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Abstract
In this paper, the absorption of CO and CO2 molecules on the two-dimensional structure of borophene has been inves-
tigated. Theoretical calculations based on density functional theory shows that the absorption energy of CO and CO2 
molecules on borophene are much higher than that of graphene. Also, by lithium decorated borophene, the absorption 
energy is increased. So, it can be used as a toxic sensor of CO and CO2 gases. The monolayer borophene and borophene 
decorated with lithium is still conductive after absorption of CO and CO2 molecules. Furthermore, the I–V characteristics 
based on the non-equilibrium Green’s function calculations shows that currently, the limited effect occurs beyond 1.4 V 
and 2 V for the absorption of CO and CO2 molecules, respectively. Based on our findings, pure borophene can be used 
as the detector of CO and CO2 gas molecules, and decorated borophene with lithium can be used as an absorbent of 
these toxic gases from the environment.

Keywords  Borophene · CO/CO2 adsorption · Density functional theory · I–V · Sensor

1  Introduction

Due to the danger of toxic gases on the health of living 
organisms, the production and development of toxic 
sensors and adsorbents are the investigation priorities 
of researchers [1, 2]. The excessive consumption of fossil 
fuels leads to the production of carbon oxides, such as CO 
and CO2 [3]. The identification and absorption of CO gas 
which is a colorless, odorless, tasteless, and toxic air pol-
lutant and is produced in the incomplete combustion of 
carbon-containing fuels, extensively has been studied [4]. 
Also, the absorption of CO2 gas, which its concentration, 
led to the greenhouse effect in the Earth’s atmosphere, 
has been studied [5]. In this regard, solid-state sensors 
are extremely regarded. Sensors based on semiconduc-
tor, metal–organic compounds [6], carbon nanotubes [7, 
8], metal oxide nanowires [9] and two-dimensional com-
pounds [10, 11] are among the latest subjects of this field.

Discovery of graphene and the characterization of its 
properties in 2004 [12] led to a revolution in the field of 

two-dimensional compounds. Due to the unique proper-
ties of graphene, such as very stable mechanical proper-
ties, electronic and transport features, it can have a high 
potential use in sensors and gas adsorbents [12]. Never-
theless, the absorption of CO and CO2 on this material is 
very weak and difficult to detect by the graphene sensor 
[13]. In 2015, Mannix et al. [14] succeeded in synthesizing 
a strange two-dimensional material from boron atoms 
called borophene. So far, various phases of this material 
have been experimentally synthesized [15, 16] and stud-
ied theoretically [15–17]. Previous studies have shown 
that borophene decorated with lithium can store up to 
13.7 wt% of hydrogen [17]. This high absorption capac-
ity has increased the incentive for studying the detection 
of various gases on this material. In addition, the unique 
electronic behaviors of borophene make it a suitable can-
didate for electronic applications. Calculations have shown 
that borophene is superconducting at 19 K, which also 
reaches 27.4 K by tensile strain [18]. Jiang et al. [19, 20] 
investigated the possibility of using borophene as anode 
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for lithium-ion batteries. Theoretical capacity for lithium, 
sodium, and magnesium batteries is calculated as 1860, 
1218, and 21,960 mAh/g, respectively [21]. Moreover, theo-
retical calculations have revealed borophene’s ability to 
be used as an electrocatalyst [22]. Borophene has many 
hydrogen adsorption sites that react easily for hydrogen 
evolution reaction (HER) with the lowest energy [22].

In this study, it is attempted to investigate the boro-
phene as a unique two-dimensional structure of boron 
atoms as a toxic gas absorber of the CO and CO2. In this 
regard, by using the density functional theory (DFT), the 
adsorption of CO and CO2 molecules on the borophene is 
studied. Furthermore, the effect of decorating the boro-
phene with lithium atoms on the absorption of CO and 
CO2 is also investigated. Subsequently, the electron trans-
port and I–V curves corresponding to borophene deco-
rated with lithium and without lithium are calculated to 
evaluate the sensor characteristics of this material. To 
accomplish this, the non-equilibrium Green’s function 
approach has been used before and after absorption of 
CO and CO2 gase.

