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B
oron nitride nanotubes (BNNTs) have
the same tubular structures and geo-
metries as carbon nanotubes (CNTs)

on the molecular scale, resulting in similar
exceptional mechanical properties to their
carbon counterparts.1 Unlike CNTs, BNNTs
have a much wider band gap (∼5.5 eV),2

partially ionic structure,3 and greater ther-
mal stability,4 making them appealing
for use in both mechanical reinforcement
applications in which CNTs might be used
and also in transparent bulk composites,
high-temperature materials, and radiation
shielding, for which CNTs are not well-suited.
Despite having been first synthesized in
1995,5 large-scale production of BNNTs
remains a significant challenge, which is a
clear bottleneck in developing the science
and technologies to exploit them.
Several processes have been explored for

large-scale synthesis of BNNTs,6�9 such as arc

discharge,10 laser ablation,11 chemical vapor
deposition,12�14 ball milling�annealing,15,16

pyrolysis,17 and arc-jet plasma.18 Most are
fundamentally similar to those used to pro-
duce CNTs but with synthesis conditions that
often differ substantially from those opti-
mized for CNT growth. The larger-scale pro-
duction methods have demonstrated that
pure and highly crystalline BNNTs can be
produced at relatively high-yield rates of
∼1 g/h;8,19 however, BNNTs synthesized via

those routes usually have relatively large dia-
meters (>50 nm), frequently with segmented
herringbone or bamboo structures.15,16 To
fully take advantage of the distinct phenom-
ena occurring at nanoscales, highly crystalline
small-diameter BNNTs are more favorable.
Only a few methods have been demon-

strated to be suitable for the synthesis of
small-diameter (<10 nm), highly crystalline
BNNTs.20�25 Yu et al. reported that smaller
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ABSTRACT Boron nitride nanotubes (BNNTs) exhibit a range of

properties that are as compelling as those of carbon nanotubes

(CNTs); however, very low production volumes have prevented the

science and technology of BNNTs from evolving at even a fraction of

the pace of CNTs. Here we report the high-yield production of small-

diameter BNNTs from pure hexagonal boron nitride powder in an

induction thermal plasma process. Few-walled, highly crystalline

small-diameter BNNTs (∼5 nm) are produced exclusively and at an unprecedentedly high rate approaching 20 g/h, without the need for metal catalysts. An

exceptionally high cooling rate (∼105 K/s) in the induction plasma provides a strong driving force for the abundant nucleation of small-sized B droplets,

which are known as effective precursors for small-diameter BNNTs. It is also found that the addition of hydrogen to the reactant gases is crucial for

achieving such high-quality, high-yield growth of BNNTs. In the plasma process, hydrogen inhibits the formation of N2 from N radicals and promotes the

creation of B�N�H intermediate species, which provide faster chemical pathways to the re-formation of a h-BN-like phase in comparison to nitridation

from N2. We also demonstrate the fabrication of macroscopic BNNT assemblies such as yarns, sheets, buckypapers, and transparent thin films at large

scales. These findings represent a seminal milestone toward the exploitation of BNNTs in real-world applications.
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BNNTs can be produced in a ball milling�annealing
process by changing the reaction gas fromN2 to NH3.

22

In this work, several grams of amorphous boron pow-
der were loaded in themilling jar, subjected to 150 h of
ball milling, followed by 16 h of annealing. By employ-
ing Li2O as a precursor in the boron oxide (BO) CVD
method, Huang et al. reported reduction of BNNT
diameter below 10 nm and demonstrated production
of 50mg of BNNT sample in 3 h (i.e., 0.016 g/h).25 Smith
et al. also reported production of 60 mg of ultrafine
BNNT sample in 30 min (i.e., 0.12 g/h) via the pressur-
ized vapor/condenser method.24 However, these pro-
cesses have still been limited to yields on the order of
tens of milligrams per hour (<0.2 g/h), or below, mean-
ing that availability of multigram quantities of high-
quality small-diameter BNNTs for applications devel-
opment remains a significant challenge.
Here we report a new industrially scalable plasma

