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Abstract
Highly crystalline and few-walled boron nitride nanotubes (BNNTs) had been synthesized by laser ablation using only
ammonia borane as a precursor. As a molecular precursor, ammonia borane supplied both B and N atoms with a ratio
of 1:1, and BNNTs were formed via the homogeneous nucleation of BN radicals, not the growth from boron nanodroplets, which is a generally accepted growth mechanism of the laser-grown BNNTs. Owing to the absence of amor‑
phous boron impurities, the van der Waals interaction among BNNTs became effective and thus a BNNT fibers was
formed spontaneously during the BNNT synthesis. The BNNT growth and the subsequent fiber formation are found to
occur only at high pressures of a surrounding gas. The mechanism behind the critical role of pressure was elucidated
from the perspective of reaction kinetics and thermal fluid behaviors. A polarized Raman study confirmed that the
BNNT fiber formed exhibits a good alignment of BNNTs, which implies great potential for continuous production of
high-quality BNNT fibers for various applications.
Keywords: Boron nitride nanotubes, Laser ablation, Ammonia borane, Homogeneous nucleation, Spontaneous fiber
formation, Pressure effect
1 Introduction
Boron nitride nanotubes (BNNTs) are a type of onedimensional nanomaterial, and structurally identical
with those of carbon nanotubes (CNTs); in BNNTs, carbon atoms are replaced by boron and nitrogen atoms
composing hexagonal B-N lattices. Due to the structural
similarity to CNTs, BNNTs also have excellent intrinsic
properties, such as mechanical properties [1–3], high
thermal conductivity [4, 5], thermo-mechanical stability
[6] and oxidation resistance [7]. While CNTs consist only
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of covalent C–C bonds being either metallic or semiconducting [8] due to the overlap of π orbitals, BNNTs
consist of polar covalent B-N bonds resulted from the
differences in electronegativity of boron and nitrogen [9]
and are electrically insulating with a band gap of ~ 5–6 eV.
[10, 11] Thanks to the presence of boron element in
BNNTs, BNNTs also have a high neutron absorption
capability [12] and thus are highly regarded as excellent
candidates for effective neutron shielding materials in
aerospace applications.
BNNTs were theoretically predicted by Rubio et al. [10]
in 1994 and first synthesized by Chopra et al. [13] in 1995
by arc-discharge. Since their first synthesis, there have
been various attempts to synthesize BNNTs including
laser ablation [14], ball milling [15] and chemical vapor
deposition (CVD) [16]. For the BNNT growth, nitrogen
or boron atom must be alternatively bonded after boron
or nitrogen atom respectively, and thus the growth rate
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of BNNTs is expected to be slower than that of CNTs.
Accordingly, the kinetic barrier in the BNNTs synthesis is higher than that of CNTs and thus their growth
rate is also necessarily slow. One way to overcome such
kinetic barrier is to supply high temperatures with high
heat contents or to develop effective catalysts. Many
research groups have attempted to optimize the CVD
process through the development of effective catalysts
for the BNNT synthesis, and a method, so-called boron
oxide CVD (BOCVD), demonstrated one of the most
promising results. In this process, boron powders react
with metal oxides (e.g. MgO, FeO, Li2O) and generate
B2O2 vapors, which subsequently react ammonia (NH3)
to produce BNNTs [17, 18]. However, the precursor is
limited to boron powders so the productivity and structural selectivity achieved in the CVD process for CNT
production cannot be reached. A few years later, a couple
of methods for synthesizing BNNTs with a highly crystalline has been developed by overcoming the kinetic barrier using the laser ablation [19] or thermal plasma [20]
method.
Smith et al. [20] reported a high-temperature–pressure
(HTP) method (vapor/condenser method) using a laser
ablation technique where highly crystalline BNNTs continuously grow from nano-sized boron balls (i.e., seeds)
through the reaction with ambient nitrogen gas. As seen
in Haber–Bosch process [21], high energy barrier to dissociate the triple bond of nitrogen molecule was overcome by using catalyst, and Smith et al. used boron ball
as a catalyst. Very recently, Kim et al. [22] elucidated the
mechanistic details of the growth modes of BNNTs in the
HTP process, and suggested a dual BNNT growth mode;
the first mode is a root growth mode where a boron ball
is continuously consumed through the reaction with
ambient nitrogen gas to form BN radicals for the BNNT
growth, while the second mode is an open-end growth
in which heterogeneous nucleation of hexagonal boron
nitride (h-BN) layers occurs on the outer surface of boron
balls directly from BN radicals. In the both cases, the
presence of boron balls is critical for the BNNT growth
and a solid form of boron precursor (e.g., boron fiber or
rod) has been often employed for the supply of nanosized boron balls. In the previous method [19], therefore
the formation of by-products such as amorphous boron
is inevitable. The presence of such impurities significantly
hinder the van der Waals interaction between BNNTs
and thus suppress spontaneous formation of BNNT fibers which is a desirable form of BNNTs for many practical applications.
Herein, we report a laser synthesis of BNNTs using
only ammonia borane, with reduced impurity contents,
especially amorphous boron and the consequent in-situ
formation of BNNT fibers. We propose using a molecular

