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The exfoliation of two-dimensional (2D) hexagonal boron nitride nanosheets (h-BNNSs) from bulk
hexagonal boron nitride (h-BN) materials has received intense interest owing to their fascinating physical,
chemical, and biological properties. Numerous exfoliation techniques offer scalable approaches for
harvesting single-layer or few-layer h-BNNSs. Their structure is very comparable to graphite, and they
have numerous significant applications owing to their superb thermal, electrical, optical, and mechanical
performance. Exfoliation from bulk stacked h-BN is the most cost-effective way to obtain large
quantities of few layer h-BN. Herein, numerous methods have been discussed to achieve the exfoliation
of h-BN, each with advantages and disadvantages. Herein, we describe the existing exfoliation methods
used to fabricate single-layer materials. Besides exfoliation methods, various functionalization methods,
such as covalent, non-covalent, and Lewis acid—base approaches, including physical and chemical

methods, are extensively described for the preparation of several h-BNNS derivatives. Moreover, the
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Accepted 26th August 2021 unique and potent characteristics of functionalized h-BNNSs, like enhanced solubility in water, improved

thermal conductivity, stability, and excellent biocompatibility, lead to certain extensive applications in the

DOI: 10.1039/d1ra05727h areas of biomedical science, electronics, novel polymeric composites, and UV photodetectors, and these
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1. Introduction

h-BN is isoelectronic with graphene (it is also referred to as
“white graphene”), and it consists of an equal number of boron
(B) and nitrogen (N) atoms.' Moreover, within each layer, B
and N atoms are strongly bound together via sp> covalent
bonds. Between the various layers, weak van der Waals forces
occur. Moreover, lip-lip ionic bonding interactions can also
occur between various neighboring h-BN layers® that are
stronger in comparison to the weak van der Waals forces
between layers of graphene, and the extensive band gap of h-
BNNSs (~4-6 eV)* makes them an insulating material. Hence,
the exfoliation of BNNSs from bulk h-BN is much tougher than
flaking off graphene from bulk graphite. In contrast to gra-
phene, h-BN shows numerous peculiar characteristics, like
high-temperature strength, inherent electrical insulation, anti-
corrosion capabilities, etc.4 Thus, these remarkable features
have significant possible applications, e.g., in the fabrication of
optical and electronic devices.*® Additionally, having a wide
band gap of ~5.9 eV, h-BN has also been useful for various
technological applications like being used in far-ultraviolet
light-emitting devices and high-performance electronic
devices." There is no doubt that bulk h-BN and its composites
have many applications in different areas, such as lubrica-
tion,"** biomedicine,**** electronics, and sensors;'>** however,
the few layer (2D) counterpart has more advanced applications.

In the last few decades, graphene was treated as the ultimate
material for the design and fabrication of numerous nano-
devices. Therefore, it is worthwhile to investigate h-BN nano-
sheets (BNNSs) in combination with graphene. It was reported
that due to the similar lattice parameters of BNNSs and gra-
phene, epitaxial graphene on a BNNS may offer a wide-band-gap
graphene material."” Therefore, h-BN potentially may work as
an outstanding gate dielectric material for the construction of
graphene transistors, e.g., Dean et al. reported the growth of
graphene devices on thin BNNS substrates, revealing mobilities
and carrier inhomogeneities that were higher than SiO,
devices. Further, Wang et al. investigated the first kind of BN-
graphene-BN field-effect transistor (FET) for radiofrequency
applications.*

Moreover, in addition to several extensive studies on gra-
phene,”*** particularly the revolution in the fabrication of
electronic (semiconductor) devices,>*** a variety of research into
h-BNNSs, including their exfoliation, functionalizing proper-
ties, and applications, has been performed. Numerous tech-
niques,**** motivated by those used for the preparation of
graphene, have been used to date to synthesize h-BNNSs.
Earlier, it was reported that monolayer and few-layer BNNSs
could be synthesized from bulk h-BN using various methods
like mechanical milling techniques,** chemical-solution-
derived (CSD) techniques,*?* and chemical vapor deposition
(CVD) techniques.**® Nevertheless, mechanical milling tech-
niques merely result in inadequate amounts of BNNSs. CSD
techniques can harvest large quantities of BNNSs; however,
these prepared BNNSs are nanosized with numerous layers.
CVD techniques require ultrahigh vacuum systems and a high-
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temperature atmosphere, and they rely on quite exclusive
prototypes, all of which are major difficulties for the prepara-
tion of large-scale BNNSs. Therefore, simple and low-cost
techniques are now required to harvest large-scale and
excellent-quality BNNSs. Current developments in the prepara-
tion and uses of h-BNNSs have resulted in enhanced perfor-
mance when equated with bulk h-BN. For example, h-BNNSs
can be utilized as non-wetting coatings,** 2D fillers,*»** field
emitters,* thin supports for the high-resolution imaging of
nanocrystals,* and ultimate substrates for high-grade graphene
electronics.*® Hypothetically, it has been reported that the
fabrication of h-BNNSs with triangle defects can result in
magnetism and improved half-metallicity,*” and hydrogenated
boron nitride nanoribbons (BNNRs) might be used to realize
semiconductor-half-metal-metal transition mechanisms and
magnetic properties.*®* For the preparation of h-BNNSs,
mechanical cleavage techniques maybe provide processes with
the minimum issues for scaling up. However, sonication-aided
exfoliation techniques need suitable solvents, which are very
costly, and need extraordinary care during handling.
Approaches involving unzipping BNNTs have been accom-
plished by various researchers. Recently, few-layered BNNSs
were generally fabricated via solid-phase mechanical tech-
niques and liquid-phase exfoliation methods.*"** Moreover, to
perform these exfoliation techniques requires high energy and
sufficient time. Hence, liquid exfoliation techniques are more
effective in comparison to mechanical exfoliation.>*** Owing to
the use of huge quantities of chemicals and lengthy agitation
times, and the obtaining of lower yields, these methods are not
optimal.®-** Additionally, several chemical impurities are inex-
orably present in the final BNNS product; for purification
purposes, the product requires further intricate post-treatment.
Hence, an ideal approach is urgently required for the fabrica-
tion of few-layered h-BN that will provide fast reaction times,
nontoxic constituents, scalability, etc.66

Herein, we describe several exfoliation methods, like liquid-
phase sonication, mechanical cleavage, controlled gas exfolia-
tion, thermal exfoliation, and surfactant supported exfoliation,
for the large-scale production of h-BNNSs, including low-cost,
easily manageable, and scalable synthesis techniques for 2D
h-BNNSs, which are extremely important. Further, we then
describe several successful h-BN functionalization methods and
their significant applications. In these methods, H,SO,,
KMnOy, H,0,, etc. are utilized to exfoliate few-layer BNNSs from
commercially available bulk h-BN powder.

2. Exfoliation

Exfoliation is attained via employing additional exterior force to
overcome the attractive van der Waals interactions between
material layers. The most frequently used methods are ultra-
sonication and chemical exfoliation techniques. During ultra-
sonication, shear forces and cavitation (the growth and collapse
of micrometer-sized bubbles) act on the bulk material and
induce exfoliation, while in the chemical processing of bulk h-
BN compounds there is no need for high-temperature or high-
vacuum conditions, with only wet chemical dispensation

RSC Adv, 2021, 1, 31284-31327 | 31285
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required. Due to these substantial advantages, this technique
could be capable of the fabrication of large-scale BNNSs. The
pressure arising due to the disintegration of several functional
groups intercalated between the layers overwhelms the van der
Waals attractions, assisting exfoliation.

Various methods for the preparation of BNNSs may be
considered as bottom-up approaches, which produce 2D
nanosheets via the association of tiny molecules/used precur-
sors into complex nanostructures. Interestingly, exfoliation
methods generate 2D BNNSs from bulk materials and may be

View Article Online
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designated as top-down approaches. The intrinsic nature of
layered materials means that strong in-plane covalent bonds are
retained between various essential elements and weak van der
Waals interactions occur between the involved layers of atoms.
Nevertheless, it is quite possible to directly fabricate 2D nano-
sheets via refining atomic layers from their parent 3-D crystals,
and hence exfoliation can be contrived. Indeed, there are
numerous methods for exfoliating layered materials such as
graphene and h-BN, either chemically or mechanically, and,
therefore, we will deliberate these techniques in turn below.
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Fig. 1

(a and b) Typical curved nanosheets and nanoscrolls of exfoliated BNNSs (circled in black), (c) AFM images of a nanosheet with curved

edges (d) h-BN flake with several steps (e) the high-resolution images of the two encircled regions. (f and g) An isolated sheet and the corre-

sponding electron diffraction pattern.s®
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2.1. Chemical exfoliation

The chemical exfoliation of layered (2D) nanomaterials, for
example graphene and transition metal dichalcogenides
(TMDs), has been effectively documented, and recently a few of
the investigated approaches have gained universal apprecia-
tion, e.g., the Hummers' process for the synthesis and exfolia-
tion of reduced graphene oxide (r-GO) from graphite.”” In
contrast to techniques produced for the exfoliation of graphite,
techniques for exfoliating h-BN to create BNNSs have not been
as successful, in spite of the fact that there have been numerous
reports on creating different h-BN chemical exfoliation tech-
niques. Li et al. reported a typical synthesis of h-BNNSs using
a chemical exfoliation technique with a yield of ~0.191%.% In
the reported synthesis, the appropriate amounts of NaOH
(2.0600 g) and KOH (2.7160 g) were mixed, and then fine h-BN
powder (0.2480 g) was incorporated into the mixture for the
exfoliation of h-BN. To homogenize the mixture, it was again
mixed and transferred into a PTFE stainless-steel autoclave. The
autoclave was heated at 180 °C for 2 h and then cooled to room
temperature. Thereafter, the autoclave ampule was taken out
from the furnace and the synthesized product was frequently
washed using a washing process with ethanol and deionized
(DI) water until the pH of the product was neutral. Hence, the
following reaction take place during the synthesis of exfoliated
h-BN:%

BN + 3NaOH — Na3BO; + NH;1 (1)

The achieved material was then dried in a vacuum oven at
100 °C for a soaking time of 12 h. Finally, a white crystalline
material, ie., exfoliated h-BN, was successfully synthesized.
Further, to verify the exfoliation, various characterization tech-
niques such as SEM, AFM, and TEM were used. These charac-
terization techniques revealed the generation of the exfoliated
material in the form of typical curved nanosheets and nano-
scrolls of BNNSs (Fig. 1).%®

Additionally, based on inspiration from a graphene oxide
exfoliation method, Du et al. attempted to apply an improved
Hummers' technique to the exfoliation of BNNSs.” They re-
ported that about 65 mg of BNNSs could be achieved from 1 g of
h-BN, and this frugal technique produced micro-ordered large-
sized BNNSs (2-3 layer thickness), as shown by the SEM
results.” The complete procedure comprises three steps: (i) the
mixing of sulfuric acid (H,SO4) into h-BN (powder), which
modified the hydrogen ions intercalated into layered h-BN and
allowed the layer spacing to be engorged; (ii) the addition of
potassium permanganate (KMnO,), with a reaction taking place
along with H,SO, that caused the development of MnO,; and
(iii) the removal of O, and MnO, to form exfoliated BNNSs. A
schematic diagram of the entire process is depicted in Fig. 2(A).
Hence, the probable reactions that take place during the exfo-
liation of h-BN can be described as follows:

2H,S0O4 + 4KMnO, — 2K,SO, + 4MnO, (nanoparticles)
+30,1 + 2H,0 ()

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Additionally, they also recommended that the entire BNNS
exfoliation mechanism mainly occurred in two more basic
steps, i.e., the first is the effective incorporation of H and MnO,
nanoparticles, and the second is the creation of O,, as shown in
eqn (3):7°

MnO, + 2H* + H,0, — 2H,0 + Mn** + 0,1 (3)

Moreover, MnO, nanoparticles play a significant role in
protecting the BNNSs from re-stacking and, eventually, the
MnO, nanoparticles are eliminated using H,O,. In this way,
BNNSs are exfoliated from bulk BN via the intercalation of
MnO, nanoparticles into the larger interlayers of bulk BN, and
this was confirmed using in situ electron microscopy, as
depicted in Fig. 2(B) and (C).

Lin et al. have reported the functionalization and exfoliation
of h-BN using lipophilic and hydrophilic amine molecules.” In
a typical synthesis, octadecylamine (ODA, CH;3(CH,)17NH,) and
amine-terminated polyethylene glycol (PEG, 0,0-bis(3-
aminopropyl)polyethylene glycol, NH,(CH,)s(-
OCH,CH,),,0(CH,);NH,, where n = ~35) were used. h-BN
powder (50 mg) and ODA (500 mg) were taken in a round-
bottom flask. These raw materials were mixed and then
heated between ~160 and 180 °C for 96 to 144 h under
a nitrogen atmosphere. Further, this mixture was cooled to
ambient temperature and approximately 15 mL of tetrahydro-
furan (THF) was poured into the mixture. The prepared slurry
was sonicated for 10 min and centrifuged; in this way, the
supernatant fluid was gathered successfully. From the centri-
fugation, extraction cycles were repeated several times (5-8)
using the residue and, hence, the supernatant fluid was merged
as a THF dispersion of the final product, ie., ODA-
functionalized h-BN. Similarly, PEG was used as a functional
molecule in a really similar process, except that DI water was
used as the removal solvent. Consequently, an aqueous
dispersion of PEG-functionalized h-BN (PEG-BN) was achieved
as the final product. Herein, ODA/PEG and the h-BN surface
played vibrant roles in this tactic for functionalization and
exfoliation, which produced a high yield of BNNSs. Later on, Du
et al.”” presented a new synthesis mechanism for the exfoliation
of BNNSs using NH,F. They successfully exfoliated BNNSs using
bulk h-BN and produced fluorinated BNNSs. This synthesis
technique was observed to be surface-based and cost-effective.
In this process, the entire exfoliation mechanism mainly con-
tained four steps, which are as follows: (i) the fluorination of h-
BN; (ii) the buckling of nanosheets on the surface; (iii) the
insertion of NH, ions; and (iv) the exfoliation of the fluorinated
nanosheets (Fig. 2(D)).”” Remarkably, it was confirmed that at
ambient temperature, the synthesized F-BNNSs showed ferro-
magnetic characteristics, proving their significant potential for
use in the design of spintronic devices.”

Furthermore, Bhimanapati et al. have reported an easy and
scalable tactic using a chemical route for the exfoliation and
functionalization of h-BN.”® In the beginning, they used 1 g of h-
BN powder with a particle size of 1-5 mm, and this was mixed
with 6 g of KMnO, powder in a glass beaker. A mixture of
135 mL of acid was synthesized separately through mixing the

RSC Adv, 2021, 11, 31284-31327 | 31287
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Fig. 2

(A) A schematic diagram of the synthesis of BNNSs exfoliated from bulk BN powder using a chemical exfoliation method. (B) An SEM image

of the bulk BN powder. (C) An SEM image of exfoliated BNNSs.” (D) A schematic diagram of a fluorination-supported exfoliation mechanism for

achieving F-BNNSs.”2

two distinct acids H;PO, and H,SO, at a molar ratio of 1 : 8, and
this was then transferred into the dry h-BN mixture. The
prepared solution was then heated (75 °C) and mixing was
performed for 12 h. Afterwards, ~6 mL of H,0, and 120 mL of
DI water were poured gently into the mixture to inhibit oxida-
tion. The subsequent material was cooled to room temperature
and then centrifuged at 6000 rpm for 30 min. Moreover, ~45 mL
of DI water was poured onto this material and it was again
centrifuged using the same rpm and time. During centrifuga-
tion, non-exfoliated material was eliminated successfully.
Further, to achieve a pH > 3 and remove the metal ions, the
supernatant solution was washed several times via

31288 | RSC Adv, 2021, 1, 31284-31327

centrifugation with DI water, ethanol, and HCI, respectively.
Finally, the supernatant solution was spin-coated onto Si wafers
and then dried to attain the exfoliated and functionalized h-
BNNS. Electron microscopy and Raman spectroscopy analysis
verified the preparation of exfoliated h-BN (Fig. 3(A-D)).”
Moreover, the broadness and intensity of the Raman peak was
reduced significantly when compared with bulk h-BN. Due to
a reduction in the layer thickness, a reduction in the peak
intensity occurs, which is clearly revealed in Fig. 3(D). Inter-
estingly, a shift in the peak was also observed, which is asso-
ciated with strain and was produced due to the stretching of the
nanosheets. Therefore, a red shift in the peak has been noticed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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olutionTEM image showing the atomic structure of h-BN. (D) Raman spectra of bulk h-BN exfoliated h-BN exhibiting a red shift of 3.3 cm™,
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(A) An SEM image displaying exfoliated h-BN with a large flake size of 6 mm (B) TEM images showing monolayer h-BN (C) a high res-

1

demonstrating a substantial reduction in nanosheets thickness.” (E) TEM image of exfoliated h-BN nanosheets and (F) a HRTEM image of the

surface of multilayer h-BN nanosheets.®

in the Raman spectrum (Fig. 3(D)), which is further potential
evidence for the fabrication of mono- and few-layered flakes of
exfoliated h-BN.”

