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The realization of buckled monolayer sheets of boron (i.e., borophene) and its other polymorphs has
attracted significant interest in the field of two-dimensional systems. Motivated by borophene’s
tendency to donate electrons, we analyzed the interaction of single halogen atoms (F, Cl, Br, 1) with
borophene. The possible adsorption sites are tested and the top of the boron atom is found as the
ground state configuration. The nature of bonding and strong chemical interaction is revealed by using
projected density of states and charge difference analysis. The migration of single halogen atoms on the
surface of borophene is analyzed and high diffusion barriers that decrease with atomic size are obtained.
The metallicity of borophene is preserved upon adsorption but anisotropy in electrical conductivity is
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altered. The variation of adsorption and formation energy, interatomic distance, charge transfer,
diffusion barriers, and bonding character with the type of halogen atom are explored and trends are
revealed. Lastly, the adsorption of halogen molecules (F,, Clp, Brp, I5), including the possibility of
dissociation, is studied. The obtained results are not only substantial for fundamental understanding of
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1 Introduction

Following the synthesis of graphene,’ an immense amount of
research has been conducted in the field of two dimensional
(2D) materials. Since then various elemental 2D materials
including silicene,” germanene,® and stanene” in group IV, and
phosphorene,® antimonene,® and bismuthene’ in group V have
been realized experimentally and also investigated in detail by
advanced computational methods. The synthesis of borophene,°
a monoatomic lattice of boron atoms, has extended this family to
group III elements.

Boron is a light element which is located at the boundary
between metals and nonmetals in the periodic table and has a
rich chemistry. Due to its electron shell configuration and
flexibility to adopt sp® hybridization, it can form complex
bonds ranging from two-center-two electron to seven-center-
two electron bonds.'® This results in a variety of boron allotropes,
which can be found in all-dimensions with diverse chemical and
physical properties."* " In addition to various low-dimensional
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halogenated derivatives of borophene, but also are useful for near future technological applications.

allotropes, very recently Mannix et al.® have grown the first
atomically thin boron sheet on an Ag(111) substrate under
ultrahigh-vacuum conditions. It has a buckled structure with
triangular arrangement belonging to the Pmmn space group.
Following this work, two planar structures of borophene,
namely Bi, and y; phases9 were also synthesized. Both B,
and y; sheets contain a periodic arrangement of holes which
act as scavengers of electrons occupying antibonding bands,
thus hexagonal holes improve the stability of borophene and
contribute to the planarity of the structure.'® In addition to
these, various stable borophene polymorphs with different hole
patterns and densities have also been theoretically predicted*"”
which may be realized in the near future.

Even though all known bulk boron allotropes are semi-
conductors at ambient conditions, buckled borophene is metallic
with highly anisotropic electronic properties.® It also possesses
mechanical anisotropy where the in-plane Young’s modulus is
equal to 170 GPa nm along the corrugated (zigzag) direction, and
398 GPa nm along the uncorrugated (armchair) direction, which
is even higher than that obtained for graphene (340 GPa nm).'®
The structure has negative Poisson’s ratio due to the out-of-plane
buckling® and also significant negative thermal expansion
coefficients are reported for both directions. In a theoretical
study, large optical anisotropy with high optical transparency
and electrical conductivity is reported.”® Furthermore, a systematic
investigation of thermal properties indicates that the thermal
conductivity of borophene is also anisotropic and low due to the
strong phonon-phonon scattering. The calculated values are

Phys. Chem. Chem. Phys., 2017, 19, 28963-28969 | 28963


http://orcid.org/0000-0002-0639-5862
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cp05793h&domain=pdf&date_stamp=2017-10-23
http://rsc.li/pccp
http://dx.doi.org/10.1039/c7cp05793h
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP019042

Published on 06 October 2017. Downloaded by Bilkent University on 12/06/2018 11:50:19.

