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Borophene, a two-dimensional (2D) monolayer of elemental boron, has emerged as an intriguing material with
superior characteristics including outstanding electronic, optical, chemical, mechanical, and catalytic properties.
Due to superior properties, borophene has shown great prospects for a variety of novel applications in the field of
energy storage devices, supercapacitors, sensors, and healthcare devices. This review provides an overview of
various synthesis techniques to produce borophene nanostructures. Additionally, different simulation approaches
have been discussed for studying the structural, electronic, and sensing properties of borophene and its com-
posites. Besides synthesis, this review focuses on exploring the structural and morphological characteristics of

borophene materials. Moreover, the uses of 2D borophene in gas sensing, humidity sensing, as well as other
chemical sensing have been discussed. Lastly, the current challenges and prospects of this promising 2D nano-
material have been extensively addressed.

1. Introduction

Boron is a light weight material and chemically versatile element in
the periodic table [1]. In contrast to other elemental materials, boron
has a wide range of bonding options that creates more than 16 bulk
polymorphs made up of connected icosahedrons such as a-Byo, $-B1gs,
T-B1g2, and y-Bag [2-5]. A most stable thermodynamic bulk polymorph
of boron, f-rhombohedral boron, is an unstable material stabilized by a
significant concentration of intrinsic defects that exhibit no ordering
even at extremely low temperatures [6]. This is another proof of the
uniqueness of boron. This extensive structural variety is also present
with two-dimensional (2D) boron sheets. [7]. Piazza et al. first proposed
the name of this 2D boron nanosheet as ‘borophene’ like graphene [8].
Their study provides the first experimental proof of the feasibility of
viable unique hexagonal vacancy boron nanostructures. Due to the
hexagonal holes, borophene can be subjected to a variety of chemical
changes to adjust its electrical and chemical properties. Thus borophene
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represents a novel family of atom-thick nanomaterial complementary to
graphene. In the case of graphene, due to the lack of band gap its usage
in digital electronics is limited. Other 2D materials like phosphorene and
silicene have restricted their uses in photoelectric and photovoltaic de-
vices due to their instability in the air. Hence, it is extremely necessary to
explore a novel 2D semiconductor material that is highly stable in air.
Tai et al. carried out first-principles modeling of the electronic band
structure which demonstrated the intriguing direct band gap semi-
conductor properties of the y-Bog monolayer [9].

Borophene has attracted a lot of interest due to its intriguing physical
and chemical -characteristics, including outstanding mechanical
compatibility, excellent carrier mobility, promising optical and elec-
tronic properties, extremely high thermal conductivity, and excellent
stability [7,9-15]. Borophene has also recently been attracted to the
energy, environment, and biomedicine field owing to its outstanding
morphological and physicochemical characteristics [7,16-21]. Accord-
ing to theoretical calculations, borophene possesses a variety of
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Fig. 1. Synthesis approaches of 2D nanomaterials (a) Top-down approach. (b) Bottom-up approach [34].

low-dimensional allotropes with intriguing characteristics. A few phases
of borophene, including 2-Pmmn, Bio, ¥3, and graphene-like phases,
have been synthesized among the various borophene allotropes. These
four different phases of borophene can be synthesized in ultrahigh
vacuum (UHV) conditions through chemical vapor deposition (CVD),
plasma spray, physical vapor deposition (PVD), liquid phase sono-
chemical exfoliation, molecular beam epitaxy (MBE), and electron beam
evaporation on atomically cleaned substrates [22,23]. According to
theoretical predictions, an assortment of borophene structures possesses
remarkable Young’s moduli [14,15,23]. Generally, the anisotropic
Young’s modulus triangular structure of borophene is 398 N/m and 170
N/m which is higher than the modulus of graphene in one direction 340
N/m [24]. At first, a successful synthesis of a two-dimensional (2D)
boron sheet on silver (Ag) substrates under an ultrahigh-vacuum envi-
ronment was investigated in 2015 by Mannix et al. [10]. Unlike bulk
boron allotropes, borophene exhibits metallic properties that are
compatible with forecasts of extremely anisotropic, two-dimensional
metal. The four borophene phases (f12, 2-Pmmn, X3, and honeycomb)
that were synthesized throughout the experiments are all metallic [25].

The discovery of synthesis methods and techniques that would
enable 2D materials to large production and efficient manipulation is a
major problem for the investigation of all 2D materials [26-28]. Sutter
et al. investigated the successful large-scale layer-by-layer borophene
synthesis up to two single-layer thicknesses through boron segregation
on Ru (0001) [29]. The vertical incorporation of borophene by tetra-
phenyl dibenzo periflanthene (DBP) and angstrom-scale measurement
interfacial responses by ultrahigh-vacuum tip-enhanced Raman spec-
troscopy (UHV-TERS) are examined by Linfei et al. [30]. To direct the
experimental growth of borophene, Yakobson et al. have thoroughly
explored stable 2D boron sheets [31-33]. However, the experimental
implementation of borophene is still in the early stages, therefore
additional investigations and theoretical research are required to delve
deeper into the material’s structures, characteristics, and growth
mechanism. In this review, various synthesis methods of borophene
have been introduced. Then the structural and morphological charac-
teristics of borophene have been reviewed. Furthermore, the state-of-art
theoretical and experimental research on sensing applications of

borophene-based devices has been discussed. Finally, the current chal-
lenges and future outlook on borophene and borophene-based devices
were summarized.

2. Synthesis of borophene

There are two main approaches for synthesizing 2D nanomaterials
including top-down and bottom-up. The top-down approach utilizes
energy from physical, chemical, and biological sources to split complex
structures into smaller pieces. The Top-down approaches include me-
chanical cleavage, ultrasonication, ion intercalation exfoliation, and
different types of etching (Fig. 1a) [34]. The bottom-up approach
commences at the atomic scale and utilizes different chemical, physical,
or biological interactions for producing the nanoparticles [35]. The
bottom-up methods include chemical vapor deposition (CVD), physical
vapor deposition (PVD), and wet chemical synthesis (Fig. 1b).

