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ABSTRACT: Boron nitride nanotubes (BNNTs) are highly interesting for structural,
thermal, and biomedical applications but have, thus, far been limited due to a lack of high-
yield methods to produce a purified material. In particular, previous attempts have failed to
fully remove h-BN due to its chemical similarity with the BNNTs. Here, we propose a mild,
high-yield method that removes >99% of the h-BN impurities without any apparent loss or
damage to the BNNTs. This is in contrast to all prior methods, which have used aggressive
chemical, mechanical, or thermal methods and, therefore, suffered from low yields and
significant damage to the tubes. Our method relies on exposure to heptane at a moderate
temperature of T = 90 °C in a pressure vessel to detach h-BN impurities from the BNNTs. We showed that X-ray diffraction
and Raman spectroscopy are very effective to quantitatively detect the degree of h-BN removal.

■ INTRODUCTION

Interest in boron nitride nanotubes (BNNTs) has grown
dramatically over the past two decades because of their unique
mechanical and thermal properties.1,2 Like carbon nanotubes,
BNNTs display exceptional strength, an axial Young’s modulus
of up to 1.3 TPa,3 and thermal stability in air up to 800 °C.4−13

Despite being an electrically insulating semiconductor with a
5−6 eV bandgap,14−16 BNNTs have been suggested to feature
a surprisingly high thermal conductivity of 3000 W m−1 K−1.17

These properties make BNNTs a highly promising material for
thermal management applications in high power electronics
and photonics. They are also a strong candidate for hydrogen
storage,18,19 structural reinforcement of composites and
alloys,4,20 water treatment and desalination,21 and deep UV
optoelectronics.22 Realization of these promising applications
has been hindered by significant challenges in BNNT synthesis
and purification, which has proven far more difficult compared
to carbon nanotubes (CNTs).23,24 In particular, the most
important BNNT production methods all yield tubes with a
substantial amount of impurities; most notably, these tubes
contain hexagonal boron nitride (h-BN), which has proven
very challenging to remove. Here, we report for the first time a
method that virtually completely removes h-BN impurities
without damaging the BNNTs, thus achieving a near-perfect
yield, representing an important step toward the scalable
production of high-quality BNNTs. Our claims are supported
by two spectroscopic methods we developed to quantitatively
assess h-BN removal. Such spectroscopic techniques character-
ize a macroscopic region of the sample and are, thus, more
informative and more quantitative than imaging of selected
areas.
Of the many BNNT synthesis methods in the literature, only

four produce tubes at the gram scale:1,25 high-temperature/

pressure synthesis (HTP),26 hydrogen-assisted BNNT syn-
thesis (HABS),27 extended-pressure inductively-coupled plas-
ma synthesis (EPIC),28 and ball milling/annealing.29,30 All
currently known production methods produce tubes with a
significant amount of impurities. The most common impurities
are boron, its oxides and different forms of boron nitride,
which typically amount to 30−60% by weight in as-received
BNNTs.31 These impurities significantly degrade the proper-
ties of BNNTs and hinder the achievement of the anticipated
outstanding properties of pure tubes.13,24 To better realize the
full potential of BNNTs, research groups have investigated a
number of purification techniques.13,24,25,32−37

Methods for removing boron and boron oxides are
known13,23,31,34−37 and have been reasonably effective. The
major problem is removing boron nitride (BN) impurities,
which occur as nanoscale and microscale particles. Micron-
sized BN impurities have been successfully removed using a
polymer wrapping method;34 however, the same method has
proven ineffective in removing nanoscale BN impurities.34

Nanoscale BN impurities are extremely challenging to remove,
as they are very similar to BNNTs in terms of their chemistry
and bonding affinity. This makes it very difficult to develop
selective chemical approaches.28−30,38−43 The methods that
have been developed to selectively remove impurities in CNTs
have proven ineffective for BNNTs.23 Previous attempts of
purifying BNNT have included the use of acids, surface
modification, mechanical methods (sonication and ball mill-
ing), and oxygen treatments at temperatures >700
°C.13,24,44−46 However, acid treatment has shown to damage

