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Two-dimensional (2D) nanosheets of boron, ie. borophene, have triggered interest in progressive
research as a result of the vast field of opportunities to explore, from its innovative synthetic techniques to
novel properties and potential applications. It possesses exceptional tuneable properties such as mechan-
ical flexibility, electronic and thermal conductivity, optical transparency, metallicity, anisotropy and poly-
morphism. This has sparked significant curiosity in the application of borophene-based materials in
energy storage systems such as supercapacitors, which display high-power density with reliable energy
density, fast charge/discharge kinetics and long cycle life. This review comprehensively discusses the
recent progress in the different techniques for borophene synthesis (chemical vapor deposition, mole-
cular beam epitaxy, segregation-enhanced epitaxy, van der Waals epitaxy, ultrasound-assisted liquid
phase exfoliation, mechanical exfoliation, electrochemical exfoliation and modified Hummers' method)
including the resultant phases, its properties (mechanical, thermal, electronic and magnetic) and potential
applications of borophene/borophene composites in supercapacitors with their charge storage mecha-
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nisms. This article mainly focuses on the literature published since 2015 when the first laboratory synthesis
of borophene was accomplished. Featuring over 50 articles, the present contribution offers insightful
information, suggestions and discussions on the issues and challenges involved in future research in this
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made our daily lives easier.” With the rapidly growing environ-

Mahasweta Nandi is currently
an assistant professor at the
Integrated Science Education
and Research Centre, Visva-

Bharati, Santiniketan. She
received her Ph.D. degree
working  at  the  Indian

Association for the Cultivation of
Science, Kolkata in 2008. She
received GCOE and JSPS post-
doctoral fellowships at the
Osaka University, Japan during
2010-2012. She has co-authored
more than 90 research articles so
far. Her research interests include application of different types of
porous materials in metal-ion sensing and Separation, energy
storage devices, adsorption and catalysis.

rLx 3 vl 3
Mahasweta Nandi

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/dalton
http://orcid.org/0000-0002-9785-594X
http://orcid.org/0000-0002-3114-4774
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt02573c&domain=pdf&date_stamp=2024-12-16
https://doi.org/10.1039/d4dt02573c
https://rsc.66557.net/en/journals/journal/DT
https://rsc.66557.net/en/journals/journal/DT?issueid=DT054001

Published on 12 November 2024. Downloaded on 4/21/2025 5:40:00 PM.

Dalton Transactions

mental pollution and depletion of non-renewable energy
sources, it is essential to store clean energy, i.e. renewable
energy. Due to the intermittent and fluctuating power output
of these energy sources, energy storage systems such as
rechargeable batteries and electrochemical capacitors are in
high demand.>® Supercapacitors as electrochemical energy-
storage devices have received considerable attention due to
their potential advantages, such as long cycle lifetime, quick
charge/discharge, excellent power density with considerable
energy density, lightweight nature, flexibility as well as
environmental friendliness.*® In this quest, two-dimensional
(2D) nanomaterials have gained widespread interest due to
their distinctive structural properties, high surface-to-volume
ratios and tuneable electronic and electrochemical
properties.*” These materials have attracted attention across a
host of research domains, impacting critical sectors such as
catalysis,® energy storage,” solar cells, flexible electronics and
sensors.'! In the year 2004, the discovery of graphene, a revolu-
tionary 2D material'> by virtue of its remarkable performance
and potential applications, generated a tremendous research
interest in the field of 2D materials. Owing to their special and
novel physical and chemical properties, 2D materials such as
graphene,"® phosphorene,' transition metal dichalcogenides
(TMDs)," 2D metal carbides and nitrides (MXenes),'® hexag-
onal boron nitride (h-BN)"” and black phosphorus'® have been
found to be promising players in various areas of basic science
as well as advanced technology. Borophene (BP), first experi-
mentally synthesized by Mannix et al.," is a new monoelemen-
tal 2D nanosheet of boron (B), which triggered interest due to
its exceptional chemical, electronic, superconductive and
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thermal properties; anisotropy; mechanical flexibility; optical
transparency; transport properties; metallicity and presence of
massless Dirac fermions (Fig. 1).>>>" The existence of BP in
different structural phases bestow them with the option of a
wide range of bandgap,’® which offers great prospect in brid-
ging the gap between semi-metallic zero-bandgap graphene,
large-bandgap transition metal dichalcogenides and insulating
boron nitrides. In comparison to few-layered black phos-
phorus, some typical BPs have displayed good stability under
ambient conditions or even in acidic or basic solvents.**??
Also, dispersions of hydrogenated borophene (borophane) in
strong acid and base show remarkable stability, which ensures
its integrity under harsh conditions. This is crucial for its
potential applications in various advanced nanoelectronic
devices.**

Boron (B) and carbon (C) have somewhat similar chemistry
due to their adjacent occupancy in the periodic table.
However, due to the electron-deficient character of B, its
bonding mechanism is more complex than C and it forms ‘3c-
2¢’ bonds, resulting in structural polymorphism with diverse
properties. Depending on the size, B clusters are present in
quasiplanar, planar or cage-like configurations. Typically, clus-
ters of small size (n < 15) exist as planar or quasiplanar struc-
tures analogous to those of carbon-like aromatic/anti-aromatic
molecules. However, the larger B clusters (n > 28) exist in cage-
like conformations having similar structure and symmetry vis-
a-vis their carbon analogues.*® The most widely studied allotro-
pic forms of BP are 2-Pmmn, B,, x3 and honeycomb,*® whose
atomic structures are given in Fig. 2. The B;, and y; phases
maintain planarity while the 2-Pmmn phase of BP has an
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Fig. 1 Summary of structure and properties of borophene (A; denotes a generic anisotropic property tensor component). Reproduced with per-

mission. Copyright 2018, Springer Nature.2°
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Fig. 2 Atomic structure of the allotropic forms of borophene. (A) 2-Pmmn, (B) B12, (C) x5 and (D) honeycomb with the unit cell and lattice vector a;
and a,. Reproduced with permission. Copyright 2016, American Chemical Society.?®

undulating structure with a buckling height of 0.91 A. The
honeycomb structure of BP resembles that of graphene.”” All
these four phases of BP are metallic in nature, which originate
from their delocalized multicentre bonding electrons. Among
these, y; is the phase that exists at higher temperatures
whereas f,, is the metastable phase. Compared to graphene,
the B;, phase of BP possesses high carrier density and a higher
Young’s modulus.”® BP shows a vast diversity of atomic struc-
tures depending on its hexagonal hole density (dy), which is
the number of hexagonal holes per boron atom in the pristine
triangular sheet. The stability of the BP polymorphs depends
on the dy. While the structures with dy; > 1/9 are planar, elec-
tron-deficient and tend to withdraw the electron density from
the surrounding atoms, thereby stabilizing their structure,
boron sheets with dy < 1/9 are electron-rich and assume
buckled structures resulting from the off-plane and in-plane
mixing of the orbitals. The dy values of the different poly-
morphs of BP, i.e., 2-Pmmn, B1,, x3 and honeycomb structures,
are 0, 1/6, 1/5 and 1/3, respectively.”” For a dy value of ca. 1/9,
the highly stable o’ phase is favoured, while dy values of ca.
1/7 - 5/33 lead to the P34, B3, and Ps; phases having similar
brick-wall motifs but differing in their periodicities.>®

The synthesis of a monolayer of boron is not straight-
forward because in the bulk form, there remains a strong
metallic force that confers it high stability. Unlike graphene, in
the bulk form of boron, no layered structure exists; as a result,
the synthesis of 2D-borophene becomes quite challenging.
Nevertheless, the untiring efforts of scientists have led to the
invention of different synthetic methods, thereby making the
synthesis of 2D-borophenes a reality now. There are several
synthetic strategies such as chemical vapor deposition (CVD),
molecular beam epitaxy (MBE), segregation-enhanced epitaxy
(SEE), van der Waals epitaxy (vdWE), different exfoliation tech-
niques, and modified Hummers’ method to achieve the syn-
thesis of borophenes. Due to the unique physicochemical pro-
perties and tuneable electronic and electrochemical features of
this 2D nanomaterial, it has become a promising player in the
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field of energy storage and conversion. The metallicity, out-
standing electrical conductivity, chemical stability, good
mechanical strength, low diffusion barrier and lightweight of
the borophenes make them suitable for applications in energy
storage devices.>**>*%?° Additionally, the bandgap of BP may
be modulated by applying shear strain and can reach up to
0.538 eV.*! This tunability of the band gap is crucial for modu-
lating the electronic properties and hence the potential use of
these materials in devices requiring a specific bandgap. The
theoretical capacitance value of the nanosheets of 2D boron is
400 F g7, four times that of graphene, which makes them
potential candidates for supercapacitor electrodes.® Current
research interests are focussed on the unique properties of 2D
heterostructures, involving direct interactions of chemically
distinct components. The interfaces of these components play
a very crucial role in boosting the charge storage abilities of
the heterostructures by means of synergistic effects.
Nevertheless, the fabrication of stable heterostructures in itself
has its own set of challenges. BP has the potential to form
heterostructures with other functional materials because of its
polymorphism and diverse bonding geometries. Structures
such as graphene,®® MXene,* poly(3,4-ethylenedioxythio-
phene):polystyrene sulfonate (PEDOT:PSS)**> and polyaniline
(PANI)*® offer chances to modify the characteristics of BP and
enhance its performance in energy storage systems.

