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unctionalization of boron nitride
nanotubes via coupling reaction†

Thang Quoc Huynh, ab Minsung Kang, a Jeung Gon Kim *bc

and Seokhoon Ahn *ac

A broad range of functionalized boron nitride nanotubes has been synthesized using a facile method based

on the coupling reaction between BNNT and arenediazonium tetrafluoroborate derivatives. The formation

of covalent bonds between nanotubes and organic moieties results in homogeneous dispersions in organic

solvents, such as N,N0-dimethylformamide, acetone, isopropanol, and tetrahydrofuran. Digital images

demonstrated improved and stabilized dispersions lasting for several days, while TEM analysis indicated

no breakdown of nanotubes due to the mild reaction conditions employed. The functionalization

process was further confirmed through additional characterization, employing FTIR, XPS, and TGA.

Surface-functionalized materials exhibited a significant weight percentage of functionality, reaching up

to 21.8% according to TGA.
Introduction

Boron nitride nanotubes (BNNT) are one-dimensional struc-
tures of boron nitride that were theoretically predicted in 1994,1

and then experimentally discovered in 1995.2 They are cylinders
with nanometer-scale diameters and micrometer lengths alter-
nately composed of nitrogen and boron atoms and arranged in
a hexagonal lattice.3 The nanotubes have extremely remarkable
physical characteristics due to their low dimensionality and
high surface area-to-volume ratio. BNNT are broadband gap
semiconductors unaffected by tube radius, chirality, or other
geometrical parameters.4 They offer outstanding mechanical
qualities,5–8 high thermal conductivity,9,10 excellent electrical
insulator characteristics,11–13 oxidation resistance,14 and chem-
ical stability,15 making them particularly advantageous in
devices operating in hazardous and high-temperature
settings.3,4,16 Not surprisingly, studies on the properties and
uses of this exotic material have attracted a lot of attention due
to its excellent qualities. Over the last decades, many applica-
tions have relied on BNNT including high thermal
conductivity,17–22 thermal stability,23 synthetic biology,24–26

aerospace,27 electrical technology,28,29 biomedical materials,30–32

optical materials,33,34 and even power generation.35
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In spite of material potential, there are still critical issues
preventing them from further applications. Due to insolubility
and inert-chemical reactivity, the tubes are super difficult to
disperse and distribute uniformly in fabricating systems.36,37

Inadequate dispersion, aggregation, and bundling frequently
have adverse effects on the inherent characteristics, resulting in
considerably reduced values compared to what is theoretically
anticipated. To illustrate, subpar dispersion can hinder the
efficient transfer of loads from the matrix to nanotube rein-
forcements within a composite material, leading to a deterio-
ration in the structural mechanical properties. Achieving
effective dispersion and comprehending the interplay between
matrix chemistry, manufacturing techniques, and the resultant
physical attributes are essential for customizing nanocomposite
materials' performance.38 Hence, the capacity to manipulate
BNNT within uniform and consistent solutions empowers
researchers to tap into their unique and advantageous proper-
ties, facilitating fundamental investigations.

To tackle this issue, various chemical techniques have been
explored for functionalizing and dispersing BNNT, with most
employing harsh acids to oxidize B–N bonds or resorting to
more sophisticated or unconventional reduction
techniques.15,39–41 Covalent bonding through aggressive chem-
ical reactions damages the outer wall of BNNT, thereby
compromising their intrinsic properties. In contrast, gas-phase
surface modication techniques like ammonia plasma and
chemical vapor deposition (CVD) can address some issues while
minimizing the loss of BNNT's unique properties, but with low
reaction efficiency.42,43 Consequently, several challenges remain
unaddressed, which concerns the absence of an effective
method to gra a high density of functional groups onto BNNT,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4na00458b&domain=pdf&date_stamp=2024-07-17
http://orcid.org/0000-0001-5102-8140
http://orcid.org/0000-0001-5969-7533
http://orcid.org/0000-0003-1685-2833
http://orcid.org/0000-0002-3960-3197
https://doi.org/10.1039/d4na00458b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00458b
https://rsc.66557.net/en/journals/journal/NA
https://rsc.66557.net/en/journals/journal/NA?issueid=NA006015


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/2
8/

20
25

 7
:3

5:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
rendering them chemically active and enabling more efficient
surface modication.

