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Figure 1. 22 (a-c) AFM images of carbon nanorings made up of coiled SWCNTs, and (d-f) and TEM images
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Figure 1. 23 Schematic representation of NIR laser-VFD mediated fabrication of carbon dots (CDs) from
multiwall carbon nanotubes. CDs fabricated under optimized conditions (two cycles continuous flow, 0.1 mg
mL!, flow rate of 0.45 mL min!, 7500 rpm, 450 mlJ, at 45° tilt angle). This figure has been copies from
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Figure 1. 24 SEM images of Csy nanotubules fabricated in the VFD at 7000 rpm, using a mixture of toluene
and water in a 1:1 ratio. This figure has been copies from reference 81. ........ccccovevieiieiiiiiiccieciecreeeeen, 31

Figure 1. 25 (a) Schematic representation of self-assembly of Cgo using the VFD; (¢)—(g) SEM images of the
cones fabricated under continuous flow mode at 4000 rpm, flow rate, 0.5 mL min and Ce concentration 0.5
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Figure 1. 26 Illustration of (a) the microfluidic flow velocity indicted by red arrows for a section of the rotating
tube, and (b) the exfoliation process on the upper surface of a graphite flake, and (c) slippage on the inner
surface of the tube. This figure has been copies from reference 75........cccovveevieiviiiviiecieciecieceee e 33

Figure 1. 27 (a) Schematic for production phosphorene using the VFD at 6000 rpm, operating under the
confined mode of operation, with a Nd:YAG pulsed laser operating at 280 mJ and 1064 nm. (b) AFM image
of few-layer phosphorene nanosheets. Inset shows the histogram of heights. (c) TEM image of phosphorene
nanosheet. Inset shows the SAED pattern. (d-f) High-angle annular dark-field (HAADF STEM) image with
its EDX elemental mapping. (g) High-resolution TEM image of phosphorene. Scale bar: 1 nm. This figure has
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Figure 1. 28 A modified VFD for generating a plasma over the surface of the thin film in the device, (insets)
a schematic representation of the plasma generation above the liquid film, a photo of the device and the micro
discharges observed during the plasma-processing. This figure has been copies from reference 85............ 35

Figure 1. 29 Schematic for oxidation of methylene blue using non-thermal plasma thin film processing within
a continuous flow VFD. An inset photograph of the device highlights the key features of the process. This
figure has been copied from reference 86. ..........coooiiiiieiiiiee e 35

Figure 1. 30 (a) Schematic of the fabrication of graphene scrolls from graphite dispersed in toluene and water
(1:1) with a starting concentration of 0.5 mg mL"!, using the confined mode of operation of the VFD, with the
tube rotating at 7500 rpm. (b) AFM and SEM images of the graphene scrolls. (c) Raman spectra of as received
graphite flakes and the graphene scrolls (d) TEM and HRTEM characterization of an individual graphene
scroll. This figure has been copied from reference 87. ......cccevieiiiviiiiieiiecie e 36

Figure 1. 31 (a) Diagram of the VFD set up for selectively exfoliating or scrolling hexagonal boron nitride.
(b) Zoomed in section showing transport of the liquid inside the rapidly rotating tube. (¢) The different
manipulation of the hexagonal-boron nitride during VFD processing. This figure has been copied from
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Figure 1. 32 TEM, HRTEM, and SAED for generating magnetite NPs involving laser irradiation (1064 nm,
360 mJ) of an iron rod placed inside the VFD tube with the device operated under continuous flow mode,
rotational speed 7500 rpm and flow rate 0.1 mL.min"'. (a) Magnetite nanoparticles which exited the VFD, and
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FIOM TETRIEIICE 8O. ..ttt ettt e h e s at e s it e et e e bt e bt e bt e sbeeesteeateeaeeeneean 38

Figure 1. 33 (a) Diagram of VFD processing for generating Cu,O nanoparticles. (b and ¢) Zoomed-in of the
tube where Cu,O is formed after the irradiation of the copper rod. (d and ¢) X-ray diffraction patterns for Cu,O
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Figure 1. 34 SEM images of (a-b) As received 2-BN. (c) Magnetite NPs formed in the absence of #-BN. (d—
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Figure 1. 36 Diagrammatic decoration of (I) Carbon nanomaterials (CNMs) including carbon nanotubes and
carbon nano onion with palladium nanoparticles. (II) Calixarene functionalized CNMs using a different speed

of the VFD (III), in affording (IV). This figure has been copied from reference 93...........ccccvvvvievieieeieennen. 40
Figure 1. 37 Diagram of the preparation of graphene oxide wrapped bacteria using a 10 mm VFD tube,
operating at 5000and 8000 rpm. This figure has been copied from reference 94. ..........ccccvevvevivrciveciencieennen. 41

Figure 1. 38 Illustration of the VFD mediated hybridization procedure for exfoliating multi-layered graphene
and wrapping algal cells using a 10 mm OD glass tube. This figure has been copied from reference 95..... 42

Figure 2. 1 Schematic illustration of the experimental procedure for controlling the length of SWCNTs. (a)
SWCNTs before processing in the VFD which are intertwined with defects associated with being bent. (b)
Experimental set up for the vortex fluidic device (VFD) and laser Nd:YAG processing operating at 1064 nm.
(c) Sliced SWCNTs of different lengths, depending on the operating parameters of the VFD, laser power,
concentration and ChoiCe O SOLVENL. ........ccuiiiiiiiiiiiiie et st 55

Figure 2. 2 AFM images of as received SWONTS. .....ooiiiiiieieieeeeee ettt 56

Figure 2. 3 AFM images of sliced SWCNTs with the associated length distribution plots, formed in the VFD
at 8.5k rpm rotational speed, under continuous flow mode, with the concentration of the as received SWCNTSs
at 0.08 mg/mL (NMP/water at a 1:1 ratio), tilt angle 45°, for a flow rate of 0.45 mL/min, while irradiated with
a pulsed laser operating at 1064 nm, and (a) 250 mJ, (b) 400 mJ and (c) 600 mJ; inset TEM image for the short
SWCNTs. Note: The length distribution for each sample was obtained from measuring the length of > 1000
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Figure 2. 4 Raman spectra for (a) as received SWCNTSs and sliced SWCNTs with length distributions at 700
nm (b), 300 nm, (c) and 80 NIM, (). ...eeeeveeciieiieiieierecie ettt e et e et e e sae st e e nre e reesaessaesnaesnrenns 60

Figure 3. 1 Experimental set up for slicing MWCNTs. (a) The vortex fluidic device (VFD) simultaneously
irradiated with a pulsed Nd: YAG laser operating at 1064 nm. A syringe pump is used to inject a DMF
suspension of MWCNTs into the rapidly rotating glass tube in the VFD. (b) Sliced MWCNTs with different
length distributions. (c) Process for self-assembly of the shortest MWCNTs on a silicon wafer, as depicted (d).
......................................................................................................................................................................... 71

Figure 3. 2 AFM images of sliced MWCNTs, for material generated in the VFD operating at 8.5k rpm, under
continuous flow mode, concentration of as received MWCNTs 0.08 mg/mL (DMF), tilt angle 45°, flow rate
0.45 mL/min, with a 1064 nm pulsed laser, and (a) 50 mJ, (b) 250 mJ and (c) 600 mJ; insert AFM image with
large magnification for short MWCNTs, with length distributions for MWCNTs in (d),(e) and (f) respectively.
The length distribution for each sample are based on > 500 NaNOtUDES. ........cocveveiriiriiniiriierinieeseeeee 75

Figure 3.3 TEM and HRTEM images (inset) of (a) as received MWCNTs and sliced MWCNTs, generated in
the VFD, 8.5k rpm, continuous flow mode of operation, concentration of as received MWCNTs 0.08 mg/mL
(DMF), tilt angle 45°, flow rate 0.45 mL/min, using a 1064 nm pulsed laser, operating at (b) 50 mJ, (c) 250 mJ
ANA (A) 600 M. ..eiieiieiecece et ettt et et e st e st e et e e b e et e e s saeetaeeraeanbeanbeenbe e seeseesnteanseenseenseenrean 77

Figure 3. 4 Raman spectra of (a) as received MWCNTs and sliced MWCNTs formed in DMF in a VFD at
8.5k rpm, continuous flow 0.45 mL/min, 45° tilt angle, 1064 nm pulsed laser operating at (b) 50 mJ, (¢) 250
MJ and (d) 600 M. c...ooiiiiii ettt e et e et e et a et e e tb e et e et e e teeateeetbeeabeeabeerbe e te e raeens 79

Figure 3. 5 (a) TGA curves (in air) for as received MWCNTs (black line) and sliced MWCNTs generated in
the VFD, 8.5k rpm, continuous flow 0.45 mL/min, 45° tilt angle, 1064 nm pulsed laser operating at, 50 mJ
(blue line), 250 mJ (green line) and 600 mJ (red line). (b) Centre of length distribution of sliced MWCNTs as
A fUNCHION OF the LASET CNETZY. ..eevviiiiieiiieiiiiiie ettt ettt ettt e ettt e e te e s teestbeetbeeabeesbeesbeessesssesesessseesseenres 80

Figure 3. 6 3D AFM images of (a) a clean silicon wafer substrate (before dipping), after dipping for (b) 30
min, (c) 60 min, and (d) 120 min in a DMF solution of sliced MWCNTs (75+£2.1 nm in length) in a VFD
operating at 8.5k rpm, under continuous flow 0.45 mL/min, 45° tilt angle, 1064 nm pulsed laser operating at
000 TN, .ttt bt et h e h et h ettt h et bt e a e e bt e h e et e b e et e et e ea e e bt bt et e bt enteteebeenten 82

Figure 3. 7 HRSEM images of (a) Top view 0°, (b) tilted view 45°, (¢) vertical view 90° and (d) cross-section
view of vertically aligned sliced MWCNTs on silicon wafer substrate treated for 120 min in a DMF solution
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of sliced MWCNTs (75+£2.1 nm in length) in the VFD operating at 8.5k rpm, under continuous flow 0.45
mL/min, using a 1064 nm pulsed laser operating at at 600 MJ. .........ccceveriiiriiieiierieerieree e 83

Figure 4. 1 (A) SEM image of coiled SWCNT rings, formed in the VFD at 8k rpm rotational speed, under
continuous flow mode, with the concentration of the as received SWCNTs at 0.16 mg/mL (toluene/water at a
1:1 ratio), tilt angle 45°, flow rate 0.45 mL/min. (B, D) TEM images, and (C, E) HRTEM of the coiled SWCNT
rings in (B, D). (F, G) Histograms showing the diameter and thickness distributions of the rings, respectively.
......................................................................................................................................................................... 98

Figure 4. 2 MFM image of a coiled SWCNT ring with a wall thickness of ca 50nm: (A) MFM topography
image, (B) the associated height profile of the ring showing the wall thickness ca 50 nm. (C-F) MFM phase
images of at various lift heights: (C) 0, (D) 10, (E) 30, (F) 50 nm with their corresponding phase shifts
respectively (G-J). (K) Plot of phase shift versus lift height. ...........cccooviiiiiiiiiii e 99

Figure 4. 3 MFM image of coiled SWCNT ring, for MFM imaging, after collecting the product, one drop of
the solution was drop-casted onto silicon wafer and spin coated at 3k rpm for 30 seconds, then left to dry for
24 hours: (A) Topography, (B) height profile of the ring shows the wall thickness ca 20 nm. (C-F) MFM phase
images at various lift heights: (C) 0, (D) 10, (E) 30, (F) 50 nm with their corresponding phase shift, respectively
(G-J). (K) The plot of phase shift vs lift height obtained in the MFM measurement on a SWCNT ring...... 101

Figure 4. 4 MFM image of coiled SWCNT ring, for MFM imaging, after collecting the product, one drop of
the solution was drop-casted onto a silicon wafer and spin coated at 3k rpm for 30 seconds, then left to dry for
24 hours: (A) Topography, (B) height profile establishing a wall thickness ca 35 nm. (C-F) MFM phase images
at different lift heights: (C) 0, (D) 10, (E) 30, (F) 50 nm with their corresponding phase shift respectively (G-
J). (K) Plot of phase shift versus lift height for MFM measurement on a coiled SWCNT ring.................... 102

Figure 4. 5 (A-B) MFM topography image of coiled SWCNT ring patterns with variable thicknesses (~5-27
nm) (height profile of the ring shows the wall thickness ca 35 nm, with their corresponding phase images in
(D and E) and the associated phase profiles (G and H) respectively, MFM topography image of a SWCNT ring
with a figure of “8” morphology (C), (F, I and L) with its corresponding height profile, phase image and profile
TS PECEIVELY . veittteiiectiectieete et ettt et e st e ettt et e e bt e teestseesbeesbeesseessaesssessbeasseesseesbe e seastaeesbeasbeerbeesseensbetaeerbearreas 103

Figure 5. 1 Schematic illustration of the experimental procedure for fabricating GOS from GO sheets. (a)
Solvated GO sheets before processing in the VFD. (b) Schematic of the experimental set up for the vortex
fluidic device (VFD) and Nd:YAG pulsed laser irradiation (operating at 1064 nm with the optimised power at
250 mJ) and rotational speed at 4k rpm. (c) GOS after processing in the VFD, inset is TEM image for GOS.
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Figure 5. 2 (a-b) TEM images and (c) AFM images with height profiles in (d) of as-received GO (before
processing). (e-1) TEM and (j-k) AFM images of GOS at different magnification after processing in the VFD
at 4k rpm rotational speed, tilt angle 45° and a flow rate of 0.45 mL/min, coupled with laser irradiation at 250
100 1 TSP SRRSRRRR 119

Figure 5. 3 SEM images of GOS at different magnifications after processing in the VFD at 4k rpm rotational
speed, under continuous flow mode, tilt angle 45° and a flow rate of 0.45 mL/min, coupled with laser irradiation
AL 250 M ettt ettt e bt e e bt e e a b e e bt e bt e bt e bt e ehteeat e e bt ebe e bt e sheesaaesateeas 120

Figure 5. 4 XRD patterns of (a) as received GO and (b) GOS in the VFD at rotational speed at 4k rpm, under
continuous flow mode, tilt angle 45°, with flow rate 0.45 mL/min, coupled with laser irradiation at 250 mlJ. (¢)

TGA and (d) DSC curves of as received GO and GOS at scan rate of 10 °C per minute in a nitrogen atmosphere.
....................................................................................................................................................................... 120

Figure 5. 5 (a) XPS C 1s spectra of as received GO before VFD processing and (b) GOS formed in the VFD
at 4k rpm rotational speed, under continuous mode (flow rate 0.45 mL/min), tilt angle 45° while irradiated with
a pulsed laser at 1064 nm and 250 mJ, and (c) Raman spectra of GO and GOS (prepared as for (b)). ........ 122

Figure 6. 1 Characteristics of the vortex fluidic device (VFD) and moulded fluid flow. (a) Confined mode of
operation of the VFD with the expected oscillation in film thickness which also prevails in (b) the continuous
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flow mode where liquids are injected as droplets into the rapidly rotating tube. (¢) Expected fluid flow and
film thickness at 90° and 0° degree tilt angles (0). (d) (i) Shear stress induced fullerene Ceo crystallisation
resulting in spicules or rods, (ii) anti-solvent crystallisation at the glass — liquid interface, leading to cones, (iii)
BSA and glutaraldehyde polymerization in moulding high shear and low shear flow, (iv) as for (iii) for the
nucleation and growth of a metal organic framework (MOFS5), and (v) shear stress ‘molecular drilling’ of holes
on polysulfone with their signature retained at the glass-polymer interface post positional shift of the double
helical fluid flow. (¢) Representation of the different fluid flows, and the collapse of circular Coriolis force
flow and double helical flow from Faraday waves into spicular flow. (f) Double helical fluid flow with a
reduction in helical pitch (P) for increasing rotational speed, ®, for the same thickness of the film, d;j, with
preservation of ®.P. (g) Diagrammatic representation of change in film thickness in a type y liquid which is
dominated by double helical flow across the rotational landscape, and the reduction in film thickness and
associated the Faraday waves driving the formation of linear arrays of double helical flows orientated parallel
to the rotation axis Of the tUDE. ......cceiiiiiieieie ettt ettt et eteseeeneens 133

Figure 6. 2 Mixing and thermal response, and film thickness. (a) and (b) Thermal response and mixing times,
and change in average film thickness versus o for water in a 20 mm OD quartz tube (17.5 mm ID) and 10 mm
tube (8.5 mm ID) respectively. Mixing time (red) corresponds to the time taken for a drop of water containing
a small amount of dye added at the bottom of the tube rotating at a specific speed to uniformly mix in half way
up the preformed film generated from 2 mL of water. The temperature (black) was measured midway along
the tube using an IR camera, for residual water present in the tube, being equivalent to the continuous flow
mode of operation of the VFD (water along the complete length of the tube), with the average film thickness
(blue) determined at 6 = 45° for a specific speed from the mass of residual water also equivalent to the
continuous flow mode of operation of the VFD, converted to a volume of liquid spread uniformly on the inner
wall of the tube. (c) Thermal response for water in the tube, retaining the maximum amount of water at each
speed, for varying tilt angles, 0, using a 20 mm OD tube. (d) Mixing response for 2 mL of liquid in the 20 mm
OD tube for change in 0. (e¢) — (h) Thermal response, mixing times and film thickness versus ® for toluene,
DMF, a 3:1 mixture of ethanol and water, and a 1:1 mixture of DMF and o-xylene in 20 mm OD tubes,
respectively. Temperatures were recorded at the mid-point along the tube to minimise any heating from the
bearings. Recording change in temperature starts at high ® relative to @ for recording mixing times, a
consequence of requiring extra liquid in the tube when mimicking continuous flow processing, and this
requires higher o to generate a vortex to the bottom of the tube. (i) Summary of the different fluid flows, and
flow regimes characterised by the relative strength of the Coriolis (FFW) and Faraday wave (FFW) forces,
using computational fluid dynamics (CFD) simulations conducted using OpenFoam v1806, as detailed in the
Supplementary Information section 11. (j) Images of water in a 10 mm tube at different rotational speeds,
captured from 5k frames/s (Movie S2). (k) Photographs of partitioned mixing of an aqueous dye in water into
2 mL of water in a 10 mm OD tube rotating at 2k rpm where the vortex is not developed to the bottom of the
tube (Movie S1). Additional information is provided in the SI file). ........ccceviiviieiiiiiiieieieecece e, 137

Figure 6. 3 Moulding nano-carbon and polymer material. (a) Processing GO in a 20 mm OD tube (17.5 cm
ID) at 6 45°, 0.2 mg/mL in DMF, flow rate 0.45 mL/min, result in (i) scrolls at 4k rpm, (ii) crumbling into
globular particles at Sk rpm, and (iii) no perturbation at 8k rpm, with the ability to cycle between the three
forms of GO by changing the rotational speed akin to another form, with transformation of the GO into ca 100
nm spheroidal particles at 5.5k rpm (transition from spicular to double helical flow at the dynamic equilibrium).
(b) Shear stress induced crystallisation and self-assembly of Ceo in toluene (0.1 mg/mL, flow rate 0.1 mL/min,
0 45°), affording (i) spicules and mixtures of spicules and rods, and (iii) rods, at 4, 6, and 8k rpm, corresponding
to spicular flow, transitioning from spicular to double helical flow and helical flow respectively. (c)
Micromixing a 1:1 solution of o-xylene solution of Csy (0.1 mg/mL flow rate 0.1 mL/min) and DMF (0.1
mL/min) in a VFD, 0 45°, 20 mm OD tube, affording (i) regular and (ii) irregular cones in a 20 mm OD tube,
and (iii) and (iv) sharper pitch cones with extended arms in a 10 mm OD tube. (v) Cones attached to the wall
of the glass tube in the VFD, post VFD processing in a 10 mm OD tube. (d) (i, ii) Signature of the pattern of
the double helical flows formed at the interface of the glass tube and a thin film of polysulfone (ca 5 pm)
formed in toluene at 20 °C, 8 = 45°, 7k rpm rotational speed, along the length of the tube, with the arrow
representing the rotational direction of the axis of the tube. (iii) Snapshot of holes formed at the interface of
the polymer With the HQUI.........cociiriiiieiie ettt be et e st e sseessseenseensaensees 140

Figure 6. 4 Moulding polymer growth and metal organic frameworks. (a) Schematic of the formation of porous
spheroidal particles of cross linked BSA with glutaraldehyde formed in the VFD under confined mode (BSA
in aqueous 10 mM PBS of pH 7.4 (1 mg/mL) to ethanol ratio 1:3 (300:900 uL) and 15 pL of glutaraldehyde,
using (b) 0.5 mL of combined solution in a 10 mm OD tube for 1 min at 3k, Sk and 7k rpm (i) — (iii)
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respectively, and 1 mL of combined solution for a 20 mm OD tube, for 1 min at 3k, 5k and 7k rpm (iv) — (vi)
respectively, reporting SEM images and derived particle size distributions from 100 randomly chosen spheres.
(c) Schematic of the synthesis of MOFS5 where H,BDC (63.3 mg) and triethylamine (106.3 pL) were dissolved
in 4.9 mL of DMF and Zn(OAc),-2H>O (169.9 mg) was dissolved in 5 mL of DMF. For a typical VFD
experiment, 556 pL of zinc solution was added to 444 uL. H,BDC solution followed by 20 mm VFD processing
for 30 min at 110°C. (d) SEM and AFM images respectively for MOFS5 formed at 110°C for 30 min at 4k rpm.
(f) Variation in morphology of the particles formed under the same processing as a function of rotational speed
(1) — (vi), 3k, 4k, 5k, 5.5k, 6k and 7k rpm, respectively, for the confined mode of operation of the VFD for 30
min, showing SEM images and particle size plots, determined by randomly counting 100 particles........... 144

Figure 7. 1 Schematic of the set up for the reduction of GO in water in a VFD where a quartz tube (20 mm
OD) tilted at 45° is irradiated with UV under nitrogen atmosphere, and the rotational speed systematically
varied, along with concentration 0f the GO 1N WateT.........c.ccccveriiriieciieiiceeree e 153

Figure 7. 2 (a) rGO solutions processed at different reaction times in the VFD, 15, 30 and 60 min; (b) High-
resolution C1s XPS core-level spectra of the as received GO and after processing at different reaction times,
15, 30 AN 60 INUN. ..eeiiiiiiiiieiiieeee ettt et e e e e e e et a e et eeesesaeaaaaeeeeessesanaaataeeesesaa e aaaereeesesaanraareeeeesaans 154

Figure 7. 3 (a) Change in colour of GO before and after VFD processing with UV irradiation, under nitrogen.
(b) Absorption spectra of GO as received before processing, and rGO (Cycle 1) and rGO (Cycle 1) after
processing at 4k rpm, tilt angle 45° and under continuous flow (0.2 mL/min), while UV irradiated. .......... 155

Figure 7. 4 (a-b) SEM and (e) AFM images of as received GO sheets before processing in the VFD, with the
corresponding height profile in (f). (c-d) SEM and (g) AFM images images of rGO (cycle 2), with the
corresponding height profile in (h). Inserted are optical images for GO solutions (0.2 mg/mL) before and after
processing in the VFD at 4k rpm, tilt angle 45° and flow rate 0.2 mL/min, with UV irradiation, A = 254 nm at
20 W, under nitrogen atMOSPRETE. ........c.eervieriierieiieete et eteeeeste e eteesseeseesseessaessseasseesseesseesseesssessseenseensees 157

Figure 7. 5 (a) High-resolution C 1s XPS core-level spectra and (b) Raman spectrum of the as received GO,
rGO (Cycle 1) and rGO (Cycle 1) after processing in the VFD at 4k rpm, under continuous flow, flow rate 0.2
mL/min, tilt angle 45°, while irradiated with UV at A =254 nm, 20 W, under nitrogen atmosphere. .......... 158

Figure 7. 6 (a) XRD and (b) TGA curves of GO as received (black line) and (b) rGO (cycle 2) (red line) after
processing in the VFD at 4k rpm rotational speed, tilt angle 45°, under continuous flow (0.2 mL/min) while

UV irradiated A = 254 NI, 20 W oot ettt e ettt e e e e e e e e et e et e s e sessenaaaeeeessssssnnasaeeeas 159
Figure 7. 7 The sheet resistance (black) and the conductivity (red) of as received GO and after VFD processing,
CYCLE 1 ANA CYCIE 2. oottt ettt e te e s tae e abeeabeesbeesba e bsessseesseesseesseesaesssesasessneens 160

Figure 8. 1 Schematic illustration of the overall method for fabricating the composite spheres under shear
stress in a vortex fluidic device (VFD), using a 1:1 mixture of an o-xylene solution of Cg and a suspension of
graphite in DMF, with the optimized conditions at a rotational speed (w) = 4k rpm, flow rate (v)= 0.5 mL/min,
6 = 45°, concentration of graphite in DMF 1 mg/mL, and concentration of Ceo in 0-xylene 0.5 mg/mL.... 171

Figure 8. 2 Proposed mechanism of the VFD synthesis of graphene spheres confining particles of self
assembled Cgo, along with an SEM image of a fragmented sphere formed during sonication post VFD
ProcesSiNg, SCALE DAT 2 IIM......eiiiiiiiiieiieiie et ete ettt ettt e et e eteesteesteessaessseasseesseesseesseesssesssesssesnseensens 173

Figure 8. 3 SEM images of Cso@graphene, with a size distribution inset, formed in o-xylene and DMF, under
continues flow mode 1:1 ratio (w =7.5k rpm, concentration of Ceo in 0-xylene 0.5 mg/mL, concentration of
graphite in DMF 1 mg/mL, flow rate v = 0.5 mL/min for both liquids entering the rotating tube in the VFD,
AN G = 45). ettt h et h e et b e e h et b e et e bt eat e bt e he et e bt es b et e ebeetesteeatens 174

Figure 8. 4 (a,b) TEM images of graphene spheres, (b,c) HRTEM images of graphene spheres formed in o-
xylene and DMF, under continues flow mode 1:1 ratio at 4 k rpm, concentration of fullerenes Cso in 0-xylene
0.5 mg/mL, concentration of graphite in DMF 1 mg/mL, flow rate 0.5 mL/min for both liquids entering the
rotating tube in the VFD, and G = 45, ........oooioieeeieeeste ettt ettt ste ettt essaesnseenseensaensees 174



Figure 8. 5 XRD pattern of (a) spheres prepared in the VFD, (b) graphite as received, (c) fullerene Ceo as
received and Raman spectra of (d) spheres, prepared in the VFD, under continuous flow at a 1:1 ratio, 4k rpm
rotational speed, concentration of fullerene 0.5 mg/mL, graphite concentration 1 mg/mL, flow rate 0.5 mL/min
for both liquids and tilt angle 45°, (e) as received graphite, and (f) as received Ceo. ..veovvrevveevreenreenieeineennenns 176

Figure 8. 6 (a) Cyclic Voltammogram (CV) curves of graphene sphere composites formed using the VFD,
under continuous flow at a 1:1 ratio, 4k rpm rotational speed, concentration of fullerene 0.5 mg/mL, graphite
concentration 1 mg/mL, flow rate 0.5 mL/min for both liquids and tilt angle 45°, at different scan rates from 5
to 100 mV s™!, (b) at different scan rates from 200 to 1000 mV s™!, (c) The response anodic and cathodic
currents, (d) charge—discharge curves of graphene sphere composites at different current densities, (d)
Gravimetric capacitance and areal capacitance values versus scanning rate calculated from the CV curves of
the graphene sphere composites and (f) Nyquist plot of graphene sphere composites. .........c.ccooevvecveeveennen. 178

Figure 8. 7 (a) Impedance phase angle versus frequency for a Ceo@Graphene sphere electrode, with the
material formed using the VFD, under continuous flow at a 1:1 ratio of liquids, 4k rpm rotational speed,
concentration of fullerene 0.5 mg/mL, graphite concentration 1 mg/mL, flow rate 0.5 mL/min for both liquids
and tilt angle 45°. (b) Cyclic stability of the composite electrode at a scan rate of 100 mV s’!; inserted is the
nearly identical CV curves for first and last cycles of the electrode. .........ccccovveviiiiiiiiiinieiiecececeeee, 179

Figure 9. 1 Schematic illustration of the experimental procedure for the preparation for Fes04@MWCNT. (a)
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SUMMARY

The availability of carbon nanomaterials with controllable size, shape and morphology has attracted
considerable attention due to their explicit chemical and physical properties, such as excellent thermal
and optical properties, high mechanical strength and electrical conductivity. Various methods have
been developed to date for the ‘top down’ and ‘bottom up’ fabrication of carbon nanomaterials with
specific control of their size, shape, morphology and surface property, featuring in a diverse range of
applications. While there has been spectacular progress in fabricating nanomaterials with such
properties, there are several limitations and challenges to overcome. These include the need for high
molecular weight reagents, long and tedious processing conditions, the use of chemical stabilisers,
the inherent high cost of the associated complex processing, and low yields. These limitations and
challenges can be overcome using thin film microfluidics which has emerged in the last few years
with remarkable outcomes, as highlighted by the development of simple one step methods of
controlling the fabrication of zero dimensional (OD), one dimensional (1D) and two dimensional (2D)
nanomaterials. Collectively, these are also important in developing environmentally sustainable
processes, which are also economically feasible. Thin film microfluidics have potential advantages
in chemical processing which relates to the large surface-to-volume ratio in the thin films, reduced
reaction times, precise control over residence time and temperature, improved safety, and more

importantly the ability to address scalability at the inception of the science.