Page 2 of 10

precursor, ammonia borane (H3N-BH3) that enables
independent supply of B-N radicals one by one, analogous to carbon atoms in CNT synthesis. H
 3N-BH3 is a
solid-state compound at room temperature composed of
6 hydrogen atoms bonded to a B-N bond. Since the bonding energies of B-H (330 kJ/mol) and N–H (314 kJ/mol)
bonds are weaker than that of B-N (389 kJ/mol) bond,
upon absorbing thermal energy H
 3N-BH3 gradually
decomposes releasing hydrogen molecule and eventually
turns into h-BN [23], which is an excellent precursor for
the BNNT growth.
There had been previous studies [24–26] that attempted
to synthesize BNNT using the characteristics of ammonia borane described above. Templates or catalysts were
used in the temperature range of 1450–1700 °C, and
defective BNNTs with a radius of several hundred nm
were synthesized. The BNNTs with a small radius and a
small number of walls are required for industrial use have
not been achieved. Those results were obtained because
the domain of BN network (-B-N-) generated during the
dehydrogenation of ammonia borane were fused to form
a lot of defects before the BNNT formation. To overcome
this, in this study, a laser was used to inject a much larger
energy into ammonia borane instantaneously (Fig. 1c).
In the conventional approach of laser ablation synthesis of BNNTs, the ambient nitrogen gas must dissociate
first to form B-N species through the reaction with boron
balls, and thus the kinetic barrier of BNNT synthesis
becomes lower (Fig. 1b) when H
 3N-BH3 is used as feedstock. In case the thermal decomposition of H3N-BH3 is
performed rapidly using laser ablation, all the hydrogen
atoms can be released at once leaving BN radicals behind,
which can self-assemble into BNNTs in free space by
clusterization.
In this work, we report that highly crystalline and fewwalled BNNTs can be obtained with a minimum amount
of amorphous boron impurities, which facilitates in-situ
BNNT fiber formation via effective van der Waals interaction. The fact that amorphous boron impurity was
rarely observed implies that the synthesis mechanism
is different from the conventional understanding where
nano-sized boron balls played a critical role in the formation of BNNTs. We have also studied the mechanism for
the BNNT fiber formation with variations of surrounding
gas pressure and gas species using both experimental and
numerical approaches.

