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Abstract: The controlled exfoliation of hexagonal boron
nitride (h-BN) into single- or few-layered nanosheets remains
a grand challenge and becomes the bottleneck to essential
studies and applications of h-BN. Here, we present an efficient
strategy for the scalable synthesis of few-layered h-BN nano-
sheets (BNNS) using a novel gas exfoliation of bulk h-BN in
liquid N, (L-N,). The essence of this strategy lies in the
combination of a high temperature triggered expansion of bulk
h-BN and the cryogenic L-N, gasification to exfoliate the h-BN.
The produced BNNS after ten cycles (BNNS-10) consisted
primarily of fewer than five atomic layers with a high mass
yield of 16-20 %. N, sorption and desorption isotherms show
that the BNNS-10 exhibited a much higher specific surface area
of 278 m*g™! than that of bulk BN (10 m*g™'). Through the
investigation of the exfoliated intermediates combined with
a theoretical calculation, we found that the huge temperature
variation initiates the expansion and curling of the bulk h-BN.
Subseqently, the L-N, penetrates into the interlayers of h-BN
along the curling edge, followed by an immediate drastic
gasification of L-N,, further peeling off h-BN. This novel gas
exfoliation of high surface area BNNS not only opens up
potential opportunities for wide applications, but also can be
extended to produce other layered materials in high yields.

Two—dimensional (2D) nanomaterials such as graphene,
hexagonal boron nitride (h-BN), carbon nitride and transition
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metal dichalcogenides have received extensive attention due
to their intriguing mechanical, electronic and thermal proper-
ties.! Exfoliation from layered parent materials is a widely
used strategy to synthesize single- or few-layered ultrathin
planar materials.” In 2004, graphene as a vital single-layer 2D
material, was first exfoliated from graphite by a mechanical
cleavage method.P! Since then, continous interest has been
given to prepare various ultrathin 2D materials.”) As an
analogue of graphite, the few-layered h-BN derived from its
bulk crystal, has also been intensively studied in recent years
because of its wide applications in electronics, energy storage
devices and as a catalyst, an environmental adsorbent or
a solid lubricant.”! To date, few-layered h-BN nanosheets
(BNNS) are mostly prepared via either a solid-phase
mechanical method or liquid-phase exfoliation.”] The solid-
phase mechanical exfoliation is usually high energy/time-
consuming. Although liquid exfoliation is considered to be
more efficient than mechanical exfoliation,® it often suffers
from the use of a large amount of chemical reagents, long
agitation time and low yield.”) Moreover, chemical impurities
are inevitably introduced into the final few-layered h-BN and
the products need additional complicated post-treatments for
purification purpose. An ideal strategy for preparing few-
layered h-BN should incorporate a short reaction period,
nontoxic components, scalability and without the use of
chemical additives.®

Here, we strive for an efficient synthesis of ultrathin
BNNS. We first ramp the commercial h-BN (parent bulk h-
BN) to 800°C in air and immediately immerse it into the
liquid N, (L-N,) until the rL-N, gasifies completely. The
essence of this strategy lies in the combination of a high
temperature triggered expansion of bulk h-BN and a subse-
quent L-N, gasification that exfoliates the h-BN. The reason
that we choose the exfoliation of the h-BN as an example to
demonstrate the interplay between thermal expansion and
gas exfoliation is that h-BN is even more challenging to be
exfoliated than other layered materials due to the partial ionic
character in the B—N bond and the “lip-lip” interactions
between neighboring layers.”) In addition, it is appropriate to
adopt the high temperature treatment without destroying the
h-BN structure or introducing any impurities because of the
high thermostability of h-BN in air and N, (see the Supporting
Information Figure S1). As shown in Scheme 1, when h-BN is
heated to high temperature (800°C), the interlayer distance
and volume should expand.[w] As a result, the van der Waals
force between interlayers and the lip-lip interactions of h-BN
weaken at such a high temperature. Then, the h-BN is
immediately dipped into the cryogenic L-N, (—196°C). The
instant local temperature variation (800°C vs. —196°C) not
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Scheme 1. Gas exfoliation of h-BN triggered by thermal expansion.

only leads to the curling and delamination of the h-BN, but
also triggers the drastic expansion of L-N, into gaseous N, and
exfoliates h-BN. N, molecules can enter from the curling edge
of the h-BN and gradually penetrate into the interlayers along
the fissure. The above steps are repeated for several cycles to
achieve a complete exfoliation. Here BNNS-10 denotes the
few-layered BNNS prepared after ten repeated cycles. The
products containing ultrathin BNNS were finally collected
without post-treatment. The yield of ultrathin BNNS-10
(mostly 1-5 layers) is about 16-20 % by weight. This process
is environmentally friendly since thermal energy is readily
available and L-N, is a nontoxic medium that can be
evaporated away after reaction, leaving no impurities in the
product.

