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ABSTRACT: Borophene, a two-dimensional allotrope of boron, has emerged as a promising material for gas sens-

ing due to its exceptional electronic properties and high surface reactivity. This review comprehensively overviews 

borophene synthesis methods, properties, and sensing applications. However, it is crucial to acknowledge the sub-

stantial gap between the abundance of theoretical literature and the limited experimental studies. While theoretical 

investigations have elucidated the stability and remarkable sensing capabilities of various borophene polymorphs 

across different gases, significant experimental challenges have hindered the translation of these theoretical predic-

tions into practical devices. Consequently, this review carefully studies these challenges and shortcomings that are 

jeopardizing the practical implementation of borophene in real-world settings. Specifically, four key issues are 

thoroughly studied such as superficial borophene oxidation upon exposure to the air, interference from relative 

humidity on gas molecule detection, lack of selectivity, and synthesis scalability. Finally, novel strategies are pro-

posed to overcome these bottlenecks. By adopting these approaches, borophene can pave the way to drive the 

advancement of the next generation of sensing devices. 

Introduction 

The rapid expansion of the Internet of Things (IoT), characterized by an extensive network of interconnected 

devices capable of sensing, collecting, and exchanging data, necessitates a widespread deployment of sensors across 

varied environments.1 This scenario highlights the critical demand for cost-effective and scalable sensor technolo-

gies.2 The affordability of sensors significantly impacts the adoption rate and feasibility of comprehensive IoT 

solutions, particularly in scenarios necessitating dense sensor networks for detailed data acquisition.3 Furthermore, 

the trend towards miniaturization of sensor devices, driven by the requirement for integration into diverse environ-

ments, emerges as another critical factor.4,5 Miniaturized sensors confer numerous benefits, including reduced ma-

terial consumption, diminished energy requirements, and compatibility with integration into complex systems.6 

These sensors can be designed to communicate wirelessly with central control systems or other devices, enabling 

an efficient integration into existing infrastructure.7 For example, in urban areas, borophene sensors could be 
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deployed across a network to continuously monitor air quality levels, detecting pollutants such as nitrogen dioxide, 

ozone, and particulate matter.8,9 The data collected by these sensors can then be analyzed in real-time to reveal the 

pollution trends and inform authorities and public health institutions for decision-making, such as adjusting traffic 

flow. 

This real-time capability could be further advanced by exploring nanoscale materials with high surface reactivity 

and smaller dimensions. Despite the attention garnered by carbon-based structures (i.e., carbon nanotubes and gra-

phene) over the past decade for their exceptional sensing capabilities,10 the limitations of these materials have mo-

tivated the scientific community to seek out new types of 2D nanomaterials that can overcome these challenges and 

enhance overall sensing performance. In this context, boron exhibits potential for fine-tuning its properties for 

different applications is significant due to boron's lighter atomic weight compared to carbon and its ability to create 

various chemical bonds.11 Notably, boron nanostructures exhibit versatility in dimensionality, ranging from 0D12,13 

to 1D14 and 2D.15,16 

In this context, 0D boron nanomaterials, known as boron quantum dots (BQDs), offer high surface-to-volume 

ratios that enhance their sensitivity to gas molecules. Hao and collaborators produced crystalline BQDs from bulk 

boron powder, with an average lateral size of 2.46 nm and thickness of 2.81 nm.17 These BQDs exhibit properties 

that hold significant potential for gas sensing, including quantum confinement effects and multiple reactive sites, 

which promote efficient gas adsorption and desorption. However, despite these promising attributes, technical chal-

lenges limit their practical implementation. For instance, 0D nanomaterials like BQDs suffer from low stability and 

face difficulties in forming active films with consistent inter-particle interactions. These issues often lead to variable 

sensor responses, complicating their use in sensing applications. To address these concerns, the same study incor-

porated BQDs into a poly(vinylpyrrolidone) (PVP) matrix, effectively stabilizing the boron nanostructures.17 How-

ever, embedding BQDs in a matrix may dilute their unique properties, diminishing their potential benefits. This 

complexity and the challenges in processing BQDs have likely limited their direct implementation in gas-sensing 

devices, as evidenced by the lack of reported gas sensors based on BQDs. An alternative approach could involve 

using BQDs as a doping or decorating element in another semiconducting nanomaterial, such as boron nitride (BN)-

decorated ZnO nanoplates for detecting benzene, toluene, ethylbenzene, and xylene (BTEX) gases.18 Nonetheless, 

BQDs remain promising for applications beyond gas sensing, such as in photoluminescence studies.19  

Moving to 1D boron structures, including boron nanoribbons (BNRs) and nanowires (BNWs), these nanomateri-

als provide extended conduction pathways that enhance electron transport when interacting with gas molecules. 

This characteristic is particularly advantageous for detecting low-concentration gases, as their structure allows for 

efficient charge transfer.20 In 2004, Xu and collaborators synthesized single-crystal α-tetragonal BNRs by pyrolyz-

ing diborane at 630−750 °C and 200 mTorr in a quartz tube furnace.21 These nanoribbons had thicknesses ranging 

from 15 to 20 nm and widths from 800 to 3200 nm. Later, Zhong and co-authors produced even narrower BNRs, 

averaging 10.3 nm, through the self-assembly of boron on Ag(110) surfaces.22 However, their use in gas sensing for 

pollutant detection has yet to be reported. Regarding BNWs, it was reported their growth via the CVD method with 
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diameters ranging from 20 to 200 nm and lengths of several µm.23 Besides, BNWs have been synthesized using 

several methods, such as laser ablation,24,25 magnetron sputtering,26 thermo-reduction,27 and CVD.28 This versatility 

in producing BNWs, linked to its semiconducting behavior, makes them highly promising for developing miniatur-

ized gas sensors.29 However, experimental studies on both, BNWs and BNRs, for gas sensing application remain 

absent, likely due to the low stability of these 1D boron nanostructures in long-term use.23 Future research may 

focus on enhancing the stability of BNWs and BNRs through surface passivation or creating heterostructures with 

other nanomaterials, similar to advancements made with carbon nanotubes, to improve both sensing performance 

and stability. 

Moving forward to the 3D boron structures, known as bulk boron, offer greater stability and ease of handling 

than their 0D and 1D counterparts. However, bulk boron is essentially unsuitable for developing sensitive gas sen-

sors due to its low surface area-to-volume ratio, and limited and nonspecific interactions with gases. Nonetheless, 

compared to 0D, 1D, and 3D structures, during the last years the emergence of two-dimensional (2D) nanomaterials 

represents a breakthrough in nanotechnology and materials science, revealing materials with unique properties and 

broad potential for various applications. These nanomaterials, distinguished by their atomic thickness, exhibit un-

paralleled physical, chemical, and electronic properties that enhance sensor development, properties absent in their 

bulk counterparts.30–32 The sheet-like configuration of 2D nanomaterials, for example, affords the highest surface-

to-volume ratio among all material forms, advantageous for catalysis and sensing due to the higher density of active 

sites and heightened analyte interaction.33 Additionally, quantum confinement effects and significant anisotropy, 

coupled with mechanical flexibility and robustness, pave the way for developing wearable and adaptable sensors 

for various surfaces and settings.34 In this context, borophene has already been employed as a high-performance 

wearable pressure sensor integrated into a health monitoring system.35 

Therefore, numerous research efforts have been focused on developing active 2D nanomaterials for sensing ap-

plications. However, various intrinsic limitations and shortcomings still need to be improved in their practical im-

plementation in electronic devices. Despite the potential of materials like graphene, known for its excellent carrier 

mobility, high chemical stability, and low electronic noise, its zero bandgap poses challenges for direct application 

in electronic devices.36,37 Although this zero bandgap can be overcome through the development of graphene oxide 

(GO) or reduced GO (rGO), such processes escalate the complexity and cost.38 Transition metal dichalcogenides 

(TMDs), exemplified by MoS2, offer advantages such as a finite bandgap yet confront challenges in commercial 

deployment due to their low carrier mobility.39 Attempts to mitigate this drawback, such as increasing the operating 

temperature, may compromise device cost, power consumption, and long-term stability. More recently, boron ni-

tride has been proposed as an alternative 2D nanomaterial,40 but faces challenges due to its wide bandgap, compli-

cating its application in electronic devices.41 

Borophene, a single atom layer of boron atoms, has emerged as a promising alternative.42,43 This monoelemental 

nanomaterial, with an electronic configuration of 1s2 2s2 2p1, can form sp2 hybridizations similar to graphene.44 

Boustani’s work in the late 1990s on ab initio calculations of boron clusters proposed stable configurations of boron 
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species, including planar surfaces, nanotubes, and hollow spheres.45 However, the synthesis of borophene faced 

challenges due to the inherent instability of boron sheets,46 attributed to unoccupied in-plane sp2 bonds owing to 

the three valence electrons. In 2007, Tang et al. made a significant contribution by proposing boron sheets wherein 

atoms are arranged in triangular or hexagonal configurations.47 This pioneering approach involves the acceptance 

of electrons, transitioning from two-center bonding to three-center bonding, thereby enhancing the stability of boron 

sheets. However, borophene as a 2D nanomaterial was first synthesized in 2015 on a silver substrate under ultra-

high-vacuum conditions.48 

Piazza et al. proposed the nomenclature "borophene" for 2D boron nanosheets, drawing an analogy to graphene.49 

Borophene presents promising attributes for implementation in gas sensing devices, such as massless Dirac fermi-

ons and an outstanding Fermi velocity.50,51 For instance, borophene could be used to detect toxic gases in industrial 

settings, where its high sensitivity and rapid response time would be advantageous.52 However, unlike bulk boron, 

borophene theoretically exhibits a metallic behavior,53 independent of its phase such as β12, χ3, or in a honeycomb 

arrangement,48,54,55 to cite some. Nevertheless, the unique structure of borophene and its strong B-B bonds highlight 

its potential, with broad possibilities for property modulation, such as transitioning from metallic to direct bandgap 

semiconducting behavior under mechanical loading.56 These tunable properties offer significant potential for de-

veloping advanced gas sensing technology by precisely controlling the borophene electronic properties via band 

structure.57 In that way, researchers can engineer sensors with tailored response characteristics optimized for spe-

cific gaseous analytes. 

This review aims to provide a comprehensive overview of the current status of borophene gas sensors, covering 

synthesis methodologies, fundamental characteristics, and recent advancements in theoretical and experimental 

studies. It also identifies the challenges and shortcomings hindering the realization of borophene-based gas sensors 

in practical applications, such as their instability under atmospheric conditions, the interference of ambient moisture 

in the sensing process, and the industrial scalability issues. An outlook is provided on the intrinsic challenges and 

potential future directions for borophene, aiming to shed light on the inherent limitations and deficiencies jeopard-

izing their integration into nanoelectronics. This roadmap of challenges and possible solutions will guide research-

ers and professionals in nanotechnology, materials science, and sensor development in their future endeavors. 