The focus of this dissertation is creating a paradigm shift in nanoscience by using a thin film
microfluidics platform, the vortex fluidic device (VFD), to control the fabrication of nanocarbon
materials. The VFD has proved its capabilities in diverse areas, which includes but not limited to
controlling the length of single and multiwalled carbon nanotubes, overcoming the high tensile
strength of SWCNTSs to form highly magnetic coiled rings, controlling the crystallisation of 0D
fullerenes and fabricating composites of nanomaterial. These composite materials have proven
potential in supercapacitors, with other potential applications under consideration. Within all the
processing capabilities, the key advantage of the VFD is the ability to control the fabrication of
nanomaterials without the need for toxic and harsh chemicals, as simple one step methods devoid of
chemical stabilisers and surfactants and most importantly while simultaneously scalability of the

processing.
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Chapter One
General Introduction

1.1. Thesis Overview

In this dissertation, the objective was to explore facile and green approaches for fabricating, sorting, and
controlling the self-assembly, of carbon nanomaterials including composites with other nanomaterials,
and using these hybrid materials in applications, for example supercapacitors. The new approach for
processing carbon nanomaterials focused on using the dynamic thin film within the vortex fluidic device
(VFD). Fabricating nanomaterials using the VFD has overcome some limitations of traditional batch
processing methods including uniformity of the product and scalability, as well as developing processes
that are environmentally sustainable and economically feasible. The structure of the thesis is set out below,
with Chapter 1 providing an introduction to the associated fields of science, followed by Chapters 2 to 9
as the basis for separate papers published or papers submitted for publication, then Chapter 10 as the place

for discussion for overall conclusions and future work.

Chapter 1 provides a succinct history on carbon nanomaterials including fullerene Ceo, carbon nanotubes,
graphene and carbon nanorings, which are all relevant to the research herein. Discussion is also provided

on the structure, synthesis and properties of these carbon nanomaterials.

Chapter 2 reports on controlling the length of sliced single walled carbon nanotubes (SWCNTSs) using a
VFD while simultaneously irradiated with a Nd:YAG pulsed laser operating at 1064 nm. This study
established the ability to slice SWCNTs, with laser pulse energies of 250, 400 and 600 mJ affording 700,
300 and 80 nm length distributions of SWCNTs respectively. The processing is scalable as continuous
flow processes, and avoids the need for using any other reagents. Of particular note, is that the processing

does not introduce defects into the side walls of the SWCNTs.
1



Chapter 3 focuses on controlling the slicing of MWCNTs into specific lengths using the VFD while
irradiated with a Nd:YAG pulsed laser operating at 1064 nm. Three different length distributions were
achieved, centred at 75 £ 2.1 nm, 300 £+ 1.8 nm and 550 + 1.4 nm. In addition, the short MWCNTSs were

found to vertically self-assemble on a silicon substrate, as a simple dipping and rinsing method.

Chapter 4 presents the fabrication of coiled SWCNT rings in high yield (80%) using the VFD with the
processing in the absence of any toxic chemicals and surfactants. The magnetic interactions of these rings
were investigated using magnetic force microscopy (MFM), and the results show that the magnetic

interaction is strongly dependent on the thickness of the rings.

Chapter 5 reports on the ability to fabricate graphene oxide scrolls (GOS) in a high yield using a vortex
fluidic device (VFD) while the solution of GO is irradiated with a pulsed laser operating at 1064 nm and
250 mJ. In also applying the principles of green chemistry metrics, the processing is in the absence of any

other reagents.

Chapter 6 reports on studies directed at understanding the fluid flow in the VFD, establishing the ability
to scroll and unscroll GO, depending on the rotational speed of the rapidly rotating tube in the VFD and
the nature of the liquid. In addition, the ability to manipulate the structure of sell-assembled Ceo in the
VFD, depending on these parameters and more, was mapped out to determine the properties of liquids in

the device, and more.

Chapter 7 provides a new strategy for generating reduced graphene oxide (rGO) from GO dispersed in
water using VFD simultaneously irradiated with a UV light (A =254 nm, 20 W). The processing is scalable
and in the absence of harsh reducing agents. The product (rGO) has a resistance of 2.2x 10°> Q and a
remarkably high conductivity of 2x10* S/cm, making the material comparable (if not better) to that formed

using waste generating chemical based processing.



Chapter 8 reports on the synthesis of graphene spheres confining fullerene Ceo at room temperature in the
absence of surfactants and other auxiliary substances using the VFD. The diameters of the composite
spheres (Ceo@graphene) can be controlled with size distributions ranging from 1.5 to 3.5 pm. The
composite material (Ceo@graphene) used as an active electrode for supercapacitor and shows a high areal

capacitance of 103.4 mF cm 2 at a scan rate of 5 mV s ..

Chapter 9 reports a successful three step in one synthesis of composite material of MWCNT and
superparamagnetic magnetite nanoparticles (Fe;O4@MWCNT) using a pulsed laser operating at 1064 nm
with the VFD. This involves generating the magnetite nanoparticles in situ, slicing the MWCNTs, and
their decoration with magnetite NPs. These composite materials were used in a supercapacitor, showing
high gravimetric and areal capacitances of 834 F g! and 1317.7 mF cm™ at a scan rate of 10 mV s,

respectively, and are thus a promising material for use in the next generation of energy storage devices.

Chapter 10 provides discussion on conclusions derived from the results along with highlighting the
significance of the research. It also includes future directions of the research, supported by some feasibility

studies.

1.2. Nanocarbon Materials

Carbon is inimitable and a vital element on earth because it has a unique ability to form robust covalent
bonds with other carbon atoms in varied hybridization states (sp, sp?, sp’).!> It can also participate in
covalent bonding with various non-metallic elements resulting in a wide range of structures, ranging from
small molecules to long chains. Covalent bonding between carbon atoms allows the element to be tailored
to form different morphologies, as the so-called allotropes of carbons, and some of these are in the
nanometre range. Different types of nanocarbon include activated carbon, carbon nanotubes, fullerenes
(Cs0, Cro, etc.) as molecular carbon, graphene, graphene scrolls, nano-diamonds, and more. These carbon

nanomaterials can exhibit remarkable properties including high electrical and thermal conductivity, high

3



structural stability, high mechanical strength, high surface area and outstanding photoluminescent
properties. These properties makes carbon nanomaterials useful for a diversity of applications, including
in drug delivery, solar voltaic cells, thin-film transistors, photovoltaics, energy storage, supercapacitors,

biosensors, photothermal therapy, heat dissipation, and more.*

Graphite

Ihigmond Fulferene

Figure 1. 1 Structural illustration of allotropes of carbon nanomaterials with sp? and sp? hybridisation. This figure
has been copied from reference 5.

Among the different nanocarbon allotropes (Figure 1. 1), OD fullerenes, 1D carbon nanotubes, and 2D
graphene can be considered as members of the same group since they are comprised of sp? carbon atoms,
except where there are otherwise dangling bonds, for example at the edges of graphene sheets. All these
nanocarbon allotropes have hexagonal networks of carbon atoms, except for the fullerenes which can also
take on five membered rings, and also defects in other material. They have significant difference in their
physical and chemical properties because of their different shapes and sizes.! The next section covers
details on the fabrication, properties, and applications of three popular nanocarbon allotropes, notably
fullerenes, CNTs, and graphene, along with analogous background for carbon nanorings which also

feature in the proposed research.



1.2.1. Fullerenes
Fullerenes are the OD form of graphitic carbon and are formed in different shapes and various forms, as
summarised in Figure 1. 2. The size of the fullerene is based on the number of carbon atoms, within the
range of 30 to 3000 carbon atoms. A number of fullerenes have been discovered, imcluding Cao, C24, Cas,
Cs32, C36, Cs0, Ceo, Cr0, Cr6, C7s, Cso, Csa,

and Cg4. Among all those the most stable

and indeed most studied fullerene is Ceo, @

XX

being 1.01 nm in diameter, as the link =
C73:3 (C2v) Csgo:1 (Dsq)

C70 (Dsh)
between molecules and nanomaterials. " @
AN\
® Fullerenes were discovered in 1985 by CoZ(D)  Ci3(C) Ca22(D)  Cowi23 Dz

Harry Kroto, Robert Curl and Richard Figure 1. 2 The structure of some of the different fullerenes
which have been established. This figure has been copied from

Smalley, and was recognised by their  reference 8.
award of 1995 Nobel Prize in Chemistry. The geometric shapes of fullerenes resemble the shape of

Buckminster Fuller’s geodesic dome and hence they are also named “Buckminsterfullerenes™.”®

1.2.2. Structure
The extraordinary chemical and physical properties of fullerenes relate to their different shapes, sizes, and
arrangement of carbon atoms, which gives rise to unique electronic structures. All fullerenes have an even
number of carbon atoms organised over the surface of a closed hollow cage. Each carbon atom is bonded
on the vertex of a polyhedron, covalently to other three carbon of atoms, which results in formation of

two single bonds along with one double bond, and hence is sp? hybridisation.



The most abundant fullerene Ceo consists of 20 hexagonal and
12 pentagonal rings, Figure 1.3 and has conjugated double
bonds. C-C bonds between hexagonal and pentagonal rings
behave like single bonds whereas those between two
hexagonal rings behave like double bonds. The single bond

character between pentagonal and hexagonal rings is

Figure 1. 3 Structure of fullerene C60.  associated with poor electron delocalisation. As a result, the

This figure has been copied from

reference 9. fullerene acts like an electron-deficient alkene and reacts

rapidly with electron-rich species. The Cso molecule has a van der Waals diameter of 1.01 nm, and nucleus

to nucleus diameter of around 0.71 nm.’ In the solid phase, Co exists in two different forms, as aggregates

or as a continuous crystalline structure, the most stable form taking on an fcc (face-centred cubic) lattice.!

1.2.3. Synthesis.

The first synthesis of fullerenes featured a laser vaporisation technique.” The one disadvantage of this

method is the low yield of fullerenes. Another technique involves two carbon electrodes kept in an inert

- &
I I
| Helium atmosphere ‘

Graphite rods

Fullerenes

Figure 1. 4 Scheme for fullerene synthesis
involving graphite heating using the electric
arc discharge method. This figure has been
copied from reference 9.

atmosphere, with a large DC current applied between
them. This results in a build-up of a carbon plasma arc
between the electrodes which eventually cools down
resulting in a fluffy condensate residue (soot), Figure 1.
4, from which fullerene can be isolated by solvent
extraction.'® Another method to prepare fullerenes is the
catalytic CVD (chemical vapour deposition) method

using a carbon sources.!! Laser irradiation of

polyaromatic hydrocarbons is another useful method to prepare large quantities of fullerenes.” Fullerenes
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can be readily characterised using a number of techniques, notably FTIR, UV-visible, NMR and Raman

spectroscopy, and mass spectroscopy.

1.2.4. Properties
Pristine fullerene molecules are insoluble in water and have limited soluble in most organic solvents.'?
Fullerene Ceo has moderate solubility in aromatic solvents, for example toluene (2.8 mg/mL), and carbon
disulfide (8.0 mg/mL). The spheroidal cage-like structure is remarkable stable in the absence of oxygen
and other oxidising agents, to temperatures above 1000 °C. At high pressures Ceo polymerises with other
fullerene molecules through covalent bond formation.! !> As previously discussed, the presence of single
bond characteristics between pentagon and hexagon rings (5:6) and the double bond character between
two hexagon rings (6:6) results in a poor electron delocalisation. Hence, fullerenes act like an electron-
deficient alkene and react rapidly with nucleophiles. Most reactants attack the two hexagonal ring
intersections which have higher electron densities.!®> Fullerenes have been widely used in
biopharmaceuticals as antioxidants due to their high reactivity with free radicals, which is a result of the
availability of a large number of conjugated double bonds as well as low lying Lowest Unoccupied

Molecular Orbitals (LUMO).

Fullerene Ceo molecules is one of the most efficient radical scavengers, able to trap 34 methyl radicals
onto it surface.'* Fullerenes in general can also be used as antimicrobial, and antiviral agents.!>!” They
find application in drug delivery, in chemically modified forms which become biocompatible, with
controlled release of the drug at the targeted site. Hydrophobic fullerenes can be made water-soluble by
reacting them with hydrophilic species.'® ! Fullerene CsoNHs is formed by the nitrogen doping Ceo, and
is effective for hydrogen uptake and storage.!? Its energy level arrangement is exceptional, with a small

difference between singlet and triplet excited states (0.15 eV), accounting for abnormally fast intersystem
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crossing with efficiency of around 96%. This property in manifested in its wide used in photochemical
transfer reactions as a dopant.?* 2! Functional fullerenes find application in polymer solar cells, as in for

example fullerene PCBM molecule (1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C61).2> 2

1.2.2. Carbon Nanotubes
Carbon nanotubes (CNTs) are the one-dimensional form of graphitic carbon. CNTs were first discovered
in 1991 by lijima.?* They have remarkable properties, and still attract much attention from the scientific

community.

1.2.3. Structure
CNTs has a hollow cylindrical structure that can thought of as rolled up sheets of graphite which can be
in different ways, Figure 1. 5. The most used CNTs are single-walled carbon nanotubes (SWCNTSs) and
multi-walled carbon nanotubes MWCNTSs. As the name suggests, SWCNTSs can be designed by the
rolling of a graphene layer into a unified
cylinder. However, MWCNTs consists of
multiple layers of graphite rolled in on

themselves to form a tube shape with

different diameters. The diameter of

Figure 1. 5 Structure of (a) a graphene sheet, (b) SWCNT
SWCNTs is around few nanometres (~1-3  and (c) a three shell MWCNT. This figure has been copied
from reference 12.

nm), but the diameter of MWCNTSs ranges
from few nanometres to several tens of nanometres (typically 4-11 nm) with lengths in general in the
micrometre range. The properties of MWCNTs are very different from SWCNTs due to the interplay of

the concentric tubes in MWCNTs. Like fullerenes, these also have trigonal sp? hybridised carbon atoms



(each surrounded by three carbon atoms),?® but now with all carbon atoms in hexagonal rings, with an

overall seamless honeycomb lattice, Figure 1. 6.

As discussed before, a CNT can be obtained by rolling a graphene sheets, and this is with minimal
distortion and can occur un many ways. The direction
of folding of graphene decides the structure and
properties of carbon nanotubes. The basic structure of

CNTs can be divided into three types.

1. Zig-Zag
2. Arm Chair
3. Chiral

Figure 1. 6 Schematic diagram of the chiral vector
and the chiral angle in a SWCNT. This figure has
been copied from reference 26.
This categorisation is done in terms of chiral vector
(C») and the chiral angle (0) shown in (Fig. 1). The Chiral vector (Cy) can be expressed by equation (1)
Cp = na; + ma; (1)
Where a; and a; are the base vectors. (n, m) is the integer pair and called the and indices of translation.

This integer pair decides the structure around the circumferences.

Chiral angle (6) can be expressed as in equation (2)

2n+m

2./ (m2+n2+mn) (2)

6 = arccos

If 8 = 0° the structure of SWCNTs is zigzag if 6 = 30°, the structure of SWCNTs is armchair, and for chiral
SWCNTs, 0 should be in between 0° to 30°. The diameter of a CNT resulting from a chiral vector (n, m)

is given by (3)

d = avn? +m2 +nm 3)



where d is the diameter and a =2.49 A
is the lattice constant of the honeycomb

lattice. The diameter of three CNTs in

- OO0 XS <
Figure 1. 7 are almost the same, but .0 ¥
’Ad
they show very different electrical -
properties.?¢ &

IO OO

Arm-chair  zigzag  chiral
(m,m) (m,0)  (m,n)

Figure 1. 7 Different types of arrangement of atoms in carbon

nanotubes: Armchair (Left), zigzag (Middle) and Chiral (Right).
This figure has been copied from reference 26.

1.2.4. Synthesis

CNTs were first synthesised by Iijima in 1991 using the arc discharge deposition method.?6-?® Other
methods include laser ablation and chemical vapour deposition (CVD). In the early days of development

@ of CNTs, high-temperature arc discharge and laser

L 3

CNTs
ﬂ synthesis uu
methods

® & _

Sono-

ablation were the most popular to prepare the material

(Figure 1. 8). Smalley et al. developed a unique method

chemical

cremca in 1995 using traditional laser ablation method to heat

thermal

graphitic carbon, in replacing the arc discharge method.”

However, the disadvantage of these techniques is the high

costs and complexity of the processing. Currently, low-
Figure 1. 8 Different methods used to prepare

CNTs. This figure has been copied from

temperature methods are more popular, as in chemical
reference 28.

vapour deposition (CVD) for temperatures < 800°C. An
advantage of this method over high-temperature techniques is the high control on the orientation, length,
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diameter and purity of CNTs.’*3! Carbon monoxide, methanol, ethanol, and hydrocarbons are the most
popular source of carbon for generating CNTs. In 2004, Hata et al. modified the CVD method,
dramatically extending the lifetime of the catalyst, and producing SWCNTSs millimetres in length.>? More
recently, the outer diameter of CNTs was found to depend on the size of the catalyst particle. In 2006,
Yamada et al. reported on the selective formation of double walled CNTs, which are generated by simply
changing the size of the catalyst particle.’> After preparing CNTSs, another major challenge is their
purification. Depending on the method used for preparing CNTs, they can have different impurities, with
the main impurities being carbonaceous materials such as amorphous carbon, metal catalyst and the
smaller fullerenes. 3*

A number of techniques are available for characterising CNTs, including photoluminescence
spectroscopy, IR and Raman and UV spectroscopy, scanning tunnelling microscopy, transmission
electronic microscopy, scanning electronic microscopy, thermal analysis (TGA/DTG), X-ray

photoelectron spectroscopy, and neutron and X-ray diffraction.**

1.2.5. Properties
The exceptional electronic, mechanical and thermal properties of CNTs’ have attracted much interest both
for fundamental understanding of their structure, and applications. Results from many theoretical and
experimental studies show that the CNTs have a high Young’s modulus along with high tensile strength,
electrical and thermal conductivity. The geometric differences in CNTs such as chirality, different
diameters and the degree of crystallinity significantly affect their electronic properties. SWNTs can be
semi-metallic or metallic in nature with resistivities ranging from 0.000035 to 0.00012 ohm-cm, but this
depends on their chiralities. Thio et al. established that the current densities of metallic CNTs are ca 6x10°
A cm™.% Overall, the unique electronic properties of CNTs results in their use in transistors, as an emitter,
in sensors, in vacuum microelectronics, and for X-ray generation. CNTs are considered exceptionally

strong materials, having high Young’s modulus, from ca 271 to 951 GPa. The tensile strength is also very
11



high, in the range of 11-63 GPa. CNTs have excellent thermal properties. SWCNTs with a diameter of
1.6 nm exhibit thermal conductivity of 3500 W/mK, and the thermal conductivity of MWCNTs at room
temperature is > 3000 W/mK. Other properties of CNTs include high catalytic activity in oxygen
reduction reaction, with their both chemical and physical properties manifested in their incorporation in

polymers as high-performance fillers.>®

1.2.3. Methods for cutting CNTs
The size of as-synthesized carbon nanotubes is usually a few tens of micrometres. The as-synthesized
CNTs are highly hydrophobic and hence this limits their processability. For example, due to their high
Young’s modulus, SWCNTs are used to increase the mechanical performance of polymers, but because
of their hydrophobic characteristics, dispersing SWCNTs in polymer is challenging. This can be addressed
by reducing the length of SWCNT, ideally to specific lengths to suit a particular application.” In another
example, short length nanotubes have better performance in transistors compared to the long length

nanotubes.*® CNTs with lengths < 299 nm can drastically improve their biocompatibility and the cellular

CNTs shortenin g As-received

Lt ENG,

piranha

ball milling

steam

Figure 1. 9 Cutting of carbon nanotubes using chemical and physical strategies. This figure has been copied
from reference 44.
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uptake.’ *° Importantly, short CNTs are less persistent in the body and are effortlessly biodegradable
compared to their longer counterparts. Researchers have established that short CNTs are cleared faster
from the lungs than their long counterparts.*!>** The thermal and electrical conductivity of short CNTs is
higher compared to longer CNTs.** Many articles have appeared dedicated to shortening of CNTs, with

two methods standing out:-

1. Chemical methods

2. Physical methods

Reactions occurring at sidewall defects (shortening) and highly reactive ends (cutting) are used as the
design strategy to chemically shorten CNTs, but which further leads to formation of functionalized and/or
open-ended nanotubes. Acid etching, ozonolysis, fluorination and steam treatment are some of the
chemical strategies used to shorted CNTs. Physical methods include using different energy sources
including electrons, y-rays and sonication. Mechanical cutting is also part of physical methods. Each
strategy leads to gaining access to samples which possess different functional groups, structural defects
and impurities and not surprisingly the yield and utility of the ensuing material is different in each case.
Thus, in focusing on a particular application, there are optional strategies to generate the optimal CNTs.
Shortening can be done on a large scale and the cutting methods for the same are categorized into three

types namely mechanical, liquid-phase oxidative and solid-state reaction cutting (Figure 1. 9).%*
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1.2.3.1. Liquid-phase oxidative cutting
One or more oxidants like HNO3, H2O» or a mixture of H>O» and HCI, a mixture of H>SO4, HNO3;, KMnQOj4
and NaOH, and KMnQy, are typically used in the liquid-phase oxidative cutting method. It provides the
benefit of simultaneous elimination of both amorphous carbon and metal catalyst which is not possible in

gas phase oxidation. The one disadvantage of this method is that it results significant defects on the

m
_ _ _ Sy
surface of CNTs (including cutting fkfr*ql’:'x:fik’f :}2:&’
. A
and opening CNTs).* Smalley e al. Fluorination

published a two-step process which

utilized the liquid phase oxidative

technique for cutting single-walled

carbon nanotubes (SWNTs) (Figure

1. 10). The two-step process Etching

involves the rupturing of C-C bonds j§ i s S “J;“
a; a EN agaaaa o~ ry

in the matrix followed by etching at
Figure 1. 10 (A) Liquid phase oxidative cutting scheme; (B) AFM

damaged sites to produce short image for defluorinated nanotubes, (a) before and (b) after treating
with Caro’s acid (H2SOs). This figure has been copied from
nanotubes. Fluorination is used to  reference 45.

introduce C-C bond breakage points, and piranha solutions have been used for the etching step. The CNTs

produced using these method have an average length of approx.100 nm (Figure 1. 10).4
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1.2.3.2.  Solid-state cutting
Solid state cutting of CNTs typically result in lengths ranging up to few micrometres. An exception is the
work by Wang et al. for the cutting of MWCNT to less than 200 nm in length which is associated with
disentanglement of the starting material. This involved depositing NiO particles on the surface of the
CNTs which react with each other, resulting in a narrow length distribution as well as being highly
dispersed. Another advantage of this method is that the loss of material during the process is considerably
less compared to gaseous or liquid-state reaction. Figure 1. 11 shows the TEM images for CNTs at each

stage of the solid-state reaction procedure.*’

Figure 1. 11 TEM images of MWCNTs at different stages of processing. (a) Original material. (b) Material
after Ni deposition. (c) NiO mediated cutting of MWCNTs. (d) Processed MWCNTs after removal of Ni
particles. This figure has been copied from reference 47.
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1.2.3.3. Mechanical cutting
Mechanical cutting is the combination of more than one process, which includes grinding, ball-milling
and sonicating. A number of examples in the literature use cyclodextrin as a solid solvent for efficient
cutting of SWCNT, with the original work reported by Chen et al. This method has the advantage over

oxidative cutting in that it does not damage the small diameter nanotubes.*® N. Pierard et al. used ball

milling to produce short

Sample name Method Description
MWCNTS The Overau M1 Mechanical cutting (w/o p-cyclodextrin) Ground for 30 min
M2 Mechanical cutting (w/B-cyclodextrin) Ground for 1h
S1 Solid-state reaction cutting -
. 01 Liquid-phase oxidative cutting Soaked in Piranha sol. for 30 min
procedure involved 02 Soaked in Piranha sol for 1h
03 Soaked in Piranha sol. for 3h
04 Soaked in Piranha sol. for 7h
.. 05 Soaked in Piranha sol. for 12h
deCOI’npOSItIOI’I Of MO1-1 Mechanical & oxidative cutting Ground for 30 min Soaked in Piranha sol. for 30 mi1
MO1-2 Soaked in Piranha sol. for 1h
MO1-3 Soaked in Piranha sol. for 3h
: MO1-4 Soaked in Piranha sol. for 7 h
acetylene on different  wois Soaked in Piranha sol. for 121
MO2-1 Ground for 1h Soaked in Piranha sol. for 30 mi1

types of supported metal g o102 MO1-1
catalysts, and then the
cleavage of the resulting
MWCNTs arising from

collisions between an

agate ball and the Figure 1. 12 TEM images of different methods of cutting CNTs. This figure has

been copied from reference 50.
nanotube powder

contained in an agate mortar. The average length of the CNTs produced by this method is approx. 0.8
um.®

Pfefferle and co-worker reported a new approach which combines the above methods, resulting in 50 to
200 nm long SWCNTs. This involved liquid- phase oxidation (Piranha solution) and ball milling, Table
1, with the mechanical grinding introducing sidewall defects in the SWCNTs. These can be removed by
soda lime, with then sonication in ethanol being effective in removing other defects on the surface of the

shortened nanotubes. TEM images of the various stages of the process are given in Figure 1. 12.%°
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1.2.4. Carbon nanorings
The last few years has scene developments in overcoming the high tensile strength of CNTs, with the

now the ability to exquisitely manipulate their size and morphology, notably into nanorings 3! %2,

53, 54 55, 56

nanorods , nanosphere and more. Carbon nanorings can be formed from both SWCNTs and
MWCNTs, and they are termed single-walled carbon nanorings (SWCNRs) and multi-walled carbon
nanorings (MWCNRs), respectively. The nanorings are considered crucially important carbon structure

as promising materials for device technologies. Nanoring CNTs are also termed as toroidal CNTs. *!

