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A family of two-dimensional (2D) transition metal borides, refetred to as MBenes, is recently
emerging as novel materials with great potentials in elegtronic and energy harvesting
applications to the field of materials science.and technology. Transition metal borides can be
synthesized from chemical exfoliation of ternary-layered transition metal borides, known as
MAB phases. Previously it has been predicted that thin pristine 2D Sc-, Ti-, Zr-, Hf-, V-, Nb-,
Ta-, Mo-, and W-based transition.metal borides with hexagonal phase are more stable than
their corresponding orthorhombic phases Here, using a set of first-principles calculations
(at absolute zero temperatute), w?have examined the geometric, dynamic stability, electronic
structures, work fuhetion, bond<strength, and mechanical properties of the hexagonal
monolayer of transition metal borides (M = Sc, Ti, Zr, Hf, V, Nb, Ta, Mo, and W) chemically
terminated with.F; Oy and/OH. The results of the formation energies of terminated structures
imply that the surface terminations could make a strong bond to the surface transition metals
and provide the{ossibility of the development of transition metal borides with those surface
terminations. Except for ScBO, which is an indirect bandgap semiconductor, the other
transitionsmetal borides are metallic or semimetal. Particularly, TiBF, ZrBF, and HfBF are
metallic systems whose band dispersions close to the Fermi level indicate the coexistence of
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type-I and type-II nodal lines. Our calculated work functions indicate that 2D transition metal
borides with OH (O) functionalization obtain the lowest (highest) work functions. The results
of the mechanical properties of the considered structures imply that oxygen functionalized
transition metal borides exhibit the stiffest mechanical strength with 248 < E (N/m) < 348
while non-terminated transition metal borides are generally the weakest systems with 206 <.E
(N/m) < 283.

1 Introduction
The chemical exfoliation method has opened a way to mass-produce novel 2D materials at a

low cost from layered bulk materials that are typically difficult te be prepared directly from
pure elements because of their thermodynamic instability, compared with their other
competitive phases.!? Layered transition metal carbides and nitrides, known as MAX phases,
are among the well-known examples of layered /materials in which many members were
successfully exfoliated into 2D layers offtransition metal carbides and nitrides, so-called
MXenes, by selective etching of certain atomic layers.!? In detail, in the general chemical
formula of conventional MAX phases (M,.1AX};), M represents an early transition metal (Sc,
Ti, Zr, Hf, V, Nb, Ta, Cr, and Me), A is a metal element in group 13 or 14 in the periodic
table (i.e., Al, Ga, Si, Ge, Sn, Pb, P, As, Bi, S, Se, and Te), and X is traditionally limited to
carbon or nitrogen.>* In MAX p\hases, the M, A, and X atoms are arranged in a hexagonal
close-packed structure->3-° Reeently, the family of MAX phases and their derivative 2D
MXenes have been expanded to in- and out of plane ordered double transition metals
carbides.”!! Mereover, thére are some experimental and theoretical signs that boron can be
used as X element to synthesis MAX phases with nonconventional chemical formula.'?-!8 For
instance, Ti,InB; with hexagonal symmetry has been first predicted and then synthesized
recently.!” The relatively weaker strength of the M—A bonds than that of the M—X bonds!®
providéssa promotion condition to etch the A-layer by chemical treatment to form 2D

MXenes.! Depending on the type of the utilized acid, e.g., HF acid, the surfaces of MXenes

2
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are saturated with a mixture of chemical groups, e.g., F, OH, or O.! The large family of MAX
phases and the derived 2D MXenes have attracted much attention and have widely been
studied due to their brilliant chemical and mechanical stabilities. Particularly, MXenes have:a
unique combination of properties and have been explored in different applications such as
electrochemical EMI shielding,?® wireless communication,”?! membranes,””> energy

storage,?>?* Li- and Na- ion batteries,?>-*® and catalysts.?"-?8

More recently, some ternary borides as analogous to the MAX phases, are familiarized by
introducing B as the X element, known as MAB phases.!>"'® Similar to\the MAX phases,
where the 2D MXenes are obtained by etching of A-element layers, the 2D transition metal
borides are made by washing out A elements from the MAByphases, known as MBenes.!>~!3
For instance, 2D CrB,'®!%, and MoB'>!* MBenes were made by etching A-element layers of
the MAB phases Cr,AlB, and MoAIB, respectivelys 2D MYBenes have attracted extensive
attention and their electronic and magnetic applications are developing fast. Recent studies
introduce 2D MBenes with great potential for ‘applications in Li- and Na-ion batteries,?*32

electrocatalysis,!?** and magnetic devices*.)Similar to 2D MXenes, various 2D MBenes are

expected to be synthesized in thesfuture.

