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ron nitride nanosheets by
glucose-assisted ultrasonic cavitation exfoliation

Lian Zhou, Bo Zhang, Fuzhu Li, * Ying Yan, Yun Wang and Ruitao Li

Boron nitride nanosheets (BNNSs) have been widely used in many fields due to their excellent properties.

However, low preparation rates and difficulty in functionalization hinder their further development. This

study proposes a novel glucose-assisted ultrasonic cavitation exfoliation (GAUCE) method with glucose

as an auxiliary solution to prepare BNNSs. Results show that the method has a high preparation yield of

55.58%, which is higher than the average preparation yield of 33.86%. The mechanism of preparing

BNNSs by GAUCE was also investigated. The exfoliation of BNNSs was achieved using the energy of

ultrasonic cavitation bubble collapse, which will break the interlayer forces in h-BN. The grafting of

hydroxyl groups decomposed by glucose on the edge and surface of BNNSs during cavitation prevented

the re-aggregation of the nanosheets, thereby increasing the exfoliation yield of BNNSs. In addition, the

contact angle of BNNSs prepared by GAUCE was reduced, and the hydrophilicity was greatly improved.
1 Introduction

Hexagonal boron nitrides (h-BN) are widely used in elds such
as sensors,1 hydrogen storage,2 catalysis3 and sewage treatment4

due to their excellent physical and chemical properties. Recent
studies have shown that few-layered boron nitride nanosheets
(BNNSs) can effectively exert the excellent properties of h-BN.
For example, the thermal conductivity of BNNSs is 400–
2000 Wm−1 K−1, which is two to ve times more than that of h-
BN.5 However, the exfoliation energy of h-BN is z33% higher
than that of graphite,6 so the large-scale preparation of BNNSs
has become a great technical challenge. In addition, BNNSs also
need to be adequately functionalized to achieve the best
performance of their composites.7

Up to now there have primarily been two strategies to obtain
BNNSs: bottom-up and top-down methods.8 In bottom-up
methods, BNNSs are usually synthesized directly by chemical
techniques, which usually produces functionalized BNNSs. Yu9

and Nadeem et al.10 used the chemical vapor deposition (CVD)
method to deposit BNNS lms on a silicon substrate and low-
carbon steel substrates, respectively. High-quality BNNSs are
prepared by this method. However, low yield, critical synthetic
conditions and the risk of environmental pollution have limited
its development. Liu et al.11 synthesized BNNSs by the wet
chemical method, and the yield was up to 96.7%. However, this
approach is expensive and difficult to operate, so it is unsuitable
for the large-scale preparation of BNNSs. Top-down methods
use shear force to exfoliate BNNSs from bulk h-BN, and are
more suitable for the large-scale production of BNNSs.
Mechanical exfoliation,12 uid exfoliation13 and ultrasonic
ujs.edu.cn

2–6593
cavitation exfoliation14 are the three main top-down methods.
Pacilé et al.15 successfully prepared BNNSs by mechanical
exfoliation, but this method has a low yield. Therefore, ball
milling mechanical exfoliation was developed. Wang et al.16

selected viscous polyethyleneimine (PEI) as the ball milling
auxiliary solution to prepare BNNSs and achieve scalable
production. Chen et al.17 selected sucrose as the ball milling
auxiliary solution to prepare BNNSs, and the results showed
that the yield can reach 95% and the surface of the prepared
BNNSs would be graed with hydroxyl-functionalized groups.

Cavitation is a phase change phenomenon (from liquid to gas)
by decreasing the pressure due to an increase in velocity.18 The
use of energy released by cavitation bubble collapse to break the
‘lip–lip’ interactions of h-BN provides an avenue for the high-
efficiency exfoliation of BNNSs.19 Lin et al.20 reported that pure-
water-assisted ultrasonic cavitation could exfoliate h-BN in
a small amount. Zhi et al.14 obtained BNNSs by using N-dime-
thylformamide (DMF) as an exfoliating solvent to ultrasonically
treat h-BN. However, the yield of BNNSs is only 5%. Ding et al.21

