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ABSTRACT: Highly crystalline double-walled boron nitride nanotubes
(DWBNNTs ∼60%) were synthesized from ammonia borane (AB;
H3B−NH3) precursors using a high-temperature thermal plasma
method. The differences between the synthesized BNNTs using the
hexagonal boron nitride (h-BN) precursor and AB precursor were
compared using various techniques such as thermogravimetric analysis,
X-ray diffraction, Fourier transform infrared spectroscopy, Raman
spectroscopy, scanning electron microscopy, transmission electron
microscopy, and in situ optical emission spectroscopy (OES). The
synthesized BNNTs were longer and had fewer walls when the AB
precursor was used than when the conventional method was used (with
the h-BN precursor). The production rate significantly improved from
∼20 g/h (h-BN precursor) to ∼50 g/h (AB precursor), and the content
of amorphous boron impurities was significantly reduced, implying a self-assembly mechanism of BN radicals rather than the
conventional mechanism involving boron nanoballs. Through this mechanism, the BNNT growth, which was accompanied by an
increased length, a decreased diameter, and a high growth rate, could be understood. The findings were also supported by in situ
OES data. Considering the increased production yield, this synthesis method using AB precursors is expected to make an innovative
contribution to the commercialization of BNNTs.

■ INTRODUCTION
Boron nitride nanotubes (BNNTs) are a type of one-
dimensional nanomaterial structurally identical to carbon
nanotubes (CNTs).1 Here, boron and nitrogen atoms are
alternatively bonded to each other and form hexagonal B−N
lattices. BNNTs exhibit excellent intrinsic properties, such as
mechanical properties,2−4 thermo-mechanical stability,5 high
thermal conductivity,6,7 and an oxidation resistance8 similar to
that of CNTs owing to their structural similarity. Owing to the
difference in the electronegativities of boron and nitrogen,9

BNNTs consist of polar covalent B−N bonds and are
electrically insulating, with a band gap of ∼5−6 eV.10,11 As
half of the BNNT is composed of boron, which exhibits
excellent neutron absorption, BNNTs have high neutron
absorption capability12 and are potential effective neutron-
shielding materials in the aerospace industry.
The first BNNTs were synthesized by Chopra et al.13 in

1995 by arc discharge and theoretically predicted by Rubio and
co-workers.10 Since then, various studies have been conducted
to synthesize highly crystalline BNNTs using laser ablation,14

ball milling,15 and chemical vapor deposition (CVD).16 The
kinetic barrier in the synthesis of BNNTs is higher than that of
CNTs because boron and nitrogen atoms must bond
alternatively; therefore, the growth rate of BNNTs is

considerably low. To overcome this kinetic barrier, several
research groups have developed catalysts and used high
temperatures. Boron oxide CVD (BOCVD) is one of the
most promising methods for developing catalysts, wherein
BNNTs are synthesized by the reaction between ammonia and
B2O2 vapors, which are generated by the reaction of boron
powder with metal oxides (e.g., MgO, FeO, and Li2O).

17,18

However, the crystallinity, length, and number of walls of the
BNNTs are not sufficient to industrially use the synthesized
BNNTs. In recent years, studies have reported success with
high-temperature methods to synthesize highly crystalline
BNNTs by laser ablation19 and thermal plasma.20

Smith et al.19 reported a high-temperature pressure laser
ablation method that can produce highly crystalline BNNTs by
a reaction between spontaneously formed boron nanoballs
(i.e., seeds) and ambient nitrogen gas. To use nitrogen gas as a
reactant in the BNNT synthesis reaction, the triple bond of the
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nitrogen molecule (∼10 eV binding energy) must be
dissociated. Although the high kinetic barrier for nitrogen
dissociation could be overcome by catalysts as in the Haber−
Bosch process,21 Smith et al. utilized the thermal energy of a
continuous laser to overcome the kinetic barrier. Moreover,
Kim et al.22 suggested two growth mechanisms of BNNTs in
high-temperature pressure laser ablation: a root growth mode
from boron ball seeds and an open-end growth mode close to
heterogeneous nucleation.
Kim et al.20 grew BNNTs using h-BN as the precursor via

