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ABSTRACT: This study investigates the synthesis and gas sensing performance of = _od
borophene nanolayers produced through the sonochemical exfoliation method. The
advantages of this method, including cost-effectiveness, simplicity and potential for -
scalability, make it a viable option for practical applications. High-resolution transmission
electron microscopy (HRTEM) confirmed the successful exfoliation of boron into
nanosheets with an average diameter of approximately 100 nm. X-ray diffraction (XRD)

and X-ray photoelectron spectroscopy (XPS) analyses revealed the f-rhombohedral | T 0 S TR 008
crystal structure. Additionally, the existence of carbon and oxygen on the surface has been o] \ / '~ / |/ (/
determined and investigated. At room temperature, the borophene nanolayers showed § o] oo \ ]’ [
exceptional gas sensing capabilities for detecting nitrogen dioxide (NO,), especially in a §ow oot A \f U
humid environment. The sensitivity was significantly increased by about 50% when water 2 AL \{
molecules were present. These borophene nanolayers demonstrated unprecedented TE E e w -
sensing performance for NO,, with detection (LOD) and quantification (LOQ) limits of ‘

23 and 76 ppb, respectively.
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Bl INTRODUCTION bandgap,'" indicating a high potential for gas sensor develop-

ment. Furthermore, the excellent flexibility, elasticity, and
strength of borophene enhance its applicability in flexible
electronics.'” In this perspective, borophene has been explored
across various fields, including electrochemistry,13 catalysis,14
biosensors,'* superconductivity16 and photodetection.17 How-
ever, despite numerous theoretical studies predicting its

outstanding properties, empirical investigations into its
41819

Air pollution represents a critical societal challenge, signifi-
cantly affecting human health and environmental quality,
resulting in approximately 6.7 million premature deaths
worldwide, as reported by the World Health Organization
(WHO)." Consequently, there is an urgent need to monitor
these contaminants to reduce exposure to hazardous levels.”
Although established methods such as gas chromatography
provide reliable and accurate measurements, their bulkiness,
high cost, and impracticality for continuous monitoring pose
significant challenges to the development of extensive sensing
networks.” This has led to an increasing demand for cost-
effective and miniaturized gas sensors capable of continuously
monitoring air pollutants. Among the available technologies,
chemical resistive (chemiresistive) sensors present a viable
approach to building extensive sensing networks.*® Such
networks, characterized by a high density of measurement
points, can effectively map pollution levels, providing valuable
data to authorities for informed decisions to mitigate this
exposure.

During the last years, most of investigations have focused on
two-dimensional (2D) nanomaterials for gas sensing owing to
their superior properties, including high surface-to-volume Received: November 10, 2024
ratio and enhanced reactivity compared to their bulk Revised:  February 13, 2025
counterparts.” Borophene, a 2D allotrope of boron, has Accepted:  February 14, 2025
recently attracted considerable research interest,” due to its Published: March 16, 2025
unique electronic structure, which is characterized by high
carrier mobility,” exceptional conductivity'® and tunable

potential for gas sensing remain limite

The method of borophene synthesis is critical for tailoring
its properties for specific applications. Most research has
employed molecular beam epitaxy (MBE), a technique known
for yielding high-purity and high-crystallinity borophene
layers.”” However, this method is constrained by scalability
issues, transfer step after the synthesis and cost-effectiveness. In
contrast, sonochemical exfoliation presents a more practical
alternative, offering a straightforward, economical, and scalable
approach. This technique uses ultrasound waves to exfoliate
bulk boron into 2D nanosheets, providing advantages in terms
of cost and nanomaterial production. Although sonochemical
exfoliation results in borophene with lower crystallinity than
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Figure 1. Schematic illustration of liquid-phase sonochemical exfoliation. Bulk powder was initially suspended in IPA and then sonicated using a
probe-type sonicator. The resulting suspension was centrifuged to exfoliate the boron sheets and remove aggregates and bulk boron, which settled
at the bottom of the centrifuge tube. Finally, the supernatant containing the borophene was collected.

MBE, this characteristic may not be detrimental to gas sensing
performance. Surface defects and oxygen-containing groups
formed during exfoliation could enhance the reactivity of
borophene toward specific gaseous species.”'

