV/atom, respectively, suggest-
ing that the 2D B on Au remains polymorphic. This assump-
tion is also supported by the glasslike configurational energy
spectrum, which displays a great many local minima within an
energy window of 10 meV above the ground line (Figure 2).
The adhesive energy of the v1/9-sheet on Au is 77 meV/atom.
Despite such a weak interaction with substrate, the preferred
sheets are largely buckled (Figure 2, insets), with a magnitude

of up to 1.1 è. The v1/9-sheet has all the vacancies twinned and
evenly dispersed, different from the a-sheet[7] (also v = 1/9)
that becomes 59 meV/atom less stable on Au.

On Cu, all three sheets with lowest EB appear at v = 1/6
(Figure 1a) and the energy difference between the most and
second stable structures is up to 15 meV/atom. The a-sheet is
also reproduced but is at 75 meV/atom above the ground line.
The three most stable sheets on Cu are rather flat, with
undulations of less than 0.3 è (Figure 2, insets). We name the
most stable B sheet as v1/6-sheet, which has Pmmm symmetry
and whose adhesive energy on Cu is 290 meV/atom. The

Figure 1. a) Total energy per atom of all symmetry-inequivalent
B sheets calculated by CE-fits in vacuum, on Au and on Cu as
a function of vacancy concentration v in the B1¢v&v systems. The solid
lines with circles represent the profiles of ground states from precise
DFT calculations. Diamonds show the data expanded from a rhombus
cell while squares show those expanded from a rectangular cell as
illustrated in the inset, where the B sublattice that can be either filled
or empty is shown in pink and the configurationally inactive sublattice
plus metal is shown in gray. b) The slab model used for particle swarm
optimization (PSO), which consists of three regions: the fixed and
relaxed metal, and the optimized B layer. c) Predicted ground-state
structures of 2D B on Ag or Cu from CE and PSO methods agree with
each other.

Figure 2. Configurational energy spectra of 2D B in freestanding state, on Au, Ag,
Cu, and Ni. The inset in each column illustrates the three most stable structures.
Energy with respect to the ground states and the corresponding v are provided
below each inset. The B atoms pink, metal atoms black spheres.

Angewandte
Chemie

13215Angew. Chem. 2015, 127, 13214 –13218 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


configurational energy spectrum (Figure 2) at the low ener-
gies is much sparser than on Au and in vacuum. Especially,
there is a large energy interval of 35 meV/atom, in which only
the three most stable sheets fall. Thus, there is a strong driving
force towards the formation of specific planar 2D B sheets on
Cu. Control of the growth conditions may even enable
exclusive formation of the v1/6-sheet.

For broader picture, we extend our search onto Ag and Ni
substrates. The 2D B on Ag is similar to that on Au in terms of
the structural buckling and polymorphism (Figure 2). How-
ever, the planar v1/6-sheet on Ag is almost isoenergetic to
a buckled structure at v = 1/8. In contrast, the results on Ni are
similar to those on Cu: The low-energy structures are found
rather planar and the v1/6-sheet is distinctly more stable than
other structures by at least 8.4 meV/atom. However, struc-
tural buckling of the v1/6-sheet is increased to 0.48 è by the
high reactivity of Ni that results in strong adhesion to the
2D B (Figure S2). These results lead us to conclude that
reactive metals outperform inert ones in the possible syn-
thesis of planar 2D B and that the moderately reactive Cu
stands out, favoring the flat sheet at the deeper minimum.
This important information was missing in previous attempts
of structure determination,[15, 24] when the 2D B structures
were simply guessed or picked from those reported earlier,
and are notably less stable than those obtained by compre-
hensive structural search in present work.

Having determined the preferred structures of 2D B on
metals, we proceed to reveal the underlying mechanism of
metal-dependent structures. We first consider charge transfer
between boron and metal. For 2D B in vacuum, the triangular
sublattices act as “donors” while the hexagon vacancies act as
“acceptors”, which are mixed in a way to compensate the
electron deficiency of boron.[7] Extra electrons transferred to
the substrate should increase the number of “donors” and
result in a B sheet with lower v. In this sense, the metal work
function, which determines boron–metal charge transfer,
should be a quantity dominating the substrate effect. How-
ever, the result (Figure 3a, solid line) suggests that this is not
the case. There is no obvious dependence of the optimal v on
the metal work function. Only when the boron–metal distance
is increased (artificially) to approximately 5 è does the
dependence follow the expected decrease (Figure 3a, dashed
line). This clearly shows that not the electron transfer but
rather chemical hybridization at the boron–metal interface
guides the structure choice of 2D B, as analyzed below.