MAB phases possess variolls chemieal formulas (i.e., MAIB, M,AIB,, M;Al,B,;, M3AIB,,
and M;AlB¢) and various structural atomic networks with orthorhombic crystals.!> In MAB
phases MAIB, M,AlB3; and.M;Al,B,, boron atoms form one-dimensional isolated zigzag
chains perpendicular to the A layer, while double and triple chains of boron atoms connected
to create flat strips’ withy, hexagonal boron ring networks in M;AIB; and M,AlBg,
respectively.!> In our previous study, we investigated the dynamic stabilities and formation
energics of many MAB phases (M = Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Tc, Fe, Ru,
Co, Rh, and Ni) using ab-initio calculations.!> Our results indicated that it is possible to

synthesize various MAB phases in the future. In analogous to MAX phases, in some of MAB
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phases, the M-Al bonds are relatively weaker than M-B or B-B bonds. This brings a new
opportunity to exfoliate MAB phases to 2D MBenes as evidenced in various experiments. On
the basis of total energy and nudged elastic calculations, it was predicted that after exfoliation,
2D MB MBenes with orthorhombic lattices might transform into the hexagonal {phase. This
structural transformation leads to the rearrangement of boron chains in 2D MB MBenes into,a
2D graphene-like boron sheet sandwiched between the metal layers (Fig. 1).13 It was shown
that pristine 2D MB MBenes (M = Sc, Ti, Zr, Hf, V, Nb, Ta, Mo, and W) are more stable
with hexagonal lattice structures, while 2D MB MBenes are more stable with orthorhombic
phases for M = Cr, Mn, Tc, Fe, Ru, and Ni. Therefore, in the future,/it may be possible to
synthesis MBenes with orthorhombic or hexagonal latticespor a mixture of these phases in an
experimental sample by controlling the environmental‘€onditions. In this study, we have only

focused on the electronic structures of hexagonal MBenes. ¥

Similar to MXenes, the surfaces of MBenes are also made of transition metals. Hence, due to
the chemical reactivity of transition metals, the surfaces will be terminated with a mixture of
F, O, and OH terminations depending on théyapplied chemical solution.!>3* Here, by using a
set of density functional theory ecalculations, we have systematically investigated the
structural stabilities and meehani¢al properties of the hexagonal monolayer of pristine and
functionalized MB MBenes\(M = Sc¢, Ti, Zr, Hf, V, Nb, Ta, Mo, and W) with F, O, or OH
groups. At first, we investigate the structural models of 2D MB MBenes systemically. Second,
we examine thelhsurface functionalization effect on the formation energies of different
MBenes. Then, the dynamical stability of the MBenes is evaluated by calculating the phonon
dispersigns.” Next;"we investigate the electronic structures and the effects of surface
terminations, on' the strengths of B-B, M-—M, M—-B of 2D MB MBenes in the presence or

absence of termination groups. The mechanical properties (elastic constants, Poisson’s ratio,
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shear modulus, and Young’s modulus) of the MBenes are evaluated. Finally, we present the
results of the work functions of 2D MB MBenes.

It is worth noting that the double-layers and/or multi-layers of these 2D materials are more
feasible to be produced than their monolayers in the experiments. However, thedmechanical
and electronic properties of these materials insignificantly change between themonolayers
and multi-layers of these materials.

It should be noted that the calculations in this paper have been done at zero temperature
without including the environmental effects such as the type lof acid,\lts concentration,
temperature, or pressure. Surely, these experimental parametershaffect the stability and

surface functionalization of the 2D MBenes that should bednvestigated in the future.?3-3

(a) Top view (b) Side visw

Fig. 1 (a) Top and (b) side views of the hexagonal 2D MB MBene layer. The A-type and B-type
hollow sites described in the text are labeled:

2 Computational methods
First-principles calculations based on density functional theory (DFT) were performed using

the generalized gradient approximation with the Perdue—Burke—Ernzerhof (PBE)?’ exchange-
correlation functional and the projected augmented wave (PAW) approach with a plane-wave
cutoff energy off5201 eVy, as implemented in the Vienna ab initio Simulation Package
(VASP)#% The atomic positions and lattice constants were fully optimized using the
conjugate gradient method. The maximum residual force acting on each atom becomes less
than’0.0001 eV/A. The criterion for energy convergence is 10”7 eV/cell. For the optimization

of:2D_MBene structures, 18 x 18 x 1 Monkhorst-Pack & points are used.>* All 2D MBenes
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here were also evaluated using spin-polarized calculations and the results showed that all the
studied 2D MBenes are nonmagnetic. The partial occupancies were determined using the
Methfessel-Paxton smearing scheme with a smearing width of 0.1 eV.*" A large vacuum
space with a thickness of at least 30 A was used to avoiding any interaction between an

MBene sheet and its periodically repeated images along the ¢ axis.

The formation energies E%)Br% of the MBene nano-sheets were calculated as defined below

using the total energies of the 2D MBene structure (EMBTx), the total energies of the bulk
tot ) -

phases of the composed M and B per atom (Eyq,» Ey,,)> and the total engrgies per atom of

termination group using their stable gas molecules EtT;t' Depending on the type of surface

functions, Efgt is the half of the total energies of F,, O,+H,, or Ogand nr, 18 2:

EMBTx _ pMBTx

M R T, L
form — Etor T nyEtot —np Etor — n1, E (1

tot

where p,,and 5 are the number of atoms in the M and B unit cells, respectively. In the unit

cell of 2D MB MBenes, y,and 55 are equalito,2.