2.2. Exfoliation of h-BN via intercalation approaches

Motivated by the efficacious exfoliation of graphene through
graphite intercalation complexes (GICs), various researchers
have attempted to exfoliate h-BN using an intercalation
approach with h-BN; for example, Doll et al. achieved the
intercalation of BN films using potassium metal.”* In the
beginning, they grew BN film with a thickness of ~1-2 pm using
a CVD technique. They successfully carried out a reaction with
potassium (K), with the fabricated BN film placed into a Pyrex
glass container with pure K. Afterwards, the container was
evacuated at 10~° torr, properly sealed, and then transferred
into a double-zone electric furnace. BN and K were heat-treated
at constant temperatures, i.e., 220 °C and 200 °C, for a soaking
time of 24 h. The glass container was taken out from the furnace
at room temperature, and the BN film turned a violet color. The
change in color indicates that effective optical absorption takes
place in the visible region, and this effective optical absorption
was absent in pristine BN films. The change in color is due to
a reaction between K, O,, and H,O. After the intercalation
reaction, K atoms and BN formed a (2 x 2)R 0° in-plane struc-
ture, which corresponds with the BN lattice, and an optical
transition redshift of 2.7 eV was observed, which was equated
with a h-BN band gap of ~5 eV.” Further studies revealed the

© 2021 The Author(s). Published by the Royal Society of Chemistry

prominent intercalation of K into BN and also the exfoliation of
BNNSs. Subsequently, Lin et al reported a technique for
synthesizing monolayer BN quantum dots (QDs) with a lateral
size of ~10 nm via intercalating potassium into h-BN flakes.”
The complete synthesis of monolayer BN QDs mainly involved
three steps: (i) the h-BN flakes and potassium (K) were mixed
and transferred into a glass tube (Pyrex) and then heat treated
from 190-200 °C for 10 h in a vacuum environment until the
color of the material entirely changed to gray; (ii) the glass tube
was cooled to ambient temperature and taken out from the
furnace, and the prepared K-hBN was immediately exposed to
atmospheric air and then permitted to react with ethanol/water
(EtOH/H,0) using an ultrasonication-supported system; and
(iii) residual impurities were eradicated via filtration and
centrifugation processes, followed by the use of cation exchange
resin.” Only 2.1 wt% exfoliated BNNS QDs were achieved
successfully, and their presence was confirmed using several
spectroscopy and electron microscopy characterization
methods like Raman, FT-IR, UV-vis, XPS, TEM, and AFM.
Moreover, the Raman study revealed a slightly up-shifted E,g
phonon mode of h-BN within the wavenumber range of 1366.5-
1367 cm™' compared with raw h-BN flakes under similar
measurement conditions, which showed a decrease in the in-
plane lattice constant.”>”® In addition to potassium (K) inter-
calation, lithium (Li) was also used for intercalation and the
subsequent exfoliation of h-BN.”” Furthermore, Zeng et al
effectively employed an electrochemical process to intercalate

RSC Adv, 2021, 11, 31284-31327 | 31289
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lithium into some 2D nanomaterials, for examples BN, NbSe,,
WSe,, and Sb,Se;, to achieve few-layer dense nanosheets.”
Recently, Zhao et al. carried out the electrochemical intercala-
tion of lithium (Li) ions into van der Waals heterostructures
sandwiching graphene between h-BN.” They also revealed that
encapsulating graphene in h-BN eradicates parasitic surface
reactions while concomitantly producing a new hetero-

Fig. 4 (a) An SEM image of h-BN particles. (b) A TEM image of large-
number BNNSs. (c) A TEM image of few-layered BNNSs; the inset
shows the selected area electron diffraction (SAED) pattern.®¢

31290 | RSC Adv, 2021, 1, 31284-31327
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interface, which allows intercalation between numerous atom-
ically thin layers. Additionally, based on bipolar electrochem-
istry, Wang et al. demonstrated an accessible and time-effective
bipolar electrochemical technique for the exfoliation of a bulk
insulator material, i.e., layered h-BN into few-layered h-BNNSs.
This technique using a nonconductive substance, h-BN,
unlocks the system for various applications in wide-ranging
fields, including electronics and biomedical sciences.*®

Further, Ortiz et al. reported the exfoliation of h-BN in the
liquid phase using a green ion-intercalation approach and
successfully produced few layered h-BNNSs from pristine h-BN
using a two-step process.®! Firstly, the dispersion of pristine h-
BN was carried out using an aqueous solution containing
gelatin and KCl/ZnCl followed by sonication. During the second
step, the elimination of large-size exfoliated h-BNNSs was
carried out via a centrifugation process. Further, they found
that exfoliation was achieved not only due to the influence of
the sonication process but also due to an intercalation process
involving K" and Zn”" ions. Based on the TEM, XRD, and Raman
spectroscopic results, they achieved 2-3-layer h-BNNSs with an
appreciable yield of 16.3 £+ 0.4%.%" More recently, Kheirabadi
et al. theoretically presented the intercalation of BN QDs with Li
for lithium-ion battery and spin-dependent photon emission
device applications using first-principles DFT concepts. Finally,
they revealed that BN works as a protective layer in lithium-ion
batteries.??

2.3. Exfoliation of h-BN via liquid-phase sonication methods

Apart from chemical exfoliation techniques, it is worth
describing a new kind of technique for the exfoliation of h-BN,
i.e., liquid-phase sonication. It was reported for the first time by
Han et al. that the exfoliation of BNNSs from highly crystalline
transparent h-BN could be effectively achieved using a liquid-
phase sonication method.*® In this method, 0.2 mg of crystals
of h-BN were mixed with 5 mL of 1,2-dichloroethane solution at
a concentration of 1.2 mg/10 mL of poly(m-phenyl-enevinylene-
c0-2,5-dictoxy-p-phenylenevinylene), and this was then soni-
cated for exfoliation for up to 1 h. The entire synthesis method
was comparable to a method that has been used for the prep-
aration of graphene nanoribbons.** Afterward, dynamic ultra-
sonication along with centrifugation was performed by Zhi et al.
to exfoliate h-BN using an efficient polar solvent, dime-
thylformanmide (DMF), and large-scale exfoliated BNNSs were
achieved.** By employing this method, a comparatively high
yield of BNNSs can be obtained (~1 mg).** In the same way,
attempts were made by Warner et al. to carry out the liquid-
phase exfoliation of h-BN using the solvent 1,2-dichloroethane
in an ultra-sonication bath.** Usually, this technique is capable
of fabricating scalable (microscale) adjacent few-layered BNNSs
(Fig. 3(E and F)). Moreover, they studied HRTEM images and
compared them with theoretical simulations, verifying the AB
stacking of BN bilayers, while AA stacking is excluded.® Further,
Wang et al. reported another method for the liquid-phase
exfoliation of h-BN using methane sulfonic acid (MSA).** In
this method, they mixed 0.2 g of h-BN with 100 mL of MSA and
kept this in an ultrasonic bath for sonication for up to 8 h;
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thereafter, the homogeneous mixture was centrifuged at
4000 rpm for 1.5 h, and then the residue was properly washed
and dried.®*® In this way, with the help of this method, BNNSs
with a layer thickness of ~3 nm and a yield of 0.3 mg can be
produced using 21 mL of MSA.*® In order to confirm the prep-
aration of the BNNSs, several microscopic characterization
techniques were used, such as SEM and TEM, and the results
were compared with pristine h-BN. On the basis of these
microscopic results, it was noticed that most of the pristine h-
BNs were in the form of thick flakes with lateral sizes from
~100 nm to 2 pm, as shown in Fig. 4(a). TEM images of the
microstructures of large-number and few-layer BNNSs are
depicted in Fig. 4(b) and (c). From these TEM images, it is
perceived that the thickness of the BNNSs is substantially
reduced compared with the h-BN particles. Further, it has also
been noticed that the lateral sizes (=500 nm) of these BNNSs
were reduced compared with h-BN, which might be due to the
mechanical forces applied on the h-BN sheets (Fig. 4(b and c)).
However, the SAED image of few-layered BNNSs exhibits unique
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six-fold h-BN symmetry, thus signifying the highly poly-
crystalline nature of the BNNSs (Fig. 4(c)).

Other than carbon-based solvents, it has been revealed that
water is also a powerful solvent for the exfoliation of BNNSs
during ultra-sonication. Further, Lin et al. revealed that fresh
and clean aqueous dispersals of BNNSs could be obtained
through sonicating h-BN in DI water, which can be described as
a hydrolysis process (sonication-assisted).** Based on ammonia
tests and spectroscopic data, it has been verified that the
sonication-assisted method can encourage the formation of
exfoliated BNNSs.**

Besides that, Coleman et al. demonstrated the exfoliation of
layered materials (2D), for example MoS,, WS,, and BN, via
employing an ultrasonic bath.*” They confirmed that bulk
transition metal dichalcogenides (TMDs), h-BN, transition
metal oxides (TMOs), and other materials (Bi,Te; and Bi,Se;)
might be exfoliated in a common solvent into single-layer/few-
layer nanosheets. Moreover, this process exhibited a simple
nature, owing to the inertness toward air and water, and it can
produce an adequate amount of nanosheets.?” Further, it was
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(A) The exfoliated structures of inorganic analogues of graphene — MoS,, WS,, g-C3sN4, h-BN, and h-BCN. (B) XRD patterns of bulk

synthetic samples of h-BN, h-BCN, and g-CzN,4. However, the inset shows the XRD patterns of the ultrasound-exfoliated samples.®®
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reported by Xue et al. that the exfoliation of BNNSs could be
achieved from bulk h-BN through the heat treatment of pristine
BN in an organic solvent, i.e., isopropanol, at 508 °C for 24 h;
ultrasonication was then employed for 20 h along with centri-
fugation at 14 000 rpm.*® The acquired material was used to
fabricate fluorinated BNNSs with HBF,, and it was confirmed
that the synthesized F-BNNSs offered remarkable electrical
conductivity, with the altered nanosheets exhibiting semi-
conducting properties.®® The exfoliated layered materials, which
are known as inorganic analogues of graphene (IAG), e.g,
MoS,,*?* WS,,°* h-BN,*> h-BCN, and graphitic carbon nitride (g-
C3N,), are presented in Fig. 5(A).”* Stengl et al. employed a high-
intensity ultrasound exfoliation method based on mutual
similarities with inorganic graphene, getting a large yield of up
to 100% in a few minutes.” In this method, a highly pressurized
ultrasonic reactor was used to produce a cavitation field with
extraordinary power, and graphene equivalent materials, like h-
BN, WS,, MoS,, and g-C;N,, were synthesized in the suitable
solvents of N-methyl-2-pyrrolidone and N,N-
dimethylformamide/dimethyl sulfoxide, with sonication
carried out for at least 20 min at a reactor pressure of 6 bar.”
Further, to verify the efficiency of exfoliation, several charac-
terization techniques were performed, like XRD, TEM, and
AFM, and these validated the efficacy of exfoliation through this
synthesis method. Fig. 5(B) reveals the XRD patterns of the
synthesized bulk h-BN, h-BCN, and g-C3;N,, and the XRD
patterns of exfoliated h-BN, h-BCN, and g-C;N, (inset). The XRD
pattern of bulk h-BN revealed a diffraction peak at a 26 angle of
25.5° and a low intensity peak at 42.7°, which correspond to the
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(002) and (100) lattice planes, respectively. The h-BCN XRD
pattern comprises three different low intensity peaks at 26.4°
42.3°, and 54.8°, which are concomitant with the (002), (100),
and (004) lattice planes, respectively. Moreover, g-C;N, reveals
two different peaks, including a high intensity peak at 27.65°
which is characteristic of a graphitic material, attributed to the
(002) lattice plane, and a low intensity peak at 13.01° (100),
giving an interplanar distance of 0.676 nm.** Once the exfoli-
ated samples were dehydrated, all the characteristic peaks of
the raw IAGs, MoS,, WS,, h-BN, h-BCN, and g-C;N,, recurred
significantly. The locations of the high intensity peaks corre-
sponding to the (002) plane, with a 26 value of 14.3° for MoS,
and WS,, 26.0° for h-BN and h-BCN, and 28.0° for g-C3;N,, were
further used to estimate the particle sizes and interlayer spac-
ings. Therefore, these XRD results verified the exfoliation of
IAGs. Moreover, the organic solvents used in this method, like
DMF, THF, NMP, and DMSO, played a significant role in
improving the effectiveness of exfoliation and the stability of the
fabricated BNNSs. Conversely, owing to the toxic and expensive
nature of the used solvents, some researchers have tried to
substitute them with ecofriendly solvents. Cao et al investi-
gated the simple, cost-effective, and large-scale production of
exfoliated BNNSs in a liquid-phase medium, using a new facile
and top-down approach.” In this approach, they investigated
a novel mixture of solvents, ie., ammonia water solution/
isopropyl alcohol, that played a significant role in the large-
scale synthesis of stabilized BNNSs in solution. Further, they

demonstrated that Lewis acid-base interactions were
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responsible for the entire mechanism of the exfoliation of h-BN,
which is because of the electron-deficient boron atoms.*

Zhang et al. employed a highly efficient liquid exfoliation
technique to obtain BNNSs using an aqueous solution of
monoethanolamine (MEA).*® In order to fabricate the BNNSs,
initially, pristine h-BN powder (~200 mg) and MEA were mixed
in a 200 mL beaker, followed by sonication for 4 h at 50 °C using
a bath sonicator operated at 40 kHz and 150 W; the resulting
solution was then centrifuged at 3500 rpm for a soaking time of
20 min. The supernatant was filtered, washed frequently using
ethanol, and then dried under vacuum at 100 °C for 12 h.
Thereafter, white BNNS powder was achieved successfully.
Moreover, they also reported that a solution of MEA could
exfoliate BNNSs more competently than the presently recog-
nized solvents, and a high yield of ~42% was achieved using an
ultrasonication process in 30 wt% MEA aqueous solution.®®
Finally, the improved performance of these exfoliated BNNSs in
epoxy resin was demonstrated, including improved thermal and
mechanical polymer properties. For the synthesis of large-sized
BNNSs, Yuan et al reported a low-temperature thermal-
expansion-assisted ultrasonic scalable exfoliation approach.®”
Initially, this approach employs the hydrogen-prompted low-
temperature thermal reduction of OH-functionalized bulk h-
BN (BN-OH) to damage the interlayer interactions between
contiguous layers; thereafter, a sonication process is utilized to
exfoliate BNNSs from bulk h-BN. Consequently, few-layer and
large-sized BNNSs with an adequate yield of 26% were achieved
using this approach. Furthermore, the achieved large-area
BNNSs could improve the thermal conductivity of thermo-
plastic polyurethane (TPU) owing to reducing the interfacial
thermal resistance.

