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Two-dimensional (2D) boron structures, in which boron atoms arrange in a 2D manner, have attracted broad attention for
their potential applications in nanoelectronic devices. To improve the stability of 2D boron and find new functionalities, we

predict a series of sandwich-shaped 2D structures of IrBy (8 < x < 16) through employing ab initio evolutionary structure

search. It is demonstrated that the stability of 2D boron sheet is greatly improved with the introduction of Ir atom. Among

various compositions, it turns out that 2D IrBy4 is thermodynamically more stable than the mixture of the known IrBg

compound and a-boron. Moreover, we have studied the gas sensitivity of the 2D-IrB;4to the adsorption of CO and CO,

molecules. It is found that CO gas molecules bind chemically to the boron atoms, whereas CO, molecules do not. Upon CO

adsorption, there is a charge transfer from surface atoms to CO molecule. Hence, acceptor states are formed above the

Fermi energy indicating that IrB4 is @ promising novel 2D gas sensor material.

Introduction

Recently, motivated by theoretical predictions on stability of
2D boron sheets,l'12 several research groups have synthesized
monolayers of boron phases on silver or copper surfaces,lg'15
indicating borophene as a new member of the growing family
of two-dimensional materials. Besides the study on the pure
boron phases, there exists an extensive interest on the 2D
metal borides, which are a big family of ceramic materials with
superior mechanical and electronic properties. For examples,
Zhang et al.®® have predicted several FeBg monolayer
structures” and revealed the semiconducting properties in
contrast to the metal/semimetal feature of 2D boron. Shortly
thereafter, Xu et al.® obtained several sandwich-shaped
structures of FeBg by using USPEX code™?! that are more
stable than those monolayers predicted previously while also
possessing semiconducting properties. Though these studies
provided interesting insight into the possible structures of 2D
borides, feasibility of synthesizing the predicted structures has
not been considered. This can be evaluated by comparing the
stability of existing phases (e.g. Fe and FeB, bulk) with the
predicted compound (e.g. FeB, nanosheet). To address this
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drawback, Wang et al.”2 have carried out a systematic study
for the Ti-B system. Using the ab initio evolutionary structure
search algorithm USPEX, they have predicted a series of TiB, (2
< x £ 16) estimated their globally
thermodynamic stabilities with respect to the known materials
of Ti metal, a-boron sheet and bulk TiB,. Among those
predicted structures, the formation energy of TiB;, was found
to be comparable with that of a mixture of the well-known
TiB, compound and a 2D a-boron sheet. A quasi-Dirac point
with a 0.02 eV gap and tunable electronic properties (work
function and conductivity) by strain were observed for this
predicted 2D TiB;,.

Considering the abundance of metal borides, these studies
have dramatically expanded the diversity and application

structures and

perspective of 2D boron. Many planar hyper-coordinated
TM@B,, (h=7-10) structures®>?® with neutral or charged states
have been examined theoretically and experimentally, where
TM is a transition metal, e.g. Fe, Co, Ir, and etc. These planar
hypervalent boron motifs can probably be used to synthesize
novel 2D-TMB, in the future. However, the possibility of
realizing 2D-TMB, is still doubtful due to the presence of
competing phases such as highly stable bulk boride that are
potentially formed during the synthesis process. Therefore,
the most ideal condition of avoiding this competition is to
design a 2D-TMB, structure by choosing a combination of TM
and boron that the corresponding boride bulk does not exist.