There are review articles that discuss the evolution of boro-
phene®” and the syntheses,”® structure, properties and overall
applications  of  borophenes and  borophene-based
nanosheets.””> Some articles have concentrated on their
applications in the field of environment and energy,>>?”*°
information technology and sensing/biosensing,”**® biomedi-
cine®* and hydrogen storage.’’ This review article dis-
tinguishes itself by focusing on the recent advancements and
latest developments in the synthesis strategies of borophenes
and exploring the current advancements in their unique pro-
perties. It particularly highlights BP as a promising material
for energy storage in next-generation supercapacitors with
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high energy storage ability, mechanical flexibility and extra-
ordinary recyclability, addressing current challenges and
offering insightful information for future advancements in
this field.

Different synthesis strategies of
borophene

The fabrication of high-quality 2D borophene sheets from the
bulk boron phase is quite a challenging task. For the success-
ful implementation of BP in advanced applications, it is
important to find out and establish effective approaches for its
sustainable, cost-effective and large-scale production. High
crystallinity should be ensured to attain the desired mechani-
cal, chemical and electronic properties that make BP befitting
for various applications in electronics, catalysis, energy
storage, etc. BP has been developed via bottom-up (chemical
vapor deposition, physical vapour deposition, electrochemical
deposition, etc.) as well as top-down (liquid phase exfoliation,
mechanical exfoliation and other exfoliation techniques) syn-
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thetic processes. A summary of the various synthetic routes is
given in Table 1.

Bottom-up synthesis of borophene
Chemical vapor deposition (CVD)

In the CVD method, achieving high-quality, superior, large
area, uniform BP sheet involves the cautious supervision of
different parameters such as temperature, pressure, substrate
selection, precursors, and gas flow. In this method, the ther-
mally decomposed boron atoms from the precursor are de-
posited on the surface of the substrate. CVD is one of the most
promising approaches for the extensive manufacturing of BP
(Fig. 3), though it needs sophisticated machinery and accurate
optimization of the growth conditions of the boron film.

Tai and co-workers*" prepared BP nanosheet on the surface
of carbon cloth via the CVD method (Fig. 3A-D). The synthesis
was achieved by taking bulk sodium borohydride (NaBH,) as
the boron source and hydrogen as the carrier gas. The crystal
structure of the BP nanosheet obtained closely resembled a
theoretical o'-borophene nanosheet. The optimized growth

Table 1 Summary of the various synthetic routes and application of borophenes (BP)

Synthesis technique Boron source Substrate/solvent Type/phase of produced BP Application Ref.
CVD (chemical vapor Bulk NaBH, Carbon cloth surface a’ phase Electrocatalytic hydrogen 41
deposition) evolution reaction (HER)

B,H, gas Al-coated Si wafer X3 With some f;, Supercapacitor 42

Boron powder/  Cu foil Tetragonal BP sheets Electrical transport and field 43

B,O; emission

B,H; gas Al-coated Si wafer X3 with some f;, — 44
MBE (molecular beam Boron rod Ag(111) Atomically thin BP sheet — 19
epitaxy) Pure boron Ag(111) B12 and y3 — 45

Pure boron Cu(111) Pz — 16
SEE (segregation- Borazine Ir(111) Xe — 47
enhanced epitaxy)
(vAWE) (van der Waals NaBH, powder KMg;3AlISi;040F, mica o’ 2H-BP sheet Photodetector 48
epitaxy)
LPE (liquid phase Boron powder DMF and IPA Few-layer boron sheets Supercapacitor 49
exfoliation) Boron powder NMP and ethanol Ultrathin boron nanosheets Multimodal imaging-guided 50

cancer therapy

Boron powder IPA Few layered boron sheets Photodetector 51

Boron flakes Ethanol B1z Lithium-ion battery 52

Boron powder Acetone and IPA P12, x3 and y orthorhombic HER 53

Boron powder NMP 12 S- and Fe-doped BP Supercapacitor 54
ME (mechanical Boron crystal Sio, B12 and x5 Molecular Sensing 55
exfoliation) Boron powder — f-Rhombohedral, — 56

y-orthorhombic and ©-B

Boron powder DI water Three-layered BP sheet — 57
ECE (electrochemical Boron powder Cu/Ni metal mesh f-Rhombohedral in Cu mesh — 58
exfoliation) B12 and y; in Ni mesh

Pure boronrod — Few atomic layers of BP — 59
Modified Hummer’s Boron flakes DMF/acetone/IPA/water/ B12, X3 and their intermediate Photo, gas and molecular 60
method ethylene glycol phase sensing

Boron powder Acidic KMnO, solution f-Rhombohedral and oxidized =~ Supercapacitor 61

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Schematic diagram of material growth and morphology of the

borophene nanosheets by CVD methods. (A) Growth of borophene

nanosheets and hydrogen evolution reaction, (B) scanning electron microscopy image of bare carbon cloth and (C and D) high-magnification SEM
image of carbon cloth and borophene nanosheets on the surface of carbon cloth. Reproduced with permission. Copyright 2021, American Chemical
Society.** (E) Two-zone tube furnace system for the growth of borophene sheets and (F) curves of the rising and falling temperatures of the reaction
region (Ty) and the substrate region (T>). Reproduced with permission. Copyright 2023, American Chemical Society.*® (G) Synthesis setup and (H)
AFM topography of borophene nanosheets. Reproduced with permission. Copyright 2024, American Chemical Society.**

condition for BP was found to be at 973 K for 30 min, above
which the BP sheets were destroyed and below which the grain
growth of BP was obstructed due to the lack of sufficient
energy for nucleation. The BP thus produced displayed out-
standing electrocatalytic hydrogen evolution activity (Tafel
slope of 69 mV dec™ "), corrosion resistance and cycle stability.
Abdi et al.*> demonstrated an Al-assisted CVD strategy to grow
BP on an Al-coated Si wafer substrate under a high vacuum of 3 x
107 torr and temperature of 830 K with a continuous flow of H,
and B,Hg gas as the boron source. The measured thickness of the
BP sheets was found to be a few angstroms. Atomic force

42 | Dalton Trans., 2025, 54, 38-58

microscopy (AFM) images suggested a statistical distribution of
sizes of these BP sheets in all the samples. While the average area
was ca. 6 ym> for the smaller sheets, wider BP sheets with a
lateral area of 40-50 um? were also observed. These results indi-
cated the coexistence of primarily the y; phase along with some
signs of the p;, phase in the resulting BP.

Liw's group® developed 2D tetragonal BP sheets, which
were highly stable under ambient conditions, via the low-
pressure CVD (LPCVD) method (Fig. 3E and F). For the growth
of BP, a polycrystalline copper foil (25 pm thick) was chosen as
the substrate and a mixture of crystalline boron powder and

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt02573c

Published on 12 November 2024. Downloaded on 4/21/2025 5:40:00 PM.

Dalton Transactions

boron oxide (B,0O;) in the weight ratio of 5: 1 were taken as the
boron sources. For the generation of boron vapor, the tempera-
ture of the reaction vessel was maintained at 1373 K and the
flow rate of the reaction gases was kept at 10 SCCM of Ar and
20 SCCM of H, (SCCM = standard cubic centimetres per
minute). The synthesized BP sheets were planar with dimen-
sions of 1 pm X 1 pm and thickness of ~15 nm. The observed
mean electrical conductivity was ca. 4.5 x 107 S em™ and the
band gap was ca. 2.1 eV. These BP sheets retained quite good
and stable electrical transport along with field emission per-
formances under ambient pressure.

Rezvani et al.** used Al layer-deposited (100) silicon wafer
substrate for the CVD growth of BP sheets (Fig. 3G and H). The
growth temperature was fixed at 830 K with a gas mixture of
25% H, and 75% B,Hg at flow rates of 40 and 15 SCCM,
respectively. The AFM topography on a small region of a single
sheet also showed height variations (Fig. 3H), which were
attributed to the different number of atomic layers present in a
single sheet. It further indicated the presence of small 3D
boundaries and aggregated Al particles scattered in the sheets.
Raman spectroscopy results revealed the presence of y; as well
as a small percentage of the p;, phase in the sample after pro-
longed exposure in an ambient environment. The kernel curve
of the overall distribution indicated the existence of one-layer
to five-layers of BP sheets, and the thickness of each sheet was
estimated to be ca. 3.0-3.5 A.

Physical vapor deposition (PVD)

PVD processes involve the vaporization of the material sources
into their gaseous state using some physical methods under
high vacuum conditions and their subsequent deposition onto
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a substrate to obtain a functional film. Different types of epi-
taxial growth methods constitute this category, which include
molecular beam epitaxy, segregation-enhanced epitaxy and
van der Waals epitaxy. These epitaxial methods show excep-
tional potential in the production of high-quality and large-
area BP films. The deposition parameters in these techniques
can be controlled precisely to obtain various polymorphs of BP
including those with multilayer structures and tuneable
properties.

Molecular beam epitaxy (MBE)

MBE is a highly regulated process used to deposit very thin
layers of materials onto a substrate in an ultra-high vacuum
(UHV) environment, forming a crystalline structure. In 2015,
Mannix et al.,"® showed for the first time the successful prepa-
ration of an atomically thin BP sheet (Fig. 4) under UHV con-
ditions using a clean single crystal Ag(111) substrate with solid
boron rod as the atomic source (99.9999% purity). During
growth, the samples were heated to 723-973 K and the depo-
sition rate was maintained between 0.01 and 0.1 mL min™".
After deposition, it was confirmed from in situ Auger electron
spectroscopy (Fig. 4C) that no contamination or alloy for-
mation took place on the Ag(111) substrate. The scanning tun-
neling microscopy (STM) images of the synthesized BP sheet
suggested the presence of two individual boron phases: one is
a homogeneous phase and another a more corrugated
“striped” phase. Low deposition rates and higher growth temp-
eratures favoured the striped phase while higher deposition
rates favoured the homogeneous phase, implying that the
homogeneous phase is metastable compared to the striped
phase.