Besides that, Ye et al. adopted a facile approach for the
preparation of BNNSs using a liquid-phase exfoliation tech-
nique from bulk h-BN in common organic solvents, including
using hyperbranched polyethylene (HBPE) as stabilizer.”® A
schematic diagram of the mechanism for the exfoliation of
BNNSs from bulk h-BN in chloroform under sonication with
HBPE as a stabilizer is displayed in Fig. 6(a). Herein, HBPE
enhances h-BN exfoliation in tetrahydrofuran (THF) and chlo-
roform (CHCl;) during the sonication process. Validating the
preparation of h-BNNSs, atomic force microscopy and Raman
spectroscopy results exhibited the formation of 2D flake-shaped
exfoliated BNNSs from the dispersion, and this was compared
with pristine h-BN (Fig. 6(b and c)).”® Moreover, regulating the
amounts of these solvents can control steady dispersions of fine
monolayer/few-layer BNNSs significantly. Further, it was veri-
fied that noncovalent CH-7v interactions are initiated between
HBPE and the BNNS surfaces; irreversible HBPE adsorption
averts reaggregation successfully. Hence, the subsequent HBPE-
functionalized BNNSs are extremely prone to disintegrate in
CHCI,/DMF at a high concentration of ~10.0 mg mL™", and
they could be utilized as a nanofiller for fluorinated polymeric
applications.”® Recently, Zheng et al. reported the preparation of
exfoliated h-BN/graphene heterostructures using a facile and
scalable liquid-phase exfoliation technique for supercapacitor
applications, without the use of any chemical cross-linkers.*®
Initially, they dissolved graphite/h-BN powder at a 2 : 1 molar
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ratio in a urea/glycerol dispersion. Thereafter, 200 mL of the
dispersion of graphite/h-BN was poured into a flat-bottomed
800 mL beaker, in which the graphite/h-BN powder was exfoli-
ated and disseminated via mechanical stirring at 800 rpm for
24 h. The achieved material was poured into a centrifuge tube
and centrifuged at 5000 rpm for up to 25 min. The centrifuged
graphite/h-BN dispersal was gathered and again disseminated
in DMF, followed by filtration and washing with great amounts
of DMF and ethanol, and it was then dehydrated using
a vacuum atmospheric oven at 60 °C. Further, dispersed solu-
tions of graphene/DMF and h-BN/DMF were mixed with
graphene/h-BN mass ratios of 1 : 2,1 : 1, and 2 : 1. The achieved
homogeneous solutions were sonicated for up to 30 min, stirred
at RT for 1 day, and then centrifuged at 1000 rpm for half an
hour. The residual liquid was taken out and, finally, a solid
precipitation was attained as an exfoliated h-BN/graphene
material. More recently, Mittal et al. reported an innovative
approach for the fabrication of large-scale h-BNNSs using
a liquid-phase exfoliation method.* In this method, they used
polar solvents, decreasing the complications that arise when
using high-boiling-point solvents.'** The prepared solvent con-
taining a mixture of IPA and DI water at a molar ratio of 3 : 7 was
used for exfoliation, having a surface energy comparable to that
of h-BNNSs. This method is a green, basic, and cost-effective
way to fabricate large yields of h-BNNSs, and it displayed
improved outcomes that were verified using several character-
ization techniques, viz., XRD, Raman spectroscopy, and SEM.
Furthermore, an ion-assisted liquid-phase exfoliation tech-
nique was employed to synthesize h-BNNSs by Wang et al.'*
They confirmed that the yield of h-BNNSs might be enhanced by
up to 12.75% via decreasing the size of the cations in an
aqueous solution of LiOH. This is because small-radius cations
are easily absorbed on the upper surface of bulk h-BN and then
introduced into interlayer spaces, playing a crucial role in the
effective synthesis of h-BNNSs in aqueous solutions.*

2.4. Mechanical cleavage

Free-standing graphene was prepared for the first time via
a mechanical cleavage approach using the Scotch tape method
and, similarly, other layered materials like h-BN and MoS, can
be obtained in this way.'®"* In this approach, the pulling
energy breaks down the weak van der Waals interfaces between
layers of graphene, leaving the sturdy sp®-based in-plane
structure, e.g., a shear force can obtain comparable outcomes.
Although the liquid-phase exfoliation of few-layered materials
(2D) has been extensively employed, mechanical cleavage
approaches which exfoliate via generating high-strength shear
forces have also gained significant interest. Nevertheless,
mechanical cleavage can reduce the creation of good quality h-
BNNSs owing to structural defects, and it can also produce
extremely low yields.”® Several methods have been studied for
exfoliating nanosheets using pristine 3-D bulk materials.'*****
Alem et al. reported an adhesive tape and reactive ion-etching
(RIE) technique to fabricate single-layer and multilayered h-
BNNSs."*¢ Initially, they used PT 110 h-BN powder that was
mechanically peeled via an adhesive tape method; this was then
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shifted onto a Si wafer with an oxide layer of 300 nm, and lastly
transferred onto a copper grid for recording TEM images.
Moreover, exfoliation was carried out using a RIE technique to
attain a h-BN monolayer. Further, a layer number map was
obtained to validate the monolayer thickness of the synthesized
h-BNNSs."® In order to carry out h-BN exfoliation, Pierret et al.
have reported a comparable adhesive tape method followed by
a mechanical peeling approach.™° They verified the existence of
a strong relationship between defects in h-BNNSs and the
recombination intensity of captured excitons. Besides this
approach, other approaches were also used such, as shear force
and ball-milling techniques, to exfoliate bulk h-BN to h-
BNNSs.""”

In the last few years, scientists have recommended that ball
milling (top down) is one of the best approaches for the fabri-
cation of nanomaterials, particularly for the exfoliation of
nanomaterials. Li and coworkers described a low-energy ball-
milling technique, using a milling agent like benzyl benzoate
(C14H120,) to create moderate shear force to attain the high-
yield exfoliation of h-BNNSs.** It has already been stated that
there is a fixed protocol by which BNNSs can be achieved with
an in-plane structure."® Moreover, ball-milling exfoliation
successfully decreases the thicknesses of layers and produces
some defects in the in-plane structure of BNNSs.*?

In the same way, Liu et al. also employed a ball-milling
technique for the preparation of few-layered h-BNNSs using
a mechanical cleavage approach.”® Ammonia borane (BHgN)
was utilized as a milling agent; it was mixed with bulk h-BN at
an appropriate ratio and a ball-milling technique was success-
fully carried out. Hence, by using this method, the formation of
2D h-BNNSs can be scaled up.'™ Further, Deepika et al
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optimized several milling parameters, i.e., the speed of milling,
the ball-to-h-BN ratio, the size of the ball, and the used milling
agent, to adjust the grade of the exfoliated h-BNNSs."* Based on
the optimized parameters, it was evaluated that a 13.8% yield of
few-layered BNNSs could be achieved successfully using
C,4H;,0; as the milling agent and milling balls with a diameter
of 0.1-0.2 mm. Besides the yield, tribological studies showed
that exfoliated BNNSs could reduce the friction coefficient and
wear scar diameter of a base oil significantly when used as
a dopant.™® Further, the ball-milling process has been modified
using NaOH.'® By adopting this technique, the yield was
increased to some extent, ie., to 18% over the aforementioned
13.8%. It was also investigated whether the fabricated OH-
BNNSs could be dispersed in distinct solvents, and the exfoli-
ated OH-BNNSs might be used to formulate polymeric-type
composites for numerous applications.'” In addition to this
technique, Damm et al. have investigated a scalable process for
the delamination of h-BN in a non-ionic surfactant solution of
TWEENS5 containing ZrO, as the grinding media via stirred-
media milling.""* Based on the AFM results, they noticed that
the dimensions and aspect ratio of the h-BNNSs achieved are
predominantly correlated to the ZrO, bead size. As the size of
the grinding medium decreased from 0.8 mm to 0.1 mm, the
average flake thickness of h-BNNSs was observed to be reduced
from 3.5 nm to 1.5 nm, while the value of the aspect ratio
increased from 2200 to 5800.'"

In order to increase the thermal conductivity of epoxy resin,
recently, Jinrui Ma and co-workers demonstrated the exfoliation
of few-layered h-BN via surface modification using a wet ball-
milling technique.*” In this technique, pristine BN powder
was mixed in a urea solution and then ball milled for soaking
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(a) A flow chart showing the synthesis of small-layer BN and large-layer BN and (b) a schematic illustration of the exfoliation process using
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times from 2-16 h; thereafter, it was centrifuged at 8000 rpm for
30 min, and the same process was repeated two times to attain
the urea-free product. Further, to maintain the pH at around 7,
DI water was poured into the ball-milled product, followed by
centrifuging at 3000 rpm for 30 minutes; then, the supernatant
precipitate was collected via a filtration process. The entire
synthesis process is depicted in Fig. 7(a). Eventually, they also
claimed that the BN gained after 8 h of milling showed an
excellent improvement in thermal conductivity, ie., the
conductivity was ~3 times that of pure epoxy resin."** For the
fabrication of m-BN via a wet ball-milling technique, the
mechanism is presented in Fig. 7(b). In this mechanism, the
particle size of p-BN was mainly reduced due to large shear
forces and due to high impact collisions with the ball bead,
resulting in a gradual decrease in the lateral dimensions,
including the thickness of BN.

After that, An et al. reported the simultaneous production
and functionalization of h-BNNs using a solvent-free mechan-
ical exfoliation technique for super-lubricant applications." In
the beginning, the preparation of the Pebax-BNNSs was done
using the above-mentioned technique with bulk h-BN powder
and Pebax 1657 (Pebax: a combination of rigid polyamide and
soft polyether blocks) as precursors. A schematic diagram of the
exfoliation of Pebax-BNNSs and its dispersion is illustrated in
Fig. 8(a-d). 13 g of Pebax 1657 powder was taken in an Xplore
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micro-compounder that was already heated up to 200 °C. Once
the Pebax 1657 powder was fully melted, 2 g of h-BN powder was
added for mechanical exfoliation with a soaking time of 4 h.
Thereafter, the mixer was cooled naturally to room temperature,
and the exfoliation procedure was completed. Finally, the
mixture of Pebax/h-BN was thawed in water/ethanol (7/3 v/v)
solution at 150 °C followed by magnetic stirring for further
separation.™

The exfoliated h-BNNSs could be clearly seen in high-
magnification FESEM images, as shown in Fig. 8(e), in which
many large interconnected h-BNNSs are seen to be randomly
oriented/distributed throughout the image. A TEM image
depicts that the h-BNNSs comprise four layers (Fig. 8(f)).
Moreover, a degree of transparency is revealed for the thinner
stacked layers of Pebax-BNNSs, which seem to be lighter in color
(Fig. 8(f)). The lower inset in Fig. 8(f) shows the SAED pattern, in
which typical six-fold h-BN symmetry was present. The EDX
pattern of the achieved product (upper inset of Fig. 8(f)) reveals
that the elemental constituents are B, N, C, and O. Hence, the
large quantities of C and O suggest that Pebax has been incor-
porated into h-BNNSs through the mechanical exfoliation
method."*

More recently, Yang et al. demonstrated the preparation of
BN nanoplatelets (h-BNNPs) using an amino-acid-supported
ball-milling technique to enhance the thermal conductivity of
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Fig. 9 (A) Unfunctionalized hBN in water, (B) functionalized and
exfoliated h-BN in water, and (C) an AFM image of oxidized and
exfoliated h-BN nanosheets.®¢

a Lys@BNNP/PVA hydrogel composite to 0.91 Wm™ "K', using
11.3 wt% 2-amino-acid-grafted h-BNNPs (Lys@BNNP)."** This
was improved by 78% over neat PVA hydrogel. Moreover, to
exfoliate h-BN wvia the i-lysine-supported ball milling
(Lys@BNNP) technique, they employed a ball mill (JX-5G) with
high energy. Approximately 40 g of h-BN powder (micron-sized),
80 g of 1-lysine, and 365 mL of 1.5 M NaOH solution as a mixing
medium and for protection during ball milling were transferred
into a ball-mill tank with a capacity of 3 L along with 2 kg of
ZrO, ball beads (8 mm:5 mm:3 mm = 1:2:1) at room
temperature. The speed of the ball mill was fixed at 350 rpm,
and the mixture was minced for a soaking time of 10 h. The
exfoliated material was taken out from the centrifuge tube and
washed with adequate amounts of DI water and then with
ethanol. Further, it was filtered and dried at 60 °C in an oven
(vacuum). Thus, white Lys@BNNP powder with a yield of ~85%
was achieved successfully.**

2.5. Thermal exfoliation process

Besides the exfoliation of h-BN via mechanical cleavage,
thermal exfoliation techniques are discussed here in brief. Cui
et al. described the large-scale thermal exfoliation of h-BN and
its functionalization using an easy and scalable thermal oxida-
tion approach.® Via employing this approach, they noticed that
the heating of h-BN in the presence of air produces mass
enhancement, as oxygen became embedded into the lattice of h-
BN. After heat treatment, stirring the material in DI water for
a few minutes resulted in the mixture congealing, hydrolyzing,
and then being exfoliated to obtain hydroxylated h-BN (BNO).
Further, the BNO sheets form a suspension without any soni-
cation; however, to raise the rate of suspension formation, mild
bath sonication was used systematically.®® They demonstrated
a systematic study of thermal exfoliation, including the func-
tionalization of single-BNNSs (see Fig. 9(A-C)), and the mech-
anism of the functionalization of h-BNNSs was also explained in
detail. Moreover, it was claimed that this exfoliation method
can produce great amounts of material and, owing to its
considerably functionalized nature, BNO might act as a filler
material, and this could be used for sensing and catalytic
applications.® In addition, Yu and coworkers demonstrated the
preparation of h-BN using a thermal exfoliation approach with
the effective augmentation of thermal stability and flame
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retardancy.*”® They also reported the smoke suppression prop-
erties of epoxy resin nanocomposites fabricated using a sol-gel
process. Herein, BNO was fabricated via the thermal treatment
of h-BN powder in air. In the beginning, ~10 g of h-BN powder
was transferred to a quartz tube kept inside a tube furnace. The
furnace was heated to 1000 °C at a rate of 10 °C min ', with
a soaking time of 2 h. Thereafter, the furnace was cooled to
room temperature, and BNO with increased weight (17.9%) was
taken from the furnace. Further, 50 g of epoxy resin (EP), 2.5 g of
3-isocyanatopropyl-triethoxysilane (ICTES), 0.1 g of di-n-butyltin
dilaurate (DBTDL), and 5 mL of acetone were weighed and
mixed in a three-necked flask with the required equipment, for
example, a mechanical stirrer, a releasing funnel, a flux
condenser, and a N, inlet. Subsequently, the flask was soaked
with nitrogen (N) and the mixture was stirred continuously at
a temperature of 50 °C for 6 h, and then a colorless liquid
product (MEP) was achieved."*

Moreover, for the fabrication of BNO/MEP nanocomposites,
they used a sol-gel method, as displayed in Fig. 10(a-c). An MEP
nanocomposite comprising 1.0 wt% BNO was synthesized using
the following methodology. 0.5 g of BNO was disseminated in
40 mL of isopropanol via sonication for 6 h. Afterward, the
suspension of BNO was mixed with 41.0 g of MEP and 1.0 mL of
ammonia (NH;). Then, the entire mixture was vigorously stirred
for 6 h at ambient temperature. When the hydrolysis reaction
was completed, the solvents were entirely eliminated via heat
treatment at 100 °C. Subsequently, n-dodecyl-f-p-maltoside
(DDM) was mixed at an equal epoxide/amino ratio of 1/1, and
this mixture was then transferred into a mold (stainless-steel).
The blend was cured in two steps: (i) pre-curing at 100 °C in
an oven for a soaking time of 2 h; and (ii) post-curing at 150 °C
for the same soaking time. Other specimens were fabricated
using the same process as mentioned above. The synthesized
specimens were denoted as BNO/MEPX, where X represents the
BNO wt%."* SEM studies revealed that BNO was found to be
dispersed throughout the EP matrix, and it mainly formed
exfoliated intercalated structures, with strong interfacial inter-
actions with the matrix, as presented in Fig. 10(d-g)."**

In addition, Ko et al. synthesized h-BN nanosheets using
a simple thermal exfoliation method.™* In this typical method,
1 g of h-BN powder was transferred into an alumina crucible,
and this was then placed in a thermal furnace at 1000 °C,
obtaining using a heating rate of 5 °C min ', where it was
maintained at the same temperature for ~2.5 h under an air
atmosphere before being cooled to room temperature. The
material was taken out and washed with adequate water and
then collected, followed by filtration and centrifugation for the
elimination of bulky materials and remaining large-sized h-BN
particles. Finally, the subsequent suspension was kept for
conducting other measurements, like structural and morpho-
logical investigations, or it was dried to acquire clean BNNSs.'**

Recently, Zhi et al. carried out the preparation of a polyani-
line (PANI)/thermally exfoliated h-BNO hierarchical composite
structure (PANI-BNO) via an in situ deposition technique.**® For
the fabrication of PANI-BNO, the preparation of BNO was
carried out as already described above.” Herein, the hybrid
PANI-BNO was synthesized via in situ polymerization, using the
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suitable surfactant of sodium dodecyl sulfonate (SDS). BNO (0.3 were poured into the above-mentioned suspension and it was
g) was dispersed in DI water (500 mL), followed by ultra- then kept at room temperature for 24 h to complete the reac-
sonication for 2 h. Afterwards, SDS (0.5 g) and aniline (0.9 g) tion. The formed suspension was centrifuged, followed by
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Nanocomposites
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Fig. 10 Illustrations of the synthesis processes of (a) BNO, (b) MEP, and (c) BNO/MEP nanocomposites, SEM images of (d) h-BN and (e) BNO, and
TEM micrographs of (f) h-BN and (g) BNO.*?¢
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Fig. 11 (a) Diagram for the synthesis process of (a) PANI-BNO hybrids and (b) polymer/PANI-BNO nanocomposites, (c) diagram of the flame-
retardant mechanism for the nanocomposites of polymer/PANI-BNO .26

washing and drying, and then the hybrid material PANI-BNO The authors claimed that the fabricated polymer nano-
was successfully obtained. The complete synthesis procedure composite revealed superb dispersion and interfacial h-BN
for PANI-BNO hybrids is demonstrated in Fig. 11(a and b)*** adhesion. Based on this study, they demonstrated that the
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Fig.12 (a) The gas exfoliation of h-BN triggered via thermal expansion, (b) an SEM image of BNNS-10, (c) a TEM image of BNNS-10, and (d and e)

structural characterization of bulk h-BN and BNNS-10.128

BNO-PANI hybrid showed flame retardancy behavior, which
produced high fire safety performance, including tests on the
thermal constancy of polystyrene (PS) and the polar thermo-
plastic polyurethane (TPU). The overall flame retarding mech-
anism of the fabricated polymer/PANI-BNO nanocomposites is
shown in Fig. 11(c). More recently, Acharya et al. demonstrated
the novel preparation of BNNSs from h-BN using a pressure-
supported aqueous-phase bi-thermal exfoliation technique.**”
For the synthesis of BNNSs, initially, bulk h-BN powder (3.0 )
was added to a pressure cooker (2 L). Further, ~700 mL of water

© 2021 The Author(s). Published by the Royal Society of Chemistry

was poured into the cooker and it was shaken for half an hour
and then heated to the attained maximum pressure for 6 h. The
dispersion was removed from the pressure cooker at room
temperature and subjected to freezing for 10-12 h. Thereafter,
any ice was defrosted and the aqueous dispersion comprising
the partially exfoliated material was returned back to the cooker
for heating under pressure. This consecutive heating and
freezing procedure was recognized as one bithermal cycle/stage
in this exfoliation technique. Hence, after the recurrence of five
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such cycles, exfoliated BNNSs were successfully recovered
following a filtration process."””

