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ABSTRACT

Effectively translating the promising properties of boron nitride nanotubes (BNNTSs) into
macroscopic assemblies has vast potential for applications, such as thermal management materials
and protective fabrics against hazardous environment. We spun fibers from aqueous dispersions
of BNNTs in polyvinyl alcohol (PVA) solutions by a wet spinning method. Our results
demonstrate that BNNTs/PVA fibers exhibit enhanced mechanical properties, which are affected
by the nanotube and PV A concentrations, and the coagulation solvent utilized. Compared to the
neat PVA fibers, we obtained roughly 4.3-, 12.7-, and 1.5-fold increases in the tensile strength,
Young’s modulus, and toughness, respectively, for the highest performing BNNTs/PVA fibers
produced from dispersions containing as low as 0.1 mass % of nanotube concentration. Among

the coagulation solvents tested, we found that solvents with higher polarity such as methanol and



ethanol generally produced fibers with improved mechanical properties, where the fiber toughness
shows a strong correlation with solvent polarity. These findings provide insights into assembling

BNNTs-based fibers with improved mechanical properties for developing unique applications.

INTRODUCTION

Macroscopic assembly of nanomaterials is a necessary route to achieve films and fibers with
tunable properties for applications ranging from effective thermal management to multifunctional
textiles. Liquid phase processing enables versatile nanomaterial assembly through providing
access for the surface functionalization and integration with other nanomaterials and polymers for
the overall property control and enhancement. Boron nitride nanotubes (BNNTSs) have a
hexagonal lattice structure similar to that of carbon nanotubes (CNTs) with alternating boron and
nitrogen atoms.! BNNTs are lightweight and electrically insulating with an uniform wide band
gap (= 6 eV),>® and have promising optical* and mechanical® properties, excellent thermal
conductivity (350 — 2400 W/mK),%’ and high stability up to 900 °C in air.® This unique
combination of material properties is ideal for applications, such as transparent protective coatings,

thermal management in electronics and textiles, and biomedical applications.” '3

Effective translation of individual nanotube properties into BNNTs-based assemblies often
requires tailoring interfaces through surface modification and uniformly dispersing nanotubes in
various solvents and polymer matrices. Noncovalent complexation of BNNTs with polymers,
surfactants, and biomolecules through adsorption onto the surface of nanotubes is a simple and
effective way of producing liquid dispersions of BNNTSs.!#"1¢ This approach preserves the intrinsic

properties of nanotubes as compared to the covalent functionalization of tubes, which often causes



permanent changes in the B-N lattice structure and subsequent property deterioration.'””" In
recent work, dispersions of BNNTSs in solvents, including dimethyl formamide (DMF) and ethanol,
have been integrated with polymer matrices to produce composites and fibers.!>?°2? Particularly,
significant improvement in thermal conductivity was obtained for BNNTs-based composites
prepared by vacuum filtration of aqueous dispersions of nanotube/polymer mixtures.?*2*

However, fiber spinning and mechanical property enhancement of BNNT assemblies remain to be

challenging.

25-29 and

In comparison, multifunctional strong fibers from liquid dispersions of CNTs
boron nitride nanosheets (BNNSs),?° that are one-dimensional (1D) and 2D counterparts of
BNNTs, have been produced successfully via liquid-phase processing. During the past decades,
CNTs have been combined with polymers, including polyvinyl alcohol (PVA) and
polyacrylonitrile (PAN) that have been utilized for spinning industry scale fibers, to obtain
composite fibers with significantly improved mechanical properties.?¢?*3! Particularly, Kumar
and colleagues reported mechanical property improvements for CNTs/PAN fibers, including
increases in modulus, tensile strength, and toughness by 75%, 70%, and 230%, respectively, in
comparison to the neat PAN fibers.?6 However, BNNTs/PAN fibers produced recently by the
same group exhibited diminished mechanical properties.'? This is likely due to the poor dispersion
of BNNTs and voids formed in fibers that are caused by impurities in the synthetic material, such
as elemental boron, boron oxide (B203), and hexagonal boron nitride (hBN) structures such as

nanosheets and nanocages.*? Therefore, BNNT fillers with improved purity and dispersion quality

are needed for polymeric fiber reinforcement.