Increasing boron coverage

C AES AgMNN
. Biw ! !
= ¢ ) '
8 B :
w ‘\_:—\N:,_i/\/\/’/w;
ke T T i
Z ] |Clean Ag(111)| | H
Bq|Ag(11)B ! ;
100 200 300 400

Energy (eV)

Fig. 4 Growth of borophene sheets by the MBE technique and their atomic-scale characterization. (A) Distorted B; cluster, (B) growth setup with
atomic structure model and STM topography rendering, (C) Auger electron spectra of clean Ag(111) before and after boron deposition, large-scale
STM topography at (D and E) low coverage, (F and G) medium coverage and (H and I) high coverage. Regions of homogeneous-phase, striped-phase
island and striped-phase nanoribbon are indicated with red, white and blue arrows, respectively. Reproduced with permission. Copyright 2015, The

American Association for the Advancement of Science.*®
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Wu and Chen’s group® reported the synthesis of BP in a
UHV chamber combining an MBE system with a low-tempera-
ture STM (4.5 K) operated at a base pressure of 2 x 107! torr.
The borophenes were grown on a single-crystal Ag(111) sub-
strate and pure boron (99.9999%) was evaporated from an elec-
tron-beam evaporator onto the substrate. The pressure during
boron growth was greater than 6 x 10" torr. It was concluded
after experiments and first-principles calculations that two dis-
tinct types of 2D boron structures were formed: one was B,
sheet and the other was y; sheet. This study also suggested
that there existed weak interaction between the boron sheets
and the Ag(111) substrate surface because both the f;, sheet
and the y; sheet retained their isolated planar forms after
adsorption on Ag(111). The formation of the boron sheet was
highly dependent on the substrate temperature; when the sub-
strate temperature during growth was less than 500 K, only
clusters or disordered structures were formed. At the substrate
temperature of ca. 570 K, the p;, sheet structure was observed
and at temperatures higher than 800 K, only the x; sheet was
found. The same group in 2022 *® successfully synthesized
large-sized, single-crystalline bilayer BP sheets on the surface
of Cu(111) substrate. Through an electron-beam evaporator,
boron atoms were evaporated onto the surface of Cu(111) at
various substrate temperatures. Within the temperature
window of 600-750 K, bilayer BP was formed, which was nar-
rower than the temperature range for the formation of mono-
layer BP (600-850 K). This implied that compared to mono-
layer BP, the growth conditions for bilayer BP were more sensi-
tive to temperature. After the formation of the bilayer BP,
where the two sheets of boron were stacked over one another
through interlayer boron-boron covalent bonding, each sheet
had a f;,-like structure with zig-zag rows of boron atoms on
the entire Cu(111) surface. Further deposition of boron atoms
led to the development of 3D boron clusters instead of the
thickening of the BP layers. A large charge transfer and redis-
tribution took place between the first boron layer and the Cu
(111) substrate, which facilitated extra electrons for the
bonding of additional boron atoms on the first layer, making
the formation of the second layer of boron possible. The
bilayer BP displayed a metallic character and had a less ten-
dency to get oxidized than its monolayer analogue.

Segregation-enhanced epitaxy (SEE)

SEE is a promising alternative to MBE for the fabrication 2D
materials such as BP. Hoegen’s group®” developed stable (6 x
2) reconstructed BP ys-polymorph using this technique. The
BP was grown on a cleaned Ir(111) substrate (99.99% purity),
and purified borazine (B;HeN3) was used as the precursor. At a
high-temperature range of 1123-1373 K and a pressure of 5 x
10~% mbar, the borazine dosed on the surface of Ir(111)
resulted in the formation of h-BN and BP layers on the sub-
strate surface. At high dosing temperatures, borazine decom-
poses and results in the deposition of B with the desorption of
N over the substrate. The synthesized BP displays metallic
characteristics with a V-shaped decrease in the density of
states at the Fermi level, which suggests its Dirac-like behavior.

44 | Dalton Trans., 2025, 54, 38-58
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van der Waals epitaxy (vdWE)

Wu et al.*® successfully constructed a large-scale BP sheet on a
mica substrate via van der Waals epitaxy. Sodium borohydride
(NaBH,) powder was used as the boron source and to ensure
the quality before the growth process, wherein NaBH, was
annealed at 763 K for 2 h. The synthesis was carried out in two
zones inside the tube furnace where freshly cleaved fluorophlo-
gopite mica (KMg3AlSi;0,0F,) was used as the substrate. Based
on the first-principles calculations, it was predicted that the
as-synthesised BP structure matched well with the o' 2H-BP.
The thickness of the synthesized BP layer was ca. 1.7 nm, and
partial hydrogenation stabilized its structure. The material
served as a good high-performance photodetector.

Top-down synthesis of borophene
Liquid phase exfoliation (LPE)

CVD and PVD methods for the syntheses of borophenes need
extreme conditions that are very expensive to maintain, such
as ultra-high vacuum or high temperature, and involve
complex chemistry. Thus, slow growth rate and high cost of
production limit the application of these methods in industry.
These constraints have led researchers to focus on alternative
cost-effective and simple methods for the synthesis of high-
quality BP.

Li et al.”® developed high-quality few-layer boron sheets by
an ultrasound-assisted liquid-phase exfoliation process
(Fig. 5A-D). In this process, boron powder (95%, with an
average particle size of 2 pm) was taken as the boron source
and it was exfoliated by high-power probe-type sonication (350
W for 4 h). By varying the solvent in the exfoliation process
and controlling the centrifugation speeds, it was possible to
control and tune the lateral size and thickness of the exfoliated
B sheets. Using DMF (dimethyl formamide) and IPA (isopropyl
alcohol) as exfoliating solvents, the average area of the boron
sheets obtained was 19 827 nm? and 1791 nm?, whereas the
average thickness was measured to be 1.8 and 4.7 nm, respect-
ively. The dispersion of the as-prepared few-layer B sheet had
high solubility in DMF (up to 1.16 mg mL ") and was stable
under ambient conditions for at least 50 days. These few-layer
boron sheets were applied as supercapacitor electrode
materials, and the prepared device delivered a potential
window as high as 3.0 V.

Ji and coworkers®® designed a novel top-down method by
combining liquid exfoliation with thermal oxidation and
etching to produce large quantities of superior ultrathin 2D
boron nanosheets. In this method, at first, bulk boron powder
was exfoliated into thick layers using a sonication process in a
solvent mixture of NMP (N-methyl-2-pyrrolidone) and ethanol
(1:1 v/v). Then, the exfoliated layers were oxidized in oxygen at
923 K to form B,0s;, which on subsequent liquid phase exfolia-
tion produced the boron nanosheets. The planar size and
thickness of these as-prepared boron nanosheets were ca.
100 nm and <5 nm, respectively. The biocompatibility and dis-
persibility of the sheets were improved by modifying them

This journal is © The Royal Society of Chemistry 2025
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with positively charged amine-functionalized polyethylene
glycol (PEG-NH,) through electrostatic adsorption.

The group of Zhang and Zhang®' demonstrated how to
effectively develop highly crystalline 2D boron nanosheets
using a liquid phase exfoliation method (Fig. 5E). Bulk boron
powder was subjected to high power sonication (600 W for 1 h
and 750 W for 2 h) in isopropyl alcohol as the exfoliating
solvent at a fixed temperature of 283 K, followed by high-speed
centrifugation. The study showed the effect of centrifugation
speed on the thickness of the as-prepared multilayered boron
nanosheets. When the centrifugation speed was 3000-6000

This journal is © The Royal Society of Chemistry 2025

rpm, 6000-9000 rpm and 9000-12 000 rpm, the average thick-
nesses of the few-layered boron sheets were reported to be
20.0 nm, 4.8 nm and 1.9 nm, respectively, and the thickness of
each single atomic layer was 0.3 nm. The optoelectronic pro-
perties of these 2D nanosheets of boron have been explored in
photoelectrochemical (PEC) and field-effect transistor (FET)-
type photodetectors.

Guo and coworkers®> successfully fabricated ultrathin 2D
borophene nanosheets (thickness <2 nm) by sonication-
assisted liquid exfoliation. They took crystalline boron flakes
as the boron source in ethanol and ultrasonicated the dis-
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persion at a power of 2000 W for 24 h. The presence of the
p-rhombohedral phase of BP was confirmed in the as-syn-
thesized product from HR-TEM (high resolution-transmission
electron microscopy) analysis and the f;, phase of BP from
Raman spectroscopy. The thickness of the randomly selected
2D borophene nanosheets ranged between 1.32 and 1.87 nm.

John’s group®® reported the surfactant-assisted liquid-phase
exfoliation of BP layers from boron and subsequently refined
them into the p rhombohedral structure. Poly(ethylene glycol)
(PEG) polymeric chains with neutral characteristics were sim-
ultaneously introduced with cationic surfactants such as
cetyltrimethylammonium bromide (CTAB) and anionic surfac-
tants such as sodium dodecyl sulfate (SDS) to produce a
rhombohedral crystal structure in the BP layers by constructive
engineering. Raman and HR-TEM analyses indicated the pres-
ence of Pi,, 3 and y orthorhombic phases in the polymer-
induced crystal structure-engineered BP. By observing the
electrocatalytic hydrogen evolution reaction (HER) perform-
ance of the BP, it was suggested that the neutral polymeric
chains of PEG act as better exfoliating agents in comparison to
ionic surfactants, namely, CTAB and SDS.

