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ABSTRACT

The edge-hydroxylated boron nitride nanosheets (BNNS) not only has excellent

thermal stability, electrical properties, but also has high specific surface area,

good dispersibility and compatibility. In this paper, edge-hydroxylated BNNS

was obtained by stripping hexagonal boron nitride (h-BN) using wet chemical

reaction method. The hydroxylated structure of the surface and formation

mechanism of BNNS were analyzed, and the optimal controlled conditions were

explored by orthogonal test. The results showed that the content of N element in

the center of the BNNS (46.44 at. %) is significantly higher than that of B element

in the edge of the sheets (33.10 at. %), and the content of O element in the edge of

the sheets is nearly 30% higher than that in the center. It indicates that the edge

of the BNNS introduces more oxygen than h-BN, the nitrogen atoms at the edge

are replaced by oxygen atoms to achieve hydroxylation. When the mass ratio of

h-BN and potassium permanganate is 1 g: 5 g, the reaction time is 9 h, and the

reaction temperature is 60 �C, the obtained nanosheets have the best hydroxy-

lation and good stripping effect. The average lateral size of the exfoliated

nanosheets is 123 nm and only about three layers.
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GRAPHICAL ABSTRACT

Introduction

Boron nitride nanosheets (BNNS) is a two-dimen-

sional layered material with hexagonal arrangement

of graphene-like atoms [1]. It has high thermal con-

ductivity, low thermal expansion and superior ther-

mal stability [2, 3]. Its physical and chemical

properties are extremely stable, and it has higher

specific surface area and wide band gap than

hexagonal boron nitride (h-BN). The hydroxylated

BNNS also has excellent dispersibility and compati-

bility, and is easier to combine with other matrix

materials and give full play to its performance. It has

great application potential in the fields of electronic

thermal conductive materials [4, 5], dielectric mate-

rials and sensors [6–8], fire retardant coatings and

high temperature solid lubricants [9, 10].

Although the layered structure characteristics and

lattice parameters are similar to those of graphene,

the preparation method of BNNS are still very lim-

ited compared to graphene. This is mainly due to the

fact that there is not only covalent bond but also

partial ionic bond characteristics between B–N bonds,

forming the interlaminar lip-lip effect, which makes

the interlaminar force greater than the van der Waals

force between graphite layers. Therefore, it is more

difficult to prepare single-layer or few-layer nanosh-

eets than graphene [11].

At present, the preparation of BNNS can be carried

out by bottom-up method and top–down method.

Exfoliation remains the most promising method for

the efficient preparation of monolayer or few-layer

two-dimensional materials under low-cost, large-

scale conditions. For example, Huang et al. [12]

added h-BN powder to ethylene glycol, and then

subjected to low power (100 W) ultrasonic treatment

for 30 min to obtain a stable dispersion of BNNS as

milky white colloid. Zhu et al. [13] first raised h-BN

to 800 �C in air, and then immediately immersed it in

liquid nitrogen until the liquid nitrogen was com-

pletely gasified. The thickness of BNNS stripped by

this method is less than 5 atomic layers. Wang et al.

[14] added polyvinyl pyrrolidone (PVP) to the etha-

nol/water mixture. After the PVP was completely

dissolved, h-BN powder was added to form a dis-

persion, and the h-BN in the dispersion was stripped

by carbon dioxide in a supercritical state (tempera-

ture 313.2 K, pressure 7.15 MPa). Deshmukh et al.

[15] carried out green liquid exfoliation of h-BN using

various plant extracts. The plant extract can be

adsorbed on the surface of h-BN as a green surfactant

to weaken the interaction between the boron nitride

layers. The h-BN was slowly exfoliated by ultrasound

at 40 kHz and 30 �C for 24 h, and the obtained BNNS
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can be stably dispersed in water. Yaras et al. [16]

developed a chemical exfoliation method. They stir-

red concentrated sulfuric acid, h-BN and potassium

permanganate in a water bath at 25 �C for 30 min.