In order to illustrate the morphology change after the gas
exfoliation, scanning electron microscopy (SEM) images of
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the parent bulk h-BN and BNNS-10 are shown in Figure 1a
and Figure S2a. Compared with the bulky h-BN precursors,
the BNNS-10 demonstrate a much smaller size and a nano-
sheet-like morphology. Meanwhile, transmission electron
microscopy (TEM) images of BNNS-10 and the bulk BN
also exhibit distinct differences. Figure 1b shows that the
BNNS-10 has an ultrathin, transparent and overlapped flat
structure, whereas a bulky and opaque structure is observed
for the parent h-BN (see Figure S2b), which provides clear
evidences that the h-BN sheets are exfoliated thoroughly into
very thin layers. To further probe the thickness and the
structural information of the as-made BNNS-10, atomic force
microscopy (AFM), high-resolution annular dark-field
(ADF) imaging and scanning transmission electron micros-
copy (STEM) were performed. As shown in the line-scan
profile of BNNS-10 [16-20% yield; Figure 1¢(A-C)], the
thickness of the most BNNS-10 is less than 3 nm. Given that
the thickness of a single-layered h-BN is about 0.4-
0.5 nm,''?! this observation suggests that the as-prepared
BNNS-10 consist mostly of 1-5 atomic layers. The AFM of
BNNS-10 (Figure S3) including a three dimenstional (3D)
demonstration of a thin piece (Figure 1d) show that the
lateral sizes of BNNS-10 are in the range of 50-500 nm,
indicating that the as-prepared BNNS-10 have a reasonable
aspect ratio. A STEM image is shown in Figure 1e, which
exhibits a representative terraced five-atomic-layered struc-
ture. The analysis of electron energy loss spectroscopy
(EELS) edge structure in Figure 1 f demonstrates that B

Figure 1. Characterization of exfoliated BNNS-10. a) SEM of BNNS-10; b) TEM of BNNS-10; c) AFM image and the corresponding height profiles
of BNNS-10(A, B and C), L denotes layer; d) 3D demonstration of BNNS-10; e) STEM of BNNS-10; f) EELS of BNNS-10; g) The electron

diffraction pattern of BNNS-10; h) hexagonal structure.
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and N atoms are sp* hybridized in a hexagonal conforma-
tion."'! The main peaks were labeled from i to v and i’ to V.
Peaks i, 1, ii, and ii" are associated mainly with 1s to ©t* and 1s
antibonding interactions involving N-2s and B-2p,, orbitals.
On the other hand, peaks iv and iv’ are attributed to the
antibonding interactions between N-2p,, orbitals and B-2p,,
orbitals. Peaks v and v’ can be assigned to a o* resonance.!"”!
The electron diffraction pattern suggests BNNS-10 has the
typical six-fold symmetry of h-BN. (Figure 1g and 1 h).

To further characterize the crystalline structure of the
exfoliated BNNS-10, X-ray powder diffraction (XRD) was
carried out. Figure 2a reveals a typical hexagonal structure of

——BNNS-10 a)

26.70 55 87 b)
—Bulk BN !

(002)

——BNNS-10
——Bulk BN

Intensity (a. u.)
Intensity {a. u.)