Carbon nanorings exhibit different properties compared to the straight CNTs. This is due to the
difference in the geometry as carbon nanorings have a circular geometry. Recently, a number of research
groups have reported the fabrication of carbon nanorings using a post-treatment processes. This is done
by bending CNTs into rings using chemical treatment. The disadvantage of this method is that it can
results in change is some of the crucial characteristics of nanotubes. To overcome these problems, the
carbon nanorings are fabricated directly on the substrate. Fabrication of carbon nanoring is possible
using a number of methods, including laser-growth, ultrasonic, chemical reactions, and chemical vapour
deposition (CVD). CVD is more advantageous over the other methods in being a single-step process.
Two step processes involve first the synthesis of the CNTs followed by acid treatment to form rings.
Liu et al. first prepared toroidal CNTs in 1997. The diameter of these carbon nanorings range from 300
nm to 500 nm and can be 5-15 nm wide. SEM and TEM studies revealed that SWNT ropes with 10 to
100 nanotubes were the foundation base for the carbon nanorings’ fabrication. Martel et al. used an
ultrasound-aided acid technique to synthesise carbon nanorings with typical diameters a few hundred

nanometres [10, 11]. Figure 1. 13 shows different kinds of carbon nanorings.>!
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50 nm
—

Figure 1. 13 SEM and TEM images of different types of toroidal CNTs. This figure has been copied from reference
51.

Carbon nanorings have high mechanical strength, conductivity and a paramagnetic moment.>® They have
potential for use in ultrasensitive force sensors, which benefits from their reversible elasticity, with the
same property also having potential in flexible and stretchable nanodevices. The magnetic properties of
carbon nanorings have resulted in their use in electromagnetic oscillators, and given their variable
electronic properties, they can also be used alongside nanoscale devices to build integrated circuits.
Specifically, the tube-like structure of the carbon nanorings helps in trapping ions, atoms and molecules,

and has potential as material for storing hydrogen.®
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1.2.5. Graphene

Graphene is the building block of natural graphite and is a remarkable material. Indeed, it is the strongest
known material in the nature world. Both fullerenes and CNTs can be considered as being derived from
the 2D graphene sheet. Graphene itself, with its unique properties came to attention of the scientific
community in 2004 with the report published by Geim and Novoselov. They used a micromechanical

exfoliation method to prepare single graphene sheets directly from graphite.*

1.2.5.1.  Structure

Graphene consists of sp? hybridised
carbon atoms arranged in a hexagonal
honeycomb lattice, which relate in
structure to the O-dimensional
fullerenes and  1D-dimensional
nanotubes, and can stack into the
three-dimensional graphite structure

Figure 1. 14.%

Figure 1. 14 Transformation of graphene into fullerene, SWCNT,
and graphite. This figure has been copied from reference 60.

1.2.5.2.  Synthesis
There are two primary methods used for the synthesise graphene. These are (Figure 1. 15):
1. top-down

2. bottom-up
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The top-down exfoliation methods include mechanical (scotch tape), chemical (solution-based exfoliation

or graphite oxide exfoliation/reduction), or electrochemical exfoliation (oxidation or reduction). The

purpose of these methods is to
overcome the strong van der Waals
forces between the graphene layers.
Another process which comes under
the same category is the formation of
graphene nanoribbons, arising from
opening or unzipping carbon
nanotubes using chemical or thermal
processes. Alternatively, as the name
suggests, the bottom-up method
involves degradation of small

molecules to form graphene. This can

~ CVD on metal
catalysts

e {

Figure 1. 15 Different methods for the ‘top down’ and ‘bottom up’
fabrication of graphene and graphene based materials. This figure has
been copied from reference 3.

be achieved by means of chemical (organic synthesis), thermal (SIC decomposition) or catalytic (CVD)

processess.>

1.2.5.3.  Properties

Graphene has been extensively studied, in exploring its exceptional mechanical, electronic and thermal

properties, having high tensile strength, high Young’s modulus, high surface area and high thermal

conductivity. In 2008, J. Hone et al. measured the elastic properties and intrinsic strength of a monolayer

of graphene, revealing 126 GPa and 1100 GPa tensile strength and Young’s modulus respectively, thereby

establishing it as the hardest material measured thus far, and highlighting its potential in applications for

ultra-strong materials and composites thereof.®! H.L. Stormer determined the electrical conductivity of

20



graphene as 1 x 108 S/m and charge mobility as 2 x 10° cm?/(V s), and these high values highlight the
potential of graphene for use in different electronic devices.> M. D. Stroller et al. determined the specific
surface area of mono graphene as 2629 m*/g, which is exceptionally high, leading to it being considered

as a material of choice in energy storage.®®

1.2.6. Graphene Oxide and Reduced Graphene Oxide
Graphene oxide (GO) is the oxidised form of graphene with a subsequent reduction step to then afford
single layered graphene sheets, referred to as reduced graphene oxide (rGO), Figure 1. 16. Schathacutl
reported the first synthesis of graphene oxide in 1840 involving intercalation of the graphite sheets. Other
popular techniques used for the production of graphite oxide include the Brodie, Hofmann, Staudenmaier,
and Hummers methods, Figure 1. 17. All these methods involve the chemical treatment of graphite
powder with strong acids such as
hydrochloric acid, sulfuric acid
and nitric acid. This is followed

by the formation of graphene

layers in  graphite  being

Figure 1. 16 The proposed structure of graphene oxide (GO). This figure ~ intercalated by alkali metals
has been copies from reference 64.

which results in the breakdown

of graphitic layers into smaller pieces.®* The one crucial characteristic of all these methods for preparing

GO is that it involves chemical processing which generates a waste stream, and thus the production of

graphene as such is not sustainable. Nevertheless, the hydrophilic GO is readily processible in water, in

which it forms stable aqueous colloids.%
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Graphene oxide is less aromatic compared to graphene, which impinges on its electrical properties, with

Graphite oxide (Oxidation of graphite)
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Figure 1. 18 Methods developed to prepare graphite oxide
(GO), which feature the use of strong acids and powerful
oxidising agents. This figure has been copied from reference
64.

extensively applied method to gain access to

GO acting as a semiconductor, distinctly
different to graphene starting material
which is a perfect conductor of electricity.
One strategy to improve the conductivity of
GO is to restore its aromaticity, as would be
expected by reducing GO to the so called
reduced graphene oxide, rGG. Indeed, such
reduction is possible using thermal or

chemical processing. The latter is the most

BRas e ot

rGO, as shown in Figure 1. 18.% The first step

of this process involves ultrasonication of GO

in water, in generating a homogeneous Graphite

colloidal dispersion of the material in water,

which is followed by adding strong reducing

Graphite oxide
(GO)

Exfoliation

2
Reduction
agents like NaBHs, and this leads to the % ‘%

formation of a waste stream. This reduced O hone 100 Graphene oxide

graphene oxide, is structurally graphene like, Figure 1. 17 CCG (chemically converted graphene)

prepared by the reduction of graphene oxide. This figure
but the materials is not pristine, in having has been copied from reference 64.

structural defects, with residual oxygen incorporated along with other heteroatoms. Also noteworthy is

that the reduced graphene oxide is colloidally unstable in water, affording a black precipitate. This is

because the newly formed graphite domains in each graphene results in increased hydrophobic behaviour

with a consequentially tendency to 7 -stack.®’



1.3. Dynamic Thin Films

Given the remarkable properties of the abovementioned carbon nanomaterials, developing novel
techniques for fabricating them using both ‘top down’ and ‘bottom up’ methods with control over their
formation while minimising the generation of waste is an important scientific endeavour. While traditional
methods have made significant advances in gaining access to various nanocarbon materials, there are a
number of challenges which warrant consideration, specifically in terms of the cost of the processing, the
yields and the waste streams produced as a result of using toxic and harsh chemicals and other reagents,

and this includes surfactants that result in contamination of the product.

This thesis focuses on studies into overcoming some of these challenges, using a continuous flow thin-
film microfluidic platform for developing novel methods to fabricate nanocarbon of various forms and
dimensionalities, along with studying their properties for potential applications.

Continuous flow thin film platforms that have been widely used to date include:

1, The Spinning Disc Processor (SDP)

2. The Rotating Tube Processor (RTP)

3. The Vortex Fluidic Device (VFD)

These platforms have shown versatility in many fields, beyond preparing nanomaterials, which harness
the tuneable shear stress generated as a result of the varying the rotational speed of the disc (SDP) or tube
(RTP or VFD). Compared to conventional methods, these continuous flow microfluidic devices have
shown advantageous for accelerating chemical reactions®® with enhancement of reaction selectivity,®
fabricating drug formulation,”® controlling the crystallisation of nanoparticles’' and fabricating composite
materials.”? Such control is related to the intense shear produced inside the thin films, which in the case

of the SDP arises from the viscous drag as the liquid accelerates centrifugally from the centre of the
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rapidly rotating disc. In the rotating tube processor (RTP), the shear stress is associated with the liquid
whirling along the tube which also creates viscous drag. The design of the vortex fluidic device (VFD) is
very similar to the horizontally aligned rotating tube processor (RTP), although the fluid dynamics and
associated shear stress is inherently complex and poorly understood, as discussed below. Nevertheless, in
terms of utility and applications, it has been shown to be more versatile than both the SDP and RTP.”
There is also a tube in a tube reactor which has high shear stress associated with the liquid being forced

under high pressure between two surfaces moving relative to each other.”
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Figure 1. 19 (a) Spinning disc processor (SDP), (b) rotating tube processor (RTP), (c¢) the vortex fluidic device
(VFD), (d) the average film thickness (mm) versus tilt angle (8) in the VFD, and (e) representation of the confined
mode and continuous flow modes of operation of the VFD. This figure has been copies from reference 73.
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1.3.1. Vortex Fluidic Device

C. L. Raston invented and designed the vortex fluidic device (VFD) with the first publication in 2012.7°
It is a novel approach in microfluidics, with a diversity of applications, including in organic synthesise,
probing the structure of self-organised systems and preparing nanomaterials. The VFD has a borosilicate
glass or quartz tube with a diameter of 20 mm, internal diameter 17.5 mm. The tube has one end open and
can rotate at speeds ranging from 2000 to 10000 rpm which generates a thin film of liquid along the tube,
depending on the volume present. The tube in the VFD is inclined at a tilt angle, 0, which can be readily
changed from 0° to 90°, Figure 1. 19¢. The addition of the reactants and the collection of the product in
the reaction differ according to the mode of processing. Processing in VFD has two modes of operation,
specified as the continuous flow mode and the confined flow mode, Figure 1. 19d. Continuous flow (CF)
has solutions delivered to the inside of the tube through jet feeds, to the base or at strategic positions along
the tube, with the flow rate of the liquids varied along with the rotational speed and inclination angle. The
confined mode is where a finite volume of liquid is added to a tube, which is spun across the rotational
landscape with the tilt angle varied. Both of these modes generate dynamic thin films with the thickness
> 200 um.%* " The uniformity and thickness of the dynamic thin films depends upon the flow rate,
inclination angle of the tube, residence time and the rotational speed of the tube, with the film extending
to the upper lip where the liquid is forced out of the tube. In the confined mode, the height of the film
depends on the amount of liquid, rotational speed and tilt angle. Both modes of operation of the VFD have
shear stress, ie. induced mechanical energy, but the nature of the fluid flow is inherently complex,
involving eddies from Faraday waves with associated pressure fluctuations, with a contribution from

Stewartson and Ekman layers and viscous drag due to the whirling of the liquid along the tube.”* 7

As previously mentioned, The VFD has distinct advantages over the SDP and RTP in terms of operating
features and applications. For the SDP and RTP, the amount of liquid needed for maintaining consistent
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shear intensity in the liquids flowing over the surfaces of rotating tubes, coupled with finite residence
times and high cost of construction, can limit the scope of their applications. The design of the VFD lends
itself to applying fields around the tube, such that molecules are treated close to the same as they move
along the tube. The thickness of the film and its large surface area are clearly important here. As an
example, photoredox reactions can greatly benefit from VFD processing, dramatically improving the
conversion, up to 96%, with the ability to shroud the rotating tube with LED light sources.”’
An importantly characteristic of dynamic thin film in the VFD is the high mass and heat transfer.
However, reactions in the — ‘_
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batch processing (non-VFD  Figure 1. 20 Examples of VFD-mediated organic synthesis greatly benefiting
their outcome in terms of selectivity, yield, and the ability to make complex

control), Figure = 20A. molecules in minutes for a single pass of liquid along the tube using
strategically placed jet feeds. This figure has been copies from reference 74.

Another example is shown

in Figure 1. 20B, which focuses on the synthesis of 2,4,6-triarylpyridines. Here the Michael addition

product is formed instead of the Schiff-base product. This chemoselectivity contrasts with the outcome in

a round bottom flask (traditional batch processing), in which uneven heating prevails, and the opposite

result occurs. Similarly, the results in Figure 1. 20C, highlight the difference in the outcome of reactions
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using a VFD compared to conventional heating, with all the products in the VFD mediated synthesis

chromatographically isolated, having >95% purity.”

1.3.2. Processing of carbon-based materials using the VFD

1.3.2.1. Carbon nanotubes

1.3.2.1.1. Lateral ‘slicing’ of single, double and multi-walled carbon nanotubes
In 2016, K. Vimalanathan et al.”® reported a novel method for the lateral slicing of carbon nanotubes
CNTs (single, double and multi-walled, respectively SWCNTs, DWCNTs and MWCNTs)) within the
dynamic thin film in the VFD. This involves simultaneously irradiating the liquid in the rapidly glass tube
with a pulsed laser, in particular a Nd:YAG crystal laser operating at 1064 nm, Figure 1. 21. The VFD
was operated at an inclination angle of 45°, which is now recognised as the optimal angle for processing
in general using the VFD, and 7500 rpm rotational speed, Figure 1. 21D. The advantages of this method
of slicing CNTs over the conventional methods is that the resulting short tubes are devoid of surface
defects, as well as avoiding the use of toxic reagents and harsh chemicals. Controlled slicing of SWCNTs,
DWCNTs and MWCNTs was established with length distributions centred at ca 190, 160 nm and 171
nm, respectively, as determined using AFM, and supported by small-angle neutron scattering solution
data.”® In addition, time-dependent studies showed that with the increase in the irradiation time, more
slicing and narrow length distribution was evident for SWCNTs compared to DWCNTs and MWCNTs.
The slicing of the CNTs using the VFD was for both modes of operation of the device, namely continuous
flow and confined mode, with the latter better able control the length of SWCNTs compared to the

DWCNTs and MWCNTs.
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Figure 1. 21 AFM height images of laterally sliced CNTs for reaction times of (1) ten minutes, (ii) thirty-minutes
and (iii) one hour, for (A) SWCNTs, (B), DWCNTs, and (C), and MWCNTSs. (D) Experimental setup for lateral
slicing CNTs. This figure has been copies from reference 78.
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1.3.2.1.2. Fabricating of carbon nanorings toroid structure

Raston and co-worker 7 have developed a novel VFD mediated approach to prepare single-wall carbon
nanorings of various morphologies with control over their diameter, as characterised using AFM and
TEM. They were
‘-, J . fabricated using an
“ » immiscible  solvent
o A
10

system of toluene

500 nm _ ' e and water, with an

optimal  rotational
speed of 7500 rpm,
and a tilt angle of 45°.
The nanorings

comprised of coiled

B 100 nm
S N L PR 2R v P T

B S : SWCNTs with
Figure 1. 22 (a-c) AFM images of carbon nanorings made up of coiled SWCNTSs, and
(d-f) and TEM images of the different carbon nanoring structures, with all the rings ~ diameters  ranging

formed in a 20 mm OD glass tube. This figure has been copied from reference 79.
from 300 to 700 nm,

for a 20 mm dimeter glass tube (ID 17.5 mm), Figure 1. 22, and 100 to 200 nm for a 10 mm OD glass
tube (ID 8.5 mm). This is the first report on gaining insight into the effects of varying the diameter of the
tube.”” The results clearly show that SWCNTSs are bent from the shear stress in the VFD, and this is
important in considering the effect of the pulsed laser for sling SWCNTs, and also DWCNTs and
MWCNTs, as discussed above. The vibrational energy from absorption of the NIR radiation results in C-

C bond cleavage associated with shear stress induced bending of the SWCNTs.
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1.3.2.1.3. Synthesis of luminescent carbon nanodots

X. Luo et al. 3 reported a simple, environmentally friendly novel continuous flow method to prepare
water-soluble carbon nanodots (CDs) using the VFD. The flow rate was set at 0.45 mL min!. This
involved delivering a dispersion of MWCNTs in 30% H2O: created in a magnetically stirred syringe, to

the VFD tube which was ;

2nd cycle of VED &

processing

| 1st cycle of VED :

simultaneously irradiated processing

with a Q-switch Nd:YAG

laser operating at 1064 ;mg; H,0, 2 cycles of VFD
S T Laser at460 mJ, e processing
VFD at 7500 PR

nm. The resulting carbon
nanodots CDs which
arise form controlled
oxidation of the carbon
material were

characterised using a

diversity of techniques, Figure 1. 23 Schematic representation of NIR laser-VFD mediated fabrication of

carbon dots (CDs) from multiwall carbon nanotubes. CDs fabricated under
optimized conditions (two cycles continuous flow, 0.1 mg mL™!, flow rate of 0.45
mL min~!, 7500 rpm, 450 mJ, at 45° tilt angle). This figure has been copies from
reference 8§0.

including SEM, TEM,
AFM, Rama, IR, UV-
visible, fluorescence, and X-ray photoelectron spectroscopy. The as-prepared CDs are quasi-spherical
with an average diameter of 6 nm (ranging from 3 to 13 nm), with the data consistent with the proposed

structure shown in Figure 1. 23, comprising a number of layers of graphene sheets.
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1.3.2.2.  Fullerene Ceo
1.3.2.2.1. VFD mediated self-assembly of Ceo into nanotubules
There are a variety of methods reported on controlling the crystallisation of Cgo molecules, in forming a
diversity of different structures. Most of the methods developed thus far use surfactants and toxic solvents.
K. Vimalanathan et al. developed a method to fabricate hollow tubules of self-assembled fullerene Cgo®!
using the VFD, without the use of any surfactants, where the fullerene dissolved in toluene and water
were delivered in separate jet feeds, under continuous flow conditions, with water effectively the anti-
—— solvent (ratio of toluene
and  water 1:1).
Optimisation  of  the
process for such control
of nucleation and growth
of nano-structures of Cego
involved systematically
varying the processing

parameters of the device,

gy I
400 nm 400 nm

Figure 1. 24 SEM images of Ce) nanotubules fabricated in the VFD at 7000 rpm, ~ Initially rotational speed

using a mixture of toluene and water in a 1:1 ratio. This figure has been copies o
and inclination angle of

from reference 81.
the glass tube, before translating the processing into continuous flow. The hollow nanotubules, Figure 1.

24, are approximate 0.4 to 3 um in length with an inner diameter of about 100 to 400 nm, which were

formed using an inclination angle 45° and a rotational speed of 7000 rpm.
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1.3.2.2.2. VFD mediated self-assembly of Ceo into cones

Self-assembled cone-shaped fullerenes have been synthesised under continuous flow processing in the

VFD, Figure 26. Here, as received Ceo was dissolved in o-xylene over 24 hours, followed by filtration and

then mixing with dimethyl
formamide (DMF) as an
anti-solvent during the
VFD processing.?
Separate syringe pumps
were used to deliver a 1:1
mixture of  o-xylene
solution of the fullerene
and DMF to the
hemispherical base of the
rapidly  rotating  tube
through jet feeds 1 and 2,
Figure 26a. The resulting
cones are uniform in
shape, as determined using

SEM, without the

Figure 1. 25 (a) Schematic representation of self-assembly of Cg using the
VFD; (c)—(g) SEM images of the cones fabricated under continuous flow mode
at 4000 rpm, flow rate, 0.5 mL min! and Ceo concentration 0.5 mg mL"'. This
figure has been copied from reference 82.

necessity to coat them with Pt to impart conduction, as highlighted for the cones in Figure 1. 25c-g. The

diameter of the cones ranged from 0.5 to 2.5 um, and their thickness ranged from 120 nm to 310 nm. They

were also characterized using XRD, Raman, TGA and DSC. Interestingly, other ratios of the solvents

were not as effective as the 1: 1 ratio.®?
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1.3.2.3.  Exfoliation of 2D materials
1.3.2.3.1. Exfoliation of 2D Carbon Nanomaterial

The Raston research group reported on the ability of the VFD to exfoliate 2D graphite and isostructural
2D hexagonal boron nitride in N-methyl-pyrrolidone (NMP), as the solvent of choice at the time.” Indeed,
this work, published in 2012, was the first report on VFD processing, which featured a 10 mm dimeter
glass tube, with now most of the processing in a 20 mm OD tube. The processing was in the confined
mode of operation, and was optimal for a tilt angle of 45°, with the tube rotating at 7000 and 8000 rpm
for graphite and BN respectively. Exfoliation of graphene using the spinning disc processors (SDP) was
also investigated, but this led to small amounts of graphene scrolls, and required recycling.®* A difficulty
here was the need for large volumes of solvent for any optimisation of the process. The same would also
apply to the use of the RTP.

Shearing and the consequential exfoliation in the VFD was thought to involve displacement of graphene
or h-BN sheets relative to each other, Figure 1. 26b, and/or slippage at the interface of graphite flakes

with the surface of the tube.

Centrifugal
farce

Figure 1. 26 Illustration of (a) the microfluidic flow velocity indicted by red arrows for a section of the rotating
tube, and (b) the exfoliation process on the upper surface of a graphite flake, and (¢) slippage on the inner surface
of the tube. This figure has been copies from reference 75.
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1.3.2.3.2. Exfoliation of Phosphorene Nanosheets

A practical, simple, and fast “top-down” VFD mediated method has been developed to produce solution-

processable few-layer a

Vortex-Fluidic

phosphorene  nanosheets Device /

under confined mode of
[/

L)

Nd:YAG
(A = 1064 nm)

operation of the VFD.%

NIR radiation from a

pulsed laser also featured
15.0 nm

in the exfoliation process,
with the ensuing sheets of

phosphorene extremely
3.5 40 45 5.0 55

Thickness (nm)
0.0 Height 3.4 um

thin (4.3 £ 0.4 nm), and

having high crystallinity
Figure 1. 27 (a) Schematic for production phosphorene using the VFD at 6000

Figure 1. 27. These rpm, operating under the confined mode of operation, with a Nd:YAG pulsed
laser operating at 280 mJ and 1064 nm. (b) AFM image of few-layer
nanosheets have been  phosphorene nanosheets. Inset shows the histogram of heights. (c) TEM image
of phosphorene nanosheet. Inset shows the SAED pattern. (d-f) High-angle
incorporated into  annular dark-field (HAADF STEM) image with its EDX elemental mapping.
(g) High-resolution TEM image of phosphorene. Scale bar: 1 nm. This figure
perovskite solar cells asthe  has been copied from reference 84.

effective electron transporting material, resulting in an increase in average power conversion efficiency
(PCE) from 14.32% to 16.53%. DFT studies are consistent with the PCE improvements arising from the

high carrier mobility and suitable band energy alignment of the phosphorene 5.
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1.3.2.3.3. Plasma assisted VFD manipulation of graphene oxide and oxidation methylene blue

The Raston group has developed a VFD where a
plasma is generated over the dynamic thin liquid
film, Figure 1.28% The species in the plasma are
drawn into the thin film as a high mass transfer
process, at the plasma-liquid interface, and
depending on the choice of gas, nanomaterials can
be modified, as established for graphene oxide.
The same device has other applications, including
breaking down of dyes, as a proof of concept

environmental remediation process.

