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ABSTRACT: Boron nitride (BN) is well-known for its
excellent thermal conductivity, high chemical stability, and
low dielectric constant, making it widely used as a lubricant,
thermal management material, and electrical insulator. For
different applications, the nanostructure of BN plays a
prominent role. In particular, boron nitride nanotubes
(BNNTs) are preferred for enhancing the properties in specific
directions. Traditional BNNT synthetic methods often require
valuable precursors and catalysts and prolonged reaction time
for structure engineering, limiting their practical applications.
Here, we present a dimension engineering strategy to
controllably synthesize one-dimensional BNNTs and two-
dimensional nanosheets (BNNSs) by flash Joule heating

BH3NH;
NH,CI

S
Fe(acac),

+ Arc welder -D—W

Precursors —

» »

Quartz tube

Catalytic Flash Joule Heating Carbon felt

BH5NH, H —
S promoter

J

BNNT

(FJH) within 1 min. The scalable production of ~5 g is achieved per batch. During BN synthesis, sulfur is identified as a
crucial additive that accelerates precursor dehydration and facilitates nanotube formation. When applied as additives in
composites, BNNTs exhibit enhanced mechanical strength and thermal conductivity compared to BNNSs, highlighting the
necessity of BN dimension engineering for diverse applications. This work offers a feasible strategy for tailoring BN
nanostructures and optimizing their properties, with potential applicability in the synthesis of other nanomaterials beyond BN.
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chemical inertness,” excellent mechanical strength,3 and

electrical insulation,” has been widely recognized as a
promising material for reinforcement,’ lubrication,® thermal
management,7’8 neutron shielding,9 and optoelectronicm
applications. Composed of sp*-hybridized B and N atoms as
fundamental building blocks, hexagonal BN (h-BN) can be
assembled into different dimensional forms, including one-
dimensional (1D) boron nitride nanotubes (BNNTSs) and two-
dimensional (2D) boron nitride nanosheets (BNNSs). The
variation in dimensionality introduces distinct interfacial
interactions and functional properties, making them suitable
for different applications. For example, the planar symmetry of
BNNSs enables uniform in-plane properties, making them
ideal for dielectric layers and 2D devices.'' In contrast,
BNNTS, with their distinct strength, flexibility, and through-
plane load transfer, are commonly employed as reinforcements
in composite materials.'” Therefore, dimension engineering is

B oron nitride (BN), with its high thermal conductivity,'
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a crucial prerequisite for tailoring BN materials to meet specific
application requirements.

A variety of synthesis methods have been explored to
fabricate BN nanostructures with a controlled dimensionality.
Mechanical exfoliation is a feasible approach for high-quality,
ultrathin BNNSs, though only in limited quantities.”” For
scalable production, liquid-phase exfoliation is commonly
employed, but it offers limited control over BNNS thickness
and morphology.'* Chemical vapor deposition (CVD) is the
most widely adopted technique for the BN synthesis. Without
specific control, 2D BN films are commonly grown on Cu or
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Figure 1. FJH setup for BN synthesis using carbon felt as the heating element. (a) Schematic diagram of the FJH setup. (b) Cross-sectional
schematic illustrating the use of carbon felt in FJH. (c) Pictures of reactors (i) before and (ii) during the FJH process. A spring coiled
around the tube surface enhances the mechanical integrity of the tube reactor. (d) Real-time temperature profile with an input current of 30
A during FJH. (e) N 1s XPS spectra of flash-synthesized BN with carbon black as the conducting additive (termed BCN) and with carbon felt
as the heating element (termed as BN). (f) Weight loss of the flashed BCN and BN tested by TGA. TGA tests were conducted in a 100 mL

min~!

air flow with a heating rate of 10 °C min™". Error bars represent standard deviations from three parallel tests.

Ni substrates using borazine or ammonia boron."> For 1D
BNNTSs synthesis, expensive B/N sources and catalysts, precise
control of gas flow and temperature, and extended reaction
durations are often required. Despite these efforts, precursor
conversion efficiency and overall production scalability remain
limited, hindering the practical deployment of BNNTs. %7
Therefore, developing accessible synthesis methods that
combine cost-effectiveness, scalability, and precise dimensional
control is essential for advancing BN nanostructure applica-
tions.