Here, we demonstrate that BNNTSs coated by a strong surfactant, sodium deoxycholate

(SDC), remain stable in PV A solutions, and wet spinning of BNNTs/PV A dispersions can produce
3



fibers with significantly improved mechanical properties at a nanotube concentration of as low as
0.1 mass %. Specifically, we investigated the stabilization of BNNTSs in water using various
dispersing agents including surfactants, lysozyme (LSZ), and an LSZ/surfactant mixture. Among
the dispersants tested, SDC stabilizes the largest amount of BNNTs in water and the resulting
SDC-coated BNNTs (SDC-BNNTs) are highly stable when mixed with a PVA solution.
Subsequently, we produced wet-spun fibers by injecting BNNTs/PVA mixtures in a rotating
coagulation bath of methanol, ethanol, and a methanol/acetone mixture, respectively. Fibers were
dried under ambient conditions before testing their mechanical properties. Various parameters
including pristine versus purified BNNT material, BNNT and PVA concentrations, and the
coagulation solvent were tested to study their effects on the overall mechanical properties,

including tensile strength, Young’s modulus, and toughness, of the final composite fibers.

EXPERIMENTAL SECTION

Materials. Synthetic pristine (puffball, lot no: 426191, = 50 mass % residual elemental
boron impurity) and purified (refined puftball, lot no: CNA191011, < 1 mass % elemental boron)
few-wall BNNT materials (i.e., mostly 2-5 walls)!®333* were purchased from BNNT, LLC
(Newport News, VA). Sodium deoxycholate (SDC, >98 % BioXtra), sodium dodecyl sulfate
(SDS, >99 % BioXtra), tetradecyl trimethylammonium bromide (TTAB, > 98 %), lysozyme (LSZ)
from chicken egg white (lyophilized powder, protein >90 %), and polyvinyl alcohol (PVA, MW
146,000-186,000) were obtained from Sigma-Aldrich. Ethanol (EtOH, 100%, Decon Labs, Inc.),

methanol (MeOH, 99.9%, Alfa Aesar), and acetone (99.5+%, Alfa Aesar) were used as received.



Nanotube Sample Preparation. For the study of dispersing agent selection, pristine
BNNTs were dispersed in a total volume of 1 mL deionized (DI) water at 1 mg/mL (i.e., 0.1 mass
%) of the BNNT synthetic material using different dispersants. For SDC, SDS, and TTAB, the
concentration of surfactant was kept at 1 mass %. In addition, a final concentration of 10 mg/mL
(i.e., 1 mass %) LSZ and a mixture of 0.5 mass % TTAB — 5 mg/mL (i.e., 0.5 mass %) LSZ were
used for dispersing BNNTSs, respectively. For fiber spinning, both pristine and purified BNNTs
were dispersed at 4 mg/mL (i.e., 0.4 mass %) of the BNNT synthetic material, respectively, in a
total volume of 1 mL DI water using 1 mass % SDC. The mixture of BNNTSs and a dispersing
agent in water were bath sonicated for 30 min at room temperature, followed by probe tip
ultrasonication (model VCX 130, Sonics and Materials, Inc.) in an ice bath at a power level of 8
W for 1 hour using a 2 mm diameter probe. Supernatant dispersions were collected after

centrifugation at 2500 g for 30 min at 19 °C and were used as the stock BNNT dispersions.

Dispersion Characterization. UV-vis absorbance measurements were performed using a
Jasco V-760 spectrophotometer over the wavelength range of 187-800 nm using a 10 mm path
length quartz cuvette. Membrane filtration using a Microcon® centrifugal filter with a molecular
weight cutoff (MWCO) of 100 kDa was performed to remove unbound, excess dispersants to allow
resolution of nanotube absorption feature near 204 nm wavelength. For the measurements shown
in Figure 1, supernatant samples were membrane filtered three times and re-dispersed in water.
The concentration of individually dispersed SDC-BNNT complexes was determined using an
extinction coefficient of 188.27 mL mg ™' cm™' at 204 nm wavelength that is obtained in this work.
Zeta potential measurements were obtained at room temperature for purified BNNTSs stabilized by

surfactants using a Malvern Zetasizer Nanoseries Nano-ZS with the dispersions injected into a



folded capillary zeta cell. The excess, unbound surfactants were removed by membrane filtration

as described previously.

