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At present, the concept of planar hypercoordination in chemistry meets the fast development of two-
dimensional (2D) nanomaterials, leading to considerable interest in searching for 2D materials with planar
hypercoordinate atoms. In this work, by means of the swarm-intelligence structure search method and
first-principles calculations, we predict a hitherto unknown 2D TiB, monolayer with a planar octacoordi-
nate Ti moiety, in which each Ti atom binds to eight B atoms with equal distances in a perfect plane, and
has the highest coordination of Ti known for 2D materials thus far. Systematic ab initio calculations
demonstrate the superior thermodynamic and dynamic stabilities of the predicted TiB, monolayer, indi-
cating the high feasibility for experimental synthesis. The stabilization of this perfect planar structure orig-
inates from the geometric fit between the atomic radius of Ti and the size of the 8-membered B ring, as
well as the electron transfer from Ti to B atoms which compensates the electron deficiency of the full sp?
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hybridized B network. Motivated by the unforeseen geometry of the TiB, monolayer, a series of other 2D
transition metal borides (TMB4, TM =V, Cr, Mo, W and Os) with quasi-planar octacoordinate TM atoms
are further designed and discussed. The present work provides a useful roadmap for the discovery of 2D

Published on 25 October 2017. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 31/05/2018 10:49:03.

rsc.li/nanoscale hypercoordinate materials.

1. Introduction

The establishment of the concept of planar hypercoordination
in molecules is an important advancement in chemistry over
the last 40 years."” In 1970, the seminal work by Hoffmann
challenged the tetrahedral configuration of carbon by propos-
ing a c-donor and n-acceptor strategy to stabilize planar tetra-
coordinate carbon (ptC).* Based on this electronic stabilization
strategy, Schleyer and coworkers theoretically designed the
first ptC-containing molecule, 1,1-dilithiocyclopropane, in
1976.° Ever since, research interest in searching for ptC-con-
taining species has been ignited,® and numerous ptC-contain-
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ing molecules/clusters, such as CAl,”,” CAl,>",* and CAI;Si™,°
have been theoretically designed and/or experimentally rea-
lized. More interestingly, Schleyer and coworkers further
extended this concept to molecules/clusters with even higher
coordination numbers of carbon in a planar environment;'* ™2
many more molecules/clusters containing planar pentacoordi-
nate carbon (ppC),""**” planar hexacoordinate carbon
(phC)'™®* and even planar heptacoordinate carbon'?° have
been identified theoretically.

The concept of planar hypercoordination has also been
extended to elements other than carbon. A number of species
with planar hypercoordination of the main group elements,
such as boron,>"** nitrogen,*?® oxygen,>’*® sulfur,*
silicon,® germanium,*® phosphorus®* and arsenic,* have
been theoretically and/or experimentally achieved. Strikingly,
inspired by the discovery of planar hepta- and octacoordinate
B in wheel-type geometries of Bg>~ and By~ clusters,>" a team
led by Wang and Boldyrev realized a series of transition-metal-
centered borometallic molecular wheels: FeBg~,>* FeBy~,**
CoBg~,*>® RuB,~,*® RhB,,*® IrB,,*® NbB;, *’ and TaB, >’
among which NbB;,~ and TaB;,  hold the highest planar
coordination numbers thus far.*® All these achievements have
significantly enriched the planar hypercoordination chemistry.