2.1. Top-down approach

Free-standing borophene from boron flakes is produced by Liquid
phase sonochemical exfoliation [36]. Lin et al. developed free-standing
B12 borophene by low-temperature liquid exfoliation (LTLE) method
where the temperature range is between — 20 to — 25°C [37].
Numerous techniques have been utilized to synthesize borophene, but
all of them have some drawbacks such as becoming expensive and
difficult for large-scale production. Chowdhury et al. introduce a new
temperature-subject electrochemical exfoliation method which is very
similar to graphene synthesis. As we know boron is non-conductive
material at a low temperature so in this method the heating coil is
attached to boron for temperature rises then it can function as a
conductive material. The electric heater coil was placed inside the hol-
low aperture that was retained within the round boron rod in this model.
This boron rod was linked to the temperature controller to maintain the
desired level of boron temperature. In this method, designated boron
acted as the cathode and platinum acted as the anode. Afterward, boron
flakes were collected from the solution. Flakes of exfoliated boron were
sonicated in acetone for at least two hours to allow them to spread and
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Fig. 2. Electrochemical exfoliation of few-layered borophene sheets from bulk boron [52].

form a few atomic layers of borophene. After that, this sonicated solu-
tion was then centrifuged at 4000 rpm for 30 min to distinguish the
borophene and boron flakes’ atomic layers. The layered borophene su-
pernatant solution was then collected and dried [38]. Hou et al. suc-
cessfully developed ultrastable crystalline hydrogenated borophenes by
thermal decomposition of sodium borohydride (NaBH4) [39]. To syn-
thesize borophene without using metal substrates, they designed a
three-step heating technic using the thermal decomposition of sodium
borohydride under hydrogen as the carrier gas. The developed bor-
ophene exhibits remarkable stability in powerful acid and basic solvents
and is a unique 2D material with a B1/9 structure. Also, the obtained
optical band gap of the borophene agrees well with the first-principles
simulations. A borophene-based memory device was ultimately devel-
oped to demonstrate a high-performance device application [39].

2.2. Bottom-up approach

The experimental synthesis of borophene is suitable for deposit by
Molecular Beam Epitaxy (MBE), Chemical Vapor Deposition (CVD), and
Electron Beam Epitaxy (EBE) method on Ag (111) [1,40], Au (111) [41],
Cu (111) [42-45], Ir (111) [43,46-48], Al (111) [49], Ru (0001) [29]
and quartz [50] substrate. Tai et al. developed atomically thin
two-dimensional (2D) y-boron films on copper Cu foil via CVD using a
mixture of boron and boron oxide powder as the boron source and
hydrogen gas as the carrier gas [9]. They designed a two-zone CVD
furnace for preparing the 2D boron thin films. By using a typical

two-zone CVD technique, Y Liu et al. utilized Bis (triphenylphosphine)
copper tetrahydroborate ((PhsP); Cu(BH4)) as a source of boron and
successfully synthesized structurally stable and transferrable few-layer
B12-borophene on copper foils in a hydrogen-rich atmosphere to stabi-
lize its structure through hydrogenation [51]. Sielicki et al. successfully
synthesize the borophene electrochemical exfoliation of boron [52].
This method is carried out by adding bulk boron to a metal mesh, which
causes electrical conductivity and creates a platform for the production
of borophene. Typically, 0.1 g of bulk boron powder is first prepared on
metal mesh (nickel or copper) discs by hydraulic pressing. The disc has a
15 mm diameter and acts as the electrode. There are used two different
kinds of electrolytes of LiCl in DMSO and NaySO4 in DI water. The
auxiliary electrode is made of platinum wire. An electric current (1 A,
0.5 A, or 0.1 A) is supplied between the cathode and anode throughout
the electrochemical exfoliation method. All experiment is carried out for
one hour. The supernatant was collected after centrifuging and washing
with DI water at 5000 rpm. Fig. 2 displays a graphical illustration of the
synthesis of borophene sheets [52].

The discovery of synthesis methods and techniques that would allow
for their massive production and efficient processing is a major chal-
lenge in the research of all 2D materials [22,53,54]. The same is true for
borophene, where investigations are currently mostly limited to a small
area of in situ characterizations of samples. Recent advances in methods
of synthesis for borophene, substrate source materials, obtained phases,
and experiment temperature are summarized in Table 1.

Table 1
Synthesis of borophene by different methods, obtained phases, and operating conditions.
Methods Substrate Source material Phases of Temperature °C Ref.
borophene
Liquid phase sonochemical exfoliation Free standing Boron B12, X3 - [36]
powder

Low-temperature exfoliation Free standing Boron powder B12 —20to — 25 [37]
Electrochemical exfoliation Free standing Boron rod - 600-1000 [33]
MBE Ag(111) Bilayer-o borophene - [1]

EBE Ag(111) Solid boron rod V15, V1/5-30°, V1,6, and vy 6-30° 400-550 [40]
EBE Au(111) Boron rod V112 550 [41]
MBE Cu(111) Boron B12 326-576 [42]
CVD Ir(111) Diborane Y6 960 [43]

Cu(111) Diborane be) 500

EBE Cu(111) - 496 [44]
MBE Cu(100) P13 480-550 [45]
Segregation-enhanced epitaxy Ir(111) Dorazine B3HgN3 Y6 1200 [46]
CVD Ir(111) Borazine X6 850-1100 [47]
EBE Ir(111) Boron rod B12 and y3 300-600 [48]
MBE Al(111) Pure boron honeycomb 226 [49]
CVD Quartz Sodium borohydride (NaBH4) a2 —'H-borophene 650 [50]
CVD Ru(0001) Borazine - 850-950 [29]
Electrochemical exfoliation Free-standing Boron powder P12 or x3 - [52]
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Fig. 3. XRD patterns of the (a) precursor boron microparticles and the prepared borophene [56]. (b) B12 borophene [57]. (c) comparative plot of XRD of bulk boron
crystal (black), multilayer (blue), and few-layer (green) borophene [59]. (d) XRD patterns of bulk boron and borophene with few layers [58]. (e) Raman spectra of
pristine boron powder and 2D borophene sheets [37] (f) Tip-enhanced Raman spectroscopy (TERS) spectrum of a-borophene [64]. (g) Comparison of the TERS
spectra of o and f;5 phases after background subtraction and normalization [64]. Raman spectrum of (h) pure boron powder [61] (i) monolayer ;2 borophene [61]

(j) freestanding borophene [36].