obtained BNNSs with a yield of 33% by using liquid N2 as an
ultrasonic exfoliating solvent. The selection of exfoliating solvent
is important when preparing BNNSs by ultrasonic cavitation
exfoliation. An et al.22 reported that N-methyl-pyrrolidone (NMP),
N,N-dimethylformamide (DMF), and isopropanol (IPA) are effec-
tive solvents for exfoliation. Compared with the above solvents,
glucose is noncorrosive, bio-renewable and cheap, and can be
easily recycled. It is suitable for large-scale application in indus-
trial production. Li et al.23 proposed a scalable exfoliating and
functionalized approach via temperature pretreatment and
glucose-assisted mechanical agitation to achieve a high actual
exfoliation yield (47%) of BNNSs. However, the yield from this
method needs to be further improved.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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This study proposes a novel glucose-assisted ultrasonic cavi-
tation exfoliating (GAUCE) method to prepare BNNSs. The
method uses glucose as an auxiliary solution, and BNNSs
prepared by deionized-water-assisted ultrasonic cavitation exfo-
liation were used as a control. The structure and morphology of
the BNNSs were observed, and the mechanism of BNNSs
prepared by GAUCE was investigated. Finally, contact angle and
dispersion testing were used to evaluate the hydrophilicity and
dispersibility of BNNSs prepared by ultrasonic exfoliation.
2 Experimental apparatus

Fig. 1 shows the GAUCE experimental apparatus, which was
designed and developed to exfoliate BNNSs. The apparatus
consists of an ultrasonic generator, a stepping motor, a trans-
ducer, an ultrasonic horn, a vibrating head, magnetic stirrers
and a controller for the stepping motor. The magnetic stirrer is
placed directly below the ultrasonic vibration head. It is used to
mix the original h-BN powder with the glucose exfoliating
solvent. The ultrasonic transducer converts electrical signals
emitted by the ultrasonic generator into periodic high-
frequency mechanical vibrations. The amplitude is trans-
mitted to the ultrasonic vibration head under the action of the
horn. The ultrasonic wave generated by the ultrasonic vibration
head acts on the mixed solution to produce ultrasonic cavita-
tion, thereby exfoliating h-BN.
3 Method and measurements
3.1 Raw materials

h-BN powder with a purity of 99.9% was obtained from Beijing
Xingrongyuan Technology Co., Ltd. Anhydrous glucose AR with
a purity of 99.5% was acquired from China National Pharma-
ceutical Group Chemical Reagent Co., Ltd. A Millipore nylon
lter membrane with a pore size of 0.20 mm was used. All
chemicals used were of analytical grade and used without
further treatment.
Fig. 1 GAUCE experimental apparatus.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2 GAUCE process

The GAUCE process is shown in Fig. 2. Firstly, 2 g of anhy-
drous glucose was added to 250 ml of deionized water to
prepare a glucose solution. To the solution was then added 5 g
of h-BN and it was stirred using a magnetic stirrer at 1000 rpm
for 10 minutes to form a homogeneous solution. The mixture
was subjected to ultrasonic treatment at 310 W for 30 minutes
to obtain a dispersed solution of glucose–BNNSs. The
dispersed solution was ltered and washed using a dialysis
bag to obtain a dispersed solution of BNNSs. The solution was
centrifuged at 3000 rpm for 20 minutes, and the supernatant
was collected and dried to obtain exfoliated BNNSs, which
were then weighed. A control experiment was conducted
without glucose in 250 ml of deionized water, and the product
obtained from ultrasonic exfoliation in this case was denoted
W-BNNSs. The product obtained using GAUCE was denoted G-
BNNSs.

3.3 Testing and characterization

Field emission scanning electron microscopy (JSM-7800F)
was used to observe the surface morphology and lateral size
distribution of h-BN and ultrasonically exfoliated BNNSs.
Atomic force microscopy (Bruker Dimension Icon) was
utilized to observe the thickness and lateral size distribution
of the BNNSs. Transmission electron microscopy (FEI Talos
F200X G2) was employed to investigate the microstructure
and crystallinity of the BNNSs. X-ray diffraction (BRUKER) was
used to analyze the crystal structure and elemental composi-
tion of the BNNSs. Fourier transform infrared spectroscopy
(IRAffinity-1S) was used to characterize the functional groups
and functional group attachment sites of the BNNSs. X-ray
photoelectron spectroscopy (Thermo Scientic K-Alpha) was
utilized to analyze the functional group attachment sites and
quantify the number of functional groups in the BNNSs.
Contact angle and dispersion testing were used to evaluate
the hydrophilicity and dispersibility of BNNSs prepared by
ultrasonic exfoliation.
Nanoscale Adv., 2023, 5, 6582–6593 | 6583
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Fig. 2 Schematic of GAUCE of BNNSs.
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4 Results
4.1 Effect of GAUCE on the yield of boron nitride nanosheets