process for the continuous production of highly
crystalline, small-diameter (∼5 nm) BNNTs at a rate app-
roaching 20 g/h with demonstrated single-experiment
synthesis close to 200 g. In this work, BNNTs are
synthesized continuously from an induction thermal
plasma reactor (Supporting Information Figure S1) that
is similar to one previously reported for the production
of single-walled carbon nanotubes.26 It is found that
the unique thermal flow inside the reactor (i.e., high
cooling rate of ∼105 K/s) enhances the formation of
small-diameter B droplets exclusively, which are effec-
tive precursors for small-diameter BNNTs. We also
found that the presence of hydrogen in the reactant
gases is crucial for achieving such high-quality, high-
yield growth of BNNTs from B droplets. This catalytic
effect of hydrogen is striking as such an effect has not
previously been reported for BNNT synthesis. The
critical role of hydrogen in the high-yield growth of
BNNTs is discussed in connection with the nitridation
efficiency of B droplets during the process. In addition,
we make the first demonstrations of the production
of macroscopic yarns, sheets, buckypapers, and transpar-
ent thin films of BNNTs at large scales, which are impor-
tant first steps toward the development of applications.

RESULTS AND DISCUSSION

High-Yield Synthesis of BNNTs. In a typical synthesis
experiment, solid hexagonal boron nitride (h-BN) pow-
der was fed along with nitrogen and hydrogen gases
into the high-temperature plasma (>8000 K, Figure S2)
at atmospheric pressure. Boron powder was also ex-
plored as a starting material; however, this approach
was found to be very inefficient, resulting in a highly
B-rich powder. This result is discussed further in Sup-
porting Information. In all experiments, no metallic
catalyst was added. The feedstock materials were
vaporized immediately (∼ms) inside the plasma, de-
composing into the constituent elements (B, N, and H).
The exceptionally high cooling rate within the reactor

(∼105 K/s, Figure S2) promoted the subsequent forma-
tion of nanosized boron droplets from which BNNTs
grew rapidly to a few micrometers in length by the
incorporation of nitrogen-containing species from the
reaction stream (i.e., root growthmechanism, Figure S3).27

This renitridationof B following feedstock vaporization is a
crucial factor in achieving high-yield conversion of h-BN
into BNNTs. More details on the nucleation and growth
mechanism of BNNTs in our process are discussed in the
next section.

The presence of hydrogen in the reactant gases was
found to be essential to the production of BNNTs. In the
absence of hydrogen, similar to previous work,18 the
product contains large amounts of amorphous boron
powder with very few, if any, BNNTs (Figure S4). How-
ever, we observed that substantial quantities of BNNTs,
with an unprecedentedly high-yield rate approaching
20 g/h, could be realized by incorporating a well-
controlled quantity of hydrogen in the plasma gas
and that the rate of recovery of material in our process
was very sensitive to the partial pressure of hydrogen.
For instance, by increasing hydrogen from13 to 18 vol%,
the recovery rate was improved by a factor of 1.3. The
effect of hydrogen in this process is striking as the
necessity of hydrogen in the high-yield growth of BNNTs
has not been demonstrated in prior literature. Previous
reports22,28 have shown that the use of hydrogen-con-
taining gases (e.g., NH3) during synthesis could influence
the diameter distribution of the BNNTs, but no significant
influence on yield was reported. In this work, we did not
observe any impact ondiameter distributionwith varying
hydrogen content.

Figure 1 shows photographs of the reaction pro-
ducts collected following an 11 h synthesis experi-
ment. The slight beige coloring of thematerial is due to
light contamination by amorphous boron, a byproduct
of the process due to the tendency for N atoms
liberated from h-BN during vaporization to recombine
as N2 (discussed in greater detail below). The amor-
phous boron is easily removable through a thermal
oxidation treatment, yielding a snow-white material
(Figure S10). In this experiment, 192 g of material was
produced. The production rate approaches 20 g/h,
which is >100 times higher than what has been
reported in the literature to date for structurally similar
BNNTs24,25 or close to 20 times the rates reported for
larger-diameter BNNTs.8,19 Figure 1 also shows that the
as-grown BNNT material exhibits three distinct mor-
phologies depending on where and how it deposits
within the reactor, which is another unique characteristic
of this plasma process. Entangled fibrils (Figure 1C),
macroscopic cloth-like sheets (Figure 1D), and very low
density cotton-like deposits (Figure 1E) are formed as a
result of gas-flow-driven segregationof BNNTmaterials in
the course of the collection. The structural quality of the
BNNT is the same within these different materials; only
the macroscopic morphologies differ.
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Figure 2 presents SEM images of as-grown BNNT
materials at different magnifications. The fibril material
consists of numerous fibrous strands formed naturally

during the synthesis process. At lower magnification
(Figure 2A), it is observed that these fibrils are com-
posed of many micrometer-sized strands that are