L (100)
(to1)

(102)
¢ (004)

20 30 40
2 Theta (°)

34
o
(=23
o
[N)
=]
o

265 270 275 280
2 Theta (°)

700 d)
v o BNNS-10 "
6001 v o BukBN 7
500 v
400 v
300 &
o 'w,,.—-/'
100 —

0 ol

1350 1360 1370 1380 0.0 02 0.4 06 0.8 1.0
Raman Shift (cm™ ') Relative pressure (p/py)

)

+ BNNS-10
| # Bulk BN

1365.8

w

. °
o 1366.8 ¢

N

° 4 ]
**%e,
e @ 1%y e
o e > @
AN Y

eltyy

Intensity (x104)

.
L] °
.

g3390°

Adsorbed Volume (cm3 g™1)

S

Figure 2. Structure characterizations of bulk BN and BNNS-10 a) and
b) XRD; c) Raman; d) N,-desorption and sorption isotherms.

the bulk h-BN with lattice parameters a = b =2.5040 (A) and
c=6.6612 (A) of h-BN (JCPDS card no. 01-073-2095),
whereas the exfoliated BNNS-10 show that the intensity of
the (002) peak significantly decreases and two-theta peak
slightly downshifts from 26.82 to 26.70 degree (Figure 2b),
corresponding to an increase in the interplanar distance from
33 A to 3.4 A. The increased interplanar distance and the
decreased intensity of other diffraction peaks [(100), (101),
(102), (004)] suggest the formation of ultrathin h-BN sheets
with a less extended/ordered stacking in the ¢ direction.”*!
These results further confirm that this gas exfoliation method
can effectively flake h-BN into ultrathin layers.

We probed the Raman spectra frequency and the full
widths at half-maximum (FWHM) of the G band for both
bulk h-BN and BNNS-10 in order to provide detailed
information on the exfoliated BNNS. The G band frequency
of BNNS-10 upshifts compared with that of the bulk BN,
(1366.8 cm™! vs. 1365.8 cm™'; Figure 2¢ and Figure S4). The
G band shift can be attributed to the reduction of the h-BN
layers, which leads to a higher in-plane strain and weaker
interlayer interaction.'” The G band of h-BN broadens after
exfoliation with an increase of the FWHM from 16.3 cm™!
(bulk h-BN) to 16.7 cm ' (BNNS-10). This increased FWHM
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may be attributed to the stronger surface scattering after
exfoliation, which in turn influences the vibrational excitation
lifetime.!"

Another important advantage of this novel gas exfoliation
is the dramatically increased accessible surface area of BNNS-
10. For catalytic or adsorptive materials, this high surface area
can primarily enhance their reactivity.'! Herein, the Bruna-
uer—-Emmett-Teller (BET) analysis of N, sorption and
desorption isotherms show that both the bulk h-BN and
BNNS-10 belong to type II isotherm based on the IUPAC
classification (Figure 2d). BNNS-10 exhibits a much higher
specific surface area of 278 m*g ! than that of bulk h-BN
(10 m?g"). The large increase in surface area of the BNNS-10
further suggests that this developed gas exfoliation method is
highly efficient for generating single- and few-layered h-BN
nanosheets.

The BNNS-10 were further analyzed by the Fourier
transform infrared (FTIR), X-ray photoelectron spectroscopy
(XPS) and X-ray absorption near-edge structure (XANES)
for more detailed structural information. FTIR spectra in
Figure S5 show the characteristic peaks of in plane B—N
stretching vibrations at about 1370 cm ™' and B-N—B out of
plane bending at about 807 cm™'. The high-resolution XPS
results of B 1S and N 1S are shown in Figure S6. The main
peaks with a binding energy of 190.4 eV in the B 1s and
398.3 eV in the N 1s correspond to B—N bonds in BNNS-10,
which are in close agreement with the reported data.l'”!
Figure S7 shows the B and N K-edge XANES of BNNS-10.
It can be seen that the BNNS-10 exhibit features that are
identical to h-BN crystals: a sharp 7*(B—N) peak at 192.0 eV,
a doublet o*(B—N) resonance at 198.1 and 199.5 eV and
n*(N-B), o*(N—B) peaks at 403.2, 409.8, and 417.2 eV."¥
These observations further prove that the structure of h-BN
was highly stable during the gas exfoliation process.