Planar hypercoordinate configurations are not found in iso-
lated molecules/clusters only. The exotic geometries along
with rule-breaking chemical bonding also stimulated research-
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ers to explore their viability in extended systems. Based on
the previously proposed ptC fragment C5*~,>**° Hoffmann
and coworkers designed several ptC-containing three-dimen-
sional (3D) networks with the stoichiometry of CsM, (M = Li,
x =2; M = Be, Pt, Zn, x = 1).** At present, the planar coordi-
nation chemistry meets the rapid development of 2D gra-
phene-like materials. A number of 2D monolayers with planar
hypercoordinate motifs have been designed. For example, Wu
et al.”” theoretically designed CB, graphene with a ptC moiety
based on the ptC molecule CB,. A global structure search for
2D B,C, compounds by Luo et al.*’ revealed several ptC-con-
taining monolayers including B,C, B;C, and BsC. Zhang
et al.** proposed a tetragonal TiC monolayer fully composed
of quasi-planar tetracoordinate carbons with orientation-
dependent electronic properties. Li et al.*> and Dai et al.*®
discovered ptC-containing monolayers in the Al-C system
independently, and Liu et al.”’” found the ptC motif in a BeC
monolayer. Furthermore, ppC- and phC-containing mono-
layers were also identified in Be,C and BesC,,*®*° respect-
ively. Besides carbon, the planar or quasi-planar hypercoordi-
nate configuration of heavier group 14 congeners, e.g. Si and
Ge, as well as noble metal elements were also uncovered in
2D materials, such as SiC,,>® Cu,Ge,”" Cu,Si,>*> Ni,Si>* and
Ni,Ge,>® among which planar hexacoordinate Cu and Si/Ge
can be stabilized simultaneously in Cu,Si/Ge monolayers.>*>>
Strikingly, the first example with a planar hypercoordinate
transition metal (TM) moiety in 2D materials has been
recently uncovered in FeBs monolayers with quasi-planar
octacoordinate or planar hexacoordinate Fe.”* With exotic
geometries, rule-breaking chemical bonding, appealing
mechanical and electronic properties, these 2D hypercoordi-
nate materials are not only attractive to fundamental science
but also promising candidates for application in electronics,
optoelectronics and photovoltaics.

Compared with various planar hypercoordinate TM motifs
discovered in isolated borometallic molecular wheels with
coordination numbers up to 10, the corresponding findings
in 2D materials are rather rare. Moreover, the only examples
such as TiB,,>® FeB,” and FeBs >* monolayers are with quasi-
planar configurations. Given that possible chemical compo-
sitions of transition metal borides are much broader than
what have been explored so far, one would wonder if there
exist other TM atoms that can be stabilized in 2D space as
hypercoordinate motifs.

In this work, through the intensive swarm-intelligent global
structure search method combined with first-principles calcu-
lations, we predict a new 2D material, namely the TiB, mono-
layer, which consists of edge-sharing Ti©Bg wheels with planar
octacoordinate Ti atoms located at the center of 8-membered B
rings. The predicted TiB, monolayer is stabilized within a pure
plane and is the energetically most favourable configuration in
2D space. It has relatively good thermodynamic and dynamic
stabilities, which is attributed to the electron transfer from Ti
to the B network as well as a geometric fit between the atomic
radius of Ti and the size of the B rings. Based on the novel
TiB, monolayer, we further proposed a series of 2D materials
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with quasi-planar octacoordinate TM motifs in the stoichio-
metry of TMB,, where TM =V, Cr, Mo, W and Os.

2. Computational details

The search for structures of the TiB, system was based on
the global minimization of free energy surfaces using ab
initio total energy calculations and the particle-swarm-optim-
ization scheme as implemented in the CALYPSO code.*?°%7%°
Several techniques are included in the algorithm to improve
the search efficiency, e.g. 2D space group symmetry con-
straints in structural generation, a bond characterization
matrix technique for fingerprinting structures, local version
of the PSO algorithm enabling a simultaneous search in
different energy funnels, etc. Its validity has been manifested
by successful identification of the ground-state structures for
a large number of systems.*”****%17%% pyring the search for
structures, both planar and buckled structures were con-
sidered. The population size was set as 200, and the number
of generations was maintained at 10. Simulation cells con-
taining 1, 2, 3, 4 and 8 formula units were considered for
TiB,, while 2, 3 and 4 formula units were considered for
other TM borides.

