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Non-Thermal Plasma source was used in this work to exfoliated boron-nitride (BN) powders. The gen-
eration of hexagonal BN nanosheets (h-BNNSs) few-layered was observed by TEM. The hBN exfoliation
occurred along their transverse axis, preserving the hexagonal structure. The micrographs showed or-
dered lattice fringes with d-spacing of approximately 0.33 nm indicating the increase of (0 0 2) h-BNNSs
crystal lattice planes, also confirmed by the relative peak intensity decrease in relation to the other peaks
in XRD measures. The few amounts of layers were confirmed by intensity decrease, enlargement, and
blue shift of E2 g vibrational mode in Raman spectra. Moreover, the appearance of the FTIR band cor-
responding to the hydroxyl group occurs due to large amounts of defects such as vacancy defects.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The exfoliation of 2D materials leads to a variety of new mate-
rials with defined shapes, preserving and even increasing their
degree of crystallinity. Exfoliation methods on an industrial scale
are of great interest to produce two-dimensional crystals of high
quality and purity, endowed with fundamental electrical and me-
chanical properties for applications of energy interest [1,2]. Hex-
agonal boron nitride nanosheets (h-BNNSs) were first synthesized
in 2004, immediately after the 2D graphene preparation by adhe-
sive tape exfoliation [3]. The structural similarity between them
attracted this attention, as boron and nitrogen atoms are arranged
in a honeycomb lattice which layers are bonded by van der Waals
forces. However, the exfoliation of hexagonal boron nitride (hBN) is
a great challenge due to the partially ionic properties of the inter-
layer bonds [4].

Despite this difficulty, several BN exfoliation techniques have
been explored in the literature [5e7], resulting in the obtainment of
nanoparticles of different shapes, aggregating BN nanoparticles
present high surface area, good chemical stability, high thermal
conductivity, good biocompatibility, remarkable mechanical
strength, outstanding oxidation resistance at high temperature and
electronic insulation, making it a material with potential thermal
Ltd. This is an open access article u
properties for heat dissipation in high-performance electronic
[8e10].

The present investigation provides a fast and promising tech-
nique that involves the use of a non-thermal plasma (NTP) gener-
ator used for boron nitride exfoliation. NTP is characterized by high
electron temperatures and low ion temperatures in a condition of
non-equilibrium which can occur at mild conditions, making this
technology affordable for many industrial processes, including
nanomaterials synthesis [11]. This method allows us to obtain ul-
trathin BN nanosheets without destroying their hexagonal crystal
structure. This work, where the h-BN nanosheets were produced by
a non-thermal plasma generator and characterized by a series of
techniques to evaluated structural and crystalline properties.
2. Materials and methods

The scheme of the non-thermal plasma generator employed in
this study is shown in Fig. 1. The experiments were carried out in a
glass v-tube with an inner diameter of 10 mm. The distance be-
tween the electrodes (stainless steel) was 22 mm. A quantity of
hexagonal boron nitride (h-BN) ~1 mm, 98% Sigma-Aldrich, was
placed in the reactor and the exfoliation by a non-thermal plasma
process started purging N2 for 60 min.

The morphology of exfoliated material was characterized by
transmission electron microscopy (TEM, Jeol JEM-2100 electron
microscope, operating at 200 kV). The X-ray diffraction (XRD)
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Non-thermal plasma reactor system with AC high-voltage power supply, fre-
quency/phase controller, and the reactor.
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patterns were obtained using a diffractometer model Miniflex II,
with Cu ka radiation source of 0.15406 Å, set at 2q range 20e90�,
with 2� min�1 scan speed. The Raman spectra were collected using
Horiba Scientific MacroRam Raman spectroscopy equipment with
laser 785 nm. The ATR-FTIR analysis was performed on an ATR
accessory (MIRacle with a ZnSe Crystal Plate Pike®) installed on a
Nicolet® 6700 FT-IR spectrometer equipped with a cooled MCT
detector with N2 liquid.
Fig. 2. TEM images of exfoliated h-BNNSs: a) ultrathin (highlighted: cross view of the nan
indexation; d-e) high-resolution images of the h-BNNSs cross view, highlighted the ordere
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3. Results and discussion

The TEM micrographs of nanostructure exfoliated h-BNNSs are
shown in Fig. 2aee. Fig. 2a depicts that the exfoliation process re-
sults in a semi-transparent layered BN with ultra-thin nanosheet
shapes, with an average diameter of 119.0 nm ± 44.5 nm, consid-
ering the largest length of the particles. Furthermore, the BN
nanoparticles highlighted in Fig. 2a show the cross-view of the
nanosheets, indicating their very thin thickness. A high-resolution
image of the h-BNNSs (Fig. 2b) reveals their crystalline structure
and confirms that the hexagonal structure of the starting material
was well preserved, as indicates by the indexation of BN crystalline
planes in the fast Fourier transformed (FFT) of this image is pre-
sented in the inset in Fig. 2c. Furthermore, the exfoliated h-BNNSs
nanostructure in Fig. 2dee presents ordered lattice fringes with d-
spacing of approximately 0.33 nm of the (0 0 2) BN crystal lattice
planes, consistent with the XRD powder analysis and with data
reported in the literature [12,13].

