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ABSTRACT: Boron nitride nanotubes (BNNTs) are of interest for their unique
combination of high tensile strength, high electrical resistivity, high neutron cross
section, and low reactivity. The fastest route to employing these properties in
composites and macroscopic articles is through solution processing. However,
dispersing BNNTs without functionalization or use of a surfactant is challenging. We
show here by cryogenic transmission electron microscopy that BNNTs spontaneously
dissolve in chlorosulfonic acid as disentangled individual molecules. Electron energy
loss spectroscopy of BNNTs dried from the solution confirms preservation of the sp2

hybridization for boron and nitrogen, eliminating the possibility of BNNT
functionalization or damage. The length and diameter of the BNNTs was statistically
calculated to be ∼4.5 μm and ∼4 nm, respectively. Interestingly, bent or otherwise
damaged BNNTs are filled by chlorosulfonic acid. Additionally, nanometer-sized
synthesis byproducts, including boron nitride clusters, isolated single and multilayer
hexagonal boron nitride, and boron particles, were identified. Dissolution in superacid provides a route for solution processing
BNNTs without altering their chemical structure.

■ INTRODUCTION

Boron nitride nanotubes (BNNTs) are synthetic inorganic
allotropes of hexagonal boron nitride (h-BN); they have been
under intense study since their first synthesis in 1995.1 BNNTs
combine excellent mechanical properties2−6 with low density,
superior thermochemical stability,7,8 electrical insulation
independent of chirality,9,10 and interesting optical proper-
ties.11,12 BNNTs also exhibit intrinsic piezoelectricity13,14 and
neutron radiation shielding capability.15 As such, BNNTs have
great potential to serve as building blocks for many novel
nanoscale devices16−24 or as a part of new generation
composite materials.25−27

In many ways, the current state of BNNT studies is
reminiscent of the early stages of carbon nanotube (CNT)
research, with focus on synthesis routes and theoretical
research.3 To this date, there are about 10 BNNT
manufacturers worldwide providing gram-scale quantities for
research purposes. These are primarily focused on using
BNNTs as a filler material for composites.25,28,29 Regardless of
production method, BNNTs suffer from poor solubility in
common solvents30−38 much like other nanoscale materials
such as CNTs, other inorganic nanotubes, and graphene. Our
study focuses on a wet processing technique for which stable

solutions serve as the starting point for macroscopic films,
membranes, and fibers.
Chlorosulfonic acid (CSA) has been shown to be a true

thermodynamic solvent for single- and multiwalled CNTs as
well as graphene; strong acids reversibly protonate the carbon
surface,39−42 which provides a mechanism for countering the
strong van der Waals attraction between nanoscale carbon
structures. Here, we mix BNNTs with superacids and study
their dissolution via the cryogenic-temperature transmission
electron microscopy (cryo-TEM) methodology that we had
previously developed for highly acidic systems.43 Direct
imaging of the BNNT/CSA mixtures in their native state
shows that in CSA, BNNTs are individually dispersed on the
molecular level. While the superacid−BNNT interaction is not
well understood, we hypothesize that CSA protonates the more
electronegative nitrogen atoms, as was previously reported for
h-BN in CSA.44 The protonation causes BNNTs to accrue a net
positive charge, resulting in intertube repulsion and sponta-
neous dissolution in superacids. Along with the observation of

Received: October 4, 2017
Revised: November 20, 2017
Published: November 22, 2017

Article

pubs.acs.org/LangmuirCite This: Langmuir 2017, 33, 14340−14346

© 2017 American Chemical Society 14340 DOI: 10.1021/acs.langmuir.7b03461
Langmuir 2017, 33, 14340−14346

pubs.acs.org/Langmuir
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.7b03461
http://dx.doi.org/10.1021/acs.langmuir.7b03461


individual BNNTs dissolution, we also identify impurities in the
BNNT material; the presence of these impurities limits the
quality of BNNT liquid phases. By combining several
techniques, we estimate BNNT length, study BNNT structural
defects, and characterize the entire population of synthesis-
related impurities, providing key input for future postprocessing
and manufacturing methods.

