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mediated slicing of boron nitride
nanotubes†

Ahmed Hussein Mohammed Al-antaki, ab Warren D. Lawrancec

and Colin L. Raston *a

A method has been developed to slice boron nitride nanotubes BNNTs under continuous flow in a vortex

fluidic device (VFD), along with a method to partially purify the as received BNNT containing material. The

latter involves heating the BNNTs to 600 �C followed by dispersing in a 1 : 3 isopropyl alcohol (IPA) and

water mixture at 100 �C. The VFD mediated slicing of the BNNTs comprises irradiating the rapidly

rotating glass tube (20 mm OD) with a pulsed Nd:YAG laser. Systematically exploring the operating

parameter space of the VFD established slicing of ca. 200 mm long purified BNNTs down to 340 nm to

400 nm, in ca. 53% yield, in a 1 : 1 mixture of IPA and water, in the absence of reagents/harsh chemicals,

at a flow rate of 0.45 mL min�1, a concentration of 0.1 mg mL�1 BNNTs and an 8.5k rpm rotational

speed, with the pulsed laser operating at 1064 nm and 250 mJ per pulse.
Introduction

The rst report of boron nitride nanotubes (BNNTs) was in
1995.1 The one dimensional (1D) tubular nanostructures
(nanotubes) are related to the structure of the ubiquitous
carbon nanotubes (CNTs). However, BNNTs possess different
physical properties, including having a wide band gap (5.5 eV)
dielectric,1,2 with photogalvanic,3 thermal conductivity and
stability at high temperature (up 900 �C),4 and high neutron
absorption.5 Methods for preparing BNNTs encompass substi-
tution reactions,6 laser ablation,7 chemical vapor deposition
(CVD),8,9 arc-discharge1,10 and ball-milling.11 There are three
inter-related boron nitride structures, (i) straight-walled
BNNT,12,13 (ii) bamboo-type BN13–15 and (iii) ower-type BN.16

The straight BNNTs have potential in a number of applications,
including in boron neutron capture therapy (BNCT),5,17

hydrogen storage,16 orthopedic implants,18 biosensing19 and
biomedical areas in general,2 and more.20–22 The length of
BNNTs is important in a number of applications, in nano-
devices,20 nanomedicines,22 sensors and composites.21

Controlling the length of BNNTs has been investigated using
sonication,23,24 atomic force microscopy (AFM)25,26 and directly
during chemical vapor deposition (CVD).9,27 However, these
have limitations associated with damaging the BNNTs,
nd Technology, College of Science and

e, SA 5042, Australia. E-mail: colin.

es, Kufa University, Kufa, Najaf, Iraq

s University, Adelaide, SA 5042, Australia

ESI) available: Experimental details and
DOI: 10.1039/c9na00481e

728
scalability of the processing and the choice of catalyst and
temperature, for the aforementioned items (i)–(iii) respectively.

Single walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes, can be sliced under high shear in a colloidal
suspension in a vortex uidic device (VFD), Fig. 1.28,29 The length
of the sliced CNTs depends on the rotational speed of a boro-
silicate glass or quartz tube inclined at 45� relative to the
horizontal position, the ow rate of liquid, concentration of the
starting material and the power of the pulsed laser operating at
1064 nm.28,29 This motivated us to explore the utility of this
approach to slice BNNTs in an analogous way, in the absence of
Fig. 1 (a) Diagram of a VFD housing a rapidly rotating tube (20 mm
O.D., 17.5 mm I.D. and length 19.5 cm) tilted at q, for operating under
(b) the confined mode and (c) continuous flow, where liquid is deliv-
ered through a jet feed with the photographs in (b) and (c) of colloidal
suspensions of sliced BNNTs. Optimized conditions for continuous
flow processing; flow rate of BNNTs in a 1 : 1 mixture of IPA and water,
0.45 mL min�1, concentration 0.1 mg mL�1, rotational speed 8.5k rpm
and q 45�, with the liquid irradiated by a pulsed Nd:YAG laser (pulse
duration � 5 ns) operating with 250 mJ per pulse at 1064 nm.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a and b) As received BNNTs in water. (c) Material after heating
for 2.5 h at 600 �C. (d) BNNTs dispersed in IPA and water (1 : 3) to
remove impurities. (e) SEM image for as received BNNTs. (f) XRD for
BNNTs after heating at 600 �C. (g) SEM image of the material after
removing some impurities. (h) XRD for as received BNNTs. (i) XRD for
purified BNNTs.