This study aims to demonstrate the potential of
sonochemical exfoliation in producing borophene nanolayers
with exceptional gas-sensing properties. The simplicity, cost-
effectiveness, and scalability of this method make it particularly
appealing for industrial applications and large-scale production.
Specifically, this research focuses on detecting nitrogen dioxide
(NO,), a significant air pollutant with serious health effects,
including respiratory illnesses, as well as environmental issues
such as acid rain.””

B EXPERIMENTAL SECTION

Borophene Synthesis. Commercially available pure boron
powder with an average particle size of 2 yum and 2-propanol (IPA)
was purchased from Merck. The sonochemistry method assisted with
centrifugation applied in this work was adapted from the protocol
synthesis proposed by H. Li and collaborators.”* Figure 1 illustrates
the different steps of the procedure. Initially, a suspension of boron in
IPA (0.8 mg/mL) was prepared and subjected to an ultrasonic bath
treatment for S min. Following this initial sonication, the suspension
was immersed in an ice bath to maintain a stable temperature during
the subsequent processing. A probe-type sonicator was employed,
using pulsed ultrasonication (S s intervals) for a total duration of 2 h.
Meanwhile, the temperature of the ice bath was continuously
monitored, and when it began to rise, ice was replaced to ensure
stability and prevent solvent evaporation. To minimize contamination,
this entire process was conducted in an airtight chamber.

After sonication, the supernatant was carefully collected and
centrifuged at 6000 rpm for 1S min, a procedure that was repeated
three times to eliminate any unexfoliated boron and aggregates. Due
to the low concentration of the resultant nanomaterial, the borophene
was dried at low temperature, weighed, and resuspended in IPA to
achieve the desired concentration for subsequent application, such as
deposition onto sensing electrodes or characterization of the
nanomaterial.

Device Fabrication and Sensing Setup. The borophene
suspension was deposited onto an alumina substrate using a spray
pyrolysis method. Pure nitrogen served as the carrier gas for the
deposition of borophene onto platinum screen-printed electrodes
(Figure S1). Specifically, during the spray pyrolysis process, the hot
plate was maintained at 120 °C, and the sprayer was positioned
approximately 10 cm away from the device. The deposition procedure
involved three cycles, each lasting around 20 s. Between cycles, a 1
min pause was applied at the programmed temperature to ensure
complete removal of the solvent.

The obtained sensors were placed within an airtight Teflon
chamber with a volume of 35 cm? connected to a gas mixing and
delivery system. Sensing measurements were conducted in a pure dry
air atmosphere (Air Premier purity: 99.999%) using calibrated gas
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cylinders containing NO, (1 ppm) diluted in dry air. A constant flow
rate of 100 mL/min was maintained using mass-flow controllers
(Bronkhorst High-Tech B.V.) and electronic valves. Additionally, a
controlled evaporator mixer (Bronkhorst High-Tech B.V.) was used
to introduce moisture into the atmosphere, enabling the assessment of
the effects of humidity.

Before each gas exposure, the sensors were stabilized in dry air for
1S min. Each exposure to the target gas concentration lasted S min,
with resistance changes continuously recorded using an Agilent HP
34972A multimeter. Finally, the sensor responses were calculated
using the following equation

Response(%) = (R; — Ry)/R, = AR/R, X 100 (1)

where AR represents the resistance change recorded during gas
exposures, R, represents the baseline resistance in air, and Ry is the
resistance recorded during the target gas exposure.

Characterization Techniques. The borophene layers were
characterized using a high-resolution transmission electron micro-
scope (HRTEM) operated at 200 kV (JEOL JEM 2100F). To prepare
the sample, a few drops of the borophene suspension were deposited
onto a lacy carbon film supported by a copper grid and left to dry at
room temperature in a fume hood.