■ EXPERIMENTAL SECTION
We studied long BNNTs produced by a novel high temperature−
pressure (HTP) method at the National Institute of Aerospace/NASA
Langley Research Center (Hampton, VA). The synthesis involves
forced condensation of BNNTs in an ascending plume of pure boron
vapor at elevated pressure in a nitrogen chamber.45 Pure (99.9%)
chlorosulfonic acid (CSA) was used as received from Sigma-Aldrich.
The chemicals were stored in a glovebox under continuous flow of dry
air.
We mixed the BNNT material with CSA at an initial concentration

of 100 ppm inside a glovebox, continuously purged with dry air. The
BNNT/CSA mixture, sealed with Teflon tape in a vial, was subjected
to stir-bar mixing for 24−48 h. Cryo-TEM specimens of BNNT/CSA
solutions were prepared following the methodology developed for
direct imaging of CNTs in superacid solutions.43,46 In brief, a drop of
the solution, about 3 μL, was applied to a perforated carbon film
(PCF) supported on a copper TEM grid (Ted Pella, Redding, CA),
held by tweezers inside a controlled environment vitrification system
(CEVS),47 enclosed within a flexible polyethylene “glovebag” (Sigma-
Aldrich). Before use, the PCFs were cleaned with glow-discharge air-
plasma (Pelco easiGlow, Ted Pella Inc., Redding, CA), for better
wettability of the support film. The CEVS, kept at 25 °C, was
continuously purged with pure dry nitrogen gas, preventing any
moisture from accumulating in the system. Because CSA interacts with
cellulose, we used glass-fiber filter paper (instead of cellulose filter-
paper) to blot the liquid drops into thin films. We plunged the liquid
specimen into boiling liquid nitrogen to vitrify the specimen. While
boiling liquid nitrogen gives much slower cooling rates than liquid
ethane at its freezing point,48 it does vitrify CSA, but does not interact
with it. The speed of sample preparation plays an important role; the
entire specimen preparation procedure takes just a few seconds to
prevent the reaction of CSA with the copper grid.
Cryo-TEM imaging was performed with either a Philips CM120 or

an FEI Tecnai T12 G2 TEM, equipped with a LaB6 electron gun, and
operated at an accelerating voltage of 120 kV. Specimens were
equilibrated in the microscope below −178 °C in an Oxford CT-3500
cryo-holder (Philips) or a Gatan 626 (FEI) cryo-holder. Cryo-
specimens were examined using the low-dose imaging mode to
minimize electron-beam radiation-damage. Images were recorded
digitally by a Gatan Multiscan 791 cooled CCD camera (on the CM
120) or a Gatan US1000 CCD camera (on the T12), using the Digital
Micrograph software.
Statistical analysis on the BNNT length from cryo-TEM was

conducted using the bootstrap method previously reported.49 Thirty-
three cryo-TEM images were used for the analysis, with resulting error
of ±0.66 μm, or 15% of the average BNNT length. To understand the
correlation between the physical BNNT characteristics, such as aspect
ratio, defects and impurities, and their interactions with superacid, we
continued to characterize the same BNNTs, after performing cryo-
TEM. For that purpose, cryo-TEM grids are removed from the
electron microscope, dipped in water to remove the acid and its
residues, and then dried overnight under vacuum. In this manner, the
thin (up to 20 nm thick) BNNT film is left on the TEM grid for
further characterization of BNNTs by room-temperature HR-TEM
and HR-SEM. To determine the distribution of BNNT diameter and
number of walls, dried cryo-TEM grid specimens were analyzed by
high-resolution TEMs: a monochromated FEI Titan 80-300 S/TEM
(FEI, Eindhoven, The Netherlands), equipped with a Cs corrector
operated at 80 kV acceleration voltage, and a FEI Talos 200C TEM
(FEI, Eindhoven, The Netherlands) operated at 200 kV, and equipped
with Ceta 16 M high speed CMOS camera. Due to TEM imaging in

underfocus mode and Photoshop ruler tool inaccuracy, we estimate a
± 5% error in diameter measurements. High-resolution SEM images
were taken on Zeiss Ultra Plus SEM at very low electron acceleration
voltage (0.7−2 kV) and short working distance (2.9−3.3 mm). Both
the in-the column (“InLens”) and the Everhart-Thornley (“SE2”)
secondary electron imaging detectors were used in this study. To
improve BNNT conductivity during imaging, we used double-side
copper tape to attach BNNTs to the specimen holder. To identify fine
chemical structure of observed features, EELS spectra were acquired in
scanning-transmission (STEM) mode on the Titan by using high angle
angular dark field (HAADF) and post column Gatan (Pleasanton, CA)
Tridiem 866 EELS detectors. Energy filtered images were collected
with a Gatan GIF system on a Philips CM200, with a LaB6 emitter,
operated at 200 kV, while elemental maps were obtained using a
standard three-window technique that assumed an Ae−r model for the
background.50 For elemental maps the window included the K-
absorption edge, and background subtractions were based on curve
fitting from two pre-edge maps and one postedge map for each
element.

