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ABSTRACT: Current processes to manufacture nanotubes at
commercial scales are unfortunately imperfect and commonly generate
undesirable byproducts. After manufacturing, purification is necessary
and is a rate and cost determining step in advancing the development of
commercial products based on nanotubes. Boron nitride nanotubes
(BNNTs) produced without metal catalysts from high-temperature
processes are known to contain a significant amount (e.g., 50 wt %) of
various boron derivatives. Herein we report a simple yet efficient and
scalable process to purify these types of BNNT materials at commercial
scales, from a few grams to hundreds of grams, at purity over 85 wt % in
a single step. The process relies on a vertically mounted flow tube
reactor and scrubber system that can be operated under pure or diluted
chlorine gas flow at temperatures up to 1100 °C. The main chemical
reactions driving the purification are the conversion of boron and BN
derivatives into BCl3 and HCl, which are removed as gaseous species, while pristine BNNTs are left behind. The preferential etching
of impurities over pristine BNNTs shows the extreme chemical resistance of BNNTs in this harsh environment and opens up new
applications for this nanomaterial. The process has been examined at various temperatures, up to 1050 °C, and the resulting
materials display improved BNNT purity and quality across a range of imaging and spectroscopic assessments. The recommended
temperature to optimize quality with yield is 950 °C, although higher quality material is obtained at a higher temperature.

■ INTRODUCTION

Boron nitride nanotubes (BNNTs) are one-dimensional
nanomaterials structurally analogous to carbon nanotubes
(CNTs) and possess equally impressive mechanical properties
along with a different set of multifunctional features including
higher thermal stability, electrical insulation, high neutron
absorption, and transparency in the visible region.1−11

Advances in large-scale BNNT production are now enabling
broader availability of BNNT materials for research and
applications11−15 and have resulted in some recently available
commercial supplies.16−20 From a commercial perspective,
high-temperature manufacturing methods exhibit great prom-
ise. These methods do not require the use of metal catalysts,
and they employ simple feedstocks (e.g., elementary boron or
hexagonal boron nitride, h-BN) and simple gases (e.g.,
nitrogen, argon, and hydrogen).16−20 In these processes, the
feedstocks are thermally vaporized to produce appropriate
precursor species that subsequently condense to a critical
density for BNNT nucleation and growth.17,18 The BNNTs
produced by these methods are highly crystalline, possess few
walls (generally fewer than 10), and have aspect ratios (length/
diameter) greater than 500; however, the materials contain

many impurities. The impurities, which can exceed 50−60 wt
% in some cases, include allotropes of boron, various saturated
and unsaturated boron-containing polymers, and amorphous
and crystalline boron nitride compounds. Removing these
impurities is essential to extract the full potential of BNNTs in
various applications.
Several purification methods have been reported to

date21−25 which can be generally classified into four groups:
liquid-phase treatments, gas-phase treatments, combinations
thereof, and solid−liquid phase treatments. Liquid-phase
treatments include acid oxidation,21 bromine treatment,22

superacid extraction,23 and hydrocarbon extraction.24 The
drawbacks of these methods include limited effectiveness,
damage to the BNNTs, limited scalability, high cost, significant
environmental footprint, and extensive densification of BNNTs
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when the solvent is removed. The latter makes it difficult to
redisperse the BNNT in solvents or matrices. The main
advantage of these methods is that they are carried out at or
near room temperature in widely accessible laboratory
glassware. Gas-phase treatments include water vapor treat-
ments at high temperatures (>700 °C).25 In this purification
approach water serves as an oxygen source to transform
elemental boron or terminated B edges into borates and as a
hydrogen source to transform borates into hydrogen borates,
which are sublimated at temperatures above 600 °C. The main
drawbacks of this method are that it is time-consuming due to
low transformation rates and that it offers very low yields
(<10%) due to chemical etching of BNNTs. The main
advantages of this method, however, are good scalability, low
processing cost, and minimal environmental footprint due to
the fact that the method is gas-phase entirely and the reagents
are water and oxygen. Combinations of gas and liquid-phase
treatments include air oxidation at elevated temperatures.17,26