In the present work, we have carried out a systematic
structure search for the 2D IrB, (x=8, 10, 12, 14 and 16) system
by employing ab initio evolutionary algorithm implemented in
USPEX. The reason why we have chosen to study the 2D IrB, is
that the planar hypervalent IrBy ring has recently been
synthesized25 and shows promise as precursor of synthesizing
2D IrB,. Because we propose that the 2D IrB, would be
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synthesized through the reaction of IrBg and boron, the
compositions with low B content, such as IrB,, IrB, and IrBg,
were not considered in present study. The predicted structures
for these compositions are found to be sandwich-shaped as
expected and show improved stability compared with 2D
boron. In particular, the predicted most stable 2D-IrB;,
structure exhibits even higher stability than other known
competing phases such as bulk Ir, IrBq molecule, a-boron sheet
and bulk. Moreover, there is no known stable compounds as
competing phases in Ir-B system, except two reported alloy
phases with ambiguous compositions of IrB,;, or IrBl‘35.26' 2
Therefore, the experimental synthesis of this 2D-IrB4, is highly
expected. Furthermore, our investigations on of stabilities and
electronic structures of CO and CO, molecules on the 2D-IrBy,
indicate that CO molecule is chemically bound on the surface
with significant adsorption energy, while CO, adsorption is
very unlikely. It was found that the adsorption of CO on 2D-
IrB,, gives rise to acceptor states above the Fermi energy,
which induce charge transfer from 2D nanosheet to CO. This
finding leads to the idea that the predicted 2D-IrB,4 can be
used as a novel CO gas sensor material.

Computational Methods

Our calculations were done in three steps: In the first step, ab
initio evolutionary structure searches were carried out using
the Universal Structure Predictor: Evolutionary Xtallography
(USPEX) and VASP codes.”””" ?®* * with defined Ir/B ratio,
number of atoms per cell and initial thickness of the 2D
structures, USPEX produced many 2D-IrB, structures as the
first generation which are produced by a random-number
generator. The global optimization for the most stable crystal
structure was conducted through iterative procedure of
evolutionary variation operations of USPEX until the lowest-
energy structure remained unchanged for a sufficiently large
number of generations. The local optimization, i.e. structure
relaxation and total energy calculations were performed by
VASP for all the candidate structures in each generation. A size
constraint of less than 40 atoms per cell was applied on the
slab models during the 2D structure search. Details regarding
the evolutionary structure search can be referred in the
literature.*?% 3% 3! 1o efficiently optimize the thousands of
structures produced by USPEX, sufficient settings were used:
the energy cutoff for the plane-wave basis set expansion was
set at 400 eV, and the Monkhorst—Pack k-point mesh solution
in reciprocal space was 2m x 0.06 A ! for all structures. We
adopted generalized-gradient approximation (GGA) in the
Perdew-Burke—-Ernzerhof revised for solids (PBEsoI)32 form to
describe the exchange correlation interaction in all calculations
of present work.

In the second step, the most stable structures, which are
obtained in the evolutionary structure searches, were re-
optimized with high precision setting: cutoff energy of 600 eV
and k-point sets of 2m x 0.02 A 1 (convergence test of k-mesh
is shown in Figure S1). The thermodynamic stabilities of the
optimized structures were examined relative to the available
competing phases of bulk Ir, planar IrBs molecule, a-boron
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sheet and bulk. Furthermore, the dynamic stability of most
stable structure IrB;, was confirmed by phonon dispersion
calculation performed using the linear response method®®
implemented in CASTEP.> Finally, the thermal stability of the
predicted 2D-IrB,, structure was checked by performing a set
of long time first-principles molecular dynamics (FPMD)
simulations using canonical ensemble (NVT). A vacuum
thickness of 30 A along Z direction was adopted to avoid
interaction between the 2D structure with its images.

In the final step, the adsorptions of CO and CO, molecules
on the surface of 2D IrB;; were investigated through
performing FPMD and quasi-static structure optimization. In
these simulations, a slab model of 2D-IrB,, structure with 2 x 2
supercell (4 Ti atoms and 56 B atoms) was adopted. To keep
the symmetry of 2D model, CO molecule was introduced on
either side of the slab. The time step of 3fs and temperature of
298 K were set in the FPMD and the atomic coordinates of
total 1500 steps were collected. The adsorption energies of CO
and CO, molecules E,4(X) (X indicates CO or CO,) on the
surface of 2D-IrB,, were calculated using following equation:
Ead(X) = Exor(X/1rB1s) = Etot(X) - Eror(IrB14) (1)
where E.(X/IrBys) is the total energy of optimized
configuration of 2D-IrB,, with adsorbed CO or CO, on it, and
Eiot(IrB44) is the total energy of surface model.