2 Methods
2.1 BNNT synthesis

In order to proceed BNNT synthesis reaction by laser
ablation, a continuous C
 O2 laser having an energy of 1000
W with a wavelength of 10.6 µm was employed. Figure 2A
illustrates a schematic diagram of the experimental setup
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Fig. 1 a Bond energy of bonds consists of B, N or H; b Conceptual energy diagram of BNNT synthesis starting from B + N2 and BH3NH3; c Two
different ammonia borane pyrolysis routes according to the dehydrogenation process

developed. BNNT synthesis was conducted in a cylindrical high-pressure chamber with a height of 140 cm and a
diameter of 60 cm. A zinc selenide window attached to
the upper part of the reaction chamber was used to selectively pass the CO2 laser while preventing external materials from entering. The gas inlet and outlet are located at
the top and the bottom of the reaction chamber respectively, and the experiment was conducted under a constant chamber pressure with a fixed gas flow of nitrogen
or argon. H3N-BH3 is a solid in a powder form at room
temperature, and thus a powder container is required to
use H3N-BH3 as a precursor. A powder module (Fig. 2b)
made of copper is located at the center of the reaction
chamber and cooled by water. A grid-type collector was
placed above the powder module to collect BNNTs from
the up-flow of reaction stream. A typical reaction proceeded for 30 minutes, and the temperature of the spot
heated by the laser was maintained as 4000 K, which was
measured from its black body radiation. Experiments

were conducted with two different gases of argon (control experiments) and nitrogen under different chamber
pressures of 2, 4, 8 and 12 bar. After a 30-min reaction,
BNNT fibers of various lengths are obtained depending
on the reaction condition. Figure 2c–d show a 10 cmlong BNNT fiber obtained. Currently, it is challenging
to continuously supply the reaction precursor due to the
limitations of the batch type experimental equipment;
however, if the precursor were supplied continuously, a
synthesis of BNNT fibers with longer lengths would be
feasible.
2.2 Numerical simulation

To understand the mechanistic pathway to formation of a BNNT fiber, computational fluid dynamics
(CFD) simulations were performed. The laser ablation
process is a very complicated process involving rapid
materials transformation with a strong temperature
gradient, and usually requires a three-dimensional
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Fig. 2 Schematic diagram of (a) BNNT synthesis equipment and b powder module; c Obtained BNNT fiber right after the reaction; d 10 cm long
BNNT fiber; e SEM image of the BNNT fiber; f TEM image of the BNNT; g Schematic diagram of synthesis process

(3-D) transient simulation. Due to the limited knowledge on the interaction between laser and an H3N-BH3
target, in this work, 3D steady simulations were performed with a constant ablation rate of the target. The
diameter of the hot spot irradiated by the laser was
assumed to be 1 mm and its temperate was fixed at
4000 K. To simulate a plume generated by ablation, a
constant mass flow from the hot spot was considered.
The mass flow rate was estimated from the average
ablation rate observed in the experiment. The plume
was assumed to be composed of only H
 2 and BN species with a ratio of 3:1. The thermodynamics and transport properties of the gases were obtained from the
tabulated data calculated with a local thermodynamic
equilibrium assumption while their pressure-dependent density was calculated using the ideal gas law. The
temperatures of the power module and reactor wall
were kept constant as 300 K. Lastly, the simulations
were performed by solving conservation equations of
mass, momentum, energy, along with the turbulence
equations using the ANSYS/FLUENT software.

3 Results and discussions
Different types of reaction products were obtained
depending on the pressure inside the reaction chamber (Fig. 3a–d). At a reaction chamber pressure of 2
or 4 bar, white powdery material grew from the powder container to several centimeters height (Fig. 3a, b).
Transmission electron microscopy (TEM (FEI technai at
the Core-facility for Bionano Materials in Gachon University)) images show that the powder has a layer-bylayer structure (Fig. 3i, j) with a lattice distance of about
0.34 nm. Electron energy-loss spectroscopy (EELS) analysis revealed that B and N atoms were present across the
sample with a ratio of 1:1, suggesting that the products
are h-BN particles. However, at an elevated pressures of
8 or 12 bars, the main product was strands of white fibers
stretching out from the powder container to the collector surface. TEM analysis shows that the fibers are composed of nano-scale fibrous materials that have a tubular
structure (Fig. 3k, l). EELS analysis confirmed that the
fibrous materials are composed of B and N atoms with
a ratio of ~ 1:1 (Additional file 1: Fig. S1), suggesting that
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Fig. 3 a–d Form, (e–h) morphology and i–l structure images of reaction products at 2, 4, 8 and 12 bar when the chamber is full of N2. BNNTs were
dominant product at 8 and 12 bar and h-BN was dominant product at 2 and 4 bar