The oxidation reaction of BN was completed by using

deionized water and 30% (V/V) hydrogen peroxide

solution to obtain nano-sized few-layer BNNS. Yu

et al. presented a high-yield (? 83%), low cost and

energy-efficient wet chemical exfoliation strategy,

which produces few-layers(3–6 layers) of edge-func-

tionalized (OH) h-BN nanosheets with uniform size

(486 ± 51 nm) [17]. The yield of BNNS by the

chemical exfoliation method is high and effective.

However, only a few studies have explored the

optimized exfoliating conditions, and there is a lack

of understanding of the conditions for chemical

exfoliation of high-quality functionalized BNNS.

In this paper, h-BN was stripped by water bath

chemical reaction to obtain edge- functionalized

BNNS. The hydroxylated structure and formation

mechanism of BNNS surface were analyzed, and the

optimal controlled conditions were explored by

orthogonal experiment.

Material and methods

10 mL of concentrated sulfuric acid (2 mol/

L, C 98.0%, Guoyao Reagent Company) was added

to a conical flask containing 0.4 g h-BN (1 * 2 lm,

Macklin) and mixed evenly. The conical flask was

placed in an ice water bath, and a certain concentra-

tion of potassium permanganate (CP, C 99.0%,

Guoyao Reagent Company) was added slowly

according to the ratio of raw materials. After the

reaction was complete, the sealed conical flask was

transferred to a water bath pot at 45 * 75 �C tem-

perature for heating and stirring for 3 * 9 h. Subse-

quently, the conical flask was placed in an ice water

bath, 20 mL of ice water was added, and 5 mL of

hydrogen peroxide (GR, C 30.0%, Guoyao Reagent

Company) was slowly dripped. The suspension was

collected with a centrifuge tube, and the deionized

water and anhydrous ethanol were used for multiple

washing and centrifugation (10000 rpm, 10 min) until

the pH of the supernatant was 7. The precipitate

obtained by centrifugation was dried in an oven

(60 �C, 12 h) to obtain a white powdery BNNS

sample.

The three main factors of mass ratio of h-BN and

potassium permanganate (A), water bath reaction

time (B), water bath reaction temperature (C) and

three levels from each factor were selected to design

orthogonal test for optimizing the preparation con-

ditions. The factors and levels are shown in Table 1.

The morphology of the samples was observed by

SEM (NovaNano450, FEI, USA) and transmission

electron microscope (JEM-2100F, Japan). The element

composition of BNNS was analyzed by X-ray pho-

toelectron spectrometer (XPS, Shimadzu AXIS, Japan)

and Octane Plus X-ray energy spectrometer (EDS,

EDAX, Japan). The surface microstructure of BNNS

was characterized by UV–Vis spectrophotometer

(UV2600, Shimadzu, Japan), and Fourier transform

infrared spectrometer with ATR mode (FT–IR, Nico-

let iS50, USA). E2g characteristic peaks of BNNS are

measured by DXR laser micro-Raman spectrometer

(Raman, Thermo Fisher, USA). The measuring range

is 50–3393 cm-1, and each sample is measured three

times at different positions.

Results and discussion

The stripping process analysis of BNNS

Once potassium permanganate was added to the

mixture of concentrated sulfuric acid and h-BN

powder, a violent redox reaction took place. Figure 1

shows the color changes of the mixture after the

reaction in water bath at 45 �C, 60 �C and 75 �C,
respectively.

Before heating, concentrated sulfuric acid and

potassium permanganate undergo a chemical reac-

tion and become a green mixture, as shown in Fig. 1a.

The dark green substance may be Mn2O7 or the

mixture of MnO3? and BN, the chemical reaction in

this process is as follows:

2KMnO4 þ 2H2SO4 ¼ 2KHSO4 þMn2O7 þH2O ð1Þ

KMnO4 þ 2H2SO4 ¼ KHSO4 þ ðMnO3ÞðHSO4Þ
þH2O ð2Þ

It can be seen from Fig. 1b that the color of the

mixture did not change after heating at 45 �C, and it

was still dark green without chemical reaction.