2.6. Controlled gas exfoliation

The controlled gas exfoliation of bulk h-BN into BNNSs is an
issue of great interest for researchers. Zhu and coworkers re-
ported the synthesis of few-layer BNNSs using a controlled gas
exfoliation technique.'”® For a typical synthesis of BNNSs, bulk
h-BN powder with a lateral size of 1 mm (1 g) was poured in
a quartz boat and kept in a muffle furnace at 800 °C for 5 min
under an air atmosphere, it was then quickly transferred in
a Dewar bottle including a gasified L-N, unit. Further, the
above-mentioned steps were repeated frequently. The achieved
BNNSs after 10 cycles (BNNS-10) consisted mainly of five atomic
layers with a large yield of 16-20%. The yield was evaluated
using the following procedure. Synthesized BNNS-10 were
dispersed in alcohol and then sonicated for half an hour. The
dispersion was centrifuged at 800 rpm for 10 min to remove
residual bulky particles. Then, the supernatant was obtained
and dehydrated in an oven (vacuum) for ~12 h. Hence, the yield
was estimated using the weight ratio relationship between
BNNSs and bulk h-BN. A schematic diagram of the entire gas
exfoliation process of h-BN activated via thermal expansion is
presented in Fig. 12(a)."*® SEM images revealed the nanosheet-
like morphology of the BNNSs, while a TEM study revealed
very thin, clear (transparent), and overlapping layers of BNNS-10
(Fig. 12(b and c)). Moreover, the XRD results exhibited that
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BNNS-10 showed a highest intensity peak at a 26 value of 26.70°,
corresponding to the (022) plane, while for bulk h-BN, this peak
was at 26.82° (Fig. 12(d and e)). Therefore, the enhanced
interplanar distance and reduced intensities of the diffraction
peaks corresponding to the remaining lattice planes, namely
the (100), (101), (102), and (004) planes, confirmed the synthesis
of ultrathin h-BN nanosheets.”***°

2.7. Quadrupole-field-aided exfoliation of h-BN

Earlier, attempts were made by Yang et al. to delaminate
graphite into high-quality graphene using an AC approach (two
pairs of electrodes and a low-frequency square wave) that
allowed high efficiency and large horizontal scalability.** Using
this tactic, the quadrupole-field-assisted exfoliation of h-BN was
first demonstrated by Lu et al. in 2018. They used a novel
approach to exfoliate bulk h-BN into few-layer h-BNNS via
employing a quadrupole field arrangement.”** The entire elec-
trical stimulation arrangement contains three major compo-
nents: (1) a differential sine wave generator, including a power
amplifier of 50 W (Fig. 13(a)), (ii) a quartz-glass-fabricated
electrolytic cell consisting of a 4-electrode system (Fig. 13(b—
d)), and (iii) a cooling attachment.”** The authors noticed
changes in the exfoliation efficiencies and roles of the surfac-
tant as a result of effects arising from frequency and voltage
changes. For the exfoliation of h-BN, 40 uL of TAE buffer (50x)
and DI water (1960 pL) were poured into the electrolytic cell

INYY A

Successful exfoliatio
stimulated at 400H;?

$4800 10.0kV 9.2mm x15.0k SE(U)

Fig. 13

(@) The assembly of the electrical stimulation system. (b) The quadrupole electrolytic cell (U; and U, are differential amplification

voltages). (c) The rectangular quadrupole electric field (the red lines represent potential lines, and the blue lines represent field intensity lines). (d)
The sizes and positions of the orthogonal titanium electrodes. (e) An SEM image of h-BN exfoliated at the optimal frequency of 400 Hz 32
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along with 60 mg of h-BN powder (~2 um) and 2 pL of NP-40
(40 wt%).

Further, for h-BN dispersion, the pipette purging method
was employed carefully. Then, both electrodes and the cooling
system were used, and exfoliation continued for a soaking time
of 3 h at 10 °C. During the synthesis process, the temperature
was controlled and stabilized using a cooling system. Thus,
based on the impedance of the electrolysis system, the amount
of h-BN and the electrolyte content were optimized. Therefore,
under the optimized conditions, 4-6 nm-thick (10-15 layers) h-
BNNSs with a statistical yield of 47.6% were achieved. To attain
a high exfoliation efficiency, several parameters, like the ionic
medium, frequency, and presence of larger hydrophobic groups
in the surfactant, play key roles. For example, at the optimal
frequency of 400 Hz, the successful exfoliation of h-BN was
performed, as depicted in SEM images (Fig. 13(e)).***
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2.8. Laser-plasma-assisted exfoliation of h-BN

The laser plasma deposition (LPD) technique offers the
numerous advantages of a low processing temperature, digital
control of the specimen thickness, high yields, and scalability.
To decrease the synthesis temperature and realize excellent h-
BNNS stoichiometry, a pulsed laser deposition (PLD) method
was employed for the first time by Glavin et al. in 2014."** Using
this method, they were able to fabricate ultra-thin extremely
crystalline h-BN at 700 °C from an amorphous BN target.
Moreover, thin films of h-BN were effectively deposited on
massively ordered pyrolytic graphite and sapphire substrates
using an excimer laser beam with a wavelength of 248 nm (KrF).
Further, Velazquez et al. reported single- and few-layer h-BN on
crystalline Ag films using a laser beam (Continuum Surelite III-
10 YAG) to generate pulses with the following properties:
266 nm, 100 m] per pulse, 5 ns width."** They claimed that
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Fig. 14

(a) A schematic diagram of the CO, pulsed laser plasma deposition system. Images of BNNSs deposited on a Mo substrate: (b) a low-

magnification top-view SEM image of overlapping BNNSs; (c) a cross-section SEM image of a ~1.5 um-thick sample on a Mo substrate; (d)
a typical TEM image with visible curved/wrinkled and folded structures; and (e) a high-resolution TEM image of the edge area of a BNNS whose
interlayer spacing is ~0.33 nm. Spectra of BNNSs deposited on a Mo substrate: (f) Raman; (g) XRD; and (h) FTIR.**
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interactions between few-layer h-BN and the Ag substrate are
quite weak, allowing the as-grown h-BN layers to be exfoliated
with the help of adhesive tape. Hence, the thin films of h-BN
prepared via this technique could be employed for large-scale
production without any grain boundaries (deformations),
however, the crystallinity is fairly low when equated with CVD
and liquid exfoliation techniques.***

Thereafter, Zhou et al. reported the synthesis of 2D BNNSs
using the LPD technique for deep ultraviolet (DUV) photode-
tector applications.">'*® The LPD system comprises a CO, pulse
laser and a beam delivery system, including a vacuum chamber,
as shown in Fig. 14(a).”** A CO, laser beam (10.6 pm) was
focused via a ZnSe lens (30 cm focal length) on the target at an
angle of 45° across its normal surface. A pyrolytic h-BN target (2
(diameter) x 0.125” (thickness)), having a minimum assay of
99.99% (1.94 g cm?), was fixed and rotating at 200 rpm through
its surface normal."****” This fixed laser beam (5 J per pulse at 5
Hz) formed a spot (size: ~2 mm in diameter) on the target
material with a laser energy density of ~160 J cm™>. Herein,
a molybdenum substrate (1.0 cm (diameter) x 0.3 mm (thick-
ness)) was used that was polished using diamond nanoparticles
and then cleaned nicely. During the deposition process, the
temperature of the substrate was sustained at 400 °C and the
distances between targets and the substrate were kept at 4 cm.
The entire deposition was carried out within 15 min with ~4500
laser pulses. To study the surface morphology of the fabricated
BNNSs, SEM images reveal an enormous quantity of BNNSs,
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which covered the entire substrate surface (Fig. 14(b)). A cross-
section view of the fabricated BNNSs is revealed in Fig. 14(c),
which indicates that the average thickness of the BNNSs is
~11.5 pm. Therefore, the achieved specimen confirmed the
preparation of BNNSs containing an adequate number of
randomly orientated single-crystal BNNSs."*® Moreover, the
calculated interlayer spacing was noted to be ~0.33 nm, with
a thickness of around 10 nm (Fig. 14(d and e)). The thickness of
the BNNSs could be enhanced by using an increased deposition
time.

Besides the above study, further structural studies were also
performed, and they showed that the Raman active E,; mode
was observed at ~1365 cm™ ', which was attributed to in-plane
B;3N; vibrations of the h-BNNS structure (Fig. 14(f)). Further, it
was verified in Fig. 14(g) that the XRD pattern shows a sharp
peak at a 26 value of 26.9° that is equivalent to an interlayer
spacing of about 0.33 nm for the h-BN lattice planes."”* The
FTIR spectra showed two distinct absorption peaks at
1200 cm™ " and 1429 cm™ ', which were assigned to B,Oj
stretching and B-O deformation modes, and the in-plane E;,
B-N bonds (stretching/vibration) of sp>bonded h-BN, respec-
tively (Fig. 14(h)). Later on, Rivera et al. reported the fabrication
of high-quality 2D single-crystal BNNSs via a pulsed laser
plasma deposition (PLPD) method that was conducted at a low
substrate temperature for UV photodetector applications.™*®
They claimed that the fabricated specimen has a high BNNS
content, and the NSs partially and randomly overlap with each
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Fig. 15

(a) A schematic diagram of the synthesis of h-BN nanosheets in surfactant solution. (b) An image of the centrifuged solution. (c) The UV-

vis-NIR spectrum of h-BN nanosheets. (d) A TEM image of exfoliated BNNSs.**2
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other. Recently, Ortiz et al. demonstrated the preparation of
carbon-doped 2D h-BNNSs via employing a CO,-PLD technique
using SiO, and Mo substrates.'** Moreover, they also investi-
gated whether the stable hysteresis properties under a low bias
voltage at 170 °C make this material a suitable candidate for
non-volatile memory device applications.

2.9. Other novel techniques

Due to the need for enormous amounts of atomically thin
BNNSs to meet an assortment of research-based and real-world
demands, the development of successful new techniques for
exfoliating BNNSs is unlikely to cease. Herein, we would like to
briefly summarize the plentiful developed techniques below. To
prepare few-layered h-BNNs, Yurdakul et al fabricated 2D
BNNSs using high-pressure (207 MPa) microfluidization with
a chemical exfoliation method, using large flakes of h-BN with
micron-sized-thickness as a precursor. DMF and chloroform
(CHCI;) were used as the solvent liquids. Further, based on
microscopic characterization techniques, the synthesis of 2D
few-layer BNNSs (yield efficiency: ~45%) was confirmed. Using
an EELS study, the calculated thickness of these fabricated 2D
BNNSs lies in the range of 8-12 nm and it was suggested that
the BNNSs are composed of between 20 and 30 monatomic 2D
graphene-comparable h-BN layers.'”” Thangasamy et al. re-
ported a simple, accessible, one-pot, rapid, and fascinating
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supercritical fluid (SCF) supported exfoliation technique.'*
Recently, Sun et al. reported a comprehensive approach for the
synthesis of 2D nanomaterials via an SCF-assisted exfoliation
technique, including outlining the advantages.'** Afterwards,
Duong et al. demonstrated the facile production of h-BN
nanoparticles (h size > 10 nm) via a cryogenic exfoliation tech-
nique.*”® To produce small-sized nanoparticles of h-BN, they
implemented a well-developed cryogenic exfoliation tech-
nique.**® Further, another novel type of exfoliation approach,
i.e., the chemically exfoliated synthesis of h-BN doped with Ni,
was reported by Ikram et al. For synthesis, BN powder (5 g) was
dissolved in 200 mL of DMF to acquire a stock solution. To
attain BNNSs, the stock solution was sonicated for up to 12 h
and then all floating nanosheets were collected. Furthermore,
the fabrication of Ni-doped BNNSs was carried out using
a hydrothermal method."*”

Recently, some researchers have indicated the effectiveness
of the ionic-liquid- and surfactant-based exfoliation of 2D
layered nanomaterials, like transition metal dichalcogenides,
graphene, and h-BN."**'*® Kamath et al. reported an exfoliation
and dispersion method for h-BN in an ionic liquid medium via
employing molecular dynamics (MD) simulation approaches.**
They recommended the liquid exfoliation of h-BN in an ionic-
liquid medium, which can produce BNNSs. For the first time,
Khan et al. reported the exfoliation of h-BN into 2D-hBN using
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Fig. 16 A schematic diagram of a green exfoliation synthesis route using plant material extracts.*>*
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sodium cholate as a surfactant in an aqueous medium for the
electrochemical reduction of oxygen and capacitance applica-
tions.” They also reported that the fabricated 2D-hBN is
a highly active electrochemical material, with a specific capac-
itance of 1745 F g™, and it might be useful for the production of
supercapacitors.

Based on a literature review, the most common solvent used
to exfoliate h-BN into BNNSs is ethyl alcohol (C,Hs;OH);
however, C,H;OH is not a comprehensive solvent for exfoliating
h-BN and, hence, there is an essential requirement for a suitable
surfactant to be used.'™ Kulkarni et al. demonstrated the
synthesis of h-BNNSs using a surfactant-supported liquid-phase
exfoliation method.™ They used the block copolymer of poly-
ethylene oxide-polypropylene oxide-polyethylene oxide (PEO-
PPO-PEO) as a surfactant. A schematic diagram of the prepa-
ration of h-BNNSs in a PEO-PPO-PEO surfactant solution is
presented in Fig. 15(a). Fine (micron-sized) h-BN powder was
mixed with the above-mentioned surfactant (PEO-PPO-PEO
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block copolymer/ethanol) solution via employing probe soni-
cation, including centrifugation, and only the top 80% of the
supernatant was used (Fig. 15(b)). This solution possesses
BNNSs, which were studied via UV-vis-NIR spectroscopic tech-
niques (Fig. 15(c)). The recorded UV-vis-NIR spectrum of exfo-
liated h-BN revealed a sharp peak at 217 nm, which exhibits an
increase in the layer separation of the BNNSs owing to exfolia-
tion. The authors also claimed that the estimated absorption
coefficient value and yield of the synthesized BNNSs are 1100
mL " g~' and ~0.45 mg mL ", respectively. Hence, they could
not obtain a decent yield of exfoliated h-BNNSs. Moreover,
a TEM study verified the synthesis of BNNSs using a surfactant
solution of PEO-PPO-PEO in ethanol (Fig. 15(d)).***> Aside from
the surfactant-based exfoliation of h-BN, Deshmukh et al
demonstrated the green synthesis of h-BNNSs via the
ultrasound-assisted exfoliation of h-BN using several plant
extracts.'® A schematic diagram of the green exfoliation method
using plant material extracts is shown in Fig. 16. Moreover, the

(b)

Slipping

Fig. 17 The exfoliation mechanism when using the IMAGE method and characterization of as-prepared 2D h-BN. (a) A schematic diagram of the
decomposition of the macroscopic compressive forces F. and F . into much smaller microscopic forces f; and f';, which were loaded onto the
layered material using force intermediates. (b) The exfoliation mechanism of the layered material. f; andf’-‘ are transformed to the sliding frictional
forces fr and f's in response to the relative slipping of the intermediates and layered material due to the rotation of the bottom container. When f;
> bE,, the exfoliation of the layered material occurs (here b is the width of the layered material and the unit of bE. is (m)*(J* m~2) = N). (c) An AFM
image of 2D h-BN. (d) A HRTEM image of the in-plane structure of exfoliated 2D h-BN and its FFT pattern (inset). (e) The edge structure of
exfoliated 2D h-BN, showing that region (ii) separates from region (iii); the inset is an illustration of the sliding and exfoliation process.***
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Table 1 The properties of h-BNNSs (used substrate, flake size, and material thickness) obtained via different synthesis methods

Exfoliation method Used substrate Thickness [nm] Flake size [um] Ref.