The charge transfer between 2D-IrB,, and adsorbed CO was
studied by performing charge density difference calculations
defined as: pgitr =p(CO/IrB14) —p(CO) —p(IrB14) (2)
where p(CO/IrB,,), p(CO), and p(IrB,,) are the charge densities
for CO/IrBy,4, CO and IrBy, systems, respectively. The charge
densities of the latter two systems are obtained based on a set
of single point total energy calculations for the separated CO
or IrB,, system by using their coordinates in CO/IrB,.

The infrared vibrational frequency of the free CO molecule
and the CO molecule on IrB;, was computed in terms of the
oscillator strengths determined by the Born effective charges
and the displacement vectors™:

() = $2ea|S1, 30, 20 Dep W) (3)

where eg (1) is the normalized vibrational eigenvector of the
w™® mode, a and 8 indicate the Cartesian polarizations, / labels
the different atoms of the system, and Z,z(l) is the Born
effective charge tensor of the ™ atom of the calculated
system.

Results and Discussion

Figure 1 shows the geometrical structures of the most stable
configurations for IrBg, IrByg, IrByy, IrB14 and IrB,g, which have
been obtained through our extensive structure searches. All of
them are “sandwich”-shaped structures with mirror
symmetries with the Ir atoms at the mid layer. At first, we
investigated the thermodynamic stabilities of the predicted
structures by calculating formation energies relative to the
bulk iridium and a-boron sheet: E; = (Eg - Eir - x-Eg )/(x+1).
Eiex, Eir and Eg are respectively the energy of one formula unit
of 2D IrB,, energy per atom in bulk iridium and a-boron sheet.
The data shown in Fig. 1 imply that all 2D-IrB, are
thermodynamically more stable than the physical mixture of

This journal is © The Royal Society of Chemistry 20xx
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iridium bulk and a-boron sheet. However, only the 2D-IrBy,
(Cmmm) is both globally and thermodynamically stable
because its formation energy lies on the convex hull (Fig. 1).
We have also checked the stability of 2D-IrB,, with respect to
previously predicted 2D boron sheets, available IrBs hyper-
coordinated structure, as well as a-boron bulk. Table 1 shows
that the formation energies of IrB,, relative to iridium bulk and
other reported boron sheets are all negative. Moreover, the
formation energy of IrB,, with respect to IrBg and a-boron bulk
is -0.57 eV/atom. This means that IrB; and a-boron bulk can be
used as precursors to synthesize 2D-IrB;, by chemical/physical
vapor deposition. And the synthesized 2D-IrBy; will not
decompose into 2D boron and Ir bulk.

ARTICLE

The stabilities of all predicted structures were also checked
by a set of phonon-dispersion calculations (Supporting
Information Figure S2). 2D-IrBy, is proved to be dynamically
stable because no imaginary frequency is observed in its
phonon band structure (Figure S2 (a)). In addition, all phonon
modes for IrB;, and IrB;¢ are also positive (Figures S2 (d) and
(e)), which indicates that though these systems are metastable
according to the formation energy calculations, it might be
possible to synthesize them in a particular experimental
condition. Meanwhile, IrBg and IrB;, are unstable due to the
appearance of imaginary frequencies around I point (Figures
S2 (b) and (c)).
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Figure 1 The results of an evolutionary structure search for 2D-IrB, system: computed formation energies per atom and crystal structures
of predicted 2D-IrB, (x=8, 10, 12, 14 and 16). The solid filled square symbols indicate the stable structures of Ir-B system, whereas empty
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squares indicate the possible metastable phases. The formation energy of planar IrBy ring, which was synthesized in experiment,25 is
presented (red star) as a reference. The gold and green balls represent Ir and B atoms, respectively. The symbols of | and // respectively
indicate the top and side views of the predicted 2D-IrB, structures.