Received: May 1, 2019
Revised: September 26, 2019

Article

pubs.acs.org/cmCite This: Chem. Mater. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.chemmater.9b01713
Chem. Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

C
O

L
G

 O
F 

W
IL

L
IA

M
 &

 M
A

R
Y

 o
n 

O
ct

ob
er

 1
7,

 2
01

9 
at

 1
4:

30
:1

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.9b01713
http://dx.doi.org/10.1021/acs.chemmater.9b01713


and erode the boron nitride nanotubes’ structure.24 A similar
problem was reported for carbon nanotubes where nitric acid
removes impurities at the expense of damaging the tubes.47

Surface modification using polymers followed by sonication
and centrifugation displays limitations similar to polymer
wrapping in that it damages the tubes as well as producing low
yields.37 Sonication and other mechanical methods have been
proposed to separate large micron-sized impurities and isolate
pure BNNT;23 however, these methods significantly damage
pristine BNNT tubes and break apart the tube network
structure.23 Mechanical methods also suffer from low yields,
especially when tuned to reach high levels of purity.23,35 High-
temperature oxygen treatments conducted up to temperatures
where BNNTs start to decompose are reported to have
variable purity and low yields of 10−20% purified BNNT.13

Due to the inability of these different methods to remove BN
impurities, a new method is needed to overcome these
deficiencies.
Here, we demonstrate a novel, nondestructive method for

the removal of boron nitride impurities including h-BN from
BNNTs using heptane at a moderate temperature. Our
approach focuses on tubes commercially manufactured using
the HTP method, which produces a large fraction of high-
quality tubes featuring 2−5 walls and some of the smallest
diameters in the range 5−10 nm.24,26 The HTP tubes are also
among the longest ones available, about 1 μm in length.24,26

Further, HTP has the advantage of producing tubes of high
crystallinity and with few defect sites.24 Our new process
described here represents a significant advancement in BNNT
purification, producing undamaged BNNTs using methods
that are easily scalable in an economically viable way.
Moreover, we describe two instrumental techniques to detect
the presence of h-BN impurities and to verify their removal
beyond the qualitative results obtained by imaging. We
demonstrate that the h-BN peaks in both nonresonance
Raman and X-ray diffraction (XRD) are very effective in
detecting h-BN impurities. Limited by the signal-to-noise ratio
of our measurements, our method removed >99% of the h-BN.
We further used FTIR to confirm the removal of h-BN. A
combination of our novel, moderate-temperature purification
procedure using a hydrocarbon with techniques to detect
impurities creates a clear path toward achieving and verifying
BNNT purity on an application scale.

■ EXPERIMENTAL METHODS
BNNT Purification. The starting material was “purified BNNT”

(BNNT LLC, Newport News, VA), which was produced based on the
high-temperature and -pressure (HTP) methods. According to the
manufacturer, the purified BNNT material contained <1% boron
impurities. We mixed 50 mg of this material with 30 mL of heptane
(Sigma-Aldrich, Raleigh, NC) in a 45 mL Ace pressure tube (Ace
Glass Incorporation, Vineland, NJ). The system was heated and
maintained at 90 °C for 5 h in an oil bath. The system was cooled to
room temperature before the pressure tube was opened. Heptane was
separated from the BNNT sample by decantation. The purified
BNNT was dried in a vacuum oven under <10 mbar at 250 °C
overnight. The decanted heptane solution containing the suspended
BN impurities was concentrated in a vacuum oven at a pressure <10
mbar and T = 60 °C for further investigation.

FESEM Imaging. Field emission scanning electron microscopy
(FESEM) was carried out using a Hitachi S-4700 FESEM equipped
with a secondary electron detector; the samples were run at an
acceleration voltage of 10 kV with a 7.5−8.0 mm working distance.
For the sample preparation, the BNNTs were dispersed in
isopropanol, pipetted onto graphite tape, spin-dried, and sputter-
coated (Anatech LTD, Hummer 6.2) with a ≈2 nm layer of gold/
palladium to prevent charging. The obtained coating based on the
pressure of the coating system, 0.08 mbar, was relatively rough, as can
be seen in all higher-resolution SEM images.