Sonication-centrifugation technique Dimethylformamide 3-7 >Pristine material 82

Sonication-assisted hydrolysis method Octadecylamine 1-2 0.3-0.5 38

Co-solvent approach Methanol, ethanol, 1-propanol, 6-10 — 62
2-propanol, acetone, tert-butanol

Two-step method: sonication-assisted Zinc chloride and potassium chloride 2-3 0.5 81

intercalation of ions

Chemical-solution-derived method 1,2-Dichloroethane, ~1.2 Several 83
poly[(m-phenylenevinylene)-co-(2,5-dioctoxy-p-
phenylenevinylene)]

High-temperature solvothermal treatment Ethanol, sodium hydroxide ~1 ~1.2 159

Modified Hummers' method followed Potassium permanganate, 5 0.3-1.2 186

by sonication treatment sulfuric acid, 1-methyl-2-pyrrolidinone

Chemical vapor deposition (CVD) Cu foil, borazane 0.42 0.05-0.1 36

and low-pressure chemical

vapor deposition (LPCVD)

CVD (LPCVD) Co film, ammonia borane ~1 >5 37

CVD (LPCVD) temperature-dependent Al,O3, borazane 40-228 — 38

CVD Fe foil, borazine 5-15 10 x 10 39

CVD (AP-CVD) Pt foil, borazane 0.32-0.809 1-2 40

CVD/atmospheric pressure- Ag foil, borazine 0.7-1.3 0.1 83

chemical vapor deposition (AP-CVD)

Pulsed laser deposition (PLD) Single-crystal SrTiO; (001) and 3.33 — 134
Ag buffer films of 40 nm

Pulsed laser deposition (PLD) Highly ordered pyrolytic graphite 1.5-2 — 133
(HOPG) and sapphire (0001)

Laser plasma deposition (LPD) Molybdenum 1500 >10 135
(1.0 cm dia. x 0.3 mm thick)

Ball-mill technique — >5 1-10 173

authors claimed that plant extracts might be utilized for the
synthesis of nanoparticles which could play various significant
roles as capping, reducing, and stabilizing agents. Likewise,
a plant extract may act as a green surfactant via adsorbing onto
the h-BN surface and weakening interlayer interactions, grad-
ually exfoliating h-BN into layers of h-BNNSs. They compared
the exfoliated h-BNNSs with pristine h-BN and h-BNNSs
prepared using isopropanol, and the plant-extract h-BNNSs
exhibited greater removal efficiencies toward cationic and
anionic dyes. In addition to these studies, the authors
successfully enhanced the radical scavenging and mechanical
performances in castor-oil-based polyurethane composite
materials.'*

More recently, Zhang et al. reported a novel intermediate-
assisted grinding exfoliation (iIMAGE) method for the mass
production of two-dimensional materials.” In this method,
micron-scale particles have been used as force intermediates to
obtain microscopic compressive forces (f;) that can act as minor
shear forces, encouraging the highly efficient exfoliation of h-
BN, as well as other layered materials. For example, bulk h-BN
was exfoliated into high-quality 2D h-BNNSs with adequate
flake sizes and a large exfoliation yield ~67%, including a high
production rate of 0.3 g h~" and low energy expenditure of 3.01
x 106 J g~ '. A schematic diagram of this method is shown in
Fig. 17(a). Herein, the intermediates change a macroscopic
compressive force, F., into microscopic forces, f;, on a layer of

© 2021 The Author(s). Published by the Royal Society of Chemistry

n
this material; consequently, F. = Y f;, where n represents the
i=1
number of microscopic forces in each box surrounded by the
dashed lines. Moreover, f; on each layer in the box should be

continued in the same direction of pressure, viz.,

Fe= i fi= i f'i=F .. During grinding, the rotation of the
i=1 =1

platter (at the bottom) supports slipping between the layers of
the material and the force intermediate, and f; is changed into
a sliding frictional force f5, where fz = uf;, where u represents
the sliding coefficient of friction (COF) between the interme-
diate and the layers of the material, as depicted in Fig. 17(b).
When the shear friction force f; > bE., where b and E. indicate
the width and exfoliation energy of the layer material, respec-
tively, the material layers slip and exfoliation take place.**

For preparation purposes, bulk h-BN was crushed with SiC
particles; these particles perform as force intermediates, and
the used apparatus offers a compressive force of ~100 N
including a rotation speed of 200 rpm. After the completion of
the grinding process, the mixture of h-BN + SiC was exfoliated.
Further, to isolate exfoliated 2D h-BN, the mixture material was
poured into DI water; after 8 h, a green residue comprising SiC
and unexfoliated h-BN was clearly observed, and the milky
white supernatant was separated. The supernatant includes the
colloidal state as exfoliated 2D h-BNNSs in DI water. To confirm
the preparation of exfoliated 2D h-BNNSs, particles of silicon
carbide (SiC) and bulk h-BN were individually added to DI

RSC Adv, 2021, 11, 31284-31327 | 31305
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Table 2 Exfoliation synthesis methods, specific operation/medium, yield percentage, and observed remarks for the fabrication of BNNSs

Synthesis method Specific operation/medium Yield (%) Remark Ref.
Direct exfoliation (under weak Using ionic liquids (highly soluble BNNSs) ~50 Mild, very facile, attractive for 63
sonication) the production of BNNSs
Thermal exfoliation Involves high-temperature treatment 65 Water-suspended sheets 66
Chemical exfoliation Sodium hydroxide and potassium hydroxide 0.191 A one-step, low-cost method 64
molten salts were used
The intercalation of H, ions and MnO, 6.5 Large-size h-BNNSs 70
nanoparticles plays a key role in exfoliating BNNSs
from bulk BN, and the explosion effect of generated
O, gas may accelerate the overall exfoliation of
BNNSs
Sonication method (green Two-step method: sonication-assisted intercalation 16.3 Few-layered h-BNNSs 81
approach) of K" and Zn>" ions, ~OH functions in the h-BNNSs
via the intercalation of these ions
Ultrasound exfoliation High-intensity 100 High-purity h-BNNSs with 93
a minimum content of
undesirable functional groups
Modified ball-milling process Mechanical cleavage with the assistance of sodium 18 Large-sized and highly soluble 106
and low-energy ball-milling hydroxide (NaOH) OH-BNNPs
method (mechanical peeling) Lower centrifugal force (benzyl benzoate acts as the 67 High quality h-BNNSs and 109
milling agent to reduce ball impact and milling good efficiency
contamination)
Vortex fluidic exfoliation A tunable ‘soft energy’ source in the form of 5 Top-down fabrication of h- 114
(mechanical cleavage) shearing. Stewartson/Ekman layers were formed in BNNSs
the rotating tube and the shearing layer was parallel
to the rotation axis.
Optimized ball-milling process Benzyl benzoate as the milling agent and 0.1-0.2 13.8 h-BNNSs with high 120
mm-diameter milling balls crystallinity and chemical
purity
Ball-milling technique (high Amino-acid-assisted method using 2 kg ZrO, ball ~85 Boron nitride nanoplatelets (h- 123
energy) beads (8 mm:5mm:3mm=1:2:1) BNNPs)
Controlled gas exfoliation The high-temperature triggered expansion of bulk 16-20 The advantages include using 128
h-BN and cryogenic I-N, gasification to exfoliate h- no chemical reagents, the
BN short reaction period, the ease
of scaling-up and the low
energy consumption.
Ultrathin, five atomic layers of
BNNSs
Other novel techniques High-pressure microfluidization 45 Thin few-layer BNNSs 142
Superecritical fluid processing 10 A simple, rapid, one-pot 143
exfoliation method which
produced surfactant-free
BNNSs
An intermediate-assisted SiC particles act as the force intermediate, and the 67 Excellent quality 2D h-BNNSs 154
grinding exfoliation (iIMAGE) used apparatus offers a compressive force of ~100
method N
High-temperature NaOH corrodes the edges of h-BN and this is 18.1 Cheap process which 159
solvothermal exfoliation beneficial for the insertion of Na* and OH between produced BNNSs with
the h-BN layers. High temperature and pressure excellent colloidal stability
weaken the van der Waals forces and further
increase the interactions between h-BN and NaOH.
Ball-milling technique Functionalized with a long alkyl chain amine via 40 Intentionally introduces 173
Lewis acid-base interactions (defective h-BN) defects into h-BN, which is
more reactive toward Lewis
base molecules
Mild ultrasonication Treatment with inorganic reagents such as ~70 Soluble f-BNNSs with few-layer 182
exfoliation hydrazine, hydrogen peroxide, a nitric/sulfuric acid thicknesses
mixture, and oleum
Ultrasonic exfoliation A low-temperature thermal expansion-assisted 26 High-quality BNNSs 97
method
Liquid-phase exfoliation Using a low-molecular weight supramolecular 83.5 A simple, consistent, and 220

technique

31306 | RSC Adv, 2021, 1, 31284-31327

polymer, such as adenine-functionalized
polypropylene glycol (A-PPG)

effective method that produces
h-BNNSs
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water, and precipitation of both was completed in 5 min with
a clear supernatant. These results suggest the separation of 2D
h-BN from the mixture. Based on AFM studies, the fabricated 2D
h-BN has an average lateral size of ~1.2 pm (Fig. 17(c)),
including a typical thickness of 4 nm. Besides these results,
HRTEM and fast Fourier transform (FFT) studies revealed the
excellent quality of the 2D h-BNNSs (Fig. 17(d)) without any
defects in the planes or along the edges. The used exfoliation
technique produced more highly crystalline 2D h-BNNSs than
those synthesized via liquid-phase exfoliation and the tech-
nique was observed to be superior to intercalation and ball-
milling techniques which result in numerous structural
defects and additional functional groups.”™’ During the
transformation of bulk h-BN into 2D h-BNNSs, all lattice fringes
on the edges show insignificant levels of damage to the layer
structure (Fig. 17(e)) when using this exclusive iMAGE process
exfoliation technique.’® Later on, Novoselov et al. reported
a grinding exfoliation method for the scalable synthesis of 2D
materials. Herein, the application of shear forces is an
extremely energy-efficient and industrious approach for exfoli-
ation. This method has good advantages, producing enor-
mously high production rates of 0.3 ¢ h™! with a possible yield
of 50%, showing much (ten times) better performance than the
ball-milling method.**

In addition, Liu and his co-workers concurrently demon-
strated an easy and scalable synthesis method for BNNSs and h-
BN quantum dots (BNQDs).**® This synthesis approach involved
a high-temperature solvothermal process using bulk h-BN in
ethanol for dispersion and aqueous sodium hydroxide (NaOH).
The surface morphology and other characteristics of the fabri-
cated BNNSs and BNQDs were tested using several character-
ization techniques, such as AFM, TEM, XRD, and confocal
microscopy, and the results showed that bulk h-BN could be
effectively exfoliated into BNNSs and BNQDs. More recently,
Zhou and co-workers demonstrated a three-step sorting method
to obtain different thicknesses of various 2D nanomaterials,
including lateral size sorting. Based on this method, exfoliated
h-BN with different thicknesses and lateral sizes is individually
sorted into diverse fractions, obtaining 2D h-BN flakes with
a thickness of less than 6 nm.**°

Therefore, via the use of various fabrication techniques, 2D
materials with diverse properties can be obtained. At an
industrial level, for the large-scale production of such types of
materials, chemical vapor deposition (CVD) techniques are
found to be more appropriate; however, numerous exfoliation
procedures have also been used for advanced applications,
particularly on a research-laboratory scale. Consequently, these
materials cannot be obviously equated. Hence, different
features of functionalized BN (f-BN) materials, like flake size,
the substrate used, and the material thickness, are listed in
Table 1 in connection with the synthesis method used. From the
listed summary of these 2D materials, it is concluded that the
CVD technique offers much thinner and larger sized h-BN layers
than those obtained via other exfoliation techniques. Moreover,
in the case of other exfoliation methods, generally a bulk
material (as a starting material) was used, whereas during the
CVD process, an entirely new material is achieved from several

© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecular precursors. Further, there is no doubt that the
properties of the achieved few-layer h-BN are firmly associated
with different used substrates. Therefore, based on the above-
mentioned results, which are also summarized in Table 2 (the
exfoliation synthesis method, the specific operation/medium
used, the yield percentage, and observed remarks for the
synthesis of BNNSs), we can say that chemical and mechanical
exfoliation methods are extremely suitable and repeatable for
achieving adequate yields of BNNSs. However, to obtain ultra-
thin and pure BNNSs, it is still a big challenge to find cost-
effective and time- and energy-saving exfoliation methods.
Therefore, to overcome these major drawbacks relating to the
exfoliation of h-BN, researchers have to investigate novel
methods that can produce 2D BNNSs with outstanding perfor-
mance for the most advanced applications.

3. Functionalization of h-BN

Despite the structural similarities between h-BN and graphite,
h-BN materials have not been investigated in depth with regards
to functionalization and applications. The functionalization of
carbon nanomaterials involves numerous chemical reactions,
whereas the functionalization of h-BN employing organic
chemistry has not been investigated in detail. Reactions
involving h-BN and graphite via basal plane sites involve
opening congruently conjugated p bonds. Consequently, the
generation of new bonds must continually occur with an even
number. Once a functional group builds a single bond with B
or N, a compensating group must be involved with an unpaired
B or N atom to maintain the overall charge. However, other
functional groups have the ability to make bonds after a BN p-
bond is unlocked. Herein, functionalized h-BN architecture
generally contains two groups attached via adjacent B-N units.
Nevertheless, experimental and theoretical results based on the
chemical modification of connected carbon atoms have
demonstrated that once charge and aromaticity are fulfilled,
bonded functional groups can be detached.'***” Therefore, the
occurrence of a similar process is also believed to be possible for
other layered materials, e.g., h-BN. Subsequently, B-N bonds
have exhibited partial similarity within the h-BN structure. In h-
BN structures, the B and N atoms reveal moderate positive and
negative charge. Hence, this particular characteristic makes the
B sites of h-BN more attractive (attackable) to nucleophilic
groups, whereas N sites are much reactive toward electrophilic
groups. Several functional groups, such as hydroxyl (-OH),
amino (-NH,), ether (-OR), amine (-NHR), acyl (-COR), alkyl
(-R), and halogen (-X) groups, and heteroatoms (C and O) have
been studied in detail for chemical functionalization.'*®
Functionalization is a useful approach by which the prop-
erties and applications of a layered material can be modified. It
is anticipated that numerous new properties can arise from
such functionalized layered materials, such as h-BN, upon
using different functionalization approaches, i.e., physical as
well as chemical changes. The properties of h-BN could be
modified and various unique structural architectures and
applications could be obtained via using functionalization
approaches. Nevertheless, the high chemical and thermal
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stability of h-BN hampers its alteration. This creates challenges
when it comes to functionalizing h-BN materials using different
approaches, making this an interesting research area. In addi-
tion, another major challenge is to increase the water dis-
persibility of h-BN. This could be achieved via generating
several functional groups at the surface of exfoliated h-BNNSs.
Herein, a detailed discussion of functionalized h-BN struc-
tures is provided. Moreover, we include a substantial number of
past and currently established functionalization approaches,
including the functionalized characteristics and applications.