Table 1 The computed formation energies of IrB,, relative to different reference phases.

Ir bulk Ir bulk IrBg
Reference phases + + +
a-boron sheet | reported most stable boron sheet® | a-boron bulk
Formation energy (eV/atom) -0.15 -0.07 -0.57

The electronic structures of the predicted 2D-IrB;; were
calculated and are shown in Figs. 2 and 3. To understand the
role of Ir atom in the stabilization of 2D boron, the electronic
structures of pure 2D-By, structure, in which Ir atoms are
removed from the 2D-IrBy, structure leaving the positions of
boron atoms unchanged, is also shown in Figs. 2 and 3 for
comparison. As shown in Fig. 2 (a), the calculated ELF with an

This journal is © The Royal Society of Chemistry 20xx

isosurface of 0.7 highlights the coexistence of covalent 2c-2e
(two-centre two-electron) and multicenter-2e (multicentre
two-electron) bonds among the B atoms. Interestingly,
electron accumulation is observed (Figs. 2(a)) between Ir and B
atoms and the plotted ELF map along the co-plane of Ir and B
atoms clearly shows an ELF maximum (Fig. 2(b)), suggestive of
covalency of bonding. It is seen that in IrB,,, the Ir-B bonds

J. Mater. Chem. C, 2018, 00, 1-3 | 3
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have covalent nature, which is in contrast to ionic nature of Ti-
B and Fe-B bonds in 2D-TiB;, and 2D-FeBg. The above
difference is originated from the different electroegativities of
the transition metals: Ti(1.54), Fe(1.83) and Ir(2.20). Since the
electronegativities of Ti and Fe are much lower than that of B
(2.04), a significant charge transfer occurs from Ti or Fe to B
atoms resulting in typical ionic bonding Ti-B and Fe-B in 2D-
TiB;, and 2D-FeBg. Ir and B atoms possess comparable
electronegativities of 2.20 and 2.04, which does not allow for a

rials. Chemistry
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large charge transfer and results in a covalent bond. 2D-boron
structure can be regarded as an electron-deficient system
(Figs. 2 (c) and (d)). An electron-deficient region can be
observed at the center of the B, structure without Ir atom
(Fig. 2(d)). The calculated difference in the charge density
between the structures with and without Ir atom in IrBy,
exhibits that charge transfer and charge redistribution occurs
between Ir and neighboring B atoms (Fig. 2(e)).

LAY -YAS
VAV, %)= (T AVA
WAV S
e

(b)

S E7AY

Figure 2 Electronic structures of 2D-IrBy, and B, (obtained by removing Ir atom from IrB,, structure): isosurfaces of electron
localization function (ELF) plotted with the value of 0.7 ((a) and (c)) and ELF maps along (110) surfaces ((b) and (d)) for 2D-IrBy,
((a) and (b)) and 2D-B4, ((c) and (d)), and the calculated Bader charges of 2D-IrB,, (e) and 2D-B,, (f). The red arrows in (a) and (b)
indicate the position of electron accumulation between Ir and B atoms. The positions of (110) planes for (b) and (d) are indicated
using red dash lines in (a) and (c). The charge density difference with and without Ir atom is also shown in (e) to indicate the

charge transfer between Ir and B atoms.

Bader charge analysis (indicated in Fig. 2(e)) confirms that only
a very small amount of charge (0.09 |e|) was transferred from
B atoms to Ir atom. This observation is in contrast to the
charge transfer phenomena observed in the previous studies
on TiB;, and FeBg. In the previous work, it was seen that the
significant charge transfer occurs from Ti to B in TiB;, (1.33
|e|)22 and from Fe to B in FeBg (0.192 |e|)18, which was
regarded as the main reason for the improved stabilities of 2D-
TMB, structures. This is because by receiving additional
electrons from transition metal atoms, the B-B bonds get
stronger. However, our study reveals here that the charge
transfer from transition metal to B atoms is unlikely to be the
critical mechanism for the stabilization of boron sheet in 2D-

4 | J. Mater. Chem. C, 2018, 00, 1-3

IrBy4. Instead, we suggest that the formation of covalent
bonding between transition Ir and B atoms could dominantly
stabilize the boron sheet.