TEM. Transmission electron microscopy (TEM) was carried out
using a Philips CM 10 TEM at 80 kV. Micrographs were obtained
using an AMT XR80S-B 8MP camera. The samples were prepared by
drop casting a BNNT dispersion onto lacey 300 mesh carbon TEM
grids.

XRD Analysis Method. XRD analysis was performed using a
Bruker APEX DUO diffractometer equipped with an APEX II CCD
Detector and a microfocus copper Kα source (wavelength λ = 1.54
Å). The samples were prepared by compressing 20 mg of BNNT
material in discs with a diameter of 3 mm. To address possible
inhomogeneities of the BNNT samples, different locations on the
BNNT disc were measured.

Raman Spectroscopy. Raman data was collected using a
Renishaw inVia dispersive Raman spectrometer using 514 nm with
an excitation power of 40 mW and a 100× objective with a 0.90 NA.
The samples for the as-received BNNT and purified BNNT were
prepared by compressing the materials into 3 mm diameter discs for
higher density and a better Raman signal. Sample preparation for the
residual impurities was done by drop casting the concentrated
heptane solution on a silicon wafer. The Raman spectrum had a broad
background over the range of 500−7000 cm−1 due to fluorescence.
This background was removed using a second-order polynomial fit.

Figure 1. (a, b) As-received BNNT; yellow arrows in (a) pointing to impurities. (c−e) FESEM (c, d) and TEM (e) of BNNT after purification. (f)
Purification residue (FESEM).
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FTIR. Fourier transform infrared spectroscopy (FTIR) measure-
ments were made using a Shimatzu IRTracer-100 FTIR spectropho-
tometer with a reflection ATR accessory on the as-received BNNT,
the heptane-purified BNNT, and the h-BN. An average of 32 runs
with a resolution of 4 cm−1 was used. The spectra shown here
represent the absorbance (common logarithm of the intensity ratio of
incident to transmitted light). To account for different amounts of
materials tested, the spectra were normalized for their maximum to be
1.0.

■ RESULTS AND DISCUSSION
Field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) were first conducted
before the purification procedure (Figure 1a,b, respectively).
This as-received material consisted of a network of tubes
extending microns in length.24 This structure is generally
understood to be a result of the BNNT growth process, where
growth originates from droplets of pure boron contained in
fullerene-like BN cages (“nanococoons”), acting as seeds for
the growth of bundles of tubes.39,48 These tubes ultimately
terminate when they run into another nanococoon, thus
leading to a network structure.49 The larger impurities attached
to the BNNTs have been proposed to be remnants of the BN
nanococoons and BN nanoparticles.39,48 As indicated in Figure
1a by yellow arrows, these impurities form aggregates on the
tube surfaces and nodes.
Subsequently, the BNNTs were cleaned by our low-

pressure/moderate-temperature solvent method, where
BNNT was added to a pressure tube containing heptane and
subsequently heated for 5 h at 90 °C. The heptane-cleaned
BNNT material was collected and imaged by FESEM (Figure
1c,d) and TEM (Figure 1e). As evident in these micrographs,
the heptane-cleaned tubes, microns in length, were virtually
free of impurities on the surface, suggesting that the cleaning
procedure has been highly successful. We note that the surface
roughness observed in the higher-magnification FESEM image
in Figure 1d is not due to residual contamination but reflects
the imperfect sputter coating applied for imaging purposes
only. The FESEM and TEM images after purification show no
evidence of broken tubes, damage to the tube surface, or
damage to the tube network. The TEM image (Figure 1e)
suggests that a small amount of impurities remained. This
residual impurity is most likely due to small amounts of various
forms of BN, boron oxide, and boron. Based on these
observations, we suggest that virtually all of the boron nitride
tube network remains intact and undamaged, suggesting a very
gentle purification with a very high yield. Measurements of the
recovered mass after heptane purification indicated a weight
loss of 6−12%. Analyzing the decanted cleaning residue
collected after drying the heptane filtrate provided important
insight into the composition of the material removed from the
nanotubes via our purification method. FESEM analysis
(Figure 1f) revealed that the cleaning residue consisted of
suspended, micron-size particles with features hinting at a
stacked surface structure. More FESEM and TEM images at
varying magnifications are shown in the Supporting Informa-
tion.
To further understand the cleaning process, we carried out