3. Structural and morphological characterization of borophene

X-ray diffraction (XRD) is applied for the primary characterization of
material properties such as crystal structure, crystallite size, and strain
[55]. Nevin et al. compared the synthesized borophene XRD patterns
with boron. From Fig. 3a, it is shown that the boron microparticle and
borophene nanoparticle has almost similar peaks [56]. The XRD results

showed that there was no phase change when boron microparticles were
physically exfoliated to produce borophene and that both boron mi-
croparticles and borophene displayed the same crystallinity and
B-rhombohedral phase (Fig. 3b). Peaks on the XRD peaks correlated to
the boron p-rhombohedra (0001) plane [57]. Chahal et al. has shown
that bulk boron crystal displays XRD peaks that resemble the trig-
onal/rhombohedral (R3m) structure [58]. However, exfoliated sheets
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Fig. 3. (continued).

exhibited signatures from the parent crystal and new XRD peaks
(Fig. 3c), indicating structural changes during exfoliation [59]. Zhang
et al. applied XRD to analyze the phase purity and crystalline structure
of the exfoliated borophene comparisons the bulk B which are depicted
in Fig. 3d. A similar XRD pattern is seen when compared to bulk B, and
the majority of the main diffraction peaks can be attributed to the
B-rhombohedral boron, indicating that the crystalline structure is almost
preserved both before and after exfoliation [58].

Raman spectroscopy is an analytical technic for identifying a mate-
rial’s optical, and vibrational spectroscopic properties, which provides
thorough details on molecular composition and molecular structure
[60]. The complex structural and chemical characteristics of various
boron polymorphs can be characterized by their distinctive Raman
spectra, which have been widely utilized to describe bulk boron poly-
morphs («, B, and y-B) [61-63]. Raman spectroscopy was used to
distinguish 2D borophene sheets from pure boron powder. In Fig. 3e, the
characteristics of the p;2 phase are readily observed in four Raman peaks
of 2D borophene sheets which differ from the pure boron of the
p-rhombohedral phase [61]. The strong peak at 268 cm ™! is therefore
attributed to the out-of-plane bending vibrational modes (B% «X)) of the
12 phase, whereas the extra peaks at 423 cm ', 901 cm™!, and
1017 cm™! are corresponding to the B? o Aé (S), and B} ¢ modes,
respectively, resulting the in-plane straining modes of 12 phase [37].
The borophene’s vibrational data was obtained using a TERS analysis.
The far-field Raman signal is very lower owing to the narrow Raman
scattering cross-section for borophene when the STM probe tip is far off
from the surface. The Raman signal is dramatically increased when the
STM tip is placed near the borophene’s surface, showing a substantial
increase with the reduction in gap distance. Fig. 3f-g are shown five

strong peaks at 116.8 cm’l, 157.3 cm ™}, 339.0 cm’l, 702.6 cm™ ! and
920.4 cm ™%, including three poor peaks at 406.4 cm ™, 446.8 cm ™! and
1230.0 cm™[61,64]. According to the Raman spectrum, the pure boron
powders which are used for evaporating boron for borophene synthesis
found high purity p-rhombohedral phase in Fig. 3h. Raman peaks are
exhibited in abundance, particularly at low frequencies. It is noticeably
different from the boron powder’s Raman spectra, which were used to
evaporate boron atoms (Fig. 3i) [61,62]. Ranjan et al. observed sharp
Raman peaks for thin sheets of borophene placed over a surface of the
gold-coated glass at 130, 258, 697, and 805 cm™! in Fig. 3j [36].
Fourier transform infrared spectroscopy (FTIR) analysis is the
method of recognizing organic, inorganic, and polymeric compounds by
scanning samples using infrared light [65]. FTIR is a versatile tool for the
surface characterization of nanoparticles [66]. The complex structural
and chemical properties of Borophene-Quantum Dots with various
boron polymorphs and bulk boron were characterized by FTIR spectra.
The B-QDs FTIR spectra in Fig. 4a reveal two distinct peaks with centers
at 1364 and 3415 cm ™! that is attributable to B-O as well as B-OH,
respectively. This result suggests that the surfaces of the B-QDs undergo
partial boron oxidation [67]. Fig. 4b-c are displayed the FTIR spectra of
manufactured borophene as well as the PANIL: borophene nanofibrous
network. The FTIR study revealed that PANI: Borophene nanofiber
network included the distinctive characteristic peaks of the Borophene.
The synthesized borophene’s FTIR spectrum revealed the sample’s
typical peaks at 3479 cm™! (O-H), 2929 cm™! (B-B), 2861 cm ™! (B-H),
1653 cm™ (C = 0), 1496 cm™! (B-H), 1385 cm™! (B-0), 1255 cm™
(B-0), as well as 1091 cm™! (B-O-B vibrations). By the findings, the
FTIR spectra of such PANI: Borophene nanofiber identified directly that
Borophene was present in the structure and that there were distinct
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Fig. 4. FTIR spectra of Borophene (a) Quantum Dots and bulk boron [67]. (b) The spectrum of Borophene and (c) PANIL: Borophene nanofiber network [68]. (d) XPS
spectra of bulk boron and a few layers of borophene [58] and (e) Bulk B and liquid exfoliated Borophene sheets [70]. (f) Borophene glass’s zeta potential at various

pH levels [50].

bands that were characteristic of Borophene [68].