3.1. Covalent surface functionalization of BNNSs/BNNTSs

Several chemical methods comprising weak interactions and
covalent bonding approaches have been used to fabricate
functionalized boron nitride nanotubes (BNNTs). It has been
reported that the covalent functionalization of h-BN using
organic molecules will substantially modify its surface chem-
istry and, therefore, this has the ability to tune the nature of the
interactions between h-BN and liquid/matrix constituents.
Moreover, it has been reported that the covalent functionali-
zation of BNNSs can be performed based on an oxidation tactic
that produces several defect sites, which was carried out via
direct functionalization at chemical interfaces.’**'”> However,
although this tactic is capable of obtaining extremely stable

View Article Online
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dispersions of BNNSs, the creation of numerous defect sites on
BNNSs due to vigorous oxidation results in reduced lateral sizes
and the degradation of the inherent performance of
BNNSs.7#7* Earlier, He, Holzinger et al. demonstrated the
covalent functionalization of graphene and CNTs using nitrene
chemistry."”>"® Further, it is well known that h-BN displays
outstanding chemical stability in acidic and basic environ-
ments;"”” numerous approaches have been reported for the
covalent functionalization of BNNTs and h-BN using oxygen
and nitrogen radical species,'””'”® whereas numerous theoret-
ical approaches anticipate the functionalization of h-BN using
carbenes.'7*'

Sainsbury et al. reported the covalent surface functionaliza-
tion of h-BNNSs through reactive nitrene radicals.”® This
functionalization approach was used to covalently assign poly-
mer chains to the surfaces of the h-BNNSs, using the polymer-
functionalized h-BNNSs as a filler material within a polymeric
matrix. Hexagonal boron nitride was exfoliated in N-methyl
pyrrolidone (NMP), as reported earlier.’” The authors used an
organo-azide precursor, 4-methoxybenzyloxycarbonyl azide,
and a reactive nitrene intermediary produced via a thermolysis
process. Herein, nitrene radicals are predicted to target B atoms
in the lattice of h-BN that are susceptible to BN bond cleavage.
The produced methoxyphenyl carbamate (MPC) has an
adequate ability to bind to the h-BN lattice through BN bond
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Fig. 18

(a) A schematic illustration of the grafting of nitrene species to h-BNNs. (b) Absorbance spectra of h-BN and MPC-BN (1 mm cuvette);

inset: Beer—Lambert plots. (c) TEM images of h-BNNs before and (d) after MPC functionalization; inset: a HRTEM image of the MPC-BN

hexagonal lattice.®”

31308 | RSC Adv, 2021, N, 31284-31327

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05727h

Open Access Article. Published on 23 September 2021. Downloaded on 3/15/2026 4:37:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

formation, as shown in Fig. 18(a). The inset of Fig. 18(b) shows
the linear absorption characteristics, which provided an esti-
mated extinction coefficient ¢ of 3000 mL mg ™' m~" for pristine
and functionalized h-BN. Moreover, the UV/vis absorption
patterns of sonicated suspensions showed noticeably improved
absorbance of MPC-BNNSs compared with pristine h-BN
(Fig. 18(b)). Both curves are very similar in nature and can
only be discriminated based on the scattering of h-BNNSs
within solution. The differences in the scattering intensity
indicate variations in surface chemistry and the functionalized
nature of the h-BNNSs.

Morphological (TEM) studies of h-BN dispersed in N-methyl
pyrrolidone (NMP) showed that no obvious damage to h-BNNSs
flakes could be observed (comparing before and after func-
tionalization). Nevertheless, after functionalization, MPC-
BNNSs accumulate, existing to some extent as thicker and

View Article Online
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more disordered flakes (Fig. 18(c and d)). Further, the inset of
Fig. 18(d) (HR-TEM) exhibits that the MPC-BN crystal structure
was not affected during the reaction. In addition to these
findings, the authors also reported that MPC-BN could be
dispersed in CHCI;, cyclohexyl pyrrolidone, and dime-
thylformamide solvents at concentrations up to 3 times larger
than those obtained using pristine h-BN.*” Nazarov et al.
demonstrated a new method for the functionalization and
dispersion of bulk h-BN using inorganic reagents, i.e., hydra-
zine, 30% H,0,, HNO3/H,SO,, and oleum, in response to suit-
able heat treatment in an autoclave at 100 °C; this produced very
high yields (70 wt%) of functionalized BNNSs. To confirm the
preparation of functionalized h-BNs, they performed several
characterization techniques, such as XRD, FTIR, XPS, SEM, and
TEM." Further, Jin and coworkers presented the synthesis and
surface functionalization of organized hexagonal boron nitride
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(a) The surface treatment of h-BN and (b) the reactions between h-BN and BDM &3
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(OhBN) and studied the effects on the structural properties and
composite performance upon increasing the concentration of
amine groups.'® The entire procedure of OhBN synthesis is
presented in Fig. 19(a). Herein, two main steps were involved:
during the first step, reactive groups, i.e., isocyanate, were

View Article Online

Review

introduced to the surface of h-BN; while during the second step,
amine groups were attached along with NCO groups. This
process can be explained as follows. Bulk h-BN was dispersed in
N,N-dimethylformamide (DMF), followed by ultrasonication
under a nitrogen atmosphere to achieve a homogeneous

10 15 20

Diameter [nm]

Fig.20 TEM images of the h-BN_AuNP nanocomposite (A—C) and a histogram showing the particle size distribution (D). Confocal laser scanning
microscopy images of L929 and MCF-7 cells incubated with h-BN labeled with FITC at a concentration of 50.0 pg mL™*: the L929 control culture
(E), and the L929 culture after 24 h (F), 48 h (G), and 72 h (H); the MCF-7 control culture (I), and the MCF-7 culture after 24 h (J), 48 h (K), and 72 h

(L).185

31310 | RSC Adv, 2021, N, 31284-31327

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05727h

Open Access Article. Published on 23 September 2021. Downloaded on 3/15/2026 4:37:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(PT)

(PVP)

Fig. 21 (a) The structure of polythiophene (PT), (b) the structure of
polyvinylpyrrolidone (PVP), and (c) a schematic model of the m—m
stacking between BNNSs and polythiophene (PT).2**

mixture. Thereafter, excess 4,4-methylenebis(phenyl isocyanate)
(MDI) was poured into the mixture under continuous stirring
with heating at 70 °C for a soaking time of half an hour.
Subsequently, the material was immediately vacuum filtered to
completely eliminate MDI and attain the raw product; this
product was washed with DMF several times (five) and then
dried. The subsequent intermediate product material was
designated as IhBN. Further, these dried ThBN particles were
mixed with DMF to make a slurry; excess diamine diphenyl
sulfone (DDS) was gradually poured into this slurry, and it was
then heated at 50 °C followed by stirring for 12 h. Finally, the
raw product was filtered, washed, and dried, sequentially, and
the subsequent product was referred to as OhBN." Based on
the DSC results, the authors claimed that on the surface of h-
BN/OhBN, the amine groups interact with the imide rings of
4,4-bismaleimidodiphenyl methane (BDM) molecules, as
depicted in Fig. 19(b); this decreases the amount of BDM
homopolymer, and at a lower temperature, a co-reaction occurs
rather than homo-polymerization. Therefore, the exothermic
peaks of OhBN/BD and h-BN/BD prepolymers seen at low
temperatures can be equated to BD prepolymers. Moreover, the
OhBN surface contains a large amount of amine groups in
comparison to h-BN.™ Denis and Iribarne reported a novel
theoretical approach for performing the covalent functionali-
zation of BNNSs via cycloaddition reactions.'®* Based on first
principles calculations, they validated that the cycloadditions of
C¢Hs, C,H,, and maleic anhydride (C,H,O3) to 2D BN are
possible. The cycloaddition products are anticipated to be
stable, assuming that the activation energy for the retro reaction
is 30.6 kcal mol . However, it might be conceivable to detach
the functional groups via an annealing process at higher
temperature. In addition to these investigations, they also re-
ported that the cycloadditions might reduce the band gap of BN
significantly.’® Further, Liu et al. reported an effective and
facile approach for the preparation of amino- and silane-
functionalized h-BNNSs." They revealed that 3-iso-
cyanatopropyltrimethoxysilane (IPTES) can be chemically
bonded with amino-functionalized N-BNNSs via a chemical
reaction between the isocyanate and amino groups. Moreover,
the functionalized h-BNNSs were incorporated into glass via
a sol-gel technique. The authors claimed that h-BNNS-doped
glass exhibited effective linear optical transmittance within
the visible and near-infrared ranges. Moreover, the compati-
bility and solubility of h-BNNSs in solution and in solid-state
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matrices were observed to be better after silane functionaliza-
tion; this research might be used in numerous areas, such as
thermal conductivity, lubrication, and optoelectronics.'®*

Jedrzejczak-Silicka and coworkers demonstrated the exfoli-
ation and functionalization of h-BNNSs using gold nano-
particles (nAu) for biological applications.'®® The exfoliation of
h-BN was done via a modified Hummers' technique and then
exfoliated h-BN was further functionalized with nAu. For the
functionalization of h-BN, initially 100 mL of distilled water was
poured into 6 mg of h-BN and this was then mixed fully followed
by heating at 100 °C in a reflux system. Further, gold(u) chloride
trihydrate (~4 mL) was used at a moderate concentration of
2 mg mL™ ", then, after a few minutes, trisodium citrate (~40
mg) was added and the mixture was heated to 100 °C for
a soaking time of 1 h; the mixture was then cooled before
purification. Complete purification was achieved through
plentiful washing using distilled water with centrifugation at
8000 rpm until the pH reached 7 (10 min).'** Based on several
characterization techniques, the authors confirmed the func-
tionalization of h-BN using gold nanoparticles. For example, the
TEM results verified that Au nanoparticles were suitably deco-
rated (deposited) on the surface of exfoliated h-BN, as shown in
Fig. 20(A-C). Further, the size of these Au nanoparticles was in
the range of 10-20 nm, with an average particle size of 12 nm
(~30.5%), as shown in Fig. 20(D). After authenticating the
functionalization of h-BN with Au nanoparticles, composite
samples exhibited outstanding biological uses; e.g., the effects
of functionalized h-BN nanoflakes and fluorescein
thiocyanate (FITC) toward normal and cancerous cells for
different time scales, i.e., 24 h, 48 h, and 72 h, respectively, were
studied employing confocal microscopy. Fig. 20(E-L) shows the
intercellular localization mechanism of h-BN-FITC within cell
cytoplasm, which was confirmed based on a green fluorescence
signal. Moreover, the authors described that h-BN gathered in
the perinuclear section, and its existence was not seen in the
nuclei of cells.

Cytotoxicity testing (CCK-8 and LDH assays) of h-BN_Au
particles exhibited that the cellular metabolism was not
affected, however they had an impact on the function of lyso-
somes of normal and cancer cell lines after an exposure time of
24 h. Moreover, lengthier incubation times, i.e., 48 h and 72 h,
affected cell viability at 10 pg mL~". Additionally, the h-BN_Au
particles inhibited the cell proliferation of MCF-7 cancer cell
more strongly than 1929 normal cells after 72 h of incubation
time. Therefore, these outcomes certified that Au nanoparticles
functionalized with h-BNNSs might be used for anticancer
therapy, the design of biosensors, and tissue engineering
applications.'®®

Later, Daneshnia et al. showed the functionalization of 2D h-
BN at room temperature and gram-scale using lithium cyclo-
pentadienyl for water-treatment applications.’® They also
investigated whether functionalized h-BNNSs had suitable effi-
cacy for removing methylene blue from water rapidly. At an
initial concentration of 10-30 mg L™, the methylene blue
removal efficiency was noted to be 100%, while the adsorption
capacity achieved was very high (476.3 mg g ') and it was
observed to be larger than that of non-functionalized h-BN."*”

iso-
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Further, Spath et al. performed a detailed experimental and
theoretical study of the oxygen functionalization of h-BN using
a Ni(111) substrate.'®® They found that the interaction between
monolayer h-BN on Ni(111) with molecular oxygen from
a supersonic molecular beam induced a covalently bonded
molecular oxygen species, involving superoxide and peroxide
character. Herein, the amount of oxygen functionalization
basically depends on the kinetic energy (K. E.). For a supersonic
molecular beam with a K. E. of ~0.7 eV, the oxygen coverage is
0.4 ML. Based on a near-edge X-ray adsorption fine structure
(NEXAFS) study, it was reported that a sturdier bond between
hexagonal boron nitride and the Ni(111) substrate was formed
in the presence of oxygen species (covalently bound). Further, it
was also claimed that temperature-programmed XPS tech-
niques exhibited that the bonding between O and B was very
stable at ~306.85 °C during the simultaneous desorption and
etching of h-BN."**

Hemmi et al. reported the catalyst-proximity-induced func-
tionalization of h-BN with quaternary ammonium compound
derivatives (quats).'®® Herein, h-BN monolayers grown on 4-inch
Rh(111) thin-film wafers (catalytic metal) can be functionalized
with quats, which are widely applied as nonreactive electrolytes.
The authors found that treatment with quats enables the elec-
trochemical transfer of 2D nanomaterials, which involves the
decay of quat ions leading to covalently bonded quat derivatives
on the upper surface of the 2D layer. Moreover, functionaliza-
tion weakens the interactions between the 2D material and
substrate, allowing easy transfer. Further, based on DFT calcu-
lations, the mechanism of this functionalization method has
been explained and it is observed that the proximity of the
catalytic metal substrate can modify the chemical reactivity of
the h-BN layers."s*

Further, the covalent functionalization of h-BN was reported
by Harrison and Alston using an innovative and controlled
sonochemical approach.”® In this approach, they used liquid-
phase solutions (non-aqueous) along with low amounts of
fluorinated alcohol (as a reactant) and h-BN. During the reac-
tion, they conclude that ultrasonic cavitation supports the
creation of short-term fluoroalkoxy and hydroxyl radicals.
Instantaneously, the cavitation microbubbles collapse in the
solution and create a sufficient amount of energy to destabilize
the B-N bonds. Hence, the destabilization of B-N bonds results
in the enhanced colloidal stabilization of functionalized h-BN.
Moreover, FTIR and XPS studies suggested that the fluoroalkyl
groups are covalently bonded to the surface and edges of h-
BN.190

Recently, Rafiei-Sarmazdeh et al. demonstrated the cost-
effective preparation of functionalized BNNSs using a facile
green approach. Using this approach, they significantly
enhanced the yield of BNNSs (17-20%) along with obtaining an
improvement in quality. Herein, hydrogen peroxide (H,0,) was
used as an oxidant, and functionalized (liquid exfoliation) h-BN
was successfully obtained.” Besides this green chemical
approach, further, Sun et al. reported the covalent functionali-
zation of BNNSs using an easy reductive activation approach.*>
In this approach, initially ~690 mg of sodium and ~3.84 g of
naphthalene (dried) were mixed in THF (120 mL) in a nitrogen
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(N,) filled glove box, followed by magnetic stirring for up to 24 h
to acquire a dark-green solution of sodium/naphthalide.
Thereafter, a Schlenk tube containing ~75 mg of BNNSs
(solvent-exfoliated; Na/BN molar ratio of 10) was dried and
transferred to a glove box. Then, the Na/naphthalide solution
was added to the Schlenk tube along with the BNNSs. The
reaction system was sealed properly, and the suspension was
transferred into a typical ice bath apparatus and continuously
stirred for a soaking time of up to 24 h. Further, liquid alkyl
halide was poured dropwise into the tube. Moreover, the
mixture was then stirred for up to 48 h at a temperature of 25 °C
in a N, environment. Then, dry O, was added into this solution
for 1 h, followed by stirring for 12 h for the oxidation of
remaining groups on the functionalized BNNSs. Thereafter,
ethanol was mixed gradually into the prepared solution under
stirring and using an adequate water content. After neutraliza-
tion with HCI (0.1 N), the functionalized BNNSs were extracted
into hexane, and then washed using water 3 times. Subse-
quently, the product was filtered using a Teflon filter with a pore
size of 0.1 pm and then washed carefully using hexane, THF,
ethanol, and water, respectively. A white material (powder) was
obtained after washing again with ethanol and THF, followed by
drying (vacuum) for 2 days at a fixed temperature of 70 °C.*?

Based on theoretical investigations, Denis et al. reported
a comparative analysis of the chemical reactivities of graphene
and 2D BN nanosheets.'” The outcomes of this study show that
2D BN could exhibit chemistry very similar to graphene.
Experimentally, they observed that the inclusion of carbenes,
nitrenes, and amines is also conceivable. Moreover, [2 + 2]
cycloadditions are more feasible to occur on 2D BN than on
graphene, which means that BN can be more reactive than
graphene. Herein, N atoms are inclined to be less reactive in
comparison to B atoms. However, this condition is changed
once a B atom is functionalized.'®® Further, Denis and co-
workers described the reduction chemistry of BNNs and gra-
phene via first-principles calculations.'* They observed that the
adsorption of alkali atoms intensely enhances the reactivity of
BNNs. Indeed, their results revealed that the effect is found to
be 3.6 times more than in the case of graphene. The adsorption
energies were enhanced to 66.0 kcal mol ™" for 2D BN and to
18.2 keal mol ™" for graphene during lithium adsorption. Hence,
reduced 2D BN is more reactive than rGO when alkalis are used
as reducing agents.