Paper

~20 x 107° WK ' and ~40 x 107° W K, along the zigzag
and armchair directions, respectively.'> Moreover, experimentally
realized borophene sheets are predicted to display intrinsic
superconducting behavior at low temperatures®** which can
be enhanced by the tensile strain and hole doping.>

These novel properties make borophene an ideal candidate
for various applications.’ 4b initio studies predicted that doped
borophene can be used as a catalyst for hydrogen and oxygen
evolution reactions,> is a promising anode material for lithium-ion
batteries,® and is a potential hydrogen storage medium.>” Boron-
based microelectronic device applications is an another interesting
field, however, the implementation of borophene requires further
investigation. This can be possible by functionalization of such
systems in order to attain desired properties. An extensive amount
of experimental and theoretical work dedicated to the doping of 2D
materials has proved that doping is an effective and upcoming
technique for tuning the existing properties.”*™'

In this respect, halogen atoms and molecules are an interesting
class of adsorbates due to their high electronegativity. They can
substantially modify the structural and electronic features of 2D
materials upon adsorption or decoration, and they are widely
studied both experimentally and theoretically. For instance, fully
and partially fluorinated graphene has already been synthesized*>
and explored in detail.**** It was shown that fluorine coverage
results in band gap opening which can be engineered with the
degree of fluorination.”® Moreover, partially chlorinated®® and
brominated®” graphene derivatives have been reported and the
interaction of halogen atoms with graphene has been studied by
first-principles methods.****° Not only graphene but also chlori-
nated silicene*’ and fluorinated boron nitride sheets* have also
been realized. In addition to experimental efforts, various
theoretical studies analyzed the interaction of halogen atoms with
2D systems.”™ It is reported that halogenated 2D materials
exhibit remarkable electronic, optical, thermal, mechanical, and
chemical properties in comparison with bare counterparts.

Motivated by these studies, we investigate the interaction of
single halogen atoms (X = F, Cl, Br, I) with a buckled monolayer
sheet of boron (which will be referred simply as borophene) by
using ab initio methods. Firstly, we test all the possible adsorption
sites and determine the ground state configurations. The nature of
bonding is revealed by projected density of states (PDOS) and
charge transfer analyses. The migration of single halogen atoms
on the surface of borophene is studied and diffusion barriers are
calculated. The change in the electronic structure is also examined
and compared with pristine borophene. The variation of adsorption
energy, interatomic distance, charge transfer, diffusion barriers, and
bonding character with the type of halogen (i.e. up/down in group
VII) is explored and trends are revealed. Finally, the adsorption of
halogen molecules (X, = F,, Cl,, Br,, I,) and the case of dissociation
are studied.

2 Computational methodology

We perform ground-state total energy and electronic structure
calculations by first-principles methods based on density
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functional theory (DFT).*>*” The projector augmented-wave
potential (PAW)*®*° with an energy cutoff at 520 eV is used as
implemented in the Vienna ab initio simulation package
(VASP).>*! The electron exchange and correlation potential is
described by the generalized gradient approximation (GGA) in
Perdew-Burke-Ernzerhof (PBE) form.”? All atomic positions are
optimized by minimizing the total energy and atomic forces
using the conjugate gradient method by setting energy and
force convergence to 10~° eV and 10™> eV A", respectively. The
van der Waals (vdW) interactions are taken into account by
using the DFT-D2 method for the case of molecular
adsorption.>® Bader analysis is implemented® to quantify the
charge exchange between the X atoms and the borophene. To
avoid interactions between dopants, a 7 x 4 supercell is used
with lattice constants, 11.45 A and 11.30 A in the x and y
directions, respectively, and 15 A vacuum space is adopted in
the non-periodic z-direction. The Brillouin zone (BZ) is sampled
by a I'-centered 6 x 6 k-point mesh.>”

The adsorption (or binding) and formation energies of
halogen atoms are obtained by using the formulas:

Ey, = Er(borophene) + Ef(X) — Ex(borophene +X) (1)
and
E¢ = Er(borophene) + Ef(X,)/2 — Er(borophene +X)  (2)

where Er(borophene), E(X), Ex(X,), and E;{(borophene + X) are
the total energies of pristine borophene, free X atoms, X,
molecules and the doped system, respectively.’®>” All energies
are calculated by using the same supercell size and identical
parameters. A positive value of E}, implies that adsorption is
energetically favorable. The diffusion path calculations are
performed using the nudged-elastic band (NEB) approach where
intermediate images along the reaction path are optimized
while equal spacing to neighboring images is maintained.>*>°

3 Results and discussion

The adsorption of halogen atoms can substantially modify the
physical and chemical properties of borophene and enhance
the stability of the system by accepting the electrons from
antibonding states.® Revealing the process of doping is also
essential for plausible halogenated derivatives of borophene.
To study the single halogen atom (X: F, Cl, Br, I) adsoption, we
start with structural optimization of monolayer borophene. The
optimized lattice constants of pristine borophene are calculated
asa=1.62 A and b =2.86 A with a buckling of 0.90 A which are in
agreement with previous studies.®*®° The coupling between X
atoms is minimized by using a 7 x 4 borophene supercell (with
lattice parameters of 11.30 A and 11.45 A) which is tested to be
sufficiently long enough in both directions. This system, as
shown in Fig. 1, contains 56 B and 1 X atoms which is equivalent
to the halogen concentration of 1.75%.