the thermal plasma method at a high temperature of 8000 K.
Boron and nitrogen were supplied by introducing h-BN,
possessing a two-dimensional planar structure and consisting
of B−N hexagons, into a high-temperature plasma reactor. The
growth mechanism of BNNTs is considered to be initiated by
boron nanoballs, similar to that in the laser ablation method by
Smith et al.19 B−N−H compounds are formed as intermediate
species when hydrogen gas is also supplied with nitrogen and
h-BN, the reaction initiates on the boron ball surface, and
finally, the BNNT structure is formed. The two types of high-
temperature BNNT synthesis methods, which currently
provide the best results, are based on the use of boron
nanoballs. In these methods, the formation of impurities such
as amorphous boron is unavoidable. However, the presence of
these impurities hinders efficient production and considerably
interferes with the van der Waals interactions among the
BNNTs, thus hindering the spontaneous formation of BNNT
fibers.
Here, we propose the use of a molecular precursor, ammonia

borane (H3B−NH3), which enables the independent supply of
B−N radicals analogous to that from carbon atoms in CNT
synthesis. H3B−NH3 comprises six hydrogen atoms bonded
with B−N bonds. Because the bonding energies of the B−H
(330 kJ/mol) and N−H (314 kJ/mol) bonds are lower than
that of the B−N (389 kJ/mol) bond, on absorbing thermal
energy, H3B−NH3 gradually decomposes, releases hydrogen
gas, and converts to −(B−N)n−, and then eventually forms a
hexagonal BN structure.23 Previous studies24−26 have attemp-

ted to synthesize BNNTs using H3B−NH3 as a precursor;
catalysts or templates were used to synthesize BNNTs at
1450−1700 °C but produced defective BNNTs with radii of
several hundred nanometers. Therefore, the synthesis of few-
walled and sufficiently long BNNTs for high-end applications
has not been achieved thus far. The unsuccessful synthesis can
be attributed to the fusion of BN network (−B−N−) domains,
which are formed during the dehydrogenation of H3B−NH3
and generate multiple defects in the domains before BNNT
formation.
To overcome this challenge, our group employed a laser

ablation method27 in which a high-power laser was used to
instantaneously supply high energy to H3B−NH3. Compared
to the conventional laser ablation method19 which uses solid
boron and nitrogen gas as precursors, the content of
amorphous boron impurities was significantly reduced in this
method, resulting in the spontaneous formation of BNNT
fibers exceeding 10 cm in length. This method can provide B−
N radicals from H3B−NH3, similar to the role of CxHy in CNT
synthesis.
As mentioned earlier, even in the high-temperature thermal

plasma method, the growth of BNNTs is initiated by boron
nanoballs;20 hence, the generation of amorphous boron
impurities is inevitable. In addition, the growth rate is limited
because the supply of boron and nitrogen is limited to the
boron nanoball surface, which hinders the synthesis of long
and few-walled BNNTs.
Herein, we report the synthesis of highly crystalline, long,

and double-walled BNNTs (∼60%) with minimal amorphous
boron impurities through a thermal plasma method using
H3B−NH3 as the precursor. BNNTs synthesized from h-BN
and H3B−NH3 were compared and analyzed by various
methods such as thermogravimetric analysis (TGA), X-ray
diffraction (XRD), Fourier-transform infrared (FT-IR) spec-
troscopy, Raman spectroscopy, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and in situ
optical emission spectroscopy (OES). Using the H3B−NH3
precursor, the content of amorphous boron impurities

Figure 1. Photographs of the thermal plasma equipment. Overview of the (a) plasma system and (b) collected BNNTs in bucky paper form on the
collecting rod; (c) schematic of the inside of the reactor and SEM/TEM images of the synthesized BNNTs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00498
ACS Omega 2023, 8, 21514−21521

21515

https://pubs.acs.org/doi/10.1021/acsomega.3c00498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00498?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00498?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significantly decreased from 8.88 wt % (with h-BN) to 3.16 wt
% (with H3B−NH3), and the boron nanoballs frequently
observed at the end of BNNTs from the h-BN precursor
(Figure S11) were no longer observed. This might indicate
that the BNNT growth was not initiated by conventional
boron nanoballs, but it can be interpreted as the self-assembly
of BN radicals (Figure 1c), which increased the growth rate.
The BNNTs were collected in a bucky paper form (Figures 1b
and S10) and the production rate of BNNTs increased to 50
g/h (Figure S9) when H3B−NH3 was used as a precursor,
compared to 20 g/h when h-BN was used.20 Additionally, the
average length of the BNNTs increased 2.27 times and average
number of walls decreased from 3.24 (with h-BN) to 2.44
(with H3B−NH3).