Figure 1. Photos of the BNNTmaterials grown by an induction plasma process. (A) Reaction product in the filtration chamber
following an 11 h synthesis experiment. (B) BNNT materials collected from the filtration chamber. In total, 192 g of BNNT
material was synthesized in a single experiment, demonstrating a high-yield rate approaching 20 g/h. The as-grown
BNNTmaterials also exhibit three distinct morphologies of entangled fibrils, cloth-like sheets, and fluffy cotton-like deposits.
(C) Fibril materials consist of many fibrils formed naturally, and BNNT yarns can be drawn directly from them. (D) Cloth-like
sheets have a multilayered structure, and thin diaphanous membranes are easily peeled off. (E) Fluffy cotton-like deposits
have a low density and cover the entire wall of the filtration chamber. Inset is a close-up image.

Figure 2. SEM images of the as-grown BNNTmaterials with three differentmorphologies. (A) Low-magnification image of the
fibril material showsmanymicrometer-sized strands aligned in a common direction. (B) Its high-magnification image reveals
that the strands are composed of densely packed aligned BNNTs. (C) Image of the cloth-like sheet. Randomly entangled
BNNTs are observed. (D) Image of the fluffy cotton-like deposit. Unlike the other two material morphologies, the density of
BNNTs in this sample is very low, which contributes to interesting physicochemical properties, such as superhydrophobicity
(inset) and a strong photoacoustic effect (Supporting Information video S1).
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coalesced with coarse alignment along the fibril axis.
Higher magnification imaging (Figure 2B) shows that
each strand consists of densely packed BNNTs with a
similar degree of alignment along the strand axis.
These BNNTs were synthesized in free space, without
substrates, and were found to be bridging open gaps
between the walls and filter elements (Figure S1) of
the reactor, meaning that the observed alignment is
entirely a self-assembly process. Images of the cloth-
like (Figure 2C) and low-density (Figure 2D) deposits
show randomly oriented BNNTs along with nontubular
materials that have been identified as primarily
few-layered h-BN fragments, either from incompletely
vaporized feedstock or byproducts of the BNNT syn-
thesis process. The lengths of the BNNTs are estimated
at a few micrometers based on observations of indivi-
dual isolated nanotubes in the SEM images.

TEM images confirm that the fibrous materials
observed in the reaction products have hollow tubular
structures withmultiple highly crystallinewalls (Figure 3).
The majority of the nanotubes have between 2 and 5
walls and diameters of less than 10 nm (Figure S12 shows
the size distribution of the BNNTs produced). No nano-
tubes with diameters greater than 15 nmwere observed
throughout the samples. The average diameter is esti-
mated as ∼5 nm, and the most frequently observed
diameter was 3 nm, suggesting a high selectivity of our
process toward small-diameter BNNTs. The elemental
composition of the nanotubes was assessed by electron
energy loss spectroscopy (EELS) measurements. Figure 3E
shows an EELS spectrum of a BNNT having a diameter
of ∼5 nm. The K-shell ionization edges of B (189 eV)
and N (401 eV) are clearly identified in the spectrum,
which confirms the presence of B and N in the tube

walls. Moreover, the fine structures of the B and N
K-edges display sharply definedπ* andσ* peaks on the
left side and right side of the edges, respectively. This is
characteristic of sp2-hybridized B�N networks and
confirms the existence of a h-BN-like phase in the tube
wall. A carbon peak at 284 eV is also observable; how-
ever, the C K-edge is broad with a weak π* signature,
implying that carbon is present in an amorphous phase
rather than a sp2-hybridized phase. Figure 3F shows
zero-loss energy-filtered images and elemental maps
of the same nanotube. The elemental maps clearly
reveal that B and N are uniformly distributed along
the entire walls of the nanotube, while C is localized
to areas of contamination on the outer surface of the
tube. Since our feedstock and reaction gases are C-free,
we believe that the C contamination originated from
the adsorption of solvents employed during the TEM
sample preparation.29 If necessary, removal of such C
impurities should be possible through thermal treat-
ment (Figure S11) because the oxidation temperature
of amorphous carbon (<500 �C) is lower than that of
BNNT (>900 �C).23

The thermal stability of the as-grown BNNT materi-
als has been investigated by thermogravimetric anal-
ysis (TGA). Both the fibril and cloth-like materials are
stable up to 950 �C under air oxidation with slight
increases in weight at higher temperatures (Figure
S13). The onset of weight gain for both materials is
approximately 650 �C and is attributed primarily to the
oxidation of the amorphous B impurity present in the
samples. The cloth-like sheet material showed a larger
weight gain than the fibril material, suggesting that the
fibril material contains a smaller amount of amorphous
B impurity. Following the thermal extraction of B from