The computed electronic band structure (Fig. 3 (a)) shows
that 2D-IrB,, is metallic, which is different from the semi-
metallic TiBlz22 and semiconducting Feles’ 18 predicted in
previous studies. Pure 2D-B,, is a semimetal with a pseudo-gap
at Fermi level (Fig. 3(b)). The projected density of states (Fig.
3(d)) shows that B(s+p,,) and B(p,) are respectively dominant
in valence band and conduction band. This reveals that the in-
plane sigma bonds are the main reason for the stability of 2D-
B,4. As shown in Fig. 3(c), upon introduction of Ir atom into 2D
boron, electrons are transferred from B(s+p,,) to B(p,) state.

This journal is © The Royal Society of Chemistry 20xx
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The conduction bands of 2D-B,, are mainly composed of B
states while the valence bands result from the hybridization of
B and Ir(d) states. The strong resonance between B(sp) and
Ir(d) states (Fig. 3(c)), which reveals formation of bonds
between Ir and B atoms, can be observed in energy range of -

ARTICLE

3.5 eV ~-2 eV of Fig. 3(c). This indicates that electrons of boron
atoms were re-distributed in a way to form in plane Ir(d,,)-
B(s+p,) and out of plane Ir(dzz)-B(pz) covalent bonds. This
rearrangement of electrons dramatically enhances stability of
the 2D structure.
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Figure 3 Calculated band structures ((a) and (b)) and decomposed densities of states ((c) and (d)) for 2D-IrB,, ((a) and (c)) and B, ((b) and
(d)). Green and red dots in the projected band structure indicate the contributions of boron and titanium atoms, respectively.

Due to the high carrier mobility and the high sensitivity to
adsorbates, graphene and carbon nanotubes have been
considered as promising materials for sensor applications.sM0
The 2D-IrB4, structure predicted in this study, in addition to its
improved stability relative to boron sheets, exhibits excellent
metallic feature similar to the 2D boron with high carrier
mobility >10 Therefore, the interaction of toxic gases with the
2D-IrBy4 is an interesting topic that is worth be investigated. In
present work, the adsorptions of CO and CO, molecules on the
2D-IrB;4 were studied using first-principles molecular dynamics
(FPMD), quasi-static structure optimization and electronic
structure calculations. In the present study, a 1/7 monolayer
(ML) coverage of CO/CO, was considered.

At first, we investigated the possible adsorption
configurations of CO and CO, molecules on 2D-IrBy; using
FPMD and quasi-static structure optimization. The CO and CO,
molecules were initially placed 2.5 A above the 2D-IrBy,
surface, with the C-O axis vertical to the surface over different
sites. FPMD simulations of 4500 fs at 298 K show that CO
molecule is quickly adsorbed on the 2D-IrB,, after about 500 fs
(Fig. 4 (a)), whereas CO, molecule exhibits an oscillatory
movement (Fig. 4 (b)) between the two surfaces of 2D-IrBy,:
firstly moves away from one surface where it was initially put
and approaches to the second surface of 2D-IrB,, sheet across

This journal is © The Royal Society of Chemistry 20xx

the vacuum layer; then moves back when the distance to the
second 2D-IrB,, surface is about 3 A. Figure 4 (c) shows the
local geometry near CO molecules are adsorbed on the 2D-
IrB,4 surface chemically with a B-C bond distance of about 1.5
A, which is much shorter than the bond distance of physically
adsorbed CO on the graphene (2.9 A).39 This indicates that the
adsorption of CO on 2D-IrBy, is stronger than that on
graphene.37 The result of FPMD simulations is further
supported by the structure relaxations. It shows a consistent
result with the FPMD simulation that the most stable CO
adsorption configuration on 2D-IrB,, locates on top of a B
atom (Fig. 4 (d)). The optimized C-B distance is 1.503 A, which
is very close to the result of FPMD simulation. The calculated
CO adsorption energy for this most stable configuration is -
0.45 eV, which indicates a much stronger adsorption than that
the reported for CO adsorption on graphene, -0.12 ev.*
Similar to the FPMD results, no stable CO, adsorption
configuration can be observed through the quasi-static
structure relaxations, which reveals that the adsorption of CO,
molecule on 2D-IrB,,4 is energetically unfavorable. To combine
the result of FPMD simulation and structure relaxation, we can
suggest that CO can be selectively adsorbed on 2D-IrBy,
surface from the mixture of CO and CO,. To study the CO
adsorption behavior at high temperature condition, the final