The dynamical stability of th¢ 2D MBene structures was examined using a set of phonon
spectra calculations. The phonon is obtained within the Finite-difference Method (FDM)
approach using the PHONOPY\code41 combined with VASP38, The total energies were
converged within 10%,eV/cell to.ensure a reasonable convergence. The force constants in the
2D MBene structures were calculated for an isotropic 5 x 5 x 1 supercell whose BZ are

sampled with 5¢5 %1 Monkhorst-Pack ¢ points.**

To evaluate. a bond strength, we used the 3 x 3 matrix of force constants, which is one of the
output results of the phonon calculations. The matrix of force constants was calculated from
the finite difference approximation to the first-order derivative of the atomic forces with

respect to finite displacements of each pair of atoms along with the Cartesian directions. We
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used the value of trace of the force constant tensor since it has the advantage of being
independent of the coordinate system. The force constant Fj; between atomsiand; are

referred to this scalar quantity.!>#

We also employed the crystal orbital Hamilton population (COHP) analysis*® to ewvaluate a
bond strength. The COHP analysis is a theoretical bond-detecting techniquefor solids, which
partitions the band-structure energy into orbital-pair interactions. Moreqdetailsyare given in
Supplementary information.

~
For a 2D hexagonal crystal, there are two independent elastic constants, namely, c;; and c,.

The in-plane stiffness tensor c; (i,j=1,2) can be obtained based on'the following formula in

first-principles calculations,
1 ? 1 ” 5
4
where g is the elastic strain energy, and the, tensile Strain ¢ is defined as ¢ = %, a and g,
are the lattice constants of the strained and stram=free structures, respectively. Applying
uniaxial strain ¢ along x-direction leads to €y =0 and g, = 1/ chlg;x. The elastic constant
c11 can be acquired from the coefficient of the quadratic term by fitting the data of elastic

strain energy F(¢) as a function\of strain ¢ using a quadratic polynomial. Similarly, we can

obtain ¢, by fitting the expression/g . = (1 / 211+ 1/ 2C22 + Clz)g;x when equibiaxial strain

is applied (g, = gyy). Finally, ¢4 is equal to 1/ 5(c11— €12)- To calculate the elastic stiffness

constants, thedg . as afunction of ¢ in the strain range -1.5% < ¢ < 1.5% with an increment
of 0.5% arennvestigated. A mechanically stable 2D hexagonal sheet would satisfy ¢;; > 0 and

¢ > lepaf:

3 Structural models
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As shown in Fig. 1b, pristine MB MBene was constructed of three atomic layers with a
hexagonal-like unit cell, where a single graphene-like boron layer is sandwiched between the
double layers of transition metals. There are two types of hollow sites (i.e., A and B) on the
MB surfaces, as shown in Fig. 1a. Therefore, depending on the position of thie chemical
groups on the surface, the stability and consequently the electronic structures may change.
Here, we have examined four different configurations for the surface terminations of the MB
systems: Model 1 in which two functional groups are located on top of the hollow sites HI or
H2 (Fig. 2a); Model 2 in which one functional group is located on top of the hollow site H1
and the other functional group is located on top of the hollow site’ H2 {Fig. 2b); Model 3 in
which both functional groups are located on top of the transitionimetals (Fig. 2¢); Model 4 in
which one functional group is located on top of the hollow site A or B and the other
functional group is located on top of the transition mefals (Fig. 2d). The atomic coordinates
are fully optimized for each type of surface funetional configurations.

(a) model 1 (b) model 2

D
N7 Nk
KKy -
°© B
4 o Surface
termination

Fig. 2 Top and side views of different configuration models of the functionalized MB MBene
systems. (a) model 1, (b) model 2, (c) model 3, and (c) model 4. Here, the z-direction (c-lattice
direction) is the normal,vector to the MBene surfaces. Hollow sites A and B are shown by blue
circles in the panel (a).

4 Results and discussion

4.1 Formation eénergy of the 2D MBenes

The results of the total energies of optimized functionalized MBenes with different models

are presented in Supplementary information, Table S1. The results show that models 1 or 2

8
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are energetically more stable than the other two considered models (i.e., models 3 and 4) for
the MB MBene structures with different transition elements and functional groups. In most
cases, after optimization, models 3 and 4 are transformed into the models 1 or 2. Oux
optimization results show that Model 3 is the most stable configuration only for®MoB(OH),

WBF, and WB(OH) MBenes.

We have next calculated the formation energies of MBene systems chemically functionalized
by different functional groups in addition to pristine MBenes to ﬁnd\ out/ the effect of
functionalization on the stability of the MBene sheets as showmin Table 1. The results show
that the formation energies of terminated MBenes are largemegative values and these values
are less negative when the transition metal changes ffom Se,— W. This implies that the
functional groups could bond strongly to the tramSition metals and the possibility of the
4
development of MBene systems with a specific ‘sutface termination. Some of the pristine
MBenes possess positive values of formation energies that indicate these MBenes are
thermodynamically unstable. In other wordspthey may transform into other competing phases
at high temperatures. Howeverjisince MoB with large positive formation energy has already
been obtained partially from exfoliation, of Mo,AlB,, the other 2D MBenes might also be
formed experimentally.'4 Iftcrestingly; the formation energies of MBenes become large
negative values upomysurface functionalization with F, O, or OH, indicating the formation of
strong bonds between, tetmination groups and the surface. The effect of surface
functionalization enithe mechanical stability of the obtained 2D systems is investigated in the

next subsections:

Table 1/ Formation energies (eV) of different monolayer MBene systems functionalized with F,
OH, and O groups in addition to pristine MBenes.