Li et al>* synthesized sulfur and iron-doped BP. The B,
borophene was developed by the exfoliation of boron powder
in NMP solvent under ultrasonication (40 kHz, 72 h). Then,
the synthesized p;, borophene was doped separately by sulfur
powder and FeCl; through microwave treatment, leading to the
respective doped samples. From the AFM study, the thickness
of the as-prepared pure BP was found to be ca. 1.6 nm,
whereas for the sulfur and iron-doped BP, it was ca. 2 and
10 nm, respectively.

Mechanical exfoliation (ME)

Chahal et al.>® produced mono- and few-layered BP sheets via
cost-effective micromechanical exfoliation (Fig. 6A-D). It was
demonstrated that the exfoliation of BP into atomic sheets can
successfully be done using double-sided foam tape (with
viscous adhesive polymer) having strong adhesive force and
capable of exerting the necessary force for exfoliation. From
the HR-TEM imaging and Raman spectroscopy, it was identi-
fied that the f;, and y3; phases were predominantly produced.
The widths of the exfoliated sheets were found to be 5, 9, 13,
21 and 41 A, which correspond to the formation of monolayer,
bilayer, trilayer, 5 layers and 10 layers of BP, respectively.
Zielinkiewicz and coworkers®® reported the fabrication of
few-layered BP by a ball-milling process where they varied the
operational parameters such as the initial mass loading of
bulk boron (1.0, 2.0 and 3.0 g), rotation speed (250, 450 and
650 rpm) and ball-milling time (1, 3, 6 and 12 h). The con-
ditions were optimized to 1.0 g of bulk boron loading with a
rotation speed of 450 rpm and ball-milling time of 6 h, which
resulted in the construction of thin and uniform few-layered
BP flakes with a thickness of ca. 5.5 nm. When higher mechan-
ical energy is applied during ball-milling, the resultant BP
forms a different crystalline phase due to the internal heat pro-
duced, which affects the structure of BP. It was further
observed that the ball-milling process gives rise to the for-
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mation of new crystal phases of BP, and the results indicated
the presence of p-rhombohedral, y-orthorhombic and t-B
phases. Subsequently, a sustainable and scalable construction
route was put forward by the same group®” using a combi-
nation of ball-milling and ultrasound-assisted liquid phase
exfoliation process with biocompatible intercalants (sodium
cholate, urea and sodium chloride) in aqueous media
(Fig. 6E). It was established that sodium cholate was the most
efficient intercalant and an optimized ball-milling condition
of 450 rpm for 6 h produced 4-layer BP. Further, tuneable
3-layer BP sheets could be achieved by a combination of ball-
milling and ultrasound-assisted liquid phase exfoliation tech-
niques. The long-term oxidation resistance of these 3- and
4-layered BP samples in the presence of air was also
demonstrated.

Electrochemical exfoliation (ECE)

The group of Mijowska®® demonstrated the electrochemical
exfoliation of bulk boron to few-layered BP (Fig. 6F). This
unique effect was achieved by adding bulk boron to Cu/Ni
metal mesh, which induced electrical conductivity and created
a pathway for the production of BP flakes with a thickness of
ca. 3-6 nm having different phases. The syntheses were carried
out in two different electrolytic media, one was LiCl in
dimethyl sulphoxide (DMSO) and another was Na,SO, in de-
ionized water (DI). The sample developed on Cu-mesh
matched with the f-rhombohedral boron structure whereas the
one produced using Ni-mesh was in line with the theoretical
predictions for p;, and y; lattice parameters.

Chowdhury et al.> developed an innovative method for the
synthesis of BP based on the idea of graphene synthesis by
electrochemical exfoliation process where platinum was
chosen as the anode and boron acted as the cathode material.
With an increase in the temperature, the conductivity of the
boron-attached heating coil increased, which confirmed the
formation of BP from boron. This approach also monitored
the quality and crystallographic structure of the anisotropic BP
sheets as a function of temperature. The developed BP having
a zeta potential value greater than +100 mV indicated the excel-
lent stability of the material. The size of the BP sheets was
found to be between 400 and 600 nm.

Modified Hummers’ method

Freestanding BP with monolayer as well as sheets with few
layers were experimentally prepared for the first time by
Kumar and Vinu.*®® Large-scale freestanding pure crystalline
BP synthesis was introduced via a combination of sonochem-
ical liquid phase exfoliation technique and modified
Hummers’ method. The presence of pi,, ¥3 and their inter-
mediate phases of BP in the as-prepared samples was con-
firmed by electron microscopy study. The constructed few-layer
BP sheets had a lateral dimension of 20-100 nm with an inter-
planar distance of 2.6 A. The metallic nature of the synthesized
BP sheets was established by STM analysis, which agreed well
with DFT (density functional theory) band structure calcu-
lations. The freestanding BP was studied for its applications in

This journal is © The Royal Society of Chemistry 2025
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gas, photo, strain and surface-enhanced Raman scattering
(SERS)-based molecular sensing.

Joshi et al.°" synthesized oxidized BP sheets by the oxidative
exfoliation of boron into thin layers in the presence of potass-
ium permanganate in an aqueous solution. The presence of
the f-rhombohedral phase of BP was concluded from the XRD
pattern while the other two, namely, the p-phase and oxidized
B-phase, were confirmed by Raman analysis. This oxidative
exfoliation technique afforded BP with few layers (~8.5 nm
thicknesses), as evident from AFM imaging, which maximized
the electroactive surface area and also added stability to the
structure in aqueous electrolytes. The BP, thus developed,
showed high conductivity (96.12 S m™"), good rate capability
(>59%) and excellent cycling stability (>80%).

This journal is © The Royal Society of Chemistry 2025

Thus, it may be inferred that in both bottom-up and top-
down synthesis processes, there are different types of limit-
ations. The CVD and PVD synthetic methods have the advan-
tage of producing highly pure, stable monolayer structures of
BP with good crystallinity and uniform thicknesses. But these
processes are very slow, expensive, highly complicated and
require highly controlled conditions such as ultra-high
vacuum and high temperature. The choice of an appropriate
substrate material is also crucial for proper deposition or epi-
taxial growth in the synthesis of individual structures of BP.
On the other hand, different exfoliation techniques such as
liquid phase exfoliation, mechanical exfoliation, and electro-
chemical exfoliation are simpler and relatively cost-effective,
with the added advantage of scalability to achieve free-stand-
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ing BP sheets. However, the quality of the structures is not as
pure as that obtained from CVD or PVD and it is also difficult
to maintain the size and thickness of the as-prepared boro-
phenes. Generally, these methods give a mixture of different
phases of low-quality few-layer BP but they are more eco-
friendly than CVD or PVD techniques. In the modified
Hummers’ method, monolayers of freestanding borophenes as
well as few-layer BP sheets have been experimentally syn-
thesized with scalability, but it poses the risk of oxidation.
Thus, there is still a lot of scope to develop effective synthetic
strategies of BP, which will ensure the scalability of the
product without compromising on its quality as well as precise
control of the structures, purity, crystallinity, size and
thickness.

Unique properties of borophene
Mechanical properties

In the application of flexible electronic devices, sensors and
various nanoscale mechanical systems, flexibility is essential,
where the material must be able to tolerate strain and repeti-
tive deformations. The anisotropic mechanical properties of
BP are more interesting due to the presence of strong B-B
bonds and unique structural characteristics. The mechanical
properties in BP change along the zig-zag direction and arm-
chair direction due to its anisotropic nature. In the zig-zag
direction, the boron atoms are arranged in a staggered pattern,
whereas in the armchair direction, atoms are in a linear orien-
tation. The network of hollow hexagons (HHs) in the structure
has a profound impact on the tensile strength of BP.®> By the
judicial adjustment of the atomic structure and lattice sym-
metry of the BP sheet, researchers have been able to modify its
mechanical properties. This makes provision for customising
the mechanical strength and flexibility, which is an important
parameter for certain specific applications. The ability of BP to
conform to different shapes and surfaces improves their
freedom of design in flexible electronic devices with irregular
or curved surfaces. In contrast to other two-dimensional
materials, BP shows strain-induced structural phase changes
and a negative out-of-plane Poisson’s ratio, which leads to
exceptionally high ductility but low breaking strains. When the
strain is increased, the boron atoms rearrange themselves in
an auxetic pattern, which further strengthens the BP sheet.
The presence of HHs in the structure influences the ductility
of BP.®* The mechanical properties of 2D borophene sheets
were studied by first-principles calculations. Specifically, a BP
sheet with a hollow hexagon’s concentration of 1/6 has a
bending stiffness four times lower than that of graphene,
which is attributed to the presence of HH rows that are spaced
optimally.?® These BP sheets have been shown to possess an
in-plane modulus (C) of 210 N m™" and bending stiffness (D)
as low as 0.39 eV, reaching their Foppl-von Karman number
per unit area (C/D) of 568/nm>. This value is more than two-
fold higher than that of graphene, which makes BP a material
that bends and crumples more easily than it stretches and
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thus establishes BP as one of the most flexible materials. The
strong in-plane elasticity of BP, aided further by its low mass
density, leads to a specific modulus of 346 m” s™2, which is
comparable to the value of graphene. Even more surprising is
the fact that the ideal strength of the BP sheet is 16 N m™,
which is several times higher than that of MoS, monolayer,
phosphorene and silicene and only second to hexagonal boron
nitride and graphene.®” Wang et al. estimated that the Young’s
modulus of BP is 378.97 and 162.49 N m™ ' along the x- and
y-axis, respectively. When BP is hydrogenated (borophane), the
values are reduced to 172.24 and 110.59 N m™*, respectively.®*
This can be attributed to the fact that after hydrogenation, the
B-B bond gets elongated and the bond strength decreases;
consequently, the values of Young’s modulus decrease. The
Young’s modulus and shear modulus of the a sheet, $;, and y3
2D boron phases are not strongly direction-dependent, but the
Young’s modulus of the Pmmn 2D boron phases are very
anisotropic.