The yield of BNNSs prepared by ultrasonic exfoliation with
deionized water was 33.86%, while that prepared by the GAUCE
Fig. 3 Yield of BNNSs prepared by GAUCE and other methods in the
literature.24–33

Fig. 4 Microscopic morphology and particle size distribution analysis of
BNNSs and (c) G-BNNSs. Particle size distribution of (d) pristine h-BN, (e

6584 | Nanoscale Adv., 2023, 5, 6582–6593
method was 55.58%. Fig. 3 presents a comparison of the yield of
BNNSs prepared by GAUCE with the yields obtained using the
CVD method, ball milling mechanical exfoliation and ultra-
sonic cavitation exfoliation methods. Fig. 3 shows that the
ultrasonic cavitation exfoliation method can obtain a higher
percentage of BNNSs within a relatively short ultrasonic pro-
cessing time. The high temperature and pressure generated
during cavitation overcome the interlayer ‘lip–lip’ interactions
and van der Waals forces in the edge and inner layers of h-BN,
thereby reducing the interlayer forces. The strong interaction
between glucose and water molecules during cavitation leads to
the release of hydroxyl groups, which enter the interlayers of h-
BN. The process facilitates the exfoliation process and obtains
few-layered BNNSs from bulk h-BN.

4.2 Inuence of GAUCE on the quality of BNNSs

Fig. 4 shows the microscopic morphology of h-BN, W-BNNSs,
and G-BNNSs. In Fig. 4(a)–(c), the pristine h-BN powder
appears as granular particles with strong aggregation, while W-
BNNSs and G-BNNSs exhibit a sheet-like morphology and are
more dispersed. Aer processing the lateral size data, the
average lateral size of pristine h-BN powder was found to be
approximately 9.3 mm, as shown in Fig. 4(d). This nding is
h-BN, W-BNNSs, and G-BNNSs: SEM image of (a) pristine h-BN, (b) W-
) W-BNNSs and (f) G-BNNSs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 AFM images and thickness distribution of W-BNNSs and G-
BNNSs: (a) AFM image of W-BNNSs; (b) thickness distribution of W-
BNNSs; (c) AFM image of G-BNNSs and (d) thickness distribution of G-
BNNSs.
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consistent with the initial average particle size of the purchased
h-BN powder of approximately 10 mm. In comparison with
pristine h-BN powder, W-BNNSs and G-BNNSs exhibited
a signicant reduction in lateral size. The average particle sizes
of W-BNNSs and G-BNNSs are 3.24 mm, and 0.9 mm, respectively.
Overall, the average particle size decreased by 65% and 90% for
W-BNNSs and G-BNNSs, respectively, as shown in Fig. 4(e) and
(f). Deionized-water-assisted ultrasonic exfoliation and glucose-
assisted ultrasonic exfoliation can effectively exfoliate bulk h-
BN into nanosheets, which exhibit a sheet-like morphology.
Compared to pristine h-BN powder, both W-BNNSs and G-
BNNSs demonstrate a signicant reduction in thickness.
Fig. 6 TEM images of G-BNNSs: (a) high-resolution TEM image of G-B
BNNSs, with the corresponding fast Fourier transform (FFT) image show

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 5 shows the AFM images and thickness distribution of
W-BNNSs and G-BNNSs. The lateral size distribution of W-
BNNSs and G-BNNSs can be observed from Fig. 5(a) and (c),
respectively. The AFM images of W-BNNSs and G-BNNSs were
processed using NanoScope Analysis soware. The images
were attened using the Flatten function, and the thickness of
the nanosheets was analyzed using the Section tool. The
thickness distribution results of W-BNNSs and G-BNNSs are
shown in Fig. 5(b) and (d), respectively. The average thickness
of W-BNNSs is approximately 2.3 nm. In comparison, G-BNNSs
show an average thickness reduction of 0.5 nm, with an
average thickness of approximately 1.8 nm. W-BNNSs and G-
BNNSs have numerous voids and defects within their struc-
tures, as shown in Fig. 5(a) and (c). These voids and defects,
combined with the high specic surface area of BNNSs,
signicantly enhanced the energy storage performance of the
BNNSs.