In this study, we propose a method that avoids the use of
strong acids, potent oxidizing agents, toxic reagents, or metallic
materials. The reaction conditions involve only mild heating
and are very easy to handle, ensuring the preservation of the
nanotubes and the absence of any broken signals, resulting
high degree of functionalization of up to 21.8 wt% with the
possibility to scale up which is far better than previous
reports.44–48 To understand the mechanism, the hypothesis that
a highly active intermediate product generated from diazonium
salt interacted with the B-active position on the surface of BNNT
was suggested by XPS characterization.
Results and discussion
Reaction development, characterization, and mechanism
proposal

Diazonium salts are a category of organic compounds featuring
a common functional group R–N2+X−, where R represents an
organic component (like alkyl or aryl groups), and X signies an
organic or inorganic anion (e.g., a halogen, BF4−). These
compounds are recognized as high-energy materials capable of
undergoing violent decomposition upon heating or exposure to
mechanical force (shock-sensitive) that produce an aryl radical
as a super-reactive intermediate product. These salts have been
effectively employed in various transformations, particularly
with low-dimensional materials like carbon nanotubes
(CNT).49,50 Inspired by the previous achievement, we anticipate
that the highly reactive intermediate can engage with BNNT by
donating electrons to the boron center, which has naturally low
electron density. Consequently, 2f was chosen as a model
substrate for modication of BNNT surface because it was well-
known as a strong reactive reagent compared to other salts
(detailed reaction scheme and structure of all salts was depicted
in Fig. 1). We systematically optimized reaction conditions, and
these examples were selected in ESI Table 1.† There were solvent
systems that have been examined to identify a suitable envi-
ronment for the reaction as we expected. Exploitation of
common solvents such as water in ethanol, water, ethanol, or
acetone (ESI Table 1,† samples 1–4) provided the desired
product. However, with a low percentage of carbon atoms
according to scanning from XPS, it was still an unsatisfactory
transformation. Interestingly, employing CHCl3 (ESI Table 1,†
sample 5) provided the best results for this transformation, the
amount of carbon atom dramatically increased to 20.69%
compared to the other which was just under 10.51%. Thus,
Fig. 1 Reaction scheme and materials used in this study.

© 2024 The Author(s). Published by the Royal Society of Chemistry
CHCl3 was selected as the solvent for further reaction. The
addition of salt did not greatly improve the efficiency, unfor-
tunately, it decreased of carbon atom percentage by 10.24%. A
similar problem was caught up when the working temperature
and reaction time increased (ESI Table 1,† sample 6–8). The
resulting product (optimized sample, entry 5, ESI Table 1†),
denoted as 3f, was then comprehensively characterized.

The primary concern pertains to preserving the integrity of
the nanotubes during the reaction. This aspect holds signicant
importance since maintaining the structural integrity of the
nanotubes is synonymous with safeguarding their valuable
properties. To assess the preservation of nanotube structure,
TEM analysis was employed. The results from this analysis
revealed that the structure of BNNT remained intact. Impor-
tantly, there was no notable unzipping observed, and there was
no discernible increase in BN nanosheet or nanoribbon content,
as evidenced by the representative TEM images in Fig. 2a and
b (before the reaction) and Fig. 2c and d (post-reaction). Aer
graing, amorphous organic coating layersmight be observed on
the nanotube surfaces, introducing a rough surface of 3f
(Fig. 2d). These ndings may not only suggest that the process
(including the reaction and sonication process) did not signi-
cantly alter the structure of BNNT but also introduce an organic
component to their surfaces. The TEM analysis provides valuable
insights into the effects of reaction conditions on BNNT, high-
lighting their stability and robustness.

Further investigation was utilized, Fig. 3a and b demonstrated
FTIR spectra of BNNT and 3f. The analysis revealed the observa-
tion of starting BNNT used in this experiment having B–N (in-
plane) stretching at 1374 cm−1, and B–N–B (out-of-plane)
bending at 811 cm−1, and 795 cm−1. The shoulder at around
1100 cm−1 proved the existence of B–O stretch, and no C–H
stretching was presented in the range 2950–2800 cm−1. Consid-
ering the FTIR prole of 3f, witnessed the noticeable appearance
of C–H stretching at around 2950–2800 cm−1 proves the presence
of the aromatic ring on the BNNT surface. The magnication of
Fig. 2 (a and b) TEM images of BNNTs – before reaction and (c and d)
TEM images of 3f – after reaction.

