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ABSTRACT: Materials containing planar hypercoordinate motifs
greatly enriched the fundamental understanding of chemical bonding.
Herein, by means of first-principles calculations combined with global
minimum search, we discovered the two-dimensional (2D) SrB8
monolayer, which has the highest planar coordination number (12)
reported so far in extended periodic materials. In the SrB8 monolayer,
bridged B8 units are forming the boron monolayer consisting of B12 rings,
and the Sr atoms are embedded at the center of these B12 rings, leading to
the Sr@B12 motifs. The SrB8 monolayer has good thermodynamic,
kinetic, and thermal stabilities, which is attributed to the geometry fit
between the size of the Sr atom and cavity of the B12 rings, as well as the
electron transfer from Sr atoms to electron-deficient boron network.
Placing the SrB8 monolayer on the Ag(001) surface shows good commensurability of the lattices and small vertical structure
undulations, suggesting the feasibility of its experimental realization by epitaxial growth. Potential applications of the SrB8 monolayer
on metal ions storage (for Li, Na, and K) are explored.

■ INTRODUCTION

Chemical bonding is one of the most basic concepts of
chemistry. Many bonding rules were established, being
foundations for the understanding of properties of molecules
and solids, but at the same time several efforts have been made
to challenge these well-precedented bonding rules, such as the
rule-breaking planar hypercoordinate motifs.1−3 Classically, a
tetracoordinate carbon atom adopts the tetrahedral config-
uration with a saturated sp3 hybridization.4 In 1970, Hoffmann,
Alder, and Wilcox proposed strategies to stabilize planar
tetracoordinate carbon (ptC);5 in 1976, Schleyer and co-
workers theoretically designed the first ptC-containing
molecule;6 in 1977, Cotton and co-workers experimentally
synthesized the first molecule with a ptC motif.7 Since then,
enormous ptC-containing molecules/clusters have been
theoretically designed,1,3,8,9 and some of them have been
experimentally identified, such as CAl4

−,10 CAl4
2−,11 and

CAl3Si
−.12 Interestingly, the planar coordination number of

carbon can be further increased to 5 and 6.13−18

Nowadays, the concept of planar hypercoordination is quite
general and has been extended from carbon to other main
group elements, such as boron (B),19,20 nitrogen,8,21 oxy-
gen,22,23 sulfur,24 silicon,25 as well as to transition metal
elements.26−29 Noteworthy, the systems with planar hyper-
coordination have also been expanded from molecules/clusters
to periodic systems, making a significant step toward practical
applications.30−42 For example, the Be5C2 monolayer with

quasi-planar pentacoordinate carbon has an unusual negative
Poisson’s ratio and a Dirac-like point in the band structure and
thus is appealing for application in electronics and
mechanics.38 The Cu2Si monolayer41 containing both quasi-
planar hexacoordinate Cu and Si atoms has been recently
synthesized and proved to be a Dirac material promising for
high-speed low-dissipation devices.42

Boron is an element characterized by electron deficiency and
versatile bonding capacity. Consequently, boron is able to
adopt planar hypercoordinate configurations with various
elements including itself.43,44 Both small-sized planar B clusters
and two-dimensional (2D) B sheets have been experimentally
realized,44−48 in which the planar hexacoordinate B moiety is
the basic building block. Strikingly, a team led by Wang and
Boldyrev identified planar hepta- and octacoordinate B in
wheel-type geometries of B8

2− and B9
− clusters.19,20 Inspired

by this discovery, they proposed geometric and electronic
factors for rational design of borometallic molecular wheels49

and realized a series of transition-metal-centered borometallic
molecular wheels, such as FeB8

−,26 FeB9
−,26 CoB8

−,27 RuB9
−,27
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RhB9,
28 IrB9,

28 NbB10
−,29 and TaB10

−,29 where the limit of
planar coordination number was push to 10 in NbB10

− and
TaB10

−.50

Thus far, the highest planar coordination number reported
for isolated systems is 13, which is recently found in the LaC13