Thermal conductivity

Borophene has remarkable thermal characteristics, which
include both thermal conductivity and thermal stability. In
this process, a complicated phonon transport and scattering
mechanism is involved, which arises from its structural an-
isotropy. Sun et al.®® investigated the thermal properties of BP
using the first-principles. According to their study, along the
armchair direction of BP, the Young’s modulus is similar to
that of graphene, however, the thermal conductivity is only a
few percent compared to graphene, attributed to the strong
phonon-phonon scattering. The lattice thermal conductivity of
the material can be considerably decreased when the charac-
teristic lengths of BP sheets are smaller than 300 to 400 nm
along the armchair and zig-zag directions.”> Zhou et al.,*®
through first-principles calculations and non-equilibrium
Green’s function (NEGF) technique, examined BP’s lattice
thermal transport characteristics both for the f;, and hexag-
onal models. In the hexagonal model, the lowest thermal con-
ductance is 62% of the highest one, while the same is only
30% in the p;, model at room temperature. This suggests the
highly anisotropic thermal conductivity characteristic of BP.
Interestingly, at room temperature, the maximum thermal con-
ductance reaches 7.87 nW (K nm?)™" and 10.97 nW (K nm?*)™*
for hexagonal and B;, phases, respectively, which are higher
than that of graphene. The thermal conductivity predicted
using the molecular dynamics method shows an increase in
its value with an increase in the sample length. However, as
the length becomes infinite, the thermal conductivity of BP
becomes greatly inhibited due to its buckling. This increases
the out-of-plane phonon scattering and leads to significant
diffusion thermal transport.” Using first-principles calcu-
lations and the Boltzmann transport equation, it has been
predicted that the lattice thermal conductivity of a-sheet of
BP®® is isotropic along the armchair direction, and its value
at room temperature has been estimated to be 14.34 W K™*
m~1.% Significantly, other studies reported the higher aniso-
tropic thermal conductivity of the 2-Pmmn phase of BP, and
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its value has been calculated to be ca. 147 and 76 W K '
m™"' along the armchair and zig-zag directions, respect-
ively.”® Hydrogenated BP has greater thermal conductivity
than pristine BP, suggesting the higher contribution of elec-
trons towards the conductivity than the phonons.”* The
thermal conductivity may be enhanced by the intercalation
of metal atoms in BP. For example, the thermal conduc-
tivities of the &, sheet along the armchair and zig-zag direc-
tions are 53.8 and 115.7 W K™' m™", respectively, at 300 K.
On the other hand, the thermal conductivity of AlBs along
the armchair and zig-zag directions increases to 160.2 and
157.2 W K™' m™, respectively. To summarize, the thermal
conductivity of BP decreases with an increase in tempera-
ture, increases with an increase in length and displays an
anisotropic increase.

Electronic property

Many studies have been conducted on the electrical properties
of BP, revealing its fascinating characteristics and prospective
uses, especially in the field of energy storage technology.
Borophene, a single-layer material with an anisotropic atomic
structure, massless charge carriers (Dirac fermions) and the
ability to tailor its bandgap, offers novel electronic properties
that are useful in optoelectronics and other electronic devices.
The exceptional charge carrier mobility and high thermal con-
ductivity of BP arise from the presence of Dirac fermions.*
The 2-Pmmn, p,, and y; phases of BP show metallic behavior.
Typically, the 2-Pmmn BP is metallic but to be more specific,
this phase shows anisotropy in its electronic structure with a
metallic nature along the armchair direction while along the
zig-zag direction, a semiconducting nature is observed with a
bandgap.”” One of the most fascinating features of BP is the
capability to engineer its bandgap through different methods,
thereby manoeuvring its behaviour from metallic to semicon-
ducting. Some of these methods include strain/defect engin-
eering and chemical treatment of the surface of BP, and the
resulting energy gap depends on the functional groups uti-
lized.”® The introduction of oxygen defect sites may generate
significant scattering, leading to a decrease in the electronic
conductivity and carrier mobility of the oxidized BP. The band
gap varies with the amount of O doping; after 25% doping, BP
shows an increased bandgap of 0.22 eV, whereas after 50%
doping, the bandgap reduces to zero compared to pure BP.
This implies that after the introduction of 25% O defect, the
character of doped BP shifts from metallic to p-type semi-
conductor and on 50% O doping, a semimetallic character
evolves.” 1t is interesting to note that when subjected to uniax-
ial/biaxial tensile or compressive strains, the metallic BP starts
exhibiting a semiconducting character. On applying 6% strain,
the p,, borophene displays an isotropic semiconducting
nature with a bandgap of 0.7 eV, whereas y borophene shows
an anisotropic semiconducting feature with 0.6 and 1.2 eV
bandgap along the zig-zag and armchair directions, respect-
ively.>” This study suggests that by the introduction of strain, it
may be possible to alter the metallic character of BP. Another
way to change the metallic nature to a semimetallic or semi-
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conducting character is by the chemical functionalisation of
the surface of BP (hydrogenated or fluorinated BP) with a
Dirac cone at the Fermi level between the Y and I point. Fully
fluorinated borophenes are unstable. The 2 Pmmn phase
shows little tendency to form B4F and B,F, among which B,F
retains the metallic character whereas B,F is semiconducting
with a bandgap of 0.4 eV.”® On the other hand, after the hydro-
genation of f;, BP, the superconducting property significantly
improves. In addition to that, the application of tensile strain
(up to 5%) and hole doping significantly enhance the critical
temperature (T¢) of superconductivity, which reaches up to
28.6 K. This is higher than the liquid hydrogen temperature
(20.3 K) and thus enhances its practical applications in various
fields. Both the B-oc and B-p, states of the Fermi level are
crucial for this superconductivity.”® For the application of BP
in electronics, a fascinating issue is the localization of the
mobile electrons of BP and ultimately the opening of its band
gap. The quantum confinement induced by the fabrication of
finite-sized structures, such as ribbons, dots and edges, is
one of the significant approaches to achieve band gap tune-
ability.”> 1D-BP nanoribbon strips exhibit quantum-confined
electronic properties, which are absent in the extended 2D-BP
sheets. The electronic properties of single-phase v, and vy5
BP nanoribbons are dominated by Friedel oscillations
and striped moiré patterns, respectively. On the other hand,
mixed-phase BP nanoribbons exhibit quantum-confined states
with an increase in the number of nodes in the electronic
density of states at higher biases. Thus, the high degree of
polymorphism as well as diverse edge topologies in BP nano-
ribbons offer a rich quantum platform for the study of 1D-elec-
tronic states.””

Other properties

Detailed studies on the photoelectric properties of a-sheet of
BP doped with Al and Ga using the first-principles pseudopo-
tential plane wave method suggest an increase in the static
dielectric constant of doped BP from 2.60 to 3.21 for Al doping
and 3.57 for Ga doping with the appearance of new dielectric
peaks, which indicate that doping can enhance the electro-
magnetic energy storage ability of BP. After doping, the reflec-
tivity of BP decreases and the static refractive index shifts from
1.61 to 1.79 for Al and 1.89 for Ga. Simultaneously, the doped
BP system bridges the gap between red light and infrared
absorption. These research outcomes reveal that BP-based
systems may be used in infrared detection devices.”® Further,
it is possible to tune the magnetic and electronic properties of
BP by doping certain 3d transition metals. It has been shown
that the doping of only Cr and Mn on B;, and x; borophene
shows magnetic properties, whereas the other 3d transition
metals show no effect on the magnetic behavior.”® Borophene,
belonging to the family of 2D Dirac materials, is also antici-
pated to show superconductivity properties by virtue of its low
mass with a strong electron-phonon coupling. The hexagonal
molecular geometry of BP with various critical temperatures
promotes the superconducting properties.®
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Potential application of borophene in
supercapacitors
What are supercapacitors?

Energy storage systems are an inevitable part of the utilization
of renewable energy as their sources are discontinuous in
nature; hence, the energy derived from them is required to be
stored for future use. Thus, energy storage technologies are
one of the best alternatives to cope up with the progressively
growing demand for energy.®' In this regard, supercapacitors
have attracted considerable interest due to their high power
density, rapid charge/discharge, excellent cycling stability and
consistent energy density, which links the gap between capaci-
tors and batteries.*>®* Simple physical capacitors are usually
made up of two parallel plates, one positively and another
negatively charged, separated by an insulating dielectric sheet
where the charge is stored in the form of an electric potential
energy between the two plates (Fig. 7A). In supercapacitors or
ultracapacitors, the electrodes are separated by an ion-per-
meable separator with a suitable electrolyte (Fig. 7B).

