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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™,

View Article Online

RSC Advances

(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

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

Melting pebax '

\

a Rotation b c

s TS e d

/ Shear force_

R

P "' Exfoliation
o,

b

Pebax-BNNSs

ALY * 4

A\ < (}Z} 3
3 | B PR
o o 4,!{444 /a\ / e
Exfoliation § < N A
Shear force / \ XY/ A
/! S

-l

144 A J
{_--441444/“ ~ Xy
X

i ~J

Exfoliation

Fig. 8 A schematic illustration of the exfoliation and dispersion of Pebax-BNNSs: (a) the chamber for exfoliation and the in situ functionalization
of h-BNNSs; (b and c) the exfoliation and in situ functionalization process of h-BNNSs; and (d) the as-obtained Pebax-BNNSs. The Pebax
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the Pebax-BNNSs randomly distributed on the substrate. (f) A TEM image of the Pebax-BNNSs; the insets show (top) the corresponding EDS

spectrum and (bottom) the SAED pattern of the Pebax-BNNSs.2?
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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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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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(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.*>*

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

RSC Adv, 2021, 11, 31284-31327 | 31303


http://creativecommons.org/licenses/by-nc/3.0