2 � Computational method

All calculations performed in this project are based on 
the density functional theory (DFT) utilizing the SIESTA 
package [23]. The exchange–correlation functional of the 
generalized gradient approximation (GGA) is framed by 
the Perdew–Burke–Ernzerhof approximation [24]. Also, 
Troullier–Martin type norm-conserving pseudopoten-
tials [25] were employed in our calculations. First, in this 
calculation, the unit cell of borophene with two atoms is 
modeled (Fig. 1). The cut off energy is set to 50 Ry. The 
force between atoms is set smaller than 10–5 Ry/bohr. 
The wave function of atoms is extended via double-zeta 
polarized (DZP) basis set and the Monkhorst–Pack k-point 
mesh is adopted to 12 × 12 × 1. We have used the empiri-
cal dispersion-corrected DFT (DFT-D) method proposed 
by Grimme [26–28] to caclculate dispersion interactions 
more accurately. In order to investigate the absorption of 
CO and CO2 on this structure, after dimensional optimiza-
tion and input parameters, the 3 × 3 supercell (Fig. 2) has 
been used in order to have sufficient spatial domain for the 

Fig. 1   The Borophene crystal 
structure (a) and the different 
positions of CO molecule on 
super-cell structure of boro-
phene (1)–(5)

Fig. 2   The most stable position 
of the CO molecule on the 
surface of the borophene after 
absorption
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absorption of gases. This supercell has been constructed 
through the optimization of unit cell parameters. The 
interactions between two layers of borophene is extinct 
by using of 20 Å vacuum. Due to the existence of oxygen 
atoms in the structure, polarization is also included in the 
calculations. In addition, to investigate the properties of 
the borophene sensor to detect CO and CO2 gases, the cur-
rent–voltage characteristics are calculated and computed 
using the TranSIESTA computational package. This com-
putational package utilizes the non-equilibrium Green’s 
function approach for calculating the electron transport of 
compounds. Lithium is also used to enhance the absorp-
tion capacity of borophene to absorb CO and CO2 mole-
cules. When the borophene is decorated with lithium, then 
the number of absorption CO and CO2 molecules can be 
increased. The binding energy of borophene monolayer, 
CO and CO2 molecules are calculated as follows:

In this relation, Eb is the binding energy, EX+Borophene is 
the total energy of the borophenesurface with the mol-
ecules absorbed on it, EX is the total energy of the CO and 
CO2 molecules, and EBorophene is the total energy of boro-
phene in the absence of CO and CO2 molecules.

3 � Results and discussions

Borophene has tetragonal unit cell [17] as can be seen in 
Fig. 1. The lattice vectors a, b and the length of the B–B 
bond (Å) after optimization of the structure are obtained 
(Table 1) which are in a very good agreements with the 
previous reported results [14, 17, 29]. Table 1 demonstrates 
the B–B bond length and lattice vectors of borophene 
structure, compared with the previous theoretical and 
experimental data.

First, for studying the absorption of CO and CO2 mol-
ecules on a borophene the super-cell with size of 4 × 5 
is constructed. Subsequently, CO and CO2 molecules are 
placed on different points on the borophene surface and 
their binding energies are calculated. Possible positions 

(1)Eb = EX+Borophene − EX − EBorophene

for CO molecules and five different places on the surface 
of the borophene are observed in Fig. 1. In the case, (1) the 
CO molecule is positioned perpendicular to the surface of 
the borophene from the end of oxygen atom, (2) the CO 
molecule is perpendicular to the borophene surface from 
the end of carbon atom (3) the CO molecule is parallel to 
the B–B bond and the B atom in the middle of the C–O 
bond; (4) the molecule of CO is parallel with the surface 
and perpendicular to the B–B bond; (5) the CO molecule is 
parallel to the surface and parallel to the B–B bond as well.