Figure 3b,c present interface charge redistribution of the
preferred B-sheets on Au and Cu. Both systems show
significant rearrangement of the charge density. The notable
electron accumulation in the interface region illustrates the
formation of chemical bonding between the boron and the
metal. This situation is unusual for Au, least reactive towards
adsorbates.[25] Scrutinizing the plots shows a large difference.
The charge rearrangement occurs uniformly for all atoms of
the v1/6-sheet on Cu but is highly concentrated on those closer
to the metal in the v1/9-sheet on Au. Interestingly, this charge
rearrangement becomes much weaker for a v1/6-sheet or
a flattened v1/9-sheet on Au (Figure S3a). Therefore, the
structural buckling of 2D B on Au is essential: it appears to
activate the sheet and enhance the chemical interaction with

the inert metal. To shed light on this point, we express the
energy EB of a 2D B sheet on metal as [Eq. (1)]

EB ¼ Eflat þ Ebk þ Echem ð1Þ

where Eflat is the energy per atom of a purely flat B sheet, Ebk

is the energy change per atom induced by structural buckling,
and Echem is the chemical energy averaged onto each B atom
by the boron–metal bonding. These energy terms for the v1/6-
sheet on Cu and the v1/9-sheet on Au are listed in Table 1,
together with those for the v1/6-sheet on Au and the v1/9-sheet
on Cu. Indeed, on Au, the buckled v1/9-sheet has distinctly
higher Echem than the flat v1/6-sheet does. Moreover, generat-
ing large structural buckling is more operable in a B sheet
with small v because of its electron excess.[26] The two reasons
explain why the B sheet on inert metal is prone to buckling at
relatively small v. The result is opposite on Cu: The structural
buckling of 2D B now reduces Echem because fewer B atoms
will effectively interact with the metal (Figure S3b for a v1/9-I-

Figure 3. Mechanism of metal dependence of 2D B structures.
a) Vacancy concentration v of ground-state B sheet as a function of the
metal work function W. The dotted line is when the boron–metal
distance is fixed at 5 ç. Isosurface plots (0.005 eç3) of charge
redistribution (b) between the v1/9-sheet and Au as well as c) between
the v1/6-sheet and Cu. Yellow indicates electron accumulation and blue
indicates electron depletion. Projected density of states (PDOS) of the
d) v1/9 sheet on Au and e) v1/6-sheet on Cu, together with the
corresponding B sheets in vacuum. The Cu and Au projections are
rescaled for clarity.

Table 1: Energy decomposition of 2D B on metals.[a]

2D B Eflat Ebk Echem EB Eadh

on Au v1/9 ¢6.221 0.089 ¢0.197 ¢6.337 ¢0.077
v1/6 ¢6.257 0.022 ¢0.104 ¢6.302 ¢0.080

on Cu v1/9-I ¢6.249 0.099 ¢0.288 ¢6.431 ¢0.181
v1/6 ¢6.228 0.034 ¢0.329 ¢6.521 ¢0.293

[a] Eflat, Ebk, Echem are the energies of a purely flat sheet, structural buckling
and interfacial bonding, respectively. EB and Eadh are the total and
adhesive energies of a B sheet on metal. All the data are given in units of
eV/atom. The v1/9-I (see Figure S3b) denotes a different structure from
the v1/9.
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sheet on Cu). The B sheet would rather be planar so
that all atoms can participate in the interface hybrid-
ization, which increases the optimal v. The structure
of v1/6-sheet particularly matches the surface atomic
pattern of Cu (111), resulting in a deep global
minimum.