■ RESULTS AND DISCUSSION
Immediately upon contact with CSA, the BNNT material forms
small aggregates (Figure 1; left). Within 24 h of gentle stir-bar
mixing, the liquid turns golden yellow, although small gray
agglomerates are still visible to the naked eye, as shown in
Figure 1 (right).

In fact typical cryo-TEM images reveal individualized
BNNTs in CSA (Figure 2). The BNNTs appear as darker
threads in the CSA matrix (white arrows). This is the first direct
evidence of CSA dissolving BNNTs by overcoming the
intertube attractions. HR-TEM of dry BNNT grids (see the
Supporting Information) shows mostly double-walled BNNTs
with a small fraction of single-walled and multiwalled BNNTs,
with a mean diameter of 3.8 ± 0.2 nm (see the Supporting
Information). The observed number of walls is consistent with
the individual BNNT statistics reported previously, while the
average diameter observed here is significantly higher than
previously reported.14 We use cryo-TEM images of individual
BNNTs in CSA to estimate the BNNT length, based on
statistical image analysis. Using the bootstrap method,49 we
measure an average BNNT length of 4.53 ± 0.66 μm (see the
Supporting Information), 2 orders of magnitude lower than
previously estimated via statistical analysis of SEM images of as-
grown, bundled BNNTs.45

Figure 1. BNNT solution in CSA upon CSA addition and after 24 h of
stir-bar mixing.
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BNNTs were found to be more stable under the electron
beam relative to CNTs and graphene in similar conditions43

with negligible electron-beam radiation damages observable at
the BNNT/CSA interface despite relatively long exposure to
the e-beam (about 50 e/Å2).
EELS analysis (see the Supporting Information) was

conducted on TEM grids, dried from BNNT/CSA solution
(see Experimental Section) to determine whether the BNNTs
were irreversibly functionalized upon exposure to CSA. Sharp
σ* and π* peaks arising from the B−K edge and a weak energy
loss peak from the N−K edge at 188 and 401 eV, respectively,
are characteristic of the electronic structure of hexagonal boron
nitride, with boron and nitrogen having sp2 hybridization.51

This is consistent with a previous electron diffraction study by
Smith et al., which indicated that the HTP BNNT material has
a hexagonal crystal structure, with basal planes parallel to the
tube surface.45 Presence of an O−K edge loss peak in the EELS
spectra of h-BN may originate from acid residues, the
surrounding atmosphere, or possibly from reactor contami-
nation. Since oxygen tends to adsorb chemically or physically
on more defective areas, we observe it on h-BN structures with
exposed edges, rather than on the BNNT surface.
Dissolving BNNTs in CSA without damage for direct

observation of individual BNNTs by cryo-TEM opens a new
approach for experimental characterization of the relative purity
and structural damage. The following sections discuss in detail
the characterization of BNNT solutions in CSA by cryo-TEM.
BNNT Defects. By cryo-TEM, we observe spontaneous

filling of BNNTs with CSA, similarly to previous observations
with CNTs.42 Figure 3a shows both filled (black arrow) and
empty (white arrow) BNNTs with significant contrast
differences. The centers of empty BNNTs are much lighter
than the surrounding acid matrix, because heavier sulfur and
chlorine atoms in the CSA scatter electrons much more
effectively than the lighter boron and nitrogen atoms.
Conversely, filled BNNTs show little contrast relative to the
background. Most of the imaged BNNTs are filled, implying
the presence of defects along the walls, or open ends. A close-
up view of a damaged end is shown in Figure 3b.
We find no correlation between BNNT diameter and the

filling effect (within 3.5 to 5 nm range of diameters in the

sample). Our images show that acid fills a BNNT whenever an
open end or a damaged wall is present. As such, cryo-TEM
imaging of BNNTs in CSA provides coarse material quality
control for individual BNNTs. It is well-known that the
presence of defects in nanometer-sized structures modifies their
electronic and mechanical properties. Particularly, in the case of
BNNTs, structural defects alter the band gap and chemical
stability.52,53 Figure 4a displays some clearly observed damaged