■ EXPERIMENTAL METHODS
Synthesis of BNNTs. As shown in Figure 1c, two injection

systems are installed at the reactor inlet. h-BN or H3B−NH3
precursors were supplied by feedstock injection in the powder
form at a constant rate. The h-BN had a size of 70 nm, and
H3B−NH3 (30.88 g/mol) was a white powder with a purity of
97% (Boron Specialties, LLC). Hydrogen/nitrogen gas was
continuously supplied via gas injection at a constant rate. As
the chemicals passed through the 60 kW radio frequency (RF)
plasma reactor (PLASNIX Inc), the precursor was decom-
posed by the high energy, and the reactants produced from the
RF plasma zone descended vertically down the reactor owing
to gravity and the gas flow. The detailed plasma operating
conditions are tabulated in Table 1. For both cases, hBN and

H3B−NH3 (Ammonia Borane, AB), the plasma operation
conditions were same to find the effect of feedstock. Finally,
the BNNTs were synthesized; the entire process is shown as a
schematic in Figure 1c. The synthesized BNNTs were
collected in the collector and were first obtained in the form
of bucky paper (Figure 1b).

In Situ OES. The light emission from the thermal plasma
during the BNNT synthesis with h-BN and H3B−NH3
precursor is measured using in situ optical emission spectros-
copy (OES; QE Pro, Ocean optics, USA). The OES is
equipped with a HC-1 grating and 10 μm silt width, giving
wavelength range from 248 to 1034 nm. The OES is measured
from port 1 to port 5, and the distance between each port is 90
mm. In order to measure low light emission intensity,
considering the light intensity decrease as the port number
increases, the exposure times are set to be 10 s for port 1 and 2,
20 s for port 3 and 4, and 40 s for port 5, respectively and 25
times of measurements from each port is accumulated to
increase the signal to noise ratio. The intensity of light

emission peaks from each port is first divided by the exposure
time and then normalized with the highest intensity peak.

■ RESULTS AND DISCUSSION
Thermogravimetric Analysis. As shown in Figure 2a, the

amorphous boron content of the synthesized BNNTs with the
two types of precursors (h-BN and H3B−NH3) can be
calculated by TGA and the chemical formula for the oxidation
reaction of amorphous boron. It was confirmed that the
BNNTs synthesized from the h-BN precursor contained 8.88
wt % of amorphous boron, while those synthesized using the
H3B−NH3 precursor contained 3.16 wt %. The amorphous
boron content decreased by approximately three times. In the
usual process of TGA for amorphous boron quantification, the
temperature increased linearly with a certain rate, and the
reaction of amorphous boron with oxygen often did not reach
equilibrium owing to the insufficient reaction time at the
oxidation temperature. In this study, we increased the
temperature at a rate of 5 °C/min, but to obtain more
accurate data, we held the temperature for 5 h such that the
reaction reached equilibrium at 650 °C. The TGA data showed
that there was no mass change after equilibrium.

Raman Spectroscopy and X-ray Diffraction. Although
the h-BN and H3B−NH3 precursors have similar elemental
compositions, their amorphous boron contents differ signifi-
cantly, indicating that the mechanisms for the two precursors
may be different. As shown in the Raman spectroscopic data
(Figure 2b), there is no significant difference in the full width
at half maximum of the E2g mode of the BNNTs synthesized
from the two different precursors.28 In Figure 2c,d, the XRD
data show a clear difference in the peak position of the boron
oxide (B2O3) contained in the oxidized BNNTs, resulting from
the difference in the amorphous boron contents. We sought to
compare the boron impurity content in BNNTs synthesized
from two different precursors through XRD analysis. However,
due to the amorphous structure of boron, it was oxidized to
convert it into crystalline boron oxide, which enhanced the
signal-to-noise ratio. This method facilitated a distinct
demonstration of the disparities in amorphous boron content
present in the raw materials. The oxidation process involved
heating the BNNTs in an oxygen atmosphere at a rate of 5 °C/
min from room temperature to 900 °C. To ensure thorough
oxidation, the samples were held at 650 °C for 5 h. In
conclusion, it was found that the BNNTs synthesized with AB
as a precursor exhibited a lower boron impurity content
compared to those synthesized with h-BN as a precursor,
leading to a reduced observation of boron oxide.