Fiber Spinning of BNNTs and PVA Mixtures. A stock solution of 10 mass % PVA was
prepared by dissolving PVA crystalline powder in DI water under constant stirring for 3 hours at
60 °C using a magnetic stir bar. The PVA stock was mixed with SDC-BNNT supernatant sample
to obtain a total volume of 1 mL mixtures with final concentrations of 0 — 0.1 mass % BNNTSs in
2.5 and 5 mass % PVA solutions, respectively. The BNNTs/PVA mixtures were gently vortexed
for 1 min and bath sonicated for 30 min before fiber spinning. Specifically,a BNNTs/PV A mixture
was injected at a flow rate of 100 pL min' through a high-pressure 22 gauge (0.5 mm inner
diameter) stainless steel needle using a syringe pump into a 400 mL coagulation bath (i.e., MeOH,
EtOH, and a cosolvent of MeOH/acetone containing 25 vol % acetone) rotating at 23 RPM. The
needle is positioned 5 cm from the coagulation bath center. Fibers were pulled from the bath at an

average rate of 10 cm min~' and dried in air for at least 15 min before mechanical testing.

Mechanical Testing. An Instron Premium 5969 with a 5 N static load cell was used to
test the mechanical properties of BNNTs/PVA fibers at an extension speed of I mm min~'. Fiber
samples were glued into a testing frame with a gauge length of 26 mm, which was then installed
on pneumatic side-action grips of 50 N capacity with smooth jaw faces (25 mm X 25 mm). The
load and gauge length were balanced and zeroed before each run. Test data collected for each
sample were load, extension, time, and strain. The densities of fibers were estimated to be 1.30
g/cm® for neat PVA fibers*>*° and 1.28 g/cm® for BNNTs/PVA fibers using the rule of mixture
where the density of BNNTSs is 1.50 g/cm? by taking the average of previously reported values,?”-

while densities for SDC and PVA are 1.01 and 1.30 g/cm’, respectively.**>® Excel and MATLAB

were used to analyze the mechanical properties of fiber samples. Five different fiber samples were
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measured for each composition of BNNTs/PVA fibers. Of the five samples, the ones with the
highest and lowest tensile strength were eliminated, and the remaining three samples were used to

calculate the average mechanical properties of fibers.

Scanning Electron Microscopy (SEM). High-resolution field emission scanning electron
microscope (SEM), Inspect F50 by FEI, equipped with an Everhart-Thornley detector with
variable grid bias and electron dispersive spectroscopy (EDS) detector was used to image the
surface and cross-section of fibers and perform elemental mapping of the fiber cross-section. After
obtaining the cross-section area at fiber failure, the change in cross-section area with increasing
elongation at a given time was determined using the equation, A; = ({’f X Af) /€:, where, A; is
the cross-section area at time t, Ar is the cross-section area at fiber failure, £ is the fiber length at

time t, and ¥, is the fiber length at failure.

RESULTS AND DISCUSSION

During the past decades, nanofillers have been used in polymer matrices to obtain strong composite
fibers with multifunctional properties. PVA polymer has been widely utilized for commercial
fibers in many applications due to its chemical and mechanical stability.’® Additionally, PVA is
known to interact strongly with CNTs and BNNSs and causes the coagulation of nanomaterial

40,41

dispersions to form composite fibers. Particularly, PVA chains adsorb onto the surface of

nanotubes causing bridging coagulation that significantly improves mechanical properties.?s#!
However, the interfacial interaction between PVA and CNTs may also lead to nanotube

aggregations by displacing weak surface coatings of tubes, which limits versatile fiber spinning.

Various dispersants including surfactants, such as SDS, TTAB and polyoxoethylene glycol



octadecyl ether (i.e., Brij® 78), and biomolecule LSZ have been utilized to successfully stabilize
CNTs against aggregation in water when mixed with PVA.?4? Stable dispersions of BNNTs in
water using surfactants with varying properties (i.e., ionic and nonionic) have also been achieved
previously.!® In addition, PVA is shown to effectively disperse 2D BNNSs through hydrogen
bonding interactions between the hydroxyl group of the polymer and the partially ionic B-N lattice

structure due to an electron deficiency of B atoms.’%*

Based on these previously known
stabilization approaches of CNTs and BNNSs in PVA solutions, we fabricated BNNTs/PVA

composite fibers by wet spinning, where nanotubes were initially dispersed in water using a strong

surfactant SDC (Scheme 1).