BNNTs, e.g., partially unzipped (black arrow), bent (black
arrowhead), and open BNNTs filled with acid. Although
previous reports indicate Lewis bases at elevated temperature
damage BNNTs through unzipping,54,55 there is no indication
that Brønsted acids at room temperature with no additional
treatment would similarly damage BNNTs. In fact, the
previously discussed EELS analysis of BNNT on TEM grids
after coagulation and drying from BNNT/CSA solution
eliminates the possibility that CSA damages the BNNTs.
This finding is consistent with the high chemical resistance of
BNNTs, with oxidation and cleavage known to occur only
when sufficient energy is provided via high temperatures
exceeding 700 °C,56 plasma,57 or ultrasonication.58

Figure 2. Cryo-TEM image of individualized BNNTs in CSA. The
BNNTs appear as darker threads in the CSA matrix (white arrows).

Figure 3. Cryo-TEM images, showing spontaneous filling. (a) Empty
(white arrow) and filled (black arrow) BNNTs. (b) Damaged end of
BNNT emerging from the vitrified acid. The opened end allows CSA
to enter the tube. Scale bars = 20 nm.

Figure 4. Cryo-TEM images of deformed and damaged BNNTs. (a)
Black arrow points to a partially unzipped BNNT; black arrowheads
show visible damage in the BNNT bent wall; white arrow points to
electron beam damage at the CSA/BNNT interface. Scale bar = 50
nm. (b, c) Faceted structures in the studied BNNT batches. Scale bars
= 20 nm.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b03461
Langmuir 2017, 33, 14340−14346

14342

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03461/suppl_file/la7b03461_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b03461


Interestingly, most bent BNNTs are characterized by v-
shaped kinks, which can be explained by the tendency of BN
structures to reduce the number of unfavorable B−B and N−N
bonds at the sharp corners in the bending regions by formation
of only polyhedrons with an even number of facets.2,59 The
studied BNNTs tend to form obtuse kink angles, ranging from
110° to 160° (based on statistics of 67 nanotubes imaged by
cryo-TEM). Thicker BNNTs (more than 4.5 nm in diameter)
undergo irreversible structural deformation at angles smaller
than 126 ± 6° (Figure 4b). Several thinner BNNTs exhibit kink
angles close to 90° (Figure 4c), while very short and thin
BNNTs may have smooth kinks, rather than v-shaped ones.
The correlation between number of facets of a polyhedron and
kink angles may not be easily predicted or measured, since it
varies with the diameter of the tube and synthesis condition. It
is difficult to understand the reason for the deformation based
on cryo-TEM images alone. However, taking into account the
strong boron-to-nitrogen bonds, we hypothesize that structural
defects involving atom displacement or vacancies are most
likely caused by high local stress during BNNT synthesis. Note
the faceted nanostructures, several nanometers in size, seen in
the solution (Figure 4b,c). These nanostructures have sharp
corners, are stable under the e-beam, and may either be a
synthesis byproduct, or could have been formed by fracturing
defective h-BN. Similar triangular structures were observed
after h-BN monolayers were exposed to electrons at
acceleration voltages of 80−200 kV in the HR-TEM.60

BNNT Synthesis Byproducts. Along with individual
BNNTs dissolved in superacid, several features other than
BNNTs were captured by direct cryo-TEM (Figure 5). We
observed boron nitride (BN) clusters with nanotube-like edges
(Figure 5a), unfolded BNNTs (Figure 5b), multilayered
nanosheets with hexagonal facets (Figure 5c), and amorphous

material on BNNT walls (Figure 5d). These impurities
appeared in large quantities along with the desired HTP
product, BNNTs.
Some BNNTs have angular ends (Figure 5a). Hemispherical

ends are energetically unfavorable because they require odd
numbered rings that, in turn, require N−N or B−B bonds.61

The unfolded conical edge of a BNNT observed in Figure 5b
supports the notion of nanoribbon formation from BNNTs57

and theoretical calculations of energetically preferable tapered
edges for BNNTs.62,63 Multilayered hexagonal sheets are also
captured by cryo-TEM (Figure 5c), while some BNNTs are
covered by amorphous material (Figure 5d). All mentioned
structures were also observed by HR-SEM analysis of HTP
BNNTs prior to mixing with CSA (Figure 6), supporting the
notion that non-nanotubes are synthesis byproducts.