In that case, the first step, gas-phase oxidation using molecular
oxygen as a reagent to transform elementary boron and
terminated boron edges into boron oxides (B2O3), is followed
by a liquid phase step, usually in water or methanol, to remove
the created boron oxides. The approach removes boron oxides
quite effectively, but it is not efficient for terminated boron
edges or other types of impurities. The main drawbacks of this
method are that the temperature for air oxidation (>600 °C) is
also the temperature at which other reactions with the BNNTs

occur. Additionally, boron oxide is created in the liquid state
and wets materials with a protective layer against further
oxidation. This boron oxide coating is hard to remove by
solution-phase treatments without solubilizing the BNNTs
because the boron oxide acts as a surfactant. A solid−liquid
phase treatment has been reported in which a liquid or near
liquid state ferric chloride salt at temperatures generally
between 250 and 350 °C is used to penetrate and wet the
internal surfaces of BNNTs to dissolve impurities.27 For the
process to work effectively, conditions that cause the salt to
decompose must be avoided. Other reagents such as HCl at
room temperature and heating in air to 700 °C can be used to
remove impurities that cannot be dissolved using the molten
salt alone. The main drawbacks of this method are its limited
scalability, use of corrosive molten metallic salts, multistep
washing cycles, and significant environmental footprint.
Typical yields from this method are not reported; however,
given the multistep washing cycles, the yields are presumably
low. As such, while there are a number of recent advances in
BNNT purification, current routes to purify BNNTs have
many deficiencies, and these must be resolved to fully exploit
the commercial potential of BNNTs.
Herein we report a simple process that resolves many of the

issues listed above. The key features of the process are
scalability (up to 150 g batches demonstrated), low carbon
footprint (gas-phase process with byproducts entirely soluble
in water), and high yield (approximately 30−70 wt %

Figure 1. Purification process up to 150 g scale. (a) Photograph of ap-BNNTs prior to purification (inset A shows a coarse frit disk in the quartz
tube). (b) Schematic of the purification process of BNNTs. (c) Photograph of purified BNNTs. (d) SEM image of the ap-BNNTs. (e) TEM image
of the ap-BNNTs. (f) TEM image of the purified BNNTs. (g) SEM image of the purified BNNTs.
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depending on the temperature). The overall cost of the
method also represents only a small fraction of the production
cost of BNNTs, which is critical to achieving industrially viable
BNNT manufacturing. To illustrate the effectiveness of the
process, all of the BNNT materials were evaluated using a
battery of characterization methods, including thermogravi-
metric analysis coupled with Fourier transform infrared (TGA-
FTIR) spectroscopy, FTIR spectroscopy, UV−vis absorption
spectroscopy, X-ray photoelectron spectroscopy (XPS), solid-
state nuclear magnetic resonance (NMR) spectroscopy, field
emission scanning electron microscopy (FE-SEM), trans-
mission electron microscopy (TEM), scanning transmission
electron microscopy (STEM), energy-dispersive X-ray spec-
troscopy (EDS), and electron energy loss spectroscopy
(EELS). The enhancement in the quality of the BNNT
material was also confirmed using our recently reported
titration method with regiorandom-poly(3-hexyl-thiophene)
(rra-P3HT).28,29

■ CHEMICAL BASIS OF THE PROCESS
The process presented here is applicable to all as-produced
BNNT (ap-BNNT) materials produced using high-temper-
ature processes. One such process is the hydrogen-assisted
BNNT synthesis (HABS) process,17,18 and the material used in
this paper was produced using the HABS method. This ap-
BNNT material consists of approximately 50 wt % BNNTs
with impurities of about 25 wt % boron allotropes and 25 wt %
BN, which includes polymer derivatives with the generic
composition BxNyHz. The basic chemical reactions underlying
the purification process are in order of importance

g2B(s) 3Cl (g) 2BCl ( )2 3+ → (1)

2BN(s) 3Cl (g) 2BCl (g) N (g)2 3 2F+ + (2)

B N H (s) Cl (g) BN(s) HCl(g)x y z 2+ → + (3)

B N O H (s) Cl (g) BN(s) ClO (g) HCl(g)w x y z 2 p+ → + +
(4)

The BN produced in the minor reactions 3 and 4 is fed into
the equilibrium reaction 2; therefore, the final reaction
products are all gaseous species and are removed from the
reactor by the constant gas flow (vide inf ra). Reaction 1 has an
onset at about 425 °C. The dehydrogenation of the BxNyHz(s)
derivatives in reaction 3 and removal of oxides in reaction 4
occur over an extended temperature range from 300 to 900
°C.30 As the reaction products are constantly vented from the
reactor, the equilibrium in reaction 2 is shifted to the right
toward the formation of gaseous byproducts. Bartl et al. used
reaction 2 to selectively etch h-BN over c-BN in the CVD
growth of diamond and c-BN.31 The onset of this reaction was
over 700 °C. Since BNNTs share the same hexagonal bonding
network as h-BN, one could expect BNNTs to react similarly,
and indeed structurally defective BNNTs do react in the same
fashion. The h-BN present in the ap-BNNT material has
unsaturated edges that are more reactive than pristine BNNTs.
As will be demonstrated below, this side reaction is an
unexpected positive finding of this work as it provides a way to
selectively remove both impurities and defective BNNTs.

