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High-Density Boron Nitride Nanotube Composites via
Surfactant-Stabilized Lyotropic Liquid Crystals for Enhanced

Space Radiation Shielding

Young-Kyeong Kim, Ik Jae Lim, Hongjin Lim, Yongbi Joo, Jueun Park, Md Monir Hossain,
Hyunjin Cho, Nam-Ho You, Seokhoon Ahn, Hunsu Lee, Sang Seok Lee, Yongho Joo,
Se Youn Moon, Hee Il Yoo, Calista Lum, Cheol Park, Siyoung Q. Choi,* and Se Gyu Jang*

Despite significant technological advancements in space exploration, human
space travel and colonization remain limited by the health risks associated
with space radiation. Boron nitride nanotubes (BNNTs) have been proposed as
an advanced material for space applications due to their high specific strength
and efficient radiation shielding capabilities. However, the practical implemen-
tation of BNNTs has been slow, primarily due to technological challenges in
fabricating structural materials incorporating BNNTs. In this study, a method
is presented for fabricating high-density BNNT films that are mechanically
robust, exhibit high thermal conductivity, and effectively attenuate space radia-
tion. The key advancement enabling high-density BNNT films is the successful
preparation of BNNT liquid crystals (LCs), achieved through the strategic use of
a commercial dodecylbenzenesulfonic acid surfactant. This surfactant ensures
exceptional BNNT stability in aqueous dispersion, even at concentrations
exceeding the LC phase transition threshold. Simulations, estimating the equiv-
alent radiation dose to the human body in space, indicate that a high-density
BNNT film with a surface density of 50 g cm~2 reduces the total dose equivalent
rate by 56% compared to zero shielding. This enhancement would allow astro-
nauts to extend their mission duration on the lunar surface by a factor of two.

1. Introduction

In recent years, space exploitation has be-
come essential for sustainable human de-
velopment, extending beyond mere sci-
entific curiosity. Its significance is fur-
ther underscored by the increasing involve-
ment of private space enterprises.['2] How-
ever, space radiation—comprising galac-
tic cosmic rays (GCRs) and solar ener-
getic particles (SEPs), which primarily con-
sist of high-energy protons, helium nu-
clei, heavier ions, and electrons—poses a
major challenge to astronaut health.[>
These high-linear energy transfer (LET)
radiations induce ionization in biolog-
ical tissues, leading to detrimental ef-
fects such as DNA damage, increased
cancer risk, genetic mutations, and cell
death.”11] To mitigate space radiation risks,
hydrogen-rich materials, such as high-
density polyethylene (HDPE), have been

employed as efficient moderators. Their
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interactions with hydrogen atoms facilitate energy loss through
ionization and scattering when exposed to high-energy charged
particles.['>?] In addition to primary space radiation, secondary
radiation—including neutrons, gamma rays, and other energetic
particles—arises when primary radiation interacts with the ex-
teriors of space vehicles or with lunar and Martian regolith
(Figure 1a).[2°221 Among the various forms of secondary ra-
diation, backscattered neutrons from the lunar and Martian
surfaces—accounting for #15-20% of the total radiation dose—
pose a particular concern due to their high relative biolog-
ical effectiveness (RBE) and associated radiation weighting
factors.[23-26]

According to the International Commission on Radiological
Protection (ICRP) Publication 60 (1990), which provides radi-
ation protection guidelines, the radiation weighting factor for
neutrons—used to account for the biological impact of differ-
ent radiation types—is energy-dependent and typically 5 to 20
times higher than that of photons and electrons (e.g., X-rays and
gamma rays).l'%”] Therefore, the moderation of secondary and
backscattered neutrons must be carefully addressed to ensure the
success of long-term space missions and the development of safe
habitats on the Moon and Mars.

Boron nitride nanotubes (BNNTs), having a 2D honeycomb
structure via sp? hybridization of boron and nitrogen atoms, have
garnered significant attention over the past decade due to their
unique properties, making them well-suited for space applica-
tions. These properties include high specific strength, excellent
oxidation resistance, and superior thermal conductivity.?’-3% Ad-
ditionally, BNNTs high boron content—constituting 50% of their
composition—provides exceptional thermal neutron absorption
capabilities, making them highly promising as a space radia-
tion shielding material (Figure 1Db).['#30-3¢] In neutron capture
processes, fast neutrons are first slowed to thermal neutrons
by hydrogen-rich materials before being captured through nu-
clear reactions with the natural isotope of 1°B in BNNT.[1316:37]
Therefore, fabrication of stacked layers combining hydrogen-rich
polymers and BNNTs has been pursued to synergistically im-
prove the neutron radiation shielding efficiency.['#30-38-41] How-
ever, achieving high-density BNNT films to maximize shielding
efficiency remains challenging due to several intrinsic obstacles
in BNNT processing. These include their high surface area, the
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Figure 1. a) Schematic illustration of space radiation on the sur-
faces of the Moon and Mars. In addition to galactic cosmic rays
(GCR) and solar energetic particles (SEP), secondary radiation is gen-
erated by interactions with shelter exteriors, vehicles, and regolith. b)
Schematic representation of how boron ('°B) in boron nitride nan-
otubes (BNNTs) attenuates thermal neutrons. c) Optical images of BNNT
bucky paper (left) and a BNNT film fabricated from a BNNT liquid
crystal (right). The high alignment of BNNTSs in the film leads to increased
lateral packing and BNNT density in the film, illustrated using a straw
model.

Low density

inert nature of BNNT surfaces that hinders surface modifica-
tion, and the difficulty of preparing stable BNNT dispersions
at high concentrations.*] As a result, most BNNT films to
date have been limited to fragile lab-scale “bucky papers” with
low BNNT densities of ~0.3-0.43 g cm™3[**] produced via vac-
uum filtration (left optical images in Figure 1c), which is signif-
icantly lower than the theoretical density of individual BNNTs
(1.38 g cm?).*8] To enable the early adoption of BNNTs as a
next-generation space radiation shielding material, the develop-
ment of large-scale, high-density, and mass-producible fabrica-
tion technologies is urgently needed.

Recently, lyotropic liquid crystals (LCs) of carbon nanotubes
(CNTs) have attracted significant attention due to their unidi-
rectionally aligned nanostructure, which enables a high pack-
ing density of CNTs.[*-52] Their exceptional electrical conductiv-
ity and mechanical strength—properties rarely achieved by con-
ventional materials—have driven the advancement of CNT-based
fibers and films utilizing lyotropic LCs. Similar to CNTs, BNNT
LCs have also been successfully developed using surface proto-
nation with a superacid, such as chlorosulfonic acid (CSA).[353]
Despite this progress, an eco-friendly solvent such as water would
be preferable for large-scale production, as the use of harsh su-
peracids poses environmental and health risks. As a more sus-
tainable approach for industrial BNNT applications, we recently
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introduced a method for preparing aqueous BNNT liquid crys-
tals (LCs) and BNNT/polymer composite fibers using a specif-
ically designed copolymer dispersant, poly(vinylpyrrolidone-r-
hydroxyethyl vinylimidazolium bromide) (P(VP-r-QVI)).>* How-
ever, for future industrial deployment of BNNT LCs, the develop-
ment of a cost-effective, commercially available stabilizer capable
of maintaining dispersion stability at extremely high concentra-
tions remains a priority.

