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Abstract:

The detection and removal of toxic gases, especially at low concentrations with high sensitivity, is crucial in various
applications. This study investigates the adsorption of NO, gas molecules on two-dimensional nanosheets and one-
dimensional nanoribbons, focusing on their impact on the electronic structure and transport properties of two stable
phases, namely y, and f,,. Computational simulations using Density Functional Theory (DFT) and Non-Equilibrium
Green's Function theory (NEGF) were conducted with the VNL-ATK software package. The study reveals that the
sensing performance of borophene nanoribbons depends on their geometrical structure, gas adsorption sites, and charge
transfer direction. Notably, armchair y, nanoribbons show a 62% relative current change, and zigzag f,, nanoribbons
show a 38% change after gas adsorption within the 0.1 to 1.5 V range. Both types exhibit similar current changes of
about 32% at 0.1 V. These results highlight the exceptional sensitivity and selectivity of armchair y, borophene
nanoribbons for detecting small gas molecules like NO,, underscoring their potential in advanced gas sensing
technology development.
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1. Motivation of the work

Air pollution has become a serious issue with the rapid
development of industrial technology and traffic, posing
significant threats to human health and the environment.
Toxic gases like NO; contribute to cardiovascular and
respiratory diseases, stunted plant growth, metal
corrosion, greenhouse effects, and ozone layer depletion.
This highlights the need for efficient gas sensors to
monitor and remove harmful gases.

Two-dimensional nanomaterials, particularly borophene,
have shown promise in detecting hazardous gases at low
concentrations due to their high surface-to-volume ratio.
Since the successful synthesis of borophene in 2015 [1]
and the synthesis of Borophene nanoribbons of y, and

B, phases in 2017 [2], their unique and tunable physical

and chemical properties have made them promising
candidates for advanced gas sensors.

To our knowledge, studies on nanosheets and
nanoribbons of the y, and f,,phases of borophene are

very limited. Additionally, research on the adsorption
behavior and electronic transport of small gas molecules
on these phases of borophene is still in its early stages.
These are the main motivations for this paper.

2. Contributions

In this study, we aim to investigate and compare the
adsorption behavior of NO, gas on these two stable
structural phases of borophene, i.e y, and S, phases. To

achieve this, we simulate the nanostructures using the
VNL-ATK environment and Density Functional Theory
(DFT) framework. This allows us to provide essential
information on possible adsorption configurations,
favorable adsorption sites, adsorption energy, electron
transfer, and changes in electronic properties, which are
crucial for developing gas sensors. Additionally, we will
examine the transport and sensing performance of
armchair and zigzag nanoribbons of these two structural
phases based on Non-Equilibrium Green's Function
(NEGF) theory.

3. Procedures
Our methodology is as follows: 1) Construct y, and S,

Borophene sheets: Optimize unit cells and use supercells
with desired dimensions. Apply a 15A vacuum along the
A-axis to prevent wavefunction overlap; 2) Create
armchair and zigzag nanoribbons: Cut the borophene
sheet in different directions. Rotate the unit cell and use
supercells with desired dimensions. Apply a 15A vacuum
in the A-axis and an 8A vacuum in the B-axis to convert
the material from 2D to 1D; 3) Investigate the impact of
NO;, molecule adsorption on Borophene nanostructures:
Optimize the NO, molecule and place it in various
symmetrical positions on each nanostructure. Approach
the molecule perpendicularly from both O and N sides.
After adsorption, relax the system. Calculate adsorption
energy, charge density difference, and density of states
(DOS) using DFT with the PBE functional and GGA

method. Identify the most stable adsorption position by
calculating adsorption energies. Analyze charge density
difference and DOS to study electronic properties; and 4)
Evaluate the impact of NO, molecule adsorption on
transport properties: Assess nanoribbons as nanosensors
by calculating current-voltage characteristics, relative
current changes, and transmission spectra at the most
stable position. Study electronic transport and current as a
function of bias voltage using the NEGF method in VNL-
ATK software. Convert armchair and zigzag nanoribbons
of both y, and S, phases into devices to obtain current-

voltage characteristics and transmission.

4. Findings

The NO; molecule absorbs more energy from the N side.
Nanoribbons exhibit higher adsorption energy than
nanosheets. In the y, and f,, phases of borophene, the

highest adsorption energy occurs at edge positions Bl or
B2 in both armchair and zigzag nanoribbons. The non-
zero DOS in the Fermi region indicates that both phases
of borophene are metallic. After NO; adsorption, they
maintain their metallic properties, and DOS changes
imply that the structure detects the NO2 molecule.

The y, phase armchair borophene nanoribbon shows

relative current variations of 62% (N) and 55% (O) at 0.1
to 1.5 volts, while the zigzag nanoribbon shows 20% (N)
and 11% (O). This higher sensitivity makes the armchair
nanoribbon a superior NO; gas sensor. In the S, phase,

the armchair nanoribbon has relative current variations of
6% (N) and 11% (O), compared to 38% (N) and 24% (O)
in the zigzag nanoribbon. Adsorption from the N atom
induces more current change, and the S, phase zigzag

nanoribbon shows greater current changes after NO;
adsorption than the armchair nanoribbon, indicating
higher sensitivity.

The y, phase armchair nanoribbon has a Fermi level

transmission coefficient of 2, while the zigzag
nanoribbon's coefficient is 5.43, indicating higher current.
Post-NO; adsorption, these coefficients drop to 1.99 (O)
and 1.13 (N) for the armchair nanoribbon, and to 4.72 (O)
and 4.42 (N) for the zigzag nanoribbon, showing higher
NO; sensitivity in the armchair nanoribbon. For the S,

phase, the armchair nanoribbon's coefficients are 3.75
and 3.87, respectively. After NO, adsorption, these
decrease to 3.56 (O) and 3.51 (N) for the armchair
nanoribbon, and to 2.45 (O) and 2.26 (N) for the zigzag
nanoribbon. Adsorption from the N atom causes a greater
reduction in transmission coefficient and current, with the
B, phase zigzag nanoribbon showing more significant

changes post-NO:

sensitivity.

adsorption, indicating  higher

5. Conclusion

This study shows that the stability and adsorption energy
of NO; molecules vary across different sites and
orientations in borophene nanostructures. Armchair and
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zigzag nanoribbons in both phases exhibit higher
adsorption energy and stability compared to nanosheets.
Due to unsaturated bonds at the edges, adsorption energy
is higher in these regions, making chemical bond
formation more likely.

Additionally, the impact of NO; gas molecule adsorption
on transport properties varies between armchair and
zigzag nanoribbons in each phase. In the y, phase, the

armchair nanoribbon shows higher sensitivity to NO,
while in the S, phase, the zigzag nanoribbon exhibits
greater sensitivity. Among the studied nanostructures, the
armchair nanoribbon in the y, phase shows the highest

relative current change upon NO:; adsorption, making it a
suitable candidate for NO; gas detection.
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