X-ray photoelectron spectroscopy (XPS) identifies the bonding con-
figurations of metals. XPS is a quantitative method for assessing the
elemental structure of a material’s surface [69]. XPS was applied to
examine the change in the surface’s structure and chemical status of
borophene layers both before and after exfoliation. Fig. 4d exhibits the
bulk B and borophene with a few layers of XPS spectra generated using
the probe ultrasound-assisted solvothermal exfoliation method. The
main peaks value corresponding to B, C, O, and N have been retained for
both samples in the 0-600 eV range of the XPS survey scan spectra of the
bulk B and exfoliated borophene, and the B composition doesn’t quite
change significantly between the two samples, indicating that their
surface constituents hardly change both before and after exfoliation
[58]. Xiaoyuan et al. exhibit that The XPS spectrum of bulk B as well as
liquid exfoliated B sheets comprised only the B ingredient, confirming
the remarkable purity of B sheets upon exfoliation (Fig. 4e). Thus, liquid

exfoliation of B was detected by X-ray photoelectron spectroscopy (XPS)
[70].

The surface charge and physical stability of borophene are evaluated
by zeta potential investigation. Zenghui et al. showed how the surface
charge of the borophene glass varies on the pH concentrations of various
solutions (Fig. 4f). In a neutral solution with a pH of 7, the borophene
glass’s zeta potential is 31.8 mV which implies that the borophene glass
surface is positively charged [50]. Simru et al. reported that the syn-
thesized a-borophene had adequate electrostatic repulsion to attain
acceptable physical stability [71]. We find the peak of Zeta potential
approximately — 30 mV which is sufficient as Zeta potential is stable
> +30mV [72].

Atomic Force Microscopy is a powerful technique for the charac-
terization of nanomaterials both qualitative and quantitative physical
properties such as size, surface roughness, morphology, and so forth
[73]. Ranjan et al. investigate atomic force microscopy (AFM) that
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Fig. 5. (a) and (b) AFM images and corresponding thickness profiles for two positions of typical borophene atomic sheets [36]. Borophene scanning on an Ir
crystalline using AFM (c) Full Bo coverage area; a white rectangle denotes the area that was checked for roughness. (d) The area is partially covered by borophene
sheets and isolated borophene islands. (e) Zoom in on the indicated area (d) by dashed-white square. (f), (g) and (h) the phase scans of (c), (d), and (e) are shown
respectively [46]. Single-layer borophene on Al (111) (i) STM picture of borophene (180 nm x 180 nm) islands on the surface of Al (111). (j) A monolayer borophene
island is visible in an STM image (150 nm x 150 nm) that covers an Al (111) step. (k) STM picture (15 nm x 15 nm) displaying the triangular corrugation with a
large period [49]. (1) Monolayer (ML) borophene onto Cu (111). (m) Borophene coexists in monolayer (ML) and bilayer (BL) [42]. (n) and (o) HRTEM of borophene
by the sonochemical method in the acetone solvent having p,,, intermediate, and X3 [36].
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Fig. 6. Borophene sensors’ sensing properties at room temperature. (a) Borophene sensing transients at various NO, concentrations. (b) The transient response-
recovery curve for 0.2, 0.5, and 1 ppm concentrations of NO,. (¢) Schematically illustration of borophene sensor on flexible PET in a bending condition. (d)
Real-time response curves for 2 ppm NO, at 0°, 45°, and 90° of bending angles respectively. (e) Real-time response curves at 90° bending angles with 1000 cycles
(yellow line) and the initial state (blue line). (f) Responses of borophene sensors at room temperature to 1 ppm NO, under 0%, 10%, 30%, and 60% RH.

Reproduced with permission from [80].

shows borophene sheets are only very few monolayers (1—10) thick as
well as vary in thickness. The layered structure of borophene is visual-
ized by AFM. A 2D borophene sheet with a lateral dimension as big as
1.2m was found in Fig. 5a-b. Although the thickness of the sheets
developed can vary, one can extract a monolayer, bilayer, or even
multilayer by centrifugation with sufficient speed and timing [36].
Radatovic et al. characterized to confirm borophene morphology and
stability in ambient conditions using AFM. AFM observation reveals that
almost the whole surface is covered by a monolayer of borophene which
agrees with the research of Omambac et al. [47]. In Fig. 5S¢, a large-scale
topographic picture shows that borophene crosses numerous terraces.
Full coverage and the lack of additional materials on the surface are both
confirmed by the corresponding phase image, which is displayed in
Fig. 5f. Images 5d and g (topography and phase, respectively) depict
partly covered Ir terraces that are frequently decorated by single Bo
islands. These characteristics are evident in the AFM phase picture,
where different materials provide varied contrasts. Fig. 5e and h depict a
zoom-in of the area marked in (Fig. 5d and g) by such a dashed white
square (topography and phase, respectively). Particularly in the phase
image, individual Bo islands may be distinguished there [46].

Scanning tunneling microscopy (STM) is an approach that has been
applied to imaging surfaces at the atomic scale for the surface analysis of
nanostructures to use the composition of atoms and molecules in
nanoparticles [74,75]. As seen in Fig. 5i-j, monolayer borophene islands
are produced when boron is evaporated over a pristine Al (111) sub-
strate at a temperature of roughly 500 K. The surface of the borophene
monolayer has distinctive quasi-periodic, triangular corrugations, as
seen in high-resolution STM pictures and also the zoom-in scan shown in
Fig. 5k [49]. Chen et al. found that borophene was prepared by an
electron-beam evaporation method from boron atoms upon the Cu (111)
surface at different substrate temperatures (Fig. 5-m). STM picture ex-
hibits the change in the Cu (111) surface when B coverage increases
[42].

Although borophene is expected to exhibit novel mechanical and

electrical properties, its large-scale uses are constrained by the need for a
substrate and ultrahigh vacuum conditions for borophene deposition,
which harms the progress of borophene research. To solve these issues,
Pranay et al. demonstrated a facile and large-scale synthesis of free-
standing atomic layers of borophene by reducing borophene oxide
with a novel liquid-phase exfoliation method [36]. The sonochemical
exfoliation technique is utilized to synthesize free-standing borophene
with a suitable efficient structure by using boron powder (= 20 um) in
different solvents including dimethylformamide, acetone, isopropyl
alcohol, water, and ethylene glycol. Acetone performs exceedingly well
and results of borophene monolayers compared to other solvents. Be-
sides, borophene showed pp2, intermediate, and X3 phases shown in
(Fig. 5n-0).