In order to better understand the mechanism behind this
thermal-expansion-triggered gas exfoliation, we performed
a series of control experiments. First, the parent bulk h-BN
was ramped to 800 °C in air and naturally cooled to ambient in
the absence of L-N,. Accordingly, the SEM and TEM results
for this sample summarized in Figure S8 clearly show a bulky
morphology, indictating that thermal expansion alone does
not exfoliate the bulk h-BN and L-N, plays an indispensable
role in the exfoliation process. Next, the BNNS intermediate
obtained via this gas exfoliation triggered by the thermal
expansion with fewer repeated cycles was prepared and
characterized. BNNS-3 denotes the few-layered BNNS inter-
mediate prepared using three repeated cycles. The SEM in
Figure S9a shows that the as-prepared BNNS-3 exhibits
a sheet-like structure. Meanwhile, TEM in Figure S9b
shows that some sheets in BNNS-3 exhibit transparent and
overlapped flat structure, different from that of the h-BN
produced by only thermal expansion treatment. These results
directly indicate that the gasification of L-N, plays an
important role during the gas exfoliation process. In order
to further elucidate the role of L-N,, we analyzed the height
variation of BNNS-3 by AFM. As shown in Figure 10 and S11,
the height of BNNS-3 is more than ten nanometers, much
thicker than that of BNNS-10. In addition, a clear terraced
morphology showing the single and few-layered BNNS near
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edge joined to the multi-layered BNNS can be observed
(Figure S11). Based on this phenomenon, we infer that the
edge of the h-BN curled first after the enormous temperature
variation."”! Then, the gasification of L-N, peeled off the h-
BN from the curling edge, which is also proved by the TEM
and STEM of the curling BNNS intermediate (Figure S12).
These results further demonstrate that the thermal expansion
and L-N, gasification play a synergistic role to exfoliate bulk
h-BN. When h-BN at high temperature is immersed in the L-
N,, the huge temperature difference between the surface and
the bulk initiates the curling of h-BN edge. Subsequently, the
L-N, penetrates into the interlayers of the bulk h-BN, where
the L-N, gasifies and expands drastically, further exfoliating
the h-BN. With controllable multiple exfoliation cycles,
single- and few-layered BNNS can be successfully produced.

To further understand the mechanism of the gas exfolia-
tion of h-BN, a model based on the above experiments was
proposed. This model is an illustration of the insertion of N,
molecules into the interlayer of two-layered h-BN, which is
explored by dispersion-corrected density functional theory
(DFT) at the B3LYP-D3/6-31 + G(d) level (Figure S13). The
optimized distance between the interlayer of h-BN is 3.41 A.
The initial structure for N, insertion is a parallelled model.
After N, insertion, the final optimized structure of h-BN layer
is tilted, indicating that gas exfoliation of h-BN is possible. In
addition, the exfoliation process of h-BN is endothermic
because it should overcome the van der Waals force and lip-
lip interaction between layers. The interaction energy was
calculated to be —10.6 kcalmol™" at 25°C according to the
current two layer model. However, the interaction energy
reduced to —6.4 kcalmol ' at 800°C, indicating that the
increase of temperature weakens the interaction between the
interlayers of the h-BN. These results suggest that the thermal
expansion triggers the following gas exfoliation.

In conclusion, an efficient thermal expansion triggered gas
exfoliation method to prepare BNNS was successfully devel-
oped. This method has the advantages of using no chemical
reagents, high yield, short reaction period, easy to be scaled
up and low energy consuming. The produced BNNS demon-
strate a well-defined nanosheets morphology and a high
specific surface area. This novel gas exfoliation process may
be extended to prepare other layered materials with optimiz-
ing reaction parameters.

Experimental Section

In a typical preparation process of BNNS, the commercial. h-BN
(parent bulk h-BN, lateral size 1 um) powder (1 g) in quartz boat was
ramped to 800 °C in muffle furnace under air, kept at this temperature
for 5 minutes, and then immediately immersed into a Dewar bottle
containing L-N, until the L-N, gasified completely. The above steps
were performed repeatedly. The yield of BNNS-10 (mostly 1-5 atomic
layers) was determined by the following process: the as-prepared
BNNS-10 were dispersed in alcohol and sonicated for 30 minutes.
Then the dispersion was centrifuged at 800 rpm for 10 minutes to
remove any remaining bulk crystals. The supernatant was collected
and dried in vacuum oven overnight. The final yield was calculated by
the weight ratio between the BNNS and the parent bulk h-BN.

Angew. Chem. 2016, 128, 10924 -10928
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