Fig. 3 (a–i) SEM images of BNNTs drop cast onto silicon wafers. (a–c)
As received BNNTs. (d–i) BNNTs after purifying (heating at 600 �C then
dispersed in IPA and water (1 : 3) for 3 h at 100 �C). (j–l) TEM images of
drop cast purified BNNTs.
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additional reagents and harsh chemicals. The results are re-
ported herein, along with a method for purifying the as received
BNNTs prior to VFD processing, which we deemed necessary for
simplifying the processing and any ensuing applications of the
material.

The vortex uidic device (VFD)28,30–32 has a glass or quartz
tube (O.D. 20 mm, I.D. 17.5 mm and 19.5 cm in length) open at
one end, and is rotated at high speed (typically up to 9k rpm)
and inclined at an angle of 0 to 90� relative to the horizontal
position, Fig. 1. It has two types of processing, the conned
mode where a nite volume of liquid is added to the rapidly
rotating tube, and the continuous ow mode.33 The former was
initially used in the present study to optimise the processing
before translating it into continuous ow, Fig. 1, as an oen
successful approach for any new application of the device.33

Overall the VFD is a versatile microuidic platform. Beyond the
above mentioned slicing of CNTs,28,29 it has been used to
decorate h-BN with magnetite nanoparticles involving an in situ
laser ablation of an iron rod above the dynamic thin lm,34

probe the structure of self-organised systems,35 and control
organic synthesis,31,36 catalysis,37 the formation of carbon dots,38

and more.30,32,39–41

Experimental
Materials

BNNTs were purchased from NanoIntegris with a purity $ 50%
and average tube length and diameter ca. 200 mm and 5 nm,
respectively, as specied by the company. Distilled IPA (iso-
propanol), purchased from Sigma-Aldrich, and Milli-Q water
were used for all experiments.

Purication of BNNTs

To improve the purity of BNNTs $50%, they were initially
heated (30.4 mg of as received material) in air at 600 �C for 2.5
hours. The resulting partially oxidised material (34.7 mg) con-
taining boric oxide,42,43 was dispersed in IPA and water (1 : 3)
with dissolution of the boric oxide. The material housed in
a sealed vial was stirred for 3 hours at 100 �C. Centrifugation
(4800 � g) for 5 min was effective in collecting the BNNTs,
which were then oven dried at 70 �C. This method gave 26 mg of
the material, effectively removing 14.5% by weight as impuri-
ties, Fig. 2 and 3. Other impurities possibly include material
incarcerated inside the BNNTs, which become exposed once the
BNNTs are sliced, Fig. 4(a–f) and S1.† The 8.7 mg of material
present in the IPA and water washing contained 3.85 mg of
boron, as determined using inductively coupled plasma mass
spectrometry (ICPMS) (see below). However, the calculated
amount of boron in the 8.7 mg, assuming it is boron oxide, is
2.7 mg. The higher percent of boron in the washings is likely to
arise from removal of non-oxidised or partially oxidise boron
particles.

Analyses

ICPMS (PerkinElmer Nex10w 350D, run in KED mode, He/low
4.7 L min�1, internal std indium) was used to determine the
This journal is © The Royal Society of Chemistry 2019
boron content aer removing any solvent mixture (IPA and
water (1 : 3)) from the second step of the purication process,
and collected via ltration (0.22 mm plastic lter).

Slicing boron nitride nanotube (BNNTs)

BNNTs (ca. 75% purity) were dispersed in IPA and water, and
any slicing was investigated in the VFD by systematically varying
the operating parameters of the VFD, starting with the conned
mode, then continuous ow, along with the ow rate, concen-
tration and the laser operating parameters. Optimized condi-
tions are: 8.5k rpm rotation speed, q 45�, ow rate 0.45
mL min�1, concentration of the BNNTs in IPA and water (1 : 1)
Nanoscale Adv., 2019, 1, 4722–4728 | 4723
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Fig. 4 HRTEM images of drop cast (a–f) BNNTs after purification
(600 �C) then washing with IPA and water (1 : 3) for 3 h under 100 �C.
(g–l) Sliced BNNTs using a pulsed laser operating at 1064 nm and 250
mJ, rotational speed 8.5k rpm, concentration of BNNTs 0.1 mgmL�1 in
IPA : water (1 : 1), flow rate 0.45 mL min�1 and 45� tilt angle.