However, after heating at 60 �C and 75 �C, the mix-

ture changed from dark green to pink, as shown in

Fig. 1c, d. This is because Mn2O7 will decompose
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after heating above 59 �C, and it is easy to generate

MnO3
? in concentrated sulfuric acid. Manganese ions

with different valence states have different colors,

only Mn2? is pink. Therefore, the following reactions

occurred.

Mn2O7 þ 3H2SO4 $ 2MnOþ
3 þH3O

þ þ 3HSO�
4 ð3Þ

3Mn2O7 ¼59
�C
6MnO2 # þ3O2 " þO3 " ð4Þ

MnOþ
3 þ 6Hþ ¼D MnO2þ þ 3H2O ð5Þ

When concentrated sulfuric acid and potassium

permanganate encounter in a fierce chemical reac-

tion, the generated energy will reduce the van der

Waals force between the h-BN layers, and hydrogen

ions take the opportunity to insert into the layered

BN and fill in the BN layers, as shown in the first step

of Fig. 2. The MnO2 particles generated by the water

bath reaction were further inserted into the interlayer

of the bulk h-BN, which expanded the interlayer

spacing and prevented the re-accumulation of BNNS,

as shown in the second step of Fig. 2. At the same

time, the oxygen and ozone generated by the reaction

can produce an outward thrust, which helped the

separation of the layers.

The mixture was cooled sharply in ice water, and

then hydrogen peroxide was added, the reaction

showed violently exothermic. At this time, the color

of the mixture became pure white (shown in Fig. 1e),

and the manganese dioxide particles were removed

under the action of hydrogen peroxide. The following

reactions occurred:

Table 1 Factors and levels in orthogonal test

Factors (A) h-BN:KMnO4 (g:g) (B) Time (h) (C) Temperature (�C)

Level 1 (A1)1:1 (B1)3 (C1)45

Level 2 (A2)1:3 (B2)6 (C2)60

Level 3 (A3)1:5 (B3)9 (C3)75

Figure 1 Color change of the

reaction mixture.
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MnO2 þ 2Hþ þH2O2 ¼ 2H2OþMn2þ þO2 " ð6Þ

The oxygen generated by the reaction spills out

from the inside to the outside, creating a thrust, and

the temperature difference generated by the ice bath

also triggers the volume contraction of the lamellae

and further loosening of the block, which eventually

leads to complete detachment and formation of

BNNS. The stripping process is shown in the third

step of Fig. 2.

Surface morphology and microstructure
analysis of BNNS

Figure 3a is the SEM microtopography of stacked

h-BN crystal before stripping, and the TEM mor-

phology of the stripped BNNS is shown in Fig. 3b. It

can be seen from the figure that after stripping, the

BNNS is a sheet-like two-dimensional material with a

graphene-like structure. The sheet is very flat, and no

bending or folding of the nanosheets is observed, and

there are no defects at the edges of the nanosheets,

indicating that the chemical stripping has less dam-

age to its shape. The average lateral size of BNNS is

about 123 nm, and the particle size distribution is

shown in Fig. 3c.

Figure 3d shows the Raman spectrum of BNNS,

and its Raman characteristic peak has a sharp peak at

1365.75 cm-1. Using Raman spectroscopy, the num-

ber of layers of nanosheets can be determined by

Eq. (7) [18, 19]:

\N[ vf ¼ ½17:2=ðCG � 8:5� logPÞ� � 1 ð7Þ

Figure 3 a SEM images of

h-BN, b TEM images of

BNNS c Size distribution of

BNNS, d Raman spectroscopy

of BNNS.

Figure 2 Schematic diagram

of hydrothermal stripping

mechanism of BNNS.