Methylene Blue in Water

Syringe Pump

Plasma
Circuit

—] Plasma-Treated
Liquid Collected

Figure 1. 29 Schematic for oxidation of methylene blue

Gas /Liquid

Inner Electrode
Feed

Plasma
Alternating Circuit
E-Field ignites
aplasma
above the
liquid

in the plasma are
efficiently transferred

Active species formed
into the thin film

Plasma- Treated
Liquid Collected

Figure 1. 28 A modified VFD for generating a plasma
over the surface of the thin film in the device, (insets) a
schematic representation of the plasma generation
above the liquid film, a photo of the device and the
micro discharges observed during the plasma-
processing. This figure has been copies from reference
85.

Jones et al. have also developed another
continuous flow non-thermal plasma VFD,

which under continuous flow results in

oxidations of methylene blue (Figure 1.29).56
Furthermore, the thin film of liquid can be

adjusted by varying the rotational of The

VFD. Overall, reducing the film thickness

using non-thermal plasma thin film processing within a

continuous flow VFD. An inset photograph of the device
highlights the key features of the process. This figure has

been copied from reference 86.

enhances the oxidation of the precursor. This

feature within VFD processing allows flux-

driven chemical processing, such as photo-catalysis, photo-redox and electrochemistry. Such a technique

will improve green chemistry metrics by reducing the environmental and economic impact of chemical

processing through more efficient energy usage.
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1.3.2.4.  Scrolling of 2D materials

1.3.2.4.1. Scrolling of graphene from graphite

2D Graphene has high stiffness, but nevertheless it can be rolled up into 3D graphene scrolls, with the

ability to modify the diameter of these scrolls by varying the method used to fabricate them. In this way

graphene scrolls have potential in a number of applications, including in hydrogen storage and

VFD
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Figure 1. 30 (a) Schematic of the fabrication of graphene scrolls from
graphite dispersed in toluene and water (1:1) with a starting
concentration of 0.5 mg mL"!, using the confined mode of operation
of the VFD, with the tube rotating at 7500 rpm. (b) AFM and SEM
images of the graphene scrolls. (c) Raman spectra of as received
graphite flakes and the graphene scrolls (d) TEM and HRTEM
characterization of an individual graphene scroll. This figure has
been copied from reference 87.

supercapacitors. All methods
reported thus far for generating
scrolls come with some limitations,
especially their formation in low
yields, for example in using a SDP.%}
This was overcome in a method
developed by Vimalanathan et al.
which involves the formation of
graphene scroll directly from
graphite flakes using the VFD.¥
Here the combination of interfacial
tension from the immiscible solvent
of toluene and water and shear stress

generated within the dynamic thin

films facilitated the shearing and bending of the graphene sheets, affording the scrolls. These were

characterised using AFM, SEM, TEM and HRTEM and Raman spectroscopy, Figure 1. 30(b-d). Optimal

processing for generating scrolls directly from graphite is for a concentration at 0.5 mg.mL"! with the ratio

of graphite in toluene and water at 1:1, with the scrolls having san average lattice spacing of 0.367 nm.*’
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1.3.2.4.2. Scrolling hexagonal boron nitride (£-BN)

Hexagonal boron nitride (4-BN) is readily exfoliated or exfoliated with scrolling in water using the VFD

operating under continuous flow conditions®® as an environmentally friendly method, using a benign

solvent, with the processing devoid of harsh
chemicals and surfactants. Exfoliation versus
scrolling is simply achieved by small changes in the
operating parameters of the VFD, including
concentration and flow rate, and this highlights the
complexity of the fluid flow in the device.®® Scrolls
are generated at 6000 rpm, with a concentration of
h-BN in water at 0.1 mg.mL"!, and a flow rate of
0.75 mL.min"', whereas exfoliation is optimal at the
same speed, but with a concentration of 0.3 mg/mL
dispersed in water and a flow rate of 0.75 mL.min
! Figure 1.31. Interestingly, a key difference of this

processing relative to all other processing in the
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Figure 1. 31 (a) Diagram of the VFD set up for
selectively exfoliating or scrolling hexagonal boron
nitride. (b) Zoomed in section showing transport of
the liquid inside the rapidly rotating tube. (c) The
different manipulation of the hexagonal-boron
nitride during VFD processing. This figure has been
copied from reference 88.

VED is that the tilt angle of the tube was -45°%% all other applications of VFD have an optimal tilt angle

of +45°. This was found necessary to overcome the build-up of material in the tube at +45°, and the new

tilt angle reduced the residence time of liquid in the tube from 6 min at +45° to 2 minutes at -45°. The

formation of the scrolls versus exfoliation comes from AFM, SEM, TEM and HRTEM, and Raman

spectroscopy.®®
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1.3.2.5.  Synthesis of metal oxide nanoparticles

1.3.2.5.1. Synthesis of superparamagnetic magnetite nanoparticles
A number of methods have been developed
for preparing superparamagnetic magnetite,
Fe;04, nanoparticles including in the VFD
under continuous flow conditions, as an
adaption of the device for metal vapour

synthesis, which avoids the use of any

chemicals.® Here a Nd:YAG pulsed laser SR

Figure 1. 32 TEM, HRTEM, and SAED for generating
irradiates a pure iron target in the VFD tube, magnetite NPs involving laser irradiation (1064 nm, 360
m)]) of an iron rod placed inside the VFD tube with the
device operated under continuous flow mode, rotational
speed 7500 rpm and flow rate 0.1 mL.min"'. (a) Magnetite
nanoparticles which exited the VFD, and (b) magnetite
nanoparticles which were retained inside the tube during

processing. This figure has been copied from reference
89.

generating a plume of metal. This reacts with
oxygen forming particles of magnetite which
are drawn in the liquid, affording spherical or
hexagonal shaped nanoparticles, as individual

single crystals approximately 15 nm in diameter (Figure 1.32).%

1.3.2.5.2. Synthesis of copper oxide nanoparticles

In the same way, dicopper oxide (Cu0) nanoparticles are generated as a NIR pulsed laser ablation of
copper metal inside the rapidly rotating VFD tube.”® Both continuous flow and confined flow modes of
operation of the VFD are effective in generating Cu20 nanoparticles in high yield. Solutions of these
particles transform to copper oxide (CuO) in water at 50 °C over 10 h, Figure 1.33a-c. The use of water

as a solvent is also noteworthy, in avoiding potentially waste generating reagents, which feature in the
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conventional synthesis of the material.”®
The two different materials, varying in
oxidation of the metal, can be readily
distinguished using X-ray diffraction,
with the size of the nanoparticles

determined using the Scherrer equation,

Dispersion of
dicopper oxide

Jet feed

’ Pure copper rod \
/
Dicopper oxide

V}?Iﬂhl
_/

- .
Copper oxide
50 C°/10 h z
® meee | .
\

® % 4 s € M 8 90 2 3 4 = 6 W 80 %0

2 theta 2 theta
Figure 1.33d and e.”° Figure 1. 33 (a) Diagram of VFD processing for generating

Cu,0 nanoparticles. (b and ¢) Zoomed-in of the tube where

Cu,0 is formed after the irradiation of the copper rod. (d
and e) X-ray diffraction patterns for Cu,O and CuO. This
figure has been copied from reference 90.

1.3.2.6.  Synthesis of composite materials in the VFD

1.3.2.6.1. h-BN@magnetite

Following the success of generating magnetite
nanoparticles in the VFD, the same processing
was investigated, now with the thin film of
water containing 4-BN (0.1 mg.mL™'), in
developing a one step process for gaining
access to a composite materials.”! The
optimum tilt angle was +45° and the optimal
rotational speed was 7500 rpm, with the
material characterised using AFM, SEM, TEM
and HRTEM, and Raman spectroscopy, Figure
1. 34. The product has superparamagnetic
magnetite nanoparticles dispersed randomly
on the surface of h-BN, with the composite

material, A-BN@magnetite, having high

Figure 1. 34 SEM images of (a-b) As received 4-BN. (c)
Magnetite NPs formed in the absence of A-BN. (d—f)
Phosphate binding h-BN(@magnetite hybrid material,
fabricated in the VFD under 7500 rpm and A-BN
dispersed in water (0.1 mg.mL™"), with a pulsed laser
operating at 1064 nm and 360 mJ. This figure has been
copied from reference 91.
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porosity and high surface area.”! It is effective in removing phosphate from waste water, with the material

able to be readily recycled.

1.3.2.6.2. Decorating nanoparticles on carbon nanomaterials

The VFD is effective in decorating platinum
nanoparticles on carbon nano-onions,”” with the i
processing in water and the ability to control the -
density of nanoparticles, depending on the operating
parameters of the device, using hydrogen as the
reducing agent, Figure 1. 35. The Pt NP decorated
carbon nano-onions composites have excellent
electrocatalytic activity. In a similar way, Pt
nanoparticles were successfully decorated on carbon
nano-onion using environmentally friendly ascorbic
acid as the reducing agent. Formation of the two types

of deductions of platinum (hydrogen versus ascorbic

acid) rely on the shear stress in the VFD.*?
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Figure 1. 36 Diagrammatic decoration of (I)
Carbon nanomaterials (CNMs) including
carbon nanotubes and carbon nano onion with
palladium nanoparticles. (II) Calixarene
functionalized CNMs using a different speed
of the VFD (IIl), in affording (IV). This figure
has been copied from reference 93.
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Figure 1. 35 Scheme representing the process for
decoration carbon nanoonions (CNOs) with Pt
nanoparticles. (a-d) TEM images of Pt/CNOs
decorated at various temperatures. This figure has
been copied from reference 92.

SWCNTs can also be decorated with palladium
nanoparticles using the VFD,?® Figure 1. 36, in forming a
composite material which effectively combines the
electrical properties of the SWCNTs with a hydrogen
absorption ability of Pd, for use in sensor applications. The
first step of the processing is binding Pd** to p-
phosphonated calixarenes on the surface of the SWCNTs,
with reduction taking place in the VFD affording Pd
nanoparticles 1-5 nm in diameter. The composite material
is effective in sensing hydrogen gas in the range of 0.1—

10%.%
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1.3.2.6.3. Synthesis of hybrid carbon nanomaterials involving microorganisms

Microencapsulation of bacteria is of interest in providing a protective layer while retaining their function,

except for replication which can clog the matrix.”* The VFD has shown promise in this regard,’* with the

Preparation of bacteria culture
|5. aureus and R. opacus)in
nutrient media

Synthesis of GO via modified
Hummer’s method

R. opacus 5. aureus

Ml °%
J

Mixing in VFD

Figure 1. 37 Diagram of the preparation of graphene oxide
wrapped bacteria using a 10 mm VFD tube, operating at
5000and 8000 rpm. This figure has been copied from reference
94.

ability to encapsulate R. Opacus and S.
Aureus bacteria with graphene oxide
while keeping the cells alive and
biologically active, Figure 1. 37. This used
a 10 mm OD dimeter tube and a 1:1
mixture of 0.1 mg/mL graphene oxide and
0.5 mL of bacterial solution, using the
confined mode for rotational speeds of
5000 and 8000 rpm for 1 minute after
mixing both solutions of GO and
bacteria.”* The ability to wrap bacteria

with different morphologies “spherical

and rod shaped” relates to the nature of the fluid flow in the VFD, and part of this thesis is focused at

understanding this.
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1.3.2.6.4. Graphene encapsulation of algal cells

The VFD was also effective in in exfoliating graphene as multilayered material and then partial wrapping

of algal cells.” The exfoliation of graphite flakes was in water using the confine mode of the VFD, for a

H,0
10 mm OD tube. The cross-section area =45
of the graphite flakes was 7-10 um and S
grap H Graphite Sakes Exfoliation
Cross section = VI,
the inclination angle of the tube was ~T-1 pm 7 Confined mode
optimal at 45° with the rotational speed
optimal at 7000 rpm for 30 minutes of £
Algal eells - VFE,

processing. The wrapping step involved - Continuous fow

recycling made

) N —2 .

addition 1 mL of a suspension of wild \ Sow rate’d oilinsn

— Diameter ~ 3 - Sjpm
type Chlorella Vulgaris and the mixture

recycled through the VFD under Figure 1. 38 Illustration of the VFD mediated hybridization
procedure for exfoliating multi-layered graphene and wrapping

continuous flow conditions, also using algal cells using a 10 mm OD glass tube. This figure has been
copied from reference 95.

a 10 mm OD glass tube, Figure 1. 38.%
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1.4. Research Aims and Objectives
The main focus of this thesis centres around the ability to fabricate and manipulate carbon materials under
continuous flow, without altering their explicit properties, which can be benefit for wide range of

applications.

Conventional batch processing methods have dominated the field of fabricating material science. Carbon
nanomaterials have been extensively studied, due to their seemingly limitless and extraordinary properties
that can be utilized in a diversity of fields. Many successful methods have been reported, in significantly
advancing the field. However, there are still some challenges and limitations which need to be addressed
in the area of fabricating nanomaterials, such as scalability, the quality of the material, economic

sustainability and the environmental impact issues.

Fulfilling the demand for the availability of different carbon nanomaterials, having precisely controlled
nanoscale length with scalability incorporated into the processing, is important for future uptake by

industry for which there are a myriad of applications.

Another effective strategy over traditional batch processing is therefore required, and this led to the
development of innovative processing platforms which can address the above limitations while
controlling the length scales. Thus, employing the use of controllable mechanoenergy generated in the
VFD microfluidic platform, has potential for developing novel methods to gain access to various
nanocarbon material, and indeed new materials, with uniformity of structure, as well as properties, at the

same time incorporating sustainability/green chemistry metrics.

These challenges have been addressed in the research undertaken and described in this thesis under the

specific aims: The thesis is presented with the chapters ordered relative to the development of the VFD
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processing, initially for manipulate carbon nanotubes, followed by processing of 2D materials, then the

fabrication of novel composite materials.

1.

Control the length of sliced SWCNTs in a scalable way using the VFD, without introducing
defects into the side walls of the SWCNTSs, and avoiding the use of hazardous chemicals or
surfactant.

Develop a novel method to vertically self-assemble aligned sliced MWCNTs on a silicon
substrate, after the availability of the tubes with a short length scale and narrow size distribution.
Fabricate coiled SWCNT rings as a high yield process in the VFD, in the absence of surfactant or
any other reagents, and investigate their magnetic properties.

Fabricate graphene oxide scrolls in aqueous solution as a high yield process in the VFD,
incorporating principles of green chemistry metrics in avoiding the use of other reagents.
Understand the fluid flow in the VFD, by establishing the ability to scroll and unscroll GO sheets,
depending on the rotational speed of the VFD and the nature of the liquid, along with the ability
to manipulate the structure of sell-assembled Ceo.

Develop a new strategy for generating reduced graphene oxide (rGO) from GO dispersed in water,
using VFD processing, such that it is scalable and avoids the use of harsh reducing agents.
Fabricate composite materials of MWCNTs decorated with metal nanoparticles in the VFD, to
overcome the otherwise use of long processing times and harsh chemicals, and appraise these
composite materials for applications in energy storage.

Develop simple methods to synthesis composite spherical materials of graphene and fullerenes
Ceo at room temperature in the VFD, without using harsh chemicals or surfactants, and appraise

them as material in supercapacitors.

Results of each aim are reported in published articles, which form the basis of the following chapters.
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2.1. Abstract

Single walled carbon nanotubes (SWCNTs) are sliced with control over their length distribution within a
laser irradiated dynamic thin film in a vortex fluidic device (VFD) operating under continuous flow
conditions. Length control depends on the laser pulse energy, the flow rate of the liquid entering the
device, the speed of the rapidly rotating tube and its tilt angle, choice of solvent and concentration of the
as received SWCNTs. The induced mechanoenergy in the thin film while being simultaneously irradiated
with a Nd:YAG pulsed laser operating at 1064 nm wavelength results in the slicing, with laser pulse
energies of 250, 400 and 600 mJ affording 700, 300 and 80 nm length distributions of SWCNTSs

respectively. The processing avoids the need for using any other reagents, is scalable under continuous

flow conditions, and does not introduce defects into the side walls of the SWCNTs.

Keywords; Single walled carbon nanotubes, length distribution, vortex fluidic device, thin film

microfluidics, scalability.
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2.2. Introduction

Single-walled carbon nanotubes (SWCNTs) show remarkable physical, chemical, electrical, and

mechanical properties with applications in a number of fields '~

. Many techniques have been used to
produce CNTs, including chemical vapour deposition (CVD), arc-discharge and laser ablation *%. As
prepared SWCNTs typically have lengths greater than a few micrometers, and have a high degree of
aggregation and bundling because of the high aspect ratio and favorable van der Waals interactions. In
addition, they have various levels of side wall defects, leading them to not be atomically straight. These
properties pose a number of challenges in developing many of the applications of SWCNTSs. They are
additional to the challenges in controlling the chirality of SWCNTSs and in gaining access to high purity
samples with all the SWCNTSs having the same arrangement of carbon atoms, with them being all semi-
conducting or conducting "®. There have been advances in preparing pure long SWCNTs of the same

chirality *!!.

The availability of SWCNTSs with a narrow length distribution and devoid of defects, other than at the
ends of the tubes, would facilitate uptake of SWCNTs by industry for a number of applications where a

13-14 and biomedical

specific length is required. This includes electronic devices, > !2 solar cell technology
sciences!”. Moreover, controlling the length of SWCNTS is important for facilitating the separation of
different chirality SWCNTs, which then leads into other applications . Several methods have been
reported for shortening SWCNTs using different physical, electrical or chemical strategies '©22.
Shortening SWCNTs usually requires high-energy sonication in toxic reagents, with long processing
times, little control of the length, broad length distributions, and induced defects along the length of the
tubes. In recent studies we developed the ability to slice SWCNTSs, and indeed double walled and multi-
walled CNTs, in a colloidal suspension of the material under high shear 2. This involved the use of a

vortex fluidic device (VFD), Figure 2. 1, as a thin film microfluidic platform, which can operate under

the so-called confined or continuous flow modes >*2°. The VFD is a versatile microfluidic platform with
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a number of applications in addition to slicing of CNTs, including protein folding 2°, enhancing enzymatic
reactions 27, protein immobilization 2%, the fabrication of Ceo tubules using water as an ‘anti-solvent’ %%,
exfoliation of graphite and boron nitride *°, growth of palladium nano-particles on carbon nano-onions 3!,
the synthesis of carbon dots 2, decorating carbon nano-onion with Pt nanoparticles *, transforming
graphene oxide sheets into scrolls **, probing the structure of self organized systems, and controlling

chemical reactivity and selectivity *>. The dynamic thin film in a VFD has Stewartson/Ekman layers,

with the liquid accelerating up the tube and exiting at the top, with gravitational force affecting them 2°.

The continuous flow mode of operation of the VFD has the attractive feature of addressing scalability of
a process at the inception of the research. Here jet feeds deliver reagents into an inclined rapidly rotating
20 mm OD glass tube. We have reported optimized conditions for slicing SWCNTs, DWCNTs and
MWCNTs down to lengths of 170 nm, 157 nm and 160 nm, respectively. 2> These involve the use of a
mixture of water and N-methylpyrolidine (NMP) as the solvent. In the absence of the laser and using a
water/toluene a solvent mixture, the SWCNTSs role up into compact toroids comprised of a number of
tubes, which establishes that under high shear the SWCNTs are bent *°. This is important in understanding
the mechanism of slicing using the pulsed laser, in that bending coupled with induced vibrational energy
imparted by a pulsed laser leads to bond cleavage and slicing through the tubes, as supported by theoretical

studies 2.

We hypothesized that the length of the sliced SWCNTSs can be controlled by varying the energy of the
pulsed laser and the shear stress determined by the rotational speed, and the process optimised by varying
other operational parameters of the VFD. Indeed, in systematically exploring the parameter space of the
device, we have established that the length can be controlled, achieving length distributions ca. 80, 300
and 700 nm, with a significant reduction in the level of defects along the tubes relative to the as received

SWCNTs.
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2.3. Experimental section

2.3.1. Chemicals and materials

SWCNTs were purchased from Carbon Solution with an as-received purity > 90%, and were used as
received. SWCNTSs with diameters of 1-3 nm, and lengths of 2—5 pm. N-methylpyrolidine (NMP) and

N,N-Dimethylformamide (DMF) were purchased from Sigma-Aldrich and were used as received.

2.3.2. Sample preparation

SWCNTs were dispersed in mixture of NMP and water at a 1:1 ratio, at an overall concentration of 0.08

mg/mL. The solution was then ultrasonicated for 30 minutes to afford a black stable dispersion.

2.3.3. Instrumentation

Samples were irradiated in the VFD tube using the 1064 nm wavelength fundamental output of a Q-
switched Nd:YAG laser (Spectra Physics GCR170) operating at a pulse repetition rate of 10 Hz. The laser
pulse beam diameter is 8 mm and pulse duration is 5 ns. The laser was directed to the middle of the VFD
tube. The sliced SWCNTs were characterized by atomic force microscopy (AFM) using a Nanoscope
8.10 in tapping mode, transmission electron microscopy (TEM) using a TECNAI 20 operating at 120 and
200 kV, and Raman spectroscopy using XploRA™ Horiba Scientific, recorded at an excitation

wavelength of 532 nm (< 5mW) at room temperature.

2.4. Results and Discussion

Varying the power of the laser irradiating the SWCNTs dispersed in a 1:1 solution of NMP and water in
the VFD was effective in controlling the length of the sliced SWCNTSs. These results build on earlier
studies focused on slicing SWCNTs, DWCNTs and MWCNTs in a VFD for a specific power setting of
the laser without such control 2. In the present study we have systematically studied the effect of varying
the laser power, and other operating parameters of the VFD, in mapping out the parameter space of the

device for controlling the length of the sliced SWCNTSs. Initially, the rotational speed was varied from
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4k to 9k rpm with the laser power set at 250 mJ. Thereafter the laser power was varied, with experiments
primarily performed at 250 mJ, 400 mJ and 600 mJ, followed by varying the flow rate from 0.1 to 2
mL/min at concentrations of SWCNTs of 0.08, 0.016 and 0.2 mg/mL. In addition to using a 1:1 mixture
of NMP and water (as established for the above feasibility studies) 2>, DMF was also explored as an

alternative solvent and gave similar results (Supplementary Information Figure S1).

A schematic of the process of slicing SWCNTs using the VFD is shown in Figure 2. 1 The choice of
rotational speed, flow rate, tilt angle and concentration of the SWCNTs, as well as the laser power, are
critical for controlling the length of the sliced material. The optimised parameters for controlling the
length were found to be a rotational speed of 8.5k rpm, flow rate of 0.45 mL/min, tilt angle 45° and 0.08
mg/mL concentration, for a 1:1 mixture of NMP and water. Changing the laser power (260, 400 and 600
mJ) gave control over the lengths of the SWCNTSs. There was no evidence for slicing SWCNTs in the
absence of the pulsed laser using the aforementioned parameters. As an additional control experiment,
250 mJ laser irradiation of a solution without using the VFD showed uncontrolled fragmentation of the
SWCNTs (Supplementary Information Figure S6). Thus the high heat and mass transfer in the presence
of high shear in the VFD is important for heat dissipation into the liquid to ensure controlled slicing of

the SWCNTs.

Pulsed Nd: YAG

Sliced SWCNTs
(after processing)

SWCNTs - as received 3 45°
(before processing) AN’ b

Figure 2. 1 Schematic illustration of the experimental procedure for controlling the length of SWCNTs. (a)
SWCNTs before processing in the VFD which are intertwined with defects associated with being bent. (b)
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Experimental set up for the vortex fluidic device (VFD) and laser Nd:YAG processing operating at 1064 nm. (c)
Sliced SWCNTs of different lengths, depending on the operating parameters of the VFD, laser power, concentration
and choice of solvent.

AFM images of the as received SWCNTs, Figure 2. 2, show that they are bundled and intertwined, and
making an estimation of their length is challenging. Nevertheless, they appear to be longer than 1 pm, in

accordance with the length of 2-5 um specified by the supplier.

Figure 2. 2 AFM images of as received SWCNTs.

AFM and TEM were used in the current work to study the changes in the length of SWCNTSs. Length
distributions for sliced SWCNTSs were determined by counting more than 350 individual tubes. Figure 2.
3 shows AFM images for sliced SWCNTSs with different lengths, along with the corresponding length
distributions. Figure 2. 3a shows images for low laser power, 250 mJ, with the length distribution centred
around 700 nm and somewhat broad, Figure 2. 3d. Increasing the laser power to 400 mJ resulted in a
reduction in the length of the SWCNTs, with the length centred at 300 nm, and a narrowing of the
distribution (Figure 2. 3b, e). Shorter SWCNTSs were obtained for higher laser power, 600 mJ, with a

narrow size distribution centred at 80 nm, Figure 2. 3c,f This demonstrates that we are able to effectively
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control the length distributions of SWCNTs by varying the laser power, with all the other parameters set

as discussed above.
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Figure 2. 3 AFM images of sliced SWCNTSs with the associated length distribution plots, formed in the VFD at
8.5k rpm rotational speed, under continuous flow mode, with the concentration of the as received SWCNTs at 0.08
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mg/mL (NMP/water at a 1:1 ratio), tilt angle 45°, for a flow rate of 0.45 mL/min, while irradiated with a pulsed
laser operating at 1064 nm, and (a) 250 mJ, (b) 400 mJ and (c) 600 mJ; inset TEM image for the short SWCNTs.
Note: The length distribution for each sample was obtained from measuring the length of > 1000 nanotubes.