As shown in Table 2, the energy of the CO gas molecule 
in the position 4 is the strongest binding energy, and this 
position is the most stable position of the CO molecule on 
the borophene monolayer. This result indicates that the 
CO molecule prefers to be bonded to boron atoms in the 
borophene with the end of carbon atoms and that is a 
chemical absorption (see Fig. 2). This energy is stronger 
than the energy of the CO molecule on the graphene sur-
face (− 0.05 eV [4]). In addition, the absorption energy of 
CO molecule in graphene in configuration (a) is − 0.01 eV 
that is approximately 35 times weaker than this for the 
monolayer borophane (− 0.352 eV). The absorption energy 
of CO molecule on the borophene from the end of O is 
− 0.352 eV which indicates that borophene weakly attrac-
tive the oxygen atom of the CO molecule.

In the following, we investigate the absorption of CO2 
molecules on the surface of borophene. Similar to the CO 
molecule, five different configurations are considered (as 
can be seen in Fig. 4). These five configurations are: (1) the 
CO2 molecule perpendicular to the surface of the boro-
phene; (2) the CO2 molecule parallel with the borophene 
surface and perpendicular to the B–B bonds; (3) the CO2 
molecule parallel with the surface of the borophene and 
the upper layer of B–B bond as well; (4) the CO2 molecule 
parallel with the surface of the borophene and the lower 
layer of the B–B bond as well, (5) the CO2 molecule parallel 
with the borophene surface and perpendicular to the B–B 
bond, so that the C atom is located on top of the B atom.

The binding energy of the CO2 molecule on the boro-
phene layer is calculated at five positions after absorp-
tion (Fig. 3). The binding energy of these configurations is 
obtained by using the Eq. (1) and their result is tabulated 

Table 1   The lattice vectors and the length of the B–B bond

a (Å) b (Å) B–B (Å) Method References

1.610 2.857 1.609 PBE
1.614 2.861 1.614 PBE [17]
1.604 2.810 1.604 LDA [17]
1.613 2.864 1.613 PBE [29]
1.45 ± 0.2 2.55 ± 0.2 - Exp [14]

Table 2   Energy absorptions of 
CO gas molecule in different 
positions on the surface of 
borophene

Configuration Binding 
energy 
(eV)

1 − 0.352
2 − 1.945
3 − 1.432
4 − 2.125
5 − 0.468
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in Table 3. The most stable position of the CO2 molecule on 
the borophene is the configuration of 5 with an absorption 
energy of − 0.651 eV, indicating a physical absorption. The 
absorption energy of CO2 molecule on the borophene is 
approximately 14 times larger than its absorption energy 

on the graphene (− 0.047 eV [30]). Thus, the borophene is 
stronger absorber for CO2 adsorbent than the graphene. 
The most stable position of the CO2 molecule on the 
surface of the borophene is shown in Fig. 4. The values 
reported in Table 3 clearly show that CO2 absorption on 
the surface of the borophene is a physical absorption 
and a strong chemical bond between the CO2 molecule 
and the borophene surface is not formed. However, the 
energy related to the most stable position of the CO mol-
ecule is almost 4 times (− 2.125 eV) larger than the steady 
state of absorption of the CO2 molecule (− 0.651 eV) on 
borophene.

After finding the most stable position of CO and CO2 
molecules on the surface of borophene, the effect of this 
adsorption on the electronic properties of borophene is 

Fig. 3   Five position of the CO2 
molecule on the borophene 
monolayer

Table 3   Energy absorption of 
CO2 molecules on the surface 
of borophene in five different 
modes

Configuration Absorption 
energy (eV)

1 − 0.452
2 − 0.581
3 − 0.372
4 − 0.562
5 − 0.651

Fig. 4   The most stable position 
of the CO2 molecule on the 
surface of the borophene after 
absorption
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investigated. In Fig. 5, the band structure and density of 
states corresponding to the pure borophene structure 
and in the presence of CO and CO2 molecules are plot-
ted. As shown in Fig. 5a, the borophene is conductive and 
has no energy gap. The calculated band structure of pure 
borophene has good agreement with the previous works 
[15]. Figures 5b, c also show that with the addition of CO 
and CO2 molecules on the borophene, the bands cross the 
Fermi level and the structures behave as metal material.