Flash Joule heating (FJH) induces localized heating and
rapidly reaches high temperatures within seconds, making it a
promising technique for nanomaterial synthesis with low
energy consumption and good controllability.'*™** Here, we
developed a sulfur-promoted strategy for the selective synthesis
of BNNTs and BNNSs using FJH. During the FJH process,
ammonia borane (AB) and iron(IIl) acetylacetonate (Fe-
(acac);) served as the precursor and catalyst, respectively,
while ammonium chloride was employed to mitigate nitrogen
loss. Sulfur was introduced as a selectivity promoter, facilitating
AB dehydration and nanotube formation. Using carbon felt as
the heating element, BNNT and BNNS were selectively
synthesized using a commercial arc welder within 1 min with
low carbon impurities. The selectivity for each BN
nanostructure reached >60%. When used as composite
additives, BNNTs demonstrated enhanced thermal conductiv-
ity, modulus, and hardness, compared with BNNSs, high-
lighting the advantages of dimension engineering in improving
composite performance. This study presents an energy-efficient
strategy for BN nanostructure synthesis, enabling precise
dimensional control for targeted applications. The insights
gained into the catalytic growth process during rapid electrical
heating provide a valuable foundation for advancing nanoma-
terial synthesis techniques.

RESULTS AND DISCUSSION

In a typical FJH process, a mixture of AB, Fe(acac),;, NH,C],
and S is embedded in a curved carbon felt and then
compressed inside a quartz tube between two graphite rods
(Figure la). The carbon felt served as the heating element,
while a commercial arc welder provided a continuous power
supply. During FJH, the carbon felt was rapidly heated and
transferred heat to the precursors, initiating BN growth as the
current passed through (Figure 1b). Benefiting from a stable
current input, the reaction temperature was maintained at
~1200 °C for 30 s, with a low variation of <3% (Figure 1d). By
adjustment of the input current from 10 to 70 A, the reaction
temperature was precisely controlled between 750 and 2100
°C (Figure S1).

For the flash of nonconductive precursors, carbon additives,
such as carbon black gowder, are often required to ensure the
sample conductivity.”* "> However, during BN synthesis,
carbon reacts with the precursors, leading to undesirable
carbon doping in the flashed product (termed flash BCN) and
influencing its purity. Distinct C—N (~286.0 eV) and N—C
(~400.7 eV) peaks were observed in the C 1s and N 1s X-ray
photoelectron spectra (XPS), respectively (Figure le and
Figures S2 and S3). Due to the formation of C—N bonds,
excess boron interacts with residual oxygen, as evidenced by
the B—O peak at ~193.1 eV (Figure S2). A weight loss of 29.7
wt % was observed in BCN samples by thermogravimetric
analysis (TGA, Figure 1f and Figure S4), mainly attributed to
carbon removal. To address the issue, we applied a high-
temperature-stable carbon felt as the heating element to
minimize the carbon contact with the precursor, thereby
reducing carbon impurities in flash-synthesized BN. As a result,
the C—N, N—C, and B—O peaks in flashed BN samples
disappeared, and the weight loss decreased to 3.1 wt % (Figure
le,f and Figures S2—S4).

During BN synthesis, when AB was directly used as the
precursor, the B/N mole ratio in the flashed BN was often >1,
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Figure 2. Parameter modulation for dimension engineering during BN synthesis. (a) B/N mole ratios and oxygen contents in BN products
with the increase of NH,Cl contents in the precursors. (b) Nanotube selectivity using different catalysts. The catalyst metal content is kept at
1.3 wt %. (c) Diameter and selectivity of flash-synthesized BNNT with different Fe catalyst content. Error bars in (a) represent standard
deviations from three parallel XPS tests. Error bars of the selectivity in (b) and (c) represent standard deviations from three samples under
the same reaction conditions. Error bars of tube diameter in (c) represent standard deviations from 50 nanotubes from 10 SEM images. (d—
f) SEM images of BNNT synthesized with Fe catalyst content of (d) 0.3 wt %, (e) 1.3 wt %, (f) 2.5 wt %.
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Figure 3. Influence of sulfur on BNNT synthesis. (a, b) SEM images of BNNT (a) without sulfur and (b) with § wt % sulfur. (c) Nanotube
selectivity with the increase of sulfur content. Error bars of the selectivity represent standard deviations from three samples under the same
reaction conditions. (d) Total energy change in the sequence of H atoms being detached from the AB molecules and transferred to the Fe
surface. (e) Desorption energy of hydrogen from the Fe (100) surface after each H atom is detached from the AB molecule. (f) Reaction

mechanism of sulfur-promoted BNNT growth.