Fig. 6 shows the TEM images of G-BNNSs. In Fig. 6(a), G-
BNNSs prepared by GAUCE exhibit wrinkling, cracking, and
curling at the edges, which are typical features of few-layered
BNNSs. These nanosheets are estimated to consist of approx-
imately 15 to 16 layers, with an interlayer spacing of approxi-
mately 0.333 nm, consistent with the results of Lin et al.,34 as
shown in Fig. 6(b). The top-le image in Fig. 6(c) presents the
diffraction pattern obtained from the selected area of G-
BNNSs aer Fourier transform (FFT), revealing a regular
hexagonal symmetry characteristic of G-BNNSs and a honey-
comb lattice sp2 plane consistent with h-BN.35 This nding
further conrms that BNNSs prepared by GAUCE remain
crystalline, indicating that the internal structure of the BNNSs
was not disrupted.

Fig. 7 shows the XRD patterns of h-BN, W-BNNSs, and G-
BNNSs, presenting a series of diffraction peaks corresponding
to the (002), (100), (101), (102), and (004) crystal planes. The
diffraction peaks of W-BNNSs and G-BNNSs were compared
with those of h-BN. No new diffraction peaks appeared, indi-
cating that water-assisted ultrasonic exfoliation and GAUCE
resulted in high-purity BNNSs and that the elemental compo-
sition of the BNNSs remained unchanged. The internal
NNSs; (b) cross-sectional image of G-BNNSs; (c) HRTEM image of G-
ing the typical hexagonal symmetry of h-BN.

Nanoscale Adv., 2023, 5, 6582–6593 | 6585
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Fig. 7 XRD patterns of h-BN, W-BNNSs and G-BNNSs.
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structure of the BNNSs was minimally affected by ultrasonic
exfoliation, consistent with the FFT electron diffraction patterns
observed in TEM analysis. Notable changes were observed in
peak positions and intensities. In particular, all the character-
istic peaks of G-BNNSs shied to lower angles, mainly due to the
signicant reduction in thickness when few-layered BNNSs were
exfoliated from bulk h-BN. Additionally, the XRD patterns in the
range of 40°–60° have been magnied in the upper-right corner
of Fig. 7, revealing that the intensities of the (100), (101), (102),
and (004) peaks of G-BNNSs were lower than those of h-BN orW-
BNNSs. Hence, GAUCE leads to a reduction in the thickness and
size of G-BNNSs, consistent with the SEM, TEM, and AFM
results.
Fig. 8 Process of G-BNNS preparation by GAUCE: (a) preliminary exfolia
of BNNSs.

6586 | Nanoscale Adv., 2023, 5, 6582–6593
5 Discussion
5.1 Process analysis of functionalized BNNSs by ultrasonic
exfoliation

The key to preparing BNNSs is to overcome the interlayer forces
of h-BN, including van der Waals forces and ‘lip–lip’ interac-
tions. During ultrasonic exfoliation, the cyclic action of bubble
collapse generated by cavitation effects exerted a transient effect
on the solution. The high temperature, high pressure and
microjets produced efficiently disrupted the van der Waals
forces between h-BN layers. The key to achieving efficient
exfoliation of h-BN and preparing high-quality BNNSs depends
on utilizing the transient effect generated by bubble collapse to
disrupt the ‘lip–lip’ interactions between the edge layers of h-
BN. Therefore, based on the mechanical behavior and experi-
mental research on bubble collapse, this study reveals the
process mechanism of G-BNNSs obtained through GAUCE, as
shown in Fig. 8.

During ultrasonic processing, ultrasonic vibration acts on
the solution. The high temperature and pressure generated by
the instantaneous collapse of bubbles primarily disrupt the
‘lip–lip’ interactions at the edges of h-BN, causing the edges to
open along the weak interlayer regions, as shown in Fig. 8(a). As
the extent of edge opening of h-BN increased, the shockwaves
and cavitation microjets generated by the collapse of bubbles
penetrating into the interlayers of h-BN further disrupted the
interlayer forces, specically van der Waals forces, leading to
exfoliation of h-BN. Under strong shockwaves and localized
high temperatures generated by the bubble collapse, glucose
molecules and some water molecules near the bubble collapse
dissociated to produce hydroxyl groups. A large number of
tion of BNNSs; (b) further exfoliation of BNNSs; (c) complete exfoliation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Exfoliation of W-BNNSs from the original h-BN powder: (a) preliminary exfoliation of BNNSs; (b) further exfoliation of BNNSs; (c) complete
exfoliation of BNNSs.
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hydroxyl groups, under the action of shockwaves, penetrated
into the interlayers of h-BN, thereby increasing the distance
between h-BN layers. This phenomenon not only facilitated the
formation of layered BNNSs but also effectively prevented the re-
aggregation of the successfully exfoliated BNNSs, as shown in
Fig. 8(b). Furthermore, the continuous collapse of bubbles
generated high-speed microjets, providing continuous kinetic
energy to nearby water molecules, glucose molecules, and
hydroxyl groups, thereby enhancing the exfoliation efficiency of
the BNNSs. Aer the breaking of B–N bonds, the released
hydroxyl groups bound to the B atoms, forming hydroxyl func-
tional groups. BNNSs with successfully attached hydroxyl
functional groups on the surface prevented re-aggregation, as
shown in Fig. 8(c).