+

cluster,51 while the number in extended periodic materials is
lower, being eight in 2D FeB6

32 and TiB4
34 monolayers. The

continuing considerable interest in finding planar hyper-
coordinate structures leads to a natural question: what is the
highest planar coordination number that we can achieve?50 In
this work, we push the limit of planar coordination number in
periodic materials to 12 by designing a 2D strontium boride
(SrB8) monolayer by means of first-principles calculations. The
proposed SrB8 monolayer can be constructed by placing Sr
atoms and D2h B8 units on square lattices, where two types of
Sr@B12 wheels are formed with planar dodecacoordinate Sr
atom located at the center of 12-membered B rings. The SrB8
monolayer exhibits good thermodynamic, kinetic, and thermal
stabilities, which are attributed to the electron transfer from Sr
to the B framework. The metallicity and abundant adsorption
sites nature of SrB8 monolayer enable its potential applications
as anode material for rechargeable metal ion batteries.

■ COMPUTATIONAL METHODS
All the calculations were performed in the framework of density
functional theory. For isolated molecules, structure optimizations,
frequency analyses, and electronic structure calculations were
performed at the B3LYP/6-31G(d, p) level of theory using the
Gaussian 09 package.52 For 2D periodic systems, the structure
optimizations and molecular dynamics simulations were carried out
using the plane wave basis set with projected augmented wave
potentials53 and PBE exchange−correlation functional54 as imple-
mented in the Vienna ab initio simulation package (VASP).55 The
3s23p64s2, 4s24p65s2, 5s25p66s2, and 2s22p1 electrons for Ca, Sr, Ba,
and B atoms were treated as valence electrons, respectively. The
electronic properties were calculated using the hybrid HSE06
functional.56 The cutoff energy of 600 eV for wave function expansion
and the Monkhorst−Pack k-point sampling were chosen to ensure
that the total energy converges ∼1 meV per atom. 2D monolayers
were placed in the xy plane with the z direction perpendicular to the
layer plane, and a vacuum space of 20 Å in the z direction was
adopted to avoid interactions between the adjacent layers. Phonon
calculations were carried out using the frozen phonon approach as
implemented in the PHONOPY package.57 Ab initio molecular
dynamics (AIMD) simulations were performed at different temper-
atures up to 3000 K to evaluate the thermal stability of the 2D
monolayer. The initial configuration was taken from the optimized
structure at zero temperature with a 3 × 3 supercell. Each AIMD
simulation in the NVT ensemble lasted for 40 ps with a time step of
2.0 fs, and the temperature was controlled by using the Nose−́Hoover
method.58

The swarm-intelligence-based CALYPSO method and code59−63

were employed for searching low-energy 2D Sr−B monolayers. Its
validity has been manifested by successful identification of the
ground-state structures for a large number of systems.64−67 In the
CALYPSO calculations, the simulation cells containing up to 4
formula units were considered. The population size was set to 50, and
more than 1000 structures were sampled on the potential energy
surface for each stoichiometry in the 2D planar space.

■ RESULTS AND DISCUSSION
Design of 2D Monolayer Materials with Planar

Dodecacoordinate Configuration. The design of a 2D
monolayer with planar dodecacoordinate configuration was
initially inspired by our recent discovery of the TiB4 monolayer
with P4/mmm symmetry,34 in which each Ti atom binds to

eight B atoms with equal distance in a perfect plane, featuring
planar octacoordinate configurations (Figure 1a). The basic

building blocks in the TiB4 monolayer are the D8h Ti@B8
wheel and the B4 square (Figure 1b and Figure 1c); both are
arranged on the corner of 2D square lattices. The D8h Ti@B8
wheels connect to each other by sharing B−B edges, while the
B4 squares join each other through B−B bonds. Leaving out
the electronic factor, a simple and straightforward way to
construct a 2D monolayer with higher number of planar
coordination is to use larger metal-centered B wheels, e.g., a
D12h M@B12, and place them on a square lattice similar to that
in the TiB4 monolayer. This allows us to construct a P4/mmm
MB8 structure with perfect planar dodecacoordinate config-
uration (Figure 1d), which contains building blocks of a D12h
M@B12 wheel and a four-pointed-star-like B8 unit (Figure 1e
and Figure 1f).
Finding a promising building block candidate and then