Comparison of the Number of Walls of the BNNTs. To
estimate the number of walls of the BNNTs with different
precursors, TEM images containing 130 and 163 BNNTs for
the h-BN and H3B−NH3 precursors, respectively, were used
for identification. As shown in Figure 3c, when H3B−NH3 is
used as the precursor, the distribution shifts to the left.
For the BNNTs synthesized from the h-BN precursor, the

average number of walls was 3.24, with 7.69% single-walled,
41.54% double-walled, 26.15% triple-walled, and 24.62%
multiple-walled BNNTs. For the BNNTs synthesized from
the H3B−NH3 precursor, the average number of walls was
2.44, with 9.20% single-walled, 57.06% double-walled, 22.07%
triple-walled, and 11.04% multiple-walled BNNTs. In the case
of the H3B−NH3 precursor, the average number of walls
decreased by 75.3% compared to that of the h-BN precursor,

Table 1. Process Conditions of the Synthesis of BNNTs

power 30−32 kW
frequency 2−4 MHz
pressure 680 torr
central gas (Ar) 30 slpm
sheath-axial gas (Ar) 10 slpm
sheath-tangential gas (Ar) 15 slpm
sheath gas (N2) 60 slpm
sheath gas (H2) 33 slpm
carrier gas (Ar) 15 slpm
feeding rate (AB) 0.4−2.2 g/min
feeding rate (h-BN) 0.4−1.0 g/min
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and the proportion of BNNTs with one to three walls
increased by 18%.
In Figure 3c, the histograms show the dominant formation

of double-walled BNNTs. Unlike CNTs, BNNTs are polarized
owing to the difference in the electronegativities between
boron and nitrogen, resulting in the formation of a localized
electron cloud on the tube surface. Because of the polarities of
boron and nitrogen, even though single-walled BNNTs were
synthesized during BNNT synthesis at the initial stage,
electronegative nitrogen and electropositive boron were
attracted to each other via electrostatic forces, possibly forming
double-walled BNNTs.

The TEM images (FEI Tecnai at the Core-facility for
Bionano Materials in Gachon University) of the BNNTs in
Figure 3a,b demonstrate a difference in the number of BNNTs
within a bundle, depending on the precursor. An increase in
the number of BNNTs within a bundle is observed when
H3B−NH3 is used as a precursor than when h-BN is used. The
number of BNNTs within a bundle increases proportionally
with increasing van der Waals interactions among the BNNTs.
The impurities in the synthesized BNNTs reduce the contact
area among the BNNTs and weaken the van der Waals forces,
preventing the BNNTs from forming bundles. Hence, it is
interpreted that the reduction in the impurity content in the

Figure 2. (a) TGA of BNNTs synthesized using h-BN and H3B−NH3. The BNNTs synthesized using h-BN contain 8.88 wt % of amorphous
boron, and those synthesized using H3B−NH3 contain 3.16 wt % of amorphous boron; (b) Raman analysis data of BNNTs synthesized from h-BN
and H3B−NH3 precursors; XRD analysis data of the oxidated BNNTs synthesized using (c) h-BN and (d) H3B−NH3 precursors.

Figure 3. TEM images of the BNNTs synthesized from (a) AB precursor and (b) h-BN precursor; (c) histogram of the distribution of the number
of walls of BNNTs: Red and blue bars correspond to the BNNTs synthesized from the AB precursor and h-BN precursor, respectively; (d) data
table of the distribution.
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BNNTs synthesized from an H3B−NH3 precursor increased
the number of BNNTs that form bundles.