■ EXPERIMENTAL SECTIONS
Reactor Design. The purification system (Figure 1) consists of a

10 cm diameter 3-stage vertical oven fitted with a quartz tube. As-

produced BNNTs are loaded into the quartz tube and are supported
by a coarse frit disk that is secured in the quartz tube at the inlet end
of the furnace (see Figure 1, inset A); the frit supports the BNNTs
without inhibiting gas flow. The system is equipped with mass flow
controllers to regulate the flow of Cl2, Ar, and N2 gases to the inlet
port of the reactor. The gases flow upward through the ap-BNNT
material and are vented through the top of the reactor; the resulting
gaseous byproducts, from reactions 1 to 4, vent through the top of the
reactor and are subsequently neutralized through a caustic NaOH
solution circulating in a scrubber system. The final products in the
scrubber after neutralization are mainly boric acid and sodium
chloride with a small fraction of chlorite salts, which are benign
compounds. A photograph of the entire apparatus is shown in Figure
S1 of the Supporting Information.

Purification Procedure. The ap-BNNTs were first dried in a box
furnace at 150 °C for 3 h to remove adsorbed moisture, which allows
for the accurate determination of sample mass. Next, the ap-BNNTs
were placed in the quartz tube and preheated to 105 °C with 300
sccm of Ar, and the reactor was sealed. The gas composition was then
adjusted to a mixture of 1000 sccm of N2 as buffer gas and 50 sccm of
Ar at 105 °C and was flowed through the sample for 20 min, followed
by 1000 sccm of flowing Ar at 300 °C maintained for a minimum of 3
min per gram. At this point, the temperature was increased to the
target operating value for each experiment (750 °C to 1050 °C).
Once the operating temperature was reached, 1000 sccm of Cl2 and
50 sccm of Ar gas flowed through the BNNTs. A typical exposure
time to completely remove boron allotropes was 3 min per gram of
ap-BNNTs. After completing the purification, the flow of Cl2 was
stopped. Then, the reactor was purged for 15 min using 500 sccm of
N2 and 500 sccm of Ar prior to cooling the reactor to room
temperature under the same gas flow conditions.

BNNT Production. The ap-BNNTs were prepared by the
previously reported HABS method.17,18 Briefly, h-BN powder was
vaporized using an induction plasma torch operated with Ar, N2, and
H2 gases, and the subsequent reaction conditions were controlled to
favor the nucleation and growth of small-diameter and few-walled
BNNTs. The ap-BNNTs were collected directly from the collection
chamber without any additional treatment process.

Characterization of the BNNTs. The morphology and the
surface of the ap-BNNTs and the purified BNNTs were characterized
with FE-SEM (Hitachi, S4700) and TEM (FEI, Titan). For TEM
analyses including STEM, EDS, and EELS, the BNNTs were
sonicated in methanol using a sonication bath for 5 min followed
by drop-casting onto a lacey-carbon film supported on a mesh copper
grid and drying in air. TEM imaging was conducted at 300 keV.
Tandem TGA-FTIR data were obtained in dry air up to 950 °C with a
ramp rate of 10 °C per minute using a Netzsch STG 449 F1 TGA
instrument coupled to a Bruker Tensor 27 FTIR spectrometer. 11B
NMR spectra were obtained at an 11B Larmor frequency of 160.5
MHz in a static magnetic field of 11.75 T using a Bruker Advance-III
console and a Varian 4 mm double-resonance standard-bore magic-
angle spinning (MAS) probehead. The samples were rotated at a
spinning frequency of 12 kHz, and a single pulse with rf field strength
of 100 kHz and duration of 2.1 μs was applied prior to signal
acquisition. Surface elemental analyses were carried out using dry
BNNTs deposited on copper tape using a Kratos AXIS Ultra DLD
XPS spectrometer and following the measurement conditions and
fitting procedures we recently described for XPS assessment of similar
BNNT samples.32

FTIR analyses of dry BNNT samples were carried out using an
Agilent 630 FTIR instrument operated in attenuated total reflection
(ATR) mode. All samples (each 5.0 ± 0.01 mg) for the rra-P3HT
quality test were prepared and analyzed according to the method
reported by Martinez-Rubi et al.28,29 The content of BN impurities
was also determined using gravimetric analyses strictly adhering to the
following protocol. A total of 2 g of BNNT material was placed in a
one liter bottle, and 1 L of boiling deionized water was added. The
bottle was placed in a sonication bath for 15 min and subsequently
filtered through a 20 μm stainless steel mesh. The filtrand was
returned to the one liter bottle, and this sonication/filtration process
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was repeated four times. After the fourth iteration the solution
remained transparent after sonication. The filtrand was then dried,
weighed, and the weight was compared to the initial mass of the
material. The mass loss provides a good estimate for the amount of
BN impurities present in the starting material.