Figure 3. TEM analysis on the as-grown BNNTmaterials. TEM images of a two-walled BNNT (A), a four-walled BNNT (B), and a
five-walled BNNT (C). The walls of the BNNT are defect-free, demonstrating their high structural quality. (D) TEM image of a
small BNNTbundle. The scale bar is 20 nm. (E) EELS spectrumof a BNNTwith a diameter of∼5 nm. TheK-shell ionization edges
of B (189 eV) and N (401 eV) are observed and confirm the presence of B and N in the nanotube. (F) Zero-loss energy-filtered
image of the nanotube and its elemental maps. The elemental maps of B and N clearly reveal that B and N are the constituent
species of the nanotube, whereas the C map indicates carbon contamination on the outer surface of the nanotube.
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as-grown materials, no weight gain was observed
during air oxidation up to 950 �C, suggesting effective
removal of B and good thermal stability of the BNNTs
produced in the plasma process (Figure S10).

Growth Mechanism and High Selectivity toward Small Dia-
meters. Equilibrium calculations predict that the solid
or gas phase of BN is stable only below 3500 K.30

Considering the high temperatures in our process
(over 5000 K), the h-BN powder injected is expected
to be efficiently decomposed into its elementary spe-
cies of B and N inside the plasma jet. This is in line with
our experimental observation that brown or black flaky
powders (i.e., amorphous B) were the primary products
under non-optimum conditions due to the recombina-
tion of N liberated during vaporization of h-BN into N2.
The nucleation and growth mechanism of BNNTs
from those vapors was found to be consistent with
what has been proposed for the laser synthesis process
(Figure S3):27 This root growth mechanism is sup-
ported by TEM images of our as-grown BNNT material,
which clearly showBNNTs protruding from amorphous
B particles encapsulated by h-BN shells (Figure S3).

Unlike other BNNT synthesis processes, the B vapors
generated in our process undergo rapid cooling due to
expansion of the plasma jet at the entrance of the
reactor. Numerical simulations of our reaction condi-
tions (Figure S2) indicate a cooling rate of ∼105 K/s
through the first 0.6mof the reactor. This exceptionally
high cooling rate provides a strong driving force for
nucleation of small-diameter B droplets and limits their
subsequent growth, which is crucial for the formation
of small-diameter BNNTs exclusively. Due to this unique
feature, small-diameter BNNTs are produced without the
need for metal catalysts or additional condensers.

Catalytic Role of Hydrogen. Ourmain finding is that the
presence of hydrogen gas in the reaction mixture is
essential to the production of both high-purity and
high-yield BNNTs by this induction thermal plasma
method. According to the root growth mechanism
discussed above (Figure S3), interactions between B
droplets and N sources downstream are crucial for
growth of BNNTs from the B droplets through the
renitriding process. However, our numerical simulation
results reveal that the residence time of B droplets in
our reactor is as short as∼100ms, implying that the fast
in-flight reaction between B droplets and N-containing
species is the key for achieving high-yield production of
BNNTs. In the absence of hydrogen, the main source of
nitrogen for BNNT growth is relatively inert N2 mol-
ecules, as N radicals freed from the dissociation of BN or
N2 gases will quickly recombine into N2 at high tem-
peratures (>5000 K) before the temperature reaches a
suitable range for the formation B droplets and, sub-
sequently, BNNT growth (>3000 K). The direct combina-
tionof B andN2 into a h-BNphase (i.e., 2BþN2f 2BN) is
known to be extremely slow owing to the strong triple
bond of nitrogen (dissociation energy = 945 kJ/mol).

The very low yield of BNNTs and the abundance of
amorphous boron obtained in the absence of hydrogen
in our early experiment is a strong illustration of the
inefficiency of direct recombination of B and N2 into a
h-BN-like phase over such short time scale (Figure S4).