To gain deeper insight into the stability of 2D B
sheets on metals, we look into the electronic structure.
Figure 3d,e present the projected density of states
(PDOS) of the preferred v1/6-sheet on Cu and the v1/9-
sheet on Au, together with the results of correspond-
ing freestanding sheets. For a freestanding v1/9 sheet,
the Fermi level falls in the gap defined by the highest
bonding and lowest antibonding states derived from
in-plane orbitals (px + py) and cuts the out-of-plane
orbitals (pz), consistent with earlier analysis[27] for the
a-sheet. On Au, the structural buckling in the v1/9

sheet mixes the px + py and pz orbitals, extending the
px + py orbital over the whole energy window. As
a result, not only the B pz but also the px + py orbitals
participate considerably in hybridizing with the Au 5d
orbitals (predominately 5dxy þ 5dz2 ), as evidenced by
two resonance peaks in the vicinity of the Fermi level
(marked by arrows in Figure 3d). The interfacial
bonding is therefore much stronger than that of
a planar B sheet on Au (for a planar sheet, the hybridization is
solely between the B pz and Au 5d, see Figure S4). On Cu, the
preferred v1/6-sheet is planar and the interfacial hybridization
is predominantly contributed by the B pz and Cu 5d. Different
is that the Cu 5d locates closer to the Fermi level than the
Au 5d does and overlaps more substantially with the B pz

orbital. Therefore, the boron–Cu bonding is strong enough to
suppress the buckling of the sheet. Moreover, the highest in-
plane bonding state is partially occupied for the v1/6-sheet in
vacuum (arrow in Figure 3e) but becomes fully occupied on
Cu, implying that boron–Cu charge transfer also contributes
in part to stabilize the sheet.

As a conceivable contender to prepare the monolayer
2D B, we also examine the possibility of 2D B12 layers because
the B12 cluster is a unit prevalent in bulk a-boron.[27] In
vacuum, the most favorable B12 layer is 102 meV/atom less
stable than the a-sheet (Figure 4 a). On Au and Ag, the B12

layer becomes even more stable than the CE-predicted v1/9-
and v1/6-sheets, by 47.6 and 19.8 meV/atom, respectively. The
adhesive energy of the B12 layer rises to 210 meV/atom on Au
and 175 meV/atom on Ag, which once more supports the
notion that on weakly interacting metals the nonplanar
structure enhances the boron–metal bonding and stabilizes
the B layer. In contrast, the B12 layer on Cu and Ni remains
a relatively high-energy state, being 54 and 190 meV/atom
less stable than the v1/6-sheet, respectively (Figure 4a). There-
fore, the growth of planar 2D B sheet could be more favored
on Cu and Ni. All the preferred B layers have a relatively high
adhesive energy on metals, larger than that for graphene on
Ni. Thus, once synthesized, the 2D B will need a special
process to separate it from substrates, such as the method of
separating silicene from Ag as recently realized.[28]

Strong adhesion to metal, as we see above, enhances the
density of states at the Fermi level of 2D B sheet, which

should thus be rich in active sites for catalysis. Using the
hydrogen-evolution reaction (HER) as a test, we find that on
Au and Ni the 2D B sheet (if not poisoned by other species),
may serve as catalysts that are competitive with Pt,[29]

according to basic Sabatier principle, with the free energy of
adsorbed H on the catalyst usually required to be close to that
of the product (Figure 4c and Supporting Information, for
calculations details). While further detailed study of this
aspect is beyond the scope of current report, this seems worth
mentioning.

In summary, we have determined the preferred structures
of 2D B on metals by using the cluster-expansion method
combined with first-principles calculations, augmented by
a newly developed[21] surface structure search based on
structure swarm intelligence and free of any grid constraints.
In particular, a planar v1/6-sheet is predicted to be favored on
most of the studied metals and must be sought in 2D B growth
on metal substrates, calling for experimental tests. The
revealed metal-dependent B sheets open a possibility to
guide 2D B formation through tailored boron–metal inter-
actions.
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Figure 4. a) Energy order of the a-sheet, v1/6-sheet, and the B12 layer in vacuum
and on metals. The reference energy is taken from the most stable structure on
each metal. Inset: the atomic configuration of the B12 layer on Ag. b) Adhesive
energies Eadh (filled bars) and buckling Dz (empty bars) of the v1/6-sheet and
2D B12 layer on different metals. Eadh for graphene (gr) on Cu and Ni and for
silicene on Ag are also provided. c) Free-energy diagram for hydrogen evolution
reaction on different catalysts. The free energy of H+ + e¢ is defined as the same
as that of 1/2H2 at room temperature and standard conditions. The results for
pure metals and the MoS2 edge are from Ref. [29].
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