GAUCE of BNNSs can provide more hydroxyl groups
compared with deionized-water-assisted ultrasonic exfoliation.
The process of BNNS preparation by deionized-water-assisted
ultrasonic exfoliation is shown in Fig. 9.

During deionized-water-assisted ultrasonic exfoliation of
BNNSs, only water molecules participated in the hydroxyl group
formation, resulting in few attached hydroxyl functional
groups. As shown in Fig. 9(c), signicant re-aggregation
occurred due to the strong ‘lip–lip’ interactions and van der
Waals forces at the edges of h-BN, as well as the limited
expansion of interlayer distance caused by water molecules
(which are much smaller than glucose molecules), leading to
a lower exfoliation yield of BNNSs.

5.2 Mechanism analysis of ultrasonic exfoliation of
functionalized BNNSs

Fig. 10 shows the division of the regions of bubble collapse
during ultrasonic exfoliation into interface zones. As shown in
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 10, the orange region represents the bubble cavity region,
where a small portion of watermolecules undergo decomposition
due to the ultra-high temperature and pressure generated during
bubble collapse, resulting in highly reactive hydroxyl groups.36

These hydroxyl groups diffuse to the high temperature and
pressure zones carried by the high-speed jets produced by bubble
collapse. The light orange region represents the high temperature
and pressure zone. In this zone, the high temperature and pres-
sure generated by bubble collapse instantaneously disrupt the
‘lip–lip’ interactions between the edge B and N atoms of h-BN,
causing the edges of h-BN to tear apart. The undecomposed
glucose and water molecules enter the interlayers of h-BN,
thereby expanding the interlayer distance, which is benecial
for the preparation of BNNSs. Once the edges of h-BN are opened,
the high temperature and pressure resulting from bubble
collapse disrupt the van der Waals forces between the internal
layers of h-BN, leading to exfoliation of h-BN into thin sheets. In
this zone, most glucose and water molecules decompose into
hydroxyl groups, which enter the interlayers of h-BN. The
hydroxyl groups bind to B atoms due to the prolonged electron
deciency on B atoms. This phenomenon forms hydroxyl func-
tional groups, which effectively prevent re-aggregation of the
upper and lower layers of h-BN caused by van der Waals forces
and ‘lip–lip’ interactions. Additionally, the high-speed water jets
generated by bubble collapse in this zone enhances the move-
ment of hydroxyl groups, accelerating their attachment to BNNSs
within the high temperature and pressure zone. The blue region
represents the diffusion zone, where successful exfoliation of
BNNSs occurs. Furthermore, hydroxyl functional groups
produced by bubble collapse in the bubble cavity region or the
high temperature and pressure zone can move to the diffusion
zone and attach to the successfully exfoliated BNNSs.
Nanoscale Adv., 2023, 5, 6582–6593 | 6587
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Fig. 10 Schematic of different regions during cavitation.
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The range of bubble collapse (R), which includes the bubble
cavity region and the high temperature and pressure zone, is the
value that needs to be calculated in this study. The assumed
range of exfoliation obtained under successful exfoliation
should be compared with the actual range of bubble collapse to
demonstrate the feasibility of obtaining BNNSs through ultra-
sonic exfoliation. If the assumed range of exfoliation due to
bubble collapse is signicantly larger than the actual range,
then the energy generated by the bubble collapse is sufficient to
achieve successful exfoliation of BNNSs.

Based on the analysis of bubble dynamics and bubble
collapse kinetics in ultrasonic cavitation, Wu et al.37 dened
cavitation intensity from an energy perspective and proposed an
empirical formula to calculate the initial energy of a single
cavitation bubble inside the cavity:

Q ¼ 4p

3

�
Rmax

3 � R0
3
�
P0 (1)

Here, Rmax and R0 represent the maximum radius and initial
radii of the cavitation bubble, respectively.