X-ray diffraction (XRD) of the BNNT material before and
after cleaning (Figure 2). The as-received BNNT X-ray pattern
(black curve) had a pronounced series of peaks in the range 2θ
= 20−30°, corresponding to d-spacings in the range 4.4−3.0 Å,
where interlayer spacings for h-BN and other 2D materials are
typically found.50 The spectrum featured a second series of

peaks in the range 2θ = 40−55°, corresponding to d-spacings
in the range 2.2−1.7 Å, likely representing the intralayer
spacings between the atoms of the in-plane honeycomb lattice.
The first peak series was analyzed using the Lorentzian peak
fitting, with the main peak at 25.33° and a sharp subpeak on
the right (26.69°) with full widths at half maximum (FWHM)
of 2.30 and 0.18°, respectively. To help interpret the measured
BNNT peak positions, we overlaid h-BN peaks based on
literature values in blue.50 We found a remarkable agreement
between the position of the sharp shoulder at 26.69° of the as-
received BNNT and the h-BN [0002] peak at 2θ = 26.63°.
The presence of this h-BN peak demonstrates for the first time
that HTP-produced BNNT contains a significant amount of h-
BN.
When we carried out XRD on the heptane-purified BNNT

(Figure 2, red curve), we first found that the main peak was
virtually at the same position (25.42°), albeit slightly narrower
(FWHM 1.82°). Most interestingly, however, the sharp
subpeak at 26.69° was completely absent, which suggests
that our cleaning procedure virtually completely removed h-
BN impurities from the sample. To quantify the degree of h-
BN removal, we performed a more substantial analysis of the
spectra (see the Supporting Information). Our analysis
revealed no detectable peak at 26.69°; the detection limit
was given by the general noise level of the normalized XRD
spectrum in this spectral region, about 0.5 intensity units
(RMS noise). The main peak of our XRD spectra was
normalized to 1000 intensity units; the height of the 26.69° h-
BN peak of the unpurified sample was 284.1 in the same units
(see Table 1). Since this peak was reduced to <0.5 in the

Figure 2. XRD pattern of as-received BNNTs (black curve) showed a
peak at 25.33° with a shoulder at 26.69°. The shoulder position
matches a known peak of the h-BN XRD pattern (blue lines), shown
in more detail in the inset. In the XRD pattern of the purified BNNT
(red curve), the shoulder is completely absent.

Table 1. XRD Fitting Parameters

sample ID peak
peak position

(deg)
FWHM
(deg)

height
(a.u.) R2

as-received
BNNT

main 25.33 2.30 1000.0 0.94
h-BN 26.69 0.18 284.1

purified BNNT main 25.42 1.82 1000.0 0.98
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purified spectrum, our purification procedure reduced the h-
BN signal by at least 99.8%. Interestingly, the spectra between
as-received and purified materials looked very similar in the 2θ
= 40−55° range. This indicates that the in-plane lattice of the
purified BNNT was not significantly altered by our purification
procedure, which suggests that our cleaning procedure does
not damage the tubes. Consequently, the XRD data shows that
our cleaning procedure suppresses the h-BN content <0.2%
without harming the tubes.
We further analyzed the effectiveness of our purification

technique to remove h-BN using Raman spectroscopy. The
predicted bandgap of BNNTs is 5.5 eV, which would
correspond to a photon wavelength of 225 nm; the bandgap
of h-BN is 5.9 eV, corresponding to a wavelength of 210 nm. A
recent, rigorous study has shown that BNNTs show a peak at
≈1370 cm−1 when studied using resonant Raman spectrosco-
py, carried out at λ = 229 nm.51 In nonresonant Raman
spectroscopy, however, no characteristic peaks in this spectral
region are present. For h-BN, in contrast, nonresonant Raman
spectroscopy does show a pronounced peak at 1364.6 cm−1.51