We found that the addition of hydrogen results in
the production and stabilization of B�N�H-containing
intermediate species which impede the recombination
of N radicals generated by the vaporization into N2 and
provide faster and thermodynamically more efficient
chemical pathways to the re-formation of a h-BN-like
phase in B droplets during BNNT nucleation than the
direct B�N2 reaction (Figure S5). Infrared spectra of the
as-grown BNNTmaterial as well as reaction byproducts
that were extracted from the as-produced material
postproduction support this assertion (Figure 4; see
Figures S6�S8 for additional details). The FT-IR spec-
trum of reaction byproducts extracted from the as-
grown material (Figure 4B) clearly shows absorption
peaks corresponding to N�H and B�H bonds appear-
ing near 3200 and 2260 cm�1, respectively, as well
as the in-plane B�N stretching mode at 1390 cm�1.
In addition, the out-of-plane B�N�B bending mode at
780 cm�1 is observed, suggesting the presence of a
B3N3 ring-like structure.

31�33 For comparison, the spec-
tra of pristine and thermally treated ammonia borane
(BH3NH3) are also shown since compounds such as this
and borazine (H6B3N3), or their polymers, are known to
be effective precursors for the production of h-BN,
particularly at elevated temperatures.31�33 The spectrum
of the reaction byproducts shows a strong similarity to
thermally treated ammonia borane. We interpret this to
indicate that the byproducts are a mixture of materials
with similarities in structure to ammonia borane and its
polymers and originate from reaction intermediates that

Figure 4. FT-IR analysis on the as-grown BNNTmaterial and
reaction byproduct extracted. FT-IR spectra of as-grown
BNNT material (A), reaction byproduct extracted from the
as-grown BNNT material (B), ammonia borane heated to
900 �C (C),32 and ammonia borane (D). The FT-IR spectrumof
the reactionbyproduct (blue line) exhibits absorptionpeaks
corresponding to N�H, B�H, and B�N bonds, which con-
firm the formation of B�N�H-containing species from a
mixture of h-BN, N2, and H2 in the BNNT synthesis by an
induction plasma.
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are not fully consumed before the BNNT growth process
is quenched. The spectrum of BNNT shows no evidence
of N�H or B�H bonds and resembles very closely the
spectrum of pure h-BN powder (see Figure S8). Gaseous
byproducts absorbed into the as-grown BNNT material
have also been investigated by TGA under desorption
mode, and the FT-IR measurement of the evolved gas
shows the presence of ammonia (NH3; see Figure S9);
ammonia is not used as a feedstock or reactant in this
process, so its observation confirms that it is produced
during the synthesis reaction. These observations con-
firm that B�N�H-containing intermediates were gener-
ated following plasma vaporization and were sufficiently
stable to survive the conditions within the reactor.

The critical role of hydrogen and the selectivity of
this plasma process toward the synthesis of small-
diameter BNNTs are consistent with a reaction and
growth mechanism that is summarized in Figure 5. In
the initial stage of the process, H, B, and N radicals are
generated from the vaporization of the feedstock
mixture. The presence of H radicals largely inhibits
the tendency for the liberated N to rapidly combine
to produce N2, instead forming N�H, B�H, and
B�N�H intermediate species. The reaction stream
then undergoes very rapid cooling, which favors the
condensation of vaporized boron into nanometric
droplets. This is crucial to the nucleation of small-
diameter BNNTs exclusively. The rate of cooling then
decreases as the reactionmixture approaches the liquid�
solid phase transition temperature of the binary B�N

system (∼2300 K),34 which promotes an uptake of
nitrogen (supplied by the hydrogen-stabilized inter-
mediate species) by the boron seed particles and an
extended period of nucleation and growth of BNNTs.
The exposure of the BNNTs to the high temperatures
of this process throughout growth contributes to the
high degree of crystallinity in the sidewall structure
due to rapid annealing of defects. The growth of BNNTs
is terminated either by a temperature drop below a
critical value or by encapsulation of B droplets with
h-BN shells, seen by TEM (Figure S3), and the B�N�
H-containing intermediate species that do not partici-
pate directly in BNNT growth lead to the formation of
borane-like and borazine-like byproducts, as observed
by FT-IR (Figures 4, S6, and S7), as the reaction mixture
continues to cool.