Four possible sites are considered for adsorption as shown
in Fig. 1: top of the B atom on the upper (T,,) or lower layer (Tq),
and above the bridge of successive B atoms on the upper (B,) or
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Fig. 1 (a) The possible adsorption sites on borophene sheets: top of the
B atom on the upper (T,) or lower layer (Ty), and above the middle of the
successive B atoms on the upper (B,) or lower layer (By) (b). (c) Top
perspective and (d) side view of the 7 x 4 supercell with a single adatom
(X: F, Cl, Br, 1) on the T site. The boron atom on the upper (lower) layer and
halogen atoms are shown by light (dark) red and blue spheres, respectively.

lower layer (Bq). Our results indicate that only T, and By are
stable adsorption sites and adatoms on T4 and B, slide to T,
which is the ground state configuration for all X atoms. The top
site is also favored for halogen atoms adsorbed on monolayers
of group IV elements.******> Adsorption energy (Ey), formation
energy (Ef), dissociation energy of a halogen molecule (Egs),
bonding distance between B and X atoms (dp_x), and the amount
of charge transferred to X atoms (px) for the ground state
configuration (T, site) are summarized in Table 1. E;, for the
other stable site, By is also given in parentheses for comparison.

Upon adsorption, all X atoms slightly distort the pristine
borophene by attracting the underlying B atom at T,. The
amount of distortion decreases from F to I atoms. The calculated
E}, is high for all X atoms indicating a strong chemical binding. At
Bg, each X atom attracts two B atoms at T,, and makes bonds with
both of them. As will be discussed later in this section, this
configuration is fragile and can only be stable at low temperatures.
The highest E, is obtained for F which is 5.03 eV and decreases
gradually to 2.09 eV down the group. In addition, all calculated
formation energies are positive indicating that the adsorption
of halogen atoms on borophene is an exothermic process. The
calculated dg_x is only slightly larger than those reported for
boron trihalides, thus the bonding characters are expected to

Table 1 Adsorption energy (Ey), formation energy (Ey), dissociation energy
of a halogen molecule (Eg;s), bonding distance between B and X atoms
(ds-x). electronegativity difference between B and X atoms (Ay) and
amount of charge transferred to X atoms (px) are given for the ground
state configuration (T, site). Ep for the other stable site, Bq, is given in
parentheses. All energies are given per atom

Atom  Ey [eV] E¢[eV]  Eas[eV] dsx[A] Ay ox [€]
F 5.03 (4.08) 3.87 -1.15 1.36 1.94 —-0.79
Cl 3.23 (2.67) 1.81 —1.42 1.79 1.12 —0.63
Br 2.64 (217) 141 ~1.23 1.97 092 —0.48
I 2.09 (1.76) 0.98 —-1.12 2.19 0.66 —0.14
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Fig. 2 The variation of (a) Ey, (red line) and dg_x (green line), and (b) Ay
(orange line) and px (blue line) with the type of X atom.

be analogous. Not suprisingly, dg_x shortens with increasing Ej,
indicating a stronger bond. The variations of E}, and dp_x with
the type of X atom are shown in Fig. 2. The strength of binding
can also be linked to the amount of charge transfer from
borophene to X atoms. The Bader analyses demonstrate that
while F accepts —0.79]|e| (negative value indicates that charge is
accepted by X atoms), it is only —0.14|e| for I. px decreases
down the group following the same trend of Ay as illustrated in
Fig. 2.

The calculated E;, values are significantly higher than those
obtained for interaction of X atoms with group IV sheets. For
instance, Ey, is reported as 2.71 eV,** 1.13 eV,*® and 0.86*° eV for
F, Cl, and I adsorption on graphene, respectively. Interestingly,
other widely used adatoms such as H, Li and O are also strongly
bound to borophene with E}, of 2.99 eV,*" 2.84 ev®" and 4.55 eV,*°
respectively. These results also indicate that borophene has a very
reactive surface.