MBene Systems | Pristine F 0] OH
ScB -1.33 1 -13.26 1 -12.09 : -11.57
TiB -1.00 :-12.00 | -10.77 | -10.78
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ZrB 112§ -12.42 1 -11.34 ¢ -11.02
HfB 101 412,00 <1192 | -10.96
VB 0.17 | -9.03 8.19 -8.00
NbB 002 | 936 | 938 | -831
TaB 024 | -8.64 | -945 ! -7.73
MoB 150 | 622 | 584 | 521
WB 234 | 557 543 | 477

To study the effect of the exchange-correlation functional on the formation energy of the
MBene systems, we have also calculated the formation energy of the;: systems usning
HSEO06 functional upon the PBE-relaxed structures.** The calculated results using HSE06
functional (Table S2, Supplementary information) show that the formability of these
systems are even more feasible than the ones calculated using PBE functional (Table 1);
however, the differences are relatively marginal./Note that these results are upon the PBE-
relaxed structures because optimization with HSE is very heavy. Obviously, if we could relax
the structures with HSE functionalysthe formation energies could become slightly more

negative.

We have also optimized the multi-layers,of the functionalized MBenes with the most stable
model obtained and the regtlts of the'formation energies are presented in Supplementary
information, Table §3{"As stateddn Introduction section and expected, the results show that
the multi-layers of these 2D materials are more feasible to be produced than their monolayers
in the experiments. Howeyver, there is an insignificant difference between the properties (e.g.,
electronic) of the'monolayers and multi-layers of these materials.

4.2 Dynamical Stability of MBenes

We' also inyestigated the dynamical stability of MB MBenes by using phonon calculations.
The results are provided in Supplementary information, Fig. S1. The phonon spectra of
MBene” systems fulfill the strictest condition for dynamical stability without imaginary

10
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modes, indicating the local stability of MBenes. Among all investigated systems, we only

found the negative phonon frequency in the phonon spectra of MoB(OH) and WB(OH)

oNOYTULT D WN =

MBenes, as highlighted in bold-typeface in Fig. S1. We also found the imaginary mode inthe
10 phonon spectra of these two systems even with a larger supercell of 6 x 6 x 1.4This shows
that the appearance of these negative phonon frequencies is not associated with the finite size
15 of the supercell. It is noteworthy that 2D CrB,!%!8 MoB,!3!4 and TiB'” MBenes have already
17 been synthesized experimentally, and consistently our calculations also ‘confirm their
stabilities. The atomic coordinates of the optimized structures Tare provided in

22 Supplementary information for further studies by readers.

11
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The crystal st res and thus the electronic structures of MBenes can be viewed from
vari ves. For example, as explained in the introduction section, 2D MB MBenes

ed from the exfoliation of MAB phases. Also, they can be considered as a thin

ulk MB, (M = Sc, Ti, V, Nb, Ta, Mo, and W), which possesses the AlB, structure type

12



Page 13 of 28

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-116948.R1

and the hexagonal lattice with P6/mmm crystallographic symmetry.*> Furthermore, they can
be considered as consecutive M-B-M layers, in which M atoms have doped the hexagonal
sites of the graphene-like boron layer. The latter perspective is one of the main approaches to
synthesize 2D boron-based layers. It is well known that the 2D graphene-like boron layer
with the honeycomb structure is metastable. This is because unlike graphene, that the 4
valence electrons of carbon atoms fill all ¢ and © bonding states and form a wery stable 2D
layer, in graphene-like boron, the three valence electrons of boron atoms can only partially
occupy those bonding states.*>*¥The electron deficiencies to occupy the bEnding states result
in instability of the graphene-like boron layer. Hence, there is no fieestanding honeycomb
boron layer. To enhance the stability of the boron layer,an.appropriate number of electrons
should be injected into the B-B bonding states. If many. electrons are injected, they occupy
not only the bonding states but also the antibonding states that might result in instability of
the layer again. The required electrons can besinjected by adding more boron atoms*# or
introducing transition metals*®47503L to top of the hexagon boron rings resulting in the
formation of various polyforms of boron sheets with a mixture of hexagonal and triangular
boron rings. The experimental formation of various boron sheets on top of metal substrates?
and the formation of bulk MB, {tructures evidence that the above approaches have worked

well in experiments.*

Considering the .above literature, pristine 2D MB MBenes can be viewed simply as 2D
honeycomb boron layers.doped with transition metals. To better understand the electronic
structures’of pristine and functionalized 2D MBenes, we have investigated their projected
band struetures. To keep the length of this paper short, we show the results for pristine and
functionalized 2D ScB, TiB, VB, and MoB with F, O, and OH in Figs. 3 and 4, and the band

structures of ZrB, HfB, NbB, TaB, and WB are included in Supplementary information,

13
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Fig. S2. The 2D MBs (M = Sc, Ti, V, Mo) adequately represent the electronic structures of
other 2D transition metal borides, whose transition metals belong to the same group — due to

possessing the same number of valence electrons — in the periodic table.
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Fig. 4 Band pristine MB (M = Ti, V, Mo) and functionalized ones with F, O,

and OH. The F iene is at zero.