Nanoscale Adv., 2024, 6, 3904–3910 | 3905
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Fig. 3 (a) FTIR (b) FTIR magnified region (c) TGA (d) wide scan XPS of
BNNTs and 3f.

Fig. 4 The B 1s and C 1s core level spectra of (a and c) BNNT and (b
and d) 3f.
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the bracketed region shows in detail the peak position at around
2950 cm−1 of sample 3f indicating the appearance of C–H
stretching from the phenyl group. In addition, the broad and
weak from 1650–1400 cm−1 is a piece of evidence about the
stretching of C]C, NO2, and scissoring of C–H bond.

Thermogravimetric analysis (TGA) was used to quantify the
degree of functionalization and determine the stability of both
BNNT and functionalization products. This method involves
comparing the breakdown temperatures of the nanotubes
themselves to those of the species covalently bound to the
surfaces of the tubes, which detach, decompose, or oxidize at
lower temperatures. BNNT are known to be quite thermally
stable, undergoing oxidation at extreme temperatures exceeding
800 °C. Hence, according to the TGA curves (Fig. 3c), it was
observed that there was minimal heat loss exhibited by BNNT,
which demonstrates the remarkable thermal stability of the
structure of BNNT. Thermal stability of 3f samples from the
reaction was also examined by TGA under air, the mass loss of
sample 3f might be resulted from organic components, proving
the existence of organic substances. Weight losses were observed
under 200 °C, which may be the result of the removal of solvent
absorbed inside nanotubes or some organic residues still present
in the sample. From 200 °C to 800 °C, the spectra showed major
mass changes of up to 21.8 wt% by the detachment or oxidation
of a benzene ring graed onto the surface of the nanotube during
the functionalization reaction, indicating that a high level of
functionalization was achieved and the reactivity of BNNT had
been greatly enhanced by covalent bonds.

X-ray photoelectron spectroscopy (XPS) was performed to
evaluate the effectiveness of functionalization in the case of
element composition (Fig. 3d). The XPS wide-scan spectra of
both the pristine BNNT and the functionalized BNNT 3f were
compared in Fig. 3d, and their element content data were
analyzed and summarized in ESI Table 3.† The results showed
a signicant decrease in the peak intensity of B 1s and N 1s in
the functionalized BNNT, suggesting a reduction in the
detectable levels of boron and nitrogen elements due to the
presence of a graing layer on the surface of BNNT.
3906 | Nanoscale Adv., 2024, 6, 3904–3910
Additionally, an increase in the percentage of carbon atoms was
observed in the modied samples 22.44%. Increasing carbon
content indicated the presence of a carbon substance, speci-
cally aromatic rings, on the surface of BNNT aer modication.
This value is comparable to the TGA analysis mentioned above,
the correlation between the two methods may result in a higher
degree of consistency and comparability of the results obtained
from different characterization techniques.

Fig. 4 illustrates the B 1s photoelectron spectroscopy results
for BNNT and 3f. In both spectra, a common peak at 190.3 eV
was identied, corresponding to the B–N bonding in pristine
BNNT. Another similar peak at 191.5 eV, indicative of B–O, was
observed in peak-tting analysis, likely arising from residual
B2O3 from the purication process. The 3f spectra revealed an
additional peak at 190.8 eV, potentially attributed to the –B–C–
bond, this peak offered valuable insights into the formation of
3f and the underlying reaction mechanism. In addition,
analyzing the C 1s spectra of BNNT, a weak signal was detected
in both BNNT and 3f, likely stemming from carbon contami-
nation in the raw materials or equipment. In the 3f spectra,
three other main peaks were noted, corresponding to the C–C,
C–B, and C–N groups. The presence of the B–C peak (B 1s) and
C–B peak (C 1s) strongly suggested that the diazonium salt had
reacted with the B sites on the BNNT's surface.