which can be ascribed to the higher vapor pressure of N
compared to B (Figure S5). Excessive B tended to bond with
oxygen, leading to oxygen impurities (Figure S6). To mitigate
nitrogen loss, NH,Cl was introduced into the precursor,
generating NH; to react with boron compounds during the
reaction. As the NH,Cl content increased from 0 to 15 wt %,
the B/N mole ratio gradually decreased from 1.13 to 1.02,
while the oxygen content was reduced from 4.9 to 1.0 at%
(Figure 2a and Figure S7), indicating improved purity of the
flashed BN products.

In order to achieve dimension engineering of the flashed
products, especially to increase the BNNT selectivity while

maintaining a high yield, we first optimized the reaction
temperature and duration. Yield was defined as the mass of
flash-synthesized BN products divided by theoretical yield
based on the AB amount, while selectivity was determined by
calculating the proportion of BNNT-dominant images among
50 scanning electron microscopy (SEM) images. Generally,
higher reaction temperatures and longer reaction durations
improved BNNT selectivity but reduced the overall yield
(Figure S8). The optimized conditions were set to 1200 °C for
30 s, achieving ~60.7% nanotube selectivity with a high yield
of ~67.2% (Figure S9). During the synthesis process, the
catalyst is another prominent factor influencing BN structures.
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Figure 4. Comparisons between BNNS and BNNT. (a) XRD patterns of BNNS (blue line) and BNNT (red line). The PDF card for h-BN is
00-015-0500. (b) Raman spectra of BNNS (blue line) and BNNT (red line). (c) Infrared spectra of BNNS (blue line) and BNNT (red line).
(d, ) TEM images of (d) BNNS and (e) BNNT. (f) Retention percentage of commercial BNNS (blue) and BNNT (red) after different
sedimentation times. (g) Thermal conductivities of VER composites with different contents of BNNT (red line) and BNNS (blue line)
additives. (h) Force—displacement curves of VER composites obtained from nanoindentation tests under different loads. (i) Modulus and
hardness of blank VER, and VER with 1 wt % BNNS, and 1 wt % BNNT. Error bars in (g) represent standard deviations from three parallel
tests. Error bars in (i) represent standard deviations from 10 parallel tests.

Without any catalyst, BNNS tended to be formed with high
uniformity (Figure S10), while introducing catalysts would
lead to nanotube structure formation. Among various Fe
compounds, Fe(acac); was identified as the best catalyst,
achieving a selectivity of 60.7%, followed by ferrocene
(denoted as FeCp,, ~43.2%). In comparison, FeO and FeCl,
showed much lower selectivity (<30%, Figure 2b). This can be
attributed to the low decomposition temperature of Fe(acac),
(~190-275 °C, Table S1), which enables the rapid formation
of a high concentration of catalytic metal nanoparticles. We
then compared the catalytic performance of different transition
metal acetylacetonates, where Fe(acac); demonstrated higher
selectivity than its Ni and Co counterparts. When further
modulating the Fe catalyst content, BNNT selectivity
increased but decreased with excessive catalyst amounts. The
optimal catalyst concentration was 1.3 wt % (Figure 2c). The
increase in the catalyst content also led to a larger BNNT
diameter, likely due to the aggregation of catalytic metal cores
(Figure 2d—f).

Moreover, in our experiment, we found that sulfur is a
crucial additive for nanotube formation. With 5 wt % sulfur,
BNNT selectivity increased from 19.5% to 60.7% (Figure
3a,b). However, further increasing the sulfur content to 10 wt
% does not lead to an obvious change in selectivity (Figure 3c).
To better understand the role of sulfur in catalytic growth, we
conducted theoretical simulations to reveal the dehydrogen-
ation process of the AB precursor on the Fe (100) surface (see
details in Note S1 and Figures S11 and S12). The energy