Borophene Synthesis and Properties  

Synthesis. The complexity of B-B bonds confers notable polymorphism to borophene, allowing boron atoms to 

arrange themselves into a diverse array of crystal structures.48 This characteristic highlight the borophene versatility 

and opens up extensive possibilities for tailoring its properties to develop high-performance devices. The ability to 

modulate the properties of borophene through its crystallinity highlights its potential in engineering and device 

fabrication. Additionally, boron vacancies within these polymorphs further enhance the ability to fine-tune boro-

phene properties, providing a pathway for customizing the electronic, chemical, and physical attributes.58 In this 

perspective, it is noteworthy that a recent study has identified up to 16 boron polymorphs.59 However, most theo-

retical and experimental works have been focused on 2-Pmmn, β12, χ3, and honeycomb borophene (Figure 1). The 
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2-Pmmn phase of borophene displays a corrugated structure, while the β12 and χ3 phases present flat structures 

lacking vertical undulations but exhibiting unique patterns of periodic boron vacancies. Conversely, freestanding 

honeycomb borophene resembles it like graphene structural arrangement but exhibits comparatively lower stability 

owing to the boron electron-deficient nature.60 As discussed later, the synthesis pathways can be classified as bot-

tom-up and top-down methods to achieve the different borophene phases. Since each approach leads to unique 

borophene properties and distinct challenges, Table 1 depicts the main advantages and disadvantages of each syn-

thesis method, identifying the primary challenges for industrial application in gas sensing devices, and potential 

improvements to overcome these technical bottlenecks. The final column offers potential research directions to 

address existing limitations and advance borophene's practical use. Further details are discussed in the following 

sections.  

Bottom-up methods. Bottom-up synthesis methods construct borophene atom by atom, typically resulting in 

nanomaterials of high purity, crystallinity, and low defect density. Based on self-assembly and chemical synthesis, 

this method offers a high degree of control over nanostructure composition, size, and morphology.  

Molecular Beam Epitaxy (MBE). The primary method for borophene synthesis MBE, enabling the deposition of 

atomic-scale layers onto a metal substrate. This advanced technique allows the controlled synthesis of high-purity 

and crystallinity with atomic precision. Operating under ultra-high vacuum (UHV) conditions, MBE significantly 

minimizes the presence of impurities and contaminants, which is crucial for achieving high-quality borophene. The 

process relies on generating molecular or atomic beams that condense on the substrate, allowing for layer-by-layer 

growth. Critical to this process is the substrate temperature, thereby affecting the growth modes and borophene 

quality. MBE facilitates the epitaxial growth of materials with precise thicknesses and crystalline properties through 

accurate control over the temperature, molecular beam flux, and vacuum conditions.61,62 

MBE has been extensively utilized to synthesize borophene on various metal substrates. Notably, the lattice of 

borophene is significantly influenced by the nature of the  

metal substrate employed, differentiating it from materials like graphene or boron nitride.64 Silver foils are com-

monly used for synthesizing 2D borophene.65–67 However, researchers have also explored other metals such as 

copper,68 gold,69 aluminum,54 and iridium70 to tailor the borophene properties. These variations in substrate lead to 

anisotropic metallic behavior in synthesized borophene.71 Nonetheless, the electron-deficient nature of boron, pre-

disposing it to multicenter bonds, presents challenges in synthesizing these monolayers.72 

Furthermore, transitioning from single-layer to multilayered borophene alters properties and enhances processa-

bility. In principle, single atomic layers of borophene exhibit poor stability and are prone to rapid oxidation.73 

Conversely, bilayer borophene demonstrates increased strength and resistance to oxidation, as evidenced by syn-

thesis on Cu (111) and Ag (111) substrates.74,75 This transition highlights the potential for customizing the synthesis 

of borophene to meet specific application requirements. Figure 2 shows the first report of borophene obtained via 

the MBE growth over an Ag(111) substrate.48 In this study, pure boron was vaporized and deposited at high 
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temperatures between 450 and 700 °C, achieving deposition rates of 0.01 to 0.1 monolayers per minute. More 

recently, Li and co-authors studied the effect of the post-annealing process on borophene growth via MBE on 

Cu(111) substrates.76 They observed that boron nanostructures could gradually transition from clusters to striped-

phase borophene, representing an intermediate phase that can eventually develop into β-borophene. This approach 

produced borophene with triangular shapes and with lateral sizes of only a few nanometers. This confined size 

offers great potential for gas detection. However, technical challenges arise, like poor mechanical stability and 

difficulties with manipulation and transfer. 

However, while MBE is a powerful technique for small-scale or research-oriented projects, its implementation in 

real-world settings presents inherent challenges. MBE systems are complex and expensive to set up and maintain 

due to requirements such as high vacuum chambers, metal-oriented substrates, and sophisticated control sys-

tems.77,78 Additionally, the generation of borophene through MBE occurs at a slow rate, resulting in small quantities 

of the nanomaterial being produced. This limited scalability hinders its practical application in industrial uses, re-

quiring more significant amounts. Consequently, while MBE offers precise control over few-layer growth and is 

widely utilized in research, its significant limitations in practical applications must be acknowledged. Despite 

achieving high quality and crystallinity through the MBE technique, another issue arises with the additional transfer 

step required for borophene. This transfer step typically results in the deterioration of borophene quality, further 

constraining its potential application in industrial processes. Consequently, further research is needed to develop 

new transfer methods and advanced substrate engineering techniques to minimize layer damage during the transfer 

step. An alternative strategy to mitigate transfer-related risks is the synthesis of large-area borophene. Wu and col-

laborators successfully produced monolayer borophene sheets up to 100 µm².79 However, XPS analysis revealed 

that 80% of the borophene was oxidized within 1 hour, which limits its practical applications. Nonetheless, from a 

gas-sensing perspective, smaller borophene sheet sizes would, in principle, enhance sensing performance. 

Chemical Vapor Deposition (CVD). This method offers an alternative for depositing thin films of 2D nanomateri-

als onto substrates through the chemical reactions of precursors. This technique involves the thermal decomposition 

or reaction of volatile precursors on a heated substrate, forming a solid material as a thin film. The CVD reactor 

conditions, including temperature, pressure, and precursor gas flow rates, are precisely controlled to customize the 

deposited material composition, structure, and properties.80,81 

Due to CVD high versatility and capability to produce high-quality nanomaterials, significant research efforts 

have been focused on employing this method to obtain borophene.82 Figure 3 shows an example of borophene 

obtained through this method. Figure 3a-c shows that borophene area sheets are about 5µm2, confirmed in Figure 

3j, summarizing the area distributions. Besides, Figure 3d-g shows the AFM images and phase diagrams, revealing 

the high control of the CVD method to obtain monolayer (1L), bilayer (2L), and trilayer (3L) borophene with 

increasing thickness (Figure 3i-h).83 Furthermore, J. Xu et al. successfully produced high crystallinity ultrathin 

boron sheets of about 10 nm thick on silicon substrates through the thermal decomposition of diborane (B2H6).84 

Figure 3k-l shows scanning electron microscope (SEM) images, revealing the achievement of ultrathin boron 
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sheets. However, the observed sheet sizes range from approximately 3 to 20 µm in length. This work has paved the 

way for future obtention of borophene via CVD. More recently, Guo and collaborators used a low-pressure CVD 

to produce 2D tetragonal borophene sheets on copper foils with a surface area of 1 cm².85 These sheets demonstrated 

an electrical conductivity of approximately 4.5 x 10⁻⁴ S/cm and a bandgap of 2.1 eV, making this method promising 

for semiconductor sensor applications. However, the versatility of borophene opens up additional practical uses. 

For instance, Tai and collaborators synthesized borophene on carbon cloth using sodium borohydride as the boron 

source and hydrogen as the carrier.86 The resulting 𝛼’-borophene exhibited excellent electrocatalytic efficiency for 

hydrogen evolution (HER). 

An interesting advancement in borophene synthesis is the creation of “borophene glass,” closely resembling the 

theoretical α'-2H-borophene structure.87 In this method, NaBH₄ served as the boron source while hydrogen acted 

as the carrier gas in CVD, depositing borophene directly onto an insulating quartz substrate with a thickness of 3.4 

nm. This technique offers the advantage of direct growth on insulating materials, eliminating the need for a transfer 

step. However, a drawback of CVD is the use of toxic precursors and the potential for hazardous subproduct for-

mation. Addressing this, Jomphoak and co-authors proposed a safer CVD route for borophene synthesis on Cu(111) 

by replacing the toxic diborane precursor with boron-diborane trioxide.88 This approach achieved yields comparable 

to previous methods, producing borophene layers 3 nm thick with surface areas of approximately 500 x 300 nm². 

Nevertheless, many CVD parameters can heavily impact the properties of the resulting borophene. To investigate 

these effects, Sun and collaborators conducted detailed simulations to understand how precursors like diborane 

(B₂H₆) decompose on various metal substrates.89 Their findings revealed substrate-specific dissociation behaviors, 

with metals like Pd, Pt, and Rh exhibiting the highest catalytic activity for diborane dissociation, followed by Ir, 

Ru, and Cu, and lower activity observed in Au and Ag. Among face-centered cubic (fcc) metals, the (100) orienta-

tion accelerated B₂H₆ dissociation significantly more than other orientations, paving the way for advanced CVD 

protocol development. 

While CVD methods enable the production of borophene layers with large surface areas and fine control over 

thickness and phase, the high operating temperatures required often limit the choice of suitable substrates. For 

industrial scalability, the CVD process also demands precise control over multiple parameters to achieve consistent 

reproducibility across devices. Flow inhomogeneities within the reaction chamber, for example, can lead to variable 

results across different regions of the substrate. Nonetheless, CVD remains a promising approach for producing 

large quantities of borophene and offers a balanced method for both research and practical applications.91 

Top-down methods. This methodology begins with a larger structure, like bulk boron, and is systematically 

reduced to nano-sized structures through techniques such as exfoliation. The most widely employed method for 

obtaining borophene is ultrasonication-assisted liquid-phase exfoliation, which has been defined from now on as 

sonochemical exfoliation. 
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Sonochemical exfoliation. This technique involves immersing the bulk boron in an appropriate liquid medium 

and applying high-intensity ultrasonic waves. These waves generate rapid pressure changes in the liquid, leading 

to the formation and violent collapse of “bubbles”, known as cavitation.92,93 Sonochemical exfoliation employs the 

energy produced by ultrasound waves to promote the intercalation of solvent molecules into the boron layered 

structures, subsequently exfoliating them into thinner layers or singular sheets by centrifugation (Figure 4a). This 

method parallels the well-established process of obtaining graphene from graphite.94 It is noteworthy that the crys-

talline structure can be preserved under mild experimental conditions even after sonication, as will be discussed 

further. 