Scheme 1. BNNTSs/PVA fiber spinning process

Coagulation bath

We tested four dispersing agents including SDC, SDS, TTAB, LSZ, and a combination of
TTAB/LSZ to compare their effectiveness in suspending the most BNNTs in water. SDC is an
anionic surfactant known to interact with CNTs much stronger than other surfactants through

forming a homogenous, bound interfacial layer of surfactants around tubes due to its rigid, steroid-
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ring structure.***

The SDC-nanotube complexes are subsequently stabilized in water via
electrostatic interactions. Here, the supernatant dispersions of BNNTSs coated by various
dispersants showed the characteristic BNNT absorption peak at 204 nm wavelength (Figure 1a).
Particularly, supernatants were collected after centrifugation at 2,500 g, which was found to be
optimal in retaining the largest amount of dispersed BNNTs in water while removing most
nanotube bundles and impurities (Figure S1). This is evidenced by a well-resolved, narrower
absorption peak and diminished baseline absorbance for supernatant dispersions compared to that
of a bulk dispersion without centrifugation (Figure Sla). Additionally, among the dispersants
tested at the experimental condition in this work, SDC stabilizes the most tubes in supernatants
(i.e., =0.57 mg/mL of SDC-BNNTs) based on an extinction coefficient of 188.27 mL mg ! cm™!
at 204 nm obtained for SDC-BNNTs (Figure 1b and Figure S2). The stock dispersions of SDC-
BNNTs obtained in this work are stable for weeks for a routine storage condition at 4 °C. The
concentration of nanotubes in supernatant samples is followed by BNNTSs dispersed by a cationic
surfactant TTAB, anionic SDS, a mixture of TTAB and cationic LSZ, and LSZ alone. In Figure
1b, the slightly higher BNNT concentration obtained by cationic TTAB as compared to anionic
SDS is likely due to the increased interaction between the cationic surfactant and the BNNTSs,
which possess N atoms with partial negative charges.!® The longer aliphatic chain of TTAB (i.e.,
14-carbon tail) may further increase the hydrophobic interaction with BNNTs than SDS, which
has a slightly shorter chain length of 12 carbons. The magnitude of zeta potentials of surfactant-
coated BNNTs is found to be similar (i.e., — 53, — 57, and + 52 mV for SDC-, SDS, and TTAB-
dispersed BNNTSs), indicating stable dispersions of nanotubes due to electrostatic stabilization in
water (Table S1). However, the absence of steroid-ring structure in TTAB and SDS may lead to

the stabilization of a lesser amount of BNNTSs in water compared to SDC. Additionally, we utilized



LSZ, a globular protein of roughly 3 nm diameter, to test its capability to disperse BNNTs;
however, it resulted in dispersions with the lowest nanotube concentration among all the
dispersants tested in this work. LSZ is known to interact with single-wall carbon nanotubes
(SWCNTs) of = 1 nm diameter through m-m stacking and hydrophobic interactions between
tryptophan (aromatic amino acid residue) and the nanotube sidewall.***® The specific structural
motif and the rigidity of LSZ are also considered to play a role in its selective interaction with
nanotubes of different diameters.*® When interacting with BNNTs of larger diameter (i.e., roughly
7 nm),'** the wrapping of nanotubes by LSZ may have been hindered. Adding TTAB in LSZ
solution increases the BNNT concentration in dispersions. This is similar to the dispersion
outcome of SWCNTs stabilized by a mixture of TTAB/LSZ, where the improved dispersion
stability of nanotubes is likely caused by the synergistic interaction of TTAB and the amino acid
residues of LSZ as well as interaction of TTAB/LSZ complexes with nanotubes.’® Complex
interactions and stability of BNNT dispersions in proteins and mixtures of protein/surfactant are
worthy of future studies, particularly for developing BNNT complexes with improved
biocompatibility and functionality for biomedical applications. Here, we selected SDC-BNNT
complexes due to its ability to disperse the most BNNTSs and remain stable when combined with

PVA in water for fabricating BNNTs/PVA fibers by wet spinning.
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Figure 1. Dispersions of pristine BNNTs in water stabilized by various dispersing agents
including SDC, TTAB, TTAB/LSZ, SDS, and LSZ. (a) Absorbance spectra of supernatant
dispersions of BNNTSs and the corresponding (b) concentration of dispersed BNNT complexes.
All samples were diluted by a factor of 200x in DI water for UV—vis absorbance measurements.
The error bars were obtained from the standard deviation of a minimum of three repeats of different

dispersion samples.
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Wet spinning of fibers has been applied conventionally in many industries due to its
robustness, scalability, cost effectiveness, and accessibility for process and material optimization.
We studied the effects of various processing conditions on the overall mechanical properties of
wet-spun BNNTs/PVA fibers by combining SDC-BNNT dispersions with aqueous solutions of
PVA and fabricated fibers in coflowing streams of a coagulation solvent. The nanotube length,
together with aspect ratio and purity, is known to impact fiber mechanical properties where longer