J. Mater. Chem. C, 2018, 00, 1-3 | 5
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CO adsorption configuration of FPMD simulation at 298K was
further annealed at 500, 1000, 1500, and 2000 K for 4500 fs.
As shown in Figure S3, 2D IrB,, shows no sign of disruption
even at 2000 K. It is observed that the CO molecules can be
adsorbed on the 2D IrB,, surface at the temperatures as high
as 1000K. CO molecules start being desorbed from the 2D IrBy,
surfaces when the simulation temperature reaches to 1500 K.
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This series of FPMD simulations reveal that 2D-IrB;, can
efficiently adsorb CO in a wide temperature range from room
temperatures to an elevated temperature, e.g., 1000K, and the
adsorbed CO molecules can be desorbed by simply heating the
material to higher temperatures. It indicates the potential
application of 2D-IrB,, as a gas sensor material to detect CO
from a mixture of CO and CO,.
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Figure 4 FPMD simulation results of (a) CO and (b) CO, on the 2D-IrBy, surfaces at 298K, (c) the final configuration of CO adsorption on 2D-
IrBy4 surfaces by FPMD at 298K, and (d) the most stable CO adsorption configuration on 2D-IrB,, surfaces optimized with density functional
theory calculations. In the FPMD simulations presented in this figure, the CO and CO, were vertically placed 2.5 A above the B atom of 2D-
IrB14. The time evolutions of C-O bond length and the distance between C atom and B atom at one surface of 2D-IrB,, are shown in (a) and

(b).

Considering the above observation that only CO molecule
can be adsorbed on the 2D-IrBy, surface, we have carried out
electronic structure calculations for the CO adsorbed
configuration only. The electronic band structure (Figure 5 (a))
shows that the CO adsorbed 2D-IrB;, has a stronger metallic
feature comparing with the pristine 2D-IrB;,. When the CO
molecule is adsorbed, two unoccupied CO-related states
appear above the Fermi energy, which are indicated as {c}
region in Fig. 5 (a). The states located in {d} region indicate the
highest occupied states (Fig. 5 (a)). The calculated density of
states (DOS) in Figure 5(b) show a strong resonance between
the p orbitals of CO molecule and p and d orbitals of B and Ir
atoms in the energy range -8.5 eV to -7.5 eV (bonding) and {c}
from 0.5 eV to 3.5 eV (antibonding). Region {d} also receives
dominant contribution from the IrB,, orbitals hybridized with
CO atomic orbitals.

The partial charge densities corresponding to bands in {c}
and {d} regions in Fig. 5 (a) are plotted in Fig. 5 (c) and (d),
respectively. One can see that these unoccupied states are
strongly mixed with the molecular orbitals of CO molecule and
act as acceptor states. Therefore, the CO adsorbed 2D-IrB,, is