Various commercial surfactants, including cetyltrimethylam-
monium bromide (CTAB), sodium dodecyl sulfate (SDS), do-
decyltrimethylammonium bromide (DTAB), and Pluronic F108,
have been reported to successfully disperse BNNTs in aqueous
media.l>>l However, achieving highly concentrated BNNT dis-
persions using surfactants remains a significant challenge. This
difficulty arises because, beyond a certain concentration, excess
surfactant that cannot adsorb onto the nanoparticle surface in-
stead self-assembles into micelles or other aggregated structures
during dispersion concentration. If these micelles are signifi-
cantly smaller than the nanoparticles, they can induce floccula-
tion through the depletion mechanism.® Thus, when using sur-
factants to disperse nanoparticles in aqueous media, the ratio of
surfactant to nanoparticles is critical. While still debated, it is gen-
erally understood that surfactants can self-assemble on nanotube
surfaces in various configurations, including random adsorption,
hemi-micelles, or cylindrical micelles.>”! The interfacial adsorp-
tion behavior and formation of aggregated structures depend on
several factors, including surfactant type and concentration, hy-
drophobic/hydrophilic interactions, binding affinity between the
head group and nanotube surface, and solvent properties. For in-
stance, SDS molecules have been observed to aggregate as rolled-
up half-cylinders on multi-walled CNT surfaces,!**>° while cylin-
drical micelles of SDS wrapping single-walled CNTs have also
been reported.[®®! Interestingly, SDS can self-assemble into bi-
layers when adsorbed onto rough glass surfaces (RGS) in aque-
ous solutions.[®!] This occurs because SDS head group adsorp-
tion onto RGS reduces hydration volume and electrostatic repul-
sion, thereby decreasing the head group area at the solid-liquid
interface. Additionally, SDS’s single alkyl chain structure facili-
tates interdigitation of tail groups, stabilizing bilayers or vesicles
in aqueous media.l®’] Inspired by these findings, we propose that
highly concentrated BNNT dispersions can be achieved through
the strategic selection of surfactants that self-assemble into bi-
layer or vesicle structures. This approach would optimize inter-
actions between the surfactant head groups and the BNNT sur-
face while promoting strong interdigitation, thereby minimizing
surfactant dissociation into the dispersion medium and reducing
micelle formation during dispersion concentration for the prepa-
ration of BNNT LCs.

Here, we report the use of a commercial dispersant, dode-
cylbenzenesulfonic acid (DBSA), which self-assembles into a bi-
layer structure on the BNNT surface, enabling sufficient disper-
sion stability to form lyotropic liquid crystals (LCs). The bilayer
formation of DBSA was systematically characterized through
thermogravimetric analysis (TGA) to determine adsorbed DBSA
areal density, along with surface tension measurements of BNNT
dispersions. Unlike neutralized commercial surfactants such as
SDS, which induce BNNT flocculation at high concentrations,
DBSA-stabilized BNNTs (DBSA-BNNTSs) exhibited excellent dis-
persion stability and successful LC phase transition. This was
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confirmed using Turbiscan analysis, optical microscopy (OM),
and polarized optical microscopy (POM). By leveraging DBSA-
BNNT LCs, we successfully fabricated high-density BNNT films
(~1.3 g cm~3, more than three times higher than conventional
bucky paper) through shear force application via doctor blade
coating. Systematic characterizations using scanning electron
microscopy (SEM), image analysis, and POM revealed that BN-
NTs within the LC film were highly oriented parallel to the coat-
ing direction, resulting in a high lateral packing density of nan-
otubes. Compared to lab-scale BNNT bucky paper, the DBSA-
BNNT films exhibited significantly enhanced physical properties,
including improved flexibility (right optical images in Figure 1c),
superior thermal conductivity (~3.1 W m~!-K, twice that of bucky
paper), and a high thermal neutron linear attenuation coefficient
(~2.2 mm~!, 3.7 times higher than bucky paper). Finally, the
superior radiation shielding effectiveness of DBSA-BNNT films
over conventional aluminum was demonstrated through simu-
lations using the On-Line Tool for Assessment of Radiation in
Space (OLTARIS) simulation.

2. Results and Discussion

In aqueous nanoparticle dispersions, the surfactant-to-
nanoparticle ratio is critical to prevent micelle formation, which
can lead to depletion flocculation.’®! To mitigate this effect,
excess free surfactants (SDS and DBSA) in deionized (DI) water
were removed through a centrifugation and decantation process.
Specifically, the surfactant-dispersed BNNTs were centrifuged,
allowing the BNNTS to sediment at the bottom of a conical tube.
The supernatant, containing the excess free surfactants, was
carefully decanted. The resulting BNNT sediment was then
redispersed in fresh DI water. Figure 2a,b presents Turbiscan
data illustrating the long-term dispersion stability of BNNTs
in aqueous media. Briefly, Turbiscan measures transmittance
intensity—proportional to BNNT concentration—according to
the Beer-Lambert law, recording transmittance changes (AT)
over time. A gradual increase in AT (x17.5% after 24 h) for the
SDS-assisted BNNT (SDS-BNNT) dispersion (0.3 wt.% BNNT)
in Figure 2a indicates partial aggregation and sedimentation.
This instability may result from the desorption of SDS molecules
from the BNNT surface into the aqueous phase. In contrast,
the DBSA-assisted BNNT (DBSA-BNNT) dispersion (x0.3
wt.% BNNT) exhibited significantly better stability, with AT of
~3.2% after 24 h (Figure 2b). The disparity in stability between
SDS-BNNT and DBSA-BNNT dispersions became even more
pronounced when the dispersions were concentrated. (Figure 2c
(4 wt.% SDS-BNNT, refers to BNNT content only, excluding
surfactant) and Figure 2d (12 wt.% DBSA-BNNT, refers to BNNT
content only, excluding surfactant)). Optical (OM) and polarized
optical microscopy (POM) images of the SDS-BNNT concentrate
reveal partial aggregation and flocculation (Figure 2c). However,
upon dilution with water, the aggregates were redispersed,
demonstrating the reversible stability characteristic of depletion-
induced flocculation (Figure S2, Supporting Information).l>®
In clear contrast, no aggregation was observed in DBSA-BNNT
dispersions even at concentrations up to 12 wt.% (Figure 2d).
The presence of clear birefringent textures in the POM image,
obtained using crossed polarizers, confirms the formation
of a lyotropic liquid crystal (LC) phase—a hallmark of high
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Figure 2. Long-term dispersion stability test results of a) SDS-assisted BNNT (SDS-BNNT) and b) DBSA-assisted BNNT (DBSA-BNNT) aqueous disper-
sions using Turbiscan. Insets are optical images of the dispersions. Optical (insets) and polarized optical microscope images of ¢) flocculated SDS-BNNT
(~4 wt.%) and d) DBSA-BNNT (x12 wt.%) liquid crystal. Scale bars in the insets represent 100 um. e) Phase diagram illustrating the phase transition
from isotropic to biphasic and nematic liquid crystal according to BNNT concentration.

dispersion stability and microscopic lateral order of DBSA-
BNNTs (Additional POM images and rheological analysis results,
illustrating phase transitions with increasing BNNT concentra-
tion, are provided in Figure S1, Supporting Information).[+63]
The phase diagram in Figure 2e shows a transition from an
isotropic to biphasic region at the mass concentration of BNNT
(Cpant) ® 9 Wt.% and to a fully nematic phase at Cpyyr = 11
wt.%. The superior dispersion stability of DBSA-BNNTSs at high
concentrations indicates strong adsorption of DBSA on BNNT
surfaces, preventing desorption and subsequent micelle forma-
tion, which would otherwise cause depletion flocculation. Based
on systematic thermogravimetric analysis and surface tension

Adv. Funct. Mater. 2025, e10716 e10716 (4 of 13)

measurements, we conclude that DBSA molecules self-assemble
into a bilayer structure on BNNTs. This self-assembly is driven
primarily by the strong interaction between the sulfonic acid
head group and the BNNT surface, as well as interdigitation of
the aliphatic chains. These findings will be elaborated in the
Discussion section (Figure 5).