BNNTs are mainly produced at high pressures. Interestingly, unlike the products from the conventional laser
ablation method, elemental B nanoparticles are rarely
observed in this sample. In the previous studies [19] with
a solid B target (e.g., B fibers), nano-sized B particles are
often observed as by-products and proposed to serve
as BNNT nucleation sites (i.e., BNNT seeds). However,
in the current samples, majority of the impurity particles around BNNTs are h-BN particles (Additional file 1:
Fig. S2) that exhibit the similar layer-by-layer structure
(Fig. 3i, j) we observed with the white powder produced
under the lower pressure of 2 or 4 bar. The size of h-BN
impurities in the samples also depends on the pressure
and decreases as the pressure increases (Fig. 3e–h). The
absence of nano-sized B particles is intriguing as they are
believed to play an important role in the BNNT nucleation and growth, and thus implies that a different growth
mechanism is needed to explain the BNNT growth from
ammonia borane.
In the previous studies of the synthesis of BNNTs
by laser ablation, B and N atoms were independently
supplied using solid boron and gaseous N
 2 molecule,
respectively [19]. Although this study aimed to synthesize BNNTs by direct supply of BN units from
H3N-BH3, we also speculated that additional N radical generated by dissociation of the surrounding N
2
gas might have benefited the BNNT growth because

the temperature of the hot spot is as high as 4000 K. A
control experiment was performed with argon to investigate the effect of the surrounding gas, and almost
same results were obtained; at pressures of 2 and 4 bar
(Fig. 4a–c), white powdery materials were produced
while BNNT fibers were formed at elevate pressures of
8 and 12 bar (Fig. 4d–f ). It is also noted that the amount
of reaction products were almost same compare with
the N2 cases. This is probably because N2 molecule has
a triple bond with high bonding energy (944.8 kJ/mol),
and thus the amount of nitrogen gases decomposed
into nitrogen atoms was extremely small even at a high
temperature of 4000 K. The control experiment demonstrated that the type of the surrounding gas is not critical for the BNNT synthesis, and ammonia borane itself
is sufficient to supply B and N atoms at a 1:1 ratio for
the BNNT growth.
Our main finding from the parametric study can be
summarized as follows: (i) the morphology of the main
reaction product changes from h-BN to BNNTs as the
chamber pressure increases; (ii) nano-sized B droplets
are not produced if ammonia borane is used as feedstock;
(iii) the type of the surrounding gas is not critical for the
BNNT growth as it seems not participating in the BNNT
synthesis reaction. Obviously, these findings are not consistent with the growth mechanism proposed by Kim
et al. (i.e., dual growth mode) for the laser-grown BNNTs,
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Fig. 4 Morphology of reaction products by SEM analysis at (a) 2 bar, (b) 4 bar, (d) 8 bar and (e) 12 bar and structure of reaction products by TEM
analysis at c 2 bar (similar at 4 bar) and (f) 8 bar (similar at 12 bar) when the chamber is full of argon. The same results were obtained when the
chamber is full of nitrogen

and thus implies different pathways in the BNNT nucleation and growth by ammonia borane.
In ammonia borane, N-B bond is stronger than B-H
and N–H bonds. Upon thermal energy absorption, the
relatively weak B-H and N–H bonds are expected to
break first and release H atoms. When the temperature
increases gradually from room temperature to 1500 °C,
ammonia borane forms polyaminoborane (-(BH2-NH2)n) and polyiminoborane (-(BH-NH)-n) in consecutive
order through dehydrogenation process. Such intermediate species eventually turn into h-BN through further
hydrogen release. However, a rapid temperature increment by laser irradiation may result in an immediate
decomposition of ammonia borane into various gaseous
species including BN, BH, NH, and BNH radicals, rather
than bulk h-BN. In this case, BN radicals are expected to
be the most dominant species among the various chemical species due to its strongest bonding energy. We also
suggest that the BN radicals formed do not subsequently
decompose into elemental B and N atoms because elemental boron particles were seldom observed from
our samples. In the previous study [19], TEM images
of BNNT synthesized often show BNNTs with B nanodroplets at their tips. However, in this study, such nanodroplets were never seen from TEM analysis (Additional
file 1: Fig. S3). This argument is also supported by thermogravimetric analysis (TGA) of our samples where the
mass gain by B
 2O3 formation is not significant during