continuously decreased at each dehydration step, indicating
that the stepwise detachment of H atoms from AB on the Fe
(100) surface was energetically favorable. The sulfur atoms on
the Fe surface destabilized Fe—H binding, lowering the
dehydrogenation energy of AB to form BN. Then, we
calculated the desorption energy of the H atoms from the Fe
surface sequentially after their detachment from the AB
molecule. Except for the first H atom, the desorption energy
of the remaining three decreased by 50% in the presence of
sulfur (Figure 3e and Table S2), indicating that sulfur
substantially accelerates hydrogen desorption. Slow hydrogen
desorption leads to rapid saturation and passivation of edge
atoms, limiting the supply of B—N species and favoring BNNS
growth via surface-mediated deposition. In contrast, fast
hydrogen desorption promotes further dehydration and rapid
release of HB-NH building units, facilitating catalyst-mediated
nucleation and BNNT growth.”” The increased availability of
B—N species due to H, removal aligns with Le Chatelier’s
principle, based on the equation of BH;NH;(g) — BN(s) +
3H2(g)-28

The reaction mechanism of sulfur-promoted BNNT growth
is summarized in Figure 3f. Catalytic BNNT growth in FJH
follows a tip-growth model via the vapor—liquid—solid (VLS)
mechanism, as evidenced by the TEM images (Figure S13).
This behavior is consistent with observations from the boron
oxide CVD (BOCVD) method."*** At the reaction temper-
ature, Fe nanoparticles react with B or B—N species and
partially melt at the surface, forming an amorphous transition
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layer. The rapidly released B—N species then diffuse into the
condensed Fe catalyst, leading to saturation and subsequent
BNNT precipitation.'” In this process, sulfur accelerates H,
dissociation on the Fe surface and facilitates the direct fusion
of adjacent BN ring networks on the catalyst surface.”>*

For practical applications of flash-synthesized BN materials,
we demonstrated the scalability of the FJH methods using a 16
mm quartz tube (Figure S14a,b). During FJH, the temperature
showed negligible variations (<5%) along the tube axis (Figure
Sl4c,d), confirming temperature stability for uniform sample
heating. ~5 g of BNNT was successfully synthesized with high
selectivity (Figure Sl4e). To withstand a higher pressure
during the reaction, especially in scale-up processes, thick-
walled polyether ether ketone (PEEK) tubing can be used
(Figure S15). Benefiting from our experiences in scaling up the
FJH process, kilogram-scale graphene production has already
been achieved in a laboratory reaction system,”" and tonne/
day industrially,”> which is ready to be applied for BN
synthesis. In addition to its scalability, the FJH method offers
higher selectivity and yield, lower energy consumption, and
significantly shorter reaction times compared to those of other
BNNT synthesis methods (Table S3). While CVD is
commonly used for gram-scale BNNT production and
operates at reaction temperatures comparable to those of a
similar gas-phase growth mechanism, FJH achieves substan-
tially shorter reaction durations and higher yields (Table S4),
making it a promising alternative for efficient and scalable
BNNT synthesis.

Meanwhile, considering the presence of NH,CIl, S, and
Fe(acac), in the precursor mixture, potential impurities from
Cl, S, and Fe could affect the performance of the flashed
products. Due to the low decomposition temperature of
NH,C], ClI content in the flashed products was negligible (<0.1
at%) in the flashed products (Figure S16). However, a distinct
sulfur content of ~3.1 atom % was observed (Figure S17).
TGA results showed that the sulfur oxidation occurred within
the 200—350 °C (Figure S18). Since carbon oxidation occurs
at 600 °C (Figure S4), we calcined the flashed BN samples at
600 °C for 30 min in the air. Negligible sulfur or carbon signals
were detected after calcination (Figures S19 and S$20), while
BN remained unchanged (Figures S21 and $22), confirming
the effective removal of both carbon and sulfur impurities
through this process. Note that a portion of the trace C (~1
atom %) in the calcined products may result from the
adsorption of hydrocarbons from the laboratory air. In
contrast, flashed BCN samples exhibited inferior thermal
stability and were oxidized to B,O; in air, due to the loss of
carbon sites during calcination (Figures S21 and S22). For the
Fe residues, initial Fe contents in the precursors were
measured to be ~1.3 wt % by inductively coupled plasma
mass spectroscopy (ICP-MS). After the flash, the residue Fe
content decreased to ~0.7 wt %. After leaching with 1 M HCI,
a substantial amount of Fe residue (~850 ppm) remained in
the flashed samples. However, after the calcination steps for
sulfur removal, followed by the same acid-leaching process, the
Fe residue content further decreased to ~100 ppm, making it
suitable for further applications (Figure S23).