■ RESULTS AND DISCUSSION

Photographs of the as-produced and purified BNNTs at 750
°C, 850 °C, 950 °C, and 1050 °C, respectively, are shown in
Figure 2a. The ap-BNNTs appear as a dark brown material
because of the presence of about 25 wt % of boron allotropes
(elemental boron), which are byproducts of the synthesis
process, as shown Figure S2a, Figure S3, and Figure S4. Figure
2b shows TGA carried out in an air atmosphere for the ap-
BNNT material. Of note is the mass loss observed in the 25−
300 °C temperature range (inset A of Figure 2b), which is
typical of the ap-BNNT material and attributed to adsorbed
water and ammonia. Water adsorption by BNNTs arises from
handling in ambient atmosphere and is highly dependent on
the local humidity. Ammonia is a byproduct of the synthesis as
discussed in our previous paper.17 To avoid side reactions with
chlorine these species were desorbed by subjecting the as-
produced material to an Ar flow at 300 °C prior to initiating
purification with chlorine. Elemental boron allotropes are
known to react with chlorine gas according to reaction 1. We
have established the onset of this reaction at about 450 °C. At
750 °C, all of the free boron allotropes are removed, but the
material appears slightly beige in color. This result is attributed
to small amounts of the remaining boron allotropes
encapsulated in BN shells. Complete removal of this
encapsulated boron is only achieved after subjecting the
BNNTs to purification at 950 °C, as evidenced by the resultant
bright white appearance (Figure 2a). The SEM and TEM
images in Figure 1 show the effect of chlorine exposure on the
ap-BNNT material. It is clear from the presence of empty BN
shells (Figure 1f, Figure S5, and Figure S6) that chlorine is

capable of penetrating the BN layers to remove the
encapsulated boron. Figure 2c shows a plot of the reaction
yield as a function of temperature, where yield is expressed as
the ratio of mass remaining in the reactor after the purification
process over the initial mass of ap-BNNTs. These yields have
been determined over several experiments using initial masses
of ap-BNNTs of 20 to 150 g per experiment. At 750 °C, the
yield is 73%. The mass loss of 27% is attributed to the removal
of elemental boron according to reaction 1 and the onset of
reactions 2, 3, and 4. An elemental boron content of 22% in ap-
BNNTs was determined by a bromine titration (see the SI for
procedure). At 850 °C, the yield drops a further 8% to 65%. Of
this additional 8%, encapsulated boron accounts for a few
percent at most. We attribute the majority of the additional
mass loss to reactions 2, 3, and 4: the dehydrogenation of
polyborazylene derivatives, the transformation of BNOH
derivatives, and the etching of amorphous and hexagonal
BN, respectively. At 950 °C, the yield significantly drops by an
additional 24% to 41%. We attribute this mass loss to a rapid
and effective etching of BN according to reaction 2 and to the
etching of defective BNNTs. At 1050 °C, the yield drops by an
additional 11% to 30%. This minimal mass loss shows the
amazing resilience of high-quality BNNTs to harsh environ-
ments like chlorine gas at ∼1000 °C. As shown in the SEM
images of Figure S2, we found that BNNTs are very stable in
harsh environments, and most of the boron-containing
polymers and amorphous BN compounds were gradually
eliminated when the purification temperature was increased.
This analysis is corroborated with the BN content at each
purification temperature as determined by gravimetric analyses
(Table 1). The constant BN impurity content at 950 and 1050
°C is a result of a more aggressive etching at 1050 °C which
produces smaller BN particles, including smaller BNNT
fragments which pass through the 50 μm-opening mesh used
for the analyses.