2551 We estimate the

tubes lead to greater strength due to an improved tube-tube stress transfer.
number average length of SDC-BNNTs to be roughly 324 + 133 nm based on our prior work
utilizing the same sample dispersion method.>? To begin with, we tested how the purity of BNNT
synthetic material, and the nanotube concentration affect the mechanical properties of fibers
coagulated in EtOH, while keeping the PVA content in BNNTs/PVA dispersions at 5 mass %
(Figure 2, Table S2 and S3). We estimated the volume fractions of BNNTs (i.e., roughly from 0.5
to 1.6 vol % BNNTSs) in dried BNNTs/PVA fibers based on the compositions of BNNTs/PVA
dispersions (Table S2). Typical stress-strain curves of fibers produced from mixtures of
BNNTs/PVA using pristine and purified BNNTSs are shown in Figures S3 and S4. In general, the

overall mechanical properties of BNNTs/PVA fibers show significant improvement over neat PVA

fibers with increasing nanotube concentration.

Specifically, the average tensile strength of fibers increases monotonically with BNNT
concentration, where the addition of as low as 0.025 mass % of purified BNNTSs in the dispersion
results in an increased tensile strength for purified BNNTs/PVA fibers to = 307 + 62 MPa, which
is roughly 66 % higher than that of neat PVA fibers (Figure 2a). With further increase in the

concentration of purified BNNTSs up to 0.1 mass %, the fiber tensile strength increases to 553 + 45
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MPa, corresponding to a 3.0-fold increase than that of neat PVA fibers (i.e., 185 = 45 MPa). In
comparison, the average Young’s modulus of purified BNNTs/PVA fibers increases at 0.025 mass
% BNNTs to 3.8 = 0.5 GPa, which remains relatively the same at 0.05 mass % of nanotubes (Figure
2b). This is followed by a sharp increase at 0.075 mass % of purified BNNTs to 7.1 + 1.0 GPa,
which is 6.4-fold higher than that of the neat PVA fibers (i.e., 1.1 £ 0.1 GPa). The Young’s
modulus of purified BNNTs/PVA fibers remains unchanged when nanotube concentration is

3334 we estimated the effective modulus of

increased to 0.1 mass %. Utilizing the rule of mixture,
purified BNNTs in BNNTs/PVA fibers, which are higher than that of pristine BNNTSs, to be from
289 £ 4 to 620 £ 75 GPa depending on the BNNT content in the fibers (Figure S5). These are
within 24 - 52 % range of the Young’s modulus of an individual BNNTs (i.e., = 1.2 TPa).> The
average toughness of purified BNNTs/PVA fibers increases gradually as a function of nanotube
concentration to 166 + 55 J/g at 0.1 mass % BNNTs, which is 48 % higher than that of neat PVA
fibers (i.e., 112 = 32 J/g) (Figure 2¢). Additionally, fibers containing purified BNNTs with < 1
mass % elemental boron impurities show slightly improved mechanical properties than those
produced from dispersions of pristine BNNTs (= 50 % elemental boron) within the nanotube
concentration range that we have tested in this work. This indicates that at a lower loading of
BNNT material (i.e., less than 0.1 mass % tubes), the elemental boron impurity may have a minor
impact on the overall mechanical properties of BNNTs/PVA fibers. Further purification of BNNT
material by removing non-nanotube hBN structures such as nanosheets and nanocages in future
work could be beneficial for improving mechanical properties of BNNTs-based fibers.
Additionally, evaluating the effect of BNNTSs on the overall property of BNNTs/polymer fibers at

a broad concentration range and further modifying the fiber spinning process are worthy of future

studies.