4. Sensing applications of borophene

Due to the thin layer structures, big surface area, and excellent
electronic, physical, and chemical properties, two-dimensional bor-
ophene has become a promising material in many applications in the
field of sensors, energy storage, optoelectronic devices, etc.[76-78,79,
80,26]. Several research groups focused on fabricating borophene-based
devices for detecting various gases. For instance, Hou et al. fabricated a
borophene-based NO, sensor to investigate its gas-sensing ability at
room temperature [80]. The resulting sensor revealed excellent sensi-
tivity toward NO, in the range of 0.2-100 ppm at room temperature
(Fig. 6a-b). The sensor showed an ultrahigh sensitivity of up to 445%, a
low detection limit of 200 ppb, and fast response and recovery of 30 s
and 200 s, respectively (Fig. 6a). The obtained results are superior to
other 2D materials, such as graphene, MoS,, and phosphorene-based
sensors at room temperature [80]. Furthermore, the sensor shows
good reproducibility and selectivity to NOy gas against various inter-
fering gases. Studying mechanical flexibility and stability for practical
applications in the field of flexible electronics is essential. The flexibility
of the fabricated borophene sensor on polyethylene terephthalate (PET)
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Fig. 7. Fabrication and analysis of borophene-MoS heterostructured humidity sensor. (a) The heterostructured sensor is depicted schematically. (b) Response of the
sensor in real-time under switching RH. (c) Sensitivity of the sensor under different RH levels. (d) Sensor cycling stability at 97% RH. (e) Sensor response and
recovery curves at 97% RH. (f) The sensor’s long-term stability for water vapors is at 43%, 67%, 75%, 85%, and 97% RH. (g) Sensor hysteresis curve at different
humidity levels. (h) A bent sensor on a PET substrate is shown schematically. (i) Sensor response curves in flat and bent conditions at 67% RH.

Reproduced with permission from [84].

substrate film on the flexible substrate was investigated at three
different bending angles including 0°, 45°, and 90° (Fig. 6¢). The
response curve at 2 ppm NO, under the three bending angles is shown in
Fig. 6d, where the sensor showed an almost constant sensitivity except
for small fluctuation. The possible reason for sensitivity fluctuation can
be attributed to the effects of stretching and compression, indicating its
high stability under 1000 bending/relaxing cycles in 2 ppm NO, gas
(Fig. 6e). Thus, the resulting sensor exhibited excellent mechanical
flexibility and stability. It is very important to consider the effect of
humidity to demonstrate the feasibility of a sensor for its practical ap-
plications. The borophene sensor showed an increased sensitivity for
1 ppm of NO; with increasing relative humidity (RH from 0% to 60%)
(Fig. 6f). This phenomenon can be ascribed to the hole doping effect of
H20 molecules, the large surface area of borophene which causes high
adsorption of H0, and the production of a large number of hydronium
ions (H30™) and H™, which increase the conductivity of borophene [81,
82].

Stable borophene was successfully synthesized and employed as a
promising material in the production of 2D heterostructures. Hou et al.
successfully grew large-scale borophene-graphene heterostructure in a
hydrogen-rich environment through in situ thermal decompositions of
NaBHy4 [39]. The prepared borophene-graphene heterostructure has
been utilized to construct humidity sensors. The developed sensor
showed outstanding performance in detecting humidity at room tem-
perature in the range of 0-85%. The sensitivity of the fabricated
borophene-based sensor is nearly 700 times higher than that of pristine

graphene at relative humidity (RH) of 85%. Furthermore, the highest
sensitivity of 4200% at 85% RH was achieved among all the reported 2D
materials-based chemo resistive sensors [83]. Humidity sensors have
been also investigated as a promising platform for real-time respiratory
monitoring and diagnostic analysis. The theoretical study on bor-
ophene-MoS; heterostructure showed promise for ultrahigh humidity
sensing applications [84]. The fabricated borophene-MoS, sensor
(Fig. 7a) showed excellent sensitivity, high selectivity, quick response,
good stability, and excellent mechanical flexibility. There is a noticeable
increase in sensor current and sensitivity with the RH values from 0% to
97% (Fig. 7b and c). The obtained sensitivity at a relative humidity (RH)
of 97% is about 15,500%, which is more than 90 or 70 times greater than
pristine borophene or MoS, (Fig. 7d). To date, this sensitivity is the
uppermost among entirely the described chemo resistive sensors based
on monolayer materials. Additionally, the resulting sensor showed a
faster response and recovery time of 2.5 s and 3.1 s, respectively at 97%
RH (Fig. 7e). Compared to other sensors based on MoS,, graphene, and
rGO sheets, the borophene-MoS, sensor exhibited alterable sensing
properties that will be helpful for the long-life application of the sensor,
as depicted in Fig. 7f and g. The selectivity of the sensor was investigated
by exposing different interfering gases including ethanol, acetone,
toluene, methanol, nitrogen dioxide, and ammonia at room tempera-
ture. Excellent selectivity was observed only for water vapor which is
important for realizing its practical applications. The borophene-MoS,
sensor was transferred to a thin and flexible polyethylene terephthalate
(PET) substrate attached to a cylindrical rod to realize its flexibility and
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Fig. 8. Applications of the borophene-MoS; heterostructured humidity sensor for various purposes. (a) Schematic representation of the human health diagnosis
utilizing humidity sensing technology. (b) Response to comparatively slow and fast breathing frequency. (c) Response of the sensor at various fingertip approaching
distances. (d) The humidity sensor’s response to the current in the non-contact switch sensing system approaches at operation voltages of 15 V both with and without
the fingertip. The circuit schematic is inset. (¢) Images of a non-contact switch sensing system for the fingertip. The degrees of illumination of a LED light will

experience the ON/OFF outcome as a result of the approaching finger.
Reproduced with permission from [84].

stability under high bending strain (Fig. 7h). The sensor maintained
almost similar before and after bending because of the greater flexibility
of the borophene-MoS; heterostructure (Fig. 7i) [84], indicating its
potential for flexible and wearable devices used in healthcare [27,28,53,
54].