assembling the candidate in a 2D plane are two important
steps of the bottom-up strategy, which is one of the three main
strategies for designing rule-breaking 2D materials (the other
two strategies are isoelectronic substitution and direct global
minimum search).32 Now we have preliminarily assembled
building blocks in a 2D plane; however, whether the four-
pointed-star-like B8 unit building block is a good candidate or
not has not been evaluated.
Inspiringly, the D2h B8 unit was found in a D2h B8H4

antiaromatic molecule,68 and D2h B8 units also appeared in
other hypercoordinate structures such as FeB6

32 and MnB6.
33

Thus, the B8 unit might play key roles in mapping out the
planar hypercoordinate materials and is worth more detailed
studies.
To check the suitability of B8 units as building blocks in the

designed MB8 structure, we investigated the geometric and
electronic structures of the four-pointed-star-like B8 unit with
D4h (designed in this work) and D2h (literature reported)
symmetries. The same as previous studies,68 the four corner B
atoms in D4h and D2h star-like B8 units were saturated by
hydrogen atoms, resulting in D4h and D2h B8H4 molecules
(Figure 2). We optimized their structures with different charge
and spin states at the B3LYP/6-311+G* level of theory. Our
computations showed that the D2h B8H4 molecule is ∼1.61

Figure 1. Sketch map from the octacoordinate TiB4 structure to a
designed dodecacoordinate structure. Structures of (a) a TiB4
monolayer with building blocks of (b) a D8h Ti@B8 wheel and (c)
a B4 square. Structures of (d) a MB8 monolayer with building blocks
of (e) a D12h M@B12 wheel and (f) D4h four-pointed-star-like B8 unit.
The pink, brown, gray and cyan balls represent B, inserted B, Ti, and
undetermined metal (M) atoms, respectively. The black dashed line
denotes a unit cell.
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kcal/mol lower in energy than the D4h B8H4 molecule, and the
D2h configuration (Figure 2b) is a local minimum only with −2
charge at the singlet state. Within the singlet D2h B8H4

2−

molecule, all the atoms reside in a plane with the eight B atoms
forming six triangles arranged in a rectangular shape. The B−B
bond lengths are in range of 1.60−1.74 Å.
To understand the stability of the D2h B8H4

2− singlet ground
state, we analyzed the chemical bonding using the adaptive
natural density partitioning (AdNDP).69 The AdNDP analysis
(Figure 2c) revealed four localized two-center−two-electron
(2c−2e) B−H σ bonds. The remaining σ electron densities are
partitioned into three sets of delocalized σ bonds: four 3c−2e
σ bonds, one 4c−2e σ bond, and three 8c−2e σ bonds. All the
π electron density could be divided into three delocalized 8c−
2e bonds, which renders π aromaticity according to the (4N +
2) Hückel rule with N = 1 and is responsible for the stability of
the planar geometry of the molecule. Scrutinizing the canonical
molecular orbitals (Figure S1) of D2h B8H4

2− further supports
the above AdNDP analysis.
The discovery of the dynamically stable D2h B8H4

2− with
planar geometry motivated us to further design planar
hypercoordinate 2D monolayers by placing the new B8 units
and metal atoms in the aforementioned patterns. Two types of
MB8 structures can be constructed depending on how the four
B8 units are orientated around a metal atom. As depicted in
Figure 3, the first structure (Figure 3a) possesses a square
lattice and P4/mmm symmetry, in which adjacent B8 units are
perpendicular to each other, and the second structure (Figure
3b) has a rectangle lattice with Cmmm symmetry, where the B8
units are arranged in parallel. In the P4/mmm structure, there
are two types of M@B12 wheels, while in the Cmmm structure
there is only one type of M@B12 wheel.