oxidation (Additional file 1: Fig. S4). The mass increment from 650 °C to 800 °C in the TGA graph is due to
the oxidation of elemental boron particles while the mass
gain around 900 °C might be associated with the oxidation of defective BN by-products, such as amorphous
or turbostratic BNs because crystalline h-BN materials
start to oxidize from 950 °C. The elemental boron content in this sample is estimated as low as 1.35 wt. %. The
absence of elemental boron partially explains why the
BNNT growth from ammonia borane is less sensitive to
the type of the surrounding gas. Unlike the conventional
process, the re-nitridation of elemental boron by N radicals or excited N
 2 molecules (e.g., vibrationally excited N
 2
(ν) or N
 2+ ions) are not an essential step in this case. Our
study found that BNNTs seem to grow directly from BN
radicals when ammonia borane is used as feedstock, but
at the same time it raises an important question of how
BNNTs nucleate and grow directly from BN radicals in
free space.
BN radicals formed can be a major precursor for continuous of growth of both h-BN and BNNTs. The fact
that the morphology of the main product is determined
by the reaction pressure implies that the BNNTs growth
is not dictated by chemistry but by kinetics. Since h-BN
has a planar structure, BN radicals could form h-BN via
lateral growth as illustrated in Fig. 5a. When the pressure of the surrounding gas increases, the concentration of BN radical decreases and consequently the lateral
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Fig. 5 Mechanism of nucleus formation of BNNT synthesis. a At low pressure, B-N radicals bond each other quickly, and h-BN forms in a lateral
direction. b At high pressure, lateral growth of h-BN is inhibited by surrounding gas, so curved h-BN forms, and can nucleate BNNT synthesis

growth facilitated via collisions among BN radicals may
be inhibited by more frequent collisions with surrounding gas molecules (Fig. 5b). The rate of lateral growth of
h-BN is inversely proportional to the pressure of the surrounding gas. As the growth speed slows down, the size
of the h-BN fragment decreases which is in line with our
experimental observation, and also the number of dangling bonds per area increases, making them more unstable. The latter can facilitate folding or zipping of h-BN
fragments in order to reduce the number of unstable
dangling bonds (Fig. 5b).
At high pressures, h-BN fragments also gain enough
energy by collision with surrounding gases and can overcome the strain-energy barrier required for curvature
formation (Fig. 5b). This phenomenon has also been
reported in the kinetics of fullerene formation [27]. Laser
was applied to a rotating graphite disk and carbon species
were vaporized into a stream of helium (He), cooled and
partially equilibrated during the expansion. When the
pressure of He stream was less than 1 atm, the number of
C atoms per cluster was distributed in the range of 50 to
over 90; however when the pressure increased to 10 atm,
clusters of 60 carbon atoms (i.e., fullerene) were selectively obtained. When the hot ring clusters are remained
in contact with high-density He, they equilibrate towards
the most stable species through two- and three body collisions, which appears to be a unique cluster containing
60 atoms.27 This phenomenon can be adapted to explain
the pressure effect of this study and BNNT growth

