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Boron monolayers have been increasingly attractive, while it is still a challenge to understand their struc-
tural stabilities, due to electron deficiency and multi-center bonds. In this work, we propose the average
electron compensation (AEC) mechanism for boron monolayers based on high-throughput first-prin-
ciples calculations. It is found that the AEC parameter (1) tends to be zero for the stable free-standing
boron monolayers. In addition, this mechanism can quantitatively describe the stability of boron mono-
layers on various metal substrates, providing direct suggestions for experimentalists to synthesize various
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1. Introduction

Boron (B) clusters and monolayers have been intensively
studied due to their unique properties arising from structural
diversity. Different from the bulk structure consisting of By,-
icosahedra,” various planar or quasi-planar B, clusters received
a great deal of theoretical and experimental attention in recent
years.””” For example, Bsg with a double-hexagonal vacancy
was initially predicted theoretically in 2015,° and it was suc-
cessfully confirmed by photoelectron spectra measurements in
2017.” Boron monolayers with hexagonal vacancies were theor-
etically proposed around a decade ago,*® followed by extensive
studies that demonstrated that the stable, flat and free-stand-
ing boron monolayers would exhibit rich polymorphism
within a narrow range of energies,"”"" as well as the corres-
ponding hexagonal vacancy concentration # in the range of 1/9
< n < 1/7.8,10,12,13

The charge transfer between boron monolayers and metal
substrates will greatly alter the structural stability of boron
monolayers. Excitingly, the f,, (7 = 1/6) and y; (7 = 1/5) sheets
have been recently synthesized on the Ag (111) substrate,'*"”
while first-principles calculations'®'” suggested that the free-
standing f;, and y; sheets are not stable. Boron monolayers
deposited on metal substrates are very sensitive to growth con-
ditions,">*®' and various metastable phases of boron mono-
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boron monolayers for practical applications.

layers including the famous a sheet were observed by mole-
cular beam epitaxy (MBE) experiments.'®?° In addition, the
adjustable interaction of metal substrates with the poly-
morphic boron monolayers may lead to various promising
applications in catalyst reactions,”” Li-ion batteries,*® and
hydrogen storage.>***

The concentration and distribution of hexagonal vacancies
dominate the stability of boron monolayers. However, a quanti-
tative model is still absent to describe their stability due to
complicated bonding. In this work, we propose the average
electron compensation (AEC) model for the stability of boron
monolayers, where the possible candidates are enumerated
based on first-principles calculations with the congruence
check. The calculated AEC parameter (1) of the stable free-
standing boron monolayer is found to be near zero, while the
electron-deficient boron monolayers with larger 4 are more
stable on metal substrates as verified by first-principles
calculations.

2. Computational details

The first-principles calculations were performed based on
density functional theory (DFT) as implemented in the Vienna
ab initio simulation package (VASP).>> The electron-ion inter-
actions were described by the projector augmented wave (PAW)
method.?® To treat the exchange-correlation interaction of
electrons, we chose the Perdew-Burke-Ernzerhof (PBE) func-
tional within the generalized gradient approximation (GGA).>”
The energy cutoff was set to 480 eV, and the forces acting on
each atom were less than 0.01 eV A™'. To investigate the
dynamic and thermal stability of boron monolayers, we calcu-
lated phonon dispersion using the Phonopy package*® and

This journal is © The Royal Society of Chemistry 2018
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carried out ab initio molecular dynamics (AIMD) simulations
with a Nosé-Hoover thermostat® at various temperatures. In
addition, we employed more accurate hybrid functional calcu-
lations (HSE06 and PBE0)***” to confirm the relative stability
of the boron monolayers with lower energies.

Based on the triangular lattice supercell with various hexag-
onal vacancy distributions, we have enumerated the possible
candidates with the number of atoms in the cell less than 30.
The average formation energy (Egom) of the B sheets is defined
as Eform = (Esheet/Tt — Eat), Where Egpee is the total energy of the
B sheet, E, is the energy of an isolated spin-polarized boron
atom, and 7 is the number of B atoms in the cell. The average
adsorption (formation) energies for boron monolayers on the
metal substrates are defined in the ESL.{ The removal of one
boron atom from the flat triangular sheet produces a hexag-
onal vacancy, generating a mixture of hexagons and triangles,
and 7 is defined as®

-~ No. of hexagonal vacancies
" No. ofatoms in theoriginal triangular sheet -

n

The charge difference of boron sheets is defined as: Ap =
p(By) — p(B,), where p(B,) refers to the charge densities of the
boron sheets from self-consistent calculation, and p(B,) is the
summation of free atomic charge densities for the boron sheets.
For the adsorption systems, the charge difference is defined as:
Ap = p(Sub + Bsheet) — p(Sub) — p(Bsheet), where p(Sub +
Bsheet) is the charge densities of the B/Ag systems and p(Sub)
and p(Bsheet) are the charge densities for isolated systems.