The pieces of evidence from XPS analysis led us to propose
a mechanism that gives us a better understanding of this
reaction. We believe that the reaction starts with the formation
of an electron donor–acceptor (EDA) complex between lone pair
electrons of N-active position and aryl diazonium salt under
accelerating heating (as depicted in Fig. 5).51 Next, an EDA
complex triggers a single electron transfer to generate aryl
radical, which then directly forms a bond with BNNT by con-
necting with the B-active site through attack to p-orbital,
affording radical intermediate **. The arene-functionalized
nanotube may already exist as the delocalized radical cation,
which may also accept electrons from nearby nanotubes or
interact with uoride or diazonium salts.52
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plausible mechanism of covalent functionalization of BNNT
using diazonium salts.
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Substrate scope, general dispersion evaluation

With the optimized reaction conditions in hand, we proceeded
to investigate the range of substrates applicable to the synthesis
of functionalized BNNT. Notably, this process exhibited
remarkable tolerance when exposed to an array of aryl diazo-
nium salts (Fig. 6).

To be more specic, aryl diazonium salts featuring a range of
substituents were examined for their impact on product yield,
as determined by TGA analysis (ESI Fig. 2 and Table 4†). These
substituents included halogen groups (3a, 3b), electron-
donating groups (3c), electron-withdrawing groups (3d, 3e, 3f),
and electron-neutral groups (3g). Notably, a discernible elec-
tronic effect of these substituents was observed. Salts with
electron-donating groups, like CH3, displayed reduced reac-
tivity, resulting in lower functionality, with a yield of only
4.1 wt%. Conversely, reactants with electron-withdrawing
groups, such as –COCH3 (11.8 wt%) and –CN (11.8 wt%),
exhibited notably higher functionality. In particular, the NO2

group, known for its strong electron-withdrawing effect, yielded
remarkable functionalization results, reaching up to 21.8 wt%.
Diazonium compounds containing halogen or neutral groups
provided intermediate yields when compared to the more
typical donating or withdrawing groups, with results as follows:
Br (8.1 wt%), F (8.2 wt%), and naphthalene (13.8 wt%). The
complete analysis of functionalized BNNT was depicted in ESI
Fig. 1–3.†
Fig. 6 Substrate scope.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Attachment of aromatic ring on the surface of BNNT and
starting material were re-dispersed in common solvents, such
as isopropanol (IPA), acetone N,N0-dimethyl formamide (DMF),
and tetrahydrofuran (THF) then presented in Fig. 7. The
dispersion information was also supported by UV-Vis estima-
tion method at 500 nm wavelength (depicted in ESI Fig. 4†). As
previously reported, BNNT exhibit temporary dispersion in
water and alcohols using high-energy sonication,53 therefore,
isopropanol is chosen as the rst dispersion environment. In
Fig. 7a, it is evident that samples 3a–3g, excluding 3d, exhibit
improved dispersions upon visual inspection. As per observa-
tion ESI Fig. 4a,† aer 2 days of dispersion, the original sample
settled nearly completely, with an absorbance of approximately
8.24 × 10−4 absorbance units (a.u). Conversely, the function-
alized samples demonstrated stable dispersions over several
days, with absorbance levels ranging from 0.0175 a.u to 0.11 a.u.
This suggests a signicant enhancement in dispersibility for the
functionalized samples in isopropanol, estimated to be between
21 (3e) and 133 times (3c) greater than the original sample.

A recent article reported that N,N0-dimethyl formamide is
a good solvent for BNNT dispersion with a sedimentation time
of up to 42.6 hours.54 Indeed, the picture of the dispersions
(Fig. 7c) shows BNNT/DMF progressively lost part or all of their
stability and almost went down over time. On the contrary,
samples 3a to 3d exhibit excellent dispersion behavior when
subjected to higher energy conditions. The dispersibility varies
from 2 to 36 times, with sample 3f demonstrating a factor of 2
and sample 3c showing a factor of 36, as detailed in ESI Fig. 4c.†
Acetone and THF are both recognized as poor dispersion
systems for BNNT. Intriguingly, the results depicted in Fig. 7b
illustrate the dispersion observed aer 48 hours for samples 3a
to 3c, whereas all samples demonstrate superior dispersion
properties in Fig. 7d compared to non-functionalized BNNT.
The dispersibility increases from 2 (3b) to 37 (3g) times in the
case of acetone and from 1.2 (3g) to 14.5 (3a) in the case of THF,
as outlined in ESI Fig. 4b and d.† The instability of BNNT is
caused by a substantial polarity difference between the nano-
tubes and the solvent. BN structures have a dipolar moment due
to the difference in electronegativity between B and N atoms.
However, the attachment of organic molecules to the surface
might modify the polarity of the BNNT, resulting in high solu-
bility in solvents such as acetone or THF.
Fig. 7 Photos of 3a–3g re-dispersed in various solvents (a) iso-
propanol (b) acetone (c) N,N0-dimethyl formamide (d) tetrahydrofuran.
Left to right: 3a–3g and BNNT/solvent (after 48 h).