In the nematic DBSA-BNNT liquid crystal (LC) phase, BN-
NTs exhibit microscopic ordering with randomly oriented poly-
crystalline domains. Doctor blade coating, as schematically il-
lustrated in Figure 3a, provides key advantages, including large-
area uniformity, low material consumption, and rapid process-
ing. During coating, the application of unidirectional shear stress
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Figure 3. a) Schematic illustration of the coating process using doctor blade, where shear alignment is used to align liquid crystalline DBSA-BNNT dope.
b) Optical image showing the flexibility and uniformity of a high-density DBSA-BNNT film. c) SEM top-view image of the DBSA-BNNT film, with white
short arrows indicating defect positions caused by impurities such as hBNs and cages. d) Vector angle distribution analysis of the SEM top-view image
using Image|, demonstrating the high alignment of BNNTs along the shear stress direction. e) Graph and POM images (insets) showing normalized
birefringence intensity changes as a function of the film’s rotation angle, indicating good BNNT alignment along the coating direction.

(~1250 s~! shear rate) realigns the polycrystalline BNNT mi-
crodomains, forming a film in which BNNT bundles are predom-
inantly aligned along the shear direction. A uniform, flexible, and
mechanically robust DBSA-BNNT film was successfully coated
onto a polyethylene terephthalate (PET) substrate using a 16 wt.%
DBSA-BNNT LC dope, as shown in Figure 3b. The film’s thick-
ness can be precisely controlled by adjusting the doctor blade
gap size (films with a thickness of 20 um were used in this ex-
periment as shown in Figure S3, Supporting Information). The
top-view SEM image (Figure 3c) reveals BNNT bundles aligned
along the coating direction. White arrows indicate representative
defect sites caused by BNNT impurities such as shell-like cages
and hexagonal boron nitride (hBN) particles.l®*] These impuri-
ties disrupt the alignment of BNNT bundles, suggesting that the

Adv. Funct. Mater. 2025, e10716 e10716 (5 of 13)

alignment and packing density could be further enhanced by the
use of higher-purity BNNTS. To quantitatively analyze alignment,
SEM images of DBSA-BNNT bundles were overlaid onto a trans-
parent PET film and processed using Image] software. As shown
in Figure 3d, vector analysis was performed to assess the orienta-
tion angle of BNNT5 relative to the coating direction. The corre-
sponding angle distribution analysis (inset in Figure 3d) further
confirms a high degree of BNNT alignment along the shear stress
direction. POM images in the inset of Figure 3e verify that the
DBSA-BNNT film was uniformly coated and free of cracks. No-
tably, the distinct changes in birefringence intensity observed in
POM analysis, depending on the film’s rotation angle (Figure 3e),
provide clear evidence that BNNTs are highly aligned along the
coating direction.
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Table 1. Comparison of physical properties between DBSA-BNNT LC Film
and bucky paper.

Property Bucky paper DBSA-BNNT LC film
Density [g/cm?] 0.4 1.25
Volume fraction of BNNTs [%)] 20 80

Linear attenuation coefficient [mm~'] 0.6 2.2
Thermal conductivity [W/m-K] 1.5 3.13

Mass attenuation coefficient [cm?/g] 15 17.6

To quantify the degree of alignment, the order parameter (S)
of the DBSA-BNNTS in the film was determined by calculating
the linear dichroic ratio (D) from the birefringence intensity pro-
file in Figure 3e.l%] The measured intensity ratio D = I, /T ..
represents the combined effect of birefringence and dichroism.
Following Fraser-Beer theory, this was corrected using the geo-
metric factor g to obtain the true linear dichroic ratio D* = g
X Dy eacured- Given the small effective refractive index of DBSA-
BNNT (An.; = 0.0401 from Maxwell-Garnett calculation!®’]),
the geometric correction factor g is approximated as 1. In addi-
tion, the DBSA-BNNT film on glass, which exhibits a gray in-
terference color shown in the Michel-Lévy birefringence chart in
Figure S4 (Supporting Information), reflects a small anisotropy
in the refractive index of BNNTs, indicating the geometric correc-
tion factor can be simplified as 1.06>68]

The linear dichroic ratio (D) is defined as:

D- Iax Intensity at 45°

I. Intensity at0° (or 90°)

min

1)

The order parameter (S) was determined using the simplified
Equation (2):(6>68]

- B_Jr; )

From this calculation, the S value of 0.52 indicates a relatively
high degree of nanotube alignment, though not perfectly unidi-
rectional (S = 1). As previously mentioned, the alignment and
packing density of BNNTs can be further enhanced by utilizing
higher-purity BNNTS, which will be explored in future work.

To demonstrate the advancements of the DBSA-BNNT LC
film, we measured key physical properties, including thermal
neutron attenuation coefficients, thermal conductivity, density,
and volume fraction, as summarized in Table 1.

Compared to BNNT bucky paper (~0.40 g cm™3) fabricated via
vacuum filtration of a BNNT dispersion in ethanol, the DBSA-
BNNT LC film exhibited a density more than three times higher
(~1.25 g cm™3) due to the high packing of unidirectionally
aligned BNNT bundles. This increased density enhances both
the film’s structural robustness and its neutron shielding effec-
tiveness, represented by the linear attenuation coefficient (), as
described by Beer-Lambert’s law:

I=Ie* (3)
where I, is the incident radiation intensity, I is the transmit-

ted intensity, and t is the sample thickness. The measured lin-
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ear attenuation coefficient of the DBSA-BNNT LC film using an
Americium-Beryllium (Am/Be) neutron source was 2.2 mm™',
~3.7 times higher than that of BNNT bucky paper (~0.6 mm™1).
This improvement is primarily due to the higher density of boron
atoms in the DBSA-BNNT LC film at the same thickness.[%7]
Additionally, the mass attenuation coefficients, which describe
the fraction of thermal neutrons attenuated per unit mass of
material, were measured as ~15 cm? g=! for BNNT bucky pa-
per and ~17.6 cm? g~! for DBSA-BNNT LC film. These val-
ues are significantly higher than those of conventional aerospace
shielding materials, including aluminum (x0.03 cm? g=1),/'!
polyethylene (~0.34 cm? g=1),’2 epoxy with 5 wt.% boron car-
bide (~0.28 cm? g7!),”*] and aluminum with 30 wt.% boron
carbide (=7.46 cm? g7!)."*] This highlights the superior effi-
ciency of BNNT-based materials for thermal neutron shield-
ing with minimal mass, a critical factor for optimizing fuel
efficiency and reducing flight costs. The advanced properties
of the high-density DBSA-BNNT film over BNNT bucky paper
are visually represented in the radar chart in Figure 4b. Aside
from the mass attenuation coefficient, all other properties—
density, volume fraction, linear attenuation coefficient, and ther-
mal conductivity—were at least twice as high. These superior
characteristics primarily result from the higher BNNT packing
density in the film, which increases nanotube contact points,
thereby enhancing mechanical robustness and improving ther-
mal conduction pathways. Notably, further improvements in
these properties can be achieved by using higher-purity BN-
NTs, which would reduce defect points and voids within the
film.