The generation of H and N radicals is a key differ-
entiator between this plasma synthesis process and
others reported in the literature. The high-enthalpy
plasma can readily dissociate molecular gases like BN,
N2, and H2 with high efficiency, which can subse-
quently contribute to the formation of reactive inter-
mediates that are more favorable precursors to BNNT
nucleation and growth. This likely explains the differ-
ence in the significance hydrogen plays in this process
compared to lower temperature processes reported
in the literature. It is also noted that, although essential
for high-yield production of BNNT, hydrogen in this
plasma process is not directly consumed during the
nucleation and growth of the nanotubes. As such,

Figure 5. Schematic representationof nucleation andgrowthmechanismof BNNT in an induction plasmaprocess. Nucleation
and growth mechanism of BNNTs in the absence of hydrogen (A�E) and in the presence of hydrogen (F�I). The key role
played by hydrogen in the high-yield growth of BNNTs by an induction plasma process is the production and stabilization of
B�N�H-containing intermediates, which impede the recombination of N radicals into N2 and also provide faster and
thermodynamically more efficient chemical pathways to the re-formation of a h-BN-like phase in B droplets.
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hydrogen is considered to play a catalytic role in the
growth of BNNT in this process. Some of the hydrogen
that stabilizes the B�N�H-containing intermediates is
incorporated into the reaction byproducts, whilemuch
is eventually regenerated as hydrogen gas.

Macroscopic Assemblies of Boron Nitride Nanotubes. Ma-
terial architectures such as yarns, buckypapers, sheets,
and transparent thin films are highly advantageous for
exploiting the properties of nanomaterials in a wide
range of applications. To date, demonstrations of the
assembly of BNNTs into larger architectures have been
isolated to a 3 cm long finger-twisted yarn,24 due
primarily to the very limited availability of BNNTs. Here
we show that our finding has immediate impacts on
broad areas of science and technology by making the
first demonstration of the fabrication of macroscopic
assemblies of BNNT at large scales. The diversity in the
macroscopic morphology of the BNNT product materi-
al from our process also lends to its easy adaption in
many of these different application areas. The higher
density and alignment within the fibril deposits en-
abled the drawing of long yarns in excess of 20 cm in
length directly from the as-grown material that could
be further densified by finger-twisting and solvent-
spraying (Figure 6A,B and Figure S14). These crudely
spun yarns are mechanically strong enough to support

weight (7.3 g, Figure S14) and to perform mechanical
tests. Preliminary mechanical measurements present
Young's modulus of around 0.5 GPa and tensile
strength of around 10 MPa, respectively. The purity
and yield of the as-grown fibril deposit is high enough
that continuous spinning of BNNT yarns directly from
the synthesis reactor is feasible and is currently being
investigated.

The cloth-like deposits formed directly in the
reactor are mainly collected as four large sheets
(approximately 20 cm� 50 cm, a fewmillimeters thick)
that are flexible andmechanically robust. Interestingly,
this material is composed of multiple layers, where the
number of layers and total thickness depend on the
synthesis time, and thin diaphanous membranes can
be easily peeled off as demonstrated in Figure 1D.
Transparent thin films of BNNTs can be readily sepa-
rated from the cloth-like deposits, as well as from some
of the surfaces within the synthesis reactor, and repre-
sent the first demonstration of such architectures in
the reported literature. These films are stretchable,
highly electrostatic, and mechanically strong enough
to stand without supports, as shown in Figure 6C. To
assess the optical properties of the films, they were
directly transferred to a quartz disk and adhered via

a simple methanol spraying. The films are highly

Figure 6. Large-scale, macroscopic assemblies of BNNTs. (A) BNNT fibrils drawn directly from the as-grown fibril material by
hand-pulling. (B) BNNT yarn in excess of 22 cm in length spun from the fibrils via finger-twisting. (C) Free-standing BNNT thin
film produced in situ. (D) Transparent BNNT thin film transferred to a 2 in. quartz disk. The BNNT film (thickness =∼0.2 μm) is
almost invisible due to its highbandgap (∼6.0 eV). (E) Transmission and absorption characteristics of theBNNT thinfilm in the
UV�vis range. Strong absorption at∼200 nm indicates the existence of a h-BN phase. (F) Hydrophobicity of the transparent
thin film. The arrow indicates a spot without coverage of the BNNT thin film. (G) SEM image of the thin film. The scale bar is
0.5 μm. (H) Flexible BNNT buckypapers, up to 30 � 30 cm2 in area, produced by vacuum filtration of liquid suspensions.
(I) Material is foldable, as demonstrated with an origami butterfly folded from an 8 cm� 8 cm buckypaper. (J) SEM image of a
BNNT buckypaper. The scale bar is 1.0 μm.
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transparent (Figure 6D). Figure 6E shows the absorp-
tion and transmittance properties of a film with
∼0.2 μm thickness that had been baked at 425 �C in
air overnight in order to remove the trace amorphous
boron. Good transmittance is obtained over a broad
wavelength range, which is very promising for trans-
parent electronic devices or composite applications.
The absorption peak observed around 200 nm (inset of
Figure 6E) is consistent with the presence of a h-BN-like
phase in the film and corresponds to a band gap of
about 6.0 eV. The shoulder peak below 190 nm may
originate from the quartz disk. The transparent films
also exhibit hydrophobicity as shown in Figure 6F.
Electron microscopy reveals that the films are com-
posed of a mat of entangled BNNTs (Figure 6G).