4420 J Mater Sci (2023) 58:4416–4427



where, \N[ vf is the volume fraction weighted

average number of BNNS layers, CG is half-peak

width of the characteristic peak, the unit is cm-1, P is

the laser power of the Raman spectrometer, here is

5mW. According to Eq. (7), the result is 3.29, namely,

the number layer of BNNS is about 3.

Figure 4 shows the element distribution of BNNS

obtained by SEM and energy spectrum analysis. As

can be seen from the figure, nitrogen (N), boron

(B) and oxygen (O) are widely distributed in the

nanosheets.

To further confirm the distribution of each element

in the center or edge of BNNS, EDS analysis was

performed on BNNS. As shown in Fig. 5a, 1 * 4 are

the four points selected at the center of the-BNNS

sheet, and 5 * 8 are the four points selected at the

edge of the BNNS sheet.

Table 2 records the atomic percentage of N, B and

O element at each point. It can be seen from the

table that the content of B element in the center of the

BNNS (50.55 at. %) is significantly lower than that in

the edge (62.99 at. %). The content of N element in the

center of the BNNS (46.44 at. %) is significantly

higher than that of B element in the edge of the sheets

(33.10 at. %). At the same time, the content of O ele-

ment in the edge of the sheets (3.91 at. %) is nearly

30% higher than that in the center (3.01 at. %). The

changes in the content of these elements and the

Figure 4 a Elemental analysis

area of BNNS, and distribution

maps of b B element, c N

element, and d O element.

Figure 5 a Marked 1 * 8 in

the image by scanning electron

microscopy as the selection

point for EDS analysis, b the

structure diagram of edge

hydroxylated BNNS.
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appearance of oxygen are due to the strong redox

reaction of concentrated sulfuric acid and potassium

permanganate during the exfoliation of h-BN. In this

intense reaction process, the B–N bond of h-BN is

attacked by oxygen atoms. The oxygen atoms replace

the nitrogen atoms and connect with the boron

atoms, and further form O–H with the hydrogen ions

filled in the interlayer, thus the element content

changes, as shown in the schematic diagram of

Fig. 5b. In addition, there are more exposed B–N

bonds at the edge of the sheet than at the center, so

the insertion of oxygen atoms tends to occur at the

edge of the sheet, resulting in a significant decrease in

nitrogen and an increase in oxygen at the edge of the

sheet. It means that hydroxyl functionalization of

BNNS is easily generated at the edge of the

nanosheet.

Figure 6 is the FT-IR spectra of the samples before

and after stripping. It can be seen from the diagram

that h-BN has two characteristic peaks at 1274.2 cm-1

and 753.1 cm-1, which represent the in-plane

stretching vibration of B–N bond and the out-of-

plane bending vibration of B–N–B, respectively. The

spectrum of BNNS shows two peaks at 1362.5 cm-1

and 788.7 cm-1, which also correspond to the in-

plane stretching vibration of B–N bond and the out-

of-plane bending vibration of B–N–B, respectively. In

addition to these two peaks, the new absorption

peaks appeared at 2924.0 cm-1 and 3394.6 cm-1,

which can be attributed to the water molecules

adsorbed on the surface of BNNS and the introduc-

tion of -OH functional groups on the surface of

BNNS after exfoliation (the -OH bonding peak is

around 3400 cm-1).

Surface hydroxylation analysis of BNNS

Figure 7 is the XPS spectra of h-BN and BNNS. It can

be seen from the figure that h-BN and BNNS have

boron (B1s) peaks near 190 eV, carbon (C1s) peaks

near 284 eV, nitrogen (N1s) peaks near 398 eV, and

oxygen (O1s) peaks near 533 eV. The presence of

carbon in h-BN is due to the addition of carbon

during the manufacturing process to suppress the

crystal growth of h-BN to achieve an ideal particle

size and increase the purity of the resulting h-BN

[17]. After removing the interference of C element,

the atomic percentages of O, N and B element and the

N/B atomic ratio were calculated using XPS spectra,

as shown in Table 3. From the table, the content of O

element in the exfoliated samples increased from 8.44

Figure 6 FT-IR spectra of h-BN and BNNS. Figure 7 XPS spectra of h-BN and BNNS.