Figure 2. Comparison data between ap-BNNTs and purified BNNTs. (a) Photographic image of BNNTs purified at various temperatures. (b)
TGA result for ap-BNNTs (inset A shows the mass loss). (c) Purification yield at 750 °C, 850 °C, 950 °C, and 1050 °C.
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To validate our purification mechanism further we have
conducted a series of imaging and spectroscopic character-
izations. TGA was used to evaluate how reaction time and
temperature impacted the purification (Figure 3). Figure 3a,b
displays the TGA analyses of purified BNNT samples obtained
by subjecting 20 g of samples of ap-BNNTs to a constant 90
min purification time at the four different reaction temper-
atures. Figure 3a shows that the mass loss up to 500 °C is
gradually reduced with increasing purification temperature and
that there is little difference between 950 and 1050 °C
purifications. Figure 3b shows the differential thermograms,
which illustrate discrete mass loss events. The main event
occurs at or near 100 °C, and the IR spectroscopic signature of
the released material is that of water. Hence, the purified
material becomes less hygroscopic as the purification temper-
ature is increased. Water adsorption is attributed to defect sites
on BN materials, including BNNTs, and/or to the presence of
dangling functionalities. This data supports the hypothesis that
these adsorption sites are removed as the purification
temperature was increased. The effect on the purification of
varying the reaction time from 30 to 180 min in 30 min
increments at the fixed temperature of 1050 °C was also
evaluated. Figure 3c,d shows that total TGA mass loss
decreases rapidly from the sample purified for 30 min to the

60 min sample and reaches a plateau with the 90 min sample.
Again, the mass loss is due to desorption of water as shown by
the temperature of onset and the spectroscopic signature of
water in the IR spectrum. There is a mass gain above 900 °C in
the TGA for purification reaction times below 60 min, but it is
absent above 90 min. We attribute this mass increase to the
oxidation of materials with dangling bonds or defective sites.
For treatments above 90 min, defective materials are etched
away by chlorine leaving behind materials with reduced defect
densities.

11B NMR is a useful technique for comparing BNNT
materials purified by different methods as it is sensitive to
changes in boron environments. 11B NMR was used to
evaluate the BNNT material purified at the four different
temperatures. 11B is a quadrupolar nucleus with half-integer
spin I = 3/2, resulting in a strong anisotropic quadrupolar
interaction with the electric field gradient in the surrounding
electron distribution. Narrowing of the NMR spectral
resonance lines can be achieved by magic-angle spinning
(MAS), the rapid rotation of the sample around an axis
enclosing an angle of 54.74° (magic-angle) with the external
static magnetic field. The resulting spectral resonances show
the typical second order line shape of half-integer quadrupolar
nuclei.33 The 11B NMR spectrum for the ap-BNNTs is shown
in Figure 4a. The spectrum of BNNTs shows a large main peak
at 10−30 ppm, which is consistent with a 3-coordinate boron
atom such as found in h-BN and BNNTs.34,35 The quadrupole
couplings are nominally the same at 2.95 MHz for h-BN and
2.99 MHz for BNNTs with ηQ = 0, which are also consistent
with the previous literature.35,36 Where these materials differ is
with respect to the line shape, more specifically the size of the
foot, the additional peak at 1 ppm for BNNTs, and the
increased baseline for the ap-BNNT sample. Polycrystalline
boron is known to give a very broad signal around 0 ppm.37

Table 1. BN Impurity Content from Gravimetric Analyses
for Chlorine Purified BNNT Samples at Different
Temperatures

sample/temperature (°C) BN content (wt %)

750 46
850 28
950 16
1050 16

Figure 3. TGA data for purified BNNTs. (a and b) Purified at 750 °C, 850 °C, 950 °C, and 1050 °C for an initial mass of 20 g of ap-BNNT and a
treatment time of 90 min. (c and d) Purified at 1050 °C for different purification times for an initial mass of 20 g of ap-BNNTs.
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Furthermore, using 11B NMR three-coordinate oxidized boron
species such as BO3 have been observed as impurities in
commercial h-BN and BNNT in the foot region of the
spectra.35 Amorphous boron allotropes, BO3, BO4, and BN4
environments within the ap-BNNT sample, are responsible for
increasing the baseline giving the appearance of a broad
monotonic underlying structure.35 As shown in Figure 4b,
upon purification even at our lowest purification temperature
of 750 °C, that structure is significantly reduced if not
eliminated, in close correlation with the removal of elementary
boron at 750 °C. The foot, or the shoulder at 15 ppm, has
been suggested38,39 to result from rhombohedral BNNTs (r-
BNNTs). However, the line shape observed at 10−30 ppm is
the classic line shape of an I = 3/2 nucleus and can be
explained by the quadrupole coupling as opposed to the
presence of r-BNNTs. The more prominent appearance of the
foot/shoulder in the BNNT samples speaks to the difference in
the boron environment relative to h-BN, specifically the larger

paramagnetic defects from either the curvature of the BNNTs
relative to planar h-BN, defects in the lattice, or 3-coordinate
boron oxide type impurities. The peak at 1 ppm is consistent
with a 4-coordinate B−O impurity.40,41