Charge storage mechanism of supercapacitors

The charge storage mechanism of supercapacitors is of two
types, one is the electrical double layer capacitance (EDLC)
and the other is pseudocapacitance (involving faradaic charge
transfer through redox reactions). Pure EDLC systems are
associated only with electrostatic separation of charges on the
electrical double layer formed at the interface of the electrode/
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electrolyte (Fig. 7C).** When potential is applied, the ions of
the electrolyte migrate and get adsorbed on the surface of the
electrode to form a double layer of charges. Carbon materials
such as activated porous carbons, carbon nanotubes, and gra-
phene show their charge storage properties predominantly
through EDLC. On the other hand, pseudocapacitance is
associated with rapid and reversible faradaic redox reaction on
the surface of the electrode (Fig. 7D). The energy density in
pseudocapacitors is higher than EDLC but the cyclic stability
of EDLCs is higher than that of the pseudocapacitors. Metals,
metal oxides, metal sulphides, conducting polymers, hetero-
atom-doped carbons, etc., are responsible for showing pseudo-
capacitive properties. In a hybrid supercapacitor, both EDLC
and faradaic pseudocapacitance mechanisms operate (Fig. 7E)
and hence energy density as well as power density are high
compared to traditional EDLCs and pseudocapacitors. In this
type of supercapacitor, one electrode is made up of a pure
carbon-based material, which gives EDLC, and the other elec-
trode usually consists of metal or conducting polymer-based
material, which contributes to pseudocapacitance in the total
capacitance.®® In the functioning of the supercapacitor, the
electrolyte plays an important role, and its judicious choice for
each individual electrode material is also crucial. The electro-
Iyte must be stable and should resist degradation of the cell
within the potential window chosen for the study. Different
types of electrolytes are available to solve the purpose, which
includes aqueous (H,SO4, KOH, Na,SO,, etc.), organic (tetra-
ethylammonium  tetrafluoroborate/acetonitrile,  1-butyl-3-
methylimidazolium tetrafluoroborate, etc.) and solid-state (gel
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polymer of polyvinyl alcohol/H,SO,, poly(methyl methacrylate)
solid polymer, etc.) electrolytes.**®” The specific capacitance
values are calculated from cyclic voltammetry (CV) and galva-
nostatic charge/discharge (GCD) studies using eqn (i) and (ii),
respectively.®®

Ve
‘- o 1(v)dv 0
(ve—v1) X Sxm

Herein, C; denotes the specific capacitance in F g%,

f;‘ I(v)dv ’ is the area under the corresponding cyclic voltam-

mogram, ‘(vf — v;)’ is the potential window in V, ‘S’ is the scan

rate in V s™" and ‘m’ is the mass of the active electrode
material in g.

I [vdt

Co=— 9
ST mx (v — )

(i)
Here, ‘P is the discharge current in A, ¢ [vdt’ is the area

under the discharge curve, ‘m’ is the mass of the active elec-

trode material in g and ‘(v — v;)’ is the potential window in V.

Applications

Borophene is a very promising electrode material for energy
storage systems such as batteries and supercapacitors since it
is a 2D material with better electrochemical properties than
graphene. It shows a large and stable voltage window, excellent
specific capacitance (theoretical capacitance: 400 F g~*, four
times of graphene),®® good rate capability and recyclability.’”
Depending on the desired application, BP can be engineered
to act as energy storage systems, transistors, sensors and other
electronic devices. BP has remarkable features such as tune-
able energy bandgap, excellent electronic conductivity, light-
weight, high specific surface area, high chemical stability and
low diffusion barriers, which makes it a potential candidate
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for applications in supercapacitors. Moreover, BP has excellent
mechanical properties, including high flexibility and strength,
which make it possible to design flexible and wearable super-
capacitors. The performance of various BP-based materials in
supercapacitors has been summarized in Table 2.

In 2018, Li et al.®® fabricated a symmetric supercapacitor
using DMF-exfoliated layered boron nanosheet with ionic
liquid 1-butyl-3-methylimidazolium hexafluorophosphate as
an electrolyte (Fig. 8A-F). The prepared cell operated in a high
potential window range (3.0 V) and showed nearly rectangular
cyclic voltammograms even at a high scan rate of 100 mV s,
which indicated its extraordinary capacitive behaviour. From
GCD measurements, the highest specific capacitance calcu-
lated at a current density of 0.3 A g~ was 147.6 F g, which
was greater than that of bulk boron (41.7 F g~'). From the
Ragone plot, the energy density was found to be as high as
46.1 W h kg™ at a power density of 478.5 W kg™ ". The material
exhibited remarkable cycling stability, retaining 88.7% of the
initial specific capacitance after 6000 cycles. The device fabri-
cated with the material could illuminate a red LED light and
run a mini-fan after charging for a few seconds.

Joshi et al® engineered oxygen defect in the
p-rhombohedral phase of BP (few layers thickness ~8.5 nm)
and explored its electrochemical property (Fig. 8G-I). In this
approach, oxidative exfoliation was employed to maximize the
electroactive surface area and also to stabilize the structure in
aqueous electrolytes. The as-prepared sample with a planar 2D
structure had high conductivity (96.12 S m™"), which led to its
high ion diffusion rate in aqueous electrolytes. Boron
nanosheets with O-defects showed relatively better pseudo-
capacitive performance in basic (KOH) and acidic (H,SO,)
media than in neutral (Na,SO,) electrolytic medium. In KOH
and H,SO, media, the material exhibited comparable charge
storage capability at high current densities, while at low

Table 2 Summary of performance of borophene-based materials in supercapacitors

Potential

Capacitance
(current density/

Energy density ~ Capacitance
(W h kg™")/power retention (%)/

Entry Material Electrolyte ~ window (V) scan rate) density (W kg™") cycle number Ref.

1 Boron nanosheets [bmim][PFs¢] 0 to 3.0 1476 Fg ' (0.3Ag™) 46.1/478.5 (88.7%/6000) 49
(symmetric supercapacitor, SSC)

2 O-defective boron nanosheets H,S0, 0 to 0.8 141.55mFem™2 (2Ag™ ") — (84.7/5000) 61
(three electrode system)
O-defective boron nanosheets (SSC) [bmim][BF,] 0 to 3.0 2224Fg ' (1Ag™Y) 25.1/636.13 (75.4%/8000)
PANTI: o borophene (three electrode system) 1M H,SO, —0.3t01.2 960 Fg ' (10 mV s™) — (95%/1000) 36

4 (PEDOT: PSS)/B;, borophene H;PO,/PVA —0.8t00.8 853Fg™' (2mVs™) — (95%/1000) 35
(three electrode system)

5 Borophene coated graphoil 1MH,S0, 0t00.8 350mFem ™ (1Ag™") — — 42
(three electrode system)

6 SNC-borophene (three electrode system) 3 M KOH -1.0to0 607Fg '(1Ag™) — (91.7/1000) 89
SNC-Borophene (SSC) PVA/KOH  Oto1.4 230.7Fg (1AgY 29.2/3500 (90.67%/5000)

7 Fe-borophene 6 M KOH 0t00.45 202Fg '(0.25Ag7 ) — (61.1%/5000) 54
S-Borophene (three electrode system) 0t00.48 120Fg ' (0.25A¢g™") (100.5%/5000)

8 MXxB (50 : 50) (three electrode system) 2.0 M H,S0, —0.7t00.5 626.7Fg 'at1Ag™’ — (88.5%/10 000) 34
MAxB (50 : 50) (SSC) PVA/H,S0, 0to1.2 375Fg lat1A g™ 75.6/600 (93.6%/10 000)
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Fig. 8 (A—F) Electrochemical performance of DMF-exfoliated few-layer B sheet-based supercapacitor in ionic liquid electrolyte. (A) CV curves at
various scan rates, (B) galvanostatic charge/discharge curves at different current densities, (C) recyclability at a scan rate of 50 mV s~* for 6000
cycles, (D) Nyquist plots before and after 6000 cycles and photographs of the obtained coin cell operating (E) a red LED light and (F) a mini-fan.
Reproduced with permission. Copyright 2018, American Chemical Society.49 (G-1) Electrochemical performance of O-defective boron nanosheets
in 1 M H,SO,4 electrolyte. (G) CV curves at various scan rates, (H) GCD curves at different current densities and (I) recyclability at a scan rate of
100 mV s~* for 5000 cycles. Reproduced with permission. Copyright 2020, Elsevier B.V.*

current density, it showed high charge storage in H,SO, elec-
trolyte. In a three-electrode system, this oxygen-defective boron
nanosheet gave a capacitance value of 107.63 mF cm™> with a
relaxation time of 0.83 s and 141.55 mF cm > with a relaxation
time of 1.78 s at a current density of 2 A ¢”', in KOH and
H,SO,, respectively. A symmetric cell constructed with high
potential window (3.0 V) in ionic liquid electrolyte [bmim][BF,]
(1-butyl-3-methylimidazolium  tetrafluoroborate)  retained
75.4% of its initial capacitance after 8000 CV cycles at a high
scan rate of 300 mV s~' with high specific energy of 25.1 W h
kg™ and specific power of 636.13 W kg™ .