3. Results and discussion
3.1 Structural stability of boron monolayers

Boron monolayers with a high vacancy concentration ( > 6/27)
tend to become amorphous,® and therefore in this work we
focus on the structures in the vacancy concentration of 1/12 <
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< 1/5 to maintain the stabilities. As shown in Fig. 1a, the convex
hull dots represent the ground-state boron monolayers as a func-
tion of 5, and the corresponding structures are presented in
Fig. 1b. Instead of cluster expansion (CE) and particle-swarm
optimization (PSO),">"* we have performed a full screening of
possible boron monolayers from the triangular lattice with hexag-
onal vacancies, using the structure recognition algorithm based
on distance matrices proposed by our group.**?* All the stable
phases in the previous literature®'%'**? were found in our enum-
erated calculations. In addition, we uncovered more stable boron
monolayers with 5 of 1/10 (—5.948 eV per atom), 1/6 (—5.970 eV
per atom) and 5/28 (—5.957 eV per atom) for the first time, com-
pared to those found in the earlier studies.”” Note that the
coordination number (CN) of B atoms of the stable candidates is
not smaller than 4, and thus the candidates with CN = 3 are
excluded to accelerate the screening efficiency (shown in Fig. 1a).

The representative free-standing boron monolayers with
lower energies reported in the literature®'®'*3%37 are listed in
Table S2.f In addition, we find a stable boron monolayer with
a novel armchair hexagonal-vacancy chain (fam,) (shown in
Fig. Slat). According to the phonon dispersion and AIMD
simulations (shown in Fig. S1t), we show that f,., has out-
standing dynamic and thermal stabilities. Furthermore, the
accurate hybrid functional calculations also confirm that
boron monolayers with 74, and 7y are the most stable,
where the energy differences between these stable phases are
less than 10 meV per atom (shown in Table S27). Although the
results from hybrid functional calculations may slightly
change the energy difference between the structures, they will
not qualitatively affect the conclusions, indicating the poly-
morphism of the ground-state boron sheets.

3.2 Electronic properties and bonding analysis of boron
monolayers

We have calculated the projected density of states (PDOS) for
some boron monolayers with the separated in-plane (the sum

n=1/6

Fig. 1 (a) The average formation energies E¢,,m as a function of the vacancy concentration 5 for the boron monolayers, and the green dots rep-
resent the candidates with a coordination number (CN) of 3. (b) The atomic structures of the most stable boron monolayers at fixed 5. The energies

in (a) are based on the PBE functional calculations.
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of s, px and py) s + p,, orbitals and out-of-plane p, orbitals
shown in Fig. S2.f All the low-lying boron monolayers at
various 7 are metallic characterized by the p,-derived bands,
where the Fermi level (Ey) lying in the gap of the in-plane
bonding and anti-bonding states for most stable boron mono-
layers represents the good balance of the triangular regions
(donors) and hexagonal regions (acceptors).®'® However, the
stabilizing mechanism remains a subject of debate, since
there are a few unstable boron monolayers with # > 1/7 in
which the Ey is located in the gap of the in-plane orbitals (see
Fig. S3t). In addition, the PDOS analysis shouldn’t be
employed to screen stable structures, since it cannot be
obtained without the first-principles calculations.

To explain the structural stability and charge distribution of
boron clusters, we have proposed an effective 8-electron
model® based on two main assumptions: (i) there are 3n (n is
the number of boron atoms in a unit cell) valence electrons to
form 2c-2e (single-bond) bonds and 3c-2e (three-center
bond) bonds. In order to ensure that each B atom satisfies

my my
the 8-electron rule, we have 225i+22tj=3n and
i=1 j=1

my my
2431' + Z6tj = 8n, where m;,(m,) represents the number of
i=1 =
all the 2c-2e (3c-2e) bonds and the occupations (i.e., s;, t;) of
2c-2e (3c-2e) bonds are in the range from 0 to 1; and (ii) the
distribution of 2c-2e and 3c-2e bonds should be in agreement
with the charge difference and the symmetry of the configur-
ation. Based on the 8-electron rule, the boron cluster candi-
dates can be pre-screened qualitatively by the geometry.*®

To understand the stability of boron monolayers, we herein
propose a quantitative AEC model. Similar to the former
8-electron model, the 3c-2e bonds are located at the triangle
regions and the 2c-2e bonds are located at the edges of hexa-
gons, respectively, where “s;” and “t” are the occupation
numbers of the i-th 2c-2e and j-th 3c-2e bonds. The matrices
for the given boron sheets are based on two basic principles:
(i) the electron number of all the 2¢-2e and 3c-2e bonds equals
(3 +4) x n, as the total valence electron number in the unit cell
is 3 x n, A represents the average electron compensation para-
meter; and (ii) the distributions of the 2c-2e (3c-2e) bond
ensure that every B atom in the unit cell satisfies the 8-electron
rule. Each 2c-2e (3c-2e) bond shares 2 electrons with two
(three) B atoms, thus the total number of bonds for each B
atom is 4 to satisfy the 8-electron rule, with the bond occu-
pation number (s;, ¢;) in the range of (0-1). Under this defi-
nition, boron monolayers with positive 1 are electron deficient.