Nanoscale Adv., 2024, 6, 3904–3910 | 3907
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The way a material disperses can be inuenced by various
factors such as its initial structure, the type of solvent chosen,
and the structure of the group attached to the surface, including
the inuence of the functional groups. Additionally, the amount
of surfactants can also play a role. However, it can be difficult to
accurately analyze the impact of each component. Nonetheless,
in this context, we can get some insight into the inuence of
functional groups on dispersion in suitable solvents. Nonpolar
groups like F, Br, CH3, and Naphthalene tend to disperse well in
a wide range of solvents compared to polar functional groups
like CN, NO2, and COCH3. This suggests that there may be
intermolecular interactions at play. For instance, highly polar
groups can coordinate with N or B atoms in another nanotube,
leading to aggregation and decreased dispersibility of the
functionalized nanotube.

Lastly, it is crucial to ensure that BNNTs remain well-
dispersed without any precipitation over the period, as this is
essential for their effective application. Fig. 8 presents the
results of a long-term stability assessment of the functionalized
BNNT (3a–3g), as well as BNNT analyzed using the absorbance
value from UV-Vis spectra.55 All analyses (Fig. 8a–d) exhibit
a consistent trend: pristine BNNT solutions degrade in stability
more rapidly than functionalized BNNT under identical
measurement conditions. Within 48 hours, the dispersibility
decay rate (DDR) for BNNT reached up to 80% in isopropanol
(IPA), nearly 100% in acetone, 62% in dimethylformamide
(DMF), and 75% in tetrahydrofuran (THF). In contrast, all
functionalized samples demonstrated signicantly improved
stability, maintaining a DDR below 30% aer 2 days. Speci-
cally, in IPA, the DDR ranged from 4.3% to 17.8%, with
a minimum of 4.4% for sample 3c and a maximum of 17.8% for
sample 3b. For acetone, the DDR reached up to 17% for sample
3d, with a minimum of 3.9% for sample 3f. In DMF, the DDR
varied from 11.5% for sample 3c to 26.5% for sample 3f. Finally,
in THF, the DDR ranged from 7.6% for sample 3b to 17.7% for
sample 3d.
Fig. 8 Dispersibility decay rate estimated from UV-Vis at 500 nm of
3a–3g re-dispersed in various solvents (a) isopropanol (b) acetone (c)
N,N0-dimethyl formamide (d) tetrahydrofuran.

3908 | Nanoscale Adv., 2024, 6, 3904–3910
Experimental
Materials

As-synthesized BNNT was supplied by the High-Enthalpy
Plasma Research Center at Jeonbuk National University
(Republic of Korea). Diazonium salts were purchased from
Sigma-Aldrich. Solvents were obtained from Daejung Chem-
icals. All chemicals are used without further purication.

Synthesis procedure

Purication of BNNT before using in reaction. The as-
synthesized BNNT were then puried to remove the amor-
phous element boron according to the method described else-
where.56,57 First, the sample was annealed in the furnace at 650 °
C for oxidation of amorphous boron to boron trioxide. Calcined
BNNT were washed with DI water several times every 30minutes
to remove boron oxides and ltered to collect BNNT.

Synthesis of functionalized BNNT. In a 30 ml vial, 10 mg pre-
treated BNNT in 10 ml solvent was placed, then the mixture was
bath sonicated (Portable Ultrasonic Cleaner (JAC-3010) equip-
ment at high frequency) for 60 min at room temperature to
disperse the tubes in solution. A magnetic stir bar was added to
the vial along with 100 mg diazonium salt and immediately
clamped into a silicone oil bath set to 55 °C, then the mixture
was stirred for an additional 16 hours. The product was washed
with deionized water, acetone, methylene chloride, and meth-
anol successively, followed by the treatment of ultrasonic and
centrifugation to remove the extra salt. The resultant product
was dried at 80 °C for 24 h in a vacuum oven.