To stabilize these two planar structures, it is important to
choose a suitable metal atom. Here, +2 valence heavy alkali
earth atoms, i.e., Ca, Sr, and Ba, are of good choice since they
have atomic radii larger than Fe 32 and Ti,34 which are
favorable for achieving a coordination number higher than
eight, since the radius of the metal atom in the
dodecacoordinate configuration is expected to be larger than
that in the octacoordinated configuration. Meanwhile, these
metal atoms might offer several electrons to the B8 units.
Therefore, we performed geometry optimizations and phonon
calculations for CaB8, SrB8, and BaB8 monolayers with both
P4/mmm and Cmmm space groups. As shown in Figure S2,
CaB8 and BaB8 monolayers are not dynamically stable as
indicated by significant imaginary frequencies in the phonon
dispersion curves. Encouragingly, both P4/mmm and Cmmm
structures of SrB8 monolayer are local minima without
appreciable imaginary frequencies.
Global minimum search is another well used strategy to

design 2D rule-breaking hypercoordinate materials.32 Inspired
by our above finding that metal atom and boron atom with the
stoichiometry of 1:8 is able to form planar dodecacoordinate
configurations, we performed the global minimum search of
the Sr−B system in 2D planar space using the CALYPSO
method. The stoichiometries of Sr1−xBx (x = 1/3, 2/5, 1/2, 3/
5, 2/3, 5/7, 3/4, 4/5, 6/7, 8/9, and 10/11) were systematically
searched. By full structural relaxations, the global minimum
structures for each stoichiometry were obtained (Figure S3),
and the thermodynamic stability of different Sr1−xBx was
evaluated by the formation energy (Ef) defined as

= − − −
−

E E x E xE(1 )f Sr B Sr Bx x1

where ESr1−xBx
and ESr are the total energies of Sr1−xBx and bulk

Sr, respectively; EB represents the total energy of either the α-B
monolayer or bulk rhombohedral B. (Note that the B
monolayer has already been synthesized through deposition
of atomized vapor,46−48 and the α-B monolayer usually serves
as a common choice as reference when evaluating the stabilities
of B-containing 2D materials.70−72) On the basis of the Ef of
different stoichiometries, the convex hulls for Sr−B system
with different B references were constructed (Figure S4). It is
found that regardless of the choice of the B references, the
relative stabilities for Sr−B systems show a similar trend:
generally, the stability of 2D Sr−B systems increases as the B
concentration increases; SrB5, SrB6, and SrB8 species have
rather similar stabilities; the SrB8 monolayer is among the most

Figure 2. Structures of (a) a D4h B8H4 molecule constructed by
terminated a D4h star-like B8 unit with four H atoms, and (b) a D2h
B8H4

2− molecule obtained by locally optimizing the D4h B8H4 at −2
charge and singlet state. (c) Chemical bonding analyses of the D2h
B8H4

2− through AdNDP. The pink and white balls represent B and H
atoms, respectively.

Figure 3. Top and side views of the two designed MB8 monolayers
with planar dodecacoordinate metal atoms: (a) P4/mmm MB8 and
(b) Cmmm MB8. The different types of M@B12 wheels are illustrated
between the two structures. The pink and cyan balls represent B and
undetermined metal (M) atoms, respectively. The black dashed line
denotes a unit cell.
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stable stoichiometries, which has a lower formation than that
of α-B monolayer and is stable against decomposition into
other Sr−B systems.
Most importantly, our structure searches successfully