According to the studies of Padilla,38 Yasui,39 and Huang,40

on the size of cavitation bubbles, Rmax is typically taken as 1
mm. The initial radius R0 is small, so it can be neglected in the
calculation. P0 represents the ambient pressure and can be
expressed as:

P0 = rgh (2)

Here, the density of water r is 103 kg m−3, the gravitational
acceleration g is taken as 9.8m s−2 and the distance between the
ultrasonic transducer and the water surface h is taken as 10
mm.

By combining eqn (1) and (2), the calculated initial energy Q
of a single-bubble collapse is 4.1 × 10−7 J. As the bubble cavity
6588 | Nanoscale Adv., 2023, 5, 6582–6593
region and the high temperature and pressure zone are directly
affected by the shock waves generated by bubble collapse, they
are considered the reaction zone for BNNS exfoliation. The
experimental results of ultrasonic exfoliation of BNNSs indicate
that the thickness of h-BN is approximately 10 mm, while the
thickness of the BNNSs is 2 nm, suggesting that h-BN consists
of approximately 5000 layers of BNNSs. van der Waals forces are
weaker than chemical covalent and ionic bonds and their
energy is generally less than 5 kJ ml−1, so they can be neglected.
Therefore, assuming that the energy provided by a single-
bubble collapse is sufficient to open the edges of h-BN in the
reaction zone, the following relationship holds:

5000NQ1 = Q (3)

Here, N is the number of B–N bonds on the edge of a single layer
of BNNSs, Q1 is the energy required for the rupture of the B–N
bond, (i.e., the binding energy of B–N) and Q is the energy
provided by a single-bubble collapse. Q1 is approximately 3.1 ×

10−17 J.41

h-BN and BNNSs are composed of B and N atoms arranged
alternately in a honeycomb structure through covalent bonds,
as shown in Fig. 11.

In Fig. 11, n is the number of hexagonal honeycomb struc-
tures, l′ is the distance between adjacent ‘lip–lip’ interactions of
B or N atoms, and L is the equivalent side length of a single-layer
BNNS. Experimental results and studies on ultrasonic exfolia-
tion42 have shown that the distance l between adjacent ‘lip–lip’
interactions of B or N atoms is approximately 2.5 Å. Therefore,
the relationship between the equivalent side length L of
a single-layer BNNS and the number of hexagonal honeycomb
structures n can be expressed as:

L ¼ 3

2
l
0
nþ 1

2
l
0 (4)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Relationship between the equivalent side length (L) of a single-
layer BNNS, the number of hexagonal honeycomb structures (n), and
the distance (l′) between adjacent ‘lip–lip’ interactions of B or N atoms.

Fig. 12 Fourier transform infrared (FTIR) spectra of glucose, h-BN, W-
BNNSs, and G-BNNSs (black: glucose and h-BN; blue: W-BNNSs; red:
G-BNNSs).
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The relationship between the number N of B–N bonds on the
edges of h-BN and the number of hexagonal honeycomb
structures n is given by:

N = 6 + 2(n − 2) (5)

Assuming h-BN is a cube, the equivalent side length L of
a single layer BNNS can be calculated using the following
formula:

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Vh-BN

H

r
(6)

Here,H is the thickness of h-BN, and Vh-BN is the total volume of
h-BN in the reaction zone of bubble collapse and can be
expressed as:

Vh-BN ¼ 4
4

3
pR3 (7)

By combining the above equations, the relationship between
the equivalent side length L of a single-layer BNNS and the
radius R of the reaction zone affected by a single-bubble
collapse can be derived and simplied by substituting specic
values:

L ¼ 1:244
ffiffiffiffiffiffi
R3

p
(8)

Based on eqn (3), (6) and (8), the radius R of the reaction zone
affected by a single-bubble collapse is approximately 2 nm.
Therefore, under the assumed conditions, the diameter range
of the reaction zone is 4 nm.

The diameter of bubble collapse is within 1–4 mm. Thus, the
radius of the reaction zone affected by a single-bubble collapse
is larger than the assumed energy range when BNNSs are
successfully exfoliated. In addition, a large number of bubbles
are generated near the contact surface of the ultrasonic trans-
ducer connected to the high-frequency ultrasonic generator.
The continuous high temperature and pressure generated by
bubble collapse, as well as the high-speed turbulence caused by
the collapse, directly act on h-BN. This transfer of energy from
© 2023 The Author(s). Published by the Royal Society of Chemistry
bubble collapse continuously spreads into the diffusion zone.
Therefore, a high exfoliation yield of BNNSs can be achieved
within a relatively short processing time.