X-ray photoelectron spectroscopy (XPS) was conducted using a
SPECS spectrometer equipped with a Phoibos 150 MCD-9 detector
and a nonmonochromatic Al Ka (1486.6 eV) X-ray source. The
spectra were recorded using an analyzer pass energy of 30 eV and an
X-ray power of 100 W under a vacuum pressure of 10~° mbar. The
data analysis was performed using the CASA software. X-ray
diffraction (XRD) patterns were recorded on a Philips X’PERT
diffractometer equipped with a proportional detector and a secondary
graphite monochromator. The data was collected stepwise over the
range 26 = 2—20° at steps of 0.02° at an accumulation time of 20 s/
step and using the Cu Ka radiation (1 = 1.54178 A).

B RESULTS AND DISCUSSION

Nanomaterial Characterization. The physical and
chemical properties of the synthesized borophene were
thoroughly analyzed using various experimental techniques.
HRTEM was employed to examine the morphological
characteristics of the boron sheets. Figure 2a shows a typical
obtained borophene sheet, which notably exhibits a reduced
size with an average diameter of approximately a hundred
nanometers. Figure 2b provides a magnified view, revealing the
high crystallinity of the borophene, with an average interlayer
distance of 4.9 A. The inset in Figure 2b displays the fast
Fourier transform (FFT) pattern, indicating the (104) plane of
the f-rhombohedral structure.

Figure 3 depicts the XRD analysis, which reveals a B}, boron
crystal structure. The diffraction pattern was indexed to the f-
rhombohedral borophene crystal structure (JCPDS 00-031-
0207), belonging to the R3m (no. 166) space group. This
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Figure 2. HRTEM images of borophene, (a) an overview of the
nanolayer size, and (b) a higher magnification showing the high
crystallinity and the interlayer distance. The inset shows the FFT
pattern.

finding aligns with previous studies'>** and correlates with the
structural parameters observed in the HRTEM analysis,
suggesting that the proposed preparation method effectively
retains the crystallinity of the bulk boron precursor.”*

XPS was utilized to investigate the surface composition and
chemical states of boron sonochemical exfoliation. Figure 4a
displays the survey spectra, revealing peaks corresponding to B
Is, C 1s, O 1s, and N 1s, with atomic percentages (At %) of
48.9, 21.8, 27.5, and 1.8%, respectively. As expected, boron is
the most abundant element, conswtent with typical ranges
reported in previous works.””** However, the relatively high
carbon and oxygen content is noteworthy, aligning with
observations in those studies. These elements, along with the
small amount of nitrogen, likely come from impurities
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Figure 3. (a) XRD pattern of borophene with the JCPDS reference
peaks.

introduced by the solvent during exfohatlon and surface
contamination upon exposure to air.”®> Due to the surface-
sensitive nature of XPS, the presence of these elements is
amplified. Nonetheless, the obtained borophene nanolayers
exhibit greater stability and significantly reduced oxidation
compared to other boron-based nanomaterials, such as 2H—
Borophene, which shows a boron content of 17.3%.°
Nevertheless, this drawback remains unresolved to date. The
oxygen and carbon contents, coming upon air exposure and
the use of solvents, also depend on the synthesis route
followed. Some studles report up to 57% of oxygen for
borophene samples.”’

In this context, several approaches were explored to
minimize the presence of oxygen. For instance, Liu et al
observed that borophene forms a superficial suboxide layer
within 1 min of air exposure. But this issue could be avoided
under ultrahigh vacuum (UHV) conditions.”® While UHV
effectively preserves borophene, it seems impractical for
sensing applications. Similarly, Ranjan et al. demonstrated
argon plasma etchmg as an effective method of reducing
oxygen levels,”” but the improvement would be temporary, as
oxidation resumes upon re-exposure to air. Recent develop-
ments, such as borophane (hydrogenated borophene), aimed
to increase its stability. Yet even borophane experiences
oxidation by 6% in 1 h.*