A representative example of this method was performed by H. Li and collaborators, who achieved an industrially 

scalable synthesis of borophene using sonication-assisted liquid-phase exfoliation, eliminating the need for inter-

mediate chemical reactions.90 The authors discovered that the size and thickness of borophene depend on the exfo-

liating solvent and centrifugation speed employed. Remarkably, dimethylformamide (DMF) proved to be an ideal 

solvent for obtaining borophene with exceptional stability over 50 days. At the same time, isopropyl alcohol (IPA) 

enabled the production of borophene with shorter lateral sheet sizes and greater thickness. Additionally, as depicted 

in Figure 4 b-c, this method eases the production of few-layer borophene sheets with high crystallinity.90 More 

recently, a similar exfoliation approach was employed, incorporating a pre-step based on a solvothermal process. 

Specifically, bulk boron was initially ball-milled and subsequently subjected to solvothermal treatment in acetone 

at 200°C before the sonication process, producing borophene with larger lateral sizes and reduced thickness, com-

prising a few layers of boron.95 Similarly, Guo and collaborators produced ultrathin borophene (<2 nm), but inter-

calating Li ions between the few-layered borophene for energy storage applications.96 Although sonochemical ex-

foliation appears straightforward, numerous parameters can be adjusted to fine-tune the borophene properties. For 

instance, the addition of neutral poly(ethylene glycol) chains, alongside cationic and anionic surfactants like 

cetyltrimethylammonium bromide and sodium dodecyl sulfate, enables the engineering of the β-rhombohedral crys-

tal structure in borophene. This approach reportedly yields higher quality borophene with enhanced accessibility of 

active sites, which shows promise for HER applications and other uses.97 

In this context, the choice of the exfoliating solvent is of paramount importance in determining the properties of 

the resulting borophene. Acetone stands out as one of the optimal choices, likely due to its low surface tension, 

facilitating the exfoliation of bulk boron, and its favorable Hildebrand solubility.95,98 Besides, the exfoliation of 

bulk boron typically exhibits a significant Tyndall effect in a wide variety of solvents. Thus, acetone consistently 

demonstrates superior suspensions.90,95 Additionally, a key parameter is the choice of substrate, for example, the β12 

phase demonstrates strong interactions with Au(111) substrate. Specifically, the β12 phase modulation acts as “strain 

inducers”, making it particularly promising for flexible and wearable electronics.99 

Another critical parameter in the sonochemical synthesis of borophene is the centrifugation step. The careful 

adjustment of the centrifugation speed and time allows for the isolation of borophene with specific size ranges and 

the attainment of a high prevalence of monolayer, bilayer, or multilayer borophene.98 Recently, Najiya and 
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collaborators produced few-layer borophene by incorporating a pre-sonication hydrothermal process at 180°C for 

24 hours.100 This environmentally friendly method uses water as a reagent, minimizing hazards and reducing the 

complexity and cost.  

This method is facile, cost-effective, and scalable for borophene production. However, a principal limitation of 

sonochemical exfoliation is the introduction of defects and imperfections due to the subtractive nature of this pro-

cess. Thereby, this method induces the formation of defects that can significantly alter the physical and chemical 

properties of the nanostructures. Besides, the defects created during the process likely accelerate the borophene 

surface oxidation, impacting on the stability. Thereby, further research is needed to enhance the stability of sono-

chemically synthesized borophene, with strategies such as surface passivation offering potential solutions. 

Borophene properties for gas sensing. The exceptional chemical, physical, mechanical, and electrical properties 

of borophene position it as a promising candidate for integration into a broad spectrum of applications, including 

catalysis,101 supercapacitors,102 batteries,103 and photodetectors,104 to cite a few. The unique electronic structure of 

borophene, characterized by high carrier mobility, excellent thermal conductivity, anisotropic metallic behavior, 

and optical transparency, holds significant potential for sensor applications.105 A crucial aspect of electronic devices 

is the presence of Dirac structures. Since boron is next to carbon in the periodic table, their Dirac cone structures 

exhibit similarities.106 Studies on prevalent borophene phases, such as β12,50 and χ3,107 have highlighted a weak 

interaction between metal substrates and boron sheets, preserving the Dirac structures. The honeycomb arrange-

ment in borophene can accommodate massless Dirac fermions, leading to properties like high-speed electron 

transport and potential superconductivity, which are beneficial for high-performance electronic devices.50 Indeed, 

the intrinsic carrier mobility of borophene, as predicted in theoretical studies, surpasses that of graphene at room 

temperature in specific phases like 8B-Pmmn,108 highlighting its suitability for developing borophene-based sen-

sors. 

Additional attributes such as flexibility, strength, and elasticity make borophene an ideal and advanced nano-

material for flexible electronics. In this sense, Z. Zhang et al. reported that borophene has a Föppl-von Kármán 

value per unit area twice that of graphene, indicating its status as one of the most flexible 2D nanomaterials.11 This 

flexibility is attributed to the borophene ability to undergo phase transitions under bending and stretching, avoiding 

strain-induced breakage. Furthermore, the structural polymorphism of borophene exhibits unique mechanical prop-

erties, such as a negative Poisson's ratio, high Young's modulus, and excellent critical strain.58 Borophene also 

exhibits additional superior properties, including a more significant Fermi velocity (3.5 x 106 m/s) than graphene,109 

crucial for sensing applications due to its implications on carrier transport and sensitivity towards analytes. Besides, 

theoretical predictions indicate that borophene may outperform graphene in critical properties like Young's modulus 

along the armchair direction (574.61 N/m versus 338.08 N/m),110 which is key in flexible sensors. However, it is 

worth mentioning that the presence of boron vacancy defects can reduce the Young's modulus along this direction, 

while its impact is almost negligible in other directions, such as the zigzag.111 It should also be noted that Young's 

modulus decreases with temperature.112 
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The most frequent borophene phases are anisotropic B12 with parallel ridges and X3 isotropic hexagonally bonded. 

Nevertheless, the borophene instability through obtention via different synthesis methods is worth noting. None-

theless, honeycomb borophene exhibits enhanced stability when grown on a metal substrate. This can be attributed 

to the metal substrate capability to provide electrons, thus offsetting boron's intrinsic electron deficiency.54 

Beyond flexible electronics, the borophene potential in transistor applications has also been explored. Despite its 

theoretical metallic behavior and associated challenges like low stability, the versatility of borophene allows for 

engineering semiconductor sheets. For example, C. Hou et al. synthesized hydrogenated borophene (borophane) 

with high stability and excellent electronic properties through the thermal decomposition of NaBH4 under hydro-

gen.113 

Borophene Gas Sensors  

Theoretical studies. To estimate the potential sensing performance of borophene, researchers often employ a 

combination of ab initio density functional theory (DFT) calculations and non-equilibrium Green’s function 

(NEGF) methods. DFT is a quantum mechanical modeling method  

of nanomaterials and providing information about the reaction energies. This method iteratively deduces the elec-

tron density that minimizes the system's total energy.123,124 NEGF elucidates quantum transport in non-equilibrium 

systems, such as electronic devices under bias voltage, revealing the potential current-voltage relationships, con-

ductance, and density of states, making it indispensable for semiconductor device analysis.125,126 The synergy of 

DFT and NEGF is an effective framework for predicting and understanding the properties of borophene and its 

derivatives. 

Pristine Borophene. In this perspective, the interaction between gas analytes and the borophene surface is crucial 

for determining its gas detection capabilities. Theoretical investigations have substantiated the feasibility of boro-

phene as a sensor material, demonstrating its superiority over other 2D nanomaterials like graphene and MoS2 in 

terms of binding energies and charge transfers.53 The nature of the interaction between borophene and gas com-

pounds is the first consideration when assessing its potential as a gas sensor. Certain gases, including NO2, NO, 

CO, and NH3, are generally chemisorbed on the borophene surface, exhibiting higher adsorption energies (Ead) and 

a greater detection  

capability for these compounds (Table 2 and Table 3). Conversely, gases like CO2 tend to be physisorbed on the 

borophene surface, leading to weaker interactions and, thus, lower sensitivity compared to chemisorbed species.127 

This differentiation between chemisorption and  

physisorption has been observed across various crystalline phases of borophene, such as χ3,128 β12,129 β35,130 and the 

hexagonal honeycomb lattice.131 Figure 5 shows interesting predictions on how five air pollutants would interact 

with a relaxed unit cell of borophene with lattice constants (a, b) as 1.64 x 2.90 Å.53 Despite CO and CO2 presenting 

a bond C-B, while NO, NO2, and NH3 show a bond N-B, the shortest bonding distance is similar. Conversely, the 

N-B presents higher binding energies than the C-O bonds. 
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The elucidation of charge transfer dynamics between analytes and borophene is crucial in understanding its sens-

ing capabilities. Significantly, the magnitude of charge transfer directly correlates with the potential sensor ability 

to generate discernible signals, such as variations in resistivity and conductivity. Consequently, higher charge trans-

fers would lead to enhanced sensor responses and lower detection and quantification limits. In this context, Table 

2 shows that gases exhibiting weak bonding (physisorption), such as CO2, demonstrate a minimal charge transfer 

of -0.09 e (Bader charge), revealing the poor interaction with the borophene surface.53 In contrast, species under-

going chemisorption at the borophene interface involve substantially higher charge transfers, indicative of a 

stronger interaction and higher adsorption energies. 

A detailed examination of the data presented in Tables 2 and 3, corresponding to electron-withdrawing and elec-

tron-donating species, unveils significant disparities in charge transfer values. Predominantly, electron acceptor 

gases exhibit higher charge transfer values than electron donors. This phenomenon might be attributed to the boro-

phene p-type semiconductor behavior, characterized by an inherent lack of electrons, which promotes withdrawing 

electrons from gaseous molecules rather than donating them. Among the electron-withdrawing species analyzed, 

NO2 stands out with the highest energy binding and charge transfer values for pure borophene, positioning it as a 

potential candidate for developing NO2 gas sensors. The research conducted by S. Sabokdast and N. Salami also 

provides an insightful evaluation of the sensing performance of χ3 borophene nanosheets for various gases, drawing 

attention to the strong interactions with NOx gases. However, as a trade-off, these interactions can compromise the 

sensor recovery and reusability.132 These strong interactions, particularly under mild experimental conditions such 

as ambient temperature operation and low flow rates, may be irreversible or only partially reversible. Consequently, 

this can compromise the stability and repeatability, alongside inducing issues like baseline drift. To avoid these 

challenges, strategies such as elevating operating temperatures,133 employing UV light,134 or utilizing vacuum 

pumps135 can disrupt these strong interactions and makes easier the release of adsorbed gas molecules, thus cleaning 

the sensor surface. 