from BN radicals at high pressures. At high pressures,
C clusters are subjected to frequent collisions with the
surrounding gases which provides sufficient energy to
overcome the kinetic barrier that originates from the curvature strain. Therefore, they tend to form thermodynamically-favorable species of a spherical fullerene. However,
in the case of BN, frustration of bonding occurs when a
B-B bond or an N–N bond is created in the pentagonal
structure [28]. The energetically-favorable curved structure is a tubular structure (i.e., nanotube) rather than a
BN fullerene. Starting from a curved seed as illustrate in
Fig. 5b, B and N atoms form a nanotube at high pressures
by eliminating energetically-costly dangling bonds in the
edges. In this work, the curved B-N structure (Fig. 5b) is
proposed as the nucleus of BNNT formation (i.e., homogeneous nucleation). For the growth of BNNT, BN radicals are continuously added to the curved h-BN seed and
a BNNTs grow in the axial direction. BN radicals can
also participate in growing other h-BN species when the
edges of the curved seed are not commensurate with formation of a tubular structure. Such by-products become
main impurities of the product (Additional file 1: Fig. S2).
Results of the thermo-fluid simulation such as temperature, BN mass fraction, and velocity fields along
with streamline analysis, are present in Fig. 6. As the surrounding gas pressure increases, it was predicted that the
high temperature zone shrinks and the BN concentration
also decreases in the reaction zone (Fig. 6b). This is a pure
pressure effect caused by adding more surrounding gas.
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Fig. 6 Thermo-fluid simulation results in the reaction chamber at (left) 2 and (right) 12 bar. a Streamlines, b temperature distribution, c BN mass
fraction, d velocity distribution, e velocity vector

The velocity distributions (Fig. 6d) predict an up-flow
formation due to the evaporation of ammonia borane and
the temperature difference between the laser spot and the
surroundings (i.e., buoyancy force). The flow field pattern
also changes slightly with the pressure. In the case of low
pressure (e.g., 2 bar), the gas velocity flowing in from the
upper part is larger than that of the high pressure (e.g.,
12 bar) case, thus the BN precursors or BN debris generated may re-enter the reaction zone (Additional file 1:
Fig. S5) which increases the amount of BN in the reaction zone. On the other hand, in the case of 12 bar, the
velocity of the gas from the upper part is reduced and
thus the possibility of re-entering into the reaction zone
seems relatively small (Additional file 1: Fig. S5). The simulation results support our discussion that h-BN growth
may slow down at high pressures due to the reduction
of BN radicals in the reaction zone. It was also observed
that the direction of the up-flow is fairly consistent with

the direction of BNNT fiber formation. It seems that the
up-flow from the hot spot helps in-situ fiber formation by
confining and directing BNNTs toward the flow direction
(i.e., flow-driven alignment).
The degree of alignment of BNNT fibers was also
analyzed by the Raman signal intensity (I) in VV mode
(Fig. 7a). BNNT fibers show a peak near 1360 cm−1,
attributed to the E
 2g vibrational mode in the h-BN sheet
[29]. The Raman signal intensity was maximum at 0°
while minimum at 90°. Previous research has shown that
the intensity I in VV mode is [30]

Iθ = A cos4 θ + B,
0°/I90° = 2.1.

(1)

These results show a degree of alignment
like the I0°/I90° = 2.2 reported previously for BNNT alignment [31] The data used for calculation are average values obtained by measuring each sample at least three
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Fig. 7 a Raman spectra for the BNNT fiber at 0° and 90° under the VV mode. b As-grown 10 cm long BNNT fiber

times. From the data, we can conclude that the wellaligned BNNT fiber has been formed from the method
we report.

4 Conclusion
We report the synthesis of BNNTs by laser ablation using
a molecular precursor, ammonia borane 
(H3N-BH3)
that supplies BN radicals one by one as BNNT precursors. Unlike the conventional method, highly-crystalline
BNNTs were obtained with a minimal amount of amorphous B impurities. This result implies that the BNNT
growth mechanism in this work is different from the conventional high temperature method where nano-sized
B droplets play an important role in the BNNT nucleation. By considering kinetics and thermal fluid dynamics, we found that at high pressures (> 8 bar) of argon
gas, BNNTs could nucleate and grow directly from BN
radicals released from ammonia borane, in the absence of
boron droplets or pre-existing catalyst nanoparticles (i.e.,
homogenous nucleation). This greatly reduces B impurities in the reaction stream, and thus enables in-situ formation of BNNT fibers via van der Waals interactions
among BNNTs. The BNNT fibers reported here has high
potential for various applications similar to CNT fibers
after desired reinforcement to increase the strength of
the fiber. We leave it as a future work.
Abbreviations
BNNT: Boron Nitride Nanotube; CNT: Carbon Nanotube; h-BN: Hexagonal
Boron Nitride.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40580-022-00312-y.
Additional file 1: Figure S1.(a) EELS and (b) EDS analysis of the BNNTs.
Figure S2. Structure of impurities analyzed by HR-TEM. Most of the impu‑
rities are made of h-BN layers. Figure S3. Structure of tube ends analyzed
by HR-TEM. Most of the tube ends are closed without boron droplets.