The broadening of the length distribution as the targeted length of the sliced SWCNT increases is
consistent with the mechanism of slicing whereby bending of the SWCNT and higher vibrational energy
induced by laser irradiation results in bond cleavage at such a strained part of the SWCNT [16]. As the
targeted length increases there will always be sliced SWCNTs that are too short for further slicing, and
the tailing of the length more towards shorter SWCNTs, which is accentuated for the 600 mJ laser
irradiation, is expected; there is no ‘handle’ on such SWCNTs to apply shear stress for further slicing.
SWCNTs in solution longer than ca 700 nm in targeting this length can be further sliced, but there will be
a situation where the resulting length after slicing off ca 700 nm is < 700 nm, and this is consistent with
greater tailing of the length distribution towards shorter lengths, in contrast to the tailing towards longer

lengths.

An important characteristic of the sliced SWCNTSs is that they are relatively straight, Figure 2. 3,
especially for the longer SWCNTSs, compared to the as-received materials, Figure 2. 2, which are bundled
and intertwined. This suggests that the defects present in the processed SWCNTSs are minimal. Raman
spectroscopy, which is widely used for evaluating the defects in carbon materials in general by measuring
the ratio between the intensity of the D and G bands *’, was used to confirm this. Raman spectra were
recorded using a 532 nm excitation laser, for the as received SWCNTs and the different length
distributions of sliced SWCNTs (Figure 2. 4) The peaks observed were G and D bands, at 1597 and 1354
cm’!, respectively. The G band exhibits two main features, G" and G-, which arise from the curvature of
the nanotube wall and are used to determine the diameter of the nanotubes, distinguish between
semiconducting and metallic nanotubes and assign chirality of the nanotubes (n,m) 3*. The average ratio

intensity of the D and G bands for the as received SWCNTs was 0.54. After processing (lateral slicing)
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to ca. 80, 300 and 700 nm, the intensity of the D/G ratios were 0.25, 0.32 and 0.16, respectively. This
reduction in the D/G ratio on processing in the VFD is consistent with a decrease in defects present on
the walls of the sliced material. Pulsed laser irradiation of CNT is effective in decreasing defects and thus
increasing their purity, with the surface temperature dramatically increasing with laser power 3°*°. Thus
a reduction in side wall defects in the sliced SWCNTs in the present study is not surprising with the high
energy input in the near infrared from the pulsed laser during the processing. Clearly defects will be
present at the ends of the sliced SWCNTs, but the essentially straight SWCNTSs have minimal side wall
defects. Other strategies for reducing the length of SWCNTSs, including the use of Piranha solutions 2!,

impact on the walls of the SWCNT.
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Figure 2. 4 Raman spectra for (a) as received SWCNTSs and sliced SWCNTSs with length distributions at 700 nm
(b), 300 nm, (c) and 80 nm, (d).

2.5. Conclusions
We have established a process for the ‘top down’ fabrication of short length SWCNTSs with controllable
different length distributions, importantly in the absence of surfactants and harsh chemicals. The lengths

can be controlled by varying the power of a pulsed laser (operating at 1064 nm wavelength) irradiating

suspensions of long inter-twinned SWCNTs in a mixture of NMP and water (or DMF), as a dynamic thin
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film in a vortex fluidic device. The process is under continuous flow such that scalability can be readily
addressed by using a number of VFD microfluidic platforms in parallel. We have successfully prepared
50 mg of sliced SWCNTs in one run over 21 hours for all lengths. In addition, the laterally sliced
SWCNTs have a significantly reduced level of side wall defects, as established using Raman
spectroscopy, and borne out in the AFM images, which show essentially straight sliced SWCNTs. The
ability to control the length and reduce defects is important in developing the many applications of
SWCNTs where length is important. For example, short lengths are required for use in drug delivery (the
optimal length is ca. 100 nm *'***) while longer SWCNTs with reduced defects are required for electronic
devices **#°. Clearly, the longer the targeted length of SWCNTs the greater the length distribution of the
sliced material, tailing more towards shorter lengths as expected mechanistically. We have varied the
operating parameters of the VFD to establish the fabrication of three different length distributions of
SWCNTs. Other lengths can now be targeted, especially within the limits studied (80 — 700 nm),

depending on the applications of the SWCNTs.
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energies of 250, 400 and 600 m] affording 700, 300 and 80 nm length distributions of SWCNTs respec-
lively. The processing avoids the need for using any other reagenls, is scalable under continuous flow
conditions, and does not introduce defects into the side walls of the SWCNTs,

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Single-walled carbon nanotubes {SWCNTs) show remarkable
physical, chemical, electrical, and mechanical properties with ap-
plications in a number of fields [ 1—3]. Many techniques have been
used to produce CNTs, including chemical vapour deposition {CVD),
arc-discharge and laser ablation [4—G]. As prepared SWCNTs typi-
cally have lengths greater than a few micrometers, and have a high
degree of aggregation and bundling because of the high aspect ratio
and favorable van der Waals interactions. In addition, they have
various levels of side wall defects, leading them to not be atomically
straight. These properties pose a number of challenges in devel-
oping many of the applications of SWCNTs. They are additional to
the challenges in controlling the chirality of SWCNTs and in gaining
access to high purity samples with all the SWCNTs having the same
arrangement of carbon atoms, with them being all semi-conducting
or conducting [7,8]. There have been advances in preparing pure
long SWCNTs of the same chirality [9—11].

The availability of SWCNTs with a narrow length distribution
and devoid of defects, other than at the ends of the tubes, would
facilitate uptake of SWCNTs by industry for a number of

* Corresponding author.
E-muail address: colinraston@(linders.edu.au (C1. Raston).
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applications where a specific length is required. This includes
electronic devices [2,12], solar cell technology [13,14] and
biomedical sciences [15]. Moreover, controlling the length of
SWCNTS is important for facilitating the separation of different
chirality SWCNTs, which then leads into other applications [7,8].
Several methods have been reported for shortening SWCNTs using
different physical, electrical or chemical strategies [16—22]. Short-
ening SWCNTs usually requires high-energy sonication in toxic
reagents, with long processing times, little control of the length,
broad length distributions, and induced defects along the length of
the tubes. In recent studies we developed the ability to slice
SWCNTs, and indeed double walled and multi-walled CNTs, in a
colloidal suspension of the material under high shear [23]. This
involved the use of a vortex fluidic device (VFD), Fig. 1, as a thin film
microfluidic platform, which can operate under the so-called
confined or continuous flow modes [24,25]. The VFD is a versatile
microfluidic platform with a number of applications in addition to
slicing of CNTs, including protein folding | 26], enhancing enzymatic
reactions [27], protein immobilization [28], the fabrication of Cgp
tubules using water as an ‘anti-solvent’ | 29|, exfoliation of graphite
and boron nitride [30], growth of palladium nano-particles on
carbon nano-onions [31], the synthesis of carbon dots [32], deco-
rating carbon nano-onion with Pt nanoparticles [33], transforming
graphene oxide sheets into scrolls [34], probing the structure of self
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3.1. Abstract

Applications of multi-walled carbon nanotubes (MWCNTs) can benefit with the availability of specific
lengths of the material while keeping the outer walls pristine, for example, for applications requiring
vertically alignment tubes. To this end, a simple and effective continuous flow ‘top down’ process to
control the length of sliced MWCNTs has been developed using a vortex fluidic device (VFD) coupled
with a 1064 nm pulse laser, with the process in the absence of chemicals and any auxiliary substances.
Three different length distributions of the sliced MWCNTSs, centered at 75+2.1 nm, 300£1.8 nm and
550+1.4 nm, have been generated with the length depending on the VFD operating parameters and laser
energy, with the processing resulting in a decrease in side wall defects of the material. We also show the
ability to vertically self assemble short MWCNTs on a silicon substrate with control of the surface density

coverage using a simple dipping and rinsing method.

Keywords; Multi-walled carbon nanotubes, Vortex fluidic device, Length distribution, Scalability, Thin

film microfluidics, Vertical alignment.

Graphical Abstract

Sliced MWCNTs Vertically aligned sliced MWCNTs
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3.2. Introduction

Carbon nanotubes (CNTs) have attracted interest in a variety of fields because of their unique electronic,
chemical, and mechanical properties, in particular for nanodevice based applications '>. However, for

most of these applications, it is pivotal to have selective and ordered control over the surface density and

4-6

orientation of the nanotubes, either vertically or horizontally to gain optimum efficiencies In

particular, vertically aligned carbon nanotubes (VACNTSs) have gained much interest and has shown great

potential in a number of applications, for example in photoelectric conversion ” 8, energy storage % °,

10, 11 4,12,13
5

nanoprobes in scanning probe microscopy , electrochemical and bioelectrochemical sensing

and membrane separations '+ 1°.

The two main methods that are typically used to fabricate VACNTSs are direct growth on substrates 617
and the immobilization of shortened CNTs on substrates via chemical assembly '* °. Yu et al. 2 first
reported the fabrication of VACNTSs on silicon surfaces using a chemical attachment method. This
involved reacting a hydroxylated surface with carboxylic acid functionalized SWCNTs, forming an ester
linkage. Other studies reported by Ellis and colleagues 2! ?? featured an assembly method, involving
reaction of chemically modified nanotubes bearing carboxyl (—-COOH) and hydroxyl (~OH) groups, with
covalent surface attachment through ester or amide linkages. Chemical vapour deposition (CVD) features

in the direct growth of vertically aligned carbon nanotube arrays ' 17

, also VACNTSs were prepared using
nanowire arrays as template 23. However, both of these methods are complex and/or require the need for
toxic chemicals and other auxiliary substances, with limited economic and environmental sustainability
metrics. While the vertical assembly of CNTs on surfaces has been extensively studied, a key challenge
is gaining access to short length CNT below < 200 nm in order to gain control of the alignment while

4

maintaining a high density of coverage “. A diverse number of methods have been developed for

controlling the length of CNTs, as top down fabrication processes, using mechanical, physical, electrical
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or chemical strategies. However again these methods are tedious, damaging to the material post
processing and require the use of toxic chemicals 2433,

We have reported in a previous study a more benign approach towards slicing single, double and
multiwalled CNTs using the vortex fluidic device (VFD) coupled with a pulsed Nd:YAG laser *. The
VFD, Figure 3. 1, is a microfluidic platform with a diversity of applications beyond slicing of CNTs,
including protein folding %, enhancing enzymatic reactions *¢, protein immobilization 7, anti-solvent
induced fabricating of Ceo tubules in water %, fabricating fullerene Cgo cones *, exfoliating boron nitride
and graphite *°, fabricating coiled Single-Walled CNTs under Flow #!, coating carbon nano-onions with
palladium nano-particles **, preparing carbon dots *, reduction and scrolling graphene oxide sheets ** 4,
probing the structural integrity of self-organized systems, and controlling chemical reactivity and
selectivity *°. Complex fluid dynamics prevail in the liquid thin film in the VFD, Figure 3. 1a, in addition
to the Stewartson/Ekman layers and pressure induced Faraday waves, with the liquid forced up the tube
against gravity in the rapidly rotating tube tilted at 45°, exiting at the top /.

We recently reported the ability to control the lengths of SWCNTs in the VFD using a similar
method while varying a number of operational conditions %, Slicing MWCNTs is more challenging
given the large number of C-C bonds that needs to be cleaved in completely slicing through the tubes.
Herein, we have further developed a method to control the length of MWCNTs using the VFD o while
irradiated with a pulsed laser (Nd:YAGQG) operating at 1064 nm, using the more convenient solvent
DMF (N,N-dimethylformamide) which is thermally stable . The sliced MWCNTs afforded had length
distributions centered around 75+2.1 nm, 300+1.8 nm and 550+1.4 nm for the laser energy of 600
mJ, 250 mJ and 50 mJ, respectively, Figure 3. 2 We then show the ability to vertically align the
short nanotubes using a simple dipping and rinsing method, with control over the density of
coverage on a silicon substrate. All the processing (slicing and self assembly) circumvents the need

for using other reagents, with the slicing under continuous flow conditions and is scalable.
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Pulsed Nd: YAG
(1064 nm)

I ‘ Vertically aligned

Sliced MWCNTs sliced MWCNTs

Figure 3. 1 Experimental set up for slicing MWCNTs. (a) The vortex fluidic device (VFD) simultaneously
irradiated with a pulsed Nd: YAG laser operating at 1064 nm. A syringe pump is used to inject a DMF suspension
of MWCNTs into the rapidly rotating glass tube in the VFD. (b) Sliced MWCNTs with different length
distributions. (¢) Process for self-assembly of the shortest MWCNTSs on a silicon wafer, as depicted (d).

3.3. Experimental section

3.3.1. Materials and chemicals

MWCNTs, prepared using the chemical vapour deposition prepared method, were purchased from Sigma-Aldrich,
purity of > 98%, and were used as received. MWCNTs with outside diameter (O.D.) x inside diameter (I.D.) %
length equivalent dimensions 10 nm + 1 nm X 4.5 nm + 0.5 nm, and 3 to 6 um respectively. N,N-

dimethylformamide (DMF) was purchased from Sigma-Aldrich and used as received.

3.3.2. VFD processing and sample preparation
MWCNTs were dispersed in DMF (0.08 mg/mL) and the mixture ultrasonicated for 15 minutes prior to VFD/laser

processing. The experimental setup was adapted from previously published work for VFD mediated slicing of
CNTs 3+ 4, Continuous flow mode of operation of the device, flow rate of 0.45 mL min"'. MWCNTS dispersed in
DMF solution was delivered through a stainless steel jet feed to the bottom of the rapidly rotating borosilicate glass
tube (0.D. 20 mm, I.D. 17.5 mm). The tilt angle (0) of the device was 45°. For slicing of the MWCNTSs, samples
were irradiated in the VFD tube at a wavelength of 1064 nm using a Q-switched Nd:YAG laser (Spectra Physics

GCR170) operating at a pulse repetition rate of 10 Hz*. The diameter of the laser pulse beam was 8 mm and the
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pulse duration was 5 ns. The laser was directed to the center of the glass tube with respect to both its diameter and

length.

3.3.3. Vertical alignment of sliced MWCNTSs

p-Type Si (100) wafer substrates, cross section 1 x 1 cm?and 0.525 mm thick, with a low resistivity, <0.005 Q.cm,
which were purchased from Virginia Semiconductor, Inc. USA. Each wafer was first ultrasonicated in methanol
for 30 min then acetone also for 30 min, to remove organic contaminants and then dried under nitrogen gas prior
to use. Each silicon wafer surface was dipped into the solution of sliced MWCNTSs in DMF for various periods of
time. The samples were transferred onto a glass petri dish and then dried overnight at 40°C prior to AFM and

HRTEM characterization.

3.3.4. Characterisation

Sliced MWCNTs and as received MWCNTs were drop cast on silicon wafers for Raman spectroscopy
measurements and atomic force microscopy (AFM) to measure the length distributions of the material. AFM images
were recored using a Nanoscope 8.10 in tapping mode and Raman spectra were recorded at room temperature using
a XploRA™ Horiba Scientific spectrometer, excitation wavelength 532 nm (< 5mW) at room temperature. A
Bruker Advanced D8 diffractometer (capillary stage) was used for collecting X-ray powder diffraction (XRD) data,
Co Ko radiation (A= 1.7889 A, 35 kW/28 mA, 20 = 10 — 90°). Thermogravimetric analysis (TGA) was recorded on
a Perkin Elmer STA8000 with a heating rate of 10 °C /min under a flow of air. Field-emission scanning electron
microscopy, focused ion beam-scanning electron microscopy (FIB-SEM) (Helios Nova lab 600, FEI), for analysing
VAMWCNTs using FE-SEM, the sample was tilted at 45°.Focused ion beam field-emission scanning electron
microscopy (FIB-SEM) (Helios Nova lab 600, FEI) was used to analyse the sample as well as to carry out cross-
sectional investigation. In situ Pt deposition was carried out only during cross-section preparation in FIB-SEM as
a standard methodology as widely reported in literature *°. Pt coating was deposited (in-situ) on the sample for FIB
cutting, with the Pt coating preserving the surface morphology during the process *°. High-resolution (HR)-TEM

and TEM were performed using a Philips CM200 TEM.
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3.4. Results and Discussion
The experimental design for the MWCNT slicing process is presented in Figure 3. 1 At high
rotational speeds, the VFD has a dynamic thin film down to ca 200 um in thickness, allowing for
exposure to field effects in such a way that the material within the thin film is uniformly processed.

48 and others

This is applicable to laser irradiation, in controlling the length distribution of CNTs
fields such as plasmas °% ! and LEDs >2. Previous studies on slicing MWCNTs (and also
DWCNTs) used a fixed energy setting of the laser using a mixture of water and NMP as the solvent
3% With the realisation that NMP can decompose to intractable material >, as a potential
contaminant of the sliced material, we explored other possible solvents and found that DMF alone
is a suitable solvent, which simplifies the processing and work up of the samples. We chose three
laser energies, 600 mJ, 250 mJ and 50 mlJ, of a pulsed Q-switch laser (Nd:YAGQG) irradiating at
1064 nm on pristine MWCNT dispersed in DMF in a VFD under continuous flow mode of
operation. We then systematically explored the VFD operating parameters, namely rotational
speed of the VFD and concentration of the MWCNTs, to determine the optimal conditions for
specific length distributions for each energy setting. The rotational speed was varied between 4k
and 9k rpm for each of the selected laser energies, with the tilt angle set at 45°, followed by
changing the concentration of MWCNTs, from 0.08, 0.16 and 0.2 mg/mL (see Supplementary
Information), flow rate 0.45 mL/min. The choice of 45° tilt angle was based on this angle being
optimal for a diversity of applications of the device, with then an established optimal rotational
speed of 8.5k rpm, flow rate 0.45 mL/min, and concentration of MWCNTs in DMF at 0.08
mg/mL, for the three different energy settings of the laser. These optimised conditions are in
agreement with the conditions for slicing MWCNTs in a 1:1 mixture of water and NMP using 260

mlJ laser energies >*. In the absence of using a laser, there was no evidence for slicing MWCNTs

(see Supplementary Information Figure S5 (a, b)). Furthermore, under batch processing (no VFD)
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while the sample was laser irradiated at 250mJ the MWCNTs were fragmented into irregular

particles (Supplementary Information Figure S5(c, d)).

High shear in the thin films in the VFD, in the absence of pulsed NIR laser irradiation, is effective
in rolling up SWCNTs into compact toroidal structures establishing the high shear stress provides
sufficient energy for the bending of the CNTs *. In the presence of NIR the induced high
vibrational energy in the tubes results in bond rupture at a point, then spontaneous slicing 3* 45,
This method is also effective in slicing MWCNTs, despite now breaking a much higher number
of C-C bonds associated with the concentric rings of tubes in the material. Indeed, after
systematically evaluating the operating parameter space of the VFD (Supplementary Information
Figure S1-S5), we show the ability to control the length distribution of sliced MWCNTs, for length
distributions centred at ca 75+2.1, 300+1.8 and 550+1.4 nm, with a decrease in side wall defects
along the tubes compared to as received MWCNTs. We anticipate that other lengths can now be

achieved, depending on the target application, by varying the processing parameters in different

ways.
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Figure 3. 2 AFM images of sliced MWCNTs, for material generated in the VFD operating at 8.5k rpm, under
continuous flow mode, concentration of as received MWCNTs 0.08 mg/mL (DMF), tilt angle 45°, flow rate 0.45
mL/min, with a 1064 nm pulsed laser, and (a) 50 mJ, (b) 250 mJ and (c) 600 mJ; insert AFM image with large
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magnification for short MWCNTSs, with length distributions for MWCNTSs in (d),(e) and (f) respectively. The
length distribution for each sample are based on > 500 nanotubes.

Atomic force microscopy (AFM) was the primary characterisation technique for determining the
length of the sliced MWCNTs, Figure 3. 2 There is an inverse relationship between the energy of
the laser and length distribution. The high laser energy will provide a higher number of break
points along the MWCNTs as they are bent under shear. Figure 3. 2a shows AFM images of the
sliced MWCNTs with low laser energy, 50 mJ, which gave a broader distribution relative to the
use of high laser energy, now centred at 550+1.4 nm. For an increase in laser energy to 250 mJ,
there was a reduction in the length of the MWCNTSs and narrowing of the length distribution,
centred at 300+1.8 nm, Figure 3. 2b Shorter sliced MWCNTSs were obtained using the higher laser
energy, 600 mJ, with a dramatic narrowing of the length distribution to 80 nm, Figure 3. 2¢ The
different histograms in Figure 3. 2 d-f establish the ability to control the slicing of the MWCNTs
with the length distributions for each laser energy setting for each sample of sliced MWCNTs

based on counting > 500 individual tubes.

Figure 3. 3 presents TEM and HRTEM images of the as received MWCNTs (before VFD processing) and
after slicing to different lengths. As received MWCNTs are curved and entangled, Figure 3. 3a, and thus
measuring their lengths is inherently difficult, but we note that according to the commercial supplier, the
length of the MWCNTS is between 3 to 6 pm. After VFD processing incorporating a pulsed laser, TEM
images established a decrease in the average length of the MWCNTs for increasing laser energy, with
these results in agreement with the above AFM measurements. The structural integrity of the MWCNTs
before and after processing was investigated using HRTEM, Figure 3. 3 This establishes that the tubular
structure of the sliced MWCNTs has been preserved, with the interlayer spacing before and after slicing

at 0.34 nm.
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Figure 3. 3 TEM and HRTEM images (inset) of (a) as received MWCNTs and sliced MWCNTSs, generated in the
VFD, 8.5k rpm, continuous flow mode of operation, concentration of as received MWCNTs 0.08 mg/mL (DMF),
tilt angle 45°, flow rate 0.45 mL/min, using a 1064 nm pulsed laser, operating at (b) 50 mJ, (¢) 250 mJ and (d) 600
mJ.

Raman spectra were recorded with an excitation wavelength of 532 nm, for investigating the
nature of the sliced MWCNTs and the level of defects present, noting that the ratio of the intensity
between the D band (Ip) and G band (Ig) is used to determine the level of defects. The G band
relates to planar vibrations, while the D band is a measure of the level of defects >°. Figure 3. 4
presents Raman spectra of the three different length distributions of the sliced MWCNTs along
with the as-received material. The G and D bands are observed at 1597 and 1354 cm-1,

respectively, as expected for MWCNTs. The average of the D/G intensity ratios for the pristine
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MWCNTs was 1.10, and after slicing, a decrease in the D/G intensity ratios was observed relative
to the as received material. The higher the laser energy used, the shorter the length of the MWCNT
afforded and the lower the amount of side wall defects. The induced vibrational energy of
Nd:YAG laser processing where there is a dramatic increase in surface temperature and localised

56,57

heating is clearly effective in removing surface defects of the CNT.

Thus, we have established that in contrast to chemical based approaches for ‘cutting’ CNT which
introduces side wall defects *2, the ability to effectively slice MWCNTs with control in their length
is with a reduction in surface defects. Defects are expected to be present at the ends of the

MWCNTs, arising from the dangling bonds generated by the slicing process.
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Figure 3. 4 Raman spectra of (a) as received MWCNTs and sliced MWCNTs formed in DMF in a VFD at 8.5k
rpm, continuous flow 0.45 mL/min, 45° tilt angle, 1064 nm pulsed laser operating at (b) 50 mJ, (¢) 250 mJ and (d)
600 mJ.

The longer the sliced MWCNTs, the greater the length distribution. This provides information on
the mechanism of slicing, where under shear stress in the VFD, bond cleavage at a hair-pin bend
in a tube leads to a cascade of bond cleavage across it. The stiffer MWCNTs relative to SWCNTs
presumably requires higher energy to start bond cleavage on the outer concentric ring, then for
successive bond cleavage across all of the concentric carbon nanotubes. Furthermore, the wider
length distribution observed for longer MWCNT is consistent with the bond SWCNT cleavage

mechanism also being applicable to MWCNTs. As the MWCNT length decreases, there will be a
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point at which there is no ‘handle’ for further slicing to occur. During this process, a certain length

will have insufficient bending to start the slicing, either side of the centre of the length distribution.

The diameter of the sliced MWCNTs is unchanged after slicing at all three lengths (different laser
energy) (see Supplementary Information Figure S6). Given the above reduction in defects in the
sliced tubes, and that the shorter the tubes, the less likelihood there are of defects being present
along the tube that would restrict dethreading. This is an important consideration noting that
concentric carbon nanotubes have superlubricity >8. However, under these conditions studied there
was no evidence for dethreading, with no significant change in the average diameter of the sliced

MWCNTs relative to the as received material.
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Figure 3. 5 (a) TGA curves (in air) for as received MWCNTs (black line) and sliced MWCNTSs generated in the
VFD, 8.5k rpm, continuous flow 0.45 mL/min, 45° tilt angle, 1064 nm pulsed laser operating at, 50 mJ (blue line),
250 mJ (green line) and 600 mJ (red line). (b) Centre of length distribution of sliced MWCNTs as a function of the
laser energy.

Thermogravimetric analysis (TGA) was carried out under air, Figure 3. 5a For the as as-received
MWCNT there is a large weight loss above 600 °C, which corresponds to decomposition of the
MWCNTs *°. The behaviour of the sliced MWCNTs are distinctly different to the as received material.
This can be ascribed to the loss of solvent drawn into the internal cavity of the MWCNTs as they were

sliced. Prior to slicing, not all the internal space of the MWCNTs is accessible to the solvent, as
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the end of the as received MWCNTs are sealed ®* ®'. As they are sliced the exposed void is
thermodynamically expected to take up DMF, which will then be driven out for increasing
temperatures. Accordingly, the weight loss in this regime for the longer sliced MWCNTs (50 mJ
energy, 550+1.4 nm in length) is midway in behaviour relative to the shorter MWCNTs and as
received MWCNTs, although there is little different between the tubes sliced at 250 mJ (300+1.8
nm in length) and 600 mJ (75£2.1 nm in length). Longer sliced MWCNTs, are likely to contain
more internal defects which could limit the solvent uptake per unit length of the tubes. Further
increase in temperature results in another weight loss (~ 45%) between 300 and 450 °C. This could
be due to the thermal elimination of the hydroxyl (OH) groups, formed during the slicing of
MWCNTs. Loss in mass over 450 °C for all the sliced MWCNTs, can be attributed to loss of
dangling bonds formed at the point of slicing MWCNTs during processing. The higher residue in
the TGA for the longer sliced MWCNTs generated at 50 mJ relative to as received and shorter
sliced MWCNTs possibly relates to metal oxide nanoparticles generated from the laser
inadvertently hitting the stainless steel jet feed, being drawn into the core of the tubes which are
exposed once sliced %%, This type of in situ uptake of metal oxide particles has been noted when

preparing composite material based on sliced MWCNTSs and Fe3O4 nanoparticles .