Exploratory studies into borophene capacity to detect a broad spectrum of compounds have yielded promising 

advances. For instance, the sensitivity of β36 sheets towards hydrogen cyanide (HCN) unveiled that the borophene 

unique planar structure, characterized by a central hexagonal vacancy, undergoes significant electronic property 

alterations upon HCN adsorption, mainly when the molecule binds at the edge of the sheet.119 Furthermore, Q. Sun 

et al. reported the adsorption behavior of several organic molecules on β1 borophene. Combining DFT and NEGF 

methodologies, it was identified that molecules like CH4, CH3OH, and C6H6 undergo physical adsorption. In con-

trast, HCHO and HCOOH are subject to chemical adsorption, with some inducing a shift in carbon atoms in these 

organic molecules to sp3 hybridization due to the strong interactions.120 This alteration enhances the sensitivity of 

β1 borophene to particular analytes and its thermal stability. Interestingly, this study also showed the potential for 

sensitivity enhancement through mechanical means, such as applying in-plane strain or employing a WS2 substrate. 

Similar enhancements were observed when WSe2 was used as a substrate, forming a van der Waals heterostructure 

with χ3 borophene, thereby increasing the nanomaterial stability and sensing performance.128 
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N.N. Hieu et al. investigated the impact of gas molecule adsorption on the magnetic properties of monolayer β12 

borophene.136 Despite borophene is hosting Dirac and triplet fermions, it was found that the adsorption of gas mol-

ecules on individual boron atoms elicits unique magnetic responses. The intrinsic magnetic properties of pristine 

borophene are primarily preserved, even with adsorption across multiple boron atoms. However, the study of Pauli 

spin paramagnetic susceptibility revealed that central atoms in borophene sheets present the highest susceptibility 

at intermediate thermal energies.136 

Regarding the total density of states (DOS), theoretical investigations have demonstrated that a pristine borophene 

monolayer exhibits metallic behavior characterized by the absence of a band gap.53 This intrinsic property signifi-

cantly influences the interaction between borophene and various gas compounds, particularly those capable of in-

ducing substantial charge transfer in the DOS around the Fermi level. Notably, interactions with a paramagnetic 

gas, such as NO2, result in the hybridization of NO2 states below the Fermi level with boron p states, transitioning 

to a nonmagnetic state upon adsorption.53 Further exploration by W. Li et al. employing DFT has explored the 

adsorption capabilities of borophene for various volatile organic compounds (VOCs).117 Their findings reveal that 

χ3 and β12 borophene can chemically adsorb substances such as ethylene and formaldehyde, releasing significant 

energy. In contrast, other VOCs, including ethane, methanol, formic acid, methyl chloride, benzene, and toluene, 

exhibit predominantly physical adsorption, characterized by weaker interactions. Importantly, DOS analysis indi-

cates that chemical adsorption induces modifications in the conductivity of borophene, unlike physical adsorption, 

which appears to have minimal impact on conductivity.117 

Beyond DFT and NEGF methods, F. Zergani and Z. Tavangar used the Climbing Image-Nudged Elastic Band 

(CI-NEB) method to further elucidate the gas adsorption mechanisms. This work revealed that chemisorbed species, 

particularly those involving nitrogen or sulfur, may form covalent bonds, as evidenced by analyses of charge density 

difference and electron localization function.137 Additionally, N. Dutta et al. have investigated the potential of β12 

borophene as a field-effect transistor (FET)-based gas sensor, noting significant changes in the energy band struc-

ture and density of states upon gas adsorption. This includes the appearance of distinct Van Hove singularities, with 

a marked increase in carrier concentration for NH3 and substantial modifications in quantum capacitance and I–V 

relations, revealing the orientation-dependent nature of NH3 adsorption.138 

The application of NEGF methods has revealed that borophene monolayers exhibit anisotropic transport, leading 

to ohmic behavior.139 Calculating the transport properties and corresponding current-voltage functions before and 

after the gas adsorption can shed light on the sensing performance of resistive or conductance measurements. How-

ever, defects are generally considered detrimental in fields requiring highly crystalline samples, such as solar cells. 

From a gas sensing perspective, the presence of structural defects in borophene, to some extent, can be beneficial 

in enhancing the interactions with gas compounds. This is attributed to the remarkably low energy defect formation 

of borophene structures, facilitating stronger adsorption of nitrogen-containing gases like NO2 and NH3 at defect 

sites, thereby acting as reactive sites that increase adsorption energy and charge transfer.140 



 

 

13 

Doped Borophene. Doping borophene is a common approach to enhance its electronic, chemical, and physical 

attributes, aiming to increase its interaction with gas molecules. This approach entails the incorporation of impurity 

atoms, known as dopants, into the borophene lattice, which can significantly modify its band structure, work func-

tion, and surface reactivity.141–143 Common methodologies for doping 2D nanomaterials, such as borophene, include 

CVD, plasma treatments, and electrochemical doping.144 Moreover, each doping technique presents unique ad-

vantages regarding control, uniformity, and scalability, making the selection of a doping method contingent upon 

the specific application requirements. However, despite the great potential of doping borophene to tailor its inter-

actions with gas compounds, it introduces challenges such as preserving the stability of sheets, managing the dis-

tribution of dopants and concentration, and preventing the introduction of undesirable impurities or defects that 

could compromise the sensing performance. Consequently, selecting an appropriate dopant is imperative to achieve 

the intended modifications in properties while ensuring the borophene durability in practical applications. 

To date, most of the doped borophene used for sensing purposes has been based on theoretical studies. In this 

perspective, carbon, nitrogen, and oxygen emerge as commonly utilized doping elements, primarily due to their 

compatibility with plasma functionalization techniques. X. Quin et al. elucidated the impact of these dopants on 

the sensing of various gases, indicating that dopants notably enhance gas molecule chemisorption, especially at the 

borophene lattice valley bottom B-B bonds.127 Thus, borophene doped with elements such as C, N, and O would 

lead to stronger interactions with gas compounds compared to pristine borophene. Further investigations by N. 

Hassani and M. Mehdizale into β36 borophene doped with transition metals (Fe, Ni, Cu) have demonstrated that 

metal doping can ameliorate electronic and chemical properties.145 Nevertheless, according to this study, the sensing 

efficacy can be notably increased by substituting boron atoms with nitrogen, enhancing the sensing performance 

through borophene doping and subsequent decoration.  

Introducing dopants also transforms the interaction between borophene and target gases, enhancing charge trans-

fer and binding energy. V. Arefi et al. conducted DFT studies on pure and sodium-doped borophene for CO and 

CO2 detection, discovering that sodium incorporation shifts CO2 adsorption from physical to chemical (Table 2), 

markedly improving sensitivity towards this gas.115 Furthermore, I-V curve analyses in this study revealed that 

sodium doping alters the electrical response of borophene to these gases, with a constant current at a 1.4 V bias 

voltage, offering a potential mechanism for distinguishing between CO and CO2. Similarly, X. Tu et al. comparison 

of pure and lithium-doped borophene for SO2 detection revealed that lithium doping significantly improves the 

adsorption capabilities of this gas.116 Besides, Li induces a change in the type of interaction, from weak physical to 

strong chemisorption. However, it is worth noting that high temperatures are required for SO2 desorption, which 

can be a potential drawback for gas sensing applications. However, an alternative use of Li-doped borophene can 

be as a scavenger for SO2 removal in environmental remediation technologies.116 

Additionally, S. Kumar and co-workers have predicted that embedding transition metals into the borophene lattice 

enhances gas adsorption and confers magnetic properties to borophene, thereby paving the way for its application 
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in gas sensors and spintronic devices.146 These multifaceted approaches to doping borophene highlight its versatility 

and potential in advancing the development of highly sensitive and selective gas sensing technologies. 

Borophene Heterostructures. Developing composites from 2D nanomaterials often includes the decoration with 

metal or metal oxide nanoparticles (NPs) to improve their sensing capabilities. In this sense, J. Anversa et al. have 

made significant contributions by predicting interactions of air pollutants with β12 borophene decorated with plati-

num NPs.147 Their research demonstrates that platinum preferentially adsorbs at the centers of hexagons on the β12 

borophene. Thus, its metallic properties were enhanced by introducing new electronic levels, notably 2 eV above 

the Fermi level, without altering the intrinsic metallic nature of borophene. This arrangement leads to a pronounced 

charge transfer from borophene to platinum, with a particularly strong interaction with molecules like NO2 and 

SO2. In contrast, interactions with CO2 molecules remain weaker due to van der Waals forces.147 These findings, 

translated to real applications, mean that except CO2, other molecules such as NO2 probably require high tempera-

tures to overcome the strong adsorption energy and recover the sensor baseline. 

Apart from the pure and decorated borophene, further studies have explored heterostructures such as boro-

phene/boron nitride148 and borophene/ MoS2,114 revealing that many chemisorbed gases increase their interaction 

with the sensor surface. It is worth noting that the NO compound duplicates the charge transfer compared to the 

pure borophene, as depicted in Table 2. Conversely, CO2 gas, which presents a weaker interaction, is still phy-

sisorbed on the composite despite incorporating additional elements like MoS2 and boron nitride. This reveals that 

introducing additional 2D elements can significantly improve the sensing performance towards specific gases, 

whereas other compounds, such as CO2, do not benefit from the presence of new elements. This can be a potential 

tool to improve the selectivity to some extent. Indeed, combining different nanomaterials can significantly impact 

their sensing properties. For instance, J. Li et al. also examined a borophene-MoS2 composite, but in this case, the 

borophene is situated borophene on top of a MoS2 substrate. As a result, the β12 borophene on MoS2 exhibits a 

pronounced anisotropic gas sensing performance, particularly for NH3, with an anisotropic gas sensing ratio of 

17.43.149 Moreover, Y. Tian et al. also studied the potential sensing capabilities of borophene on a MoS2 substrate, 

but further enhanced with gold electrodes for modulating the transport characteristics of borophene.150 According 

to these authors, the presence of a MoS2 substrate introduces non-linearities in the current-voltage behavior. At the 

same time, gold electrodes tend to donate charges to borophene, creating a potential barrier that lowers the current 

compared to systems lacking gold electrodes. This parameter presents significant importance for future device de-

sign to optimize the transport properties of the borophene nanostructures.150 

Concerning the detection of formaldehyde (HCOH), DFT calculations suggest that certain borophene poly-

morphs, such as β36, could potentially serve as detectors.151 However, developing a heterostructure by combining 

SnO2 with β12 borophene markedly improves sensitivity and selectivity towards HCOH, demonstrating the potential 

of engineering composites for enhanced sensing performance.122 According to F. Opoku and P.P. Govender, hybrid-

izing the wide direct band-gap SnO2 and the metallic β12 borophene creates a heterostructure with a moderate direct 

band gap of 1.09 eV, enhancing the sensing performance. Indeed, HCHO chemisorption can occur in several 



 

 

15 

orientations on the β12-borophene/SnO2 surface, acting alternately as a charge acceptor and donor. Not limited to 

this, the introduction of biaxial strain and an external electric field further improves the system stability, band gap, 

and charge transfer properties.122 

C.-B- Wang et al. employed DFT to investigate the adsorption properties of borophene towards several gases, 

identifying a high adsorption capacity, particularly for nitrogenous gases.152 According to the findings of these 

authors, pure borophene presents a potential structural instability upon the adsorption of nitrogenated compounds. 