Tasaltin et al.>® developed a nanocomposite of crystalline
a-borophene and polyaniline (PANI) over flexible Ni foam sub-
strate as a promising electrode material for supercapacitors.
The zeta potential studies showed that o-borophene had
sufficient electrostatic repulsion, imparting good physical
stability to the structure. CV studies performed in 1 M H,SO,
electrolyte (potential window —0.3 V to 1.2 V) revealed that the
calculated specific capacitance values of the prepared
a-borophene, PANI and PANI: a-borophene electrodes were
486, 385 and 960 F g, respectively. The capacitance retention
in the PANI: o borophene electrode was found to be 95% after

52 | Dalton Trans.,, 2025, 54, 38-58

1000 cycles, implying no significant degradation in the specific
capacitance of the electrode.

Tiirkmen and coworkers® explored the electrochemical per-
formance of an inorganic-organic hybrid nanocomposite of
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)/B1, borophene using ionically crosslinked con-
ducting polymer PEDOT:PSS with a uniform distribution of
the By, phase of BP. The synthesized BP film and PEDOT:PSS
film showed electrical conductivities of 14 x 107° and 752 S
em™, respectively. CV measurements in H;PO,/PVA gel electro-
lyte at 2 mV s~ gave specific capacitance values of 230, 622
and 853 F g~! for the PEDOT:PSS, PEDOT:PSS/BP (75/25, wt%)
and PEDOT:PSS/BP (50/50, wt%) electrodes, respectively. The
PEDOT:PSS/BP (50/50, wt%) electrode retained 95% of its
initial capacitance value after 1000 cycles.

Abdi et al.** fabricated nanosupercapacitors by depositing
2D-borophene sheets on graphoil (a soft sheet form of com-
pressed natural graphite) through a wet-transfer method. The
electrochemical measurement for supercapacitor application
was carried out in 1 M H,SO, in a three-electrode system.
Using this working electrode, the CV study at a scan rate of
5 mV s™' in the potential window of 0-1 V showed a specific

This journal is © The Royal Society of Chemistry 2025
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capacitance of 270 mF ¢cm™?, whereas the calculated specific
capacitance from the GCD study was 350 F g™ at 1 A g™*
current density, where the amount of BP added on graphoil
was less than 1 mg.

The group of Mahalingam® fabricated a symmetric super-
capacitor device using 2D-borophene nanosheets anchored S,
N-mesoporous carbon nanocomposite (SNC-Bp//SNC-Bp). CV
and GCD analyses using 3 M KOH electrolyte in a three-elec-
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trode set-up showed an impressive capacitance value of 805.3
F ¢! at 10 mV s~ scan rate and 607 F g¢™' at 1 A g™* current
density. The SNC-Bp//SNC-Bp device displayed excellent energy
and power density values of 29.2 W h kg™ and 3500 W kg™,
respectively, while retaining 90.67% of the original capacitance
and a coulombic efficiency of 91.27%.

Kumar and Vinu’s group®® successfully demonstrated the
experimental doping of iron (ca. 13%) and sulfur (ca. 11%) in
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Fig. 9 (A-F) Electrochemical performance of Fe—B and S—B in 6 M KOH electrolyte solution. CV curves of (A) Fe—B and (B) S—B at different scan
rates, GCD curves of (C) Fe—B and (D) S—B at different current densities and variation of specific capacitance with (E) scan rate and (F) current
density. Reproduced with permission. Copyright 2024, Wiley-VCH GmbH.>* (G-L) Comparative electrochemical performance of borophene, MXene
and MxB (50:50) in 2.0 M H,SO,. (G) CV curves at a scan rate of 10 mV s, (H) specific capacitance at different current densities and (I) Nyquist
plots of the samples. (J) CV curves at various scan rates, (K) GCD curves at different current densities and (L) cyclic stability at 10 A g~ for 10 000
cycles of MxB (50 : 50). Reproduced with permission. Copyright 2023, Elsevier B.V.3*
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mono/few-layered p;, borophene with exceptional supercapaci-
tive behaviour by controlled microwave exposure technique
(Fig. 9A-F). They identified the potential window range for
both CV and GCD measurements in a three-electrode system
using 6 M KOH electrolyte. They were found to be 0-0.45 V for
Fe-B (iron-doped BP) and 0-0.48 V for S-B (sulfur-doped BP).
From CV, the values of specific capacitance were calculated to
be ca. 176 and 99 F g™ at a scan rate of 10 mV s~* and from
GCD, the values obtained were 202 and 120 F g~ at a current
density of 0.25 A g~ for Fe-B and S-B, respectively. Fe-B and
S-B retained 61.1% and 100.5% of their initial capacitance
values, respectively, after 5000 CV cycles at 100 mV s~ .

Somesh et al.** fabricated ultrafast, high-performance flex-
ible supercapacitor electrodes from the heterostructure of 2D
MXene/BP (MxB) via the electrophoretic deposition method
(Fig. 9G-L). To avoid the self-restacking of negatively charged
MXene, the positively charged BP was intercalated within the
MXene layers. This led to an increase in the interlayer spacing,
which exposed more electroactive sites and accelerated the
electrolyte ion diffusion as well. In a three-electrode system
using 2 M H,SO, electrolyte, the MxB (50 : 50) electrode exhibi-
ted a high gravimetric capacitance of 626.7 F g™ at a current
density of 1 A g~ with 85.14% retention of capacitance at a
high current density of 20 A g~*. This value was greater than
that for either MXene (528.5 F g, 74.68% capacitance reten-
tion) or BP (385.7 F g', 71.15% capacitance retention) taken
alone. Further, the MxB (50:50) electrode displayed remark-
able cycling stability with 88.5% capacitance retention after
10000 cycles. A symmetric solid-state supercapacitor con-
structed using PVA/H,SO,4-based gel electrolyte offered an
excellent energy density value of 75.6 W h kg™,

To summarize, the symmetric supercapacitor of a few-layered
boron sheet-derived electrode*® operated in the high potential
window of 3.0 V showed an impressive energy density with excel-
lent cyclability. However, as the current density increased, the
specific capacitance of this cell decreased, thereby putting a limit
to the practical utilization of the material. This suboptimal
efficiency poses a serious limitation on its application in high-
performance supercapacitors, which demand fast charge/dis-
charge cycles. After the cyclic stability study, the internal resis-
tance increased (from 19.8 Ohm to 22.4 Ohm) to a large extent,
which suggested slow ion transfer between the electrode and the
electrolyte, thus further restricting its performance. This problem
may be overcome by the optimization of the layered structure,
porosity of the active material and also the electrolyte, which
helps in faster ion diffusion and reduces the internal resistance.
These drawbacks excluded, the work provides the advantages of
obtaining few-layer B sheets, which can be converted into thin
films and composites in bulk with a broad range of applications
in flexible electronics, optoelectronics and energy storage devices.
On the other hand, the oxygen-defective boron nanosheets®" gave
good pseudocapacitive properties at various pH ranges with a
better performance in an acidic medium. This can be attributed
to the increase in the interlayer spacing during the oxidative exfo-
liation, which predisposes better more electroactive sites.
Additionally, the oxygen centres functioned as active sites for the

54 | Dalton Trans., 2025, 54, 38-58
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adsorption/desorption of ions as well as redox transitions. The
corresponding symmetric cell was operated at a high potential
window of 3.0 V in ionic electrolyte, but the energy density and
recyclability needed improvement.

Again, the active electrodes derived from inorganic/organic
nanocomposites of crystalline o BP with PANI*® and p,, BP
with PEDOT:PSS*® showed high capacitance values of 960 and
853 F g, respectively, in a three-electrode system and an
acidic electrolytic medium. The crystal perfection of the
a-phase, due to its low concentration of structural disorders,
interstitials and vacancies, enabled high carrier mobility,
whereas the high surface area and better structural stability of
the i, phase enhanced its charge storage ability. Both the
materials showed a capacitance retention of 95% after 1000
cycles. However, to explore the long-term stability, additional
tests over extended cycles would be needed to fully compre-
hend the durability and performance deterioration of the elec-
trodes in practical applications. A facile fabrication process of
the supercapacitor was developed by simply depositing BP
nanosheets on graphite substrate by the spin-coating
method®® to achieve a specific capacitance of 350 F g'. In the
practical performance using a two-electrode system, the capaci-
tance was observed to be 30% lower than that in the three-elec-
trode system, and during the tests, the morphology of the
atomic-thin BP layer was affected. Thus, the strategy of appli-
cation of a protective layer of another 2D material was
suggested, which might stabilize the structure of BP against
oxidation and keep the morphology intact.

BP has a serious issue of n—n interaction, leading to the
restacking of the sheets and poor ambient stability. To over-
come these problems, a unique electrode material was devel-
oped based on a nanocomposite that combined S and
N-doped mesoporous carbon with BP*® to provide commend-
able energy and power densities. The combination of these
nanocomposites with other energy storage devices, e.g., bat-
teries, puts forward challenges in terms of compatibility of the
materials and optimization of the interfaces. In another
approach, flexible supercapacitor electrodes were developed
via the electrophoretic deposition method with another 2D
material, MXene.>® The negative charge on the surface of
MXene and the positive charge of BP electrostatically self-
assembled to prevent the restacking problem. This led to a
larger interlayer gap between the sheets and exposed more
electroactive sites for ion diffusion to provide exceptional
energy density (75 W h kg™') and cycle stability. This work
offered a rudimentary insight into the effect of interlayer
spacing on the electrochemical properties of 2D hybrid
materials and illustrated the design of integrated super-
capacitors having high volumetric and rate capabilities.
However, the complexity of assembling such 2D materials as
well as the high cost involved in the production of high-quality
MXene and BP can limit their economic viability, large-scale
production and widespread application for commercial super-
capacitors at the industrial scale. Also, the environmental
stability of the MXene/BP heterostructures in the long-term
under various conditions of humidity and temperature has not
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been fully understood yet. Thus, research is needed to further
develop hybrid systems that effectively integrate the merits of
various energy storage technologies.