Comparison of the Lengths of BNNTs. To confirm the
difference in the lengths of BNNTs according to the
precursors, 100 BNNTs were analyzed using SEM for h-BN
and H3B−NH3. The as-grown BNNTs were obtained in the
form of bucky paper. To measure the length of the BNNTs, a
process to separate the BNNTs in the bundle was required.
The as-grown BNNTs were placed in a certain amount of
ethanol and then sonicated for 30 min. Subsequently, the
solution was dropped on a Si wafer and observed using SEM.
All length data and SEM images of BNNTs using h-BN and
H3B−NH3 precursors are shown in Figures S1−S8.

As shown in Figure 4c,d, he BNNTs from the h-BN
precursor showed an average length of 1.323 μm, a maximum
of 3.096 μm, and a minimum of 0.340 μm, while the BNNTs
from the ammonia borane precursor showed an average length
of 3.004 μm, a maximum of 10.366 μm, and a minimum of
0.979 μm. In case of the BNNTs with an ammonia borane
precursor, the average length was 2.27 times (the maximum
length: 3.35 times, the minimum length: 2.88 times) longer
than those from the h-BN precursor, implying that the growth
rate of BNNTs is much faster.

Comparison of the Amount and Contents of the
Impurities. The impurities generated during BNNT synthesis
include amorphous boron and h-BN with various structures.
The low-magnification TEM images of the synthesized

Figure 4. SEM images of BNNTs synthesized from the (a) H3B−NH3 precursor (b) h-BN precursor. Data table for the lengths of the BNNTs
synthesized by the (c) H3B−NH3 precursor and (d) h-BN precursor.

Figure 5. Low-magnitude TEM images of the BNNTs synthesized from the (a) h-BN and (b) H3B−NH3 precursor; imaginary sketch of the
decomposed precursor after passing through the RF plasma zone of (c) h-BN and (d) H3B−NH3; FT-IR analysis data of BNNTs synthesized from
the (e) h-BN and (f) H3B−NH3 precursor.
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BNNTs in Figure 5a,b show that the contents of amorphous
boron and h-BN impurities are considerably lower when using
the H3B−NH3 precursor than when using the h-BN precursor.
A difference in the contents of amorphous boron and h-BN

impurities was also observed in the FT-IR analysis. According
to Harrison et al.,29 the amount of h-BN impurities can be
estimated from the FT-IR peaks of BNNTs and h-BN in the
synthesized BNNTs. The out-of-plane versus in-plane trans-
mission (R/TO), which is the ratio of the out-of-plane
buckling (R) mode that appears near 800 cm−1 and the
transverse optical (TO) mode that appears near 1350 cm−1,
was used to calculate the h-BN content using the eq R/TO
peak ratio = 0.028 + 0.890 × (concentration of h-BN in
BNNTs (mg/mg)). In this study, the R/TO ratio of the
BNNTs synthesized from the h-BN precursor was 0.4978, and
the content of h-BN impurities was calculated to be 52.79 wt
%. In contrast, the R/TO ratio of the BNNTs synthesized from
the H3B−NH3 precursor was 0.3097, and the content of h-BN
impurities was calculated to be 31.65 wt %. These results
indicate that the amount of h-BN impurities in the as-grown
materials with H3B−NH3 is significantly lower by approx-
imately 1.7 times than that with h-BN.
This difference can be explained based on the mechanism

proposed in our previous research,27 where an H3B−NH3
precursor was used with laser ablation methods. The difference
in the amount of h-BN impurities depends on the type of
chemical species formed after decomposition, as described in
the molecular sketch (Figure 5c,d). For the h-BN precursors,
when viewed at the nanoscale, h-BN is fragmented into h-BN
planes with lengths of several tens of nanometers, whereas
some h-BN precursors are fully decomposed into chemical
species such as boron, nitrogen, and BN radicals. As the
temperature decreases, the remaining h-BN fragments that do
not participate in the BNNT synthesis bond to each other and
form a significant amount of h-BN impurities. In contrast, the
H3B−NH3 precursor has B−N, N−H, and B−H bonds, and
the intramolecular bond strengths are in the order of B−N >
N−H > B−H. When energy is applied to H3B−NH3, it
dehydrogenates and decomposes into B−N and boron,
nitrogen, N−H, and B−H species. BNNTs are formed via
the BN self-assembly of these B−N species. When a small
number of B−Ns accumulate, they form curvatures to
synthesize BNNTs. h-BN impurities are formed when several
B−Ns accumulate. We can conclude that the contents of h-BN
and amorphous boron impurities depend on the type of
precursor used.