Table 2 EDS analysis of N,

B, O content in the center and

edge of BNNS

at.% BNNS center BNNS edge

1 2 3 4 Ave 5 6 7 8 Ave

B 47.52 50.25 51.86 52.56 50.55 64.16 65.07 63.34 59.40 62.99

N 49.58 47.41 45.03 43.74 46.44 31.62 31.28 32.83 36.67 33.10

O 2.90 2.34 3.11 3.7 3.01 4.21 3.65 3.83 3.93 3.91

4422 J Mater Sci (2023) 58:4416–4427



at. % to 13.00 at. %, while the N/B atomic ratio

decreased from 2.90 to 2.73. During the reaction, the

oxygen atom replaces the connection between the

nitrogen atom and the boron atom, which causes the

formation of O–H with the hydrogen ion to increase

the oxygen content and decrease the N/B atomic

Table 3 O, N, B atomic percentage and N/B of h-BN and BNNS

Sample O (at.%) N (at.%) B (at.%) N/B

h-BN 8.44 68.11 23.45 2.90

BNNS 13.00 63.69 23.31 2.73

Figure 8 a O1s of h-BN; b N1s of BNNS; c N1s of h-BN; d N1s of BNNS; e B1s of h-BN; f N1s of BNNS.
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ratio. This indicates that compared with h-BN, the

oxygen content of the exfoliated BNNS increases and

the nitrogen content decreases relatively.

The XPS spectra are fitted by peaks using Casa

XPS, as shown in Fig. 8. The O1s spectrum of h-BN

has only one C-O peak at about 532.50 eV (Fig. 8a,

while BNNS has a B-OH peak at about 535.36 eV, as

shown in Fig. 8b, which is caused by the hydroxyla-

tion of boron atoms at the edge of BNNS [17].

As can be seen from Fig. 8c, d, the N1s spectra of

h-BN and BNNS have two peaks at 398.00 eV and

398.50 eV, corresponding to N–B and N–C peaks,

respectively [20]. The B1s spectra in Fig. 8e, f show that

h-BN and BNNS aremainly composed of B-N bonds at

190.50 eV, followed by B–C bonds at about 190.00 eV

[21].h-BN has a B–O peak at about 191.20 eV [22],

which is due to the adsorption of oxygenmolecules on

the surface of the sample. In addition to the B–O peak,

BNNS has a N–B–O peak at about 190.86 eV, which

indicates that BNNS introduces more oxygen than

h-BN, which is caused by the hydroxylation of some

boron atoms on the surface of the sample.

Optimization analysis of preparing
conditions for hydroxylation

Table 4 is a nine-group experimental scheme de-

signed by L9 (34) orthogonal test, and the O element

content of the samples detected by EDS is used as an

indicator to optimize the preparation conditions for

hydroxylation.

As may be seen from Table 4, the oxygen content of

the samples obtained under different preparation

conditions is different. Where, K refers to the sum of

the indexes of the orthogonal test corresponding to

the level of each factor; k is the average value of K,

and R is the difference between the maximum and

minimum value in K value. From the analysis of the

orthogonal test results, it can be seen that the order of

range value is R(C)[R(A)[R(B), which indicates

that factor C(water bath reaction temperature) has the

strongest influence, followed by A(the mass ratio of

h-BN and potassium permanganate) and then B(wa-

ter bath reaction time). Comparing the Ki (or ki) of

each column, the optimal scheme should be A3B3C2,

which is also known as scheme 7. Therefore, when

the mass ratio of h-BN and potassium permanganate

is 1 g: 5 g, the reaction time is 9 h, and the reaction

temperature is 60 �C, the O element content of the

obtained BNNS is up to 3.11 at. %.