Thereby, further stabilization and enhancement of adsorption capacity through a heterostructure of borophene and 

graphene decorated with lithium were explored, revealing a significant improvement in the adsorption capacity of 

H2S. Besides, NEGF studies simulated the transport properties of the composite, suggesting that it can mitigate the 

borophene deformation during the gas adsorption process.152 

Further theoretical analyses have also examined the interaction of composite materials with various organic mol-

ecules, revealing that the heterostructure composed of borophene and graphene (B/G) displays weak physical ad-

sorption interactions with organic molecules.121 However, doping the B/G with transition metals may significantly 

improve chemical interactions by altering the hybridization of carbon atom orbitals. This is especially notable for 

detecting C2H2 even at low bias voltages.121 In another study, J. Shen et al. explored a 2D van der Waals hetero-

structure composed of borophene and semiconducting 2H-MoS2 to detect the same organic molecules.118 Their 

findings correlate with the previous works, demonstrating similar physical and chemical interactions with organic 

gas compounds. However, the main difference lies in formaldehyde, which exhibits an 8.5-fold increase in charge 

transfer when using 2H-MoS2/borophene compared to other works reporting pure borophene. This study also con-

firms that strong chemisorption, related to a change in the hybridization of carbon atoms to sp3, occurs even at low 

bias voltages.118 

These approaches, comprising the development of borophene-based heterostructures and doped borophene, pave 

the way for achieving gas sensors with superior sensitivity and selectivity. However, it is worth mentioning that 

these strategies may lead to greater complexity and higher costs in obtaining the desired nanomaterials. Therefore, 

evaluating cost-effectiveness is highly recommended before implementing them in commercial devices. 

Other Boron-based Nanostructures. Exploring alternative boron-based nanostructures offers promising avenues 

for tailoring the sensing properties of materials. B. Peng et al. studied the potential of β40 fullerene for NH3 detec-

tion, theorizing strong chemisorption (up to -1.09 eV), significantly higher than those for other non-polar gases 

such as H2, CH4, and N2, which tend to be physisorbed. Consequently, it can be expected to discriminate and detect 

NH3 when mixed with other non-polar compounds.153 M. Fazilaty et al. combined DFT and NEGF analyses to 

investigate H2S molecule adsorption on χ3-borophene nanoribbons. Their findings reveal that H2S adsorption sig-

nificantly changes the DOS, transmission spectrum, and I-V curve, indicating partial charge transfer to the χ3-

borophene.154 
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Experimental studies. Experimentally, borophene has been identified as a p-type semiconductor, characterized 

by holes as the majority of charge carriers.155 Boron, with one fewer valence electron than carbon, introduces ac-

ceptor states into the valence band, which increases the density of states in this region. This leads to p-type conduc-

tivity and a narrower bandgap.156 Thereby, these holes (positive carriers), representing a lack of negative carriers 

(electrons) in the valence band, are essential for the semiconductor sensitivity in gas sensing applications, mainly 

due to their ability to readily accept electrons. Thus, the interaction between borophene and gas molecules signifi-

cantly varies depending on whether the gas acts as an electron donor or acceptor. J. Xu et al. obtained ultrathin 

borophene and subjected it to field-effect transistor (FET) measurements, unveiling its intrinsic p-type semicon-

ductor behavior experimentally, coupled with a favorable carrier mobility of 1.26 x 10-1 cm2 V-1 s-1.84 Theoretical 

studies have predicted that an electric field can induce a tunable bandgap in β12-borophene, leading to a transition 

from metallic to p-type semiconducting behavior, also influenced by charged impurities.157 

Electron-acceptor gases interact with borophene by withdrawing electrons from the 2D nanomaterial. This elec-

tron withdrawal leads to a greater concentration of holes, thereby enhancing the p-type conductivity of borophene 

through the heightened availability of these positive carriers. For instance, the adsorption of NO2 onto borophene 

not only withdraws electrons but also reduces the Schottky barrier, resulting in a shift of the Fermi level closer to 

the valence band. This shift signifies the presence of the gas by causing a detectable increase in conductivity.155 

Conversely, the adsorption of electron-donor gases introduces additional electrons to borophene. These incoming 

electrons recombine with holes, reducing their density and consequently reducing the borophene conductivity due 

to the decreased availability of holes for current conduction. 

Given the limited number of experimental studies focused on gas sensing with borophene to date, it is noteworthy 

to highlight a study where borophene, obtained through sonochemical exfoliation and decorated with barium, was 

employed for NO2 detection.158 The primary aim of using Ba was to lower the work function to enhance the sensing 

performance. Indeed, the response at room temperature (RT) to 25 ppm of NO2 was substantially improved, from 

24.1% to 51.5%, when comparing pristine and barium-decorated borophene. Similarly, the sensor sensitivity, given 

by the slopes of calibration curves, was improved from 0.848 to 0.984 %/ppm when borophene was decorated with 

barium. This enhanced performance when detecting NO₂ at ppm levels was observed in both, response (40s vs. 

52s) and recovery times (52s vs. 59s), for barium-decorated versus pristine borophene, respectively. Furthermore, 

given that threshold limit values are often set at ppb levels, these results suggest the potential for achieving even 

faster response times. 

However, as it is well-known in resistive gas sensors, selectivity is often limited as the active nanomaterials can 

interact with various gas compounds. To address this challenge, another study uses a borophene gas sensor with a 

mixed matrix membrane (MMM) comprising polyetherimide (PEI) incorporated into a zeolitic imidazole frame-

work (ZIF-8).155 This approach aimed for the PEI-ZIF-8 overlayer to serve as a selective membrane for NO2 (Figure 

6a) over other gaseous compounds like alcohols and hydrocarbons (Figure 6b). This study also investigated various 

ZIF-8 ratios (1:1, 1:2, 1:3, and 1:4 wt.%), finding that higher PEI content improved NO₂ selectivity. As the PEI 
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ratio increased, the overlayer was more efficient to selectively filter NO₂ without considerably reducing the sensing 

response. Specifically, a 1:4 ratio only reduced the response to NO₂ by 0.6% when detecting 25 ppm at room tem-

perature and 35% relative humidity (RH). This configuration significantly improved NO₂ selectivity, reducing the 

response to other gases, such as CO₂, from 6.4% to 1.2% in the presence of the membrane. Additionally, the over-

layer showed resistance to halogenated solvents, alcohols, and hydrocarbons. Indeed, as Figure 6c depicts, the 

responses to NO2 were not compromised by the filtering overlayer. This MMM operates effectively under RT con-

ditions, and notably, due to the hydrophobic nature of ZIF-8 and the humidity resistance of PEI, ambient moisture 

interference is mitigated. Additionally, it is essential to note that while the borophene sensor without the membrane 

experienced slight degradation after 35 days of use, the overlayer tended to protect the borophene-sensitive layer, 

thus mitigating degradation and increasing device lifetime, demonstrating notable repeatability (Figure 6d).155 

However, considering that NO2 typically shows much higher sensing responses than gases such as volatile organic 

compounds (VOCs) due to larger charge transfers, a promising research avenue may involve the development of 

selective sensors tailored towards such gases. 

Table 4 provides a comprehensive overview of the studies that have employed borophene gas sensors to date. It 

is worth noting that only a few of these studies have experimentally developed operative gas sensing devices. One 

significant parameter to consider is the method of synthesis. Most experimental borophene sensors have been pro-

duced through sonochemical methods, with a lesser number realized through CVD-based methods. This suggests 

that advanced techniques for producing borophene, such as MBE, still face significant challenges in terms of trans-

ferring the borophene and integrating it into electronic devices. The process of transferring borophene from the 

growth substrate to the target substrate without damaging its unique properties remains a challenge. Besides detect-

ing NO2, boron sheets produced via sonochemical exfoliation have been used to detect methane (CH4) at RT, re-

vealing suitable sensing performance in the ppm range.159 This chemiresistive sensor achieved responses ranging 

from 43.5% to 153.1% for concentrations of 50 to 105 ppm, respectively. However, repeatability may be compro-

mised by notable noise in resistance measurements. This study did not report on long-term stability or the impact 

of ambient humidity on sensor performance. Furthermore, significant hysteresis was observed, referring to a phe-

nomenon where responses to specific gas concentrations vary depending on whether concentrations are being in-

creased or decreased. Consequently, further investigation to reliably detect non-polar gases such as methane using 

borophene sensors is required.  

C. Hou et al. reported a chemiresistive borophene sensor capable of detecting a wide range of NO2 concentrations, 

achieving a remarkable 422% response for 100 ppm at RT conditions.160 This borophene-based gas sensor shows 

promising response and recovery times (30s and 200s, respectively), aligning well with typical requirements for 

ambient monitoring applications. Furthermore, it demonstrates stability even after 1000 bending cycles, suggesting 

high possibilities for use in flexible electronics. However, it is worth noting that the experiments were conducted 

under an inert atmosphere (N2). Therefore, for practical applications, the potential coexistence of oxygen in the 

same matrix should be thoroughly investigated. Nevertheless, the authors also explored the effect of ambient 
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moisture (RH levels between 0 and 60%) during NO2 detection. Their findings experimentally reveal that water 

molecules exhibit an additive effect, increasing the response to NO2.160 These experimental findings align with 

theoretical predictions, which also indicate that NO₂ adsorption on borophene is energetically favorable and be-

comes even more stable in humid conditions.148 

Several trends can be deduced from Table 4 when comparing the sensing performances of borophene-based gas 

sensors. All sensors demonstrate the capability to operate effectively at RT, like graphene and other 2D nanomateri-

als. This presents inherent advantages such as lower power consumption, more straightforward and cost-effective 

device circuitry due to the absence of heating elements, and potentially extended device lifetime since borophene 

is not exposed to high temperatures. Another interesting parameter observed in experimental studies is the excellent 

signal-to-noise ratio of borophene. With responses in the tens of percentage range for ppm levels of various gases, 

borophene exhibits a high potential for detecting even lower concentrations, possibly reaching ppb levels. This is 

crucial for meeting the requirements of commercial applications such as ambient monitoring. Thus, there are still 

considerable research opportunities for exploring the borophene structure to detect NO₂ at low ppb levels. Addi-

tionally, research remains very limited on using this 2D nanomaterial for detecting gases other than NO₂, being its 

sensing properties largely unexplored in experimental contexts. This gap offers an interesting research avenue for 

future studies. Lastly, it is essential to highlight that all the sensors demonstrated response and recovery times within 

a few tens of seconds. This is paramount as it indicates noteworthy sensing dynamics, enabling the detection of 

even lower concentrations at ppb levels.  