In the following, the absorption of CO and CO2 mol-
ecules in the decorated borophene with lithium atoms 
is investigated. In order to find the best absorption 
position of the lithium atom on the surface of the boro-
phene, the lithium atom is located in the positions of 
1, 2, 3, and 4 (Fig. 6a). After the structure’s relaxation, 
their binding energy is calculated according to Eq. (1). 
The positions of Li atom including (1) on the boron 
atom, (2) on the upper B–B bond, (3) in the middle of 
lower B–B bond (4) in the middle of triangle formed from 
boron atoms are investigated. According to the results 
obtained (Table 4), the best position of absorption of 
lithium atom is at position 4, with the binding energy of 
− 1.791 eV, which is much larger than the lithium cohe-
sive energy in the lithium-bulk structure (− 1.6 eV) [31]. 
The larger binding energy of the lithium atom on the 
surface of the borophene compare to its cohesive energy 
in the bulk structure shows that the lithium atom with-
out transformed to multi-atomic lithium cluster on the 
surface of the borophene can be completely separate 
and single-atomic distributed. Since lithium atom have 
low electronegativity, it has tendency to lose a single 
electron in their valence band. So, after lithium absorp-
tion, the borophene structure remain conductive and 
with no band gap.

After decorating the borophene with the lithium 
atom, it has been attempted to absorb CO and CO2 
molecules on its surface. First, one CO/CO2 molecule is 
located on the decorated borophene with the lithium 
atom, and then by increasing the number of molecules, 
the maximum number of CO/CO2 molecule that can be 
absorbed on the decorated borophene is obtained. In 
Table 5, the absorption energies are given. The results 
of Table 5 show that at most two CO/CO2 molecules can 
be absorbed on the lithium-decorated monolayer boro-
phene. Our results indicate that lithium atom increases 
the absorption energy of CO2 (− 1.155 eV) molecules.

In order to explore origin of the adsorption strength 
of these gases on Li-decorated borophene, a Hirschfield 
charge analysis was performed, the results are listed in 
Table 5. The amount of electrons transferred from CO 
to Li-decorated borophene is the largest about 0.18e, 
which leads to the maximum adsorption energy (Fig. 7).

After finding the most stable absorption of CO/CO2 
molecules on lithium-decorated borophene, the effect 
of this absorption on the electronic structure is studied. 
For this purpose, the band structure and density of states 
of these structures are depicted in Fig. 8. As it can be 
seen, these structures remain conductive and no band 
gap was observed for them.

Fig. 5   The band structure and density of states a borophene, b 
borophene after absorption of CO molecule, c borophene after 
absorption of CO2 molecule
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4 � CO and CO2 gas sensors

In order to design the CO and CO2 gas sensor, the effect 
of absorbing of these gases on the current–voltages 
curves should be calculated. The I–V characteristic of 

monolayer borophene before and after absorption of CO 
and CO2 molecules are obtained. The geometry of the 
designed device (Fig. 9) consists of a central region as a 
scattering, and the left and right electrodes are shown 
in the Fig. 10. Electrodes are considered as an electron 
gas model with a specific chemical potential. The elec-
tron transport properties studied in the Z-direction with 
a mesh size of 1 × 1 × 50. The length of the scattering 
region is at least 12 Å to prevent possible interference 
of the electrodes.

Figure 10a shows the I–V curves of the pure monolayer 
borophene. In this Figure with increasing voltage from 
0.0 to 1.4 V, the current increases with constant gradients, 
but after 1.4 V, the current remains constant at 150 μA 
and does not change much with increasing the bias volt-
age. In Fig. 10c, e, the I–V characteristic of monolayer 
borophene flow after absorption of CO and CO2 mol-
ecules are shown. In these two graphs, after the absorp-
tion of the gas molecule, by increasing the voltage, the 
current increases with a constant gradient. But this trend 
of increasing the current by increasing the voltage bias, 
as well as I–V curves of pure borophene, have stopped 
beyond the 1.4 V and their current becomes almost con-
stant. The current of absorbing CO and CO2 molecules on 
borophene reaches 75 ± 10 μA and 95 ± 10 μA, respec-
tively, beyond the 1.4 V. Since CO2 is absorbed physi-
cally on the surface of the borophene, it has a weaker 

Fig. 6   The possible positions 
of lithium atom on the boro-
phene monolayer

Table 4   The binding energy of the lithium atom on the borophene 
monolayer and its height at positions 1, 2, 3, and 4