The On-Line Tool for Assessment of Radiation in Space
(OLTARIS), developed by NASA, is an integrated simulation tool
used to assess the effects of space radiation on various objects, in-
cluding humans.[”>! Using OLTARIS, we evaluated the total dose
equivalent rate (IDER) through high-density DBSA-BNNT film
and aluminum (Al) shields under space radiation on the lunar
surface over a one-day period, as shown in Figure 4c,d (detailed
simulation conditions are provided in the experimental section).
Note that mass thickness, defined as the mass of shielding ma-
terial per unit surface area, is a parameter for optimizing space
radiation protection while minimizing weight. The TDER val-
ues, representing the total biological damage caused by radiation
exposure—including GCR and albedo effects initially decrease
rapidly with increasing mass thickness up to 50 g cm~2. Then,
TDER values rise as a shoulder until mass thickness reaches
150 g cm~2. Compared to the TDER values for an Al shield, those
for the DBSA-BNNT film are approximately 15% lower across
the mass thickness range of 10 to 250 g cm~2, demonstrating
the superior shielding efficiency of BNNT-based materials. The
experimentally measured dose equivalent rate from charged par-
ticles on the lunar surface, reported by Chang’E 4, is ~1.37 mSv
per day,’% closely matching the OLTARIS simulation result of
~1.35 mSv per day for an Al shield with a mass thickness of
0.001 g cm~2. The DBSA-BNNT shield at 50 g cm~? mass thick-
ness reduces the TDER to ~0.6 mSv per day (x~44% of the un-
shielded TDER), a value comparable to the experimentally mea-
sured dose equivalent rate aboard the International Space Station
(ISS) (=0.52 mSv per day), proven dose equivalent rate value to
be proper for astronauts to stay for long-term mission.”®! Fur-
thermore, this suggests that a DBSA-BNNT shield at 50 g cm™2
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Figure 4. a) Linear and mass attenuation coefficients of BNNT bucky paper and high-density DBSA-BNNT film, demonstrating their thermal neutron
shielding effectiveness. The inset schematic illustrates the attenuation coefficient measurement process based on Beer-Lambert’s law. b) Radar chart
comparing the superior physical properties of the DBSA-BNNT film—such as density, volume fraction, linear/mass attenuation coefficients, and thermal
conductivity—against those of bucky paper. c) Total dose equivalent rate and d) dose equivalent rate from albedo radiation on the lunar surface as a
function of mass thickness for aluminum (Al, open circles) and DBSA-BNNT shields (filled circles), simulated using OLTARIS. e) Neutron and f) photon
fluxes reaching the target after passing through Al and DBSA-BNNT shields of varying mass thicknesses of 50 g cm™2 (open circles for Al and open
triangles for DBSA-BNNT) and 150 g cm™2 (filled circles for Al and filled triangles for DBSA-BNNT).

could allow astronauts to stay on the lunar surface for twice as
long as without it.

The GCR shielding effectiveness ((dose equivalent rate at zero-
shield condition)/(dose equivalent rate at corresponding mass
thickness)) of the DBSA-BNNT shield is even more pronounced
when compared to aluminum. The TDER value of a 50 g cm~2
DBSA-BNNT shield corresponds to that of an Al shield with a
much higher mass thickness of 400 g cm~2 (as indicated by the
blue dashed lines in Figure 4c). Given that the dose equivalent

Adv. Funct. Mater. 2025, e10716 e10716 (7 of 13)

rate values from albedo radiation in Figure 4d are similar for both
Al and DBSA-BNNT shields and relatively small compared to the
overall TDER, the increase in TDER values observed between 50
and 150 g cm™2 (shoulder) is likely due to secondary radiation
effects. These include backscattered neutrons, protons, muons,
and pions generated from GCR interactions with shielding ma-
terials. The BNNT films, owing to the presence of !°B isotopes,
can effectively moderate these backscattered neutrons. OLTARIS
flux-versus-energy analysis in Figure 4e supports this, showing
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Figure 5. a) TGA analysis results of DBSA, SDS, DBSA-BNNT, and SDS-BNNT, used to estimate the amounts of adsorbed surfactants. Surface tension
measurements of b) SDS and SDS-BNNT and c) DBSA and DBSA-BNNT dispersions at the air-water interface, plotted as a function of surfactant
concentration at room temperature. d) Schematic illustration depicting the aggregated structures of SDS and DBSA on the BNNT surface.

that neutron flux to the target (at 10 keV energy) was significantly
reduced from ~4.7 x 107 to ~3.5 X 10° neutrons/(MeV-cm?-day)
when replacing 150 g cm~? of Al with an equivalent mass thick-
ness of DBSA-BNNT shield. Additionally, neutron flux through
the DBSA-BNNT shield remained significantly lower up to an
energy level of ~30 MeV for both 50 and 150 g cm™ mass
thicknesses. Although the DBSA-BNNT shield exhibited slightly
higher photon flux compared to Al, this increase has a negligi-
ble effect on the TDER value, given that the neutron weighting
factor is 5 to 20 times higher than that of photons. These results
strongly indicate that DBSA-BNNT shield not only provide effec-
tive shielding against GCR but also significantly reduce harmful
backscattered neutron radiation, a key limitation of conventional
aluminum shielding materials.