Here we may apply the AEC model to analyze the experi-
mentally synthesized boron monolayers (ys, f12),"> as shown in
Fig. 2(a and b). Considering the symmetry of the structure, we
determine the inequivalent 2c-2e bonds and 3c-2e bonds in
the unit cell. Taking the y; sheet as an example, there are two
inequivalent atoms (marked by various colors) in the unit cell,
corresponding to one inequivalent 3c-2e bond (¢) and two
inequivalent 2c-2e bonds (sq, $,). Considering the number of
valence electrons, we have 8s; + 2s, + 8¢, = (3 + 1) x 4. For the
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two atoms, we have 2s; + 4t; = 4 and 2s; + S, + 2¢; = 4 to satisfy
the 8-electron rule, where the corresponding matrix (A) is
obtained (shown in Fig. 2a), and we find a unique 1 of 0.5 for
the y; sheet. The full process contains two steps: (i) writing a
linear equation (A x X" = B) for the given boron sheet candi-
date; and (ii) applying a numerical algorithm to find the 4 with
the minimum absolute value to ensure that the solutions “X”
are located in the range of 0 and 1. The f;, sheet is also
checked in a similar way as shown in Fig. 2b. The AEC model
analysis results for other typical boron monolayers are pre-
sented in Table S3.f The AEC parameter of the 7,,;5 sheet is
calculated to be 0.077 e per atom, which is in agreement with
the recent theoretical work® where the ground-state boron
monolayer is the 7,5 sheet at a low charge doping level (g =
0.03 e per atom).

According to the relationship of the average formation
energy and AEC parameter (shown in Fig. 2c), the boron mono-
layers with 5 < 1/9 are proved to be electron-excessive with
negative 4, while the free-standing unstable boron monolayers
(1o and y3)"® are found to be electron deficient due to the rela-
tive large A. It is worth noting that, all the stable boron mono-
layers correspond to a smaller 1 (0 < A < 0.08), because the
stable boron monolayers should not be electron-excessive
(negative 1) with the occupation of anti-bonding states, and
the boron monolayers with a large 4 should be seriously elec-
tron deficient.

As shown in Fig. S4,1 there are lots of candidates with a
given 7, and the structural stabilities cannot be pre-judged
without performing the first-principles calculations. In our
AEC model, the descriptor 1 proves that the best value for
stable boron monolayers is close to zero, and adopting a
reasonable constraint (4 = 0) can help us screen the stable
boron monolayers based on the geometry instead of the first-
principles calculations. The self-doping mechanism in earlier
works*®*" successfully analyzed the chemical bonding of the
given boron monolayers from maximally localized Wannier
functions.”> The method, however, is expensive to screen
numerous candidates since it is based on first-principles
calculations.

In our previous studies,**® we adopted the 8-electron rule
with a fractional solution to analyze the bond distribution of
the magic boron clusters, which should also be in agreement
with the charge difference. In Fig. 3, we show the charge differ-
ence of the four stable boron monolayers, where the warm/
cold color regions represent the electron localization and the
electron deficiency, respectively. Using our AEC model, we find
a possible discrete occupation number of 1/4 for the 2c-2e and
3c-2e bond to analyze the most stable 74,5 sheet (1 = 0). As
shown in Fig. 3a, there are {12, 8, 12} 3c-2e bonds with the
occupation number of {1/2, 3/4, 1} and {8, 4, 8, 2} 2c-2e bonds
with the occupation number of {1/4, 1/2, 3/4, 1}. Fig. 3b shows
the charge difference and model analysis of 2c-2e and 3c-2e
bond distributions for the 7,5 sheet with a unique 1 of 0.048.
There are 20 (12) bonds of 3c-2e (2¢-2e) with the occupation of
3/4, 10 (4) bonds of 3c-2e (2c-2e) with the occupation of 1/2,
and only 1 bond of 2c-2e at the center with the occupation of

This journal is © The Royal Society of Chemistry 2018
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layers with 1/12 <5 < 1/5. The inset represents E;,m as a function of 5. The energy data in (c) are based on PBE functional calculations.

1. In particular, the B-B bond length (1.64 A) of the edge con-
necting the two hexagons is shorter than the one (1.69 A)
belonging to an independent hexagon, and our model solution
can present the electron localization in the region with a
maximum occupation number of 1 for the 2¢-2e bond.