In Figure 4b, the XPS high-resolution spectra for the B Is
core level showed three Gaussian—Lorentzian components
centered at 187.6, 189.1, and 191.2 eV, corresponding to 69.0,
28.9, and 2.1% of the B 1s peak, respectively. The highest
contribution to the B 1s peak is the component associated with
B—B bonds in the S-phase structure, confirming the successful
synthesis of borophene with minimal C and N-containing
defects. However, the components at higher binding energies
are associated with B—O bonds. Specifically, the peak at 189.1
eV corresponds to interstitial suboxide B,O, (x/y = 3),*1*
which represents an initial stage of oxidation. This interstitial
oxygen between the borophene nanolayers is likely introduced
during the ultrasonication process from using IPA as a
solvent.”> Besides, the component with the lowest intensity,
centered at 191.2 eV and constituting only about 2% of the
signal, indicates the presence of a suboxide surface layer.”* This
second oxidation step, corresponding to suboxide B,O, (1.5 <
x/y < 3),”"* have limited prevalence and could be attrlbuted
to the strong interaction between boron and oxygen. This is
potentially due to the presence of coordinatively unsaturated

https://doi.org/10.1021/acsaelm.4c02003
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Figure 4. (a) XPS survey spectra showing elemental composition. XPS high-resolution spectra of (b) B 1s (c) O 1s and (d) C 1s core levels.
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Figure S. () Electrical response of borophene-based sensor to NO, detection within the 200—1000 ppb range at room temperature and under dry
conditions. (b) Calibration curves (dashed lines) comparing NO, detection under dry and humid atmospheres (70% RH). The linear regression
fittings (solid lines) are also shown, along with the corresponding linear regression equations and correlation coefficients.

boron atoms at the layer surface, likely resulting from a
distorted edge effect.”> This surface suboxide nanolayer is
likely formed due to air exposure. However, it is worth noting
that the borophene layers are not fully oxidized, which would
otherwise result in the formation of B,O; (x/y = 1.5). In the
XPS spectra, this fully oxidized state would appear as a peak at
a higher binding energy, around 192.4 ev.>°

In Figure 4c, the O 1s spectrum was deconvoluted into five
components to elucidate the nature of oxygen species present
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in the borophene sample. The peaks at lower binding energies
are attributed to B—O bonds, specifically interstitial B,O, (x/y
= 3) and surface B.O, (1.5 < x/y < 3) suboxides appearing at
529.1 and 530.9 eV, respectively. The peaks at 531.9 and 533.2
eV correspond to C=0 and C—O bonds, respectively. These
components are primarily associated with surface contami-
nation from atmospheric exposure or solvent residues. Finally,
the peak at 534.6 eV is attributed to hydroxyl groups (—OH)
on the borophene surface.

https://doi.org/10.1021/acsaelm.4c02003
ACS Appl. Electron. Mater. 2025, 7, 2305-2312


https://pubs.acs.org/doi/10.1021/acsaelm.4c02003?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02003?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02003?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02003?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02003?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02003?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02003?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02003?fig=fig5&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.4c02003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Figure 4d illustrates the XPS high-resolution spectra for the
C 1s peak, which can be deconvoluted into four distinct
components: C—C (284.8 eV), C—0O (286.3 eV), and C=0
(288.7 eV), corresponding to atomic percentages of 74.3, 18.9,
and 6.8, respectively. The C—C bonds detected, as well as
those involving carbon and oxygen, are likely from surface
contamination due to atmospheric exposure.

Gas Sensing Studies. The ability of borophene to detect
NO, in the ppb concentration range was evaluated. Initial tests
involved multiple cycles of increasing NO, concentrations
(200, 400, 600, 800, and 1000 ppb) under a dry atmosphere at
room temperature. An example of the electrical responses is
illustrated in Figure Sa, revealing the remarkable sensing
performance, including dynamic recovery of the baseline
resistance and an exceptional signal-to-noise ratio. Besides,
Figure S2a reveals a noteworthy repeatability. Based on these
promising results, further experiments were conducted under a
humid atmosphere, with 70% relative humidity (RH), an
essential condition for practical applications. Figure S2b
depicts the resistance changes under high RH, indicating that
the device still maintains remarkable resistance recovery and
stability.

Nevertheless, it should be noted that over extended
measurement periods, a slight baseline drift can be observed.
While repeatability was not compromised during the
conducted experiments, this drawback should be considered
for prolonged sensor operation. In this context, strategies such
as sensor heating or UV irradiation for a few minutes could
serve as effective methods to fully desorb gas molecules from
the sensor surface and recover the original baseline level.