3.2. Non-covalent functionalization of h-BN

In contrast to chemical functionalization (covalent) approaches,
non-covalent approaches are mainly beneficial due to the
occurrence of less structural damage, the large efficacy, and the
ease of synthesis. Non-covalent functionalization approaches
can retain the intrinsic characteristics of CNTs, e.g., high
mechanical strength and thermal conductivity, without inter-
rupting the extended m-conjugation arrangements of CNTs. The
chemical functionalization of h-BNNPs (h-BN nanoparticles)
permits enhanced solubility, and whether adequate dispersion
can be achieved in a polymeric material, aqueous, or organic
solution in the absence of substitution with foreign substances

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is of extreme concern. Besides chemical functionalization,
another approach for improving the dispersion of h-BNNPs in
aqueous and organic solutions is the non-covalent functional-
ization of the h-BN surface using various surfactants/polymers.
The non-covalent functionalization of h-BN surfaces'2%
involves weak m-m stacking interactions'’*'9%19%199205 with an
external molecule. Therefore, the h-BN surface offers a m-elec-
tronic structure that is implied based on its chemical structure.

Hence, in the past few years, attempts have been made by
researchers to carry out the non-covalent functionalization of h-
BN. Moreover, -7 stacking, which is utilized in 2D materials
like graphene, is also useful for the modification of the h-BN
structure via non-covalent approaches. Structural imperfec-
tions remain unchanged after any kind of substitution within
sp>-hybridized structures. In this manner, distinct protein,
polymer, and inorganic/organic groups can be attached to the h-
BN surface.”® Yu et al. used Lewis acid-base complexations
between the various electron-rich amine groups of octadecyl-
amine (ODA) and electron-deficient B atoms to change the
surfaces of h-BN nanoplatelets with ODA;**” the resulting
material revealed enhanced thermal conductivity (TC) in
comparison to pristine h-BN upon reinforcement in epoxy-
based composites. Recognizing the -conjugation perfor-
mance on the surface of h-BN, conjugated molecules like cate-
chin,** polyaniline,”® and poly(p-phenylene-ethynylene)**® were
employed to attain the non-covalent functionalization of h-BN
via strong m-T interactions. Moreover, non-covalently modi-
fied h-BN also resulted in superior filler dispersions, including
composites with superior TC.>*®

Gao et al. reported that h-BN could be dispersed easily
because of strong m-m interactions between BNNTs and
peptides.?** Thereafter, Wu et al. revealed that nanoparticles of
h-BN could be modified non-covalently with polydopamine
under aqueous (solvent-free) conditions, and the fabricated h-
BN/bisphenol E cyanate ester material showed outstanding
mechanical and thermal conductivity characteristics.”*
Furthermore, the non-covalent functionalization allowed
a constant dispersion of BNNSs based on their own inherent
properties including several types of diverse interactions, viz.,
van der Waals forces, Lewis acid-base complexation, w7
interactions, and physical adsorption, which could help in
disabling the weak van der Waals interactions between the
BNNS layers.>**21*

Ma et al. reported the functionalization of BNNSs and their
stabilization with organic polymers using a non-covalent
approach.” They used a conjugating polymer, which is
mainly based on functionalized polythiophene (PT), as shown
in Fig. 21(a). Fig. 21(b and c) shows the structure of poly-
vinylpyrrolidone (PVP) and a typical model for the m-m-
stacking-like interaction between the BNNSs and PT. Herein, PT
was used by the researchers because its polymers were reported
to act as active components, exhibiting a number of molecular
and organic electronics applications for the construction of
useful devices.”***"” In addition to the above-mentioned prop-
erties of PT, it has also been reported that PT is capable of being
used for the non-covalent functionalization of BNNTs.**
Further an extensive study was presented by Emanet et al. on the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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non-covalent interactions between doxorubicin (Dox) and
BNNTSs/h-BNNSs, and the possible drug delivery applications.”*®
For the fabrication of BNNTSs, colemanite and Fe,O; (as a cata-
lyst) were used, as reported earlier.**® Concisely, 2.0 g of cole-
manite and 160 mg of Fe,O; were mixed in 2.0 mL of ddH,0;
this mixture was then placed in a high-grade alumina (Al,O3)
boat. Subsequently, when the water evaporated from this
mixture, it was kept inside a furnace (tubular). Hence, BNNTSs
were prepared under an NH; atmosphere at 1280 °C for
a soaking time of 3 h. In order to obtain pure BNNTs, the
mixture was stirred in hydrochloric (HCI) solution (4 M) at 90 °C
for 4 h; afterwards, this solution was centrifuged at 14 000 rpm
for half an hour. For the further purification of BNNTSs, a solu-
tion of HNO; (1 M) was added, with stirring at 30 °C for 6 h and
centrifugation at 14 000 rpm for up to 30 min. In order to
eradicate any residual acid content, the obtained BNNTs were
washed with ddH,0. The h-BN nanostructure was fabricated
using 1.0 g of B,O; and 3.0 mL of 4.25 M ammonia solution,
followed by gradual stirring for ~5 min; then, the mixture was
transferred into an Al,O; boat. Once the solution of ammonia
was vaporized from this mixture, the Al,O; boat containing the
material was kept in an electric furnace (tubular) at 1300 °C for
2 h under an NH; atmosphere. Moreover, after the furnace was
cooled to ambient temperature, the Al,O; boat was taken out
and h-BN was achieved. Thus, the synthesized BNNTs and h-BN
were interacted with Dox at a fixed pH value of 7 in PBS. Then,
2.0 mL samples of Dox solution at different concentrations, i.e.,
0.5, 1.0, 2.0, 4.0, and 5.0 mM, in PBS were synthesized, and
3.0 mg of BNNTs/h-BN was added to these solutions.**®

The structure of Dox and its promising interactions with the
B-N sidewalls are illustrated in Fig. 22(A and B). From
Fig. 22(A), it is obvious that Dox contains several groups, such as
phenyl rings, an amino group, carbonyl groups, ether groups,
and numerous OH groups. Moreover, it may be conceivable that
the presence of aromatic rings can increase its interactions with
hydrophobic BNNTs and h-BN via -7 stacking (Fig. 22(B)),
while the amino, carbonyl, ether, and hydroxyl groups can assist
its dispersal in aqueous solutions. Probably, such types of
interactions could also support an increase in the dispersion of
BNNTs/h-BN in aqueous media. In addition to these studies,
they also performed the non-covalent conjugation of folate with
Dox-BNNTs (F-Dox-BNNTs). First of all, BNNTs were inter-
connected with Dox, and afterwards folate was decorated onto
the surface of Dox-BNNTs to increase the probable matching
with folate receptors on the surfaces of cancer cells. Fig. 22(C)
reveals the chemical architecture of folate; folate molecules
have numerous ionizable groups that might be negatively or
positively charged depending on the pH value of the aqueous
medium. It is evidently seen in Fig. 22(D) that there are only two
possible binding modes between Dox-BNNTs and folate mole-
cules. Folate contains phenyl moieties that can bind to the
surfaces of BNNTs (F-BNNTSs) via -7 stacking if some regions
uncoated with Dox remain. Alternatively, folate molecules can
link with Dox molecules and produce electrostatic interac-
tion.**® A systematic comparison of the spectra of free Dox,
folate, Dox-BNNTs, F-BNNT, and F-Dox-BNNTSs is shown in
Fig. 22(E), which reveals a strong absorption band at
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a wavelength of 230 nm and weak absorption at ~480 nm for
free Dox. Furthermore, several biological (cellular uptake and
toxicity) studies were performed for drug delivery applica-
tions.**® The outcomes revealed that BNNTs showed three times
higher Dox loading capabilities than h-BN. Moreover, the
cellular acceptance of folate-Dox-BNNTs was observed to be
significantly larger than Dox-BNNTs in the presence of HeLa
cells because of the occurrence of folate receptors on these cell
surfaces, leading to significantly enhanced levels of cancer cell
death.218,219

Mubhabie et al. reported an extensive study on the function-
alization of h-BN mediated using a self-assembled supramo-
lecular polymeric material using a non-covalent approach (a
Michael addition reaction).”*® Herein, they investigated
a simple, consistent, and effective technique for the synthesis of
exfoliated h-BNNSs from bulk h-BN via a liquid-phase exfolia-
tion technique using a low-molecular-weight supramolecular
polymer, such as adenine-functionalized polypropylene glycol
(A-PPG). A-PPG has the ability to undergo self-assembly into
long-range ordered lamellae or to form micelle-like
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nanostructures on the h-BN surface due to the creation of
strong and specific interactions between A-PPG and h-BN.
Superior h-BNNS exfoliation could be obtained via regulating
the amount of A-PPG used.”* It has been explained that adenine
moieties possess doublet H-bonding units inside the polymer
backbones, as displayed in Fig. 23(a). Moreover, the authors
reported that the final yield of the material was 83.5% (Table 2).
Owing to its lower glass transition temperature (7= —70 °C)***
and excellent solubility within organic solvents, PPG was
selected as the amorphous backbone section/segment in A-PPG.
The synthesis method of the h-BN/A-PPG composite is shown in
Fig. 23(b) and it involves a blending process that results in the
exfoliation of h-BN via strong interactions with A-PPG in the
solvent of THF. As the inclusion of a large amount of h-BN
powder (10-50 wt%) was needed to break down the inter-
planar van der Waals interactions between layers of h-BN,
increasing the time period of sonication was found to be
significant, maybe due to an increase in the number and
strength of interactions between A-PPG and h-BN. Mechanisti-
cally, it was suggested that due to intermolecular adenine-
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Fig. 22 The interaction of B—N sidewalls with Dox. (A) The chemical structure of Dox and (B) a depiction of its possible interactions with B—N
sidewalls (C) the chemical structure of folate and (D) its possible interactions with Dox—BNNTs. (E) UV/vis spectroscopy analysis data for free Dox,
free folate, F-BNNT, and F-Dox—BNNTs. BNNT: boron nitride nanotubes; Dox: doxorubicin.?®
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the A-PPG dispersant. (c) The suggested process for the adsorption of lamellar structures. (d) Spherical micelles of A-PPG on the surface of h-
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adenine interactions (Fig. 23(c)), the adenine moieties function
as required units that guide and drive A-PPG macromers to
impulsively accumulate into nanostructures with long-range
lamellar order. Nevertheless, when existing in excess, A-PPG
spontaneously gathers into micellar structures. Consequently,
an excess amount of A-PPG produces spherical micellar struc-
tures, and clusters form at the surfaces of the lamellae, as
presented in Fig. 23(d).>*

© 2021 The Author(s). Published by the Royal Society of Chemistry

Further, Chen et al. obtained non-covalently functionalized
h-BN surfaces using a mussel-inspired approach.>** In order to
obtain a reduced interfacial thermal barrier and gain h-BN and
composites with enhanced TC, they successfully modified the
surface of h-BN via employing dopamine coatings, which reveal
self-polymerization behavior. Moreover, when equated with
polypropylene (PP) composites that were reinforced with the
same amount of pristine BN, TC was observed to be larger for
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composites reinforced with functionalized BN, which is known
as f-BN, and maleic-anhydride-grafted PP owing to enhanced
filler dispersion and improved interfacial filler-to-matrix
compatibility, which enabled the evolution of additional
thermal pathways.”* Chen et al. presented benzoxazine nano-
composites with improved TC based on a non-covalently func-
tionalized h-BN approach.>® Fig. 24(a) depicts the entire
modification method for h-BN nanopowder. For the sake of
dissolution, initially, 250 mL of DI water and 0.242 g of Tris—-HCI
buffer solution were decanted into a glass beaker. Thereafter, to
maintain the pH at 8.5, dilute NaOH solution was slowly added.
Later, ~1 g of h-BN nanopowder was mixed into this prepared
solution followed by ultrasonication dispersion for 1 h. Further,
dopamine (0.4 g) was weighed and mixed into the above solu-
tion, and this solution was continuously stirred followed by
heating at 25 °C for 72 h to attain polymerized dopamine
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molecules within the h-BNNS surface. After the reaction was
completed, the mixture was washed numerous times using
centrifugation and DI water until the solution became colorless.
Lastly, the dopamine-modified h-BN nanofiller was dehydrated
at 80 °C for 24 h in an oven, and the self-polymerization of
dopamine took place. During self-polymerization, the nanofiller
was found to change, which signifies that the h-BN surface was
effectively coated with polydopamine.”*

Further, several polymer nanocomposites with different
concentrations (0 wt%, 2 wt%, 5 wt%, 10 wt%, 15 wt%, and
20 wt%) of nanofiller were synthesized using a simple curing
casting method. Among all the nanocomposites, the TC of the
A-ph/CE/h-BN@PDA composite sample (with 20 wt% h-
BN@PDA) was increased to 0.71 W m~" K~ '. As the amount of
nanofiller increased, the thermal stability of these nano-
composites increased significantly. During polydopamine

ultrasonic

Nucleophilic reaction

NN )
' e Vool T X
) (Y V*® o o'k P X LY
L a ¢ ¢ 9 ] S '/ \Qolydvp:nmin‘q‘
Ho $ HO $ A /
AN N\ .‘ .Q '\ .éﬁ‘l “ _ VAR * F,
N N A L) t‘\ % g #
HO H HO i L W) [ ) O, —s‘\-‘. e
4 i
i = - w ! -0 e o
;I.I'HCLPIS_S;S Polymerization ) s
uring reriuxin,
8 . A-ph/CE matrix ‘ h-BN@PDA  phonon

h-BN@PDA

Polydopamine

Fig. 24
diagram of the heat-conduction mechanism.??

31316 | RSC Adv, 2021, 1, 31284-31327

(a) The reaction mechanism of dopamine-modified h-BN nanoparticles and images of dispersions in ethanol and water. (b) A schematic
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Fig. 25 The laminated structure of a flexible f-G/h-BN composite.?**

coating, there is heat flow through the fabricated nano-
composite. This might be due to a significant reduction in the
maximum possibility of collisions and directional deflections of
phonon within the nanoparticles; therefore, the reduced
phonon scattering and interfacial thermal resistance during
heat conduction lead to higher conductivity and the formation
of several heat conduction paths,?** as displayed in Fig. 24(b).
The dynamic storage modulus increases to 7390 MPa. The
dielectric constant, dielectric loss, volume resistivity, and
dielectric breakdown strength values for this nanocomposite at
1000 Hz were 5.72, 0.0148, 4.08 x 108 Q cm, and 61.6 kV mm ™ ?,
respectively. Therefore, the nanofiller (h-BN@PDA) reinforced
nanocomposite (A-ph/CE/h-BN@PDA) exhibited excellent TC,
ideal electrical performance, and outstanding thermal stability,
and it might be utilized for various electronic packaging
applications. Recently, Kang et al. reported an interesting work
on the synthesis of non-covalently functionalized BNNSs with
significant stability in water and redispersibility.?*® They
synthesized BNNTs successfully vie an induction thermal
plasma method.**® Synthesized BNNT powder (0.1 wt%) was
dispersed in water along with a cationic surfactant solution of
0.5 wt% cetyltrimethylammonium 4-vinylbenzoate. The sepa-
rately formulated and isolated BNNTs were associated with an
adsorbed layer, and this mixture was subjected to an ultra-
sonication process for up to 1 h of soaking time. Afterwards, the
in situ polymerization of the used surfactant cetyl-
trimethylammonium 4-vinylbenzoate (CTVB) was carried out on
the surface of the BNNTSs via injecting the free radical initiator
VA-044 (5 mol%), which led to the stable fixation of CTVB on the
surface of the BNNTs. Moreover, for the extraction of these
separately isolated BNNTs from primitive p-BNNT solution, the

© 2021 The Author(s). Published by the Royal Society of Chemistry

procedure was examined using a variety of different g-forces and
centrifugation times, and the centrifugation protocol was fixed
(2502 g for 30 min). Approximately 70% of the upper volume of
the centrifuged suspension was obtained as p-BNNT. Further,
for generating white p-BNNT powder, the synthesized p-BNNT
dispersion was freeze-dried at —45 °C for a soaking time of 72 h.
On the basis of small-angle neutron scattering (SANS) and AFM
results, the authors claimed that p-BNNT was effectively
encapsulated in a CTVB surfactant layer possessing a thickness
of ~0.8 nm; BNNTs (diameter: ~3 nm) were individually iso-
lated successfully.**® The individually isolated BNNTs can be
applied in solution-based procedures for industrial
applications.