These conductivity changes, corresponding to the adsorption of gases with differing electronic properties, offer a 

measurable means to detect and quantify target gas analytes. However, various experimental conditions signifi-

cantly affect the sensitivity towards specific compounds, including RH. Water molecules, predominantly acting as 

electron acceptors at ambient temperatures, can significantly interfere with gas sensing devices. Experimental find-

ings suggest that the detection of electron-accepting gases like NO2 is amplified at higher humidity levels due to an 

additive effect that increases the concentration of holes.163 This effect contrasts with detecting electron-donating 

species in humid conditions, where a competitive reaction between water molecules and the analyte may reduce 

the sensor responses, contingent upon the relative humidity level.164 Several experimental studies have observed 

that increased RH levels lead to higher sensing responses to NO2 for borophene-based sensors, as water molecules 

and NO2 act as electron acceptors.158 

In this perspective, C. Hou et al. developed a humidity sensor based on a heterostructure comprising borophene 

and graphene, with a mass ratio of 100:1.161 This study investigated the sensing performance for detecting H2O 

from dry conditions to an 85% RH, revealing a remarkable increase in response of 4200% between both situations. 

Notably, the borophene-graphene heterostructure exhibited sensitivity to humidity nearly 700 times higher than that 

of pristine graphene, both in high-humidity environments and under bending strain. Similarly, a borophene-MoS2 

hybrid, with a mass ratio of 2:1, has been developed as a humidity sensor, further enhancing the sensing perfor-

mance. This hybrid achieved a response of 15500% for an RH of 97%. Notably, the hybrid containing borophene 
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exhibited an approximately 80-fold increase in response compared to bare MoS2.162 The authors attribute this en-

hanced humidity detection to several factors, like the large specific surface area, the presence of edge and defect 

sites such as S-vacancies, and the Grotthuss mechanism. Furthermore, this sensor showed reversible and sub-minute 

response and recovery times, highlighting its potential for practical uses in the future. 

However, ambient moisture introduces further complications when detecting air pollutants, as the fluctuating 

relative humidity levels can impact the analyte detection accuracy. These variations necessitate comprehensive 

calibration processes to account for the influence of water molecules on sensor responses. For practical applications, 

it is essential to quantify the modulation in sensing performance induced by moisture to discount its effects and 

ensure reliable detection of target gases.  

Another challenge lies in the relatively low resistance changes observed in borophene-based gas sensors com-

pared to other nanomaterials, such as metal oxides (MOx). Specifically, the responses per unit concentration (e.g., 

ppm of NO₂) are significantly limited. It is important to recognize that the experimental results summarized in Table 

4 were obtained at room temperature, which inherently leads to lower sensitivities compared to MOx sensors, typ-

ically operated at some hundreds of Celsius degrees. Nevertheless, further research efforts are likely required to 

enhance the overall response of borophene-based gas sensors. 

Challenges and Limitations 

Theoretical studies, derived under idealized conditions, help identify the most promising borophene configura-

tions by predicting electronic properties, interactions with gases and the most stable phases. Despite the widespread 

recognition of borophene's high potential for use in the next generation of high-performance sensors, its practical 

application remains a significant challenge. A notable gap exists between theoretical and experimental research on 

borophene for sensing applications, characterized by a disproportionate ratio of theoretical works to experimental 

studies. This imbalance may come from several experimental factors, including challenges related to borophene 

oxidation, interference from relative humidity, and issues with selectivity, as will be discussed later. While these 

calculations provide crucial starting points for experimental exploration, their predictions should account for the 

practical challenges, to better support the development and optimization of borophene-based gas sensors.  

From this perspective, there is still a lack of practical implementation of borophene gas sensors in commercial 

devices. Since this 2D nanomaterial is still in its early research stage, most studies have been conducted experi-

mentally under controlled laboratory conditions. Therefore, advancing towards real-world applications requires 

addressing the experimental challenges identified in this section. 

Superficial borophene oxidation. The susceptibility of borophene to oxidation, attributed to its high surface 

activity, represents a critical factor often overlooked in theoretical analyses. This tendency for oxidation can sub-

stantially modify the properties of borophene, presenting challenges for applying theoretical predictions in practical 

scenarios. While theoretical research extensively explores the properties of pure borophene, the practical challenge 

lies in obtaining and stabilizing borophene in real-world conditions where exposure to atmospheric oxygen is 
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unavoidable. This disparity highlights a significant gap between theoretical and experimental research on boro-

phene for sensing applications, with most theoretical sensing studies not accounting for the borophene reactivity 

with oxygen.165,166 

One primary reason for this disparity might be the focus of theoretical studies on pristine borophene in ideal 

conditions, whereas, in practical scenarios, borophene exhibits considerable instability when exposed to atmos-

pheric oxygen. Consequently, many experimental investigations report oxygen content ranging from 9% to 57% 

(Table 5), as evidenced by reliable techniques such as X-ray photoelectron spectroscopy (XPS). This oxygen incor-

poration can significantly alter the properties of borophene, potentially challenging the applicability of many theo-

retical studies. Moreover, theoretical studies often do not consider other elements, such as carbon and nitrogen, 

whereas experimental works frequently detect significant contents of these elements (Table 5). This surface con-

tamination is primarily attributed to the borophene exposure to the air atmosphere and using solvents during the 

synthesis process. However, it is worth noting that specific methods, such as sonochemical exfoliation, can increase 

this surface contamination during the top-down method synthesis. 

The presence of oxygen and carbon in borophene can also be attributed to defects in the borophene. These defects 

often act as reactive sites for interacting with gas molecules, significantly modifying the sensing performance. It is 

important to recognize these factors for accurate theoretical modeling and better alignment with experimental re-

sults.  

Notably, experimental works frequently report high oxygen content in boron samples, necessitating careful con-

sideration of boron suboxide (BxOy) and boron oxide (B₂O₃) presence, which appears at higher energy bindings in 

the B 1s peak. This phenomenon is illustrated in Figure 7. Research dating back to 1989 by Moddeman and collab-

orators studied boron oxidation in detail using pure boron powders.167 This figure shows a comparison of boron 1s 

XPS peak at different take-off angles (α), ranging from 38° to 90°. A take-off angle of 90° indicates measurement 

from the horizontal sample surface, with photoelectrons being detected from deeper layers. At this angle, the main 

peak corresponds to B0 (B-B bonds), while a secondary peak related to BxOy (B-O bonds) related to a suboxide 

layer can also be observed. However, as the take-off angle decreases, measuring progressively shallower depths, 

the intensity of suboxide layers (BₓOᵧ, where x/y = 3) tends to increase, suggesting that oxidation is concentrated 

near the surface. Additionally, a new and secondary peak at higher energy binding related to boron suboxide (BₓOᵧ, 

where 1.5 < x/y < 3) emerges at lower angles, emphasizing the presence of a thin suboxide layer atop the boron 

surface. Beyond suboxide formation, fully oxidized boron (B₂O₃) may also form in the outermost layers of boro-

phene.171 This fully oxidized state is identifiable in XPS spectra as a peak at higher binding energy in the B 1s, 

around 192.4 eV.172  

These experimental demonstrations are crucial for understanding the high levels of oxygen detected by XPS in 

recent publications on borophene-based works, as outlined in Table 5. This experimental evidence highlights the 

importance of accounting for surface oxidation in boron studies and should be factored into theoretical models. 

Further research into borophene oxidation mechanisms could reveal these surface changes, which are likely to 
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significantly affect the sensing performance. For instance, an impactful future study could involve performing XPS 

measurements at various take-off angles on few-layer borophene to more accurately quantify the ratios of B, O, and 

even C. Understanding the oxidation process more thoroughly upon air exposure could help in designing strategies 

to mitigate oxidation-related degradation, thus enhancing the borophene stability and functionality for gas sensing 

purposes. 

Recently, X. Liu et al. studied the borophene oxidation process through two pathways. First, the exposure of 

borophene to air results in rapid oxidation within just 1 minute. Conversely, the oxidation process can be controlled 

if borophene is exposed to molecular oxygen in an ultra-high vacuum (UHV).73 Despite shedding light on the 

superficial oxidation process of borophene, this methodology highlights a remaining challenge for applying boro-

phene in ambient conditions due to uncontrolled oxidation processes. 

R.Y. Guo et al. shed light on the oxidation mechanisms involving reactive dangling oxygen atoms. According to 

these authors, oxygen chemisorption on the borophene surface is an exergonic reaction that produces neutral and 

electrically active defects.166 Initially, exposure of borophene to air generates dangling oxygen defects at the boro-

phene surface, which are electrically neutral. However, upon the chemisorption of oxygen atoms, the borophene 

surface becomes polarized due to the difference in electronegativity between boron and oxygen. This polarization 

makes the surface more hydrophilic, possibly explaining the high sensitivity of borophene to ambient moisture. 

Specifically, partial electrons from borophene are likely transferred to adsorptive oxygen, partially filling the 2p 

orbitals. Moreover, unpaired electrons from oxygen can interact with a second oxygen atom to form more stable 

structures. This process results in the well-known surface oxidation of borophene, which is relatively stable due to 

chemisorbed oxygen with higher energy binding of more than 3 eV, as shown in Figure 8 for multiple configura-

tions. Consequently, oxygen chemisorption is influenced by defects and impurities in borophene.166 

Furthermore, while it is feasible to maintain borophene under controlled laboratory conditions (e.g., dry boxes, 

nitrogen atmospheres), these environments diverge significantly from those encountered in real-world settings. 