The lateral diffusion of X atoms on the borophene surface
from T, to the first nearest T, (T, — T,) and then to the next
nearest By (T, — Bg) is calculated by using the NEB method.’®°
The variation of total energy along this path together with
relevant energy barriers for Cl atom is shown in Fig. 3(a) as an
example. Two significant barriers are noticed: along T, — T,
(Q1) and along T, — By (Q,). Both Q; and Q, are high and this
lowers the possibility of migration of X atoms on the surface.
The calculated diffusion barriers are substantially higher than
those obtained for graphene where migration occurs with
almost no barrier.*® On the other hand, the barrier is very low
along By — T, for all cases (Q; < 60 meV) indicating that the By
site is stable only at low temperatures, and X atoms remain
bound only to T, at ambient conditions. Q; and Q, decrease
down in the group as illustrated in Fig. 3(b) and the highest
energy barrier is obtained for F.

Next, we analyze the nature of bonding between X atoms and
borophene. While B atoms have three valence electrons, each of
them has six nearest neighbors in buckled triangular borophene.
Accordingly, unlike 2D group IV systems, some of the in-plane sp”
antibonding states are occupied®” and borophene has a tendency
to donate electrons. Taking the high y of halogens into account,
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Fig. 3 (a) The variation of the total energy along the diffusion path
together with relevant energy barriers for Cl atoms. Zero of energy is set
to the ground state energy at T,. The diffusion path is shown as an inset.
(b) The variation of diffusion barriers, Q; (from T, to T,,) and Q; (from T, to By)
with the type of halogen atoms.

charge transfer from borophene to X atoms upon adsorption as
given in Table 1 is expected. px is the highest for the case of F
atom. The charge difference analyses indicate that the transferred
charge is not only accumulated on the F atom but also between
the F-B bond. The charge is depleted from the nearby B atoms as
shown in Fig. 4(a). As Ay between F and B is high (Ay ~ 2), the
bonding has mainly an ionic character. Interestingly, a recent
study reported that an adsorbed H atom also extracts charge from
borophene and the amount is calculated as —0.72|e|, which
is comparable to the case of F atoms.®™*® The charge profile is
similar for other halogen atoms as well. As discussed above, px is
correlated with Ay (Fig. 2(b)) and thus decreases down the group
which is also noticeable from the charge difference analysis
shown in Fig. 4(b-d). Different from the F case, charge is
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Fig. 4 The charge density difference profiles of (a) F, (b) Cl, (c) Br, and (d) |
doped borophene for a 7 x 4 supercell. Yellow and blue colors represent
charge accumulation and depletion, respectively.
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accumulated more on the B-X bond for other halogen atoms
and bonding has more covalent character.

In general, in-plane bonds resulting from sp> hybridization
are stronger than out-of-plane bonds. This makes buckled triangular
borophene less stable than planar o- and f-borophene polymorphs
where two- and three-center bondings are balanced. Therefore,
halogen atoms which act as electron acceptors, can extract
excess electrons occupying antibonding states which enhances
the stability of buckled borophene.

Following this discussion, we also analyzed the projected
density of states (PDOS) to reveal the orbital contributions to
bonding. The PDOS of the in-plane and out-of-plane states for
the X and B atom on T, (B') are shown in Fig. 5 and the
contributions from the second and the third nearest B atoms
(B? and B®) are given in Fig. S1, ESL.{ Our results indicate that

—~
&
=

Energy (eV)

S
— DX
-84 — DY

— DZ

Fig. 5 Orbital decomposed projected density of states (PDOS) of (a) F,
(b) CL, (c) Br, and (d) | and the first nearest B atom at the T, site (BY). Main
peaks are highlighted with light green.
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while Cl, Br, and I have similar bonding character, F differs
from them. Upon adsorption, the bonding states of F and B at
T, are occupied and bonding is mainly formed from hybridization
of the p, orbital of F, and s-p, orbitals of B'. This state is at —8.2 eV
where Fermi level (Ey) is set at 0 eV. Another bonding state
(m bonding) can be noticed at —3.5 eV upon hybridization of
D orbitals and not only B" but B> and B® atoms contribute as well.
For other X atoms (Br, Cl, and I), the s—-p, hybridized state is
localized at ~—7 eV. While the contribution from the p, orbital
of X and B reduces down in the group, it increases for B> and
B®. Other bonding states due to hybridization of p, orbitals
weaken progressively with size and almost diminish for I. This
level is —1.9 eV for I and deepens moving up to F. The small
atomic size and high y of fluorine mainly account for the
differences between F and other halogen atoms.