For the first proposed stable boron monolayer (a sheet),®’
our model can also give a reasonable solution with the
minimum occupation number of 1/3 with 4 = 0. As shown in
Fig. 3c, the bond distributions contain {6, 6} 3c-2e bonds with
the occupations of {1, 1/3}, and 6 2c-2e bonds with the occu-
pation of 2/3. Insight into the charge difference of the a sheet
revealed that all the hexagonal edges in the unit cell are equi-
valent, in agreement with our model solution. For the new pre-
dicted flat phase fim (shown in Fig. 3d), there are 24 (12)
bonds of 3c-2e (2¢-2e) with the occupation of 3/4, 12 (6) bonds

This journal is © The Royal Society of Chemistry 2018

of 3c-2e (2c-2e) with the occupation of 1/2, and 4 bonds of 2c-
2e with the occupation of 1 (the intact 2c-2e bonds reflect the
electron localization in the armchair regions). Other stable
boron monolayers can also be analyzed by our model with the
minimum occupation of 1/2 for the 2c-2e and 3c-2e bonds
(shown in Fig. S51), indicating that our model is an effective
and universal method to analyze the electron distributions in
the stable boron monolayers with a clear and simple picture.

3.3 The interaction of boron monolayers with metal
substrates

To investigate the possibility of boron monolayers fabricated
in the experiments, we have systematically studied the struc-
tural stability of several boron monolayers placed on the Ag
substrate (shown in Fig. S61). Fig. 4a shows the stabilities of

Nanoscale, 2018, 10, 13410-13416 | 13413
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boron monolayers (17433, 71/s, 2/15, Parm, €tc.) that might be fab-
ricated on the Ag substrate under proper conditions, since
these monolayers are more stable than the a sheet that has
been synthesized.”® The average formation energy (Eform) Of
the stable free-standing ., and 7,15 on the Ag (111) substrate
is only 0.02 eV per atom higher than those of the experimental
(P12, x3) sheets, and the overall stability of the boron mono-
layers on the Ag (111) substrate is shown in Fig. S7.f The
average adsorption energies (E,q) (shown in Fig. 4b) are lower
for these boron monolayers with larger 4, indicating a stronger
interaction with the Ag substrate due to a greater charge trans-
fer.'"** According to the PDOS analysis for the f;, and y;
monolayers (shown in Fig. 4c), both the out-of-plane p, and in-
plane s + p,, orbitals participate in hybridizing with the Ag 4d
orbitals, and the charge differences indicate a strong inter-
action of the boron monolayers with the Ag substrate.

While different metal substrates may alter the ground-state
structures of 2D B due to the various abilities of charge trans-
fer, we also consider four typical boron monolayers on the Au/
Cu substrates, which would not form borides,*® as shown in
Fig. S8.1 The adsorption energy on the Au substrate is similar
to that on the Ag substrate, and a much stronger interaction
occurs on the Cu substrate, which can be confirmed from the
relative distance of boron monolayers and metal substrates.
For the new predicted stable f,;m with (4 = 0.077), the stronger
E.q than that of the a sheet may be attributed to the local
environments of the armchair regions with low atomic concen-
tration. The trends of the average adsorption energy and A
(Fig. 4d) show that, the boron monolayers with a larger A
correspond to a stronger interaction with metal substrates,
indicating the rationality of our AEC model. The former
theoretical results®” indicate that the adhesive energy of sili-
cene on the Ag (111) substrate is much stronger than that of
the f;, sheet on Ag/Au/Cu (111) substrates, and the exfoliation
of silicene from the Ag (111) substrate has been reported in
experiments.”® Despite the difficulties, many theoretical and
experimental efforts have been devoted to study this issue, and
we believe that the 2D B sheets will be separated from the sub-
strates by a special process in the future. Recently, the gra-
phene-like borophene has been synthesized on the Al (111)
surface.** The free-standing honeycomb is unstable due to the
heavy electron deficiency, and nearly one electron charge is
transferred to each boron atom from the Al (111) substrate to
stabilize the honeycomb borophene.***> We are inclined to
believe that, various boron monolayers may be synthesized by
the control of growth conditions in the future.

4. Conclusions

In summary, we have systematically investigated the possible
boron monolayers based on high-throughput screening with
first-principles calculations, where a novel stable boron mono-
layer f..m with armchair hexagonal-vacancy chains is obtained.
The AEC model is proposed to describe the electron deficiency
in boron monolayers quantitatively, providing an excellent

This journal is © The Royal Society of Chemistry 2018
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explanation of the stability evolutions for boron monolayers as
a function of substrates. Our findings give a valuable insight to
help us understand the intriguing electronic properties of
boron monolayers. Notably, the boron monolayer f,., would
be stable with/without substrates, exhibiting its potential in
practical applications.
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