While effective in preserving the integrity and stability of borophene for research purposes, such specialized con-

ditions  

may not be practical or economically viable for widespread sensor deployment and use. In this context, P. Ranjan 

et al. proposed an interesting approach to significantly reduce the undesired oxygen and carbon content, which 

involves performing an argon plasma surface etching.98 However, since this strategy may only provide temporary 

effectiveness, there is yet to be a definitive solution for the rapid superficial oxidation of borophene. Hence, after 

this approach, borophene likely returns to some extent to the previous situation when exposed to air, in which 

oxygen remains a significant issue. 

A novel strategy to enhance the stability of borophene is hydrogenation, leading to the formation of borophane, 

a hydrogenated derivative of borophene. Theoretical works suggest that borophane retains the exceptional proper-

ties of borophene, such as high Fermi velocity and Young’s modulus while achieving dynamic stability through 
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electron transfer induced by hydrogenation.109 Recent experimental efforts in 2023 by X. Zeng et al. have made 

significant advances toward synthesizing hydrogenated borophene (borophane) through exfoliation and ion ex-

change techniques. The resulting material, supported on a carbon substrate and decorated with platinum nanoparti-

cles (Figure 9a), shows improved stability, although oxidation remains a concern. XPS survey spectra from this 

study revealed the presence of B, C, and Pt, as expected, but also a notable O 1s peak indicative of oxidation (Figure 

9b). Further analysis of the B 1s peak deconvolution reveals a considerable amount of boron-oxygen (B-O) bonds 

(Figure 9d), pointing to oxidized boron.173 Similarly, Q. Li et al. worked on synthesizing borophane polymorphs 

through hydrogenation, revealing a reduction in boron oxidation, although with detectable levels of boron oxide in 

XPS peaks.174 Alternatively, Liu and collaborators reported the use bis(triphenylphosphine)copper tetrahydroborate 

as a boron source for obtaining β12 borophane through a CVD growth in a hydrogen-rich atmosphere.175 This study 

reports a 6% of oxidation after 1h, which is a significant improvement in comparison to borophene (non-hydrogen-

ated), but for implementing it in sensing devices is not enough. These findings highlight the persistent challenge of 

fully mitigating boron oxidation in hydrogenated borophene. While theoretical predictions and experimental ad-

vancements have showcased the potential of hydrogenation as a viable strategy for stabilizing borophene,176,177 

further research is crucial to minimize the presence of boron oxide and fully realize the nanomaterial capabilities 

in sensing applications. 

Recently, Rezvani and collaborators proposed a novel approach to face the oxidation issue, by using aluminum 

(Al)-activated chemical vapor deposition (CVD) to stabilize  

borophene.178 Their findings reveal that Al aggregation on borophene reduces oxidation primarily to Al-rich areas 

and sheet edges, preserving the borophene χ3 phase (with minor β12 phase) even after prolonged air exposure. DFT 

calculations confirmed that oxygen binding energy is significantly lower on Al-supported borophene than on metal-

free borophene, aligning with the experimental observation of improved oxidation resistance. This Al-activation 

technique seems to limit the oxidation to the borophene edges, but it is an excellent starting point for developing 

further research to overcome this issue. 

Interference of relative humidity. The impact of humidity on sensing performance is a critical consideration, as 

water molecules often represent the most prevalent interferent in sensor devices. As discussed previously, water 

molecules tend to act as electron acceptors, potentially interfering with the sensing process. In other words, the 

detection of air pollutants is highly dependent on the RH levels. Despite this, theoretical analyses frequently over-

look this paramount effect, highlighting a significant discrepancy between theoretical predictions and experimental 

realities in the context of borophene-based sensors. Hence, a future avenue of research might involve DFT studies 

considering the sensing performance in a matrix where gas analytes coexist with ambient moisture.  

Furthermore, the effect of water molecules is especially critical for borophene since its oxidation under exposure 

to air makes its surface highly hydrophilic. Besides, the exceptionally high sensing responses to ambient moisture 

summarized in Table 4 indicate that while borophene could act as a humidity sensor, detecting air pollutants in 

variable humidity levels constitutes a significant challenge. Considering the minimal amount of experimental work 
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employing borophene-based gas sensors, there is considerable room for novel developments. For instance, some 

anti-humidity strategies for resistive sensors are available.179 A new research avenue for borophene-based devices 

could be using membranes to perform physical isolation. Membranes of different compositions, such as polylactic 

acid (PLA)180 and polydimethylsiloxane (PDMS)181,182 have been employed for other nanomaterials to mitigate the 

interference of water molecules. However, as a trade-off, employing membranes to filter the ambient moisture to 

some extent increases the device complexity, cost, and maintenance. 

Another issue with relative humidity is the potential instability of the active films. The sensing performance of 

Ba-decorated borophene was assessed over 35 days of use, revealing that 21% of RH does not compromise the 

stability, while 50% of RH dramatically decreases the sensor responses.158 Thereby, a novel possibility for reducing 

the moisture interference and extending the borophene stability can be the development of heterostructures by 

adding nanomaterials with hydrophobic properties. In this sense, graphene can be an excellent choice thanks to its 

surface hydrophobicity and ability to work at RT as borophene. Indeed, this approach has already been employed 

in perovskites, which are well-known for fast degradation in contact with RH, and by combining them with gra-

phene it is possible their protection for gas sensing purposes.183,184 Thereby, the combination of borophene with 

graphene has a significant potential to develop novel gas sensors. For instance, Liu and collaborators intercalated 

boron amongst graphene using an Ag(111) substrate.185 Interestingly, the obtained borophene-graphene (B-G) het-

erostructures were bonded through Van der Waals forces in multilayer nanomaterial, while bilayers are covalently 

bonded. This change significantly modifies the heterostructure properties. Not limited to this, Wang and co-authors 

performed theoretical predictions over Van der Waals bonded B-G heterostructure doped with several transition 

metals.186 According to this study, the metal doping significantly improves the sensing performance over organic 

molecules in comparison to the bare B-G, potentially being highly sensitive to C2H2 and HCHO. 

Selectivity. Regarding selectivity, it is worth mentioning that the borophene potential to detect a broad spectrum 

of gas compounds, even at high purity levels, introduces a significant challenge due to its inherent lack of specific-

ity. Like other 2D nanomaterials such as graphene or MoS2, borophene may exhibit poor selectivity and cannot 

distinguish between gases coexisting within the same environment. A sophisticated approach to enhance selectivity 

is the use of filtering membranes with varying pore sizes for gas separation. This method controls the access of gas 

molecules to the sensor surface, improving the sensor ability to detect specific gases while reducing interference 

from others. Additionally, filtering membranes can prevent the adsorption of unwanted chemicals that could de-

grade the sensor material, potentially extending the sensor operational lifespan. A recent study by N.K. Arkoti et 

al. explored using a borophene gas sensor for NO2 detection, employing a selective membrane. As a result, the use 

of this membrane significantly improved selectivity towards NO2, and the filtering membrane's efficacy was par-

ticularly notable at higher humidity levels, enhancing the borophene gas sensor selectivity and stability.155 

However, integrating selective filtering membranes into gas sensors introduces several drawbacks. The addition 

of membranes increases the complexity of device design and fabrication, leading to higher production costs. Mem-

branes may also require frequent maintenance, such as cleaning or replacement, particularly in environments with 
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dust, moisture, or other particulates that could block the pores, diminishing their effectiveness. Developing and 

fabricating specialized membranes that meet precise selectivity and permeability criteria can be resource intensive. 

Furthermore, the primary consideration for gas separation and filtering is the molecular size capable of diffusing 

through the membrane pores. Given the huge amount of compounds in real atmospheres, molecules of similar size 

might pass through the pores and reach the sensor surface, potentially resulting in false positives for analyte con-

centrations. This necessitates extensive research to achieve adequate selectivity under real conditions. Additionally, 

while filtering membranes improve selectivity, they may also restrict the flow of target gas molecules to the sensor 

surface, potentially decreasing the sensor sensitivity. This trade-off requires careful consideration during the sensor 

design process. 

The nanomaterials inability to discriminate between different gases in complex matrices limits their applicability 

in real-world scenarios where multiple gases are present simultaneously. Thereby, researchers have turned to sensor 

arrays coupled with advanced data analysis techniques to overcome this limitation and enhance selectivity. Inte-

grating multiple sensors with different compositions into an array offers a promising solution to the selectivity 

problem.187–189 Each sensor in the array responds differently to different gases based on its specific chemical inter-

actions, providing a unique response pattern or "fingerprint" for each gas. Analyzing the sensor array responses 

makes it possible to distinguish between different gases, even in complex mixtures.190 Moreover, sensor arrays can 

be tailored to target specific gases of interest, further enhancing selectivity. 

Developing borophene-based sensor arrays with different compositions would be possible. This opens huge pos-

sibilities since it is possible to decorate borophene with metal nanoparticles, combine borophene with other 2D 

nanomaterials such as MoS2 or graphene, or integrate them into metal oxide nanostructures. Once a sensor array 

with various cross-sensitivities is achieved, multivariate data methods like principal component regression (PCR), 

a method for multicomponent analysis, can be used. Besides, pattern recognition through principal component 

analysis (PCA) can also be employed, paving the way for developing machine learning tools.191,192 Combining these 

analyses would make it possible to identify the presence of specific gases and quantify their concentrations accu-

rately. 

Synthesis scalability. Addressing the scalability of borophene synthesis poses a significant challenge that prob-

ably prevents its use in practical applications. Currently, the MBE, which involves the growth of borophene on 

metal substrates, represents the predominant method for producing this 2D nanomaterial. However, this technique 

encounters limitations when considering the transition to industrial-scale production, primarily due to the limita-

tions associated with maintaining precise control over the synthesis process on a larger scale. Additionally, as dis-

cussed previously, the MBE should face another significant challenge related to the transfer step. Despite the high-

quality borophene obtained through the MBE method, when the 2D nanomaterial is transferred from the metal 

substrate to the device substrate (e.g., electrodes of sensing devices), this results in a lowering of borophene crys-

tallinity, and in consequence, their properties are heavily affected. 
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For borophene to be viably synthesized for widespread industrial applications, alternative methods warrant ex-

ploration. Exploring top-down approaches remains a critical avenue for research. Innovations in ultrasonication-

assisted liquid-phase exfoliation from bulk boron would lead to new methodologies for controlling the size and 

thickness of exfoliated sheets, which could overcome the current limitations. This method makes easier the large-

scale production of borophene from existing bulk materials as a source. Nonetheless, this approach has its draw-

backs. Specifically, sonochemical exfoliation may result in less control over the dimensions and uniformity of the 

borophene sheets produced. The variability in sheet size and thickness could affect the consistency of the material 

properties, posing challenges for applications that require precise specifications. Besides, it must be considered if 

synthesizing monolayer, bilayer, or multilayered borophene since their properties and synthesis costs can signifi-

cantly change. Nevertheless, advancements in this area are essential for unlocking the full potential of borophene 

in industrial applications, making the large-scale production of this promising material a tangible reality. 