Figure 5b compares the calibration curves for NO, detection
under dry and humid conditions. The presence of water
molecules significantly enhances the sensor performance,
resulting in greater resistance changes and increased sensitivity
(as indicated by the steeper slope). This highlights the superior
capabilities of borophene sensors in humid environments.
Besides, it is worth noting that the enhancement effect of
ambient moisture on the response to NO, becomes more
pronounced as the analyte concentration increases.

To evaluate the potential for real-world applications, the
limit of detection (LOD) and limit of quantification (LOQ)
were calculated using the following formulas

LoD = 3
b )
LO >
=10y )
where S, represents the standard deviation of the y-residuals,

and b is the sensitivity (slope) from the calibration curves.
Table 1 summarizes the results, highlighting that detection
limits were achieved in the low ppb range.

Notably, the sensor performs significantly better in humid
conditions, making it more suitable for practical scenarios
where humidity is prevalent. Dry environments are mainly

Table 1. Limits of Detection (LOD) and Quantification
(LOQ) for NO, Sensing under Dry and Humid Conditions

dry atm. humid atm.
LOD (ppb) 99.5 22.8
LOQ (ppb) 331.8 759
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limited to lab conditions, whereas real-world settings tend to
have significant humidity. Under humid conditions, the limits
for NO, are approximately four times lower than in dry
conditions. The LOD and LOQ achieved in humid conditions
are well below the threshold limit values (TLV) established by
European Air Quality Standards for safe breathing in the 27
EU countries. The 1 h NO, exposure limit is set at 200 yg/m?
(resulting in 106 ppb).*” Consequently, this borophene sensor
can reliably detect (LOD = 23 ppb) and, more importantly,
quantify (LOQ_= 76 ppb) this air pollutant below the TLV.

Table 2 presents a comparative analysis of the performance
of bare borophene devices and heterostructures using this
nanomaterial, specifically focusing on NO, detection at room
temperature. Several significant observations can be drawn
from this table, indicating that this study reports the highest
sensitivity coeflicient and the smallest borophene sheet
diameter. These two parameters are likely interrelated, as
reduced sheet size increases the surface area-to-volume ratio,
resulting in a higher edge density that introduces more defects
and impurities. Such features likely function as reactive sites for
gas molecules. Moreover, when evaluating the synthesis
method used to obtain borophene, this work demonstrates
several-fold improvements in sensitivity compared to prior
studies using a sonochemical protocol. Notably, the LOD
achieved in this study is nearly 10 times lower than those
previously reported values for NO, detection using borophene.

The exfoliated boron sheets suspended in IPA solution
exhibited remarkable stability over time, remaining free from
agglomeration. However, it is important to note that a
superficial suboxide layer may form upon the deposition of
borophene. Additionally, the presence of oxygen and carbon
impurities originating from solvents and air contamination is
relatively significant. While these carbonaceous and oxygen
species may adversely affect other applications, such as
photovoltaic devices, they can enhance gas sensing perform-
ance by acting as active surface sites that facilitate interactions
with target gases. Furthermore, given that reactive sites and
defects are probably located at the edges of the borophene
layers, considering that nanolayers are obtained, a high density
of active sites for gas interactions is expected, resulting in
unprecedented sensitivity using bare borophene.

Considering the results summarized in Table 2, it is worth
highlighting that, to date, reported borophene-based gas
sensors have focused on room-temperature operation. This
approach reveals their potential as inexpensive and low-power-
consumption sensing devices, making them more attractive for
practical applications. However, a promising avenue for future
research can be based on investigating the effects of higher
operating temperatures, particularly under humid conditions.
Such studies could provide deeper insights into the interplay
between temperature, humidity, and gas sensing mechanisms
in borophene-based sensors, potentially optimizing the sensing
performance further.