Figure 3. 5b shows the length distribution of sliced MWCNTs as a function of the laser energy.
At low laser energy, 50 mJ, the MWCNTs are sliced to a length centred at ~ 550+1.4 nm. Increasing
the laser energy to 250 mJ results in shorter length sliced MWCNTSs centred at ~300+£1.8 nm. At
higher laser energy, 600 mJ, shorter sliced MWCNTs are generated, centred at ~75+2.1 nm. These
findings establish that increasing the laser energy, resulting in increaing induced vibrational energy

from the Nd:YAG laser, results in shorter MWCNTs %37,
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Figure 3. 6 3D AFM images of (a) a clean silicon wafer substrate (before dipping), after dipping for (b) 30 min,
(c) 60 min, and (d) 120 min in a DMF solution of sliced MWCNTs (75+£2.1 nm in length) in a VFD operating at
8.5k rpm, under continuous flow 0.45 mL/min, 45° tilt angle, 1064 nm pulsed laser operating at 600 mJ.
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Figure 3. 7 HRSEM images of (a) Top view 0°, (b) tilted view 45°, (c) vertical view 90° and (d) cross-section view
of vertically aligned sliced MWCNTs on silicon wafer substrate treated for 120 min in a DMF solution of sliced
MWCNTs (75+2.1 nm in length) in the VFD operating at 8.5k rpm, under continuous flow 0.45 mL/min, using a
1064 nm pulsed laser operating at at 600 mJ.

We then attempted to vertically self-assemble the sliced MWCNTs on a silicon substrate using a simple
dipping and rinsing method, Figure 3. 1 This involved dipping a silicon wafer in a DMF solution of short
MWCNTs for different reaction times, specifically 30, 60, and 120 mins. AFM images were recorded
before and after the immersing process. Figure 3. 6a shows silicon wafer before dipping in the solution,
which appears clean and flat, devoid of any morphology. After the substrate was dipped into the solution
of short MWCNTs, the attachment of the sliced MWCNTs was evident after 30 mins (Figure 3. 6(b)),
with the level of coverage increasing as the immersion time increase to 60 mins (Figure 3. 6(c)) then 120

mins (Figure 3. 6(d)), with the sliced MWCNTs also vertically aligned.

Two factors were important for controlling the vertical alignment and density of the MWCNTs on the

surface; (a) the immersion time and (b) the length of the MWCNTs. The shorter length MWCNT (75+2.1
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nm) and 120 min immersion time gave the highest density of vertically aligned tubes on the surface, at 88
tubes per 2um?, Figure 3. 6d After the slicing process, dangling bonds, such as -COOH and —OH, are
expected to be present at the ends of the tubes can form a strong interaction with the surface of the silicon
substrate allowing for the vertical self assembly process. The other two lengths of sliced MWCNTs (300
and 550 nm) show sliced MWCNTs lying down horizontally on the surface (Figure S7 in Supplementary
Information). The reason for them lying down presumably arises from the higher contact area as such as
the length of the tube increases, relative to the contact area when they are standing up. Thus, there appears

to be a limit on the ability to align CNTs on surfaces for increasing lengths.

Further characterisation of the morphology of these vertically aligned MWCNTs used high-resolution
SEM (HRSEM). HRSEM images of vertically aligned MWCNTs for longest immersion time (120 min)
at a different magnification are shown in Figure 3. 7 Note that the angle of the substrate was imaged at
different angle with respect to the electron beam. Figure 3. 7 shows the VAMWCNTs from different
views a) top view (0°), b) tilted view (45°), c) vertical view (90°) and (d) cross-section view, and show
that the sliced MWCNTs are perpendicular to the substrate and that their average length is approximately
80 nm. The latter is in agreement with the specified diameter of the commercially supplied MWCNTs,

and with the AFM data.

3.5. Conclusions

We have established a simple and effective top down method for slicing MWCNTs with control over the
length distribution. This is under continuous flow conditions within the dynamic thin film of a vortex
fluidic device while the liquid is irradiated in situ using a 1064 nm pulsed laser. The VFD is not only
effective for dis-entangling MWCNTs under shear stress but simultaneously slicing them, with the length
inversely proportional to the energy of the laser, as established in generating three length distribution

centred at ca 75+2.1, 300+1.8 and 550+1.4 nm. The non-linearity of laser energy and the length of the
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MWCNTs is possibly a consequence of different localised heating around the MWCNTs which will
change the localised viscosities. This will affect the shear stress experienced by the MWCNTs for their
ultimate slicing. The isolated yield of the sliced MWCNTs is high (90 %), using a continuous flow
process, such that scalability can be addressed using parallel arrays of the VFD microfluidic platform. We
explore scaling up using a single VFD, in preparing 13 mg of sliced MWCNTs in one run over 6 hours of
the material for 180 mL of the solution passing through the VFD. In addition, Raman spectroscopy and
HR-TEM established the structural integrity of the sliced MWCNTs, albeit with a decrease in side wall
defects. Importantly the slicing is in a single solvent, DMF, which is stable under the processing, and the
short MWCNTs can be readily vertically aligned on a silicon substrate using the simple dipping and
rinsing method, with the density of coverage depending on the processing time. The length of MWCNTs
is critical for a number of applications, including field emission devices and solar cells *°°. The ability
now to control their length using VFD and laser mediated processing has potential for fabricating

MWCNTs which best suit the targeted application.
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Applications of multi-walled carbon nanotubes (MWCNTE] benefit from the availability of specific lengths
of the material while keeping the outer walls prigtine, for example, for applications requiring vertically
dligned tubes. To this end, a simple and effecthe continuous flow “top down’ process to control the
length of sliced MWCNT: has been developed using a vortex fluidic device [VFD) coupled with a 1064 nm
pulse laser, with the process in the absence of chemicak and any auxiliary substances. Three different
length distributions of the sliced MWCNTE, centered at 75 4 21 nm, 300 + 1.8 nrmand 550 + 1.4 nm, hawe
been generated with the length depending on the VFD operating parameters and laser energy, with the
processing resulting in 3 decrease in side wall defects of the material 'We ako show the ability to vertically
zelf azsemble short MWCNTE on a silicon substrate with control of the surface density coverage using a
zimple dipping and rinsing method.
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1. Introduction

Carbon nanotubes (CWTs) have attracted interest in a varicty of
ficlds because of their unique electmonic, chemical, and
mechanical propertics, in particular for nanodevice based
applications.™ However, for most of these applications, it is
pivotal to have sclective and ordered contml over the surface
density and orientation of the nanotubes, either vertically or
horizontally to gain optimum efficiencies.” ™ In particular, ver-
tically aligned carbon nanotubes (VACNTs) have gained much
interest and have shown great potential in a number of appli-
cations, for mample in photoelectric conversion,”™
stomge,”” nanoprobes in scanning probe microscopy,
electrochemical and biocleatmchemical sensing,*'™ and
membmne separations.’* ™

The two main methods that are typically used to fabricate
VACNTs am direct growth on substrates™"” and the immobiliz-
ation of shortened CNTs on substrates wvie chemical
assembly."™ Yo e ql* first reported the fabricaton of
VACNTs on silicon surfaces using a chemical attachment
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method. This involved reacting a hydrowylated surface with car-
bosylic acid functonalized SWCNTs, forming an ester linkage.
Other studies reported by Ellis and colleagues™~ featumed an
assembly method, involving reaction of chemically modified
nanotubes bearing carbogd [-000H) and hydmsyl (-0OH)
groups, with covalent surface attachment through ester or
amide linkages. Chemical vapour deposition [CVD) features in
the direct growth of VACNT arrays,”™"" and VACNTs have been
prepared using nanowire arrays as template.™ However, these
methods are complex and/or require the need for toxic chemi-
cals and other auxiliary substances, with limited economic
and envimnmental sustainability metries. While the vertical
assembly of CWTs on surfaces has been exensively studied, a
key challenge is gaining access to short length CNT below
=200 nm in order to gain control of the alignment while main-
taining a high density of covemge” A diverse number of
methods have been developed for contmlling the length of
CMWTs, as top down fabrication processes, using mechanical,
physical, electrical or chemical stmtegies. However again these
methods are tedious, damaging to the material post proces-
sing and require the use of toxe chemicals, *

We have reported in a previous study 8 more benign
approach towards slicing single, double and multiwalled
CNTs using the wortex fluidic device (VFD) coupled with a
pulsed Nd:YAG laser.™ The VFD, Fig. 1, is a microfluidic plat-
form with a diversity of applications bq.rmd slicing of CNTs,
including pmtein fold ing,** enhanecing enzymatic reactions,™
protein immobilizaton,” anti-solvent induced fabricating
of Cua tubules in water,™ fabricating fullerene Cea cones,™
exfoliating boron nitride and gmphite,* fabricating coiled
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4.1. Abstract

The curvature in coiled single walled carbon nanotubes (SWCNTSs) rings impacts on their properties
relative to straight CNTs, but the availability of such rings is limited. This has been addressed in
developing a continuous flow method for fabricating coiled SWCNTSs rings in high yield (80%) using a
vortex fluidic device (VFD), in the absence of any toxic chemicals and surfactants. The VFD thin film
microfluidic platform has a rapidly rotating angled glass tube with the processed liquid driven up and out
of the tube. Magnetic force microscopy (MFM) established that the magnetic interaction of the resulting

rings is strongly dependent on the thickness of the coiled SWCNT rings.

Keywords: Coiled single walled carbon nanotubes « Magnetic interactions ¢ Vortex fluidic device

Magnetic force microscopy ¢ Scalability  Phase shift.

Graphical Abstract
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4.2. Introduction

Carbon nanomaterials have gained significant interest from the scientific community due to their unique
physical and chemical properties.” 2 Single walled carbon nanotube (SWCNT) rings in particular,
comprised of individual or bundled (coiled) SWCNTSs have been a recent area of interest due to their
unique morphology. Its high curvature and associated disorder results in novel mechanical, electronical
and magnetic properties compared to pristine straight SWCNTs*3. Coiled SWNCT rings have potential
in diverse applications, for example, in small electromagnetic devices and flexible electronics. The many
theoretical and experimental studies based on coiled SWCNT rings include investigating the persistent of
current flow through the walls of the rings, studying their magnetic response and investigating the surface
modes based on the engendered field distribution and electromagnetic energy confinement %7, In addition,
due to the available charge free space in their interior cavity®, coiled SWCNTs offer the ability to

encapsulate cells’ and metal chains such as Fe, Au and Cu'’.

Several strategies have been used to fabricate coiled SWCNT rings, including chemical vapor deposition
(CVD),! 12 Jaser ablation,'> '* and synthesis from preformed SWCNTs involving ultrasonication,'>!
organic reactions'® !° and a templated approach to bend SWCNTs.!> 2 2! However, these techniques
suffer from various limitations, among them being difficulties in scaling the process, the use of harsh and
toxic chemicals, long processing times and high-temperature processing. We have previously reported the
synthesis of toroidal structures of SWCNTs of various morphologies using a microfluidic platform, the
vortex fluidic device (VFD) in the confined mode (small aliquot processing)?>. The method involved the
use of a binary solvent system of toluene and water to afford rings of different morphologies that were
and stable devoid of surfactants. It is noteworthy that scaling up using this confined mode approach is
deemed problematic for large scale applications. Since our earlier work, we have now further developed
the use of the VFD for fabricating coiled SWCNT rings with scalability incorporated into the process,

operating under continuous flow processing and systematically studied the magnetic responses of the

rings using magnetic force microscopy (MFM).
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The VFD is a relatively new and versatile thin film microfluidic platform with a number of applications
in addition to forming SWCNT rings,?? including slicing and controlling the lengths of CNTs while

23, 24 protein folding,>> enhancing enzymatic reactions,?® protein

irradiating with a pulsed laser,
immobilization,?’ fabricating of Cso nanotubules using water as an ‘anti-solvent’,?® exfoliation of graphite
and boron nitride,?’ transforming graphene oxide sheets into scrolls,*® the synthesis of carbon dots,*!
decorating carbon nano-onions with Pt nanoparticles,*? probing the structure of self-organized systems,
and controlling chemical reactivity and selectivity.** The thin film of liquid in the VFD has complex fluid
dynamics, beyond the expected Stewartson/Ekman layers, which includes Faraday pressure waves, with

the liquid moving up the tube against gravity at the ubiquitous optimised 45° tilt angle of the rapidly

rotating tube in the device, and exiting at the top. **

Magnetic force microscopy (MFM) is a powerful characterisation technique, originally developed as a
derivative of the atomic force microscopy (AFM). MFM has the ability for imaging and detecting
magnetic interactions between a magnetised tip and nanomaterials deposited on a substrate under both
ambient and buffer conditions. 3> 3¢ Essentially, MFM can distinguish the magnetic and nonmagnetic
materials at the micro- and nano-scale dimensions.*’ It is used extensively in studying and localizing
magnetic domains on a substrate such as magnetic bubble domains,*® magnetic vortices in nanodisks>® or

skyrmions in helimagnets.**-4?

Herein, we have developed a method to fabricate coiled (or toroidal) SWCNT rings in 80 % yield, under
a continuous flow mode of operation, under ambient conditions, in the absence of any reagents or
surfactants in the VFD. The rings were predominantly of torus morphologies with an average diameter of
ca 300 nm and a wall thicknesses varying between 3-70 nm. We then employed the use of MFM to
examine the magnetic response of these rings relative to geometric parameters. Our method involved
firstly optimising the experimental conditions for the continuous flow process. This included
systematically varying the operating parameter space of the VFD, including rotational speed, tilt angle,

choice of solvent and concentration of the starting material. MFM was then used to characterize the
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magnetic response by analysing the phase shifts. A negative phase shift observed is due to the attractive
interaction between the magnetic tip and the sample indicating a magnetic response from the sample. For
the purpose of ensuring that no variations were observed due to a tip effect, all measurements were
conducted using the same tip. We establish that there was no magnetic response when the rings exceed
a minimum diameter cross section and when there is close interaction between different/a number of rings.
Moreover, other minor morphologies that were also generated during the continuous flow processing,

including figures of ‘8” and the crossed lattice shapes, showed no detectable magnetic response.

4.3. Results and discussion

4.3.1. Fabrication and mechanism of formation of SWCNT rings

As illustrated in Scheme 4. 1, SWCNT were dispersed in a mixture of toluene and water with a volume
ratio of 1:1 and subjected to varying of the operating parameters of the VFD (rotational speed and tilt
angle of the VFD, flow rate under continuous flow, and concentration of the dispersion) to achieve the
highest yield of coiled rings. We determined that the optimized rotational speeds for the formation of the
rings was at 8k rpm with speeds below and above this affording low yields of rings with aggregation of
the SWCNT strands observed. The optimised angle and flow rate were at a 45° tilt and at 0.45 mL/min
respectively. A control experiment was carried out to study the effect of cavitational energy (bath
sonication for 15 minutes) on the formation of the rings, but no rings were observed (Figure S1). The
mechanism of formation of these coiled SWCNT rings is based on the formation of an emulsion of water
and toluene pre-processing in the VFD.??> Upon processing in the VFD, the bending of the carbon
nanotubes would favour intertwining of the hydrophobic SWCNTSs in the toluene phase, at the van der
Waals limit, to form compact rings with different morphologies from the shear stress generated at high

rotational speeds in the VFD.?> 43

The processed SWCNT rings were characterized using SEM, AFM, TEM and MFM. SEM image (Figure
4. 1A) shows a high conversion of coiled rings from the processing. The advantage of processing under

96



continuous flow was the ability to generate coils with a yield of 80 %, albeit along with a small number
of other morphologies, such as figure of ‘8” and cross lattice structures, relative to those generated using
the confined mode of operation of the VFD (Figure S2). Transmission electron microscopy (TEM) and
high resolution TEM (HRTEM) were used to further determine the detailed structure of coiled SWCNT
rings. TEM and HRTEM images show the rings are comprised of bundles of SWNT (Figure 1B- E).
These rings have an average diameter of ca 300 nm (Figure 4. 1F) and a wall thickness (cross section)

ranging from 3 to 70 nm, with an average thickness ca 40 nm (Figure 4. 1G).
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(wWall thickness)
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Scheme 4. 1 Schematic of the experimental process for fabricating coiled SWCNT rings. (A) Entangled SWCNTs
before processing in the VFD. (B) Experimental set up of the VFD under continuous flow mode of operation. (C)
Coiled SWCNT rings afforded post processing, and (D) the defining parameters of the coiled rings.
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Figure 4. 1 (A) SEM image of coiled SWCNT rings, formed in the VFD at 8k rpm rotational speed, under
continuous flow mode, with the concentration of the as received SWCNTs at 0.16 mg/mL (toluene/water at a 1:1
ratio), tilt angle 45°, flow rate 0.45 mL/min. (B, D) TEM images, and (C, E) HRTEM of the coiled SWCNT rings
in (B, D). (F, G) Histograms showing the diameter and thickness distributions of the rings, respectively.

4.3.2. Magnetic properties of coiled SWCNT rings

MFM was used to characterize the magnetic responses of the SWCNT rings by analysing the phase shifts.
The larger the negative phase shift, the stronger the attractive interaction between the magnetised tip and
the SWCNT rings. In MFM, the magnetic contrast also depends on the lift height between the magnetized
tip and the sample. The lift height mode is a two-scan technique for separating the long-range magnetic
force from the short-range mechanical forces. In the first scan, the sample topography is determined, with
the second scan involving increasing the distance (raising) of the magnetized tip from the surface of the

sample to measure the magnetic force. At a certain lift height, the magnetic response can be separated
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from the topographical response, and as a result, the phase image is only due to the magnetic interactions

between the magnetized tip and the sample.?> 4448

We first measured the magnetic response of the coiled SWCNTS rings with a wall thickness of 50 nm, 35
nm and 20 nm. We then varied the lift heights (0 nm, 10 nm, 30 nm and 50 nm) to further confirm that
the rings were indeed magnetic. Figure 4. 2 shows the MFM topography image and phase image obtained
simultaneously for a coiled ring with a wall thickness of ca 50 nm. A strong negative phase shift was
observed which decreased with increasing the lift height (0.6° for a lift height of 0 nm to 0.1° for a lift

height of 50 nm).
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Figure 4. 2 MFM image of a coiled SWCNT ring with a wall thickness of ca 50nm: (A) MFM topography image,
(B) the associated height profile of the ring showing the wall thickness ca 50 nm. (C-F) MFM phase images of at
various lift heights: (C) 0, (D) 10, (E) 30, (F) 50 nm with their corresponding phase shifts respectively (G-J). (K)
Plot of phase shift versus lift height.

SWCNT rings with smaller wall thicknesses (35 nm and 20 nm) (Figure 4. 3 and Figure 4. 4) had a much

weaker negative phase shift compared to the ring with a 50 nm wall thickness (Figure 4. 2). At a lift height
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of 30 nm, the negative phase shift decreased from 0.20° to 0.10° for rings with a wall thickness of 50 nm
and 35 nm respectively. The ring with a wall thickness of 20 nm showed a similar phase shift relative to
a ring with a wall thickness of 35 nm, for the same lift height of 30 nm. This shows that rings with a
larger wall thickness have a much stronger attractive interaction with the MFM tip compared to rings with
a thinner wall. It is noteworthy that a ring with a much smaller wall thickness, ca ~ 7 =1 nm (Figure S6),
showed no noticeable phase shifts. Thus, there is a minimum wall thickness where the negative phase

shift starts decreasing, and below this the nanorings are devoid or have no detectable magnetic behaviour.

The magnetic response of the SWCNT rings are dependent on a combination of a number of factors; (a)
the electronic structure of the SWCNTSs present and their chiralities, (b) the effects of curvature and (c)
the arrangement of pentagons and heptagons due to the bending of the SWCNTSs to form rings> * >, We
provide some reasoning towards the observed magnetic response found in the present study. Firstly, the
as received SWCNT are composed of both semiconducting and metallic chiralities with the chirality and
orientation within the walls of the rings being random. The rings with larger wall thickness could
potentially be made of a mixture of both armchair and zigzag nanotubes, with the former exhibiting a
diamagnetic response and the latter having a slightly paramagnetic response, enough for the observed
magnetic behavior. For thinner rings, there is a probability of the walls being made up of just the
diamagnetic armchair SWCNTSs, and thus with no magnetic response. Secondly, the rings are made of
bundled SWCNTs that are bent and coiled in multiple turns to form rings. The multiple turns would allow
for inter-tube tunneling whereby electrons can tunnel between individual SWCNTs within a coil,
facilitated by the rings being tightly packed. The fewer the turns within each ring, the less likely that it is

as tightly packed, potentially inhibiting inter-tube tunneling, with no detectable magnetic response >!*2.
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Figure 4. 3 MFM image of coiled SWCNT ring, for MFM imaging, after collecting the product, one drop of the
solution was drop-casted onto silicon wafer and spin coated at 3k rpm for 30 seconds, then left to dry for 24 hours:
(A) Topography, (B) height profile of the ring shows the wall thickness ca 20 nm. (C-F) MFM phase images at
various lift heights: (C) 0, (D) 10, (E) 30, (F) 50 nm with their corresponding phase shift, respectively (G-J). (K)
The plot of phase shift vs lift height obtained in the MFM measurement on a SWCNT ring.
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Figure 4. 4 MFM image of coiled SWCNT ring, for MFM imaging, after collecting the product, one drop of the
solution was drop-casted onto a silicon wafer and spin coated at 3k rpm for 30 seconds, then left to dry for 24 hours:
(A) Topography, (B) height profile establishing a wall thickness ca 35 nm. (C-F) MFM phase images at different
lift heights: (C) 0, (D) 10, (E) 30, (F) 50 nm with their corresponding phase shift respectively (G-J). (K) Plot of
phase shift versus lift height for MFM measurement on a coiled SWCNT ring.

We then investigated the magnetic response when rings with varying wall thicknesses were arranged in
close contact to each other (Figure 4. SA, B) and when a coiled ring is twisted into a figure of ‘8’
morphology (Figure 4. 5C). At a lift height of 10 nm, and other lift heights between 0-50 nm (Figure S7),
no apparent phase shift was observed, and thus there was no detectable magnetic response. Any
disturbance of the magnetic field from the MFM tip on the magnetic states is minimal. When the rings
are in close contact with each other, there is potential for inter-tube shorting between the nanostructures

and an associated higher resistance. Thus, no detectable magnetic response was observed. >!> %2,
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Figure 4. 5 (A-B) MFM topography image of coiled SWCNT ring patterns with variable thicknesses (~5-27 nm)
(height profile of the ring shows the wall thickness ca 35 nm, with their corresponding phase images in (D and E)
and the associated phase profiles (G and H) respectively, MFM topography image of a SWCNT ring with a figure
of “8” morphology (C), (F, I and L) with its corresponding height profile, phase image and profile respectively.
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4.4. Conclusions

We have demonstrated a simple method to fabricate coiled SWCNT rings in high yield (80%) under
continuous flow conditions in the vortex fluidic device (VFD), with the processing devoid of using
surfactants and toxic chemicals. The continuous flow processing in the VFD lends itself for scaling up
the fabrication of the rings, avoiding batch-to-batch processing variances. The coiled rings have an
average diameter of ca 300 nm and a wall thickness ranging between 3 to 70 nm. Magnetic force
microscopy established that there is a stronger magnetic interaction for the thicker coiled rings,
presumably arising from more efficient packing within the rings with more efficient tunneling of
electrons. We envisage the practical use of the coiled rings in a diverse range of applications, especially

with the potential to scale up the fabrication process under continuous flow conditions.

4.5. Experimental section

4.5.1. Materials and chemicals

The SWCNTs used in this study were purchased from Carbon Solution, Inc, with an as received purity >

90%, and were used as received. Toluene was purchased from Sigma Aldrich and used as received.

4.5.2. Preparation of coiled SWCNT rings

This involved a modified method previously reported for preparing them under confined mode of
operation of the VFD. In brief, SWCNTSs were dispersed in a mixture of toluene and water at 1:1 volume
ratio at concentration of 0.16 mg mL™!. The dispersion of SWCNTSs was bath sonicated for 15 min forming
a milky white mixture. For fabricating coiled SWCNT rings, initially in the confined mode of operation
VFD, 1 mL of the milky mixture was placed in the 20 mm OD (17.5 mm ID) quartz or glass tube at a
rotational speed of 8k rpm for a reaction time of 30 min. Further steps were then taken to optimize the
experimental conditions for the formation of coiled rings under continuous flow. For this purpose, the
rotational speed of the VFD was varied, using a flow rate of the mixture of water and toluene at 0.45 mL

min’!, which is the optimised flow rate for processing carbon materials in the VFD in general.*>* The
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experimental conditions for the formation of the coiled SWCNT was then optimized at 8k rpm. For
rotational speeds < 7k rpm at a 45° tilt angle, aggregation of the SWCNT strands were observed with the
formation of a small number of rings (Figure S3). At speeds above 8.5k rpm, very large bundles of
SWCNTs were obtained (Figure S4). At 8k rpm, a significant amount of SWCNT formed ring structures
compared to all other rotational speeds, and accordingly this speed was considered optimal. For
characterisation, after collecting the product, one drop of solution was drop-cast onto a silicon wafer and

spin coated, then left to dry for 24 hours.