Since the respiration rate controls the human body’s health status
may harm the length of life revealed by clinical research [85-87]. For
instance, extreme breathing rates (>20 breaths per min) may cause
fever, pain, anemia and hyperthyroidism, neuropathy, encephalitis, and
congestive heart failure may be caused by low breathing rates [85-87].
They employed the developed humidity to form a bridge between the
respiration frequency and the diagnosis of diseases (Fig. 8a). Response to
slow and fast respiration frequencies was recorded. It was observed that
an increase of current happened from about 2.1-3.1 pA at the beginning
of exhalation, while it returns to 2 at the beginning of inhalation
(Fig. 8b). Thus, the resulting sensor could be used for early diagnosis and
prevention without high medical costs. Additionally, surface moisture
emitted by fingertips was detected by the humidity sensor for devel-
oping a non-contact sensing system. The increased current response was
recorded at various distances between the fingertip and the sensor
ranging from 2 mm to 10 mm (Fig. 8c-d). When a fingertip approaches a
humidity sensor, the sensor’s inducing current will increase, leading to
an increase in the current of the LED and turning it on (Fig. 8e). Simi-
larly, the current will reduce when the fingertip is maintained away
from the sensor, which causes the LED to turn off.

A variety of theoretical simulation approaches including DFT, Non-
Equilibrium Green’s Function (NEGF), etc., have been studied to
explore the gas-sensing capability of borophene materials. Hou et al.
demonstrated a strong interaction between borophene and NO; mole-
cules (Fig. 9a) [80]. Besides NO5 molecules act as an acceptor gaining
0.119 e electrons from the borophene, indicating p-type doping of
borophene. According to the charge density difference (CCD), the N and
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O atoms of the NO2 molecule are surrounded by the golden yellow re-
gion (Fig. 9b), indicating the accumulation of lots of electrons that leads
to p-type doping of borophene. The band gap of the pristine borophene
is found at about 1.05 eV using First-principles calculations (Fig. 9c),
whereas the borophene transformed from semiconducting to conducting
in nature and consequently the conductivity increased. Because of the
adsorption of NO; gas (Fig. 9d). Fig. 9e and f show the DOS profile of
pristine borophene and the most stable structure after the NO, adsorp-
tion. Thus, the theoretical computation display that borophene is
favorable for sensing NO, [80]. DFT calculations showed that the
Na-decorated borophene monolayer shows adsorption energy of
1.895eV and —0.490 eV for CO and CO,, respectively, which de-
termines borophene as a potential material for capturing and detecting
these gases. DFT calculations were further completed to find the
adsorption energies of numerous hybrid structures of borophene sensors
that showed their long-term stability, selectivity, and electrical con-
ductivity. For instance, the transport properties of borophene/MoS;
heterostructure were calculated by the NEGF method, showing that the
resulting sensor is sensitive toward CO, CO2, NO, NOjy, and NHs.
Furthermore, the SnO, functionalized B;3-borophene sheets showed
excellent sensitivity toward formaldehyde. A DFT study demonstrated
that borophenes exhibited strong chemisorption with C;Hy and HCHO
molecules, suggesting the usage of borophene as a favorable sensing
material for CoHy and HCHO. Fazilaty and coworkers studied the gas
ability of Xs-borophene nanoribbon by NEGF and DFT methods. The
resulting sensor showed excellent selectivity to HaS in comparison with
NO and Hy0 vapor, which can be attributed to the high adsorption en-
ergy and strong charge transfer from H5S to the nanoribbon’s edge. For a
clear understanding of the chemisorption of SO, molecules on the bor-
ophene surface, the calculation of adsorption energy and charge transfer
was performed for many molecules. It was found that up to seven SOz
molecules were adsorbed on its surface borophene with a high
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Fig. 9. NO, adsorption calculations using DFT on the surface of borophene. (a) Views from the top and sides of the borophene structures with the most stable state.
(b) CDD of the configuration. (c) Pristine borophene band structures. (d) Band structures of borophene with adsorption of a single NO, molecule. (e) Pristine
borophene’s DOS. (f) DOS of borophene with NO, molecule adsorption. The as-synthesized free-standing borophene sheets (g) ammonia sensing, (h) PVDF sheet with
borophene as a nanofiller for strain sensing, (i) molecular sensing by SERS: Raman spectra of methylene blue dye on borosilicate glass, Au/borosilicate glass, and

borophene/Au/borosilicate glass.
Reproduced with permission from [80,36].

adsorption energy and charge transfer [94]. The gas sensing character-
istics of borophene nanotubes (BNTs) toward trimethyl amine (TMA)
and dimethyl amine (DMA) using NEGF and DFT techniques [93]. The
peak position in its density of states spectrum shifted, indicating the
electron transition between BNT and the target TMA and DMA. The I-V
characteristics of the BNT device showed a variation in current with the
concentration of DMA and TMA molecules.