5.3 Glucose-assisted ultrasonic functionalization of BNNSs

Since Chen et al.17 achieved surface hydroxyl-functionalized
BNNSs using sucrose-assisted ball milling, functionalized
BNNSs have shown improved dispersion in polymer matrices
and signicantly enhanced interfacial interactions with the
polymer matrix. In the present study, FTIR spectroscopy was
used to investigate the functionalization of BNNSs prepared by
ultrasonic exfoliation (Fig. 12).

Fig. 12 shows that h-BN, W-BNNSs, and G-BNNSs exhibit two
absorption peaks at 1320 and 762 cm−1, corresponding to the
stretching vibration peak of in-plane B–N bonds (approximately
1320 cm−1) and the bending vibration peak of B–N bonds
(approximately 762 cm−1). This nding indicates the presence
of B–N–B bonds and conrms the preservation of the honey-
comb lattice sp2 structure of h-BN in BNNSs, consistent with the
XRD and TEM results. Based on a comparison of the infrared
spectra of G-BNNSs and glucose, no characteristic absorption
peaks of glucose were observed in G-BNNSs, indicating the
absence of glucose molecules on the surface of G-BNNSs aer
ltration and washing.

In comparison with h-BN and W-BNNSs, G-BNNSs exhibit
a broader absorption peak at 762 cm−1, indicating a signicant
reduction in thickness.43 In addition to the stretching and
bending vibration peaks of B–N bonds, the infrared spectrum of
W-BNNSs also shows a slight hydroxyl peak at approximately
3399 cm−1, which could be attributed to the hydroxyl groups
provided by the cleavage of deionized water during ultrasonic
exfoliation and their attachment to the B atoms on the surface
of W-BNNSs. In contrast, the hydroxyl peak at approximately
3399 cm−1 in G-BNNSs is broader and more pronounced, sug-
gesting that more hydroxyl groups are provided by the simul-
taneous cleavage of deionized water and glucose during
Nanoscale Adv., 2023, 5, 6582–6593 | 6589
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Fig. 13 XPS spectra of h-BN, W-BNNSs and G-BNNSs: (a) XPS full spectra of h-BN, W-BNNSs and G-BNNSs; high-resolution XPS spectra of (b)
h-BN; (c) W-BNNSs and (d) G-BNNSs.

Fig. 14 Dispersion test of h-BN, W-BNNSs, and G-BNNSs (a) initial
dispersion of h-BN, W-BNNSs, and G-BNNSs; (b) dispersion of h-BN,
W-BNNSs, and G-BNNSs after 7 days.
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ultrasonic exfoliation, and more hydroxyl functional groups are
attached to the B atoms on the surface of G-BNNSs. Compared
with h-BN, W-BNNSs and G-BNNSs exhibit an additional new
absorption peak at 1052 cm−1, which could be attributed to the
symmetric stretching vibration peak of B–OH bonds.

Based on the changes in the absorption peaks in the infrared
spectra, the hydroxyl functional groups are successfully
attached to the B atoms on the surface of W-BNNSs and G-
BNNSs, and G-BNNSs have a higher density of hydroxyl func-
tional groups on their surface compared to W-BNNSs.

X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted on h-BN, W-BNNSs and G-BNNSs (Fig. 13). From Fig. 13,
the XPS spectra of h-BN, W-BNNSs and G-BNNSs show the
presence of boron (B), nitrogen (N), carbon (C), and oxygen (O).
The peaks corresponding to B and N elements are signicantly
stronger than those corresponding to O and C elements.

Aer peak tting of the XPS data, the high-resolution B 1s
peak scans of h-BN, W-BNNSs, and G-BNNSs show a peak
centered at 190.6 eV, as shown in Fig. 13(b)–(d). This nding is
consistent with the binding energy value of B atoms in h-BN
reported by Dai et al.44 Additionally, in the tted peaks of h-
BN, only B–N bonds are present in the tted peaks of W-
BNNSs and G-BNNSs, where B–N and B–O bonds occur. This
result indicates the attachment of hydroxyl functional groups to
the surface of W-BNNSs and G-BNNSs, forming B–OH bonds
consistent with FTIR analysis, as shown in Fig. 13(c) and (d).
6590 | Nanoscale Adv., 2023, 5, 6582–6593
Furthermore, more B–O bonds were observed in the high-
resolution B 1s tted peak of G-BNNSs. Hence, GAUCE
provided more hydroxyl groups than deionized-water-assisted
ultrasonic exfoliation. Electrons are more concentrated on
the N atoms due to the difference in electronegativity between B
and N atoms in BNNSs, leaving the B atoms in an electron-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Contact angle test of h-BN, W-BNNSs, and G-BNNSs: water contact angle of (a) h-BN, (b) W-BNNSs and (c) G-BNNSs.
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decient state.44 The electron-decient B atoms provide an
opportunity to form covalent bonds with hydroxyl functional
groups in the presence of negative electrons. Therefore, the free
hydroxyl functional groups attach to the B atoms to balance the
overall charge.