reproduced the P4/mmm and Cmmm SrB8 monolayers, and
the former is found to be the global minimum. Other low-lying
SrB8 monolayers from the structure search are shown in Figure
S5, along with their symmetries and energies relative to the
global minimum. Note that some low-lying structures
(structures III and IV in Figure S5) have B rings (B10 rings)
smaller than those in the designed P4/mmm and Cmmm
structures (B12 rings). Such structures cannot restore planar
geometries after out-of-plane distortions along with geometric
optimizations. This further demonstrates the geometry fit
between the size of the Sr atom and the cavity of the B12 rings
in the P4/mmm and Cmmm SrB8 structures. Free energy
calculations for low-lying structures in Figure S5 were
performed under the harmonic approximation using PHO-
NOPY code,57 and the results (Figure S6) indicate that the
P4/mmm structure has the lowest free energy at finite
temperatures. We also performed preliminarily global mini-
mum search for Ca−B and Ba−B systems with the
stoichiometry of 1:8. It was easy to predict new structures
with lower energy than P4/mmm and Cmmm structures of
CaB8 and BaB8 monolayers, manifesting that Ca and Ba are not
suitable for constructing stable dodecacoordinate configura-
tions, as we concluded by our dynamic stability evaluations.
As the P4/mmm SrB8 configuration is the lowest energy

structure in 2D plane space in our CALYPSO prediction, we
will mainly focus on the P4/mmm SrB8 monolayer in the
following sections.
Stability and Synthesizability of the P4/mmm SrB8

Monolayer. The optimized P4/mmm SrB8 monolayer consists
of two Sr atoms and 16 B atoms in a unit cell with lattice
parameters of a = b = 8.43 Å. The two Sr atoms occupy the 1b
(0, 0, 0.5) and 1d (0.5, 0.5, 0.5) sites, respectively; the 16 B
atoms occupy the 4m (0, 0.39, 0.5), 4o (0.5, 0.83, 0.5), and 8p
(0.31, 0.18, 0.5) sites, respectively. Each Sr atom is coordinated
to 12 B atoms, exhibiting planar dodecacoordinate config-
urations. The Sr−B and B−B distances are in range of 2.80−
3.29 Å and 1.57−1.83 Å, which are close to those in the crystal
SrB6 (3.08 and 1.76 Å for Sr−B and B−B bond lengths,
respectively).73

To examine the thermal stability, we performed AIMD
simulations for the P4/mmm SrB8 monolayer. Six independent
AIMD simulations (at 300, 500, 1000, 1500, 2000, and 2500
K) were carried out using a 3 × 3 supercell (containing 162
atoms). The snapshots of the SrB8 monolayer taken at the end
of 20 ps simulations are given in Figure S7. The topological
structure of the P4/mmm SrB8 remains with only moderate in/
out-of-plane deformations up to 2000 K, suggesting that P4/
mmm SrB8 is separated from other minimum structures by high
energy barriers. The distorted structures can restore the planar
structure after geometry optimization. As the temperature
increases, the distortions become more and more pronounced,
and the network of the P4/mmm SrB8 is destroyed at an
extremely high temperature of 2500 K. The well-preserved
structure of the P4/mmm SrB8 at such a high temperature of
up to 2000 K demonstrates its remarkable stability against
thermal perturbation.
We also considered several wrinkled structures by displacing

Sr and/or B atoms of the P4/mmm SrB8 monolayer along the
out-of-plane direction by a small distance. The distorted

structures spontaneously transform into a pure plane after
geometry optimization, implying the robustness of the planar
P4/mmm structure.
The thermodynamic stability of the P4/mmm SrB8

monolayer can be evaluated in term of cohesive energy (Ec).
The Ec can be accessed by

= + −E E E E( 8 )/9Bc Sr B Sr 8

where ESrB8
is the total energy of the P4/mmm SrB8 monolayer,

ESr and EB are the energies of isolated Sr and B atoms,
respectively. According to this definition, a more positive Ec
value indicates higher thermodynamic stability. The calculated
Ec of the SrB8 monolayer is 5.46 eV, which is comparable to or
higher than those of Fe−B (5.79−4.87 eV),32,74 Be−C (4.82−
4.58 eV),38,75 Al−C (5.1−3.97 eV),76,77 and Cu2Si (3.46 eV)41
monolayers at the same theoretical level. The relatively high
cohesive energy of the P4/mmm SrB8 monolayer suggests its
strongly bonded network.
The lack of precursor in bulk Sr−B compound (SrB6) rules