The underlying energy calculations and structure optimi-
zations were performed in the framework of density functional
theory using the Vienna ab initio simulation package.®® The
projector-augmented plane wave (PAW)®” approach was used to
represent the ion—electron interaction. The electron exchange-
correlation functional was treated using the generalized gradi-
ent approximation proposed by Perdew, Burke and Ernzerhof
(PBE).®® The energy cutoff of the plane wave was set to be 650
eV with the energy precision of 10~° eV. The atomic positions
were fully relaxed until the maximum force on each atom was
less than 107 eV A™". The van der Waals (vdW) correction pro-
posed by Becke (optB88-vdW)* was chosen to describe the
long-range interaction for double-layer structures. The
Brillouin zone was sampled with a 12 x 12 x 1 TI'-centered
Monkhorst-Pack k-point grid for geometry optimization and
self-consistent calculations. 2D monolayers were placed in the
xy plane with the z direction perpendicular to the layer plane,
and a vacuum space of 20 A 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.”® Ab initio molecular dynamics (AIMD) simulations
using the PAW method and the PBE functional were performed
at different temperatures up to 3000 K to evaluate the thermal
stability of the TiB, monolayer. The initial configuration was
taken from the optimized structure at zero temperature with a
3 x 3 supercell (9 Ti atoms and 36 B atoms). Each AIMD simu-
lation in the NVT ensemble lasted for 40 ps with a time step of
2.0 fs, and the temperature was controlled by using the Nosé-
Hoover method.”" The Visualization for Electronic and
Structural Analysis software (VESTA 3)”* was used for visualiza-
tion and plotting.

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion
3.1 Geometric structure of the TiB, monolayer

The recently proposed TiB, monolayer, Dirac material, has a
large vertical distance of 1.19 A between Ti and the honeycomb
B network, implying that Ti is too large to be embedded into
the B hexagon.’® It motivated us to investigate Ti-B systems
with a higher B concentration (e.g. TiB,) to achieve 2D mono-
layers with higher planar coordination numbers. Interestingly,
structure predictions for 2D TiB, by the CALYPSO method
revealed that a completely planar structure with octacoordinate
Ti atoms has the lowest energy, and thus a global minimum in
2D space (Fig. 1, other low-lying isomers are given in Fig. S1 in
the ESIT). Within this global minimum structure (Fig. 1), each
Ti atom is octacoordinated to B atoms with an equal Ti-B
bond length of 2.22 A, and the B atoms form a network com-
posed of 4-membered and 8-membered rings. The structure
can be constructed using the motif of Ti©Bg wheels, which
connect each other by sharing B-B edges or forming B
squares. One unit cell of the TiB, monolayer contains one Ti
atom and four B atoms with the optimized lattice constants of
a = b = 4.11 A. The B-B bond length in B squares is 1.72 A, a
little longer than those shared by the Ti©Bg wheels (1.68 A).
All the Ti-B and B-B bond lengths are smaller than those in
the bulk TiB,”* (2.38 and 1.75 A for Ti-B and B-B bond
lengths, respectively), indicating much stronger interactions
within the TiB, monolayer. We also considered several buckled
configurations as potential ground-state TiB, monolayers by
displacing Ti and/or B atoms along the out-of-plane direction
by a small distance. The distorted structures spontaneously
transform into a pure plane upon geometry optimization,

Fig. 1 (a) Top and (b) side views of the ball and stick model of the pre-
dicted 2D TiB4 monolayer. Ti and B atoms are denoted by grey and pink
spheres, respectively. The black square marks a unit cell. The Ti atoms
are located at the center of octagonal B rings.
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implying the robustness of the planar geometry. Considering
the large vertical distance in a previously proposed TiB, mono-
layer, the geometric fit between the atomic radius of Ti and
the size of the 8-membered B rings is responsible for the stabi-
lization of the purely planar geometry in the TiB, monolayer.
To the best of our knowledge, the TiB, monolayer is the first
example of a 2D graphene-like material containing completely
planar octacoordinate TM atoms.

3.2 Stability of the TiB, monolayer

To evaluate the stability of this newly predicted TiB, mono-
layer, we first computed its cohesive energy, Econ, = (XEr; + 4xEg
- xETiB4)/5x, where Er;, Eg and Erjg, are the total energies of a
single Ti atom, a single B atom, and one unit cell of the TiB,
monolayer, respectively. The TiB, monolayer has a cohesive
energy of 6.42 eV per atom, higher than that of Fe-B (5.79-4.87
eV per atom),>**” Be-C (4.82-4.58 eV per atom)*”*>”* and
Cu,Si (3.46 eV per atom)’® monolayers at the same theoretical
level, indicating that it is a strongly bonded network.