5.4 Dispersion test of functionalized BNNSs

First, 1 g of h-BN, W-BNNSs, and G-BNNSs powders were
separately sealed in 10 ml of water and ethanol and le
undisturbed in air for one week. The dispersion of the three
powders in water and ethanol, as well as their stability, were
observed and compared (Fig. 14).

As shown in Fig. 14, one week aer settling, h-BN shows
signicant precipitation in water and ethanol due to gravity,
with only a small fraction remaining suspended. By contrast, W-
BNNSs exhibits improved dispersion in water and ethanol, with
slight precipitation due to the presence of a small amount of
hydroxyl functional groups attached to the surface. Further-
more, G-BNNSs, with a higher number of hydroxyl functional
groups attached to the surface, show signicantly better
dispersion in water and ethanol than W-BNNSs, with almost no
noticeable precipitation. This nding indicates the hydrophi-
licity of W-BNNSs and G-BNNSs compared with h-BN, con-
rming the successful attachment of hydroxyl functional
groups to the surfaces of W-BNNSs and G-BNNSs. Additionally,
G-BNNSs exhibit higher hydrophilicity and stability than W-
BNNSs due to the combined effect of glucose and deionized
water, providing more hydroxyl functional groups and attaching
them to the surface of G-BNNSs.

5.5 Contact angle analysis of functionalized BNNSs

The prepared W-BNNSs and G-BNNSs powders were vacuum-
dried, and the water contact angles of h-BN, W-BNNSs and G-
BNNSs were measured, as shown in Fig. 15.

The water contact angle of h-BN is 115°, indicating hydro-
phobic behavior. The water contact angle of W-BNNSs is 71°,
while that of G-BNNSs is 54°. W-BNNSs and G-BNNSs have
hydroxyl functional groups attached to their surfaces. They can
form hydrogen bonds with water molecules, adsorb water
molecules, and enhance the hydrophilicity due to the difference
in electronegativity between the H and O atoms in the hydroxyl
functional groups. The smaller contact angle of G-BNNSs
© 2023 The Author(s). Published by the Royal Society of Chemistry
compared with W-BNNSs is attributed to the higher number
of hydroxyl functional groups attached to the surface of G-
BNNSs, indicating better hydrophilicity. The AFM results indi-
cate the presence of defects on the surfaces of W-BNNSs and G-
BNNSs, which provide more attachment sites for hydroxyl
functional groups. This phenomenon is also the reason for the
decreased water contact angle and improved hydrophilicity of
W-BNNSs and G-BNNSs.
6 Conclusions

(1) The yield of BNNSs prepared using GAUCE was 55.58%.
(2) SEM, TEM, and AFM testing results showed that the

lateral size of BNNSs exfoliated by GAUCE decreased, and the
thickness of the akes was 1.8 nm, indicating the successful
exfoliation of bulk h-BN into few-layered BNNSs.

(3) FTIR and XPS testing results revealed that hydroxyl
functional groups were graed onto the surface of exfoliated
BNNSs, and the quantity of hydroxyl functional groups
increased with the addition of glucose during ultrasonic
exfoliation.

(4) Contact angle and dispersibility tests demonstrated that
BNNSs prepared by GAUCE reduced the contact angles and
signicantly improved hydrophilicity.

(5) The mechanism of ultrasonic exfoliation of high-yield
BNNSs was analyzed. Bubble collapse during exfoliation
provided a signicant amount of energy, which broke the
interlayer forces in h-BN and promoted the exfoliation of
BNNSs. Most importantly, the hydroxyl groups generated from
glucose decomposition were graed onto the edges and
surfaces of BNNSs, preventing the re-aggregation of nanosheets
and enhancing the exfoliation yield of BNNSs.
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