As igs. 3 and 4, all pristine MBenes are metallic, like pristine MXenes.2** For

instance, the projected band structure of ScB on atomic orbitals of Sc (dy,.,,1d,,

dxz+dyza dzZ)

s, pxtp,, p-) are shown in Fig. 3. By considering the projected bands on Sc and B
PxTPys P

14
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atomic orbitals, it can be seen that the atomic orbitals of B atoms mainly contribute to the
bands below -1 eV. The states near and above the Fermi energy result from d orbitals of Sc.
Therefore, the metallic conductivity of 2D MBenes results from the delocalized metal d states.
It can be seen that all s, p.tp,, p. (p.*) orbitals of B atoms are completely (partially) filled due
to B-B atomic orbital hybridizations and by donated electrons from Sc and hybridizatien
between Sc and B atomic orbitals. In other words, all 6 and © (n*) of graphene-like boron
layer have (has) been completely (partially) filled by electrons. Therefore, it can be
anticipated that B-B bonds are quite strong in 2D MB MBenes but will be weaker than C-C
bonds in graphene. This is because the ¢ bonds in graphene locate at:lower energies than that
in MBenes and the r* states are completely unoccupieds Moreover; since the hybridizations
between atomic orbitals in B-B bonds are relatively larger than that in M-B, it can be
expected that the B-B bonds are stronger than the M-B bo’nds. It is seen that the largest
hybridization between Sc and B occurs when p. and p.* orbitals of B atoms overlap with
d..+d,, orbitals of Sc by filling the nandyz* states of boron atoms. The © and ©* bands cross
each other at -2 eV at K point of the Brillouin zone, which is analogous to graphene can be
considered as the Dirac point forthe boron layer in MBenes. As seen from the projected band
structures, there are few occupied, transitions metal bands below the Fermi energy compared
to boron-related bands. Therefore, it is generally expected that in a 2D MB MBene, M-M
bonds will be weaker.than both,B-B and M-B bonds. It can be predicted that among 2D MB
MBenes, the ScB (MoB and WB) possess the weakest (strongest) M-M bonds because it

(they) has (have) one (four) occupied Sc (Mo and W) d band(s).

In pristine 2D.MB MBene, when the transition metal changes from Sc — W, because the
number of valence electrons increases, consequently more d bands become occupied and shift

torbelow the Fermi energy and simultaneously the o, w, and ©* bands of B shift to lower
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energies indicating the B-B bonds get stronger. It can be anticipated that the B-B bonds in

MoB and WB are the strongest in pristine MBenes.

To investigate the effect of F, OH, or O functionalization on electronic structuresof pristine
MB MBenes, we have shown the bands and projected bands of ScBT (T =_F, OH, or O)in
Fig. 3 and the projected band structures of MBT (M = Ti, V, Mo; T = F, OH, O) in Fig. 4.
By comparing the projected band structures of MBF, MBOH and MBO with pristine MB, it
can be realized that since the electronegativity of F, OH, or O[is high& than the studied
transition metals, these termination groups affect the electronic structures in two ways: 1)
popping out the electrons partially/completely from the.eccupied d bands below the Fermi
energy and/or from the ©* band states of boron atoms, 2) hybridizing with d orbitals of
transition metals and forming new states at energies déep below the Fermi energy. About the
latter effect, the states, resulting from hybridization between Sc d orbitals and F (O) p orbitals
are formed around -8 (-5) eV. The O-H bond states locate around -9 eV. About the former
effect, since the surfaces of 2D MBenes are fully saturated with 2 F or 2 O groups, they can
pop out 2 or 4 electrons from_the occupied states, respectively. In other words, due to
saturation with F or O, effecti\Qly ong or two bands become unoccupied near the Fermi
energy, respectively. By comparing the projected band structures of ScBF and ScBO with
pristine ScB, it is seen that F groups unoccupied one of the top Sc d valence bands and
simultaneously the band curvatures of other bands near the Fermi energy change such that
ScBF becomes a semimetal system. Similarly, in other 2D MBF MBenes, it is seen that the

M d bands (the m* bands of B atoms) become mostly (partially) unoccupied.

Since both F and OH chemical groups need one electron to completely fill their valence shell,

in general, the electronic structures of F and OH terminated MBenes are similar. However,

16
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due to positively charged surfaces of OH terminated MBenes, some new surface states are
created, known as nearly free electron (NFE) states that are found near or at the Fermi energy
at the Gamma point with parabolic-like curvature. For instance, the NFE state in SCBOH is
exactly above the Fermi level at the Gamma point. The formation of such NFE: states has
already been well investigated and explained for OH-terminated MXenes.>*34 The same

theory is applicable to the case of OH-terminated MBenes.