No imaginary frequency in the first Brillouin zone (Fig. S2
in the ESIT) was found in the phonon dispersion calculations,
which confirms the dynamic stability of the TiB, monolayer.
The highest frequency of the TiB, monolayer reaches up to
1105 em™', which is in the same order of magnitude as the
recently proposed FeBg (1316 cm™")** and BesC, (1120 em™")*
monolayers, and higher than those of FeB, (854 cm™'),>” TiC
(810 cm™),** Cu,Si (420 cm™")**> and MoS, (473 cm™")”® mono-
layers. The high value of frequencies in the phonon spectra
also indicates the robust interactions in our newly predicted
TiB, monolayer.

Furthermore, to evaluate the thermal stability, we carried
out AIMD simulations for the TiB, monolayer with a 3 x 3
supercell at different temperatures of 500, 1000, 1500, 2000,
2500 and 3000 K. The snapshots of the TiB, monolayer taken
at the end of 40 ps simulation are shown in Fig. 2 (the temp-
erature/energy fluctuations versus simulation time is given in
Fig. S3 in the ESI{). The original geometry of the TiB, mono-
layer is generally well maintained with only slight in-plane and
out-of-plane deformations up to 2500 K. The distorted struc-
tures can restore the planar structure after geometry optimiz-
ation. As the temperature increases, the distortions become
more and more pronounced, and the framework of the TiB,
monolayer collapses at an extremely high temperature of
3000 K. The well-preserved geometry of the TiB, monolayer at
such a high temperature of up to 2500 K indicates its remark-
able thermal stability and possible application at high temp-
eratures. Simulations based on larger 4 x 4 supercells give con-
sistent results as those obtained using 3 x 3 supercells. It is
really remarkable that this 2D monolayer can resist such a
high temperature of 2500 K.

What about the interlayer interaction energies when the
individual TiB, monolayers are stacked together? To address
this question, we investigated various types of double-layer
stackings of TiB, monolayers, and found that the stacking with
upper-layer Ti atoms located above the center of the 4-mem-
bered B rings in the sublayer is most favourable energetically
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Fig. 2 Snapshots of the final frame of the TiB; monolayer at tempera-
tures from 500 to 3000 K (top and side views) at the end of 40 ps mole-
cular dynamics (MD) simulations.

(for detailed structural information, refer to Fig. S4(a) and (b)
in the ESIT). The vertical interlayer distance between the B-B
layers is 2.78 A. The calculated interlayer interaction energy is
351 meV per atom, indicating a moderate interaction between
the layers. However, ELF plot (Fig. S4(c)t) indicates that there
is no obvious electron localization between the layers.
Therefore, both van der Waals and ionic interactions are
responsible for the interlayer interactions.

Considering the moderate interlayer binding energy and
that no layered bulk material of our newly predicted TiB,
monolayer is available, it is not possible to obtain TiB, mono-
layers by the widely used exfoliation method. However, this
cannot rule out their experimental realization. It is known that
single-layer borophene’®”® and silicene’® have already been
synthesized on metal substrates, though they also do not have
layered bulk counterparts.

3.3 Electronic properties and stabilization mechanism

To gain deep insight into the chemical bonding nature of the
TiB, monolayer, we calculated the electron localization func-
tion (ELF) to analyse its electron distributions. The ELF,
defined to have the convenient range of values between 0 and
1, is known to be an informative tool to distinguish different
bonding interactions in molecules or solids.*® The regions in
which the ELF value is close to 0.5 or 1.0 correspond to a
perfect free-electron gas distribution or well-localized elec-
trons, respectively. As shown in Fig. 3(a), the isosurface of ELF
with a value of 0.75 shows substantial accumulation of elec-
trons at the middle of the B-B bonds, denoting strong inter-
actions within the B network through two-center two-electron
B-B o bonds. Moreover the ELF map in the (001) section
through the TiB, monolayer (Fig. 3(b)) shows that the blue
color corresponding to the ELF value of 0 is mainly around Ti
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Fig. 3 Isosurface of ELF plotted with a value of 0.75 (a) and the ELF
map sliced perpendicular to the (001) direction (b) for the TiB; mono-
layer. In the ELF map, the red and blue colors refer to the highest (0.90)
and the lowest values (0.00) of ELF.