Lastly, we analyzed the electronic structure of X-doped
systems by calculating the band structures. The pristine borophene
is metallic with bands crossing Er only along the directions parallel
to the uncorrugated (armchair) direction. This results in an aniso-
tropy and the electrical conductivity is confined only along this
direction. The band structures of X-doped systems as shown in
Fig. 6 indicate that X atoms not only generate deep localized states
(Fig. 5), but modify the electronic structure. Upon adsorption, bands
cross the Ey along all the directions and it makes the system more
isotropic. Furthermore, an enhancement in electrical conductivity
can be expected due to the increased number bands crossing the Ey.
This modification is related to structural distortion and change in
the charge distribution (Fig. 4). Another interesting feature of the
band profile is the band crossing at the S-symmetry point for
the F-doped system. Similar crossing is also obtained for other
X atoms but slightly below Eg. These results indicate that the
electronic properties of borophene can be modified upon
passivation with halogen atoms, suggesting a new material
similar to hydrogenated borophene®® or halogenated group IV
systems, 383964

Due to their high reactivity, halogens naturally occur in
molecular form (X,) with relatively low intermolecular bond
energy when compared to other diatomic molecules (e.g. H,,
0,, N,) or their compounds with other atoms (e.g. HX, CX,).
Interaction of X, molecules with group IV systems has been
studied extensively’®®>®® and they are considered as molecular
impurities. They generally interact weakly with 2D sheets and
are physisorbed in molecular form. In a similar manner,
together with single atom adsorption, we studied the interaction

o

Energy (eV)

-1

r X S Y rr X S Y T

Fig. 6 The band structures of F- (left) and Cl-doped (right) borophene
along high-symmetry directions. The Fermi level is set to zero and is
shown by a dashed red line.
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Fig. 7 (a) Initial and (b) final configurations of the top and side view of Cl,
adsorption on the borophene sheet. All halogen molecules dissociate into
separate atoms as in the case of Cl,.

of X, molecules with borophene. We tested various sites with
different parallel and vertical orientations. Interestingly, for all
cases X, dissociates spontaneously without an activation barrier
and is atomically adsorbed on the nearest T, sites. The dissociation
energy (Eq;s) for X, molecules under vacuum is given in Table 1. The
parallel adsorption case for Cl,, which has the highest molecular
bonding energy among halogens, is shown in Fig. 7 as a proto-
type. Other configurations are provided in Fig. S2, ESL.{ X, also
dissociates for perpendicular adsorption but this time while one
of the X atoms binds to the B atom at the T, site, the other one
ascends. Dissociation can be explained by the charge transfer
from B to X atoms which weakens the X-X interaction. Spontaneous
dissociation of X, molecules suggests fast adsorption rates®” and
also indicates the high reactivity of the borophene sheet.

4 Conclusions

In conclusion, we systematically studied the interaction of halogen
atoms with buckled borophene by means of first-principles
methods. We tested all possible adsorption sites and deter-
mined that the ground state configuration is the top of the B
atom in the upper layer in parallel with the results obtained for
monolayers of group IV elements. Upon adsorption all halogen
atoms extract a substantial amount of charge from the boron
sheet. The amount of charge transfer decreases from F to I
atoms, which is correlated with the change in the electro-
negativity that progressively decreases with size. The charge
transfer also determines the strength of binding and halogen
atoms are strongly bound to borophene. The obtained energy
barriers along the diffusion paths are notably high indicating
low possibility of migration of adsorbed atoms. The nature of ¢
bonding is mainly determined by the hybridization of the p,
orbital of the X atom and the s-p, orbital of the first nearest
neighbor B atom. This bonding character is more significant for
the F atom case which in general differs from other halogens.
Doping also modifies the electronic structure of borophene.
However, borophene remains metallic (differing from the pristine
case) and bands cross the Fermi level in all directions,
mainly altering the anisotropic nature of electrical conductivity.
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Interestingly, for all cases, X, molecules dissociate spontaneously
and are atomically adsorbed on the nearest T, sites also confirming
the high reactivity of borophene. The adsorption of halogen atoms
on borophene extracts an excess amount of electrons from the
antibonding states of triangular borophene which probably leads to
the stabilization of the sheet. The obtained results are not only
substantial for fundamental understanding of the interaction of
halogen atoms with borophene but also suggest stable halogenated
derivatives of borophene as a new class of material.
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