Configuration Height (A) Absorption 
energy (eV)

1 1.9 − 1.457
2 2.2 − 0.984
3 2 − 1.109
4 1.7 − 1.791

Table 5   Energy absorption of CO/CO2 molecules on lithium-deco-
rated borophene

Number of 
molecules

Charge 
transfer (e) 
per mol-
ecule

Absorption 
energy of 
CO2 (eV) per 
molecule

Charge 
transfer (e) 
per mol-
ecule

Absorption 
energy of 
CO (eV) per 
molecule

1 0.15 − 1.155 0.18 − 1.483
2 0.11 − 0.968 0.16 − 1.186
3 – – – –
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interaction with monolayer. The weaker interaction of 
CO2 molecules compared to the CO molecules with the 
monolayer borophene has led to a smaller drop in the 
current of CO2 molecule than in the other molecule. Fur-
thermore, there is a difference equal to 20 μA between 
the pure borophene and the absorbing CO and CO2 mol-
ecules on the borophene at the voltages higher than 
1.4 V, which can help to differentiate these two gases in 
designing the sensors for better detection.

In Fig. 10, the I–V characteristic of Li-decorated boro-
phene is shown before and after absorption of CO and 
CO2 gas molecules. Unlike pure borophene, the current of 
Li-decorated borophene after the voltage of 1.4 V, contin-
ues to increase with a slight gradient. Also, after absorp-
tion of CO and CO2 molecules, the current is more intense 
and the current rate increases with increasing voltage. 
Figure 10b shows that Li-decorated borophene has a 
higher current rate than a pure borophene. The smaller 
lithium electronegativity (0.98) compared to boron 
(2.04) leads to the transfer of charge from lithium to the 
borophene monolayer. As a result, the current density 
increases and the current rate increases even more than 
the pure borophene. Unlike pure borophene, Li-deco-
rated borophene exhibits a higher current after absorp-
tion of CO molecules than that of CO2 absorption. Upon 

absorption of CO on Li-decorated borophene, the cur-
rent has increased to 100 μA under bias voltage of 2.0 V. 
However, after absorbing CO2, the current has reached a 
maximum of 85 μA. The current–voltage effect has not 
been observed for these configurations with increasing 
voltage, which cannot be used to distinguish between 
the absorption of CO and CO2 molecules along with sen-
sor application.

5 � Conclusions

The results of the calculations show that borophene 
is a stronger absorber than the graphene in absorp-
tion of CO and CO2 molecules. The absorption energy 
of CO molecules on borophene is 2.075  eV larger 
than graphene. Furthermore, the absorption energy 
of CO2 molecules on borophene is 14 times stronger 
than that of graphene. Therefore, borophene can be 
a powerful absorbent of carbon oxides. However, CO2 
molecules are physically absorbed on the surface of 
the borophene, through the decoration of borophene 
with the lithium atoms, the absorption of CO2 mole-
cules is chemical. Therefore, Li-decorated borophene 
can be excellent absorbent for CO and CO2 toxic gas 

Fig. 7   a, b One and two CO 
molecules adsorbed on Li-
decorated borophene and c, 
d one and two absorbed CO2 
molecules on Li-decorated 
borophene
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molecules. Studies on the borophene device showed 
that pure borophene could detect CO and CO2 gases 
for voltages above 1.4 V with a constant current. This 
feature can be very useful in designing highly sensitive 
sensors that can easily distinguish CO and CO2 from 
one another. In contrast, Li-decorated borophene has 
a higher current than a pure borophene. The smaller 
lithium electronegativity than the boron leads to the 
charge transfer of lithium from borophen monolayer, 
resulting in a higher current flow density than the pure 
borophene and a higher current rate. However, the 
trend of increasing the current with increasing voltage 
after absorption of CO and CO2 molecules on decorated 
borophene is not very reliable for designing the sensor 
for detecting these gases.

Fig. 8   The band structure of a Li-decorated of borophene, b 
two CO molecules adsorbed on decorated structure and c two 
absorbed CO2 molecules on Li-decorated borophene

Fig. 9   Schematic view of the device. The central region is the scat-
tering area, the right and left regions, are the electrodes
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