4.5.3. Characterization

Magnetic force microscopy (MFM) was carried out with a commercial AFM instrument SII AFM
(Hitachi High Technology), equipped with a scanner (2020 pm?2) under ambient conditions. Si
cantilevers coated with a magnet film with the normal resonance frequency of 137 kHz and spring constant
of 17 N/m (Type: SI-MF20) were used for MFM images. During the MFM measurements, the lift height
was 10 nm if there was no specific clarification. High resolution transmission electron microscopy
(HRTEM) (JEOL JEM-2100F) operated at 200 kV. Scanning electron microscopy (SEM) performed
using a FEI Quanta 450 High Resolution Field Emission SEM, with a voltage of 5 kV, and working

distance of 10 mm.
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ABSTRACT: The corvature in coiled single-walled carbon
nanotubes (SWCNTs) rings impacts on their properties
relative to straight CNTs, but the availability of such rings is
limited. This has been addressed in developing a continuous
flow method for fabricating coiled SWCNTs rings in high
yield (80%) using a vortex fluidic device (VED), in the
absence of any toxic chemicals and surfactants. The VFD thin
film microfluidic platform has a rapidly rotating angled glass
tube with the processed liquid driven up and out of the tube.
Magnetic force microscopy (MFM) established that the
magnetic interaction of the resulting rings is strongly
dependent on the thickness of the coiled SWCNT rings.

EEYWORDS: coiled single-walled carbon nanotubes, magnetic inferactions, vortex fluidic device, magnetic force microscopy,

scalability, phase shift

B INTRODUCTION

Carbon nanomaterials have gained significant interest from the
scientific community due to their unique physical and chemical
properties.” Single-walled carbon nanotube (SWCNT) rings
in particular, composed of individual or bundled (coiled)
SWOCNTs, have been a recent area of interest due to their
unique morphology. Its high curvature and associated disorder
results in novel mechanical, electronic, and magnetic properties
compared to pristine straight SWCNTs* " Coiled SWHNCT
rings have potential in diverse applications, for example, in
small electromagnetic devices and flexible electronics. The
many theoretical and experimental studies based on coiled
SWCNT rings include investigating the persistent of current
flow through the walls of the rings, studying their magnetic
response, and investigating the surface modes based on the
engendered field distribution and electromagnetic energy
confinement.*” In addition, because of the available charge
free space in their interior cavity, coiled SWCNTs offer the
ability to encapsulate cells” and metal chains such as Fe, Au,
and Cu.”

Several strategies have been used to fabricate coiled
SWCNT rings, including chemical wvapor deposition
{CVD),"""* laser ablation,'*"* and synthesis from preformed
SWCNTs involving ultrasunicalianJ' =17 organic reactions," "
and a templated approach to bend SWONTs "' However,

A ACS Fublications = 2m3 Amencan Chemical Seciety 52832
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these techniques suffer from various limitations, among them
being difficulties in scaling the process, the use of harsh and
toxic chemicals, long processing times, and high-temperature
processing. We have previously reported the synthesis of
toroidal structures of SWCNTs of various morphologies using
a microfluidic platform, the vortex fluidic device (VFD) in the
confined mode (small aliquot processing).”” The method
involved the use of a binary solvent system of toluene and
water to afford rings of different morphologies that were stable
and devoid of surfactants. It is noteworthy that scaling up using
this confined mode approach is deemed problematic for large-
scale applications. Since our earlier work, we have now further
developed the use of the VFD for fabricating coiled SWCHNT
rings with scalability incorporated into the process, operating
under continuous flow processing and systematically studied
the magnetic responses of the rings using magnetic force
microscopy | MEM).

The VFD is a relatively mew and versatile thin film
microfluidic platform with a number of applications in addition
to forming SWCNT rj.ngs.l: including slicing and controlling
the lengths of CNTs while irradiating with a pulsed laser,™™"
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5.1. Abstract

Graphene oxide scrolls (GOS) are fabricated in high yield from a colloidal suspension of graphene
oxide (GO) sheets under shear stress in a vortex fluidic device (VFD) while irradiated with a pulsed
laser operating at 1064 nm and 250 mJ. This is in the absence of any other reagents with the structure
of the GOS established using powder X-ray diffraction, thermogravimetric analysis, differential
scanning calorimetry, X-ray photoelectron spectroscopy, Raman spectroscopy, transmission electron
microscopy, atomic force microscopy and scanning electron microscopy.

Keywords

Graphene oxide scrolls; Shear stress; Laser irradiation; Vortex fluidics
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5.2. Introduction

In recent years, graphene scrolls have attracted attention as a novel one dimensional (1D) tubular
topology materials derived from rolling up a 2D sheet of ubiquitous graphene. Graphene and graphene
oxide (GO) scrolls have properties akin to other carbon nano-materials, including high thermal and

electrical conductivities and excellent mechanical properties ', with potential in a number of
prop p

4 7 10

applications. These include hydrogen storage >, supercapacitors >7, batteries *, sensors '° and
electronic devices !>, However, gaining access to graphene scrolls has proved challenging, not only

for graphene, but also for graphene oxide and reduced graphene oxide.

Graphene scrolls are accessible directly from graphite using a spinning disc processor (SDP) ', via
sonication of graphite intercalation compounds '* and from preformed graphene sheets in isopropyl

115

alcohol . Graphene oxide scrolls (GOS) have been prepared from graphene oxide using

16, microwave irradiation of graphene oxide !7 and a Langmuir-Blodgett

Lyophilization methods
approach, also from preformed graphite oxide '®. Fabricating such scroll structures from graphene or
graphene oxide usually suffers from limitations, including low yield, and using harsh chemicals and
energy intensive high temperature and sonication processing, with long processing times. In the
present research, we have developed a facile method for the synthesis of GOS from GO sheets in
aqueous solution, under high shear stress in a vortex fluidic device (VFD) . This dynamic thin film
microfluidic platform has an angled tube rapidly rotating, with the angular dependence important in
a number of applications. Within the thin film, typically below ca 500 pm thick, shear stress develops
along with pressure waves which can mediate a number of biochemical, chemical and materials
transformations '°. The VFD can be operated in the so called confined mode which is suited for small
scale processing, and under continuous flow mode. The latter is an attractive feature of the device for
addressing scalability of any processing at the inception of the science. Here jet feeds deliver reagents

into the inclined rapidly rotating tube, which is typically a 20 mm OD borosilicate glass or quartz

tube.
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The VFD is a versatile microfluidic platform with a number of applications, including slicing of

20 protein folding 2!, enhancing enzymatic

single, double and multi-walled carbon nanotubes
reactions 22, protein immobilization 2*, fabricating Ceo tubules using water as an anti-solvent against
toluene 2%, exfoliation of graphite and boron nitride 2, growth of palladium and platinum nano-

particles on carbon nano-onions 2°, probing the structure of self-organized systems, and controlling

chemical reactivity and selectivity 7.

In an earlier study we developed the use of a SPD, which by necessity operates under continuous
flow, for preparing graphene scrolls directly from graphite, albeit in only 1% yield '*. The mechanism
of this simultaneous exfoliation and scroll formation is understood on a theoretical basis, with a
graphene sheet lifting up and bending back under shear, then contacting the upper surface of this
graphene sheet, as a stable transition state '°. Further bending back then leads to spontaneous scroll
formation 3. We hypothesised that GO dispersed in solution has the potential to form scrolls under
shear as a shape with the least resistance to shear stress. However, these scrolls will not be packed at
the van der Waals limit between carbon atoms between successive turns of the scroll because of the
high levels of defects and oxygenation. In contrast, graphene scrolls generated from graphite using a
SDP have successive layers of carbon atoms at the van der Waals limit, at distances similar to the
distances between layers in graphite itself. We also hypothesised that irradiation of GO under high
shear using a pulsed NIR laser may facilitate scroll formation. This is based on the expected increased
flexibility of the GO sheets with high induced vibrational energy. There is also potential for a
reduction in site defects of the GO on absorption of laser light at 1064 nm, as has been established

during slicing of carbon nanotubes in the VFD at the same wavelength 2°.

In the present study, we systematically explored the different processing parameter space of the VFD
for generating scrolls of GO dispersed in water, along with varying the laser power and the choice of
solvent, including isopropyl alcohol (IPA) as a solvent that has been used in forming graphene scrolls

[15], and which is environmentally friendly. Further optimization involved recycling the collected
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solution, but there was little change to the nature of the product (Figure S6. Supplementary

Information).

5.3. Experimental

5.3.1. Chemicals and materials

Graphene oxide sheets (GO) (average sheet size: ~ 5 um in cross section) was synthesized by a
modified Hummer's method and purchased from Sigma Aldrich and Carbon Solution, with both

product giving similar results.

5.3.2. Preparation of GOS

The as-received GO was dispersed in water at a number of different concentrations with each solution
sonicated for 30 minutes to afford a black stable dispersion, noting that no scrolls were observed after
sonication (Figure 5. 2a-c), prior to processing in the VFD under the described conditions, under a
continuous flow rate of 0.45 mL/min in a rotating quartz glass tube 20 mm OD diameter and 18.5 cm
long inclined at 45°. Optimal parameters for GOS formation were 4k rpm rotational speed, laser
power 250 mJ and 0.2 mg/mL concentration of GO in water. The processing involved delivering a
suspension of GO to the hemispherical base of the tube in the VFD with the resulting thin film
irradiated by a 5 nanosecond pulsed Q-switch Nd: YAG laser operating at 1064 nm, with an § mm

diameter laser beam and a repetition rate of 10 Hz.

5.3.3. Characterization

The GOS were characterized by scanning electron microscopy (SEM) performed using a FEI Quanta
450 High Resolution Field Emission SEM, with a voltage of 10 kV, and working distance of 10 mm,
Atomic force microscopy (AFM) — (Nanoscope 8.10 tapping mode), Transmission electron
microscopy (TEM) was conducted on a TECNAI 20 microscope operated at 120 and 200 kV. Raman
measurements were recorded at an excitation wavelength of 532 nm (< 5mW) at room temperature.

X-ray powder diffraction (XRD) data were collected using a Bruker Advanced D8 diffractometer
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(capillary stage) using Cu Ka radiation (A= 1.5418 A, 50 kW/40 mA, 20 = 5 — 80°). Samples for SEM
and Raman analysis were prepared on clean silicon wafers. The thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) measurements were recorded on a Perkin Elmerat
operating at a heating rate of 3 C°min under a nitrogen gas flow. X-ray photoelectron spectroscopy
(XPS) data was acquired using a Kratos Axis ULTRA X-ray Photoelectron Spectrometer
incorporating a 165 mm hemispherical electron energy analyser. The incident radiation was
monochromatic Al Ka X-rays (1486.6 eV) at 150 W (15 kV, 15 ma). Survey (wide) scans were taken
at an analyser pass energy of 160 eV and multiplex (narrow) high resolution scans at 20eV. Scanned
area is about 0.8 mm x 0.3 mm and the depth is less than 10 nm (volume is approx. 2400 [Im?).
Survey scans were carried out over 1200-0 eV binding energy range with 1.0 eV steps and a dwell
time of 100 ms. Narrow high-resolution scans were run with 0.05 ev steps and 250 ms dwell time.

Base pressure in the analysis chamber was 1.0x10™ torr and during sample analysis 1.0x10® torr.

5.4. Results and discussion

5.4.1. Optimisation of fabrication of GOS

Details of the processing for transforming 2D GO sheets into 1D tubular like GOS under shear stress
within a VFD are summarised in Figure 5. 1 As received GO was readily dispersed in water as a
stable uniform colloidal solution, which is made possible by the hydrophilic groups on the surface of
the 2D sheets & '8, Figure 5. 1a schematically shows flat sheets of GO, before processing in the VFD,
with Figure 5. 1b showing the salient features of the VFD which houses a 20 mm OD diameter quartz
tube, 18.5 cm in length, inclined at 45°, which is rapidly rotated with the solution irradiated with a
pulsed laser operating at 1064 nm (see below discussions on optimisation studies). Figure 5. lc
schematically shows partially and fully scrolled GO after processing in the VFD, in accordance with
the TEM images (see below).

Establishing the optimum conditions for forming GOS involved systematically exploring the
parameter space of the VFD operating under continuous flow. This involved varying the rotational

speed from 2k rpm to 8k rpm, followed by using different laser power, 250 mJ, 400 mJ and 600 mJ,
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at different flow rates of 0.1, 0.45, 1.0 and 1.5 mg/mL, and varying the concentration of GO, 0.1, 0.3
and 0.5 mg/mL. In addition, isopropyl alcohol (IPA), as an alternative solvent which is readily
removed in vacuo post processing, was also tested for GOS formation, with GO at 0.2 mg/mL, for
different rotational speeds (See Supplementary Information for details). A flow rate of 0.45 mL/min
has been established as a good starting point for a number of applications of the VFD with the tube
fixed at 45° tilt angle which is the optimal angle for all processing using the VFD '°. The optimised
parameters for the highest conversion to GOS were 4k rpm with the pulsed laser operating at 250 mJ,
for an aqueous suspension of GO at 0.2 mg/mL. Under these conditions there is no evidence for
residual 2D GO sheets and thus the conversion to GOS or partial GOS is essentially quantitative.
Varying these parameters resulted in samples with significantly less GOS and partial GOS, as judged

using a number of characterisation techniques (see below).
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Figure 5. 1 Schematic illustration of the experimental procedure for fabricating GOS from GO sheets. (a)
Solvated GO sheets before processing in the VFD. (b) Schematic of the experimental set up for the vortex
fluidic device (VFD) and Nd:YAG pulsed laser irradiation (operating at 1064 nm with the optimised power at
250 mJ) and rotational speed at 4k rpm. (¢) GOS after processing in the VFD, inset is TEM image for GOS.

5.4.2. Characterisation of the GOS

The structure of GOS was initially examined using transmission electron microscopy (TEM), atomic
force microscopy (AFM) and scanning electron microscopy (SEM). Figure 5. 2 shows TEM and AFM
images of GO before processing and after VFD processing, establishing the formation of GOS. TEM

and AFM images in Figure 5. 2 a-c are for graphene GO before processing in the VFD, showing the
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presence of flat surfaces of GO of different sizes, which are one or more layers in thickness, according
to the height profiles in Figure 5. 2d. In addition, TEM and AFM were used to establish the nature of
individual scrolls, Figure 5. 2 e-k. Here the tubular structure of the GOS is revealed, with different
diameters ranging from 500 nm to a few micrometres. While the shape of GOS are closely uniform,
the differences in diameter presumably reflects the presence of different sizes of GO sheets in the as
received material. TEM images establish that the GOS are composed of single scrolled GO sheets, or
a relatively low number of graphene oxide layers, which is consistent with direct scrolling of the as

received material.

Figure 5. 2 (a-b) TEM images and (c) AFM images with height profiles in (d) of as-received GO (before
processing). (e-i) TEM and (j-k) AFM images of GOS at different magnification after processing in the VFD

at 4k rpm rotational speed, tilt angle 45° and a flow rate of 0.45 mL/min, coupled with laser irradiation at 250
mJ.

Further characterisation of the structure of these scrolls used SEM, at different magnification. SEM
images of GOS at a low magnification are shown in Figure 5. 3 a-c, highlighting the uniformity of
the GOS material, and thus high conversion of GO to the scrolls. For the optimised speed and
concentration now in the absence of laser irradiation, as a control experiment, scroll formation is
consistently minimal (Figure S2 e-f, Supplementary Information). Overall, the results show that GOS
of uniform structure are fabricated using the VFD while irradiated with a pulsed laser, at the optimised

parameters.
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Figure 5. 3 SEM images of GOS at different magnifications after processing in the VFD at 4k rpm rotational
speed, under continuous flow mode, tilt angle 45° and a flow rate of 0.45 mL/min, coupled with laser irradiation
at 250 mJ.
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Figure 5. 4 XRD patterns of (a) as received GO and (b) GOS in the VFD at rotational speed at 4k rpm, under
continuous flow mode, tilt angle 45°, with flow rate 0.45 mL/min, coupled with laser irradiation at 250 mlJ. (¢)
TGA and (d) DSC curves of as received GO and GOS at scan rate of 10 °C per minute in a nitrogen atmosphere.
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In order to further evaluate the quality of the GOS, x-ray powder diffraction (XRD),
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were investigated.
Figure 5. 4a displays XRD for as received GO which has a dominant diffraction peak corresponding
to a d-spacing of 8.0818A, attributed to the (001) plane of the material, as established elsewhere for
GO 6. Figure 5. 4b reveals that GOS has two peaks, the peak present for as received GO, and
another break peak at a d-spacing of 4.15302 A which is characteristic of the (002) plane, and is
consistent with some reduction of the GO in forming the GOS, as noted for laser irradiation of GO

in the absence of VFD processing 2%’

The TGA of GOS and as received GO, recorded under an atmosphere of nitrogen are shown in Figure
5. 4c. GO has around 30% mass loss up to150 °C and from 160 to 280 °C there is a 10% mass loss.
This is due to loss of physisorbed water molecules as well as the removal of the oxygen-containing
functional groups, as reported in the literature *°. There is gradual mass loss beyond 250 °C,
corresponding to further removal of the functional groups *°. For GOS, there is a mass loss around
28% up to 300 ~C, which is indicative of removal of some oxygen-containing groups during the VFD
processing in the presence of the pulsed laser, and this is consistent with the XPS results (see below).
Overall, the mass losses in GOS is lower than that of GO. This is consistent with removal of some of
the functional groups during the VFD/laser processing. In this context, we note that processing of
CNTs in the VFD while irradiated with a pulsed laser at 1064 nm results in a reduction in the defects
along the tubes, presumably with a loss of oxygen functional groups 2°. Figure 5. 4d shows the DSC
curves for GO and GOS, which revealed a narrow exothermic peak at about 196 °C for GO, whereas
in GOS there is an exothermic peak at 190°C. The results are consistent with some oxygen-containing

groups being removed during laser irradiation, analogous to that found in the literatures 332,
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Figure 5. 5 (a) XPS C 1s spectra of as received GO before VFD processing and (b) GOS formed in the VFD
at 4k rpm rotational speed, under continuous mode (flow rate 0.45 mL/min), tilt angle 45° while irradiated with
a pulsed laser at 1064 nm and 250 mJ, and (¢) Raman spectra of GO and GOS (prepared as for (b)).

In order to further analyse the structure of GOS, Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) were recorded for as received GO and GOS, Figure 5. 5, along with processing
GO in the VFD in the absence of laser irradiation (Figure S7, Supplementary Information). There is
some change in the Raman spectra recorded using a 532 nm excitation laser, from GO to GOS formed
in the VFD coupled with the pulsed laser irradiation, Figure 5. 4c. The D band is a defect-related
mode and the G band is associated with the graphitic hexagon- pinch mode **. For GO, the G band is
at 1600 cm™ which corresponds to ordered sp” bonded carbon, and the D band is at 1337 cm!, which
is attributed to edge planes and disordered structures. For GOS, the Raman spectrum shows the
presence of G and D bands at 1584 and 1337 cm™!, respectively. It is noteworthy that the position of
the G band for GOS is shifted by ~10 cm ™! compared to the as received GO sheets, which is consistent
with reduced disorder in the graphitic materials **>. Analysis of the Raman spectra usually involves
a comparison between the ratio of intensity of the G band and D bands. The D/G intensity ratio (ID/
IG) before (GO) and after scroll formation (GOS) are 1.02 and 1.04 respectively, whereas the ratio

for processed material in the absence of laser was 1.06. While the difference is not dramatic, the
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results suggests that in forming GOS, some oxygen functional groups have been removed. This is
likely to result in more - 1 interactions 2% 33-3¢,

X-ray photoelectron spectroscopy (XPS) was used to determine changes in the oxygen-containing
carbonaceous functional groups (C—OH, C—O and COQ) associated with VFD processing while
irradiated with a pulsed laser. The high resolution XPS CIs spectra of GO and GOS are shown in
Figure 5. 4a, b. The amount of C—C component in GO, estimated at ca 57.6 atomic percentage (at%),
increased slightly to 60.5 at% in GOS. In addition, the amount of C—O component in GO, estimated
at 36.6%, decreased to 30.3% in GOS. The C/O atomic ratio increased from 1.5 for GO to 2 for GOS.
The results suggest that some of the oxygen-containing functional groups have been removed during
scroll formation in the VFD in the presence of pulsed laser irradiation. More detailed data is presented
in Table S1, 2. Supplementary Information. The XPS results are consistent with Raman spectroscopic
data, with loss of some oxygen functional groups on forming GOS 2% 7. XPS was also measured for
processed GO in the absence of laser irradiation, with the C—C component estimated at 57.9% which

is almost the same as the starting material, while the C—O component was estimated at 33.0 % which

is less than that the 36.6% for as received GO (Table S1, 3. Supplementary Information).

The formation of GOS from GO sheets arises from the shear stress in the complex fluid dynamics in
the thin film in the VFD [19]. At 45° tilt angle, the liquid is accelerated up the tube and pulled down
by gravity, and there are rotational speed induced pressure waves [19-22]. Coupling shear and
pressure waves with induced vibrational energy in the GO sheets upon laser irradiation presumably
facilitates the formation of the scrolls. Moreover, it would account for no further improvement in the
degree of scrolling for each GO sheet upon recycling the colloidal suspension of the GOS back
through the VFD at the optimised processing parameters, at the same pressure waves present at 4k
rpm. We note that in an earlier study the VFD was used to exfoliate graphite into single layer graphene

sheets without the formation of any scrolls [19], in the absence of laser irradiation. Thus any loss of
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oxygen functionality at the edge of the GO sheets in the present study, under optimised VFD

processing and laser irradiation is unlikely to facilitate scroll formation.

5.5. Conclusions

We have established an essentially quantitative formation of GOS directly from GO in water in a
VFD microfluidic thin film processing platform while irradiated with a NIR pulsed laser, with the
product devoid of 2D GO sheets. Importantly the processing is under continuous flow such that it can
be scaled up, limited by the volume that can be delivered through a single VFD unit for a
concentration of 0.2 mg/mL. Scale up beyond this is possible for a number of VFD units operating in
parallel or in a single large VFD. The versatility of the VFD is further highlighted with this new
application of the device, with the operating parameters readily systematically varied in arriving at
the optimised settings, under continuous flow. The residence time of liquid entering the VFD and
exiting at the top of the rotating tube is close to 11 minutes for a flow rate of 0.45 mL/min, such that
the processing time for small volumes of water containing dispersions of GOS is short. This new
strategy for generating GOS on demand, with the ability to scale up under continuous flow sets the
scene for developing the applications of GOS, with synthetically useful quantities ca. 50 mg being

readily prepared in a single VFD.

5.6. Acknowledgements

T.M.D.A. thanks Taibah University (Ministry of Education, Saudi Arabia) for funding his
scholarship. The authors thank support of this work by the Australian Research Council, the
Government of South Australia, and thanks the Australian Microscopy & Microanalysis Research
Facility (AMMRF) and the Australian National Fabrication Facility (ANFF) for accessing

microscopic facilities.

124



5.7.

10.

1.

12.

13.

14.

15.

16.

17.

18.

References

Yang, Y.; Zhang, X.; Wang, H.; Tang, H.; Xu, L.; Li, H.; Zhang, L., Preparation of
Nanoscrolls by Rolling up Graphene Oxide—Polydopamine—Au Sheets using Lyophilization
Method. Chem. - Asian J., 2016, 11, 1821-1827.

Wang, X.; Yang, D.-P.; Huang, G.; Huang, P.; Shen, G.; Guo, S.; Mei, Y.; Cui, D., Rolling
up graphene oxide sheets into micro/nanoscrolls by nanoparticle aggregation. J. Mater.
Chem., 2012, 22, 17441-17444.

Shi, X.; Pugno, N. M.; Gao, H., Mechanics of carbon nanoscrolls: a review. Acta. Mech.
Solida. Sin., 2010, 23, 484-497.

Mpourmpakis, G.; Tylianakis, E.; Froudakis, G. E., Carbon nanoscrolls: a promising material
for hydrogen storage. Nano lett., 2007, 7, 1893-1897.

Zeng, F.; Kuang, Y.; Liu, G.; Liu, R.; Huang, Z.; Fu, C.; Zhou, H., Supercapacitors based on
high-quality graphene scrolls. Nanoscale, 2012, 4, 3997-4001.

Fan, T.; Zeng, W.; Niu, Q.; Tong, S.; Cai, K.; Liu, Y.; Huang, W.; Min, Y.; Epstein, A. J.,
Fabrication of high-quality graphene oxide nanoscrolls and application in supercapacitor.
Nanoscale Res. Lett., 2015, 10, 192.

Zhou, W.; Liu, J.; Chen, T.; Tan, K. S.; Jia, X.; Luo, Z.; Cong, C.; Yang, H.; Li, C. M.; Yu,
T., Fabrication of Co 3 O 4-reduced graphene oxide scrolls for high-performance
supercapacitor electrodes. Phys. Chem. Chem. Phys., 2011, 13, 14462-14465.

Yan, M.; Wang, F.; Han, C.; Ma, X.; Xu, X.; An, Q.; Xu, L.; Niu, C.; Zhao, Y.; Tian, X.,
Nanowire templated semihollow bicontinuous graphene scrolls: designed construction,
mechanism, and enhanced energy storage performance. J. Am. Chem. Soc., 2013, 135, 18176-
18182.

Li, X.; Zhang, Y.; Li, T.; Zhong, Q.; Li, H.; Huang, J., Graphene nanoscrolls encapsulated
TiO 2 (B) nanowires for lithium storage. J. Power Sources, 2014, 268, 372-378.

Li, H.; Wu, J.; Qi, X.; He, Q.; Liusman, C.; Lu, G.; Zhou, X.; Zhang, H., Graphene oxide
scrolls on hydrophobic substrates fabricated by molecular combing and their application in
gas sensing. Small, 2013, 9 , 382-386.

Sharifi, T.; Gracia-Espino, E.; Barzegar, H. R.; Jia, X.; Nitze, F.; Hu, G.; Nordblad, P.; Tai,
C.-W.; Wégberg, T., Formation of nitrogen-doped graphene nanoscrolls by adsorption of
magnetic y-Fe203 nanoparticles. Nature Commun., 2013, 4, 2319.

Feng, K.; Tang, B.; Wu, P., “Evaporating” graphene oxide sheets (GOSs) for rolled up GOSs
and its applications in proton exchange membrane fuel cell. ACS Appl. Mater. Interfaces,
2013, 5, 1481-1488.

Chen, X.; Boulos, R. A.; Dobson, J. F.; Raston, C. L., Shear induced formation of carbon and
boron nitride nano-scrolls. Nanoscale, 2013, 5, 498-502.