A recent report on the B3g borophene nanosheet-based device
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showed significant changes in the electronic properties of borophene
(Bsg) under exposure to HCN due to strong physical and chemisorption.
Besides, the B2 phases of borophene were successfully synthesized
through ultrasonication, which was further functionalized with poly-
aniline for electrochemical sensing of glucose [95]. Thus, the resulting
sensor exhibited an excellent sensitivity to glucose with a low detection
limit of 0.5 mM, suggesting borophene is a stable material for the pro-
duction of 2D heterostructures [83].
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Table 2
Sensing applications of borophene-based devices.
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Simulation Work

Species Computational Sensing molecule
method
Borophene/ DFT and NEGF CO, CO,, NO, NO,, NH3

MoS, heterostructure

B12 borophenes DFT and NEGF NO, NO,, and NH3

%3 borophenes DFT and NEGF NH;, NO,, NO

B12 borophene/ NEGF CO, NO, NO,, NH3
MoS,

Borophene DFT SO,
B3 borophene nanosheet DFT HCN
B12 borophene DFT CO, NO, NH3, NO,, CO,
Borophene nanotube NEGF and DFT DMA and TMA
Experimental Work
Channel material Target analyte

Sensitivity(%)
Borophene NO, Up to 445%
Borophene-graphene Humidity 4200%
Borophene-MoS, Humidity 15,500%
o — 4 H- Borophene Humidity 150%

Mechanism Adsorption Ref.
energy (eV)
-1.15
-0.64
-1.47
-2.12
-1.52
-1.13
-1.89
-2.20
-1.48
-2.14
-1.93
0.99
0.81
1.63
0.62
-3.178
0.19
-0.49
-0.38
-0.41
-1.28
-0.19
-1.015
-0.780

Chemisorption and physisorption [88]

[89]

[89]

Chemisorption [90]

Chemisorption
Chemisorption
Chemisorption

[90]
[91]
[92]

[93]

Detection range Ref.
Response/recovery
30/200 s

10.5/8.3s

2.5/3.1s

2.3/0.7 s

0.2-100 ppm
0-85%
0-97%
67-85%

[80]
[83]
[84]
[83]

Although borophene is expected to exhibit novel mechanical and
electrical properties, its large-scale uses are constrained by the necessity
for a substrate and ultrahigh vacuum surroundings for borophene
deposition, which can harm the progress of borophene research. To
solve these issues, Pranay et al. demonstrated a facile and large-scale
synthesis of free-standing borophene atomic sheets by a unique liquid-
phase exfoliation method and the reduction of borophene oxide [36].
The sonochemical exfoliation technique is utilized to synthesize a
free-standing borophene with an energetically advantageous structure.
using boron powder (~ 20 um) in different solvents including dime-
thylformamide, acetone, isopropyl alcohol, ethylene glycol, and water.
Acetone performs exceedingly well and results in monolayers of bor-
ophene compared to other solvents. Inspired by graphene research, it
was observed that borophene reacts to light and could be used as a
photodetector [96]. It was found that the rise time was 2.4 times faster
than the fall time when a two-probe device using borophene as an active
material was subjected to a white LED. Borophene is a particularly
remarkable surface for ammonia sensing due to its substantially large
surface area and, in particular, parallel boron ridges that are spaced
apart by ~ 3 A [82] whereas volatile organic compounds like acetone
and ethanol did not react to it. Freestanding borophene’s typical reac-
tion time was found to be ~ 7 s for 79.4 ppm (Fig. 9g). In addition to
being atomically flat, optically transparent, and having high electrical
mobility [97], borophene also exhibits mechanical anisotropy because
of atomic ridges that have a higher Young’s modulus than graphene
along their ridges [98]. PVDF-borophene nanocomposite (0.5 wt% of
nanofiller) demonstrates 50% elongation at 40 MPa in contrast to poly
(vinylidene difluoride) (PVDF), which shows 8% elongation at 42 MPa,
while 1 wt% nano filled PVDF shows 60% elongation at 20 MPa
(Fig. 9 h). This demonstrates how borophene strengthens the polymer
mechanically. Additionally, when the percentage of nanofiller was
raised, a decreased measure of elasticity in the nanocomposite was
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detected, which may be caused by the clustering of borophene sheets.
Surface-enhanced Raman scattering (SERS) using borophene sheets
deposited on gold-coated glass has been used to exhibit molecular
sensing of methylene blue for 10 ppm (Fig. 9i). Table 2 shows the
summary of potential sensing applications for borophene-based devices.

Recently, Wearable pressure sensors have drawn significant atten-
tion in the field of robotics, healthcare, artificial intelligence, andhu-
man-machine interfaces (HMIs) [99,100]. The conventional
nanomaterials used for constructing pressure sensors have inevitable
drawbacks including poor sensitivity, narrow detection range, diffi-
culties in integrating with semiconductor process, and high-power
consumption. To solve these issues, Hou et al. fabricated a novel pres-
sure sensor based on semiconducting hydrogenated borophene using a
facile, cost-effective, and versatile approach [101]. It is seen in Fig. 10a
that the novel borophene pressure sensor was composed of stacking the
borophene and tissue paper on a printed paper substrate with Cr/Au
interdigitated electrodes (IDEs). Under various applied static pressures,
the resulting current increased dramatically with applying pressure
gradually in the range of 0-120 kPa (Fig. 10b). The developed sensor
showed highest sensitivity of 2.16 kPa~! when the loading pressure was
< 1.2 kPa (Fig. 10c). Subsequently, the sensitivity decreased to about
0.13 kPa~! and 0.07 kPa~! with applied pressures increased from 1.2 to
25 kPa and more than 20 kPa, respectively. This phenomenon can be
ascribed to the bulk matrix deformation which became the dominant
factor to influence the sensitivity under increasing pressure (Fig. 10b).
Besides excellent reproducibility and long-term durability, the
borophene-based pressure sensor showed high stability under the pres-
sure of ~ 10 kPa during 1000 dynamic loading and unloading cycles
(Fig. 10d). Multifunctional applications of borophene pressure sensor
have been demonstrated in Fig. 10 e-i. Fig. 10e shows the real-time wrist
pulse signals of a 26-year-old healthy volunteer recorded by the bor-
ophene pressure sensor which is promising for human health
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Fig. 10. Fabrication process, electromechanical performances, and multifunctional applications of the borophene pressure sensor. (a) Schematic diagram of
fabrication process of the pressure sensor based on borophene and tissue paper. (b) Current-voltage (I-V) characteristics of the fabricated borophene sensor under
various applied pressures. (c) Piezoresistive sensitivity of the borophene sensor. (d) Performance of the borophene sensor under repetitive pressure loads of ~ 10 kPa
for 1000 cycles. (e)-(i) Multifunctional applications of the borophene pressure sensor: (e) health monitoring, (f) detection and recognition of phonation, (g) human

motions detection, (h) soft skin, and (i) human-machine interface [101].

