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Exfoliation or scrolling of hexagonal boron nitride (h-BN) occurs in a vortex fluidic device (VFD) operating under
continuous flow, with a tilt angle of —45° relative to the horizontal position. This new VFD processing strategy is
effective in avoiding the build-up of material that occurs when the device is operated using the conventional tilt
angle of +45°, where the h-BN precursor and scrolls are centrifugally held against the wall of the tube. At a tilt
angle of —45° the downward flow aided by gravity facilitates material exiting the tube with the exfoliation of h-BN
and formation of h-BN scrolls then optimized by systematically varying the other VFD operating parameters,
including flow rate and rotational speed, along with concentration of h-BN and the choice of solvent. Water
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Introduction

Polymorphs of boron nitride include the hexagonal arrange-
ment of alternating boron and nitrogen atoms in 2D sheets,
with the atoms sp> hybridized, comparable to that of graphite.
However, in contrast to graphite, layered hexagonal boron
nitride (h-BN) is transparent and it is an insulator," but never-
theless it has attracted considerable attention. Other poly-
morphs of h-BN do not strictly match polymorphs of carbon, for
example, as in the boron nitride analogues of fullerenes, known
as fulborenites.>® The main polymorphs of boron nitride are
rhombohedral BN (r-BN), cubic BN (c-BN), wurtzite BN (w-BN)
and hexagonal BN (h-BN), with the latter 2D material
featuring in the present study. None of the polymorphs of BN
have been found in nature.*

In general, hexagonal carbon (h-C), possessing hexagonal six
membered rings, as in graphite, graphene or carbon nanotubes,
can be metallic or semiconducting depending on the dimen-
sions and overall structure. However, h-BN is an insulator or
indirect semiconductor, having a large band gap around 5.9 eV.?
Defects in h-BN can perturb the band gap® with single crystals of
h-BN flakes used to study band gap properties.*® The availability
of high-quality h-BN flakes is important for developing appli-
cations in far-ultraviolet (FUV) light-emitting diodes (LEDs).” In
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was the most effective solvent, which enhances the green chemistry metrics of the processing.

addition, h-BN has potential in optoelectronic applications, for
use in high-performance electronic devices. Electron energy
loss spectroscopy (EELS) on the ionization edge between two-
layers of BN is effective in determining the number of layers
of one atom thick h-BN.? h-BN can also be coerced into forming
scrolls which are essentially individual sheets of h-BN rolled up
at the van der Waals limit.°** Contemporary studies have
established the ability to make the analogous graphene and
graphene oxide scrolls.”'¢ h-BN scrolls have a number of
potential applications, as platforms for the delivery of
composites and nucleobases,"”*° for example, which rely on
coordination interactions between N or O with the empty orbital
of boron.” In addition, h-BN scrolls have potential use in gas
storage, including hydrogen and methane.”* h-BN scrolls
should be easier to produce than graphene scrolls'”****** with
the interaction between successive turns in the scrolls more
favoured by the difference in electronegativity between B and N
atoms. We have prepared h-BN scrolls from h-BN dispersed in
N-methyl-2-pyrrolidone (NMP) using a spinning disc processor
(SDP) where liquids are subjected to high shear. The choice of
NMP solvent here was based on it having a similar surface
tension relative to h-BN."* However, the yield was only 5%, and
this required 20 h of recycling a colloidal suspension of h-BN
onto a 10 cm diameter rotating disc in the SDP. The SDP was
the forerunner to the development of the vortex fluidic device
(VFD), which is more practical for research purposes, while also
addressing scalability of the processing, and is significantly
cheaper.®

We have explored using the VFD to form h-BN scrolls from h-
BN in water under continuous flow mode of operation in the
device, establishing ca. 10% yield conversion for a single pass
through the microfluidic platform. For this, and also for simple

This journal is © The Royal Society of Chemistry 2019
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exfoliation (no scroll formation) we used commercially available
h-BN comprised of multiple layers. Effective processing of h-BN
required reconfiguring the typical continuous flow mode of
operation of the VFD, to overcome any build-up of material on
the walls of the rapidly rotating tube during the processing.
Typically the VFD operates at a tilt angle of +45°, with the liquid
whirling up and out of the tube, and this is the optimum angle
for a plethora of applications of the device.”»*” When the tube is
now spun in an inverted continuous flow mode, at a tilt angle of
—45° relative to the horizontal position, the yield of scrolls and
exfoliated h-BN increases, with dramatically reduced processing
times. Moreover, the processing is effective in water, as a benign
solvent, in place of NMP which was used in the SDP for exfoli-
ating the 2D material. A suspension of h-BN in water was
delivered into the VFD using an in house built magnetically
stirred syringe, Fig. 2.>%%°