As shown in Figure 4b, there are profound differences in the
spectra obtained with material purified at increasing temper-
atures. Similar to previous BNNT materials, the quadrupole
couplings are nominally the same at 2.99 MHz with ηQ = 0 for
each of the samples. As the purification conditions become
more aggressive, from 750 to 1050 °C, there is a narrowing of
the large central peak and a reduction in the foot suggesting
that the BNNT material is becoming more uniform and/or has
fewer defects within the lattice, which is consistent with our
proposed reaction mechanism. Furthermore, as the temper-
ature increases there is a clear decrease in the peak at 1 ppm
suggesting that the 4-coordinate B−O type impurity is being
removed and the material is becoming purer. It is important to
note that there is a significant decrease in the B−O type

Figure 4. Solid state 11B NMR data. (a) Solid state 11B NMR spectrum of ap-BNNTs. (b) Solid state 11B NMR spectra for BNNTs purified at 750
°C, 850 °C, 950 °C, and 1050 °C.

Figure 5. High-resolution XPS spectra of BNNTs purified at various temperatures and surface elemental composition for ap-BNNTs and purified
BNNT samples. (a) XPS spectra showing the B 1s region (198−184 eV). (b) XPS spectra showing the N 1s region (408−394 eV). (c) Surface
elemental composition for ap-BNNTs and purified BNNT samples, derived from XPS survey spectra, and component fitting results for the B 1s
region. (The corresponding high-resolution spectra and fitting are shown in Figure S7.)
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impurity when the purification is performed at 950 °C but
minimal additional improvement when conducted above 950
°C, which is consistent with our observation of rapid etching
between 850 and 950 °C discussed earlier.
The elemental compositions of the BNNT materials as

determined from XPS spectra (see Figure S7) are shown in
Figure 5a−c. As we previously reported for similar BNNT
materials,32 these ap-BNNTs show a significant excess of B in
compositional analysis via XPS (B:N ∼ 1.3 in this case). High-
resolution spectra of the B 1s region (Figure 5a) show that the
peak associated with elementary boron (near 188 eV)
disappears at the lowest temperature treatment of 750 °C,
suggesting that all free boron allotropes have been eliminated
and in agreement with the 11B NMR data and TGA analyses.
Despite the absence of the elemental boron peak after
purification at the lowest temperature of 750 °C, it is the
higher-temperature purifications (950 and 1050 °C) that led to
significant improvement in the B:N ratio. The relatively broad
shoulder associated with the presence of B−O in the vicinity of
∼192 eV decreased with increasing temperature (see Figure 5a
and Figure S7b−f) and is in good agreement with the 11B
NMR data. Fitting the component peaks in the B 1s region
(Figure 5c) clearly shows that the boron environment becomes
progressively more BN-like with increasing purification
temperature. In order to obtain consistent fitting results, the
position of the B−O component peak for the purified BNNT
samples, where it becomes less pronounced, was constrained
based on its position relative to the B−N peak for the ap-
BNNT sample. These changes in the XPS spectra show that
the more aggressive purification conditions remove further
impurities, beyond removing elemental boron, and that
chlorine eliminates impurities selectively at various exper-
imental conditions, again consistent with the 11B NMR data
and proposed mechanism.
The oxygen content (Figure 5a and Figure S7b−f) is

approximately 15% for the ap-BNNTs but decreases to 5% for
BNNTs purified at 1050 °C. It is anticipated that all oxygen
content can be removed if the treatment at 1050 °C is
maintained for a longer time. The high oxygen content in the
ap-BNNT material is surprising considering that the synthesis
is carried out in a leak-free reactor. We previously reported that
the oxygen content in the h-BN feedstock as determined by
XPS can be as high a 7%, which is much higher than the
supplier’s specifications (<0.5%), and that ap-BNNTs from the
HABS method showed 2% to 13% oxygen content.32 As XPS is
surface sensitive, such results likely overestimate the oxygen
content of the bulk sample. It is hypothesized that oxygen
present in the sample is the result of reactions between air
and/or moisture with reactive species created during the
BNNT synthesis when the reactor is opened to the atmosphere
to collect the ap-BNNT material. Figure 5b shows the N 1s
region, where only a single peak associated with B−N bonding
is observed. The single peak in the N 1s region together with
the B 1s peak due to B−N bonding at ∼190 eV demonstrates
that the structure between boron and nitrogen is strongly
maintained during the purification with Cl2. Additionally, there
is no indication of chlorine, which would have appeared in the
binding energy regions of 1306 eV (for Cl LLM) and 270 eV
(for Cl 2s). The Cl 2p peak overlaps with the boron region, so
absorption in this region is not indicative of Cl. This is
corroborated with TEM and EDS analyses presented below.
The lack of any Cl functionality on the BNNT surface is
expected because such a functionality would hydrolyze, readily