The potential selectivity of borophene was assessed by
testing its response to other possible interfering gases, such as
CO, and benzene (C¢Hy) under humid conditions. Figure S3
shows no significant interactions for these gases, as evidenced
by the lack of observable resistance changes. This behavior
aligns with theoretical predictions available in the literature.
Density Functional Theory (DFT) calculations indicate that
NO, chemisorbs strongly onto the borophene surface, with a
high bindin§ energy of 2.32 eV and significant charge transfer
(=0.72 ¢).*® In contrast, CO, and benzene tend to interact
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Table 2. Comparison of NO, Sensing Performance at Room Temperature Using Various Borophene-Based Sensors”

synthesis sheet diameter response (%)/concentration sensitivity coefficient LOD
nanomaterial method (~nm) (ppm) (%/ppm) (ppb) reference
Ba-borophene sonochemical N/A 51.5/25 2.1 N/A 45
Borophene-PEI-ZIF-8  sonochemical 200 24.1/25 0.96 N/A 43
Borophene CVD N/A 422/100 4.22 200 42
Borophene sonochemical 100 5.6/1 5.6 22.8 this work

“N/A: data not available.

weakly with borophene through physisorption.”” For instance,
benzene exhibits negligible charge transfer (+0.01 e) when
interacting with the borophene surface.*’ These findings reveal
that borophene-based gas sensors hold substantial promise for
the selective detection of NO,, with minimal interference from
other gas species.

Sensing Mechanisms. Despite theoretical predictions
suggesting that borophene should exhibit metallic behavior,*!
experimental observations indicate that it behaves as a p-type
semiconductor.*” This phenomenon is likely attributable to the
presence of defects and bonding with oxygen and carbon,
leading to holes (positive carriers) being the predominant
charge carriers in this semiconductor type. The adsorption of
NO,, a strong oxidizing gas (electron-withdrawing), on the
surface of borophene, reduces the resistance by increasing hole
concentration. Additionally, the adsorption of NO, may lower
the Schottky barrier, shifting the Fermi level closer to the
valence band.*’ Experimental data confirm that negatively
charged NO, molecules adsorbed on the borophene surface
can be readily desorbed under pure airflow, releasing electrons
and restoring the initial resistance of borophene. This behavior
aligns with theoretical predictions, suggesting that NO,
adsorption induces significant charge transfer, resulting in a
pronounced electrical response while exhibiting moderate
bonding energy, thereby facilitating desorption.**

Interestingly, the sensing performance for NO, is markedly
enhanced in the presence of ambient moisture, consistent with
previous reports.*”*> Water molecules, similar to NO,,
function as electron acceptors at room temperature. This
interaction likely produces an additive effect, where ambient
moisture further amplifies NO, detection by increasing the
concentration of positive charge within the borophene.”

However, it is worth noting that the sensor resistance
baseline was higher in a humid atmosphere compared to dry
conditions. Considering the sensor stabilization in the presence
of humidity and without the target gas, the water molecules
can replace adsorbed oxygen molecules on the semiconductor
surface.”® During this process, the desorbed oxygen molecules
may release electrons back into the borophene. This electron
release probably tends to reduce the hole concentration,
leading to an increase in the baseline resistance. Besides, water
molecules can form a surface adsorption layer, which can
hinder charge carrier mobility,"” contributing to the baseline
resistance increase.

However, when NO, is introduced with a significant
humidity content, its strong electron-accepting nature allows
NO, to compete effectively with water molecules for surface
sites. Thereby, NO, molecules can replace water molecules
from the surface, potentially releasing charge transport
pathways. This synergy can explain the enhanced sensor
response to NO, in humid conditions, owing to more efficient
interactions with the nanomaterial and amplifying the NO,
responses in the presence of water molecules.
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B CONCLUSIONS

This study successfully demonstrates the efficacy of sonochem-
ical exfoliation as a viable method for synthesizing borophene
nanolayers with promising gas-sensing properties, particularly
for the detection of NO, detection. The experimental results
demonstrated high sensitivity to NO, at room temperature,
indicating the potential for developing low-powered and
durable gas sensors. Despite the presence of surface impurities
such as oxygen and carbon, the stability of borophene and
performance were not compromised. These impurities, likely
located at the edges of the nanolayers, may enhance sensor
behavior by increasing interaction with gaseous compounds.
Furthermore, it is noteworthy that the sensing responses and
sensitivity were significantly enhanced under humid con-
ditions, achieving an LOD and LOQ of 23 and 76 ppb,
respectively. Those NO, levels are well below regulatory
thresholds. These findings highlight the potential of borophene
as a highly sensitive nanomaterial, paving the way for
developing low-power and efficient gas sensors.
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