In the case of O termination of ScB, two top valence bands of S¢B bedome unoccupied: the
top Sc d band and the n* band of boron atoms. This results in the semimetal behavior of
ScBO. The same scenario is true for the oxidation effect-of the other pristine 2D MBs (M =
Ti, Zr, Hf, V, Nb, Ta, Mo, W). However, the above pristine MB MBenes have more occupied
M d bands below the Fermi energy than that in ScB. Hence, when they are terminated with O,
the M d bands (the n* band of boron atoms),will mestly (partially) become unoccupied.
Among the studied systems, ScBF, SeBOH, SeBO, ZrBO, and HfBO are semimetal. It is
known that GGA functionals underestimateithe band gaps. Hence, we have investigated the
band structures of these systems-using the HSE06 method.** We found that only ScBO
becomes an indirect bandgap {emiconductor with a 0.5 eV gap while others remain

semimetallic.

If we carefully loek at the band structures of TiBF, ZrBF, and HfBF, it is realized that the d,..
yotdy, and dgtd,. bands of the transition metals are touched near the Fermi energy and form
tilted Dirac-conesimeéar the Gamma point. Therefore, these systems might be interesting for
investigating emergent Dirac fermions.>»>=® Just recently, Shang et al. performed a detailed
analysis on the electronic structures of TiBF.>° They indicated that TiBF is a metallic system

hosting the coexistence of type-I and type-II nodal line band crossings close to the Fermi
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level. Here, we have followed the same band analysis as performed by Shang e al.®. 1t is
demonstrated that ZrBF and HfBF show similar band topologies near the Fermi as TiBF. In
detail, we have depicted the band structures of TiBF, ZrBF, and HfBF without spin-orbit
(SOC) coupling in Fig. Sa. The band structures of these systems have also calculated with
SOC eftect, as shown in Supplementary information, Fig. S3. It is seen that some of the
electron-like bands (labeled o, B or n) and/or hole-like ones (labeled y) cross each other near
the Fermi level and form Dirac-like cones at finite points indicated by circles. Considering
the band dispersion slope, the Dirac cones can be classified into type-I or\type-H. The type-I
(type-11) represents the convectional (tilted) Dirac conical band dispersions in which the
energy spectrums of the electron and hole states are . well separated (coexist at a given
energy).®6! To better imagining the band crossing features, we have plotted the 3D band
dispersions of ZrBF in Fig. Sb. It is clearly seen that the t}’pe I or II band crossings form
some rings known as nodal rings in the Brillouin zone eentered around I" point. Since, TiBF,
ZrBF, and HfBF are nonmagnetic, theitime-reversal symmetry is protected. However, they do
not possess space inversion symmetry. The,emergence of the nodal rings results from the
mirror symmetries in these structuress The mirror (M,) band parities of a, B, n and y states
are shown in Fig. 5. The +/=ssigh indicates the even/odd parity. When the bands with the
same (opposite) parities cross‘with each other, they will (will not) open a gap. For example,
in ZrBF, the electron-like bands, of o and B (having even parities) cross the hole-like band of
v (having an odd parity) without opening a bandgap, resulting in the formation of two nodal
rings. Upon including'the spin-orbit (SOC) coupling, the number of bands becomes double.
The states with_the same parity form small band gaps less than 22 meV by lifting the
degeneracies,of the states at nodal rings. Shang et al. have further demonstrated that upon
applying an appropriate biaxial strain, it is possible to drive TiBF to turn into a 2D

semiconductor, Weyle semimetal, or a nodal metal.>
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Fig. 5 (a) The band structures of TiBF, ZrBF, and HfBF ¢alculated without spin-orbit-
coupling (SOC) effect. The red and blue circles indicate the type-1 and type-II Dirac
band dispersions, respectively. The “+” (*-?).represents the Mz parity of the band. (b)
3D band structures of ZrBF showing the cross-sections of a, 3, N and y bands.

It is noteworthy that some of the functionalized MBenes such as ScBF, MoBO, and WBO
have a partially flat band state near the Fermi energy that is mainly contributed by d., orbitals
of the metals. These materials v&;’Qh such peculiar band structures may possess large Seebeck
coefficients because they' arg’ semimetals or metals possessing relatively good electrical

conductivity. Therefore, they might be promising candidates for thermoelectric applications®?

or flat band physigs. 304

4.4 Bond strength of MBenes
To understand the mechanical properties in the next subsection better, we have studied the

strength of B-B, M-M, and M-B bonds in all studied MBenes using ICOHP and force
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constants calculations, as shown in Fig. 6. For the functionalized MBenes, besides, we have

also calculated those quantities for the M-T bonds (T=F, O, and OH).