3. Discussion

As demonstrated in the experimental results for concentrated
SDS-BNNT dispersion, partial aggregation was observed as the
SDS-BNNT concentration increased. Since most free surfactants
were removed from the dispersion via centrifugation and de-
cantation processes, it is presumed that flocculation-inducing
micelles are primarily generated due to the desorption of SDS
from the BNNT surface into the aqueous phase. Interestingly, no
flocculation was observed in the DBSA-BNNT dispersion, even
at high concentrations. This may be attributed to the stronger
and more stable adsorption of DBSA onto the BNNT surface
compared to SDS, making it less prone to desorption during the
concentration process. Direct observation of the self-assembled
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structure of DBSA on BNNT is technically challenging due to
low transmission electron microscope (TEM) contrast. It should
be noted that the following discussion is based on indirect ev-
idences, as direct observation of the adsorbed surfactant struc-
tures such as cryo-TEM was technically challenging. More de-
tailed explanations regarding the estimation of surface areal den-
sity of surfactants on BNNTS, as well as the energy-dispersive X-
ray spectroscopy (EDX) data, are provided in Supporting Infor-
mation S1. We will leave our hypothesis regarding bilayer forma-
tion as an open question for the readers. To indirectly investigate
DBSA adsorption, we characterized its surface areal density us-
ing the method proposed by Grossiord et al.”’] Figure 5a presents
the TGA analysis of DBSA, SDS, DBSA-BNNT, and SDS-BNNT,
which was used to estimate the amounts of adsorbed surfactants.
Given BNNT’s high thermal stability with negligible mass loss
up to 800 °C, the observed TGA mass reductions were solely
attributed to the combustion of bound SDS and DBSA. Taking
into account residual sodium content after TGA experiment, the
amount of SDS adsorbed per gram of BNNT was approximately
76 mg g~! (~0.26 mmol g!). In contrast, since DBSA leaves no
residue upon combustion, its adsorption was determined to be
217 mg g~! (=0.66 mmol g~1), ~2.5 times higher than SDS. Con-
sidering the BNNTs used in this study have an average diame-
ter of ~#4.5 nm and ~2.5 walls,’® their estimated surface area
is 760 m* g~! (for comparison, multi-walled CNTs and single-
walled CNT5 typically exhibit surface areas of 100-150 m? g~! and
over 1000 m? g, respectively). Based on this, the areal density
of SDS and DBSA on the BNNT surface was calculated as ~2.07
and ~5.26 molecules/nm?, respectively. Previous studies have
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reported SDS adsorption densities on CNT surfaces in the range
of 2.2-2.7 molecules/nm?, with surfactants primarily forming
hemispherical micelles oriented with their hydrophilic heads fac-
ing the aqueous phase.””7>%] In the case of SDS, adsorption
occurs primarily via relatively weak van der Waals interactions,
allowing a substantial fraction to be released into the aqueous
phase in dynamic equilibrium. This desorption during concen-
tration leads to depletion-induced flocculation, as observed in our
experimental results.

Figure 5b,c presents the surface tension measurements of
SDS, SDS-BNNT, DBSA, and DBSA-BNNT dispersions at the
air-water interface, plotted as a function of surfactant concen-
tration at room temperature. When only SDS or DBSA surfac-
tants are present (open squares with dashed lines), the surface
tension at the air-water interface decreases continuously with in-
creasing surfactant concentration until it reaches the critical mi-
celle concentration (CMC). Above the CMC, excess surfactants
self-assemble into aggregated structures such as micelles, lead-
ing to a plateau in surface tension despite further increases in
surfactant concentration. For surface tension measurements of
SDS-BNNT and DBSA-BNNT dispersions according to the ad-
dition of surfactants, the BNNTs were dispersed with a mini-
mum amount of each surfactant to get relatively stable disper-
sions. Then, the BNNT sediments, after centrifugation to remove
unbound surfactants, were diluted to prepare dispersions with
0.2 mM DBSA and 1 mM SDS based on the measured adsorbed
amount of surfactants on BNNTs by TGA. Then, additional sur-
factants were added to find critical micelle concentration values.
In Figure 5D, the change in surface tension of SDS-BNNT disper-
sion follows a trend nearly identical to that of the SDS-only dis-
persion, with both CMCgpq and CMCgpg gyt Values & 8 mM. In
contrast, as shown in Figure 5c, the dispersion containing only
DBSA exhibits a rapid decrease in surface tension, reaching a
CMCppss of ~0.53 mM.[®2] However, the CMCppga panr fOT the
DBSA-BNNT dispersion is much higher, # 4 mM. This higher
CMCppsapnnt indicates that DBSA exhibits stronger thermody-
namic affinity for the BNNT surface compared to the air-water
interface, resulting in preferential equilibrium adsorption to the
BNNT surface. Despite SDS and DBSA having similar hydropho-
bic tails, this rapid adsorption of DBSA cannot be fully explained
by hydrophobic/hydrophilic interactions or van der Waals attrac-
tion alone. A more plausible explanation is that the head group
of DBSA interacts specifically with the BNNT surface, enabling
higher areal density adsorption. For stable DBSA-BNNT disper-
sion in aqueous solutions, DBSA molecules must self-assemble
into a bilayer structure with head groups on outer layer facing the
aqueous phase, facilitated by the interdigitation of hydrophobic
tails, as shown in Figure 5d.

The aggregated structure of surfactants in aqueous solution
can be predicted using the molecular packing parameter (P),8?]
which is defined as P = v/(a,l), where v is the tail volume of the
surfactant molecule, I is the tail length, and g, is the area occu-
pied at the aggregated surface. Generally, when P < 1/3, spher-
ical micelles are favored; when 1/3 < P < 1/2, cylindrical mi-
celles are preferred; and when 1/2 < P < 1, vesicles or bilay-
ers are the predominant self-assembled structures. For example,
literature values for a,, I, and v of SDS are reported as 0.53 —
0.63 nm? (at the air-liquid interface), 1.67 nm, and 0.35 nm?,
respectively.®384 Therefore, the calculated P value ranges from
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~0.33 to 0.39, indicating that SDS primarily forms spherical or
cylindrical micelles in aqueous solution, which aligns well with
existing literature.[#5%85] Similarly, SDS likely adsorbs onto hy-
drophobic surfaces such as CNTs or BNNTs in a hemispherical
or cylindrical micellar form if adsorption is driven solely by hy-
drophobic/hydrophilic interactions. Interestingly, SDS can also
self-assemble into bilayers when adsorbed onto a rough glass sur-
face (RGS) in aqueous solution.l®’) This phenomenon occurs be-
cause SDS head groups adsorb onto the RGS, reducing hydra-
tion volume and electrostatic repulsion, which significantly de-
creases the a, value at the solid-liquid interface. Additionally,
the single alkyl chain structure of SDS allows interdigitation of
tail groups, stabilizing bilayer or vesicular formations in aque-
ous solution.!®?] Similarly, at high concentrations, DBSA self-
assembles into bilayers, where the sulfonic acid head groups are
hydrogen bonded by acid-soap dimer formation. This dimer for-
mation reduces electrostatic repulsion between head groups, de-
creases the a, value, and also increases the effective tail volume,
promoting self-assembly into vesicle. Based on TGA results from
Figure 5a, the areal density of DBSA on the BNNT surface was
calculated to be ~5.26 molecules/nm?, which is about 2.5 times
higher than that of SDS. Given the van der Waals radius of the
sulfonate head group, such a high areal density—exceeding 4
molecules/nm? for DBSAU7#] seems unrealistic unless a bilayer
structure is assumed. If DBSA (or DBSA dimers) adopts a bi-
layer configuration on BNNT, the calculated areal density of ad-
sorbed DBSA is approximately 2.63 molecules nm~2. Using the
estimated g, value of 0.38 nm? molecule™! (~ 1/areal density) and
l and v values of ~1.67 nm and 0.35 nm?, the calculated P value
is around 0.59, indicating vesicle formation.