creating B−O functionalities when the material is exposed to
ambient atmosphere. However, XPS and FTIR (discussed
below) data indicate that B−O functionalities decrease with
increasing purification temperature. Thus, if chlorine function-
alization takes place, it must be at a very low level showing the
extraordinary chemical resistance of BNNTs to highly
oxidative environments.
Recently, Harrison et al.42 reported that FTIR could be a

useful quantitative tool to analyze h-BN content in BNNT
samples. In particular, they showed that the intensity ratio of
the band near 820 cm−1 (out-of-plane buckling; R mode) over
the in-plane bands peaking near 1350 cm−1 (transverse optical
and longitudinal; TO modes) is a parameter sensitive to the
presence of h-BN in the BNNT samples. To establish their
calibration curve, Harrison et al., “spiked” their BNNT samples
with well-defined quantities of h-BN powder from a single
commercial source. The lower the R/TO ratio the more
BNNTs within the sample. Figure S8 shows typical FTIR
spectra and the R/TO ratios for 157 different BNNT
measurements, including ap-BNNTs and purified BNNT
samples at different temperatures. The results are independent
of the casting method to prepare the samples; either dry
BNNT sheets or dispersions in solvent lead to the same results.
In this case, the R/TO ratios are the same within experimental
error. According to Harrison et al., this would suggest that h-
BN content remains the same whether the material is ap-
BNNTs or purified at different temperatures. This conclusion
is at odds with the data of Table 1 and with all other
measurements presented in this paper. This result suggests that
the FTIR method cannot be used to quantify BN impurities in
BNNT material produced using the HABS process. It is
feasible that the impurities present in the samples tested here
differ sufficiently in structure and composition that they are
not well represented by FTIR absorption at 820 cm−1.
TEM analyses have also been used to examine the etching

process. Figures 6 and S6 display TEM images of BNNTs

Figure 6. TEM images of the BNNTs purified at 1050 °C. (a) TEM
images of BNNTs at low magnification. (b−d) TEM images of
BNNTs at high magnification. (inset A of (d)) Fast Fourier transform
(FFT) image of the sample.
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purified at various temperatures. While the purity of the
material increases with increasing temperature, some of the BN
sheets and BN shells remained even after the highest
temperature treatment. This is likely due to the etching
process occurring at edges or defect sites. Crystalline surfaces
react much more slowly and likely the crystalline area of the h-
BN flakes react at similar or perhaps slower rates than
crystalline BNNTs; thus, a large h-BN flake or shell takes much
longer to eliminate than a small one. As a result, after a
prescribed treatment time, small residual h-BN impurities
remain. We observed that most BNNTs purified at high
temperatures have clean surfaces. We hypothesize that most of
the BN flakes sitting on the surface of BNNT had poor
crystallinity and sizes of less than 5 nm; thus, they were more
easily eliminated than larger fragments of better crystallinity
and crystalline BNNTs. It is hypothesized that with longer
treatment times and in combination with other reagents that all
impurities can be removed from HABS-produced BNNT
materials and other high temperature synthesis processes. This
complete purification approach will be explored within the
scope of another paper.
Chlorine is a very reactive chemical, especially at high

temperatures such as those used in this work; therefore, the
possibility of damaging the BNNTs through the creation of
defects or surface modifications is an issue of genuine concern.
To examine these possibilities in greater detail we used TEM

(Figure 6 and Figure S9) and EDS (Figure S6a−d), which are
more local probes than XPS and FTIR. Neither the TEM
images nor the EDS results show evidence of defect sites on
the BNNT surface or for the presence of functionalization.
Figure 6c,d and Figure S6b,d,f show Moire ́ patterns typical of
hexagonal bonding structures. The FFT image (insert A) of
Figure 6d is also typical of hexagonal structures.43,44