Consequently, nonresonant Raman spectroscopy is a powerful
technique to discriminate h-BN from BNNT. In our
experiments, we used nonresonant Raman spectroscopy with
an excitation wavelength of λ = 514 nm.
Figure 3a features the Raman spectra we obtained from as-

received BNNT (black curve) and purified BNNT (red curve).

The spectrum of the as-received BNNT has one pronounced
peak, located at 1368.5 cm−1, while the purified BNNT
featured no peak in this spectral region. Since BNNTs do not
show peaks in nonresonant Raman spectroscopy, this strongly
suggests that the 1368.5 cm−1 peak observed in the as-received
material was entirely due to the presence of h-BN. In contrast,
the purified BNNT material featured no Raman peaks,
suggesting that our purification procedure removed virtually
all h-BN materials. Both findings, the presence of the h-BN
peak in the as-received materials as well as the complete
absence of the h-BN peak in the purified material are in
excellent agreement with our XRD results, indicating that our
cleaning procedure leads to a near-perfect removal of h-BN
from the BNNTs.
Furthermore, we did a Raman analysis of a stock h-BN

sample (Sigma-Aldrich) and of the purification residue, as
shown in the respective blue and green curves in Figure 3b,
featuring pronounced peaks at 1364.6 and 1367.4 cm−1,
respectively. Table 2 lists the corresponding peak positions and
full widths at half maximum (FWHM) determined via
Lorentzian peak fitting as well as the corresponding R2 values.
The observed h-BN peak at 1364.6 cm−1 was in excellent
agreement with the literature.51 The peak position and peak

width of the purification residue were in close agreement with
the peak observed in the as-received material. We note that in
contrast to the BNNT Raman samples, which were prepared
by pressing the material into solid disks, the residue samples
only contained a small amount of the material, as they were
prepared by drop casting. Yet, the observed Raman signal from
the residue was equal to the strength of the as-received BNNT.
This confirms that our purification protocol indeed removed
the h-BN impurities from BNNTs leaving behind concentrated
h-BN impurities in the residue. Interestingly, the peak position
of the residue (1367.4 cm−1) was slightly blue-shifted with
respect to the peak of perfect h-BN (1364.6 cm−1). Nemanich
et al. have established quantitatively that the Raman peak shift
and peak broadening depend on the h-BN particle size.52

Based on their findings, the blue-shift we observed for the
removed h-BN corresponds to a particle size on the order of 10
nm.52 Importantly, the latter directly demonstrates that our
purification method is capable of removing the most
challenging impurities: nanoscale h-BN.
As shown in Figure 4, we further carried out FTIR of as-

received (black curve) and purified (red curve) BNNTs. For

comparison, we also took a spectrum from stock h-BN (blue
curve). Before purification (black), the BNNT sample featured
two asymmetric, broad bands in the ranges 500−800 and 800−
1600 cm−1 of similar height and relatively complex shape,
featuring approximate widths of 200 and 500 cm−1 (FWHM),
respectively. Peaks in these two bands have been attributed
out-of-plane buckling and in-plane optical phonon modes,
respectively.32 After purification (red), the spectrum looked
dramatically simpler and cleaner: aside from some background
close to their bases; both peaks were more symmetric and
looked more like single peaks, featuring much less structure.
High-quality fits (R2 = 0.98) were obtained using pure
Lorentzian distributions, indicating high sample homogeneity.
After purification, the peaks were substantially narrower, 50.0

Figure 3. Raman spectra. (a) As-received (black) and purified (red)
BNNT featuring a peak in the 1366 cm−1 region. (b) The residue
(green) overlaid by h-BN (blue).