A detailed understanding of the mechanism of graphene
scroll formation from graphite in an SDP has been developed,™
and it may be applicable to the formation of h-BN scrolls in
a VFD. The formation of graphene scrolls is driven by the
energetically favoured intra-layer stacking once an edge of
a graphene sheet is lifted up and curled to strike its own upper
surface.” Both the SDP and VFD are microfluidic platforms,
generating dynamic thin films, the thickness of which depends
on the rotational speeds of the disc or tube respectively, along
with other factors. The VFD is a more versatile platform and can
be operated at different tilt angles, which is usually not the case
for the SDP.”® In addition, the VFD can operate under contin-
uous flow as well as under the confined mode, where a finite
volume of liquid is placed in the rapidly rotating tube. The shear
stress here is sufficient to exfoliate graphene from graphite, and
also single h-BN sheets from h-BN flakes, albeit in low yield, and
without forming scrolls.*® The research here used a 10 mm OD
glass tube inclined at +45°, operating under confined mode,
using NMP as the solvent.*® Indeed, this was reported in the first
paper on the VFD, and since then there have been a number of
applications, including slicing carbon-nanotubes.*** In the
present study the exfoliation of h-BN has been dramatically
increased, now under continuous flow, achieving ca. 22% yield
for a single pass through the microfluidic platform, using only
water as the solvent. The VFD of choice housed a borosilicate
glass tube (O.D. diameter 20 mm, I.D. diameter 17.5 mm,
19.5 cm long), open at one end, which was rotated at high speed
(between 0-9k rpm) and orientated down to —45° tilt angle
relative to the horizontal position, Fig. 1.%*3%%*3* Herein we
report both the use of the VFD to primarily exfoliate h-BN with
a small amount of h-BN scrolls or vice versa, depending on the
operating parameters of the device which were systematically
explored, along with concentration of the material and the
choice of solvent.

Experiments
Materials

Hexagonal boron nitride (h-BN) powder flakes = 1 pm in
diameter were obtained from Sigma Aldrich and were dispersed
in Milli-Q water for all experiments.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Diagram of the vortex fluidic device (VFD), where the glass
tube is spun at 6k rpm, at a tilt angle of —45° using a flow rate of 0.3
mL min~%, for generating h-BN scrolls (0.1 mg mL™* of h-BN dispersed
in water) or at a flow rate of 0.75 mL min~? for exfoliating h-BN (0.3 mg
mL~! of h-BN dispersed in water). (b) Zoomed in cartoon showing
delivery of the liquid inside the rapidly rotating tube. (c) Illustration of
the exfoliation of h-BN into scrolls or exfoliation of h-BN during VFD
processing. (d) Photograph of a VFD.

Delivery of a suspension of h-BN into the VFD

A suspension of h-BN in Milli-Q water was delivered at
a controlled flow rate as close as possible to the hemi-spherical
base of the rapidly rotating tube. This was achieved using an in
house developed syringe with a motor housed in the plunger,
for magnetically stirring the solution during delivery into the
VFD tube, as illustrated in Fig. 2.>**°

Fabrication of h-BN scrolls

Prior to continuous flow processing the h-BN was dispersed in
Milli-Q water using sonication (10 min, 6 kHz). The solution was

(a)

h-BN in water
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Fig. 2 (a) Normal syringe. (b) Magnetically stirred syringe driven by
a motor inside the plunger.
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then transferred to the magnetically stirred syringe and
a rapidly stirred dispersion of h-BN in water (0.1 mg mL™") was
delivered via a jet feed to the base of the rotating glass tube in
the VFD. The tube was inclined at —45° and spun at a pre-
determined speed, of which 6k rpm was found to be optimal.
The flow rate was varied and 0.3 mL min~" was found to be
optimal.

Exfoliation of h-BN

In the same way, h-BN dispersed in water (0.3 mg mL™') was
delivered via a jet feed to the base of the rotating glass tube in
the VFD. The tube was tilted at —45° and spun at a pre-
determined speed, of which 6k rpm was found to be optimal.
The flow rate was varied and 0.75 mL min~ ' was found to be
optimal.

Characterization

The h-BN scrolls and exfoliated h-BN were characterized using
scanning electron microscopy (SEM-Inspect FEI F50 SEM),
atomic force microscopy (AFM - Nanoscope 8.10 tapping
mode), Raman spectroscopy (WiTec Alpha 300R ey = 532 nm),
XRD (Bruker D8 ADVANCE ECO, Co-Ka, A = 1.7889 A), ATR-FTIR
PerkinElmer Frontier, transmission electron microscopy (TEM)
(FEI Tecnai F20 operated at 200 kV) and simultaneous thermal
analysis (PerkinElmer STA 8000).