atoms. This indicates the electron deficiency of Ti and electron
transfer from Ti to the B network. Since no significant electron
localization can be found between Ti and B in the ELF map,
the interactions between Ti and the B network are predomi-
nantly ionic. The deformation electronic density (DED), which
is defined as the electron density of the TiB, monolayer minus
the superposition of the isolated atomic densities, generally
gives consistent results as that of ELF (Fig. S5 in the ESIT). The
Bader charge analysis®" shows that each Ti transfers ~1.67¢ to
the B network.

To further understand the stabilization mechanism, we cal-
culated the electronic band structure and the projected density
of states (PDOS) of the TiB, monolayer as well as the PDOS of
the bare B network in the TiB, monolayer (Fig. 4). The band
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Fig. 4 (a) Electronic band structure and PDOS of the TiB; monolayer,
PDOS presents the in-planar B-s + p, + p, and out-of-plane B-p, states
for (b) the bare B network and (c) the TiB, monolayer.
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structure and PDOS shown in Fig. 4(a) show that the TiB,
monolayer is metallic with several bands across the Fermi
level. The conduction bands are mainly dominated by the Ti-d
states, while the valence bands are predominantly composed
of B-p and Ti-d states with strong hybridization. Note that
within the B network of the TiB, monolayer, each B atom is co-
ordinated to three other B atoms, featuring sp> hybridization
similar to that in graphene with a honeycomb structure. But
due to the electron deficient nature of the B atom, a bare B
network with fully sp> hybridization could not be stable. This
is evident from the PDOS of the bare B network (Fig. 4(b)),
where substantial in-plane sp®> bonding states (B-s, B-p, and
B-p, states) are unoccupied with a high peak located at the
Fermi level. However, when Ti atoms are embedded into the
8-membered B rings, electron transfer from Ti to B atoms com-
pensates for this electron deficiency, which leads to almost
fully occupied in-plane sp> bonding states, placing the Fermi
level within the gap between the in-plane bonding and anti-
bonding states (Fig. 4(c)). Thus the fully sp® hybridized B
network is electronically stabilized in the TiB, monolayer.

3.4 Absorption and diffusion of lithium on the TiB,
monolayer

The intrinsic metallicity of the TiB, monolayer makes it a
promising anode material for Li-ion batteries (LIBs).****
Therefore, we explored the adsorption and diffusion of lithium
on the TiB; monolayer by evaluating the adsorption energy
and the diffusion energy barrier. We first selected some
inequivalent high-symmetry adsorption sites, then deposited a
single Li atom on each adsorption site of a 3 x 3 supercell.
Geometry optimizations indicate that the most favourable Li
adsorption site resides on the top of the four-membered B
rings, and the binding energy is —1.04 eV. Then, we performed
standard nudged elastic band (NEB)®* calculations to evaluate
the mobility of Li atoms on the TiB, monolayer. Although it is
impossible for Li to penetrate the layer, as indicated by the
extremely high energy barrier of 5.37 eV (see Fig. S6 in the
ESIt for details), Li diffusion between two most favourable
adsorption sites on the same side of the TiB, monolayer
(Fig. 5) is rather facile. It only needs to overcome a small
energy barrier of 0.18 eV, which is smaller than that on single-
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layer silicene (0.23 eV).*® Another pathway between two favour-
able adsorption sites on the same side of the TiB, monolayer
(Fig. S7 in the ESIt) also has a small energy barrier of 0.24 eV.
The small energy barrier of in-plane Li diffusion will lead to a
good Li ion conductivity.