As explained in the section of computational methods, the integrated COHP (ICOHP),and
force constant are employed to determine the bond strength. In chemistry, the bond strength
of a covalent interaction is mainly dependent on an orbital overlap of the two adjacent atoms
that form a bond. Typically, the bond length is affected by this orbitalvoverlap, which the
more overlap would provide the shorter bond length. We calculated the integrated COHP
(ICOHP) up to the Fermi energy over all the atomic orbital interactions;etween the atoms
forming the bonds, which has also been applied to MAX and MAB phases.!>! In the
literature, the strength of a bond can be measured using force constant calculations if atoms
are connected by spring.!>1%6 The quantity of the force constant is calculated in terms of the
second derivative (first derivative) of the total energy (force? regarding the displacement of
an atom. We performed the phonon calculations,on the considered MBenes (see Fig. S1) to
investigate the force constants of the bonds in MBenes. As shown in Fig. 6, the stiffest and
weakest bondings are between,B-B and M-M atoms in MBenes, which is compatible with
that observed in MAB phases!> and the results of electronic structure calculations discussed
in the previous subsectionsnGenerally, as the atom-atom distance increases, the force
constants, and bond strength decreases (Figs. 6a and 6b). It is perceived in Fig. 6c¢ that there
is a correlation between theforce constant and the strength of bonds so that the force constant
increases with the increasing bond strength. The results, generally speaking, illustrate
relatively similarrends for both quantities, in which the bond strength is weaker in larger
atom-atoin distances. In general, the strength of the bonds shows the following trend in
MBenes when their structure models are the same: B-B > M-O > M-F ~ M-OH > M-B> M-M
bonds. Therefore, as expected and will be proved in the next section, due to the formation of

strong M-T (T=F, OH, or O), the mechanical properties of MBenes are enhanced.
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Fig. 6 Calculated (a) force constants and (b) bond strength versus atom-atom distance,
and (c) force constants versus bond strength for the B-B, M-M, and M-B bonds for all
considered MBenes. The bond strength is calculated by the integrated crystal orbital
Hamilton population (ICOHP) up to the Fermi energy overrall the atomic orbital
interactions between the atoms forming the bonds. The/solid lines indicate the
polynomial fit to the results.

To see the effect of the surface functionalization on the bond strength of MBenes in more
detail, the results of force constant and ICOHP versus bonddistance for pristine MBenes and
4
chemically functionalized by F, O, and,d OH are/shown separately in Supplementary
information, Figs. S4(a-1). The bond strength analyses indicate that the B-B bonds are
stronger than other bonds in all MBéne structures and O functional groups make the bindings
between B-B (M-M) stiffer (weaker) in MBenes. This can be well understood from the
results of projected band strugtures. As, explained before, oxidation of MBenes removes
electrons from 7* band (antibondingystate) of graphene-like boron layer and transition metal

d bands. This results in the strengthening and weakening of the B-B and M-M bonds,

respectively.

4.5 Mechanical Properties of MBenes
To understand the mechanical properties of MBenes, we further calculated the elastic

constants (¢yp-and c,), Poisson’s ratio, shear modulus, and Young’s modulus of MBenes by
using.a Taylor expansion of the total energy of the MBene systems regarding a small strain of

thelattice, which is well explained in Ref.?®. Since our phonon calculations (see Fig. S1)
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imply that MoB(OH) and WB(OH) MBenes are not dynamically stable, we exclude these two
systems from our discussion.

The results of elastic constant calculations (c;; and ¢;;) of MBenes are summarized in-Table
2 and shown in Figs. 7a and 7b. The results generally indicate that MBenes tefminated by
oxygen exhibit larger elastic constants as compared to MBenes functionalized with F or OH.
This is consistent with the results of MXenes and is attributed to the_stronger bonding
between the oxygen atoms and surface transition metals.>3467-68 The results imply that
functionalized MBenes (excluding MoB and WB) are mechanically stifferﬁlan the associated
pristine MBenes. Like the MBenes, it was predicted that surface terminations make MXenes

mechanically stiffer than the associated pristine MXenes 42

Table 2. Calculated elastic constants (c;; and c;,) of different. M Bene systems functionalized with
F, OH, and O groups in addition to pristine MBenes. The valuesjare in N/m.

MBene
Systems

Pristine E O OH

Cii 1 Ci2 Cii 1 C12 Cii + Cn2 Cii + Cn2

ScB | 207.78 | 18.18 | 25532 | 30,57 | 267.95 | 74.17 | 256.02 | 38.86
TiB [ 230.52 | 3238 | 27438, 62,12 | 353.56 | 9478 | 29644 | 48.66
2B | 22072 | 465223688 | 6259 | 324.19 | 87.64 | 266.78 | 43.17
HB | 24096 | 5606 | 28750 | 5031 | 353.85 | §9.59 | 204.50 | 30.08
VB | 217.92 1820025771 | 6242 | 336.97 | 118.68 | 238.10 | 44.55
NbB | 208.77 86.44 [ 238.45 | 68.87 | 338.96 | 126.16 | 230.24 | 49.50
TaB | 23622 | 8175 | 24247 | 73.02 | 354.15 | 115.66 | 226.78 | 50.85
MoB /| 250007 | 45.67 | 20097 | 31.89 | 280.82 | 3665 | - | -

WB. [1296.521 63.11 [ 20823 : 45.01 | 35441 4955 | - | -

The Poisson’s ratio, which is a ratio of transverse contraction to the longitudinal expansion of
C
the lattice in the direction of stretching force, is calculated by the formula v = fi The results

(Fig. 7¢) show that the Poisson’s ratio varies between 0.087 and 0.414. This ratio is higher
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for the MBenes terminated by oxygen with the transition metal changing from Sc — V while
pristine MBenes with the transition metal changing from Nb — W possess the highest
Poisson’s ratio. Comparing the Poissons’s ratio of the MBenes terminated by fluorine and
hydroxide indicates that fluorine surface terminations provide the higher Poissons ratio than

hydroxide functional groups.