Figure S4. Thermogravimetric analysis of as-grown BNNTs. Amorphous
boron content is 1.35 wt.%. Figure S5. Streamlines calculated in the reac‑
tion chamber at (left) 2 and (right) 12 bar. Red arrows indicate a potential
pathway of BN precursors or debris formed.
Acknowledgements
Not applicable.
Author contributions
DSB and MJK planned and designed the experiments and analysis and pre‑
pared the manuscript. DSB and CK worked on the laser ablation experiments.
OK, KSK and HS carried out the simulation work. The corresponding author
MJK and K-H. Lee supervised this work. All authors read and approved the final
manuscript.
Funding
This work was supported by grants from the KIST 4U ORP (Open Research
Program), the Technology Innovation Program (20000479) funded by the Min‑
istry of Trade, Industry & Energy (MOTIE, Korea), the grants from the National
Research Foundation of Korea (2020R1A2C1101561, 2021M3F6A1085886) by
Korean government (MSIT). This work was also supported by Korea Research
Institute for defense Technology planning and advancement (KRIT) grant
funded by the Korea government(DAPA (Defense Acquisition Program Admin‑
istration)) (No. KRIT-CT-21-014, 2021).
Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Chemical Engineering, Pohang University of Science
and Technology, 77 Cheongam‑ro, Nam‑Gu, Pohang, Gyeongbuk 37673,
Republic of Korea. 2 Department of Chemistry, Gachon University, 1342 Seong‑
nam‑daero, Sujeong‑gu, Seongnam‑si, Gyeonggi‑do 13120, Republic of Korea.
3
Composite Materials Application Research Center, Korea Institute of Science
and Technology, 92, Chudong‑ro, Bongdong‑eup, Wanju, Jeollabuk‑do 55324,
Republic of Korea. 4 Department of Mechanical Engineering, McGill University,
845 Rue Sherbrooke O, Montréal, QC H3A 0G4, Canada. 5 Security and Disrup‑
tive Technologies Research Centre, National Research Council Canada, 100
Sussex, Ottawa, ON K1A 0R6, Canada.
Received: 3 March 2022 Accepted: 26 April 2022