13



a) b) c)

600  mPristine _ - mPristine 20 5 Pristine
E L m Purified & 75 | mPurified 200 | ™ Purified
S450 | =PVA Qw— | =PVA 5 PVA
~ )
s S -~ i
=] S 5 | @ 150
300 H 2
& = i 5100
2 @25 | 3
2150 § F o5 |
8 > | F
oo 0 0o L—

" 00.025 0.05 0.075 0.1 " 00.025 0.05 0.075 0.1 0 0.025 0.05 0.075 0.1
BNNT Concentration (mass %) BNNT Concentration (mass %) BNNT Concentration (mass %)

Figure 2. Mechanical properties including (a) tensile strength, (b) Young’s modulus, and (c)
toughness of neat PVA (i.e., PVA), pristine BNNTs/PVA (i.e., Pristine), and purified BNNTs/PVA
(i.e., Purified) fibers produced from dispersions containing 5 mass % PVA and varying BNNT

concentrations in an EtOH coagulation bath.

The fiber surface morphology and the inner fiber structures are inspected using SEM
(Figure 3, Figure S6, Figure S7). The flexibility and mechanical robustness of BNNTs/PVA fibers
spun in EtOH are demonstrated by tying a fiber into a knot without breaking (Figure 3a).
Representative SEM images show the smooth surface morphology of fibers and assist the
determination of fiber cross-section areas. Generally, the average cross-section area of fibers
decreases with increasing nanotube concentration from 539 + 245 pm? for neat PVA fibers to 147
+ 67 pum® for BNNTs/PVA fibers containing 0.1 mass % tubes. With increasing nanotube
concentration in BNNTs/PVA dispersions, samples became visibly more viscous, which likely led
to the difference in the cross-section area of fibers under applied shear during the spinning process.
The inner structures differ between BNNTs/PVA fibers containing pristine and purified nanotubes

as well. BNNTs/PVA fibers composed of pristine nanotubes that are coagulated in EtOH show
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microvoids throughout the fiber cross-section, likely due to impurities such as elemental boron
and hBN nanostructures (Figure 3b,c). Regardless of the seemingly porous structure, fibers
containing pristine BNNTs demonstrate better mechanical properties than neat PVA fibers. In
comparison, BNNTs/PVA fibers containing purified nanotubes exhibit a cross-section of relatively
smooth structure (Figure 3d). This indicates that purified BNNT sample may integrate well with
PVA aqueous solution, resulting in BNNTs/PVA fibers with more uniform structures and higher

overall mechanical properties than fibers containing pristine tubes.

Figure 3. SEM images of BNNTs/PVA fibers produced from dispersions containing 5 mass %
PVA in an EtOH coagulation bath. (a) A fiber obtained from a dispersion of 0.1 mass % pristine
BNNTs showing the mechanical robustness (knot). The scale bar is 200 um. The cross-section
of fibers obtained from dispersions containing (b, ¢) 0.1 mass % pristine BNNTs and (d) 0.1 mass

% purified BNNTs. The scale bars are 10, 20, and 40 pm, respectively.

We then tested additional parameters including PVA concentration and the type of

coagulation solvent used in the fiber spinning process and investigated their effects on the fiber
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mechanical properties. First, we reduced the PVA concentration from 5 mass % to 2.5 mass % in
pristine BNNTs/PVA mixtures, while keeping the concentration of pristine BNNTs at 0.1 mass %,
and spun fibers in EtOH (Figure 4, Figure S8, and Table S4). Stronger fibers were obtained from
BNNTSs/PVA mixtures containing 2.5 mass % PVA including a tensile strength of 757 + 147 MPa
and a Young’s modulus of 14.0 + 3.4 GPa, which are 1.7- and 2.1-folds higher than those of fibers
containing 5 mass % PVA, respectively (Figure 4a and Table S4). Moreover, these values
correspond to 4.1- and 12.7-fold increases of tensile strength and Young’s modulus values than
that of neat PVA fibers obtained from 5 mass % PVA in EtOH (Table S3). Nanotube orientation
plays an important role in fiber overall properties, including modulus.>>>! Reducing PVA
concentration in BNNTs/PVA mixtures likely results in decreased viscosity of dispersions
favoring improved nanotube orientation during extrusion from a needle, and the nanotube
orientation is further assisted by the coflowing streams of EtOH bath. This likely results in
enhanced strength and stiffness of fibers produced from BNNTs/PVA mixtures with 2.5 mass %
PVA. However, the average toughness of fibers decreases by roughly 18 % to 111 + 30 J/g for
BNNTSs/PVA fibers when PVA concentration in mixtures decreases from 5 to 2.5 mass % (Figure
4b). This is related to the decreasing strain at break from 69 + 13 % to 60 + 23 % resulting from
the reduced PVA content in BNNTs/PVA mixtures for fiber spinning. It is noteworthy to mention
that coagulated fibers from 2.5 mass % PV A solution without adding BNNTSs are too weak to be
drawn from the EtOH bath. This indicates that BNNTs assist the formation of BNNTs/PVA fiber
through reinforcing the PVA polymer matrix and improve the overall mechanical properties of