Macroscopic architectures also have been pro-
duced via liquid processing of this BNNT material, as
was the case for buckypapers (Figure 6H�J) produced
by a vacuum filtration method (Figure S14) analogous
to approaches employed for CNT buckypaper.35 Flexible
BNNTbuckypapers from∼15 to 150μmin thickness and
up to 30 cm � 30 cm in area have been produced. The
density of thesepaperswas 0.4�0.5 g/cm3, and they can
be folded without cracking (Figure 6I). Early mechanical
tests indicated that the Young's modulus and ultimate
tensile strength were typically ∼0.3 GPa and 1.5 MPa,
respectively, with strengths up to 3 MPa observed.

The very low density, cotton-like BNNT material
covers the entire interior surface of the filtration
chamber of the reactor (Figure 1E). Due to its unique
morphology of very loosely entangled BNNTs, this
material demonstrates high hydrophobicity as shown
in the inset of Figure 2D. This material also exhibits a
strong photoacoustic response when exposed to a
camera flash (video S1). Similarly to what has been
reported for low-density SWCNT materials exposed to
intense light pulses,36 these BNNT deposits emit an

audible noise following exposure to a camera flash.
Unlike SWCNTs, however, the BNNTs do not undergo
combustion due to their higher thermal stability and
the absence of metal catalysts.

CONCLUSIONS

By using an induction thermal plasma, large
amounts of small-diameter BNNTs are successfully
produced at an unprecedentedly high rate approach-
ing 20 g/h, without the need for metal catalysts. The
BNNTs have fewwalls and are highly crystalline with an
excellent cylindrical geometry and average diameter of
∼5 nm, implying a high selectivity of the process
toward highly crystalline small-diameter BNNTs. The
numerical simulation and TEM results suggested that
exceptionally rapid cooling of the reaction stream
(∼105 K/s) favors the condensation of B into small-
sized droplets is responsible for the nucleation of
small-diameter BNNTs exclusively. It was also found
that hydrogen plays a crucial, catalytic role in the high-
rate and high-yield growth of BNNTs by inhibiting the
formation of N2 from N radicals and promoting the
creation of B�N�H intermediate species, which pro-
vide faster chemical pathways to the re-formation of a
h-BN-like phase. The yields demonstrated by this plas-
ma synthesis process mean that kilogram quantities of
high-purity and highly crystalline BNNTs are now
accessible for the first time. The process also has good
potential for cost-effective scalability as the core technol-
ogy is mature, with high-power plasma torches up to
∼MW levels available,37 and the gases and feedstock are
all inexpensive materials. These results, coupled with the
fact that gas-flow-driven deposits in the reactor naturally
formmacroscopic architectures that are easily adaptable
to producing large-scale fibers, fabrics, thin films, and
buckypapers, represent a seminal milestone toward the
exploitation of BNNTs in real-world applications.

METHODS

Induction Plasma Processing System. The inductionplasmasystem
developed in this work consists of four major parts; an induction
plasma torch, a reaction chamber, a filtration chamber, and feed-
stock delivery (Figure S1). The induction plasma torch is a com-
mercial TEKNAPS-50 torch (Tekna Plasma Systems, Inc.) composed
of a five-turn coil and a ceramic tube with an internal diameter of
50 mm. The torch is driven by a RF power supply (Lepel Co.)
operated at an oscillator frequency of ∼3.6 MHz, the maximum
plate power being 60 kW. The reaction chamber includes a 1 m
long graphite liner surrounded by thermal insulatingwool, in order
to extend the high-temperature zone needed for an effective
growth of BNNTs. The feedstock is continuously fed by a powder
feeder (KT20 twin-screwmicrofeeder, K-Tron, Inc.) and delivered to
an injection probe located on the top of the plasma torch by Ar
carrier gas. The main reaction products are collected from four
porous metal filter units (surface area = 20 � 50 cm, 2.8 μm pore
size) inside a filtration chamber connected to the end of the
reaction chamber (not shown in Figure S1).