Bae et al. Nano Convergence

(2022) 9:20

References
1. R. Arenal, M.-S. Wang, Z. Xu, A. Loiseau, D. Golberg, Nanotechnology 22,
265704 (2011)
2. A.P. Suryavanshi, M.-F. Yu, J. Wen, C. Tang, Y. Bando, Appl. Phys. Lett. 84,
2527–2529 (2004)
3. N.G. Chopra, A. Zettl, Solid State Commun. 105, 297–300 (1998)
4. C.W. Chang, A.M. Fennimore, A. Afanasiev, D. Okawa, T. Ikuno, H. Garcia, D.
Li, A. Majumdar, A. Zettl, Phys. Rev. Lett. 97, 085901 (2006)
5. D.A. Stewart, I. Savic, N. Mingo, Nano Lett. 9, 81–84 (2009)
6. T. Dumitrica, B.I. Yakobson, Phys. Rev. B 72, 035418 (2005)
7. Y. Chen, J. Zou, S.J. Campbell, G.L. Caer, Appl. Phys. Lett. 84, 2430–2432
(2004)
8. J.W.G. Wildoer, L.C. Venema, A.G. Rinzler, R.E. Smalley, C. Dekker, Nature
391, 59–62 (1998)
9. Q. Weng, X. Wang, X. Wang, Y. Bando, D. Golberg, Chem. Soc. Rev. 45,
3989–4012 (2016)
10. X. Blase, A. Rubio, S.G. Louie, M.L. Cohen, Europhys. Lett. 28, 335–340
(1994)
11. J.S. Lauret, R. Arenal, F. Ducastelle, A. Loiseau, Phys. Rev. Lett. 94, 037405
(2005)
12. J.H. Kang, G. Sauti, C. Park, V.I. Yamakov, K.E. Wise, S.E. Lowther, C.C. Fay, S.A.
Thibeault, R.G. Bryant, ACS Nano 9, 11942–11950 (2015)
13. N.G. Chopra, R.J. Luyken, K. Cherrey, V.H. Crespi, M.L. Cohen, S.G. Louie, A.
Zettl, Science 18, 966–967 (1995)
14. D. Golberg, Y. Bando, M. Eremets, K. Takemura, K. Kurashima, H. Yusa, Appl.
Phys. Lett. 49, 2045–2047 (1996)
15. Y. Chen, J.F. Gerald, J.S. Williams, S. Bulcock, Chem. Phys. Lett. 299,
260–264 (1999)
16. O.R. Lourie, C.R. Jones, B.M. Bartlett, P.C. Gibbons, R.S. Ruoff, W.E. Buhro,
Chem. Mater. 12, 1808–1810 (2000)
17. C. Tang, Y. Bando, T. Sato, K. Kurashima, Chem. Comm. 12, 1290–1291
(2002)
18. C. Zhi, Y. Bando, C. Tan, D. Golberg, Solid State Commun. 135, 67–70
(2005)
19. M.W. Smith, K.C. Jordan, C. Park, J.-W. Kim, P.T. Lillehei, R. Crooks, J.S. Har‑
rison, Nanotechnology 20, 505604 (2009)
20. K.S. Kim, C.T. Kingston, A. Hrdina, M.B. Jakubinek, J. Guan, M. Plunkett, B.
Simard, ACS Nano 8, 6211–6220 (2015)
21. F. Haber, Funfvortrdge aus denjahren 1920–1923 (Verlag Julius Springer,
Berlin, 1924)
22. J.H. Kim, H. Cho, T.V. Pham, J.H. Hwang, S. Ahn, S.G. Jang, H. Lee, C. Park,
C.S. Kim, M.J. Kim, Sci. Rep. 9, 15674 (2019)
23. S. Frueh, R. Kellett, C. Mallery, T. Molter, W.S. Willis, C. King’ ondu, S.L. Suib,
Inorg. Chem. 50, 783–792 (2011)
24. B. Zhong, L. Song, X.X. Huang, G.W. Wen, L. Xia, Mater. Res. Bull. 46,
1521–1523 (2011)
25. B. Zhong, X.X. Huang, G. Wen, H. Yu, X. Zhang, T. Zhang, H. Bai, Nanoscale
Res. Lett. 6, 36 (2011)
26. Y. Wang, Y. Yamamoto, H. Kiyono and S. Shimada, Jour. of Nanomater.
606283, 2008.
27. H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, R.E. Smalley, Nature 318,
162–163 (1985)
28. X. Blasé, A.D. Vita, J.-C. Charlier, R. Car, Phys. Rev. Lett. 80, 1666–1669
(1998)
29. Y. Huang, J. Lin, C. Tang, Y. Bando, C. Zhi, T. Zhai, B. Dierre, T. Sekiguchi, D.
Golberg, Nanotechnology 22, 145602 (2011)
30. Z. Li, R.J. Young, I.A. Kinloch, A.C.S. Appl, Mater. Interfaces 5, 456–463
(2013)
31. P. Snapp, C. Cho, D. Lee, M.F. Haque, S. Nam, C. Park, Adv. Mater. 32,
2004607 (2020)

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Page 10 of 10