Table 2. Raman FWHM and Peak Position

sample peak position (cm−1) FWHM (cm−1) R2

h-BN 1364.6 ± 0.1 12.5 0.99
residue material 1367.4 ± 0.2 26 0.97
as-received BNNT 1368.5 ± 0.2 36 0.98

Figure 4. FTIR spectra of purified (red), as-received (black) BNNTs
and h-BN (blue). The spectrum features two main peaks, out-of-plane
buckling modes near 800 cm−1 and in-plane vibrational modes near
1350 cm−1.
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and 119.1 cm−1 (FWHM), respectively, with peak positions at
783.6 and 1327.3 cm−1.
We find it particularly interesting to compare the FTIR

spectra of as-received and purified BNNTs to the h-BN
spectrum (blue). The 500−800 cm−1 peak of the as-received
spectrum (black) is extremely similar to the h-BN spectrum in
this range: not only the peak position, peak width, and general
peak shape are very similar, even some of the minute subpeaks
are closely aligned. This strongly suggests that the as-received
sample contained h-BN, which is fully in line with our previous
findings. In the purified BNNT spectrum (red), this broad
peak with its characteristics is virtually completely absent. In
the 800−1600 cm−1 band, the situation is similar. The peak
shape of the as-received material (black) is similar to the h-BN
spectrum (blue) in the 1300−1600 cm−1 range but
significantly broader and stronger in the 800−1300 cm−1

range with a lower peak position, 1244 vs 1300 cm−1. This
suggests that the as-received BNNT material contains a
substantial amount of impurities other than h-BN. In the
spectrum of the purified material (red), in contrast, this
complexity on both sides of the 1327 cm−1 main peak is
absent. This indicates a much purer material from h-BN, and
the other impurities have been successfully removed. In
particular, our FTIR results are fully in line with our XRD and
Raman data and further corroborate our claims that our
purification method removes h-BN.
We compared our results to the recent findings of Harrison

et al., who used FTIR to determine the h-BN concentration in
BNNT samples. They analyzed samples of known h-BN
concentration and found that the height ratios of the
absorbance peaks at 800 and 1350 cm−1 were proportional
to the h-BN concentration.32 Harrison et al. also found that the
position of the 800 cm−1 peak shifted to higher wave numbers
with increasing purity. Qualitatively, our results and claims are
in full agreement with their findings: the peak ratio decreased
from 1.01 for the as-received material to 0.48 for the purified
material, indicating significant purification. We also observed a
peak shift from 765.7 cm−1 for the as-received material to
783.6 cm−1 in the purified material. However, we found that
the FTIR absorbance spectra of our as-received BNNT and h-
BN materials looked substantially different from theirs in terms
of peak positions, relative peak heights, and peak shapes.
Therefore, we believe that their method to quantify h-BN
concentrations is not directly applicable to our materials. The
substantial difference in the materials was further corroborated
by comparing our XRD spectra to theirs.
The fact that the h-BN impurities were removed using very

mild conditions of heptane in a pressure tube at 90 °C while
the BN tubes remain undamaged may first seem surprising.
Previous reports of purification procedures involved much
harsher treatments that damaged the BNNTs, such as strong
acids and superacids,47 strong sonication and mechanical
forces,31,35 or oxidation at 750 °C13,23 and higher temper-
atures.23,31,34,35

To explain the purification mechanism (Figure 5a), we
propose two hypotheses. One hypothesis focuses on
weakening the adhesion of the h-BN attached to the BNNT
surface (Figure 5b). Since h-BN is planar and the BNNTs are
curved, we assume that there is a cleavage space at the h-BN/
BNNT interface, into which heptane molecules can diffuse. For
carbon nanotubes, literature reports have shown that small
hydrocarbon molecules can move in such confined spaces
particularly effectively and rapidly;53 this enhanced hydro-

carbon mobility has been explained based on surface
diffusion.53 Importantly, our purification temperature of 90
°C is very close to the boiling point of heptane, 98 °C. Monte
Carlo simulations of the vapor pressure of several hydro-
carbons from methane to octane in confined spaces show an
increasing pressure as confinement dimensions decrease.54