BNNTs/PVA fibers synergistically.
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Figure 4. Mechanical properties including (a) tensile strength, Young’s modulus and (b)
toughness of pristine BNNTs/PVA fibers produced from dispersions containing 0.1 mass %
BNNTs and different PVA concentrations of 2.5 and 5 mass %, respectively, in an EtOH

coagulation bath.

Additionally, we performed a preliminary study to evaluate the effect of the coagulation
solvent on the mechanical properties of fibers spun from pristine BNNTs/PV A mixtures containing

0.1 mass % pristine BNNTs and 2.5 mass % PVA (Figure 5, Figure S9, and Table S5). Solvents
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of varying polarity and dielectric constants including MeOH, EtOH, and a MeOH/acetone
cosolvent containing 25 vol % acetone were utilized to coagulate BNNTs/PVA fibers. MeOH and
EtOH are known to facilitate the coagulation of PVA fibers.’*>> When acetone was utilized
alone, neither PVA solution nor BNNTs/PVA dispersions were coagulated into fibers as the
spinning solution form a ball of gel sticking to the needle. In general, BNNTs/PVA fibers
coagulated in MeOH/acetone cosolvent show inferior mechanical properties than those in pure
alcohol solvents. Between MeOH and EtOH, the average tensile strength of BNNTs/PVA fibers
slightly increases to 789 + 46 MPa (i.e., 4.3-folder higher than that of neat PVA fibers) when
MeOH is used as the coagulation solvent (Figure 5a and Table S5). As for the Young’s modulus,
EtOH produces fibers with a higher value (i.e., 14.0 + 3.4 GPa), which is = 44 % larger than those
obtained in MeOH (Figure 5a and Table S5). Additionally, the fiber toughness increases linearly
with increasing solvent polarity reaching an average value of 140 + 65 J/g for BNNTs/PVA fibers
in MeOH (Figure 5b). The effect of solvent properties on the mechanical properties of
BNNTs/PVA fibers will be rationalized by future studies to facilitate the production of strong

fibers with enhanced performance.
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CONCLUSION

In summary, we have demonstrated that effective dispersions of BNNTs lead to significantly
improved mechanical properties of the resulting BNNTs/PVA fibers at a nanotube concentration
of as low as 0.1 mass %. Particularly, surfactant-dispersed BNNTs are stable in PVA solution and
BNNTs/PVA fibers can be produced by wet fiber spinning in various coagulation solvents
including MeOH, EtOH, and a MeOH/acetone mixture. At a constant concentration of 5 mass %
PVA, tensile strength and Young’s modulus of fibers produced in EtOH improve with increasing
BNNT concentration that have been tested in this work. When decreasing the PVA concentration
to 2.5 mass % in pristine BNNTs/PVA dispersions, the tensile strength and Young’s Modulus of
fibers spun in EtOH increase to 757 = 147 MPa and 14.0 & 3.4 GPa, respectively. This corresponds
to 4.1- and 12.7-fold increases as compared to that of neat PVA fibers produced from 5 mass %
PVA solution. A slightly higher tensile strength of 789 + 46 MPa (i.e., 4.3-fold higher that of neat
PVA fibers) is obtained for pristine BNNTs/PVA fibers with MeOH as the coagulation solvent.
The overall mechanical properties of fibers improve slightly with purified BNNTSs than pristine
BNNTs, suggesting that the elemental boron impurity has a minor effect on fiber properties within
the BNNT loading range tested in this work. Separating nanotubes from non-nanotube hBN
structures that are present in the synthetic material in future studies will better reveal the effect of
impurities on fiber properties. In addition, further improvements in fiber processing, such as
introducing controlled drawing and drying of fibers and optimizing fiber components and
coagulation solvents, are planned in future work to achieve BNNTs-based fibers with enhanced
performance. Combined, our work contributes to the potential macroscopic assembly of BNNTs,
such as multifunctional, strong fibers for applications in thermal management and protective

fabrics.
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