BNNT Synthesis Protocol. The synthesis experiments were per-
formed at a fixed plate power of 50 kW (30�35 kWof net plasma

power) and a base pressure of 93 kPa. Initially, the reactor was
purged and filled with Ar gas. Afterward, two different gas
streams were introduced into the plasma torch; pure Ar gas
(30 slpm) was injected into the central region of the torch for
stable plasma generation, and a ternary gas mixture of Ar
(45 slpm), N2 (55 slpm), and H2 (20 slpm) was introduced as a
high-velocity laminar flow around the plasma, offering further
plasma stabilization and chemical reactions downstream of the
plasma plume. The synthesis experiments were preceded by a
1 h reactor preheating cycle to heat the upper graphite liner to
approximately 1200 �C. At this point, feedstock delivery was
started and synthesis lasted for 3�4 h. Pure hexagonal boron
nitride (h-BN) powder (99.5%, avg. 70 nm, MK-hBN-N70, MK
Impex Corp.) was used as a starting material and was prepared
by drying at 100 �C for 24 h. No catalyst was employed. The h-BN
powder was carried from the powder feeder to the plasma by
using 3 slpm of Ar carrier gas. In a typical synthesis experiment,
the feed rate of the h-BN powder was 0.5�1.0 g/min. The main
reaction product was collected in the filtration chamber.

Fabrication of Large-Scale BNNT Buckypaper. Following removal of
amorphous boron as described in the Supporting Information,
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BNNTs were dispersed in liquid (water or methanol) using a
combination of stirring, and horn and bath sonication to
produce a fluffy dispersion that is stable for short periods of
time. The dispersion was then vacuum-filtered using either
standard laboratory filtration equipment to produce ∼3.5 cm
diameter circular buckypapers or a home-built vacuum table
with custom size, rectangular funnels (up to 30 cm � 30 cm)
to produce larger buckypapers (Figure S14). In all cases, the
dispersion was filtered through 20 μm pore size polycarbonate
membranes, which were available as both 47 mm diameter
circles (Sterlitech PCT20047100) and 30 cm � 300 cm rolls
(Sterlitech PCT2003001). A vacuum gauge and soap solution
were used to check for leaks in the home-built setup, as good
suction is required to get a condensed paper. The as-filtered
buckypapers were sandwiched between sheets of parchment
paper and compressed. After drying (or partial drying) at room
temperature, the buckypapers were easily peeled from the
membrane. The room-temperature-dried buckypapers were
further dried at 100 �C for 2 h.

Material Characterization. The material properties of the BNNT
samples produced were analyzed by SEM (Hitachi, S4700), TEM
(FEI Titan cubed 80�300), TGA (Netzsch TG 209 F1 Iris), FT-IR
(Nicolet 6700 FT-IR), and UV�vis�NIR absorption spectroscopy
(Cary 5000, Varian). For SEM, it was necessary to coat the
BNNT samples with a thin layer of gold using a sputter coater
(Edwards S150A) prior to imaging to prevent electron charging.
Voltage was adjusted to obtain a current of 40 mA with a gold
coating deposition time of 5 s. Each sample was imagedwith a 2
kV, 5 μA probe current at a working distance of 4 mm. The TEM
analysis was performed at the Canadian Centre for Electron
Microscopy at McMaster University. High-resolution TEM
images and EELS data were acquired at 80 kV. The microscope
was equipped with 2 CEOS correctors. TGA data were obtained
by heating a∼10mg sample under an air atmosphere to 950 �C
at a rate of 10 �C/min. Absorption spectroscopy was attained by
attaching the quartz disk (possessing the BNNT film) to the sample
port while using air as a reference. In the FT-IR analysis, samples
were prepared by grindingwith KBr powder and pressing into disc
pellets. Tensile tests on buckypaper strips (5 or 10 mm in width)
were performed using a 10 lb load cell on a Fullam substage test
frame at a displacement rate of 0.5 mm/min. The displacement of
the grips was used to determine strain.

Numerical Simulation. The plasma generation was described
by employing the magneto-hydrodynamic equations for con-
servations ofmass, momentum, and energy, alongwith the K�ε
turbulence model. The thermodynamic and transport proper-
ties of the plasma gases (e.g., density, specific heat at constant
pressure, viscosity, thermal conductivity, electrical conductivity,
and radiation losses) were obtained from the tabulated data,
which were calculated with the assumption of the local thermo-
dynamic equilibrium.38 The detailed method for the numerical
simulation can be found elsewhere.39 The injection of feedstock
and chemical reactions which led to the nucleation and growth
of BNNTs were not considered at this moment.
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