Figure 9 shows the UV–Vis spectra of stripped

BNNS obtained by nine different schemes. As may be

seen from the figure, h-BN has an only strong

absorption peak [19]. However, the exfoliated BNNS

showed new absorption peaks around 213 nm and

280 nm, which were formed by the addition of oxy-

gen atoms/hydroxyl groups. The new absorption

peaks of BNNS obtained in scheme 7 is the most

Table 4 Results and analysis

of L9 (3
4) orthogonal test number A(g:g) none B(h) C(�C) O (at.%)

1 1:1 3 45 1.44

2 1:1 6 60 2.72

3 1:1 9 75 0.94

4 1:3 6 75 1.06

5 1:3 9 45 1.48

6 1:3 3 60 1.20

7 1:5 9 60 3.11

8 1:5 3 75 1.24

9 1:5 6 45 1.47

K1 5.10 5.61 3.88 4.39

K2 3.74 5.44 5.25 7.03

K3 5.82 3.61 5.53 3.24

k1 1.70 1.87 1.29 1.46

k2 1.25 1.81 1.75 2.34

k3 1.94 1.20 1.84 1.08

Range(R) 2.08 2.00 1.65 3.79

Main factor ? secondary C A B

Optimal scheme A3B3C2

4424 J Mater Sci (2023) 58:4416–4427



obvious, which confirms that the surface hydroxyla-

tion of BNNS is obvious. In addition, according to

Beer-lambert law [23], the absorption intensity of

light at a certain wavelength is proportional to the

concentration of the substance. Therefore, a higher

UV absorption value indicates a higher concentration

of BNNS dispersion, which means a higher yield of

BNNS. Compared with other groups of schemes, the

results in the figure show that scheme 7 should have

the highest yield.

The Tauc plot drawn from the UV–Vis spectra can

be used to determine the optical band gap of BNNS

[24]. Figure 10a shows the Tauc plot of the BNNS

stripped using the optimal scheme 7. The straight line

in Fig. 10b is extended and intersected with the

X-axis at about 6.0 eV, which is consistent with the

literature report [25], indicating that the BNNS

stripped under this condition is a few-layer

nanosheet.

In summary, the BNNS prepared by scheme 7 not

only has obvious surface hydroxylation, but also has

the characteristics of few-layers and higher yield. It is

the optimal scheme for the preparation of partially

hydroxylated BNNS by stripping.

Conclusions

In summary, the edge-hydroxylated BNNS was suc-

cessfully obtained by controlled exfoliation of

hexagonal boron nitride (h-BN). During the wet

chemical reaction process, the strong reaction of

concentrated sulfuric acid and potassium perman-

ganate causes H? to insert into the interlayer of the

layered material, and the B–N bond of h-BN is

attacked by oxygen atoms. The oxygen atoms replace

the nitrogen atoms to connect with the boron atoms

and form O–H with the hydrogen ions filled in the

interlayer. Compared with h-BN, BNNS introduces

more oxygen atoms than h-BN, and some nitrogen

atoms at the edge are replaced by oxygen atoms to

achieve hydroxylation. When the mass ratio of h-BN

and potassium permanganate is 1 g: 5 g, the reaction

time is 9 h, and the reaction temperature is 60 �C, the
obtained nanosheets have the best hydroxylation and

good stripping effect. The average lateral size of the

exfoliated nanosheets is about 123 nm, the number of

layers is about 3, and the optical band gap is about

6.0 eV. This material has high specific surface area

and excellent dispersibility, and has potential appli-

cation prospects in the preparation and application of

high-performance composite materials.

Figure 9 UV–Vis spectra of h-BN and BNNS by stripping with

schemes 1 * 9.

Figure 10 Tauc diagram of

BNNS prepared by stripping

with schemes 7.
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