The shear modulus refers to the material's response to shear stress and a_large (small) shear
modulus value indicates that the rigidness (softness) of a system to cutting, e.g., with dull
scissors. The results of the calculated shear modulus (Fig. 7d) generally\show that a larger
force is required to produce deformation in the MBenes terminated, by oxygen or F while
pristine MBenes (excluding MoB and WB) would be deformed by-<a smaller force. In other
words, the pristine MBenes are in general more ductile than the functionalized one, like the
MXenes, which was predicted to become morg mecﬂanically stiffer after surface
functionalizations.67-63

The Young’s modulus describes the,material's strain response to uniaxial stress in the

(c10)* = (c12)®

direction of this stress like pulling. It is calculated by the formula E = e The results

for MBenes are shown in Fig./7e. Among the MBene systems, oxygen terminated MBenes
exhibit the stiffest mechanical strength‘with 248 < E (N/m) < 348, and pristine MBenes are
the weakest systemsywith 206 < E (N/m) < 283. It is predicted that any type of surface
terminations (F, O,and:OH)could enhance Young’s modulus for all the considered MBenes
with the transition metal changing from Sc — W. However, our results indicate that fluorine
functional groups could make MoB and WB MBenes mechanically weaker than the
associated pristine MBenes. To estimate Young’s modulus of MBene monolayers in GPa, we
caleulated “the“thickness of MBene flakes by optimizing the multilayer MBenes. The
thickness of MBene monolayers was predicted in the range of 0.8 to 1.0 nm, which resulted

m Young’s modulus of MBenes in the range of 200-320 GPa. By comparing the considered
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MBenes with the MXenes predicted to have high Young’s modulus in the range of 400-1000

GPa,!2:3467.68,70-72 depending on the composition, surface terminations, and the number of

oNOYTULT D WN =

layers, it can be concluded that the considered MBenes are weaker than the MXenes.
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Electron work function of MBenes
We calculated the work function of MBenes, which provides information on the minimum
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Fig. 7 Calculated mechanical properties of MBene systems. The elastic constants of (a)
c¢i1 and (b) ¢;,. (¢) Poisson’s ratio, (d) Shear modulus, and (e) Young’s modulus.

energy required to extract ans€lectron from the Fermi level to a region outside the crystal. The
work function is a very important/parameter in designing new electronic devices, electron
emitters, and Schottky barriers.”? It is calculated as the energy difference between the
electrostatic potential at an infinite distance of crystal and its Fermi energy. Fig. 8 shows the
calculated electron work»function of considered MBenes. The results indicate that the
electronswork function in MBenes terminated by O is the highest and this quantity is the
lowestiin MBenes terminated by OH. Similar to MXenes, the ultralow work functions of OH
terminated MBenes can be attributed to the polarity of OH groups.’* It seems that V, Mo, and

W-MBenes functionalized with F or O possess the highest work function.
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Fig. 8 Calculated electron work function of MBene systems. ~

5 Conclusion

The family of transition 2D transition metal borides, named as MBene, with hexagonal or
orthorhombic phases is developing rapidly. Here, we have focused on the electronic structure
of hexagonal 2D MBenes and planned to investigatesthe osthorhombic ones in the future. In
detail, we theoretically predicted the structural stabilities a1:d mechanical properties of the
hexagonal monolayer of non-terminated and terminated MB MBenes (M = Sc, Ti, Zr, Hf, V,
Nb, Ta, Mo, and W) with F, O, or OH groups using DFT at absolute zero temperature. After
finding the most stable structural models, the formation energy of the most stable geometries
has been calculated and the results indieate the great potential of strong bonding between the
functional groups and the suffacestransition metals and the possibility of the development of
MBenes with those surface terminations. The dynamical stability of considered MBenes has
also been analyzed employingsphonon calculations and the results show that most pristine
and functionalizéd 2D MB/MBenes are stable. We further investigated the work functions of
MBenes and thetesults, generally, indicate that O terminations provide the highest energy
barrier for electron emission, while MBenes terminated by OH have the lowest energy
bargér.” Theyealculations of the mechanical properties indicate that the considered MBenes

are generally weaker than the MXenes. Furthermore, the bond strength analyses indicate that

m allpristine or functionalized MBenes, the B-B bonds are stronger than M-B > M-M bonds.
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The termination groups (T= F, O, and OH) form strong bonds with the surface transition
metals such that M-T bonds are stronger than M-B or M-M bonds resulting in enhanced
mechanical stabilities of functionalized MBenes compared to the pristine ones. Moreoyver, the
MBenes terminated by O are mechanically the stiffest and the most flexible systems while
non-terminated MBenes are generally the weakest and the most brittle systems as compared
to other MBenes. Therefore, like MXenes, it is predicted that surface terminations make

MBenes stiffer. We hope this study will motivate new theoretical and' experimental

~
researches on 2D MBenes.
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