out the top-down exfoliation approach for the synthesis of the
P4/mmm SrB8 monolayer. Therefore, we explored the
feasibility of the bottom-up method by which the SrB8
monolayer is epitaxially grown on suitable substrates through
deposition as already established for the synthesis of silicene78

and borophene.46,47 We found that it is easy to build co-
periodic lattices of the SrB8 monolayer on Au(001), Ag(001),
and Al(001) metal substrates: the lattice mismatches (δ)
between 1 × 1 SrB8 and the 2 × 2 Au(001), Ag(001), and
Al(001) slab substrates are only 1.40%, 1.66%, and 4.17%,
respectively. Herein the lattice mismatch is calculated as

δ =
| − |

+
×

L L
L L
2

100%mol sub

mol sub

where Lmol and Lsub represent the lattice parameters of the SrB8
monolayer and the metal (001) face substrates, respectively.
The good lattice parameter match between the SrB8 monlayer
and the metal substrates can efficiently lower the strain, which
facilitates the synthesis of SrB8. As shown in Figure S8 and
Table S1, in the optimized structures of SrB8 on metal (001)
substrates, the original geometry of the SrB8 monolayer is well
maintained with only slight buckling. Among the three
examined SrB8−metal (001) systems, SrB8−Ag(001) has the
smallest undulation (0.42 Å) for the SrB8 plane and the largest
interlayer distance (2.22 Å), indicating the relative weak
interfacial interaction between SrB8 and Ag(001).
Moreover, the exfoliation energy could estimate whether the

SrB8 monolayer is easy to be peeled off from substrates, and it
might be calculated as the difference between the total energy
of SrB8−metal (001)-face system and the sum of the energies
of metal slab substrate and isolated SrB8 monolayer. The
exfoliation energy of SrB8 on Ag(001) (41.32 meV/Å2) is
comparable with those of the most recently synthesized 2D
boron sheets on Ag surface (about 30−50 eV/Å2).47 Thus,
once grown epitaxially on the Ag(001) surface, the as-
fabricated SrB8 monolayer may be easily peeled off from the
substrate in postgrowth separation process.
However, our MD simulations (Figure S9) indicate that the

framework of the SrB8 would be destroyed upon O2
adsorption. Therefore, additional efforts, such as ligand
passivation, might be needed to increase the stability of the
SrB8 upon exposure to the air.
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Electronic Properties of the P4/mmm SrB8 Mono-
layer. To gain deeper insight into the mechanism for the
stability of the P4/mmm SrB8 monolayer, we investigated its
electronic structures. Figure 4 presents the electron localization

function (ELF),79 band structure, and projected density of
states (PDOS) calculated using the hybrid HSE06 functional
(the data using the PBE functional gives consistent results as
shown in Figure S10). The isosurface of ELF with a value of
0.75 (Figure 4a) demonstrates that electrons mainly
accumulate at the B framework. The D2h B8 units are bonded
by delocalized multicenter bonds, which is reminiscent of that
in small planar B clusters. The B8 units connect each other
through classic 2c−2e B−B σ bonds. The Bader charge80

calculation indicates each Sr donates ∼1.66 e to the B
framework (the Bader charge is usually less than the formal
oxidation number). Given that the Sr atom generally shows an
oxidation state of +2 and there is an equal number of Sr atoms
and the B8 units in the SrB8, it is reasonable to conclude that
each B8 unit accepts two electrons from the Sr atoms.
Therefore, the bonding situation of the B8 units should be
same as that in the aromatic B8H4