Next, we explored the Li storage capacity of the TiB, mono-
layer by evaluating the binding energy of a number of configur-
ations with the stoichiometry of Li,TiB, (x = 2, 4, 6).
Encouragingly, the TiB, monolayer can provide a negative Li
binding energy (—0.46 eV) even at x = 2, indicating that Li
atoms can still be stably adsorbed on the TiB, monolayer and
the phase separation problem can be safely avoided at such a
high concentration. As Li,TiB, represents the highest Li
storage capacity, we can easily deduce that the TiB, monolayer
has a theoretical capacity of 588 mA h g~*. We then computed
the average open circuit voltage (OCV) for Li intercalation on
the TiB, monolayer. The OCV for Li intercalation in the TiB,
monolayer can be computed from the energy difference based
on the equation below:*

OCV = [Evix,1iB, — ELix,iB, + (X2 — X1)ELi]/ (X2 — x1)e

where Epix ris,) Evix,tis,, and Ep; are the total energies of
Evixti,, Frix,mis,, and metallic Li, respectively. According to
this equation, when the TiB, monolayer reaches the highest Li
capacity, corresponding to the case of x = 2 in Li,TiB,, the
computed average OCV is 0.23 V, which is between those of
the commercial anode materials, 0.11 V for graphite and
1.5-1.8 V for Ti0,.*> Overall, the small diffusion energy barrier
along with high Li storage capacity and applicable OCV
provide significant feasibility for TiB, monolayers to be used
as LIB anodes.

3.5 Other TMB, monolayers with quasi-planar octacoordinate
TM motifs

Motivated by the novel planar geometry of the TiB, monolayer,
we further accessed its viability in other TM borides with the
stoichiometry of TMB,. By substituting the Ti atom in the TiB,
monolayer with other TM atoms and subsequent geometry
optimizations, we found that the planar geometry can be
maintained in TMB, monolayers for TM = V, Cr, Mo, W and
Os. Unfortunately, the search for the global structure of these

(b)

09900
Taac}
> . o
ocGooPo oooPo

Fig. 5 Pathways for the diffusion of Li on the TiB, monolayer. (a) The variation of energy (red solid line) is plotted along the diffusion coordinates.
The energy maximum (corresponding to the barrier value of 0.18 eV) is indicated. (b) Initial, middle and final configurations of the diffusion pathway.
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TMB, (TM =V, Cr, Mo, W and Os) monolayers revealed that
the buckled structures are energetically more stable than the
planar ones, thus ruling out the existence of the completely
planar geometry in other TM borides.

Fig. S8 presents the lowest-energy structures of TMB, (TM
=V, Cr, Mo, W and Os) monolayers revealed by CALYPSO. All
of them possess a quasi-planar geometry, in which each TM
atom is coordinated to eight B atoms, forming quasi-planar
octacoordinate TM moieties. Interestingly, all these structures
exhibit a similar geometric topology as that of the TiB, mono-
layer, e.g. TM©Bg wheels connecting each other by sharing B-B
edges or forming four-membered B rings. A similar geometry
topology of these TMB, monolayers further highlights the
special role of Ti in the stabilization of the novel planar struc-
tures. Further investigation on the detailed properties of these
quasi-planar TMB, monolayers is beyond the scope of the
present work, but is underway.

4. Conclusions

In summary, by means of first-principles calculations and the
swarm-intelligence structure search method, we identified a
completely planar graphene-like material containing octacoor-
dinate Ti motifs, namely the TiB, monolayer, as the global
minimum in 2D space. This novel planar structure possesses
superior thermodynamic, dynamic and thermal stabilities.
The coincidence of geometric and electronic fits is responsible
for the stabilization of this exotic planar structure. Further
structure search calculations rule out the existence of the com-
pletely planar structure for other TMB, monolayers, but
revealed a series of buckled structures with quasi-planar octa-
coordinate motifs in VB,, CrB;, MoB,, WB, and OsB,, which
highlight the unique role of the Ti atom in stabilizing this
planar structure. To the best of our knowledge, this is the first
example of a 2D graphene-like material containing completely
planar octacoordinate TM atoms. Note that with reasonable
choices of transition metal atoms and the appropriate number
of B atoms, other planar structures with hypercoordinate T™M
atoms are also likely to be stabilized. Thus, this finding is
paving the way for the discovery of more 2D hypercoordinate
materials.
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