Conclusions and Outlook 

The miniaturization of sensors, driven by the unique properties of 2D nanomaterials, provides exceptional sensing 

properties. Their highest surface-to-volume ratio offers a greater density of available reactive sites for interacting 

with the gas compounds, significantly improving the sensing performance. Furthermore, advancements in scalable 

synthesis methods will be essential in enabling the large-scale production of high-quality borophene for practical 

sensor applications. In this sense, it is worth highlighting that ultrasonication-assisted liquid-phase exfoliation is a 

straightforward, cost-effective, and potentially scalable synthesis method. 

Borophene, with its remarkable polymorphism, exceptional conductivity, and unparalleled flexibility, holds the 

potential to revolutionize materials science. Its unique properties offer unprecedented promise for gas sensing ap-

plications. However, upon reviewing the current state of borophene research in gas sensor applications, it is evident 

that while theoretical studies have shown the potential of borophene, there are significant challenges in translating 

these findings into practical applications. This highlights the crucial need to bridge the gap between theoretical 

predictions and experimental findings to gain a comprehensive understanding of borophene behavior in gas sensing 

applications. Both theoretical and experimental efforts are needed to address practical challenges, aligning theoret-

ical models more closely with real-world conditions while advancing experimental techniques. Achieving this 

alignment will require overcoming several technological bottlenecks.193 

A critical challenge for the widespread adoption of borophene in sensing technologies is its instability in atmos-

pheric conditions. Regardless of the borophene synthesis method used, borophene faces an invariable situation, its 

uncontrollable surface oxidation when exposed to air. Experimental findings using have shown that borophene 

samples exhibit a high oxygen content (tens of %) due to rapid oxidation within a few minutes of exposure to air. 

Hence, this suboxide layer on the borophene surface completely changes the sensing dynamics and performance of 

the sensors, jeopardizing the theoretical predictions that do not account for this phenomenon. Several approaches, 

such as borophene hydrogenation, can somewhat mitigate this problem, but the oxygen content is still significant. 

Another suggested strategy involves Ar plasma etching, which effectively removes oxygen from the borophene 
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surface. However, once the sample is removed from the vacuum chamber and exposed to the air, the oxidation 

process is expected to resume. Therefore, future advancements should focus on integrating material synthesis with 

device fabrication processes and developing surface protection techniques to improve the borophene stability 

against oxidation. 

Another unresolved issue is the interference of relative humidity. As it is well-known, water molecules are prob-

ably the highest interferent compound for gas sensors. However, the superficial oxidation of borophene makes the 

surface highly hydrophilic, significantly enhancing the sensitivity to ambient moisture. Interestingly, borophene 

can potentially be used as a humidity sensor. Conversely, detecting air pollutants is challenging under variable 

humidity levels, which heavily affect the sensing performance. To address this challenge and enhance the reliability 

and long-term stability of borophene-based sensors, approaches such as using anti-humidity membranes and pro-

tective coatings can be effectively employed. 

Additionally, it should be noted that, to date, borophene-based gas sensors exhibit limited responses per unit of 

pollutant concentration. This presents new research opportunities for improving sensing performance through var-

ious approaches, such as optimizing gas flow rates, moderately increasing operating temperatures, refining device 

design, and incorporating ultraviolet (UV) light to stimulate more energetic and effective interactions with gases. 

Theoretical investigations have shown that borophene polymorphs can detect a wide variety of gas compounds. 

However, this sensitivity presents challenges for real-world applications due to the presence of multiple analytes in 

complex matrices like atmospheric conditions. In other words, when multiple gaseous compounds coexist in the 

same matrix, the discrimination and quantification of individual compounds remain a challenge. In this perspective, 

the development of sensor arrays that combine and analyze data may provide a solution to this issue. While this 

proposed solution offers promising avenues, it is accompanied by increased production costs, data processing com-

plexities, and heightened device maintenance demands. These considerations necessitate a careful approach during 

the design phase to balance performance enhancements against practical constraints. Alternatively, considering the 

high versatility of borophene for surface engineering and the development of advanced nanocomposites, a practical 

pathway to improve selectivity might be creating new boron-based nanomaterials to tailor selectivity to some ex-

tent.  

In summary, addressing issues such as borophene oxidation, interference from relative humidity, lack of selectiv-

ity, and synthesis scalability is crucial to enable the widespread use of borophene-based gas sensors. Researchers 

should focus on developing novel strategies to mitigate these challenges and position borophene as a leading can-

didate for high-performance electronic devices in the next generation of sensing technology. 
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Table 1. Advantages, disadvantages, primary and potential improvements for the main borophene synthe-

sis methods. 

Synthesis 

Method 
Advantages Disadvantages 

Main Chal-

lenge 
Potential improvement 

Molecular 

beam epi-

taxy (MBE) 

1) High purity 

and crystallinity 

2) Precise con-

trol over layer 

growth 

1) High cost 

2)Limited scalability 

3) Production of lim-

ited quantities 

Ensuring repro-

ducibility de-

vice-to-device 

during the layer 

transfer 

Development of advanced transfer 

methods to preserve layer quality, 

and exploration of new substrate 

materials for enhanced compati-

bility 

Chemical 

vapor depo-

sition 

(CVD) 

1) Obtention of 

large surface 

area borophene 

2) Reasonable 

control over 

thickness and 

phase purity 

1) High temperature 

requirements limit 

substrate choices 

2) Variability in gas 

flow into the cham-

ber impacts repro-

ducibility 

Maintaining pre-

cise control of 

parameters for 

reliable scaling 

in industrial ap-

plications 

Innovations in developing low-

temperature CVD techniques, uni-

form gas flow systems, and more 

specific substrates 

Sonochemi-

cal exfolia-

tion 

1) Easily scala-

ble 

2) Cost effec-

tiveness 

1) Limited control 

over layer quality 

2) Induced structural 

defects 

High density de-

fect accelerates 

the superficial 

oxidation pro-

cesses 

Optimization of solvent selection 

and centrifugation parameters to 

reduce defects, alongside pas-

sivation strategies to address oxi-

dation and stability 

 

Table 2. Theoretical adsorption energies and charge transfer of different electron-withdrawing com-

pounds adsorbed on borophene surface. Selected representative examples are provided for illustration. 

Nanomaterial 
Electron acceptor 

gas 

Type of adsorp-

tion 

Adsorption energy 

(eV) 

Charge transfer 

(e) 

Pure borophene53 NO2 Chemisorbed -2.32 -0.72 

MoS2/ borophene114 NO2 Chemisorbed -2.12 -0.80 

Pure borophene53 NO Chemisorbed -1.79 -0.62 
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MoS2/ borophene114 NO Chemisorbed -1.47 -1.24 

Pure borophene53 CO2 Physiosorbed -0.36 -0.09 

MoS2/ borophene114 CO2 Physiosorbed -0.64 -0.04 

Na-doped boro-

phene115 
CO2 Chemisorbed -0.87 -0.17 

Pure borophene116 SO2 Physiosorbed -0.49 -0.09 

Li-doped boro-

phene116 
SO2 Chemisorbed -1.36 -0.34 

Pure borophene53 CO Chemisorbed -1.38 -0.39 

MoS2/ borophene114 CO Chemisorbed -1.15 -0.41 

Pure borophene117 HCHO Chemisorbed -1.21 -0.32 

2H-MoS2/ boro-

phene118 
HCHO Chemisorbed -2.57 -1.28 

 

Table 3. Theoretical adsorption energies and charge transfer of different electron donor compounds ad-

sorbed on borophene surface. Selected representative examples are provided for illustration. 

Nanomaterial 
Electron donor 

gas 

Type of adsorp-

tion 

Adsorption energy 

(eV) 

Charge transfer 

(e) 

Pure borophene53 NH3 Chemisorbed -1.75 +0.18 

Pure borophene119 HCN Chemisorbed -0.65 +0.23 

Pure borophene120 CH4 Physiosorbed -0.79 +0.01 

Graphene/ Boro-

phene121 
CH4 Physiosorbed -0.13 +0.01 

2H-MoS2/ boro-

phene118 
CH4 Physiosorbed -0.17 +0.01 

Pure borophene120 CH3OH Physiosorbed -0.89 +0.02 

Graphene/ Boro-

phene121 
CH3OH Physiosorbed -0.26 +0.01 
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2H-MoS2/ boro-

phene118 
CH3OH Physiosorbed -0.41 +0.01 

Pure borophene117 C2H6 Physiosorbed -0.27 +0.01 

Pure borophene120 C6H6 Physiosorbed -0.97 +0.01 

Graphene/ Boro-

phene121 
C2H4 Physiosorbed -0.19 +0.01 

2H-MoS2/ boro-

phene118 
C2H4 Physiosorbed -0.32 +0.01 

Graphene/ Boro-

phene121 
C2H2 Physiosorbed -0.14 +0.01 

SnO2/ borophene122 HCHO Chemisorbed -1.81 +0.09 

Pure borophene117 H3CCl Physiosorbed -0.29 +0.01 

 

Table 4. Comparison of the sensing performance of published experimental studies that reported boro-

phene-based gas sensors. All sensors were operated under ambient temperature conditions. 

Sample 

Synthesis 

method of 

borophene 

Ana-

lyte 

Response (%) / concentra-

tion (ppm) 

Response / recov-

ery times (s) 

Barium decorated boro-

phene158 
Sonochemical NO2 51.5 / 25 40 / 44 

Borophene-PEI-ZIF-8155 Sonochemical NO2 24.1 / 25 72 / 48 

Borophene159 Sonochemical CH4 43.5 / 50 42 / 40 

Borophene160 CVD NO2 422 / 100 30 / 200 

Borophene-graphene161 CVD H2O 4200 / 80 (% of RH) 10.5 / 8.3 

Borophene-MoS2
162 CVD H2O 15500 / 97 (% of RH) 2.5 / 3.1 
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Table 5. Comparison of XPS characterization of borophene. It is worth noting that significant contents of 

C and O are observed in experimental studies.  

 Atomic ratio (at. %) 

Method B C O N Ni Na Cu 

Sonochemical exfoliation, 

DMF90 
54.6 30.5 12.3 2.6 - - - 

Sonochemical exfoliation, ace-

tone95 
48.72 25.14 25.47 0.67 - - - 

CVD168 40.56 9.67 48.77 - 1.06 - - 

Sonochemical exfoliation, 

IPA169 
27.28 13.04 57.7 1.99 - - - 

CVD86 17.3 71.69 9.35 0.94 - 0.73 - 

CVD170 32.94 34.49 10.49 - - 1.61 17.84 
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