Fig. 5 (a) Normal syringe where the BNNTs separate out. (b)
Magnetically stirred syringe housing an electric motor inside the
plunger to maintain a uniform suspension of the liquid delivered to the
rapidly rotating tube in the VFD.
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0.1 mg mL�1 (previously sonicated prior to processing for 30
minutes at 6 kHz to afford a dispersed solution), the pulsed
Nd:YAG laser operating at 250 mJ per pulse at 1064 nm (pulse
duration � 5 ns). The dispersed solution prior to VFD pro-
cessing is colloidally unstable, and to overcome this, the BNNTs
were maintained as a suspension in solution using an in house
developed magnetically stirred syringe, Fig. 5.34,38,44

Characterization

Slicing and the structure of the BNNTs were investigated using
scanning electron microscopy (SEM) (SEM-Inspect FEI F50
SEM), atomic force microscopy (AFM-Nanoscope 8.10 tapping
mode), XRD (Bruker D8 ADVANCE ECO, Co-Ka, l ¼ 1.7889 Å),
ATR-FTIR PerkinElmer Frontier, EDS for HRTEM (FEI Tecnai
F20 operated at 200 kV), and Raman spectroscopy (Horiba
Raman with wavelength 532 nm).

Results and discussion
Purication of the BNNTs

The high level of impurity in the as received BNNTs (as spec-
ied by the supplier) was addressed prior to the slicing
studies. There are reports on purifying BNNTs using heating
and washing with HCl45,46 and using polymers to coat the
BNNTs to facilitate separation and purication.47,48 We
4724 | Nanoscale Adv., 2019, 1, 4722–4728
explored a number of approaches to remove impurities from
the as received material, Fig. S2–S5.† This led to the develop-
ment of a simple two step method for increasing the purity of
the BNNTs.

The method involved heating the as received BNNTs in air at
600 �C for 2.5 hours, which effectively oxidised nitrogen and
boron impurities, generating NO2 and boric oxide,42,43 with an
increase in weight of the material, Fig. 2. The resulting material
was white, distinctly different to the grey as received material.
Thereaer the high temperature processed material was
dispersed in IPA and water (volume ratio 1 : 3) with the mixture
stirred in a sealed vial at 100 �C for 3 hours. This effectively
dissolved the boric acid, with the suspended BNNTs collected by
centrifugation (4800� g) and oven dried at 70 �C, increasing the
purity of the BNNTs by 14.5%. Further attempts to increase the
purity were to no avail, possibly because the impurities are
incarcerated inside the BNNTs with the ends of the tubes cap-
ped, Fig. 2, 3 and S1.† XRD of the material aer heating for 2.5
hours (step 1 of the processing) had two peaks at 2q 18.4 and
32.6, which corresponds to boric oxide,42,43 and three peaks for
BNNTs at 2q 30.4, 50.6 and 64.1, Fig. 2(h and f).15,49–51 XRD for
the material aer the second step was devoid of peaks corre-
sponding to boron oxide, only peaks for BNNTs, Fig. 2(i). SEM
images of BNNTs before and aer purication are shown in
Fig. 2(e, g) and 3. EDS mapping and EDS spectra for different
locations of puried BNNTs using HRTEM showed only two
peaks for B and N, Fig. S6.† In addition, HRTEM for BNNTs aer
purication revealed the number of concentric ring layers in the
tubes, Fig. S1.† ATR-FTIR for the material before and aer
purication established that the BNNTs are stable under the
forcing conditions used in the purication process, with two
peaks at 1348 cm�1 and 790 cm�1 for the B–N stretching and
B–N–B bending vibrational modes respectively,51 which are
vibrational modes parallel and perpendicular to the c-axis of the
nanotube, Fig. 6(b).52–54
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) XRD for as received BNNTs, purified BNNTs and sliced
BNNTs via the VFD with pulsed laser, 1064 nm, 250 mJ, rotational
speed 8.5k rpm, concentration of BNNTs 0.1 mgmL�1 in IPA and water
(1 : 1 volume ratio), flow rate 0.45 mLmin�1, and tilt angle 45�. (b) ATR-
FTIR. (c) Raman. (d) Counting data for 229 BNNTs tubes from AFM
images.