Thereafter, Rice et al. demonstrated the non-covalent func-
tionalization of BNNTs using poly(2,7-carbazole).?”” Based on
a theoretical approach, ie., density functional theory (DFT),
they suggested that superior interactions occurred between
BNNTs and poly(2,7-carbazole) in comparison to fluorene-
BNNT interactions. Moreover, homo-poly(2,7-carbazole) and
other copolymers with fluorenes were fabricated and utilized to
disperse such BNNTs in organic solvents successfully. Thermal
and AFM analysis was used to verify the capabilities of such
polymers to dissolve adequate amounts (>80 wt%) of modified
BNNTs. These highly soluble poly(2,7-carbazole)-BNNT
complexes might be harvested for printed electronics, and
their transparent composite samples may also be used for
simple capacitor applications.*” Another work, by Velayudham
et al., demonstrated the non-covalent functionalization of
BNNTs with poly(p-phenylene-ethynylene) (PPE) and poly-
thiophene.**® Herein, the functionalized BNNTs were dispersed
successfully in different organic solvents, like chloroform
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(2)
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Bulk BN power
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nanosheets

h-BN@SiO,
nanosheets

Fig. 26

(CHCl;), methylene chloride (CH,Cl,), and tetrahydrofuran
(CH,)40, using conjugated PPE and polythiophene ((C,H,S),)
via strong m-m-stacking-like interactions between PPE and
BNNTSs. Moreover, the functionalization of the BNNTs with PPE
improved the planarization of PPE, showing red shifts in the
absorbance and emission of composites with reference to free
PPEs, while functionalization of the BNNTs with (C,H,S),
interrupts m-conjugation, causing blue shifts in the recorded
absorption and emission spectra of composites. Ultimately, the
surface morphology (SEM and TEM) of the BNNTs was unaf-
fected during functionalization and, hence, these could be used
for the design of high-mechanical-strength fibers.**
Numerous studies have used non-covalent interactions
between various organic molecules, polymeric materials,
biomolecules, and the surfaces of BNNTs/h-BN.'*® The non-
covalent functionalization of both h-BN and BNNTs was

31318 | RSC Adv, 2021, N, 31284-31327

(a) A schematic illustration of the synthesis of functionalized h-BN. (b) TEM images of bulk h-BN, (c) h-BN@SiO,, and (d) SiO, spheres.?*¢

carried out using alkyl amine, alkyl phosphine, and aromatic
groups, involving different molecules and polymers.****® In
addition to the functionalization of h-BN via covalent and non-
covalent approaches, there is another approach that is based on
Lewis acid-base interactions. The interactions in the above-
mentioned cases are facilitated via electron-rich N and O
species networks, electron-deficient B-atoms, and -7 interac-
tions. Hence, B atoms easily act as Lewis acids with respect to
electrons (as Lewis bases). This kind of interaction shows an
appreciable effect in the presence of extremely reactive radical
species; vacant p-orbitals of B atoms can offer an avenue for the
formation of bonds and, therefore, covalent functionalization.
Upon comparing the use of acids, alkalis, oxidants, and
extremely high-temperature conditions for modifying the active
surface of h-BN, the use of Lewis acid-base interactions is easier

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Using Lewis acid-base interactions, several studies have re-
ported attaching amino functional groups to B atoms in h-BN,
which is owing to the occurrence of locally polarized B-N
bonds that permit the suitable targeting of B and N
atoms’"'7*** Concisely, B atoms have Lewis acid features that
are susceptible to attack by Lewis base composites, for example,
amines, producing stable Lewis acid-base complexes that are
advantageous for the easy dispersion and exfoliation of h-BN.
Consequently, the exfoliation of BNNSs and their functionali-
zation can take advantage of solvents with Lewis base perfor-
mance. Moreover, the existence of several defects in pristine h-
BN makes its B atoms too susceptible to attack from Lewis bases
during sonication processes. This type of attack can produce
more defects during sonication. Lin et al. reported the prepa-

ration of h-BN via a ball-milling technique, and it was then

huge complicated

View Article Online
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functionalized with long-chain alkyl amines through Lewis
acid-base interactions between the various amino groups and
the B atoms of h-BN, achieving soluble amine-linked nano-
sheets.'”® For BNNT functionalization, a similar mechanism was
adopted by several researchers.*>>** Su et al. reported a func-
tionalized-graphene (f-G)/h-BN flexible laminated composite
with improved TC as an adhesive material via employing a facile
latex approach.”® For the synthesis of the composites,
primarily, the authors used a flexible fiber-reinforced laminated
composite adhesive which merged with f-G and h-BN layers
synthesized via colloid-blending and self-assembly techniques
with the aid of secondary forces and hydrophilic variance.
Herein, poly(2-ethylhexyl acrylate) (P2EHA) was used as a poly-
meric matrix that interconnected the layers of -G with one more
layer of h-BN as a cross-linker/adhesive through a self-assembly
technique. Moreover, Lewis acid-base (6'-6") interactions and
m—7 stacking enhanced the compatibility between the filler and

(b)

P4VP

Lewis-bése acid
int tion

X
NC, NC, H H
7 X _coTPA |-|3c /u\ OH___ owap o H,cM,\ J\ NHN
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2-vinyl pyridine (X=N)
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1-Pyrenemethanol O
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s NC O s NG,
H
HsC )‘\ O. HyC )]\ N
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(a)
P4VP-Py (P2VP-Py) P4VP-NH, (P2VP-NH,)
Polymer chain

interaction

m-m

Fig. 27

(a) The reaction scheme for PnVP (n = 2 and 4) with different functional groups: carboxylic acid (PnVP-COOH), pyrene (PnVP-Py), tert-

butyl (PnVP-TBu), and amine (PnVP-NH,). (b) An illustration of the suggested mechanism for dual Lewis acid—base and - interactions using

P4VP-Py molecules on BN.2%”
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polymer matrix. Based on various characterization techniques,
like SEM, Raman spectroscopy, and XRD, the authors
confirmed the fabrication of these flexible f-G/h-BN laminated
composite adhesives. The laminated structure of the f-G/h-BN
flexible composite is shown in Fig. 25. The oriented stacking
arrangement and laminated structure resulted in outstanding
in-plane thermal conductivity of ~4.20 W m™~* K™, along with
adequate insulative and adhesive properties.”** Recently, Cai
and coworkers demonstrated the functionalization of BNNSs
via employing Lewis acid-base interactions, in which a possible
platform was constructed using a SiO, coating on the surface of
h-BNNSs, which gave a chance for the inclusion of phytic acid
(PA).*® The use of the fabricated h-BN nanohybrids can lead to
an improvement in the flame retardancy of thermoplastic
polyurethane (TPU). A schematic diagram of the SiO, coating
formation and flame-retardant functionalization of h-BN is
presented in Fig. 26(a). TEM images of the microstructures of
bulk h-BN, h-BN@SiO,, and SiO, spheres are shown in
Fig. 26(b-d), respectively. The TEM image of bulk h-BN revealed
a plane edge structure (Fig. 26(b)). Herein, through Lewis acid-
base interactions between B atoms of h-BN and amine groups,
h-BNNSs were primarily coated with (3-aminopropyl)triethox-
ysilane (APTES) and, thereafter, a suitable pH value (9.0) sup-
ported the hydrolytic condensation of incorporated tetraethyl
orthosilicate (TEOS) and APTES. Moreover, the edges of the h-
BN nanohybrids were included in a heterogeneous nano-
structure with a width of ~20 nm (Fig. 26(c)). Because of a lack
of h-BNNSs, numerous SiO, spheres were formed via a cross-
linking reaction between APTES and TEOS (Fig. 26(d)). The
formation of a SiO, coating might offer an extremely chemically
active surface for the advance functionalization of h-BNNSs.?*

More recently, Lee et al. presented an effective process to
disperse BNNSs in polar solvents through dual non-covalent
interactions by using pyrene-tethered poly(4-vinylpyridine)
(P4VP-Py) as a dispersion agent.*®” P4VP-Py allows bi-
functionalization along with BNNSs via -1 and Lewis acid-
base interactions, which are created due to the pyrene and
pyridine moieties, causing extremely stable BNNS dispersions
in polar solvents. For the preparation of PAVP-Py, it was fabri-
cated using reversible addition-fragmentation chain-transfer
polymerization, including a joint reaction with pyrene, as pre-
sented in Fig. 27(a). Herein, the P4VP-Py molecules showed
concomitant dual Lewis acid-base and m-7 interactions with
BNNSs owing to the amine group on the pyridine ring in the 4VP
monomeric unit and the pyrene moiety at the chain end, hence
resulting in outstanding dispersion in diverse alcohol-based
solvents at large concentrations. The production of stronger
interactions with BN might arise due to optimized geometry
achieved using P4VP-Py, which assisted dual Lewis acid-base
and m-T interactions, as presented in Fig. 27(b). In addition, the
subsequent P4VP-Py-functionalized BNNSs were effectively used
in different electrically insulating and thermally conductive
polymer composites with enormous filler loading capabilities
when mixed with a PAVP-Py matrix. Moreover, a combination of
both P4VP-Py-functionalized BNNSs and the pristine P4VP
matrix produced improved TC and an improved dielectric

31320 | RSC Adv, 2021, N, 31284-31327
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constant with higher thermal stability due to a compatible
interface between the components.>*®

4. Applications of 2D h-BN

2D h-BN has numerous uses for different applications, such as
in gates and dielectrics for the fabrication of electronic devices,
in anticorrosive coatings for iron objects, in layered coatings
and paint to reduce friction and wear, and in resistive layers for
protection against high temperatures, along with several other
technological and advanced 2D material applications.'”” The
possible applications of 2D h-BN include its use in the fabri-
cation of optoelectronic devices. It is an especially appropriate
nanomaterial for use as a photocatalyst, acting as a catalyst in
the treatment of waste water.>*®*>* The global food industry
depends strongly on access to reliable clean water supplies.”*
Moreover, due to its outstanding electrical insulation proper-
ties, excellent thermal stability, chemical inertness, and
controllable dimensions, it has been suggested that 2D h-BN is
one of the most suitable materials for use in passivation
processes and in harsh environments, particularly along with
other 2D nanomaterials such as graphene, MoS,, MoSe,, WS,,
WSe,, etc.242,243 Moreover, the deterioration of intrinsic
properties and the poor characteristics of devices might be
efficiently alleviated via encapsulation with h-BN to shield
active areas.”**

Furthermore, the lamellar nanostructures of 2D h-BN/h-
BNNSs involve weak van der Waals forces, analogous to gra-
phene and MoS,.*>*** Hence, these types of structure are pretty
good lubricant dopant materials, similar to graphene and MoS,.
Besides these applications, 2D h-BN reveals excellent biocom-
patibility and it is also widely used as a food packaging material
and as a cosmetic dopant.”**>*® This is because h-BN will not
harm the living cells and tissues of humans, animals, and
plants in case of its environmental release. Lu et al. demon-
strated that h-BN-nanoplate-assisted bovine serum albumin
(BSA) inspired excellent immune activity in mice and exhibited
remarkable biocompatibility and lower reactogenicity. These
outcomes showed significant potential for various applications
in the area of biomedical tissue engineering, like biomolecular
carriers and the design of vaccines.**® In addition, h-BN nano-
plates have been loaded covalently with proteins and studied
with respect to the immune system of mice as biological
nanovectors, and they strongly stimulate an antibody response
and are known as adjuvants.>*® Adjuvants mainly play a signifi-
cant role in new kinds of vaccines that are weakly immuno-
genic. Owing to the large surface area and structural,
temperature-based, and chemical stability, including
tunability based on additives of different materials and surface
functionalization, 2D-hBN also shows many potential applica-
tions in the field of nanomedicine, such as in drug delivery, in
cell/bone imaging, and as a model for DNA self-assembly, with
excellent biocompatibility and adsorption activity.""”

Furthermore, the properties of 2D h-BNNSs from a biological
perspective have significant potential, showing preferred
outcomes upon interaction with cellular materials, e.g., 2D-
BNNSs, when used as a therapeutic agent, might be elastic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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enough to pass through the barrier of the reticuloendothelial
system (RES), and they also might be stable enough to oppose
primary degradation. Recently, advanced applications of 2D h-
BN in the field of electrochemical sensing have received much
attention owing to the large surface area, various active edges,
and good catalytic characteristics.”* It has been reported in the
literature that 2D h-BN can be modified using conductivity-
assisting nanomaterials, such as Au, Pt, etc., and the N-p, and
B-p, orbitals in 2D h-BN form a network with the d, metal
orbitals that can enhance the electrocatalytic properties of the
prepared hybrid nanostructures.?>>>>->*

5. Summary and future advances

In this review article, a systematic summary of past and present
developments relating to the preparation of 2D h-BN nano-
materials and their nanocomposites using numerous exfoliation
techniques and their functionalization via covalent, non-
covalent, and Lewis acid-base (ionic) approaches is provided in
detail. Moreover, mechanisms of exfoliation were also described
based on the use of external forces to overcome interactions, ie.,
attractive van der Waals interactions, between 2D material layers.
Even though several significant applications of BNNSs have been
studied in the past few years, the preparation and functionali-
zation of BNNSs is quite challenging owing to the low yields,
small sample sizes, and characterization issues. The major
challenge is executing experiments that reveal the intrinsic
dynamics, e.g., temperature-dependent photoluminescence and
time-resolved photoluminescence analysis, with spatial resolu-
tion.”®® To date, many post-synthetic methods for the preparation
and functionalization of h-BN have been recognized, but the
selectivity and effectiveness of these approaches are not always
reliable. Hence, several new and advanced approaches must be
developed to meet these challenges.

Amongst the numerous established procedures, exfoliation
is one of the most widely used techniques to achieve large
amounts of BNNSs with high purity. Herein, for the synthesis of
BNNSs via exfoliation, all possible exfoliation techniques have
been discussed, along with their advantages and disadvantages
and a brief summary of relevant applications. A simple exfoli-
ation method is liquid exfoliation, which involves the use of
vigorous sonication and suitably designated solvents. Several
forces are applicable during this method, such as the use of
diverse chemicals, mechanical forces, and other aspects that
have been implemented to enhance the effects of exfoliation. In
most exfoliation methods involving h-BN, noticeable intercala-
tion could not be significantly detected, which means that most
exfoliation methods involving h-BN are based on mechanical
force/oxidization. Another major drawback is that centrifuga-
tion is always used to separate out the BNNSs and, hence, the
separated BNNS material is achieved in smaller amounts than
the initially used bulk h-BN powder precursor. Consequently, it
has been observed that an intermediate-assisted grinding
exfoliation technique produced BNNSs with a very crystalline
nature in contrast to samples prepared via liquid phase exfoli-
ation techniques, and these methods were observed to be
superior in comparison to intercalation and ball-milling

© 2021 The Author(s). Published by the Royal Society of Chemistry
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techniques, which were associated with structural defects and
additional functional groups. In addition to the exfoliation of h-
BN, various functionalization approaches play a significant role
in allowing exfoliated BNNSs to be used for versatile techno-
logical applications. Hence, covalent functionalization is one of
the most fascinating approaches that is more successful, and it
can allow the robust modification of the electronic properties of
BNNSs. In this review article, we have considered appropriate
mechanisms for the functionalization of h-BN. Moreover, this
covalent approach permits the assignment of several functional
groups to the surface of BNNSs that are very delicate with
distinct organic and inorganic groups, thus obtaining suitable
2D nanomaterials for sensing applications. However, non-
covalent and covalent functionalization approaches for h-BN
are both extremely efficient techniques for -controlling
numerous aspects, e.g., dispersions in various solutions, the
tuning of the transport and biological properties including the
electronic band structure, etc. Despite methods for the func-
tionalization of other 2D materials, for example graphene and
transition metal dichalcogenides, having already been devel-
oped by researchers, the development of functionalization
approaches for h-BN is still continuing. Therefore, numerous
essential challenges, such as promoting the yields of these 2D
materials, developing easy and cost-effective new methods,
finding appropriate characterization techniques, and
increasing interactions and reactivity between different types of
molecules and h-BN layers, remain to be discussed in order to
achieve well-connected surface morphologies and chemical
activation approaches for these 2D nanomaterials. Moreover,
novel functionalities added to these nanomaterials using
chemical approaches can pave the way for the significant
growth of multifunctional nanomaterials. As discussed in this
current review article, BNNSs might be exfoliated using several
strategies, such as intercalation, liquid-phase sonication,
mechanical cleavage, thermal exfoliation, controlled gas exfo-
liation, and quadrupole-field-aided exfoliation, and their func-
tionalization can be carried out via covalent, non-covalent, and
Lewis acid-base approaches.

Moreover, for the sake of developing new techniques/
methods, multiple investigations are urgently needed into
intercalating and exfoliating h-BN; this is a big task that is
hugely demanded for developing future advanced applications
of BNNSs. Therefore, if we become really able to harvest high
quantities of high-quality BNNSs via exfoliation, then we can
invest in the application of BNNSs with excellent performance
in the future.
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