Correspondingly, the heptane molecules trapped in the h-BN/
BNNT cleavage spaces may exert significant pressure on the
confining walls, thus driving h-BN sheets and BNNTs apart
with forces large enough to overcome van der Waals adhesion.
Since the contact areas of the sheet-vs.-tube geometry are
relatively small, not much force may be needed. Moreover, the
presence of the molecules in the space significantly reduces van
der Waals forces.55

A second hypothesis involves diffusion of heptane into the
interior of the BNNTs (Figure 5c), which has been
experimentally observed for small solvent molecules.45 And
as described, nanoconfinement of heptane inside the tube
would result in an increase in its vaporization pressure. This
pressure may cause small changes in the tube diameters,
thereby releasing attached surface impurities. Here, h-BN,
which is bonded to the tube surface due to the chemical
similarity, is removed by the breathing of the BNNT tubes due
to the entrance and vaporization of the heptane. Our
preliminary estimates based on the in-plane stiffness of h-
BN, however, suggested that this radial breathing is relatively
small. Nevertheless, calculations by others have shown that
CNTs with kinks, bends, and local deformations can deform
much more than the extremely high axial strength of the tubes
would suggest.56,57 Assuming that BNNTs share these
properties and that confinement of heptane in the inside of
the tube significantly increases the vapor pressure, the removal
of BN impurities via this breathing mechanism is plausible. It
may even be a combination of the exterior and interior heptane
location mechanisms causing the removal of h-BN impurities.
Although molecular removal mechanisms are hypotheses, our
experimental facts demonstrate that heptane at 90 °C in a
pressure tube causes h-BN particles to be released and
suspended in the solvent while the tubes remain undamaged.
Longer-chain hydrocarbons showed some effect but not as
pronounced as with heptane, and higher temperatures were
needed. Pentane worked but was not used because of its higher

Figure 5. Heptane purification process (a) and two proposed
mechanisms (b, c). The first proposed mechanism (b) assumes that
heptane enters the confining space between the tube surfaces and the
h-BN sheets, thus lowering van der Waals forces and loosening h-BN
attachment. (c) The second hypothesis assumes that heptane enters
the inside of the tube, where it causes radial tube swelling at increased
pressures, leading to disengagement of the h-BN from the surface.
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volatility. Isopropanol, on the other hand, did not work. At this
point, it is not obvious which property of heptane makes it so
effective in removing h-BN from BNNT. More investigation
will be needed, including molecular dynamics to determine
atomic-scale effects, to fully understand the mechanism and
further improve the purification process.

■ CONCLUSIONS
In summary, we introduced a mild, high-yield method to purify
BNNTs produced by the important HTP method. Although
no prior study had demonstrated effective removal of h-BN,
our approach removed ≥99.8% of the h-BN and a significant
amount of other BN impurities. Our claims are supported by
FESEM images, TEM images, as well as XRD, Raman, and
FTIR spectra. The latter three spectroscopic techniques
characterize a macroscopic region of the sample and are,
thus, more representative than imaging selected areas using
electron microscopy. XRD was particularly useful to quantify
the h-BN content, since h-BN featured a distinctly sharp peak.
The FESEM and TEM images of heptane-purified BNNTs
showed tubes with a virtually clean surface and no damage to
the tube network. Our nonaggressive, nondestructive purifica-
tion method using heptane at the moderate temperature T =
90 °C is a significant advancement over all previously reported
methods relying on aggressive treatments, including sonication,
mechanical methods, strong acids, or oxidation at high
temperatures >700 °C. The later techniques introduce
substantial damage to the tubes and result in a low yield.13,23

It is expected13,23,31 that the BNNTs purified by our scalable,
mild method will exhibit better structural and thermal
properties and, thus, have the potential to make nano-
composites with significantly improved properties with a
wide range of potential applications.
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