After sample purification, we conducted characterizations to
compare the morphologies and properties of the BNNT and
BNNS. X-ray diffraction (XRD) analysis revealed the
characteristic (002) diffraction peak of h-BN in both BNNT
and BNNS samples (Figure 4a).”* Notably, BNNTs exhibited
a lower (002) peak position (~25.6°) compared to BNNSs

(~26.2°) in the high-resolution scans (Figure S24), and both
were lower than that of bulk h-BN (~26.6°), indicating an
expanded interlayer spacing.””** In the Raman spectra (Figure
4b), the E,, peaks of both BNNT and BNNS appeared at
~1366 cm ' with a narrow distribution (Figure S$25),
consistent with bulk h-BN (1365—1366 cm™!).>*** The
domain size of tens of nanometers is confirmed by the
broadening of XRD and Raman peaks (see details in Note S2),
attributed to the ultrafast reaction kinetics of the FJH
process.”* The Fourier transform infrared (FTIR) spectrum
further confirmed BN structures, showing a B—N stretching
peak at 1320 cm ™' and a B-N—B bending peak at 765 cm™!
for both BNNT and BNNS (Figure 4¢).*> The broadened
FTIR signals are attributed to nanoscale crystalline domains
and weakened vibrational coupling compared to bulk h-BN.*®

High-resolution transmission electron microscopy
(HRTEM) confirmed the high crystallinity of BNNS, with a
lattice spacing of ~0.34 nm corresponding to the (002) facet
of BN (Figure 4d).”” BNNT exhibited a hollow tubular
structure, and its lattice spacing of ~0.35 nm was slightly larger
than that of BNNS (Figure 4¢).*® Both values are consistent
with the estimates based on the (002) XRD peak position
(Note S2) and are higher than the lattice spacing of 0.33 nm
for bulk h-BN, indicating a weakened interlayer interaction.
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDS) verified the uniform distribution of B
and N elements, showing well-overlapped elemental mapping
in both BNNS and BNNT (Figure $26). Atomic force
microscopy (AFM) further confirmed the tubular and sheet-
like morphologies of BNNT and BNNS, respectively (Figure
S27). The measured thickness of BNNSs (~35 nm) is
consistent with the distribution of 38.4 + 4.7 nm derived
from the SEM results (Figure S10).

In addition, BNNT exhibited a higher surface area (~150 m?
g™') than BNNS (~89 m* g™'), attributed to its smaller size
and high aspect ratio (Figure S28), which contributed to its
lower thermal stability in air (Figure $29). When dispersed in a
1 wt % Pluronic F-127 aqueous solution, both BNNT and
BNNS demonstrated good dispersion (Figure S30), ascribed
to the expanded interlayer spacing and weaker interactions.
Notably, BNNT showed a much better dispersion retention of
~83% than BNNS (~50%) after 20 days (Figure 4f).

Benefiting from their high aspect ratios and excellent
dispersion stability, BNNTs were used as additives for vinyl
ester resin (VER) composites. As the BNNT content increased
from 0 to 1 wt %, the thermal conductivity of VER increased
from 0.13 to 0.21 W m™* K™, In contrast, when BNNS was
used as the additive, the thermal conductivity of VER initially
increased but then decreased with a loading content of 1 wt %,
likely due to BNNS agglomeration (Figure 4g). We further
evaluated the mechanical properties of VER composites by
using nanoindentation. With 1 wt % BNNT loading, VER
composites exhibited an average modulus of 8.2 GPa and an
average hardness of 404.7 MPa, demonstrating notable
improvement compared to VER composites with 1 wt %
BNNS (modulus, 7.2 GPa; hardness, 361.6 MPa, Figure 4h,i).
In addition, the flash-synthesized BNNTSs exhibit improved
thermal and mechanical property enhancements when
incorporated into composites, outperforming other BN-based
additives reported in the literature (Tables SS and S6). These
findings underscore their exceptional reinforcing efficiency and
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strong potential as high-performance nanofillers for advanced
composite applications.