In Situ Optical Emission Spectroscopy. In situ OES is
measured during synthesis of BNNTs with h-BN and H3B−

NH3 precursor thermal plasma. The in situ analysis data for
high-temperature thermal plasma synthesis are presented in
Figure 6, which show that the mechanism of thermal H3B−
NH3 plasma BNNT synthesis is distinct from that of the
conventional laser synthesis19 and thermal plasma synthesis20

using boron nanoballs. The same is also evident from the
results for laser ablation synthesis using H3B−NH3 previously
reported by our group.27

Port 1 was located at the outlet of the RF plasma zone,
which was closest to the energy source, and data were obtained
from ports 2, 3, 4, and 5 in that order, away from the plasma
zone at the same interval. As plasma discharged in the reactor
is blown down from port 1 to port 5, the x-axis of the graph
(Figure 6) is analogous to the time elapsed from the inlet of
the precursor to the end of the process.
The evident difference between the h-BN and H3B−NH3

precursors is that, the existence of boron in the form of boron
atomic radical is much more abundant in the synthesis using
the h-BN precursor, however it becomes soon under the limit
of detection in all the ports when the H3B−NH3 precursor is
used for synthesis.
In Figure 6a, when the h-BN precursor is used, high

intensity of the boron peak (250 nm) is observed at port 1. At
port 2−5, as atomic boron cools down, it condenses into
droplet of nano boron to form boron nanoballs, from which
the growth of BNNTs can be initiated.20 Some of the boron
atomic radicals react with hydrogen to form BH species, which
used for the synthesis of BNNTs.
In Figure 6b, when the H3B−NH3 precursor is used, high

intensity of the hydrogen peak (656 nm) is observed at port 1.
The abundancy of hydrogen species, which are mostly
decomposed from the precursor itself, consumed the atomic
boron rapidly to make BH or BxNyHz to inhibit the
condensation growth of boron nanoballs. Therefore, the
growth of BNNTs needs to start from the self-assembly of
the BN themselves, which is similar to that in the laser ablation
synthesis of BNNTs with the H3B−NH3 precursor.27

■ CONCLUSIONS
In this paper, we report the synthesis of double-walled BNNTs
using H3B−NH3, a molecular precursor, by a high-temperature
thermal plasma method. Unlike the conventional method that
uses h-BN as a precursor, the content of amorphous boron
impurities using this method decreased from 8.88 to 3.16 wt %,
and that of h-BN impurities decreased from 52.79 to 31.65 wt
%. On comparing the lengths of the BNNTs, those synthesized
from the h-BN precursor had an average length of 1.3 μm,
while those synthesized from the H3B−NH3 precursor had an

Figure 6. OES analysis of BNNTs synthesized by the (a) h-BN precursor and (b) H3B−NH3 precursor. The meaning of “Port” on the X-axis is as
follows: The lower the port number, the closer it is to the energy source and the higher the temperature.
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average length of 3.0 μm. The average length increased by 2.3
times when using the H3B−NH3 precursor. The average
number of walls decreased from 3.24 to 2.44 and double-
walled BNNTs dominantly formed by ∼60%. Overall, BNNTs
with fewer impurities, longer lengths, and fewer walls were
synthesized from H3B−NH3 compared with those synthesized
conventionally using the h-BN precursor, and the production
rate significantly increased (∼50 g/h). The chemical species
formed during the reaction were monitored using in situ OES.
Based on these results, the BNNT synthesis in this study was
suggested to be based on the self-assembly mechanism of BN
radicals, and not the mechanism by which the existing boron
nanoballs act as BNNT growth nucleation sites. H3B−NH3
formed BN radicals through dehydrogenation on absorbing
energy, while the nanosized h-BN formed by combining the
BN radicals formed a curvature owing to the excess surface
energy and became the nucleus for BNNT growth. This is
similar to our previously reported growth mechanism when
employing laser ablation with an H3B−NH3 precursor.
However, it was difficult to identify the reactive species and
detailed reactions owing to the limitations of the current
research apparatus; this can be considered as a future research
direction. Finally, the novel experimental results and data
presented in this study will promote the development of
BNNTs in academia and the industry.
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