Fig. 7 SEM images of drop cast BNNTs. (a and b) BNNTs after purifying
(no VFD). (c–f) Sliced BNNTs generated in the VFD using a pulsed laser
operating at 1064 nm and 250 mJ, rotational speed 8.5k rpm,
concentration of BNNTs 0.1 mg mL�1 in IPA and water (1 : 1), flow rate

�1
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Slicing of BNNTs

A large number of experiments were undertaken to systemat-
ically explore the parameter space for the VFD in arriving at the
optimal conditions. The choice of solvent considered water at
different pH values, DMF (dimethylformamide), toluene, NMP
(N-methyl-2-pyrrolidone) and IPA, and also mixtures of
solvents, including IPA and water, DMF and water, toluene,
THF and water, and toluene and water as an immiscible
solvent system. This yielded sliced BNNTs but the yield of the
material exiting the tube under continuous ow, except for
a 1 : 1 mixture of IPA and water was low. Thus, a 1 : 1 mixture
of IPA and water was deemed the optimal solvent for subse-
quent experiments. These experiments were carried out with
the glass VFD irradiated with the 8 mm diameter beam from
a pulsed Nd:YAG laser operating at 1064 nm at 250 mJ per
pulse (pulse width � 5 ns). The conned mode failed to
produce any sliced BNNTs for the above solvents and solvent
systems while irradiated in the same way.

The optimal rotation speed, ow rate, and concentration of
BNNTs in IPA and water was then explored with different
wavelength and power of the laser. All of the experiments were
carried out at a tilt angle q of 45�, as the optimal angle for many
applications of the VFD.28,35,55 We found that 8.5k rpm gave the
highest amount of slicing of the BNNTs (ca. 53%), with 4k rpm,
6k rpm, 7.5k rpm and 8k rpm resulting in lower conversions.
The power and wavelength of the pulsed laser were also varied
in tracking towards optimal slicing conditions. This included
260 mJ per pulse for the Nd:YAG second harmonic (532 nm) (a
green laser) and different power for a NIR laser (1064 nm),
notably 250 mJ, 400 mJ and 600 mJ, Fig. S7–S9.†Of these 250 mJ
NIR laser processing in IPA and water was optimal for slicing
BNNTs. The effectiveness of the NIR laser over the green laser
for slicing BNNTs relates to the higher photon desorption effi-
ciency at 1064 nm versus 532 nm.56
This journal is © The Royal Society of Chemistry 2019
A ow rate of 0.45 mL min�1 was then determined as
optimal, with other ow rates considered, 0.1 mL min�1, 0.3
mL min�1 and 0.7 mL min�1. Concentrations of BNNTs in IPA
and water were also investigated for all of the ow rates, at
0.1 mgmL�1, 0.2 mgmL�1, and 0.3 mgmL�1, with 0.1 mgmL�1

being optimal. Thus, the optimum operating parameters for
generating sliced BNNTs in a single pass through the VFD are
a concentration of BNNTs of 0.1 mg mL�1, ow rate 0.45
mL min�1, rotational speed 8.5k rpm, and 250 mJ NIR laser
processing, with IPA and water in a 1 : 1 ratio as the processing
medium.

Scanning electron microscopy (SEM) was used to determine
the nature of the BNNTs aer processing. The images in Fig. 7(a
and b) are for BNNTs aer the two step purication method and
before VFD processing. Images in Fig. 7(c–f) and S10† reveal the
length of BNNTs aer slicing in the VFD using the optimal
conditions. AFM images were complementary in establishing
the length of the sliced BNNTs, Fig. 8 and S11† with Fig. 6(d)
presenting the length of the sliced BNNTs derived from
measuring 229 tubes. In addition, AFM images were used to
study the height (diameter) of six tubes, Fig. 9. HRTEMwas used
to explore the topology of the BNNTs before and aer slicing,
Fig. 4(a–f) and S1.† This shows the concentric rings and that the
ends of the BNNTs aer purication have their ends sealed (pre-
VFD processing). However, aer slicing, HRTEM shows that the
ends of the BNNTs are now open, Fig. 4(g–l) and S12.†
0.45 mL min , and tilt angle 45�.