XRD patterns of the exfoliated h-BNNSs, and of BN raw powder
(Fig. 3a) show diffraction peaks at 26.7�, 41.6�, 43.7�, 54.9�, 76�, and
82.2� corresponding to the (0 0 2), (10 0), (10 1), (10 2), (0 0 4), (11
0), and (1 1 2) planes of the hexagonal phase of BN powder (JCPDS
card 34e0421), respectively. It is noted that the (0 0 2) peak of
exfoliated h-BNNSs presents a relative decrease in intensity in
relation to the others. This behavior is highlighted in Fig. 3b as well
osheets); b) high-resolution image; c) FFT of (b) image showing BN crystalline plane
d lattice fringes with d-spacing 0.33 nm.



Fig. 3. X-ray diffraction a) patterns of BN Raw and h-BNNSs exfoliated; b) peak (0 0 2) detail; c) XDR plotted in logarithmic scale.

Fig. 4. a) Raman and b) FTIR spectra of BN raw and exfoliated h-BNNSs.
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as a ~0.1� shift to lower 2q. According to Zhu et al. [14], this suggests
the expansion of an interplanar distance for (0 0 2) and the exfo-
liation in the c direction. Furthermore, the diffraction pattern
analysis of h-BNNSs, using Bragg's Law, allows the determination of
interlayer distance value of about 0.3343 nm. In addition, the
crystallites dimension (Lhkl) was calculated using the Scherrer
equation [15], and the thickness value is found as 1.703 nm for the
plane (0 0 2). These values are consistent with those previously
reported [2]. In Fig. 3c to investigate the h-BN obtained in more
detail, the XRD pattern was plotted in logarithmic scale, where it is
possible to observe beyond the faces of h-BNNSs, also peaks related
to the cubic phase of boron nitride in 2 q ¼ ~19� (1 11), 31� (2 2 2),
36� (3 1 1) and 65� (4 4 0) as a reported in JCPDS # 51e779.

In the Raman spectra (Fig. 4a) it is possible to see a band
centered at ~1366 cm�1

, corresponding to the in-plane E2g vibra-
tional mode of BN. For the raw BN the high intensity of the single
peak indicates low lattice stress and high purity [16]. For the
exfoliated BN there was a significant decrease in intensity, a blue
shift of 4 cm�1, and a FWHM of 15.8 cm�1 was measured, which is
wider than the starting material. These factors indicate that these
structures are composed of few layers, as the weaker interaction
between few layers due to the exfoliation process, hardens the E2g
phonon mode, as suggested in the literature [17,18].

From FTIR spectra (Fig. 4b) it is possible to observe the twomain
characteristic bands of h-BN at ~1370 cm�1 and ~817 cm�1 BeN
stretching vibration (E1u mode) and out-of-plane bending vibra-
tion (A2u mode), respectively [19]. Furthermore, these bands pre-
sent a blue shift after the exfoliation process, as reported by Cheng
and co-workers [19]. The exfoliation process revealed a band
around 1075 cm�1 is due to the Restrahlen band of sp3-bonded
cubic-BN [20], corroborating it was observed in Fig. 3c. This band,
presented as a weak shoulder of the ~1370 cm�1 band in BN-raw,
was probably more visible on exfoliated h-BNNSs due to the blue
shift of the 1390 cm�1 band. Perhaps the high energy involved in
the exfoliation process may have favored the appearance of some
trace of the cubic phase of boron nitride. In BN exfoliated a little
band at ~3268 cm�1 corresponding to a hydroxyl group (-OH), that
appears due to large amounts of defects such as vacancy defects
[21,22].

4. Conclusion

In summary, the application of a non-thermal plasma reactor for
boron-nitride exfoliation was effective to produce few-layered
hexagonal boron nitride nanosheets (h-BNNSs). TEM images
showed that the h-BNNSs, it was exfoliated along their transverse
axis, preserving the hexagonal crystal structure. It was observed
ordered lattice fringes with d-spacing of approximately 0.33 nm,
indicating the increase of (0 0 2) BN crystal lattice planes,
confirmed by the peak's relative intensity decrease in relation to
the other peaks by XRD measures. The Raman and FTIR spectra
indicated the reduction of layers by intensity decrease, enlarge-
ment, and blue shift of E2 g vibrational mode in Raman spectra, and
the appearance of hydroxyl band in FTIR spectra, that appear due to
large amounts of defects such as vacancy defects.
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