Characterization

Fourier transform infrared spectroscopy (FTIR) was carried out
using Nicolet iS10 instrument (ThermoFisher Scientic)
Infrared Spectrum Analyzer in the 4000–500 cm−1 wave number
range with KBr pellets. Thermal gravimetric analysis (TGA) was
carried out using Rigaku Thermo Plus EVO2 by increasing the
temperature up to 900 °C (ramp: 10 °C min−1) under owing air
(60 ml min−1). X-ray photoelectron spectroscopy (XPS) was
measured with photoelectron spectrometer (K-alpha, Thermo
Fisher) with an excitation source used for survey spectra was by
standard Al Ka (1486.6 eV) at 14.9 keV anode voltage. The la-
ment current was 4.6 A, and the emission current was 20 mA.
Transmission electron microscopy (TEM) (Technai G2 F20, FEI,
Hillsboro, OR, USA) at 200 kV. Scanning electron microscope
(SEM) was carried out on a high-resolution scanning electron
microscope (SEM NovaFEI). All SEM samples were prepared by
ltering the dispersion suspension on the PVDF membrane
(Durapore, 0.22 mm). UV-670 UV-Vis Spectrophotometer from
Jasco was used to estimate the dispersion of BNNT.

Conclusions

The research described attempts to enhance BNNT surface
functionality and processability concerning dispersibility in
organic solvents. It demonstrated a novel, facile, and straight-
forward method for producing chemically functionalized boron
© 2024 The Author(s). Published by the Royal Society of Chemistry
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nitride nanotubes. A mechanistic study was also conducted that
revealed that the electrons' localization into the empty B-
centered orbitals of the BNNT plays an important role in the
enhanced reactivity by promoting covalent bond formation with
the electrons in the carbocation. The attachment of various
groups of aromatic moieties was carefully characterized using
microscopy, spectroscopy, and thermal measurement,
providing evidence of covalent functionalization. Interestingly,
most of the functionalized BNNT described here exhibit well-
dispersibility and long last for more than a few days. Success-
fully graing reactive functionalities, such as terminal benzene
rings or functional groups enables additional chemical modi-
cation, including covalent insertion into polymer networks or
various materials. This, in turn, may signicantly increase
BNNT compatibility in polymer matrix, enabling the production
of high-performance BNNT–polymer composites or ber.

Data availability

The data supporting this article have been included as part of
the ESI.†

Author contributions

T. Q. H.: conceptualization, validation, investigation, writing –

original dra; M. S. K.: investigation; J. G. K. and S. H. A.:
supervision, writing – review & editing. All authors have read
and agreed to the published version of the manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This research was supported by Korea Institute of Science and
Technology (KIST) Open Research Program and Korea Research
Institute for Defense Technology Planning and Advancement
(DAPA KRIT-CT-21-014).

References

1 A. Rubio, J. L. Corkill and M. L. Cohen, Phys. Rev. B: Condens.
Matter Mater. Phys., 1994, 49, 5081–5084.

2 N. G. Chopra, R. J. Luyken, K. Cherrey, V. H. Crespi,
M. L. Cohen, S. G. Louie and A. Zettl, Science, 1995, 269,
966–967.

3 J. H. Kim, T. V. Pham, J. H. Hwang, C. S. Kim and M. J. Kim,
Nano Convergence, 2018, 5, 17.

4 W.-Q. Han and A. Zettl, J. Am. Chem. Soc., 2003, 125, 2062–
2063.

5 R. Arenal, M.-S. Wang, Z. Xu, A. Loiseau and D. Golberg,
Nanotechnology, 2011, 22, 265704.

6 E. Hernández, C. Goze, P. Bernier and A. Rubio, Phys. Rev.
Lett., 1998, 80, 4502–4505.

7 A. P. Suryavanshi, M.-F. Yu, J. Wen, C. Tang and Y. Bando,
Appl. Phys. Lett., 2004, 84, 2527–2529.
© 2024 The Author(s). Published by the Royal Society of Chemistry
8 N. G. Chopra and A. Zettl, Solid State Commun., 1998, 105,
297–300.

9 C. W. Chang, A. M. Fennimore, A. Afanasiev, D. Okawa,
T. Ikuno, H. Garcia, D. Li, A. Majumdar and A. Zettl, Phys.
Rev. Lett., 2006, 97, 085901.
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