The formation of such a bilayer structure requires strong ad-
sorption of the DBSA head groups onto BNNT. Several studies
support the existence of favorable interactions between sulfonic
acid groups and boron nitride surfaces. Hydrogen bonding or da-
tive bonding between the electron lone pairs of oxygen in the sul-
fonic acid group and the partially positively charged boron atoms
of hexagonal boron nitride (hBN) has been reported.!®”] Methane-
sulfonic acid adsorption onto hBN via protonation has also been
documented.[®8 Additionally, Ginestra et al. reported that chloro-
sulfonic acid can protonate nitrogen atoms on the BNNT surface,
inducing a positive surface charge.>*! Furthermore, Lisjak et al.
demonstrated that the sulfonic acid head group of DBSA cova-
lently bonds to the surface of barium ferrite nanoplatelets via
oxygen bridging, while van der Waals forces between DBSA tails
facilitate an interdigitated bilayer structure.l®] Similar to these
findings, DBSA’s sulfonic acid head group likely interacts fa-
vorably with the BNNT surface, enhancing adsorption. In addi-
tion, DBSA’s acid-soap dimer formation, z-x stacking of benzene
rings, and interdigitation of a second layer with head groups fac-
ing the aqueous phase further increase the areal density of DBSA
on BNNT. This strong adsorption prevents DBSA desorption into
the aqueous phase, thereby limiting free micelle formation and
depletion-induced flocculation at high concentrations.!®?! These
findings, supported by literature and rough estimations, strongly
suggest that the DBSA head group adsorbs onto the BNNT sur-
face, leading to bilayer formation rather than hemispherical or
cylindrical micelles. This insight provides an efficient approach
for preparing highly concentrated dispersions and lyotropic lig-
uid crystals (LCs) with BNNTS in an eco-friendly aqueous media,
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facilitating the fabrication of advanced composites such as fibers
and films with high BNNT density.

4. Conclusion

A high-density BNNT film, with a density more than three times
that of conventional bucky paper, was successfully fabricated
through the high lateral packing of BNNTs induced by the shear
alignment of lyotropic BNNT liquid crystals (LCs). The judicious
selection of a commercial DBSA surfactant, which self-assembles
into a bilayer structure on the BNNT surface, provides excep-
tional stability for BNNTs in aqueous dispersion, even beyond
the LC phase transition concentration. The bilayer configuration
of DBSA on the BNNT surface was confirmed through both theo-
retical analysis and systematic characterizations, including TGA
and surface tension measurements. The high-density BNNT
films, featuring laterally aligned BNNTs, exhibit superior phys-
ical properties compared to lab-scale bucky paper. These include
enhanced mechanical robustness with flexibility, a thermal con-
ductivity approximately twice as high, and a linear adsorption
coefficient for thermal neutrons that is about 3.7 times greater.
Using OLTARIS simulations to model space radiation effects on
the lunar surface, it was found that the total dose equivalent rate
through the high-density BNNT film reduces space radiation ex-
posure by ~15% more than conventional aluminum exteriors.
Furthermore, a DBSA-BNNT film with a mass of 50 g cm~2 re-
duces the total dose equivalent rate by 56% compared to zero
shielding—achieving radiation protection levels similar to those
on the ISS. This shielding efficiency would allow astronauts to
extend their mission duration on the lunar surface by a factor of
two. These findings inspire materials scientists to develop high-
BNNT-content composites with exceptional robustness and radi-
ation shielding efficiency—critical advancements for future lu-
nar and Martian exploration.

5. Experimental Section

Purification of BNNTs:  Boron nitride nanotubes (BNNTs), synthesized
with high-temperature 60 kW RF inductively coupled plasma (RF-ICP),
were provided by the High-enthalpy Plasma Research Center at Jeon-
buk National University. The as-synthesized BNNTSs, containing hexagonal
boron nitride (h-BN), various BN derivatives, and boron-based impurities,
were purified according to the reported purification method.[%] Briefly,
BNNTs were calcined at 650 °C for 6 h in the air to oxidize amorphous
boron. Then, they were mechanically stirred in DI water (1 g BNNT in 1L
water) using a High Shear Mixer (LSM-A, Silverson) at 5,000 rpm for 20
min. The BNNT aggregates were subsequently filtered using a 300-mesh
(35 um) metal filter. The agitation-filtration cycle was repeated 15 times un-
til the filtrate appeared visually clear. The purified BNNTs were dispersed
in a binary solvent mixture (1 wt.%) consisting of tert-butyl alcohol (pur-
chased from Sigma-Aldrich, >99.5%) and DI water (40:60 w/w). Then, the
dispersion was freeze-dried for 2 days.

Preparation of DBSA-BNNT Dispersion and Lyotropic BNNT Liquid Crys-
tal: 4-Dodecylbenzenesulfonicacid (DBSA, soft type, mixture, purchased
from TCl, >95.0%) was added with BNNTs into DI water (3 mg DBSA and
3 mg BNNT in 1T mL water). The mixture was then subjected to bath son-
ication for 60 min. Then, the DBSA-BNNT dispersion was centrifuged at
9,500 rpm for 40 min to remove excess DBSA surfactants. Itis important to
note that centrifugation separates phases but does not alter the chemical
potential or bulk concentration of the DBSA surfactant. Therefore, only the
free DBSA molecules present in the initial BNNT dispersion medium were
removed by centrifugation and subsequent decantation. To estimate the
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relative amount of DBSA remaining after this process, the pH values of the
initial BNNT dispersion (pH = 2.4) was measured, the supernatant con-
taining free DBSA (pH =~ 2.5), and the redispersed BNNTs stabilized with
DBSA in fresh deionized (DI) water (pH =~ 3.5). A rough estimation using
the acid dissociation constant (Ka) equation suggests that the residual
DBSA—comprising both DBSA bound to the surface of BNNTs and free
DBSA in the dispersion medium—was approximately 20% of the amount
initially added to the BNNT dispersion. (Supporting Information S2) Af-
ter centrifugation, the supernatant containing unbound DBSA was care-
fully decanted and discarded, while the sediment containing DBSA-BNNTs
was collected for further experiments. After centrifugation, the DBSA con-
tent could be quantified by the BNNT:DBSA ratio based on the weight loss
through TGA analysis. (Figure S5, Supporting Information) The collected
DBSA-BNNT sediment, redispersed by bath sonication for 15 min, was
concentrated using a vacuum centrifugal concentrator (VISION, VS-802).
The water was gradually evaporated until the desired concentration was
reached. The phase transition behavior according to BNNT concentration
was characterized through polarized optical microscope (Nikon Eclipse
LV100N POL).

Fabrication of DBSA-BNNT LC Films: The BNNT film was fabricated
with 16 wt.% DBSA-BNNT dispersion (at nematic LC phase). The PET sub-
strate (thickness: 120 um) was treated with oxygen plasma for 5 min to en-
sure good wettability of dispersion. The DBSA-BNNT LC was coated onto
the PET substrate at a speed of 100 mm s~ using a Dr. blade through a
coating knife (KP-3000 VH). The fabricated BNNT films were well adsorbed
onto PET after drying overnight, and the final thickness of the films was de-
termined by micrometer measurements and SEM analysis. For compari-
son, BNNT buckypaper was fabricated via vacuum filtration using a BNNT
dispersion (3 mg mL™") in ethanol without any dispersion stabilizer.

Dispersion Stability Evaluation: The dispersion stability of DBSA-
BNNT and SDS-BNNT (Sodium dodecyl sulfate, purchased from Sigma-
Aldrich) was characterized by Turbiscan LAB (Formulaction Scientific In-
struments, Cannt = Courfactant = 0-4 mg mL™1, scanned every hour).

Estimation of Surfactant Areal Density on BNNT Surface: The areal den-
sity of each surfactant on unit area of BNNT surface was calculated based
on Thermogravimetric analysis (TGA) measurement and estimated sur-
face area of BNNTs. The TGA was performed using a Q50 (TA Instru-
ments) up to 900 °C in air at a heating rate of 10 °C min~'. The surface
area of BNNT used (%760 m? g~') was calculated from the experimen-
tally measured physical parameters by TEM, which are average diameter
of ~4.5 nm, average length of ~3 pm, and ~2.5 walls.