Separately doping a metal (Fe) and a nonmetal (S) in BP by
an innovative one-pot microwave-assisted method®* not only
enhances the electronic properties of the resulting materials
but also improves their storage capability significantly. It was
necessary to optimize the doping concentration and uniform-
ity of the dopant throughout the entire surface of BP; merely a
high doping level did not afford a high specific capacitance
value. The potential window of these supercapacitors was very
narrow, and the Fe-doped BP suffered from poor recyclability.
However, to understand how these dopants influence the
energy storage properties of BP, it is essential to fabricate
various metals and heteroatoms-doped BP materials and carry
out their electrochemical studies.

Comprehensive studies, such as the fabrication of cells that
work in high potential window range, determination of energy
density and power density and testing the long-term cycling
ability are required to evaluate the potential of the super-
capacitors in practical applications. Such studies shall also
help to precisely identify the benefits and limitations of BP-
derived supercapacitor materials by comparison with other
similar materials/composites. Future research should priori-
tize the development of high-performance, lightweight, flexible
and portable supercapacitors using BP or BP-based materials
based on their exceptional properties such as high electrical
conductivity, flexibility and surface area. However, challenges
will remain in the scaling up of the production and integrating
the materials into devices. It should be kept in mind that BP is
highly reactive and prone to aerial oxidation, which can dimin-
ish its superiority in the electrochemical performance of
supercapacitors. Some effective approaches, such as synthesiz-
ing bilayer/tri-layer BP or using protective coatings with
another stable 2D material or fabrication of heterostructures
with other stable materials, may help to mitigate the issues
related to the environmental stability of BP sheets. After the
hydrogenation of BP, borophane exhibits remarkable stability
in strongly acidic and alkaline medium, which ensures that it
can be a potential candidate for various advanced nanoelectro-
nic devices. Ongoing researches aim to optimize these aspects
in order to make BP a promising material in sustainable
energy storage. Parallelly, attention must be given to minimize
the environmental impact and decrease the cost of production
and fabrication of devices.

Conclusions and future prospects

Theoretical and experimental studies on borophene have
drawn significant attention due to its unique properties such
as high anisotropic mechanical characteristics and flexibility,
thermal and electronic conductivity, and magnetic properties.
Borophene has useful properties such as polymorphism and an-
isotropy that have contributed to the development of advanced
energy materials for research on flexible energy storage systems

This journal is © The Royal Society of Chemistry 2025
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as supercapacitors. However, several challenges are faced during
their implementation in practical applications, such as maintain-
ing high quality and scalability in the synthesis techniques, stabi-
lity of the structure, tuning of the band gap by optimal strain/
defect engineering, chemical functionalization for specific appli-
cations and biocompatibility. The bond formation energy of
boron is relatively high with a complicated bonding nature
arising from the electron deficiency per atom in boron, thereby
making it difficult to achieve the monolayer form. The formation
of a monolayer of BP needs high surface energy in the bottom-up
approach of crystal growth along with higher sonic energy for the
exfoliation of boron crystals. Apart from that, the existence of BP
in different phases always requires filtration and separation of
the phases, which is a matter of concern. BP has been theoreti-
cally projected as a befitting material for energy storage and a
frontline candidate in catalytic applications. However, the
difficulties associated with the synthesis of BP and the practical
problems related to achieving it in the monolayer form limit its
spectrum of applications.

In the bottom-up strategy, PVD and CVD techniques have
the advantage of producing highly pure and stable homo-
geneous monolayer sheets of BP with good crystallinity and
uniform thicknesses. But these processes are very slow, expen-
sive, highly complicated and require highly controlled con-
ditions such as ultra-high vacuum (UHV) and high tempera-
ture, making them less accessible for large-scale production.
The choice of an appropriate substrate material is delicate as
well as crucial for the epitaxial growth or proper deposition in
the synthesis of the individual phases of BP. Again, BP layers
establish weak interaction with the substrate, as a result of
which the separation process becomes difficult and leads to
the damage of the BP sheets. In some cases, strain can be
induced in the BP structure by the substrate, resulting in
further complications of the separation process. Such strain
can give rise to defects and even structural changes in BP,
making it more difficult to accomplish a clean separation. In
this regard, the van der Waals epitaxial method where the BP
growth takes place over a non-metallic substrate, such as mica,
may open up new possibilities for introducing BP in various
electronic applications, but it may not be easily scalable for
large-scale production. Segregation-enhanced epitaxial method
affords large-area BP domains with high quality and low defect
density. This is important for practical applications as larger
domains can enhance the performance of BP-based devices.
This segregation process again involves its own limitations;
when a certain quantity of BP is produced by the segregation
of boron on the surface of the substrate, further growth may
be inhibited. In addition, it requires very high temperatures
(up to 1373 K) and there are issues related to the solubility
constraint of boron. All these factors must be taken into
account while considering the feasibility and scalability of a
given synthetic approach. Thus, more research is needed for
the large-scale production of BP with a high degree of reprodu-
cibility, which is essential for practical applications.

On the other hand, different exfoliation techniques such as
liquid phase exfoliation, mechanical exfoliation, and electro-
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chemical exfoliation are easier, scalable and more cost-
effective to achieve free-standing BP sheets. However, the
quality and purity of the BP obtained is not as high as that in
the CVD and MBE techniques, and it is very difficult to main-
tain the size and thickness of the BP. Innovations can be
brought in the exfoliation techniques, such as exploring high-
energy solvents (DMF, DMSO, NMP, etc.), using solvent mix-
tures (DMF/IPA, NMP/ethanol, acetone/IPA, etc.), studying the
effect of heating while sonication, and trying vacuum exfolia-
tion or cryo-exfoliation. As research on borophene spreads
across different technological applications, a closer under-
standing of the surface, as well as interface chemistry, is vital,
particularly for their potential applications in devices, which
are quite restricted at present. Micromechanical exfoliation
technique leads to high-quality BP, but the uniformity of the
number of layers is always a prime concern, which greatly
affects the electronic and mechanical properties of BP sheets.
The modified Hummers’ method appears as a step forward in
this direction, thus pushing the boundary further. The yield of
BP in the modified Hummers’ method has been found to be
the best so far and the method is very much suitable for the
large-scale production of BP, which is desirable in energy
storage or catalytic applications. However, it experiences pro-
blems related to defects and surface functionalities with the
contamination of BP sheets by oxidized BP. Thus, there is still
a lot of opportunity to design a more effective synthetic route
of BP, which will ensure scalability without compromising on
its quality as well as precise control of the structures, purity,
crystallinity, size and homogeneity.

Borophene is oxidized on exposure to air or moisture,
which leads to the weakening of its valuable properties. Again,
by hydrogen functionalization, its stability increases and the
hydrogenated BP has greater thermal conductivity than pris-
tine BP. However, the bilayer BP displays a metallic character
and compared to the monolayer forms, it is less susceptible
towards oxidation. The ability to tailor the bandgap of BP via
controlled strain/defect engineering or by chemical treatment
on its surface is one of the most fascinating features that
modulates the metallic to semiconducting behaviour of BP. Its
excellent electrical conductivity, strong mechanical flexibility,
low diffusion barrier, lightweight, tuneable band gap and high
theoretical conductance make BP a potential candidate in
supercapacitors for flexible energy storage systems.

Recent research endeavours have concentrated on the
unique properties exhibited by 2D heterostructures involving
direct interfaces between components that are chemically dis-
tinct. These interfaces play a crucial role in boosting the
charge storage capacities through synergistic interactions.
Nevertheless, the fabrications of such stable heterostructures
offer their own set of challenges. BP has the compatibility to
form heterostructures with other 2D materials, such as MXene
or conductive polymers such as PANI and PEDOT:PSS/B;,, due
to its polymorphism and diverse bonding geometries. The for-
mation of such heterostructures prevents the self-restacking of
the BP sheets and facilitates the composites to serve as
effective electrode materials for supercapacitors. To date, the

56 | Dalton Trans., 2025, 54, 38-58
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field of BP-derived supercapacitors has not been explored
much and the charge storage mechanism of BP-based electro-
des, including the various phenomena taking place at the
interface of the electrode/electrolyte, are active areas of
research. Therefore, further study in this field is required to
explore the energy storage capability of the heterostructures
with other 2D materials such as graphene, phosphorene, tran-
sition metal dichalcogenides and black phosphorus as well as
different dopants and various conductive polymers.

Future research directions can focus on the development of
economic, time-effective and scalable production of highly
pure BP and the fabrication of nanocomposite electrode
materials for supercapacitors with good mechanical stability,
flexibility, lightweight, high-energy density, power density,
rapid charge/discharge kinetics and recyclability. Lightweight,
fire-resistant and high-power supercapacitors are suitable for
different types of light electronic gadgets and electrical
vehicles. In addition to supercapacitors, BP or BP-based
materials can have emerging applications in the field of
lithium-ion batteries, electrocatalysts (water splitting), sensors
(gas, molecule, fire, strain, etc.), photodetectors, biomedicines
(cancer therapy, diabetic sensing, etc.), information techno-
logy, wireless communication, hydrogen storage, electrical
transport, field emission, and so on. There is a vast expanse
remaining unexplored, which provides ample opportunities to
carry out useful research in this area and meet the challenges
faced in utilization of renewable energy through the develop-
ment of efficient energy storage systems.
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