Results and discussion

The VFD is a flexible thin film processing platform, with
a number of operating parameters (rotational speed, tilt angle
(#) and flow rate) to be systematically explored, along with the
choice of solvent and concentration, as in the present case for
exfoliating and scrolling h-BN. VFD processing usually explores
tilt angles between 0° to 90°, with +45° typically giving the
optimal outcome.*® However, in the present study this angle
resulted in material adhering to the wall of the glass tube, with
a small amount exiting in the liquid at the top of the tube, as h-
BN scrolls and exfoliated h-BN, ca. 1% yield. We hypothesised
that centrifugal force was holding the material against the wall
of the tube, and that by inverting the tilt angle (<0°), gravita-
tional pull in the direction of the flow of the liquid would
facilitate the material exiting the tube. To this end we explored
the effect of 45°, 20°, 0°, —20° and —45° tilt angles, Table S1.}
Interestingly even at the higher speeds where there is greater
centrifugal force in the tube, —45° tilt angle was effective in
circumventing the build-up of material in the tube, Fig. S5.1
Indeed, at —45° tilt angle there was a dramatic increase in yield
of the scrolls and exfoliated material. Interesting the residence
time of liquid in the tube at —45° was shorter (>2 min) than +45°
for the same rotation speeds and flow rates, as expected from
the gravitational pull down the tube.

The processing was then optimised by systematically varying
the other control parameters, at a —45° tilt angle. This involved
the use of water as a solvent, with other solvents, namely NMP,
IPA, DMF and toluene, affording little or no h-BN scrolls and
exfoliated h-BN. The same was also found for using
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combinations of solvents, at a 1 : 1 ratio, including NMP with
water, DMF with toluene, water with toluene, and IPA with
water. Accordingly, water was deemed to be the optimal solvent
for subsequent experiments, for then varying the rotation speed
of the glass tube in the VFD, flow rate, and concentration of h-
BN. We found that 6k rpm gave the highest conversion of h-BN
into scrolls (ca. 10%), and rotational speeds of 4k rpm, 5k rpm,
7k rpm and 8k rpm gave low yields of the scrolls. A flow rate of
0.3 mL min~* was then determined as optimal relative to flow
rates of 0.1 mL min~', 0.5 mL min~', 0.7 mL min~" and 1
mL min . These parameters were then set, for then varying the
remaining two parameters. Other concentrations of h-BN in
water were also investigated for all of the flow rates, at 0.1 mg
mL™%, 0.2 mg mL™", 0.3 mg mL™", 0.5 mg mL™", 0.7 mg mL ™"
and 1.0 mg mL ™. Of these, 0.1 mg mL " gave the optimal yield
of h-BN scrolls as 10% with some exfoliation (flow rate of 0.3
mL min~ '), with other concentrations resulting in lower yields
across all the flow rates. Thus, the overall optimum operating
parameters for generating scrolls in a single pass in the VFD are
a concentration of 0.1 mg mL ™, 0.3 mL min~* flow rate and
6k rpm rotational speed, using water as the solvent.

Using the same strategy, we optimised the conditions for
exfoliating h-BN, systematically exploring tilt angle, rotational
speed, flow rate and concentration in different solvents. The
highest yield of exfoliated h-BN was in water, 6k rpm rotational
speed, tilt angle —45°, 0.3 mg mL~ " concentration and 0.75
mL min~" flow rate. Thus, a higher concentration of h-BN and
a higher flow rate, at the same tilt angle and rotational speed,
favours exfoliation over scroll formation. Changing the flow rate
and concentration will alter the complex fluidic dynamics in the
VFD, the very nature of which is currently being explored.

The origin of this presumably relates to subtle changes in the
expected complex fluid dynamics in changing these
parameters.*¢

Fig. 3(a) is an SEM image of the as received h-BN flakes for
comparison with VFD processed material. Fig. 3(b-d) and S17
are SEM images showing h-BN scrolls formed during the VFD
processing (single pass) at the optimised conditions (10%
conversion of h-BN to scrolls), with the sample prepared by drop
casting the supernatant solution onto a silicon wafer, after

Fig.3 SEMimages: (a) as received h-BN. (b—d) h-BN scrolls formed at
a flow rate of 0.3 mL min~%, concentration of 0.1 mg mL™* and (e-h)
exfoliated h-BN formed at a flow rate of 0.75 mL min~%, concentration
of 0.3 mg mL™% All samples were centrifuged at 1180xg post VFD
processing (rotational speed 6k rpm, tilt angle —45°) with the super-
natant drop cast onto silicon wafers.