2− molecule, which is
responsible for the planarity of the SrB8 monolayer.
The calculated electronic band structure (Figure 4b)

demonstrates the metallic nature of the SrB8 monolayer as
evidenced by the bands across the Fermi level at Γ−M, M−X,
and Γ−X directions. The PDOS analysis shows that Sr atoms
have negligible contribution to the valence bands and mainly
account for the high-energy conduction bands above 2 eV.
This is consistent with the results of ELF and Bader charge
analysis, which indicate that the Sr atom donates about 2
valence electrons to the B framework. The Fermi level is
located at the gap between the bonding and antibonding states
of in-plane orbitals (B-s, B-px and B-py) and cuts the out-of-
plane states of B-pz orbital, which is consistent with a previous
analysis on the stability of 2D B sheets.81 If we remove the Sr
atoms from the SrB8 monolayer, the PDOS of the resulting
bare B framework (Figure 4d) shows substantial unoccupied

in-plane states with a peak located at the Fermi level, which
will destabilize the 2D B framework. Therefore, in addition to
the geometric fit between the size of Sr atom and cavity of the
B rings, electron transfer from Sr to the B framework is crucial
for the stabilization of the SrB8 monolayer.
We further looked into the chemical bonding of the SrB8

monolayer through the solid state adaptive natural density
partitioning (SSAdNDP) method.82 In our calculations
(Figure 5), one unit cell of SrB8 (2 Sr atoms and 16 B

atoms) monolayer contains four 2c−2e σ bonds, 12 3c−2e σ
bonds, two 4c−2e σ bonds, four 5c−2e π bonds, two 8c−2e π
bonds, and two 13c−2e σ bonds, accounting for 52 electrons
per unit cell. The classic 2c−2e bonds are responsible for the
strong connections between the B8 units, while the abundance
of multicenter bonds contributes significantly to the high
stability of the whole network. The SSAdNDP results are
consistent with those of the ELF and Bader charge.
The unique planar geometric structure and intrinsic

metallicity of the P4/mmm SrB8 monolayer also motivated
us to perform preliminary calculations to explore its potential
as an anode material for lithium (Li), sodium (Na), and
potassium (K) ion batteries. As shown in the section “Potential
of the P4/mmm SrB8 Monolayer as an Anode Material for
Alkali Metal Ion Batteries” in the Supporting Information, the
relatively low diffusion energy barrier, high specific capacity
and suitable open circuit voltage of Li, Na, and K suggest that
the predicted SrB8 monolayer may be a promising anode
material for metal ion batteries.

Figure 4. (a) Isosurface of ELF with a value of 0.75, (b) electronic
band structure, and (c) the projected density of states (PDOS) of the
P4/mmm SrB8 monolayer. (d) PDOS of the bare B network in the
P4/mmm SrB8 monolayer. The pink and green balls in (a) represent B
and Sr atoms, respectively.

Figure 5. SSAdNDP chemical bonding patterns of the SrB8
monolayer.
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■ CONCLUSION

In summary, by detailed analysis of the B8 building blocks and
comprehensive first-principles calculations combined with
global minimum optimizations, we identified a rather stable
atomically thin planar P4/mmm SrB8 monolayer with the
record high coordination number of 12 for the central
transition metal atom. The SrB8 monolayer contains two
types of Sr@B12 wheels with a planar dodecacoordinate Sr
atom located at the center of 12-membered B rings and has
good thermodynamic, dynamic, and thermal stabilities. The
emergence of this planar structure is attributed to a geometric
fit between the size of the Sr atom and the cavity of the B rings,
as well as electron transfer from Sr atoms to the B framework.
The SrB8 monolayer on Ag(001) substrate nearly retains the
same structure as in vacuum. The small lattice mismatch and
moderate exfoliation energy of SrB8 monolayer on the Ag(001)
substrate suggest that it is highly feasible to experimentally
realize this unique 2D material through the chemical vapor
deposition or molecular beam epitaxy method. This work
provides new guidelines for the rational design of novel 2D
materials and pushes the coordination number in the materials
with planar hypercoordination motifs to a new record of 12. If
synthesized, the P4/mmm SrB8 monolayer may serve as
promising anode materials for alkali metal ion batteries. We
hope that this work will greatly inspire further explorations of
materials with novel chemical bonding and motivate more
investigations on designing 2D materials with hypercoordinate
motifs.
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