CONCLUSION

This work presents a sulfur-promoted strategy for engineering
the dimensionality of BN via catalytic FJH. The introduction
of sulfur facilitates precursor dehydrogenation and hydrogen
desorption on the catalyst surface, enabling precise control
over BNNT formation with high selectivity (>60%) and yield
(>60%) while achieving a record-high production rate
exceeding 1 g/min. When incorporated into polymer
composites, the synthesized BNNTSs provided distinct
enhancements in both thermal and mechanical properties
compared to BNNSs, underscoring the importance of
dimensionality control in nanostructures for targeted applica-
tions. This efficient and scalable synthesis strategy holds great
promise as a versatile platform for tailoring nanomaterial
structure and expanding their application potential.

EXPERIMENTAL METHODS

Materials. Quartz tubing (8 mm inner diameter) was used for the
reaction with a batch size of 500 mg. Ammonia borane (97%), NH,Cl
(99.5%), sulfur (99.98% trace metals basis), Fe(IIl) acetylacetonate
(99%), Ni(II) acetylacetonate (95%), Co(II) acetylacetonate (97%),
FeCl,-4H,0 (98%), and FeO (10 mesh, 99.6% trace metals basis)
were purchased from Millipore-Sigma. Pluronic acid F-127 was
obtained from BASF.

Flash Joule Heating Process. Carbon felt (3.1 mm thickness,
Fuel Cell Store) was used for the heater and cut with an areal size of 2
cm X 2.5 cm. AB (stored in an Ar-filled glovebox, O, < 0.5 ppm, H,0O
< 0.5 ppm), NH,C], Fe(acac)s, and sulfur are mixed and subsequently
embedded within the carbon felt. The optimal mass ratio among AB,
NH,Cl, Fe(acac);, and sulfur is 72:15:8:5. The precursor-loaded
carbon felt was placed inside an 8 mm diameter quartz tube, covering
the tube inner surface. Graphite rods served as electrodes at both ends
of the tube with copper wool positioned between the graphite rods
and the flash electrodes to enhance electrical contact. The sample
resistance was modulated to ~0.5 €. The tube was then positioned on
a custom-built reaction jig, sealed with two O-rings on each side, and
connected to an external arc welder system. During the flash process,
a steady current passed through the carbon felt, heating the embedded
precursors. The heating temperature was regulated by controlling the
input current, and the heating duration was manually controlled by
switching the beaker of the power supply. The flash temperature was
recorded by an infrared (IR) thermometer (Micro-Epsilon) in the
detecting range of 200—1500 °C with a detection interval of 1 ms.
After flashing, the samples rapidly cooled to room temperature.

Dispersion Test. BNNS and BNNT (2—10 mg mL™") were
dispersed into an aqueous solution of Pluronic F-127 (1 wt % in
deionized water), respectively, and subjected to sonication (DUC-
1002-00, CREWORKS) for 30 min. The supernatant was then
analyzed via UV—vis spectroscopy based on the Lambert—Beer law.
To determine the BN concentration, the dispersions were diluted 100
fold, and the absorbance was measured at 300 nm. An extinction
coefficient of ;) = 3177 L g™! m™" was applied for concentration.>

Composite Preparations. For vinyl ester resin (VER) prepara-
tion, S g of vinyl ester (VE, Fiberglass Supply Depot) was placed in a
20 mL scintillation vial, followed by the gradual addition of BN at
varying loadings from 0.5 to 1 wt %. The mixture was stirred at room
temperature using a magnetic stir bar at 300 rpm for 30 min and then
subjected to ultrasonication (DUC-1002-00, CREWORKS) for
another 30 min. Subsequently, shear mixing was performed using a
homogenizer (Cole-Parmer Tissue Tearor 986370-07, 120 VAC, 1.2
A) at 10000 rpm for 3 min. Methyl ethyl ketone peroxide (MEKP,
Fiberglass Supply Depot) was then added as a hardener at 3 wt % and
mixed via shear mixing at 9000 rpm for 1 min, followed by mechanical
stirring at 300 rpm for 5 min. The composite was left to cure

overnight in a scintillation vial before being removed for thermal
conductivity testing.