This journal is © The Royal Society of Chemistry 2019
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centrifugation to remove unprocessed flakes (RCF = 1180xg).
They are representative images from different samples. The
scrolls range in length, up to ca. 20 pm, which is greater than
the cross-section dimensions of the flakes from which they were
generated. This suggests that the scrolling process for the long
scrolls is not simply single h-BN sheets exfoliated, one at a time,
but that there is intertwining of sheets with onset of the
formation of the scrolls.

Fig. 3(e-h) and S21 are SEM images of exfoliated h-BN drop
cast on silicon wafers for the supernatant after centrifugation to
remove unprocessed flakes (RCF = 1180xg). They are repre-
sentative images from different samples. AFM was also used to
investigate the nature of the materials after VFD processing,
using the same workup of the solution and drop casting. The
AFM image in Fig. 4(a) is for as received material with the
dimensions of the particles consistent with the dimensions of
the h-BN flakes determined using SEM. The AFM images in
Fig. 4(b, ¢) and S3(a-d)} show the scrolls, with the length of the
scrolls longer than the cross section of the starting material, as
determined using SEM. Importantly the AFM images establish
that the height of the h-BN scrolls vary from 10 nm to 67 nm,
from counting ~100 h-BN scrolls, Fig. 5. AFM images of exfo-
liated h-BN established the thickness of the h-BN sheets after
VFD processing as ca. 2 nm, Fig. 4(d-f) and S3(e, f), determined
from counting >100 sheets, Fig. 8. TEM was also used to further
understand the nature of the processed material. Such images
in Fig. 6(a-c) and S4t confirmed the shape of the h-BN scrolls
formed in the VFD. Fig. 6(d) is a high - resolution TEM image
which established the inter-planer spacing between successive
turns in the h-BN scrolls as 0.33 nm, which is at the van der
Waals limit, as in h-BN itself." Fig. 6(e and f) are TEM images of
exfoliated h-BN, which are also in agreement with SEM and AFM
images. Raman spectra of h-BN has one peak for the B-N E,,
symmetry mode at 1368 cm™'. After VFD processing at the
optimum conditions, this shifts slightly to higher frequency at
1371 em ', Fig. 7(a), which is in accord with stress imparted in

680 nm

Fig. 4 AFM images: (a) as received h-BN. (b and c) h-BN scrolls
prepared at a flow rate of 0.3 mL min~%, concentration 0.1 mg mL™%,
and (d—f) exfoliated h-BN prepared at a flow rate of 0.75 mL min~%, and
concentration 0.3 mg min~t. All samples were centrifuged at 1180xg
post VFD processing (rotational speed 6k rpm, tilt angle —45°) with the
supernatant drop-cast onto silicon wafers.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) AFM height of three representative h-BN scrolls. (b) AFM
image of drop cast scrolls, for the supernatant and the work up
summarized in Fig. 4. (c) TEM image for a h-BN scroll after drop cast
onto a grid. (d) SEM images of a h-BN scroll after drop cast on a silicon
wafer. (e) Count of h-BN scrolls with different diameters (from AFM
images).

Fig. 6 TEM images for drop cast material on a grid, prepared in the
VFD (rotational speed 6k rpm, tilt angle —45°), (a—c) h-BN scrolls
prepared at a flow rate of 0.3 mL min~, concentration 0.1 mg mL™2. (d)
HRTEM image for h-BN scrolls. (e and f) Exfoliated h-BN prepared at
a flow rate of 0.75 mL min~%, concentration 0.3 mg mL™*

the h-BN layer on rolling up BN sheets.*’** The Raman spec-
trum of exfoliated h-BN also has a peak for the B-N E,,
symmetry mode at 1367 cm ™", Fig. 9(a).**? The XRD patterns
for both the as received h-BN and h-BN scrolls have the same 26
peaks at 31.2 (002), 48.6 (100), 51.2 (101), 59.5 (102) and 64.8
(004), which corresponding to the crystallographic planes of h-

e h-BN scrolls h-BN scrolls (b)

Ey
W.AM
h-BN as received
h-BN as received =

1000, 1200 (1400 1600 ;1800 2000 4000 3500 3000 2500 2000 1500 1000 500

Raman shift (cm™) Wavenumbers (cm-)