monitoring. It is noteworthy to mention that about 72 peaks were
recorded within 1 min, which corresponds to 72 bpm. The skin sensor
was attached to the throat of the volunteer and the word “borophene”
was pronounced three times, which results the almost same current
peaks, confirming its ability for speech recognition. Further, real-time
human motion monitoring was also investigated using the skin sensor
during running and walking (Fig. 10g). The change of AI/Iy curves
generated by running and walking showed good stability and excellent
repeatability. Additionally, the sensor also showed an ability to accu-
rately detect and distinguish the different motion rates.
Borophene-based electronic skin (e-skin) was realized by developing a
sensor array, which results the appearance of three histograms on the
monitor with three fingertips touched on the sensor surface (Fig. 10h).
The multiple-degree-of-freedom control of the robotic arm is essential to
realize the practical applications of the pressure sensor in HMIs. To
demonstrate the simulation of robotic arm motions, an array of six
borophene sensors, a virtual robotic arm model, and a data acquisition
module was constructed (Fig. 10i). Under applied pressure, each sensor
array would accurately record the rotation of the robotic arm, which is
impressive. Thus, the results pave the way of borophene for pressure
sensing and also expand the application of borophene in other sensor
devices.
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5. Challenges and future prospect of borophene

High-quality synthesis of borophene is a big challenge and also a
further challenge is the use of the commercial application and device
development for manipulating and transferring Borophene samples to
different targeted substrates [14,102]. For the further application of
borophene, large-scale synthesis is now also a great challenge. To
overcome these challenges Borna et al. demonstrate synthesized
single-layer borophene at the macroscopic level and transfer to a Silicon
wafer from its initial Ir (111) substrate. But also there remains a limi-
tation to synthesizing top class Borophene samples with remaining
thickness uniformly and homogeneous structure and transfer borophene
to a suitable substrate with a minimal amount of structural deviation
[46]. There are weak adhesion energy between borophene and substrate
then silicene and substrate [25].

The borophene’s metallic nature and structural instability strictly
limit the use of these materials in nanoelectronic and optical devices.
Therefore, the stable and semiconducting property for synthesizing
borophene is necessary for using them in modern optoelectronics and
nanoelectronics applications. For stabilizing borophenes some effective
methods can be applied such as hydrogenation, bulking, and substrate
assistance [103]. Hydrogenation of borophene is increase the stability of
2-Pmmn and graphene-like borophene phase [80]. A theoretical pre-
diction of borophene is shown that metallic characteristics are trans-
formed into semimetallic characteristics when it is hydrogenated [104].
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Due to existing theories of borophene synthesis, the freestanding bor-
ophene crystallization is challenging as crystal boron with a 3D structure
is not a van der Waals material. Expand bandgap of borophene can be
done by strain-engineering like graphene [105,106]. Structural limita-
tions of borophene development restrict the uses in 2D nanomedicine.
The high reactivity of boron with metals such as CoBg and RuB-, IrBo-,
FeBg, and FeBo- limits its biomedical applications which have been
proven harmful to humans. Synthesis of borophene by liquid phase
chemical exfoliation also restricts biomedical application as this process
uses toxic precursors [107]. The usage of toxic agents in the synthesis
process must also be taken into account. Liquid-phase electrochemical
exfoliation approaches would be the first option for synthesizing bor-
ophene in larger quantities. But the use of hydrochloric acid for etching
and toxic precursors limits borophene in biomedical applications.
Though electron beam evaporation may stop the usage of precursors, it
is expensive and only appropriate for laboratories [11]. The applications
of borophene for sensing devices, photodetectors, and energy storage are
yet largely unexplored. Thus, there are still a lot of intriguing features
and device applications of borophene to be investigated.

6. Conclusions

This review summarizes the recent advancements in borophene
synthesis, characterization, applications, and challenges. A variety of
synthesis techniques for preparing borophene including CVD, MBE, EBE,
liquid phase exfoliation, and electrochemical exfoliation are briefly
discussed. Since boron is non-conductive at low temperatures, so
Chowdhury et al. introduced a novel temperature-assisted electro-
chemical method for the preparation of conductive boron [38]. In
another report, electric current was applied to metal mesh mixed with
boron powder for preparing conductive borophene [47]. The literature
associated with the borophene synthesis by MBE, CVD, and
free-standing exfoliation exhibit structural instability limitations and
the borophene Field’s metallic nature [104]. Due to these constraints,
the applications of the prepared borophene have been limited to use in
nanoelectronic and optical devices. The synthesis of borophene has been
carried out on different metal substrates including Ag (111), Ir (111), Cu
(111), Au (111), Ir (111), quartz, Al (111), Ru (0001), Ir (111), and Cu
(100) by using liquid phase sonochemical exfoliation, MBE, EBE, and
CVD [36-52]. Different phases of borophene including 12, x3, ¥s, and
honeycomb are successfully synthesized on metal substrates. Atomic
scale characterizations of 2D borophene have been explained thor-
oughly in this review. For further uses of borophene, large-scale pro-
duction of quality-controlled borophene remains a significant challenge.
Although CVD and MBE provide high-quality and defect-free borophene,
these methods suffer from high cost and small-scale production. To
develop structurally stable borophene, efforts have been made such as
hydrogenation. Also, the metallic nature of borophene limits its appli-
cation to a semiconductor device. So, doping should be another option
for preparing semiconducting borophene for its application in nano-
electronics and optoelectronics devices. Borophene showed its potential
for various applications in the field of toxic gas sensing including NO,,
NHj3, NO, SO, etc., along with humidity sensing, and photodetectors.
The incorporation of MoS; into borophene made it promising for ul-
trahigh humidity sensing applications. Moreover, borophene-based de-
vices showed excellent mechanical flexibility which is potential for
flexible and wearable devices used in healthcare. Although some ad-
vances have been made recently in the field of borophene research, the
experimental comprehension of borophene is quiet in its early stages.
More experimental and theoretical efforts are still required to discover
the structures and properties and the growth mechanism of borophene.
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