Surface Tension Measurement: The surface tension of surfactants at
various concentrations was measured using a contact angle analyzer
(Phoenix 300 Touch) through the pendant drop method. To ensure mea-
surement accuracy, each experiment was repeated at least five times using
the same drop volume (10 pL). To evaluate the surface tension behavior
of BNNT-surfactant dispersion, BNNTs were dispersed with each surfac-
tant (SDS, DBSA) in DI water. Then, the BNNT sediments with bound
surfactant, after centrifugation to remove unbound surfactants, were re-
dispersed in DI water. Finally, BNNT dispersions with DBSA 0.2 mM and
SDS 1.0 mM concentrations were prepared based on the quantified sur-
factant content adsorbed on the BNNT surface, as determined by ther-
mogravimetric analysis (TGA). Subsequently, each surfactant was added
incrementally at regular intervals, and the changes in surface tension were
measured to determine the critical micelle concentration (CMC) of the sur-
factants in the dispersion.

Characterizations of DBSA-BNNT Film:  Surface morphology of BNNTs
in high-density DBSA-BNNT film were characterized using a scanning elec-
tron microscope (Nova NanoSEM450, FEI company). For visualization of
BNNT alignment in the film the orientation | plugin (Image), JAVA) in HSD
mode with color mapping, based on SEM images of the BNNT surface was
used. The density of the films was calculated by measuring the weight of
5% 5 cm? films.

p=m/(AxY) (4)

where m is the mass of DBSA-BNNT film, A is the surface area of the film,
and t is the thickness of the film by SEM analysis.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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The thermal neutron shielding effectiveness values (Q) of BNNT films
were measured at the thermal neutron facility of the Korea Research Insti-
tute of Standards and Science (KRISS). The measurement was conducted
by an SP9 3He proportional counter (Centronic, Ltd) with thermal neu-
trons generated by collisions between neutrons emitted from a 24'Am-Be
source and graphite. The energy distribution of these thermal neutrons
was calculated using the Monte Carlo N-Particle eXtended code.l®'l The
shielding effectiveness (Q) was calculated by measuring thermal neutron
count rates before and after passing through the specimen (R;,, Sy},). Dur-
ing this process, a Cd cover was used to separate epithermal neutrons.
Finally, the linear attenuation coefficient (u) was derived.

n==01/9In(1-Q) ©)

where t is the thickness of film, and Q is the thermal neutron shielding
effectiveness.

The mass attenuation coefficient was calculated by dividing the linear
attenuation coefficient by the density of the BNNT films. Specific heat ca-
pacity and thermal diffusivity measurements were performed to determine
the thermal conductivity of the BNNT films. The specific heat capacity of
the BNNT films was calculated by measuring the heat flow of both the
sample and a reference material (sapphire) using Differential Scanning
Calorimetry (Q20, TA Instruments).

H m
Cps=F x;’xcp, (6)

s

where H is the difference between the heat flow of a sample and an empty
pan, his the difference between the heat flow of a sample and reference, m,
is the weight of the reference, m is the weight of the sample, and C,, is heat
capacity of the sample. Thermal diffusivity was measured using LaserPIT
(Advance-RIKO). The thermal conductivity was subsequently calculated
using the measured specific heat capacity and thermal diffusivity (K).

K=axC,xp (7)

where « is the thermal diffusivity, C,is the specific heat capacity, and p is
the density.

The dose equivalent rate and flux of space radiations through shielding
materials were estimated using the On-Line Tool for the Assessment of
Radiation In Space (OLTARIS, version 5.01) simulation tool developed by
NASA Langley Research Center (LaRC). The radiation environment on Lu-
nar surface was set as GCR model of Badhwar-O’Neill 2020 and histroical
1977 solar minimum.
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Figure SF1. (a) Polarized optical microscopy (POM) images showing phase transitions from
isotropic (5-7 wt%) through biphasic (9-10 wt%) to full nematic (11-17 wt%) phases. (b)
Shear viscosity as a function of shear rate of BNNT dispersions at different concentrations,
demonstrating the dramatic viscosity increase in full nematic phases at ~ 11 wt%. (c) Shear
viscosity at 0.1 s~ ' plotted against BNNT concentration.

The liquid-crystalline phase behavior of BNNT dispersions was systematically characterized
using a combination of polarized optical microscopy (POM) and rheological measurements.
In the isotropic region (3—7 wt%), the dispersions did not exhibit birefringence under crossed
polarizers, confirming a random orientation of BNNTs. Between 9 and 11 wt%, POM
revealed the characteristic coexistence of bright nematic domains within a dark isotropic
matrix (biphasic region), as shown in Figure SFla. At 11 wt%, uniform birefringence was
observed throughout the sample, indicating a fully developed nematic phase.

To further confirm the phase transition, we provide rheological data in Figure SF1b,

consistent with our previous report. [!]
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Rheological measurements were conducted on concentrated BNNT dispersions (3—14 wt%)
using a DHR-3 rotational rheometer (TA Instruments) with a cone-and-plate geometry
(radius: 40 mm, cone angle: 1°, truncated gap: 54 um). The Peltier plate was maintained at

25° C, and a solvent trap was used to minimize water evaporation. All rheological data were

recorded over a 15-second period under steady shear after a stabilization time of several
minutes (up to 10 minutes depending on the sample), ensuring a deviation of less than 6% in
viscosity values. As shown in Figure SFlc, the shear viscosity at 0.1 s remained relatively
low in the isotropic region (3—7 wt%) but exhibited a dramatic increase—nearly four orders of
magnitude—between 9 and 11 wt%. This sharp rise in viscosity reflects the isotropic-to-
biphasic transition at 9 wt% and the biphasic-to-nematic transition at 11 wt%, in agreement
with the visual observations from POM analysis. 2! Tt is noteworthy that the observed
transition concentration for DBSA-stabilized BNNTs (~11 wt%) is higher than that for P(VP-
r-QVI)-stabilized BNNTSs (~7 wt%) reported in our previous study. [!! This difference is likely
to be attributed to a lower degree of BNNT debundling by DBSA or a smaller effective

excluded volume of DBSA-coated BNNTs compared to that of polymer-coated BNNTs.
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Figure SF2. SDS-assisted BNNT dispersion (a) flocculation at high-concentration BNNT (6
wt%) (b) homogeneous dispersion after redispersion at lower concentration (0.4 wt%).

As observed in Figure SF2a, SDS-assisted BNNT (SDS-BNNT) dispersion exhibited partial
aggregation and flocculation at high concentration, resulting in a BNNT concentration
gradient observed along the vial height. For redispersion, upon dilution with water, the
suspension was diluted to 0.4 wt% and bath-sonicated for 15 minutes. As observed in Figure
SF2b, after the redispersion treatment, BNNTs formed a homogeneous dispersion throughout

the vial, demonstrating the reversible stability characteristic of depletion-induced flocculation
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Figure SF3. Cross-sectional SEM image of the BNNT film with a thickness of 20 um
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Figure SF4. (a) POM images and (b) POM images with retardation plate of unidirectionally
aligned DBSA-BNNT film coated on glass. (~20 um in thickness)
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Figure SF5. Thermogravimetric analysis (TGA) of DBSA surfactant and DBSA-BNNT

(Left) Weight loss profiles showing thermal decomposition of pure DBSA (dashed line) and
DBSA-BNNT (solid line). (Right) Derivative weight loss curves highlighting the
decomposition temperature ranges. The DBSA surfactant shows complete decomposition
between 200-400°C, while BNNTSs remain thermally stable up to 800°C, enabling quantitative
determination of surfactant content in DBSA-BNNT suspensions through weight loss analysis.
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Supporting Information S1.