Nanoscale Adv., 2019, 1, 4722–4728 | 4725
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Fig. 8 AFM images of drop cast sliced BNNTs generated in the VFD
using a pulsed laser operating at 1064 nm and 250 mJ, rotation speed
8.5k rpm, concentration of BNNT 0.1 mg mL�1 in IPA and water (1 : 1),
flow rate 0.45 mL min�1 and 45� tilt angle.

Fig. 9 (a) AFM image of drop cast sliced BNNTs generated in the VFD
using a pulsed laser operating at 1064 nm and 250 mJ, rotational
speed 8.5k rpm, concentration of BNNTs 0.1 mgmL�1 in IPA and water
ratio (1 : 1), flow rate 0.45 mL min�1 and tilt angle 45�. (b and c) Height
of six BNNTs determined using the AFM image.
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Moreover, slicing of the BNNTs in the VFD while NIR laser
irradiated appears to leave the outer layer (tube) undamaged.
BNNTs absorb in the NIR56 and with the bending under shear in
the VFD, bond rupture is likely across the concentric rings. This
is analogous to the mechanism of slicing SWCNTs, and also
MWCNTs.28,29

The XRD of BNNTs before and aer slicing conrm the
presence of multi walled BNNTs, with the main peak at 2q 30.4�

for pre-VFD processing corresponding to the van der Waals
contact distance between concentric rings of 0.34 nm.50 The
same peak is present post-VFD processing (slicing) but is
decreased relative to two peaks at 50.6� and 64.1�. The 30.4�

peak is enhanced in the pre-processed sample due to agglom-
eration of the BNNTs, which have a van der Waals distance of
0.34 nm before slicing.57 Such agglomeration does not occur
between the sliced tubes, Fig. 6(a). The ATR-FTIR for BNNTs
aer purication and aer slicing has two peaks at 1348 cm�1

and 790 cm�1 for the B–N stretching and B–N–B bending
vibrational modes respectively,51,58 being parallel and perpen-
dicular to the c-axis of the nanotube, Fig. 6(b).52–54 However, the
ATR-FTIR for BNNTs aer slicing has other peaks at 3400 cm�1,
2920–2850 cm�1, 1100 cm�1 and 1020 cm�1 corresponding to
O–H and C–H stretching, C–O stretching (secondary alcohol)
4726 | Nanoscale Adv., 2019, 1, 4722–4728
and C–H bending modes respectively for IPA59,60 The Raman
spectrum of BNNTs has one peak for the B–N E2g symmetry
mode at 1359.5 cm�1.49,50,53,61 Aer processing in the VFD at the
optimum conditions, the peak for the B–N E2g mode is unper-
turbed, Fig. 6(c),23 but now with an additional peak for included
IPA at 2872.5 cm�1.62–64 This is consistent with solvent been
taken up in the internal connes of the BNNTs aer slicing,
which are otherwise protected by endcaps. The sliced BNNTs
have OH, CH, and CO peaks, arising from included IPA and
water following slicing of the BNNTs which are not removed
above 150 �C.

In addition, there is no evidence of dethreading the BNNTs
aer slicing into shorted lengths, which would be more fav-
oured with the shorted lengths less likely to have defects which
would inhibit the dethreading.

Conclusions

We have developed a simple, two stepmethod for improving the
purity of BNNTs relative to the as received material, which
should in general prove useful for research based on BNNTs. It
dramatically improves the ability to study their properties, in
the present study their mechanical durability under high shear
while being irradiated with a pulse laser. Mechanistically, the
BNNTs absorb NIR radiation,56 effectively heating the material,
and under shear, this is likely to result in bending and thus
straining B–N bonds, leading to bond rupture and slicing of the
tubes. The present study avoids the use of harsh chemical and
auxiliary substances, and is without precedent. The achieved
length range of the sliced tubes is 340 nm to 400 nm, which has
potential in length dependent applications of BNNTs. The
scalability of the processing herein was established with 30 mg
of sliced BNNTs prepared in a 1 : 1 mixture of IPA water using
the optimum conditions, for continuous ow single pass pro-
cessing in the VFD over 21 h.

The uid dynamics in the VFD is inherently complex and the
choice of solvent or solvent mixture depends on the application
being explored and the effect of different operating parameters
of the device, all of which need to be systematically explored, as
in the present study, except for the tilt angle. This was xed at
45� given that it is the optimised tilt angle for most processing
in the microuidic platform. A full understanding of the uid
ow in the VFD will facilitate the optimisation of any process,
and this is a major international collaborative research project
underway.
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