(c) 120 (d)
h-BN as received
‘ 100
‘ -‘é 80 h-BN scrolls
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) 0 200 400 600 800 1000
2 theta (degree) Temperature (°C)

Fig. 7 (a) Raman spectra, (b) powder XRD, (c) ATR-FTIR spectra, and
(d) TGA for h-BN as received and h-BN scrolls prepared using the
optimised VFD protocol (rotation speed 6k rpm, tilt angle —45°, flow
rate 0.3 mL min~! and concentration 0.1 mg mL™?).
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Fig. 8 (a) AFM height of three exfoliated h-BN sheets. (b) AFM image
of drop cast exfoliated h-BN. (c) SEM images of exfoliated h-BN after
drop cast on a silicon wafer (d) TEM image of exfoliated h-BN after
drop cast on a grid. (e) Count of h-BN sheets of different thickness
from the AFM images, after VFD processing.

BN.** However, the XRD for the h-BN scrolls has higher intensity
for the (100, 101, 102) peaks, compared to main peaks (002),
Fig. 7(c).** In addition, XRD of exfoliated h-BN has the same
peaks as bulk material, with a change in ratio of the intensity of
the (100), (101) and (102) peaks relative to the (002) peak which
is informative for determining the presence of mono- and few-
layered of h-BN, Fig. 9(c).>**** The reason for this is a reduction
in the number of successive h-BN layers after processing, in
forming h-BN scrolls at the van der Waals limit, or exfoliating to
a limited number of h-BN sheets, with the main peak at 26 31.2
(002), corresponds to a d spacing of 0.33 nm. ATR-FTIR spectra
for as received h-BN, h-BN scrolls and exfoliated h-BN have the
expected broad peaks for B-N stretching and B-N-B bending
vibrations, at 1348 cm ™" and 768 cm™ ' respectively.** However,
the ATR-FTIR spectra for h-BN scrolls and exfoliated h-BN have

120
(a) h-BN as received (b)
100
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Extallstsd othEn § 60 Exfoliated h-BN
'oliated of h-|
40
20 /
0
1200 1300 1400 1500 1600 4000 3500 3000 2500 2000 1500 1000 500
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2 theta (degree) (°C)
Fig. 9 (a) Raman spectra, (b) ATR-FTIR spectra, (c) powder XRD dif-

fracted and (d) TGA for h-BN as received and exfoliated h-BN prepared
using the optimised VFD protocol (rotational speed 6k rpm, tilt angle
—45°, flow rate 0.75 mL min~?%, and concentration 0.3 mg mL™Y).
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a broad peak at 3400 cm ' which is assignable to water,
presumably confined in the h-BN scrolls and intercalated
respectively, Fig. 7(b) and 9(b).**® Consistent with this are the
results of thermo gravimetric analysis (TGA) for h-BN scrolls,
Fig. 7(d), which shows a weight loss starting at ca. 205 °C. This
continues as the temperature further increases, with the overall
weight loss for the h-BN scrolls ca. 10% which is likely to arise
from loss of residual water inside the scrolls prior to heating.*’
The confinement of water in the scrolls is noteworthy in
considering the potential use of the material for gas storage.”"**
TGA for exfoliated h-BN shows no weight loss for increasing
temperature, Fig. 9(d).*”

Conclusions

h-BN scrolls and exfoliated h-BN have been selectively prepared
in water in the VFD, in the absence of harsh chemicals. The
yield of each material was dramatically improved by operating
at a tilt angle of —45°. This is in contrast to a myriad of other
applications of the VFD where the tilt angle is optimal at +45°.
The residence time of the liquid entering the VFD tube and
exiting at the open end is >2 min. This is in contrast to the ca. 6
minutes residence time for the conventional +45° tilt angle of
the tube for identical rotation speeds and flow rates. The ability
to fabricate h-BN scrolls and exfoliated h-BN in water in a VFD
under continuous flow conditions is without precedent. They
are formed in the absence of surfactants and harsh chemicals
and the overall processing is high in green chemistry metrics. As
to scalability of the processing we prepared 5 mg and 72 mg in
one run over 24 hours of h-BN scrolls and exfoliated h-BN
respectively. The low amount for the scrolls is because the
optimal concentration and flow rate are much less than for
fabricating exfoliated sheets, under the same tilt angle and
rotational speed. This difference in selectivity reflects the ex-
pected changes in the complex fluid dynamics as flow rate and
concentration changes. The exfoliation process established is
without reduction of the lateral dimensions of the h-BN sheets,
i.e. without fragmentation, and presumably this also holds for
the formation of the scrolls.
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