Thermal Conductivity Test. During the thermal conductivity
measurements, the temperature gradient along the Z-axis was
recorded by using four thermocouples positioned on each side of
the composite sample. The temperature data were linearly fitted to
minimize the squared error, enabling the determination of the heat
flow. The uncertainties in both the heat flow and temperature
differentials across the sample were obtained through this fitting
process. The cross-sectional area of the sample was calculated from its
volume-to-thickness ratio.

Nanoindentation Test. Nanoindentation was performed by
using displacement-controlled nanoindentation (Hysitron TI 980
Triboindenter), where the indentation depth was maintained at 100
nm for 10 s before initiating the unloading phase. This hold period
minimizes dynamic effects and ensures the load stability. By allowing
stress redistribution, the hold period ensures that the material fully
responds to the indentation, which is crucial for soft materials, thin
films, and porous structures where initial loading effects can skew
results. After the hold period, the indenter was smoothly retracted to
evaluate the material’'s elastic recovery and accurately determine
mechanical properties, including hardness and reduced elastic
modulus, which were calculated as the average of 10 collected data
points. The elastic modulus and hardness were determined using the
Oliver—Pharr method, based on eqs 1—3.%

_Vr.s.

T ay (1)

E E E, )

4p ()

where E, is the reduced elastic modulus; S is the stiffness derived from
the initial part of the unloading curve; Ap is the projected contact
area; E and v are the elastic modulus and Poisson’s ratio of the
sample, respectively; E; and v; are the elastic modulus and Poisson’s
ratio of the indenter, respectively; H is the hardness; and P is the
applied load.

Characterization. XRD was performed using a Rigaku SmartLab
system with filtered Cu Ka radiation (A = 1.5406 A). FT-IR spectra
were obtained with a Thermo Scientific Nicolet 6700 attenuated total
reflectance FTIR (ATR-FTIR) spectrometer (Waltham, MA, USA).
XPS was conducted using a PHI Quantera XPS system under a
pressure of 5 X 107 Torr. Survey spectra were collected with a step
size of 0.5 eV and a pass energy of 140 eV, while elemental spectra
were acquired with a step size of 0.1 eV and a pass energy of 26 eV. A
Shirley-type background was subtracted as the baseline, and peak
fitting was performed by using a Lorentzian—Gaussian mixed
function. All XPS spectra were calibrated using the C s peak at
284.8 eV as a reference. SEM imaging and elemental analysis via EDS
were performed on an FEI Quanta 400 ESEM FEG system at an
accelerating voltage of 10 kV and a working distance of 10 mm. TGA
was carried out using the Mettler Toledo TGA/DSC 3+ system at a
heating rate of 10 °C-min™" under an air or N, flow of 100 mL-min™".
HRTEM images were acquired on a JEOL 2100 field emission gun
transmission electron microscope operated at 200 kV. HAADF-STEM
imaging and EDS mapping were performed using an FEI Titan
Themis3 system equipped with image and probe aberration
corrections and an electron monochromator operating at 80 kV.
The AFM test was conducted in noncontact mode using a Park NX20
system (Park Systems Corp., South Korea). A PPP-NCHR cantilever
was employed with a spring constant (k) of 42 N m™ and a resonance
frequency (f) of 330 kHz. Before imaging, BNNT samples were
sonicated in isopropanol for 30 min (DUC-1002-00 CREWORKS),
and then cast onto a SiO, (300 nm)/Si substrate, while BNNS
samples were prepared using mechanical exfoliation onto a $SiO, (300
nm)/Si substrate. UV—vis spectroscopy was conducted by using a
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Shimadzu UV-3600 Plus spectrophotometer. Brunauer—Emmett—
Teller (BET) measurements were conducted at 77 K using a
Quantachrome Autosorb-iQ3-MP/Kr BET analyzer with nitrogen as
the adsorption/desorption gas. To determine the iron impurity
content, 30 mg of the sample was digested in a mixture of HNO;
(67—70 wt %, TraceMetal grade, Fisher Chemical) and HCl (37 wt
%, 99.99% trace-metal basis, MilliporeSigma) at a 1:3 volume ratio.
The digestion process was carried out in a PerkinElmer MPS320
microwave digestion system for 1 h. After digestion, the solution was
filtered through a 0.22 um polyether sulfone membrane and
subsequently diluted with 2 wt % HNO; to align with the calibration
curve range (1—100 ppb). Iron quantification was performed using a
PerkinElmer Nexion 300 ICP-MS.
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