Elemental map images created with energy-filtered trans-
mission electron microscopy (EFTEM) confirms that the
nanotubes are BN (white arrowhead in Figure 7). On filtered
images for boron and nitrogen (Figure 7, right), the BNNTs
exhibit medium brightness levels in both maps, consistent with
the expected B and N content.
Besides BNNTs, small nanometric structures similar in size

to the BNNT diameter were frequently observed in the BNNT
product in cryo-TEM and HRSEM modes. These were
identified as unreacted boron particles encapsulated by thin
layers of crystalline BN (arrows in Figure 7). These
nanoparticles appear with bright cores in the B map and bright
edges in the N map, indicating solid boron cores with BN
growth on the surface. The B map of bigger hexagonal
structures shows intense signal from the entire particle, while
the N map exhibits strong signal from the particle edges only.
This indicates h-BN layer overlapping a boron rich layer. The
most probable scenario is that multilayered h-BN tends to grow
on the surface of boron clusters or big particles, because
partially dissolved nitrogen on the molten boron surface can
readily form BN layers when cooling. The formation of flat
faceted h-BN layers on curved surfaces, such as tube ends or
spheres, agrees with previous observations3 and a computa-
tional model developed by Yamakov et al.,64 which indicates
that faceting releases the strain energy of mismatched B−N

Figure 5. Cryo-TEM micrographs of nanostructures present in the
BNNT/CSA solution. (a) Boron nitride cluster, left over during
BNNT synthesis, together with individual BNNTs (arrows). Inset:
BNNT angular edge, typical of studied BNNTs. (b) Unfolded BNNT
end (arrow). (c) Multilayered hexagonal sheets. Bright cavities are e-
beam radiation damage at the nanosheet/CSA interface (white arrow).
Note BNNTs in the background (black arrow). (d) Amorphous
material covering the BNNTs (arrow). Scale bars: (a, b) = 100 nm, (c,
d) = 50 nm.

Figure 6. HR-SEM micrograph of BNNTs before dissolution in CSA.
Black arrows, boron nitride clusters; white arrow, boron nitride
hexagonal particles encapsulating boron; white arrowhead, multilayer
boron nitride sheet (outlined); black arrowhead, BNNTs.
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bonds between adjacent layers. The structural deformation of
h-BN also explains why those structures tend to adsorb oxygen
more readily than BNNTs (see EELS analysis).
The presence of significant quantities of unwanted nanoma-

terials detected in the BNNT batch indicates that uncontrolled
arrangement of the boron and nitrogen sources reduces the
BNNT yield. Even with a true solvent for BNNTs, processing
may still be limited by the presence of impurities. Therefore,
optimization of reactor conditions is important for production
of pure BNNTs as the major product. Because of the current
lack of efficient purification techniques, the identification and
classification of non-BNNT material in the synthesis product is
essential for controlled, high-quality BNNT synthesis, and for
the development of postprocessing purification methods.

■ SUMMARY AND CONCLUSIONS
In this study, we characterized BNNTs produced by the HTP
method. We characterized BNNT structure and morphology
after dissolution in CSA. By cryo-TEM, we demonstrated for
the first time the dissolution of BNNTs in CSA at the
molecular level. Separation of BNNTs into individual molecules
is a promising step toward their transforming into macroscopic
scalable products, such as fibers and films. In addition, the
current study suggests a characterization route of nanomaterials
dissolved in superacid with extensive use of electron
microscopy. We determined the BNNT length, presence of
defects, and other “synthesis fingerprints,” such as impurities
and synthesis byproducts. We found micrometer-long,
predominantly double-walled BNNTs with average diameter
of 3.8 ± 0.2 nm, along with non-nanotube BN nanometric
structures, such as single- and multilayer h-BN, amorphous
material on tube walls, and BN clusters. Defective and bent
BNNTs present in CSA solutions were imaged by cryo-TEM.
The abundance of impurities dramatically limits the quality of
BNNTs acid solutions, whereas structural defects degrade the
BNNT intrinsic properties. Analysis of the HTP BNNTs before

and after mixing with CSA by several microscopic techniques
indicated reversible BNNT dissolution in CSA, without
damaging or chemically modifying the BNNT, and revealed
sp2 hybridization of BN studied nanospecies. Accurate
characterization of unwanted material in the BNNT batches
have critical importance for optimization of BNNT synthesis to
increase BNNT yield and for the development of efficient
BNNT purification methods.
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