The reason we hypothesized the possible formation of a DBSA bilayer on the BNNT surface

is that the extraordinarily high colloidal stability of DBSA-stabilized BNNTSs, in contrast to

SDS-stabilized ones, cannot be explained otherwise. Given the similar molecular structures of

the tail groups in SDS and DBSA, such a disparity in colloidal stability at high concentrations

suggests that the adsorption behavior of the two surfactants is fundamentally different.

Although we are unable to present direct visual evidence of bilayer formation, we summarize

below the indirect evidence and rationales that support our interpretation.

1.

High surface areal density of DBSA estimated via TGA and surface area
measurement: We believe the TGA measurement of the amount of DBSA adsorbed
on BNNT is relatively accurate, as free DBSA molecules in the dispersion medium
were removed by centrifugation and decantation of supernatant. The observed mass
loss in the TGA experiment is attributed solely to DBSA decomposition, given the
exceptional thermal stability of BNNTs up to 800 °C. As the reviewer correctly
pointed out, an accurate estimation of BNNT surface area is critical for calculating the
surface areal density of surfactants. However, due to the presence of residual
impurities such as cages and hexagonal boron nitride, even after purification, precise
analysis of BNNT dimensions and polydispersity is challenging. Therefore, we
measured the external surface area of freeze-dried BNNTs using t-plot BET
characterization (Micromeritics), yielding a value of approximately 160 m?/g. This is
comparable to the surface area of multi-walled carbon nanotubes (100—150 m?/g).
Based on this surface area, the calculated areal density of DBSA on BNNT is
approximately 25 molecules/nm?, which is unrealistically high considering the van der
Waals radius of the sulfonate head group allows a maximum density of about 4
molecules/nm? (as noted in the manuscript). We attribute this overestimation to the

bundling of BNNTSs during freeze-drying, which reduces the measured surface area.
9
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As the BNNTs used in this study are multi-walled, their true surface area is not
expected to exceed the known value for single-walled CNTs (~1000 m?/g). If we use
1000 m?*/g for our calculation, the areal density becomes ~4 molecules/nm?, the
maximum packing density for sulfonate head groups. This density is significantly
higher than reported values for single-chain surfactants on CNT surfaces (2.2-2.7
molecules/nm?), where surfactants typically form hemispherical micelles with
hydrophilic heads exposed to the aqueous phase (as discussed in the manuscript).
Thus, using a reasonable intermediate surface area (~760 m?*/g) leads to a calculated
density that strongly suggests bilayer formation on the BNNT surface.

Stronger adsorption affinity of DBSA over SDS: As shown in Figures 5b and 5c,
DBSA shows a stronger adsorption affinity to BNNTs than SDS. Given the similarity
in tail group structures, this difference is unlikely due to hydrophobic/hydrophilic
interactions. We suggest that this higher affinity of DBSA arises from specific
interactions between the sulfonic acid head group and the BNNT surface, as discussed
in the manuscript. If the inner layer of DBSA is adsorbed via its head group, with the
tail facing the aqueous phase, then the formation of a bilayer through interdigitation is
thermodynamically favorable to maintain dispersion stability.

. High-resolution TEM and EDX analysis: Due to limited access to cryo-TEM, we
used high-resolution TEM to characterize DBSA-stabilized BNNTs. The sample was
prepared by drop-casting the dispersion onto a holey carbon TEM grid. As expected,
direct imaging of the surfactant bilayer was unsuccessful due to the low electron
density of the organic molecules. Nonetheless, EDX mapping revealed that the
BNNTs (identified via HAADF, boron, and nitrogen EDX mapping images on the top
of Figure) were fully covered with organic material (identified via carbon and oxygen

EDX mapping images on the bottom of Figure), suggesting the presence of surfactant.

10
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While this does not directly prove bilayer formation, it provides supporting evidence

for the adsorption of DBSA onto the BNNT surface.
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Supporting Information S2.

The initial suspension was prepared by dispersing BNNT (3 mg/ml) and DBSA (3 mg/ml, 9.2
mM) in DI water (23.4 ml). In this process, DBSA molecules adsorb onto the BNNT surface
and excess DBSA molecules simultaneously exist in the dispersion medium. To address the
concentration of DBSA in the dispersion, we measured pH values of the dispersions at
different preparation procedures. The measured pH of the initial dispersion, including DBSA-
stabilized BNNTs and free DBSA molecules in the dispersion media was about 2.4. The
subsequent centrifugation induces physical phase separation, dividing the system into a
supernatant including predominantly free DBSA molecules in the dispersion media and a
sediment comprising DBSA-stabilized BNNTs on the bottom of the conical tube. Then, the
supernatant (measured pH ~ 2.5) containing excess free DBSA was decanted, and the
sediment including DBSA-stabilized BNNTs was redispersed in an equal volume of deionized
water (23.4 ml) with no addition of extra surfactants. The measured pH of the redispersed
DBSA-stabilized BNNTSs dispersion was ~ 3.5.

To provide quantitative evidence for the methodology, we calculated DBSA concentrations
before and after centrifugation using pH measurements and established acid-base equilibrium
relationships. It is noteworthy that DBSA molecules are aggregated as micelles or vesicles at
over critical concentration as well as acid-soap dimer formation of DBSA molecules at high
concentration occurs, resulting in difference in estimated and experimentally measured
concentrations. Nonetheless, relative amounts of DBSAs in supernatant and residual DBSAs
in redisersed BNNTs are roughly estimated.

DBSA is a strong acid surfactant and, therefore, follows the dissociation equilibrium DBSA
= H"+ DBSA", where the total DBSA concentration can be determined using the relationship
C total = [HA] + [H*], with [HA] = [H"]?/Ka. Since literature reports of DBSA pKa values

vary from 0.7 to -0.45, we analyzed using both values to ensure the reliability of our

12
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calculations. Using pKa = 0.7 (Ka ~ 0.1995), the calculated DBSA concentrations based on
measured pH values were ~ 4.06 mM for the initial dispersion (pH 2.4), ~ 3.21 mM for the
supernatant (pH 2.5), and a ~ 0.32 mM for the redispersed DBSA-stabilized BNNTs (pH 3.5).
When using pKa = -0.45 (Ka ~ 0.3548), the calculated values were ~ 4.02 mM for the initial
dispersion, ~ 3.19 mM for the supernatant, and ~ 0.32 mM for the redispersed DBSA-
stabilized BNNTSs, showing similar results.

In both cases, the difference in calculated amounts using pH values between DBSAs in initial
dispersion before centrifugation (~4.06 mM when Ka is 0.7) and residual DBSAs in
redispersed dispersion (4.06 —3.21 = 0.85 mM, when Ka is 0.7) is approximately 20 %. These
residual DBSA molecules are either bound on the surface of BNNTSs or freely dispersed in the

dispersion media at equilibrium.

13
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