Finally, Martinez-Rubi et al.29 recently reported a colori-
metric method to assess the relative quality of different BNNT
samples which is particularly amenable to monitoring the effect
of variations in synthesis and purification conditions. Quality is
defined as a convolution of sample purity (i.e., fraction of
nanotubes in a sample) and BNNT wall defect density. The
method relies on the interaction of regiorandom poly(3-hexyl-
thiophene) (rra-P3HT) with BNNTs and with impurities. rra-
P3HT aligns on the surface of BNNTs to form a strongly
bonded complex, which promotes the formation of rra-P3HT
aggregates.28 The rra-P3HT planarization and formation of
aggregates induces a significant color change and leads to the
emergence of structured absorption bands specific to the
presence of BNNTs. No such photophysical changes occur
when rra-P3HT interacts with impurities present in HABS-
produced BNNT samples (e.g., h-BN and other nontubular
BN derivatives).28,29 Figure S10 shows more detail about the
preparation of the samples and determination of the saturation
point (S; minimum amount of rra-P3HT required to cover all

Figure 7. Quality assessment of BNNT using rra-P3HT. (a) Photographs of the purified BNNT (at 750 to 1050 °C) suspension in CHCl3 before
and after adding rra-P3HT up to the saturation point (no free rra-P3HT). (b) UV−vis absorption spectra for BNNT-rra-P3HT solutions in CHCl3
at the saturation point (no free rra-P3HT) for BNNT purified at various temperatures and scattering background profiles. (c) UV−vis absorption
spectra extracted from removing the scattering background profiles for BNNTs purified at various temperatures. (d) Saturation point range (S),
BET surface area (SBET), and quality index for the BNNTs purified at various temperatures.
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available BNNT surfaces for a calibrated amount of material)
when a yellow/orange solution of rra-P3HT in chloroform is
gradually added to BNNT samples purified at different
temperatures. Once all of the available BNNT surface is
covered (titrated), the intensity of the bands due to the rra-
P3HT/BNNT complex ceases to grow and absorption related
to free P3HT emerges.29 Figure 7a shows the colorimetric
changes at the saturation point after removal of free rra-P3HT.
As the purification temperature increases, S increases and the
solution becomes more purple indicating increasingly higher
BNNT material quality. Figure 7b shows the resulting
absorption spectra, and Figure 7c shows the same spectra
after subtracting the scattering background (details about this
process can be found in the SI). For reference, Figure S11
shows the absorption results for rra-P3HT with ap-BNNTs.
Although a higher S value and a higher absorbance mean a
higher quality BNNT material, Martinez-Rubi et al. also
developed a Quality Index based on the absorption feature
intensities to better compare samples.29 The saturation range
and quality index for each sample are shown in Figure 7d. The
quality index correlates with S and also with the specific surface
area (SBET) determined from octane adsorption isotherms as
shown in Figure 7d. As the purification temperature increases,
more impurities, including amorphous coatings on the BNNTs
and defective BNNTs, are etched away by the chlorine, leaving
a higher proportion of pristine BNNTs. Therefore, for a given
mass of samples, the surface available for rra-P3HT
planarization and the formation of ordered aggregates increases
as the quality of the material increases.

■ CONCLUSIONS

Molecular chlorine has been used to remove all elementary
boron and to etch multiple impurity species and defective
BNNTs at elevated temperatures. The approach provides a
simple, fast, and effective method to purify BNNTs synthesized
by high-temperature methods. Processing temperatures from
750 to 1050 °C were explored, and it was demonstrated that
BNNT quality improves as the temperature is increased. The
highest quality BNNTs were obtained from chlorine
purification at 1050 °C, while a temperature of 950 °C offers
a good compromise between purity and process yield.
Although as executed here not all BN impurities have been
removed, the process offers an excellent first step and a strong
platform toward an entirely gas-phase process to obtain highly
pure BNNTs. The main advantages of the method are (1) it is
scalable, (2) it relies only on gas-phase processes, (3) it is cost-
effective, and (4) it presents minimal environmental impact.
Although we demonstrated scalability up to 150 g per run with
our hardware, currently available commercial hardware could
accommodate 600 g per run over a 4 h period. The gas-phase
nature of the process makes it very attractive for industrial
development by eliminating expensive solution phase process-
ing and reducing environmental impact. It is feasible that the
process shown here could be integrated with synthesis
processes, such as the HABS process, to manufacture high
purity BNNTs in a single closed system. This innovative and
effective purification method should support the broader
availability of high quality and high purity BNNTs and their
adoption for diverse commercial applications.
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