6 | J. Mater. Chem. C, 2018, 00, 1-3

expected to have an altered conductivity property. The spatial
distribution of the total charge density difference before and
after the CO adsorption is shown in Fig. 5(e). The adsorption of
the CO molecule clearly gives rise to the charge transfers
between the C atom in the CO molecule and the B atom in the
2D-IrB,4 due to the hybridizations between their p orbitals as
discussed above. Bader charge analysis shows that about 0.48
|e| is moved from 2D-IrB;, to per CO molecule during the
adsorption process. It is noteworthy that the charge transfer in
the present study corresponds to a CO coverage of one
molecule per four IrB;, formulas. This significant amount of
charge transfer leads to the dramatic change in the electronic
structure from metal to semimetal. It is noteworthy that SnO,
has already been proposed as being a gas sensor materials for
CO toxic gas because of the charge transfer from the C atom in
the CO molecule to SnO, surface (around 0.26 |e|).41 This is
much lower than the charge transfer between CO and 2D-IrB,.
Moreover, 2D-IrB;, can avoid the main drawback of SnO,
sensor materials that the surface can become less sensitive
due to reaction of CO with surface O atoms to form CO,.

This journal is © The Royal Society of Chemistry 20xx
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In addition, the infrared (IR) spectra of CO molecule on 2D-
IrB;4, and free CO molecule were calculated to exhibit the
influence of the charge transfer from 2D-IrB;;, to CO on
vibration frequency of CO (shown in Figure S4). Our
calculations show a redshift of about 2 cm™ of the vibrational
frequency of CO molecule absorbed on 2D-IrB,, (2119.5 cm'l)
in comparison with that of free CO molecule (2121.3 cm'l),
which is due to the charge transfer from 2D-IrB;; to the
antibonding orbitals of CO weakens the carbon-oxygen bond.
The result is consistent with that observed for CO adsorption
on reduced TiO, surface.*
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Moreover, as shown in Figs. 5 (f) and (g), the pristine and
CO-adsorbed 2D-IrB;, possess work functions of 5.10 and 4.8
eV, respectively, which are comparable with those for copper
(~5.15 eV) and nickel (~4.92 eV) that are normally used as co-
catalysts of photocatalysis reactions on TiO, or SrTiO3.43’44This
indicates the potential of 2D-IrBy, for surface catalysis
reactions.* *® Upon the CO molecule adsorption on 2D-IrBy,,
the work function is significantly reduced to 4.80 eV, which is
measurable in experiment. Therefore, this might be another
evidence that 2D-IrB,4 can be a promising candidate for CO gas
sensor materials.
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Figure 5 (a) Electronic band structure, (b) density of states (DOS), partial charge densities corresponding to the states (c) above and (d)
across the Fermi energy, (e) charge density difference for the CO-adsorbed 2D-IrB,,, and the electrostatic (Hartree) potential as a function
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of distance along [001] direction (perpendicular to the 2D surface) of pristine (f) and CO-adsorbed 2D-IrBy, (g). The interactions of CO

molecule with B atom are highlighted in purple in the calculated electronic band structure.

Conclusions

Here, we predicted a series of stable sandwich-shaped
structures for 2D iridium borides IrB, through an ab initio
evolutionary search. Among the predicated 2D systems, the
most stable structure of 2D-IrB;, possesses an excellent
thermodynamic stability with respect to the bulk Ir, stable 2D
boron sheets, IrBg planar hypercodinate molecule and a-boron
bulk. Phonon dispersion calculations as well as first-principles
molecular dynamics (FPMD) simulations demonstrate its
dynamic stability and confirm its thermal stability at elevated
temperatures of up to 2000 K. Besides the much-improved
stability, the electronic structure calculations show that in 2D-
IrB;4 the metallic feature of 2D boron sheet is kept after the
introduction of iridium atoms. Moreover, we investigated the
adsorption effects of the polluting CO and CO, molecules on
the electronic structure of 2D-IrB;,. FPMD simulations and
structure relaxations both show that on 2D-IrB;, the CO
molecules are selectively adsorbed and form a strong bond
with the surface. And the FPMD simulations reveal that the
adsorbed CO molecules on 2D-IrBy, structure can be desorbed
by simply heating to high temperature. Because of the
significant charge transfer from 2D-IrB,, to the CO molecule,
the electronic structure of CO/2D-IrB,, becomes different with
that of the pristine one. Therefore, the present study suggests
that 2D-IrB;4 with synthesis possibility can be a promising
candidate for gas sensing applications.
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