Savoskin, M. V.; Mochalin, V. N.; Yaroshenko, A. P.; Lazareva, N. I.; Konstantinova, T. E.;
Barsukov, I. V.; Prokofiev, I. G., Carbon nanoscrolls produced from acceptor-type graphite
intercalation compounds. Carbon, 2007, 45, 2797-2800.

Xie, X.; Ju, L.; Feng, X.; Sun, Y.; Zhou, R.; Liu, K.; Fan, S.; Li, Q.; Jiang, K., Controlled
fabrication of high-quality carbon nanoscrolls from monolayer graphene. Nano lett., 2009, 9,
2565-2570.

Xu, Z.; Zheng, B.; Chen, J.; Gao, C., Highly efficient synthesis of neat graphene nanoscrolls
from graphene oxide by well-controlled lyophilization. Chem. Mater., 2014, 26, 6811-6818.

Quintana, M.; Grzelczak, M.; Spyrou, K.; Calvaresi, M.; Bals, S.; Kooi, B.; Van Tendeloo,
G.; Rudolf, P.; Zerbetto, F.; Prato, M., A simple road for the transformation of few-layer
graphene into MWNTs. J. Am. Chem. Soc., 2012, 134, 13310-13315.

Gao, Y.; Chen, X.; Xu, H.; Zou, Y.; Gu, R.; Xu, M.; Jen, A. K.-Y.; Chen, H., Highly-efficient
fabrication of nanoscrolls from functionalized graphene oxide by Langmuir—Blodgett method.
Carbon, 2010, 48, 4475-4482.

125



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Britton, J.; Stubbs, K. A.; Weiss, G. A.; Raston, C. L., Vortex Fluidic Chemical
Transformations. Chem.- Eur. J., 2017, 23, 13270-13278.

Vimalanathan, K.; Gascooke, J. R.; Suarez-Martinez, I.; Marks, N. A.; Kumari, H.; Garvey,
C. J.; Atwood, J. L.; Lawrance, W. D.; Raston, C. L., Fluid dynamic lateral slicing of high
tensile strength carbon nanotubes. Sci. Rep., 2016, 6, 22865.

Yuan, T. Z.; Ormonde, C. F. G.; Kudlacek, S. T.; Kunche, S.; Smith, J. N.; Brown, W. A_;
Pugliese, K. M.; Olsen, T. J.; Iftikhar, M.; Raston, C. L., Shear-Stress-Mediated Refolding of
Proteins from Aggregates and Inclusion Bodies. ChemBioChem, 2015, 16, 393-396

Britton, J.; Meneghini, L. M.; Raston, C. L.; Weiss, G. A., Accelerating Enzymatic Catalysis
Using Vortex Fluidics. Angew. Chem., 2016, 128, 11559-11563.

Britton, J.; Raston, C. L.; Weiss, G. A., Rapid protein immobilization for thin film continuous
flow biocatalysis. Chem. Commun., 2016, 52, 10159-10162.

Vimalanathan, K.; Shrestha, R. G.; Zhang, Z.; Zou, J.; Nakayama, T.; Raston, C. L.,
Surfactant-free Fabrication of Fullerene C60 Nanotubules Under Shear. Angew. Chem. Int.
Ed., 2017, 56, 8398-8401.

Chen, X.; Dobson, J. F.; Raston, C. L., Vortex fluidic exfoliation of graphite and boron nitride.
Chem. Commun., 2012, 48, 3703-3705.

Yasin, F. M.; Boulos, R. A.; Hong, B. Y.; Cornejo, A.; Iyer, K. S.; Gao, L.; Chua, H. T;
Raston, C. L., Microfluidic size selective growth of palladium nano-particles on carbon nano-
onions. Chem. Commun., 2012, 48, 10102-10104.

Yasmin, L.; Chen, X.; Stubbs, K. A.; Raston, C. L., Optimising a vortex fluidic device for
controlling chemical reactivity and selectivity. Sci. Rep., 2013, 3, 2282.

Bo, Z.; Shuai, X.; Mao, S.; Yang, H.; Qian, J.; Chen, J.; Yan, J.; Cen, K., Green preparation
of reduced graphene oxide for sensing and energy storage applications. Sci. Rep., 2015, 4,
4684.

Huang, L.; Liu, Y.; Ji, L.-C.; Xie, Y.-Q.; Wang, T.; Shi, W.-Z., Pulsed laser assisted reduction
of graphene oxide. Carbon, 2011, 49, 2431-2436.

Zhang, C.; Chen, M.; Xu, X.; Zhang, L.; Zhang, L.; Xia, F.; Li, X; Liu, Y.; Hu, W.; Gao, J.,
Graphene oxide reduced and modified by environmentally friendly glycylglycine and its
excellent catalytic performance. Nanotechnology, 2014, 25, 135707.

Li, H.; Zhu, G.; Liu, Z.-H.; Yang, Z.; Wang, Z., Fabrication of a hybrid graphene/layered
double hydroxide material. Carbon, 2010, 48, 4391-4396.

Wu, J.; Shen, X.; Jiang, L.; Wang, K.; Chen, K., Solvothermal synthesis and characterization
of sandwich-like graphene/ZnO nanocomposites. Appl. Surf. Sci., 2010, 256, 2826-2830.
Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; Jorio, A., Raman spectroscopy of carbon
nanotubes. Phys. Rep., 2005, 409, 47-99.

Ferrari, A. C.; Robertson, J., Interpretation of Raman spectra of disordered and amorphous
carbon. Phys. Rev. B, 2000, 61, 14095.

Amadei, C. A.; Stein, I. Y.; Silverberg, G. J.; Wardle, B. L.; Vecitis, C. D., Fabrication and
morphology tuning of graphene oxide nanoscrolls. Nanoscale, 2016, 8, 6783-6791.

Suh, D. H., Formation of hexagonal boron nitride nanoscrolls induced by inclusion and
exclusion of self-assembling molecules in solution process. Nanoscale, 2014, 6, 5686-5690.
Evlashin, S.; Dyakonov, P.; Khmelnitsky, R.; Dagesyan, S.; Klokov, A.; Sharkov, A.;
Timashev, P.; Minaeva, S.; Maslakov, K.; Svyakhovskiy, S., Controllable Laser Reduction of
Graphene Oxide Films for Photoelectronic Applications. ACS Appl. Mater. Interfaces, 2016,
8, 28880-28887.

126



Carban 137

2018) 415424

Contemnts lists available at Science Direct

Carbon

ELSEVIER journal homepage: www.elseviar.com/locate/carbon
Shear stress mediated scrolling of graphene oxide )
i

Thaar M.D. Alharbi *°, David Harvey ?, Ibrahim K. Alsulami “, Nazila Dehbari ?,

Xiaofei Duan °, Robert N. Lamb °, Warren D. Lawrance “, Colin L. Raston *~

4 Flinders Institute for NonoScale Science & Technology, College of Science and Engineering, Fiinders Unfversity, Adeloide, 54 5001, Austrafio
B Physics Department, Faculty of Scence, Toibafh University, Almadinoh Almunowarreh, Seudi Arobio
© School af Chermistry, TRACEES Platform, The University of Melbourne, Parioville, VIO 2000, Austrofia

ARTICLE INFO ABESTRACT

Article history:

Received 5 March 2018
Received in rewised Form

16 April 2018

Accepted 20 May 2018
Awailable onfine 21 May 2018

Keywards:

Craphene axide sorolls
Shear stress

Laser irradiation
Vortex floidics

Graphene oxide scrolls (GOS) are fabricated in high yield from a colloidal suspension of graphene oxide
(GO} sheets under shear stress in a vortex fluidic device (VFD) while irradiated with a pulsed laser
operating at 1064 nm and 250 m]. This is in the absence of any other reagents with the structure of the
GOS established using powder X-ray diffraction, thermogravimetric analysis, differential scanning
calorimetry, X-ray photoelectron spectroscopy, Raman spectroscopy, transmission electron microsoopy,
atomic force microscopy and scanning electron micToscopy.

Crowwn Copyright © 2018 Published by Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, graphene scrolls have attracted attention as a
novel one dimensional (1D) tubular topology materials derived
from rolling up a 2D sheet of ubiquitows graphene. Graphene and
graphene oxide (GO) scrolls have properties akin to other carbon
nano-materials, including high thermal and electrical conductiv-
ities and excellent mechanical properties [1,2], with potential in a
number of applications. These include hydrogen storage [3.4),
supercapacitors [5-7), batteries [2,9], sensars [ 10] and electronic
devices [11,12). However, gaining access to graphene scrolls has
proved challenging, not only for graphene, but also for graphene
oxide and reduced graphene oxide.

Graphene scrolls are accessible directly from graphite using a
spinning disc processor (SDP) [13], wia sonication of graphite
intercalation compounds | 14] and from preformed graphene sheets
in isopropyl alcohol | 15]. Graphene oxide scrolls (GO35) have been
prepared from graphene oxide using Lyophilization methods [ 1G],
microwave radiation  of graphene oxide [17] and a
Langmuir—Blodgett approach, also from preformed graphite oxide
[18]. Fabricating such scroll structures from graphene or graphene
oxide usually suffers from limitations, including low yield, and

* Cormespanding author.
E-mmil mddress: colinrastomi@linders.eduan (CL Raston).

hitps: | Mdoi.org 10,1006 [jcarbon 2008 05040

(008-6223[Crown Copyright & 2018 Published by Elsevier Ltd. All rights reserved.

using harsh chemicals and energy intensive high temperature and
sonication processing, with long processing times. In the present
research, we have developed a facle method for the synthesis of
GOS from GO sheets in agqueous solution, under high shear stress in
a vortex fluidic device (VFD) [19]. This dynamic thin film micro-
fluidic platform has an angled tube rapidly rotating, with the
angular dependence important in a number of applications. Within
the thin film, typically below ca 500 pm thick, shear stress develops
along with pressure waves which can mediate a number of
biochemical, chemical and materials transformations [ 19]. The VFD
can be operated in the so called confined mode which is suited for
small scale processing, and under continuous flow mode. The latter
i5 an attractive feature of the device for addressing scalability of any
processing at the inception of the science. Here jet feeds deliver
reagents into the inclined rapidly rotating tube, which is typically a
20 mm 0D borosilicate glass or quartz tube.

The VFD is a versatile microfluidic platform with a number of
applications, including slicing of single, double and multi-walled
carbon nanotubes [20), protein folding [21], enhancing enzymatic
reactions [22], protein immaobilization 23], fabricating Ceo tubules
using water as an anti-solvent against toluene |24, exfoliation of
graphite and boron nitride [25), growth of palladium and platinum
nano-particles on carbon nanc-onions [26], probing the structure
of self-organized systems, and controlling chemical reactivity and
selectivity [27].
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6.1. Abstract

Controlling organisation and forces in liquids under non-equilibrium conditions is fundamental for
building complex systems and the function of living cells.! Shear stress in dynamic thin films, as in
vortex fluidics, can be harnessed for generating non-equilibrium conditions, but the nature of the fluid
flow is not understood. A rapidly rotating inclined tube in the vortex fluidic device (VFD) imparts
shear stress (mechanical energy) into a thin film of liquid, depending on the physical characteristics
of the liquid and rotational speed, o, tilt angle, 0, and diameter of the tube.?”” Through understanding
that the fluid exhibits resonance behaviour from the confining boundaries of the glass surface and the
meniscus that determines the liquid film thickness, we have established that Coriolis forces and
Faraday waves in the VFD result in specific topological fluid flow uniquely at a 45° tilt angle. These
topologies have been established through materials processing, as circular flow normal to the surface
of the tube, double helical flow across the thin film arising from the Faraday waves, and spicular
flow, a transitional region where both effects contribute. The manifestation of flow patterns within
the film have been observed by monitoring the mixing time, temperature profile, and film thickness
against increasing . In addition, these flow patterns have unique signatures that enable the
morphology of nanomaterials processed in the VFD to be predicted, for example in reversible
scrolling, crumbling and unscrolling graphene oxide sheets. Shear stress induced crystallisation and
polymerisation, at different rotational speeds, provide moulds of high-shear topologies, as “positive’
and ‘negative’ spicular flow behaviour. The grand sum of the different behaviours is a general fluid
flow model that accounts for all processing in the VFD at an optimal tilt angle of 45°, and provides a

new concept in fabricating nanomaterials and controlling the organisation of matter.
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6.2. Introduction

Understanding fluid flow is important in microfluidics where processing has primarily focused on
manipulating liquids through channels.® A less developed area of microfluidics involves films of
liquid < 500 um thick which are centrifugally generated by passing liquids over rotating surfaces, as

10.11 and in the

in spinning disc processors (reactors) ,”!° horizontally aligned rotating tube processors,
vortex fluidic device (VFD),%” Figure 6. 1(a-c). The latter is a variant of the rotating tube processor
but where the orientation of the tube, 0, can be varied®” and is distinctly different to Couette flows
where liquids are periodically forced between two surfaces'?. These processors are also distinctly
different to conventional microfluidics and do not suffer from clogging. They are effective in
controlling chemical reactions, probing the structure of self-organised systems, and in the top down
and bottom up synthesis of nanomaterials.>*!° The shear stress in the VFD itself is effective in a
variety of applications, including in accelerating enzymatic reactions,® folding proteins,* slicing
carbon nanotubes,’ exfoliating graphene,® and wrapping bacteria in graphene oxide.” For the standard
20 mm diameter (internal dimeter 17.5 mm) quartz or glass tube in the VFD, changing of the fluid

flow behaviour with the rotational speed (w) over the range of 3k to 9 k rpm has revealed benefits of

using the device specifically at a tilt angle 6 = 45°.2

6.3. Results and discussion

Establishing the nature of the complex fluid dynamics within the VFD for utility in chemical
processing proved challenging. For the range of accessible rotational speeds, and possible solvent
substrates, Reynolds numbers (Re) in the range 500 to 10000 are readily achievable, such that flow
will exhibit partial turbulence. Experimental attempts to observe the fluid flow in the VFD have been
hampered by unavoidable distortions in the glass tube and wobble along its rotational axis, estimated
to be collectively > 100 um. Direct measurement of fluid flow at the dimensionality of processing
materials (ca 1 to 5 um), for example, in scrolling graphene oxide (GO)'® and generating cones of
assembled fullerene Ceo'4, is a longstanding issue. We hypothesised that manipulating self-assembly,

crystallisation and polymerisation processes, and surface induced structural features can cast moulds
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of high shear regimes in the liquid, in determining the flow behaviour at the micron and submicron
dimensions, Figure 6. 1(d). Following this led to establishing the fluid flow characteristics in the VFD
at an inclination angle of 6 = 45°, with rotational speed dependent Coriolis driven circular flow and
double helical topological flow associated with Faraday waves, and the interplay of these as spicular
flow, with the key outcomes of the findings presented in Figure 6. 1(d-g), and the experiments leading
to these findings presented in Figure 6. 2 to 6. 4. Faraday waves are nonlinear standing waves that
appear on liquids enclosed by a vibrating vessel,!” and are characterised by pressure fluctuations that
induce eddies, much like the pressure system and wind patterns exhibited in the Earth’s atmosphere,
but around the inside surface of a curved cylindrical surface, rather than the outside of a spherical
one. Their presence and other fluid dynamic behaviour in the VFD will impact on the movement of
the liquid (mixing), and consequently, the resultant heat and mass transfer. Variation in the relative
strengths of these competing processes result in overall fluid behaviours that create regimes of unique
processing conditions within the VFD, with each introducing a moulding or fabrication capability for
their own unique nanostructures. Oscillating film thickness in the VFD at 6 <90°, Figure 6. 1(b), will
drive the formation of Faraday waves in the VFD. These findings also prove that there are domains
of fluid flow in the VFD where any outcome of processing is not limited by bulk diffusion control,

but this is compounded by orientation effects associated with the different topological flows.

The confined mode of operation of the VFD is where a finite volume of liquid is spun in the tube,
with the continuous flow mode having liquid constantly fed into the base of the tube or at positions
along the tube, with the liquid centrifugally driven out of the top of the tube against gravity, Figure
6. 1(a)>. Continuous flow processing in the VFD addresses scalability of the experimental processing
up front, and the effect is effectively the sum of the confined mode in between drops of liquid entering
the tube?. This finding is understood herein by the reestablishment of the process specific fluid flow
topologies, Figure 6. 1(e,f), between each drop. Importantly, for any processing in the VFD, the

vortex has to be maintained to expose the base of the tube, otherwise the fluid behaviour is even more
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complex with partitioning of fluid flow, Figure 2(k) (Supplementary Information section 2, Movie
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Figure 6. 1 Characteristics of the vortex fluidic device (VFD) and moulded fluid flow. (a) Confined mode of
operation of the VFD with the expected oscillation in film thickness which also prevails in (b) the continuous
flow mode where liquids are injected as droplets into the rapidly rotating tube. (¢) Expected fluid flow and
film thickness at 90° and 0° degree tilt angles (0). (d) (i) Shear stress induced fullerene Ceo crystallisation
resulting in spicules or rods, (ii) anti-solvent crystallisation at the glass — liquid interface, leading to cones, (iii)
BSA and glutaraldehyde polymerization in moulding high shear and low shear flow, (iv) as for (iii) for the
nucleation and growth of a metal organic framework (MOFS5), and (v) shear stress ‘molecular drilling’ of holes
on polysulfone with their signature retained at the glass-polymer interface post positional shift of the double
helical fluid flow. (¢) Representation of the different fluid flows, and the collapse of circular Coriolis force
flow and double helical flow from Faraday waves into spicular flow. (f) Double helical fluid flow with a
reduction in helical pitch (P) for increasing rotational speed, ®, for the same thickness of the film, d;j, with
preservation of w.P. (g) Diagrammatic representation of change in film thickness in a type y liquid which is
dominated by double helical flow across the rotational landscape, and the reduction in film thickness and

associated the Faraday waves driving the formation of linear arrays of double helical flows orientated parallel
to the rotation axis of the tube.

Mixing experiments whereby the time taken for a drop of dye added to a finite volume of liquid in

the tube to form a uniformly mixed solution half way up the film was measured across m at 6 = 45°,
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along with changes in temperature and film thickness at this atypical tilt angle. Collectively they
provide a signature for the liquid, as depicted for initially water at ca 20 °C in a 20 mm and 10 mm
OD tube (17.5 mm and 8.5 mm ID respectively), Figure 6. 2(a,b), for use in predicting rotational
speed processing outcomes. The temperature of the tube was also measured mid-way along its length
using an IR thermal imaging camera, across ® and 0, for a 20 mm OD tube, revealing a significant
rise in temperature at 4.5k rpm for water, approximately 2 °C, only at a tilt angle of 45°, Figure 6.
2(c). The mixing profiles across different tilt angles for 20 mm and 10 mm diameter tubes have also
been determined, Figure 6. 2(d) and Supplementary Information section 3, respectively. While mixing

times vary dramatically, at 6 = 45°, they provide insight into the fluid behaviour in the VFD.

Mixing time profiles, change in temperatures at 6 = 45° and change in film thickness vary for different
liquids, for example, toluene, DMF, 3:1 ethanol/water, and 1:1 o-xylene/DMF, Figure 6. 2(e-h). This
behaviour describes how the physical properties (such as viscosity, density, surface tension) of the
liquid drive signature flow characteristics for the liquid within the VFD environment. For water, as
the speed increases, the time for mixing dramatically drops at 3.0k rpm, where circular flow prevails
(see below regarding scrolling of graphene oxide, GO), then increases above ca 3.8k rpm as spicular
flow dominates (see below regarding shear stress induced crystallisation of fullerene Ceo). This flow
arises from the interplay of Faraday wave double helical flow and circular flow, Figure 6. 1(e). At
speeds above 4.5k rpm, the circular component of flow diminishes and only the double helical flow
remains. At 4.5k rpm there is a sharp rise in temperature, Figure 6. 2(a), which corresponds to
transitioning from spicular flow to double helical flow (see below regarding shear stress induced
crystallisation of Cgo within the confines of the double helical flow), and is associated with a reduction
in average film thickness. The large change in film thickness (determined from volume changes) at
this speed (ca 50%) indicate that this is along the length of the film rather than being localised. We
define this type of signature as corresponding to an a-liquid. Toluene behaves similarly with the onset
of rapid mixing above 3k rpm, now with a rapid change in temperature at 6k rpm, Figure 6. 2(e), is

likewise classified as an a-liquid, as is the classification of the fluid response for, Figure 6. 2(f). A
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mixture of ethanol and water (3:1) has distinctly different mixing and temperature profiles, Figure 6.
2(g), and is classified as a B-liquid, dominated by spicular for increasing ®, matching the moulding

of high shear regimes in forming BSA-gluteraldehyde porous spheres (see below).

A sudden increase in temperature is associated with a transition from (i) spicular to double helical
flow (ie. decoupling of circular and double helical flow) with a reduction in film thickness, or (ii)
from double helical flow to a smaller pitch double helical flow (ie. collapse of opposing directional
flow in the double helical flow), Figure 6. 1(f,g). These transitions will generate frictional heat from
the double helical flow striking the surface of the tube (see below for ‘drilling holes’ in thin film of
polymers attached to the inside of the tube), and amplified where the film thickness change is more
dramatic and readily measurable. The 1:1 mixture of DMF and o-xylene has a distinct series of step
increases in temperature, with double helical flow across the rotational landscape, Figure 6. 2(h), and

this liquid is classified an y liquid.

Any sudden increase in temperature (AT) with increasing ®, does not arise from vibrations induced
from the motor or the two bearings at either end of the tube. This conclusion is based on the notion
that different rotational speeds are needed for a sudden increase in temperature for a number of
liquids, and for different diameters of the tube (20 versus 10 mm OD), along with the phenomenon
being restricted to 45° tilt angle and that is independent of the choice of motor driving the rotation of
the tube. If it were simply an artefact of the drive system, the behaviour would always appear for the
correct liquid at a fixed rotational speed. Moreover, the position for rapid change in temperature of
the liquid is independent of the volume of liquid in the tube, and with minimal change from one tube
to another of the same diameter, Supplementary Information section 2, ruling out imperfections in
the glass being responsible for generating the effect. Identifying positions of AT and change in
volume/film thickness at 0 45° provides a powerful method to rapidly establish the rotational speed
for transitioning from spicular like fluid flow to double helical flow, and for double helical flow of

one diameter to a double helical flow of a smaller diameter tube, as in a 1:1 mixture of DMF and o-
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xylene, for any liquid, without the need for prior knowledge of the properties of the liquid. High speed
photography of water in a 10 mm OD tube reveals that as the speed increases, helical waves appear
along the tube (distinctly different to the above double helical flow) (Supplementary Information
section 4, Movie S2). However, they disappear at ca 5.6k rpm, where beyond this speed there is a
plateau region of film thickness, Figure 6. 2(k). This approximates to o for a sudden drop in liquid
(and thickness of the film), Figure 6. 2(a) (and Supplementary Information section 5). A constant
thickness for increasing rotational speed is consistent with double helical flow being maintained but
with a reduction in pitch of the double helix as the rotational speed increases, Figure 6. 1(f), preserving
o.P (P = pitch of the double helix in the fluid flow). As the pitch decreases for increasing speed, a
threshold will be reached where the distance between opposite flow up and down the helix cannot be
maintained, resulting in disruption of the double helical flow, creating a dynamic equilibrium state.

Increasing o further results in a thinner film and double helical flow with a larger pitch, Figure 6.

1(g).
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Figure 6. 2 Mixing and thermal response, and film thickness. (a) and (b) Thermal response and mixing times,
and change in average film thickness versus o for water in a 20 mm OD quartz tube (17.5 mm ID) and 10 mm
tube (8.5 mm ID) respectively. Mixing time (red) corresponds to the time taken for a drop of water containing
a small amount of dye added at the bottom of the tube rotating at a specific speed to uniformly mix in half way
up the preformed film generated from 2 mL of water. The temperature (black) was measured midway along
the tube using an IR camera, for residual water present in the tube, being equivalent to the continuous flow
mode of operation of the VFD (water along the complete length of the tube), with the average film thickness
(blue) determined at 6 = 45° for a specific speed from the mass of residual water also equivalent to the
continuous flow mode of operation of the VFD, converted to a volume of liquid spread uniformly on the inner
wall of the tube. (c) Thermal response for water in the tube, retaining the maximum amount of water at each
speed, for varying tilt angles, 0, using a 20 mm OD tube. (d) Mixing response for 2 mL of liquid in the 20 mm

OD tube for change in 6. (e) — (h) Thermal response, mixing times and film thickness versus ® for toluene,
DMF, a 3:1 mixture of ethanol and water, and a 1:1 mixture of DMF and o-xylene in 20 mm OD tubes,
respectively. Temperatures were recorded at the mid-point along the tube to minimise any heating from the
bearings. Recording change in temperature starts at high o relative to o for recording mixing times, a
consequence of requiring extra liquid in the tube when mimicking continuous flow processing, and this
requires higher o to generate a vortex to the bottom of the tube. (i) Summary of the different fluid flows, and
flow regimes characterised by the relative strength of the Coriolis (_F)FW) and Faraday wave (ﬁ ) forces, using
computational fluid dynamics (CFD) simulations conducted using OpenFoam v1806, as detailed in the
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Supplementary Information section 11. (j) Images of water in a 10 mm tube at different rotational speeds,
captured from 5k frames/s (Movie S2). (k) Photographs of partitioned mixing of an aqueous dye in water into
2 mL of water in a 10 mm OD tube rotating at 2k rpm where the vortex is not developed to the bottom of the
tube (Movie S1). Additional information is provided in the SI file).

To further understand the fluid dynamic response in the VFD, we subjected single graphene oxide
(GO) sheets dispersed in DMF to different rotational speeds, Figure 6. 3(a) (and Supplementary
Information section 7). At speeds aligned with a minimum mixing time in this solvent (4k rpm, Figure
6. 2(f)), GO is forced into scrolls, Figure 6. 3a(i), corresponding to circular flow, whereas at Sk rpm
GO sheets collapse into globular shapes approximately 1-2 um in diameter, Figure 6. 3a(ii),
corresponding to spicular flow, and at 8k rpm (the shortest mixing times), the GO sheets are
unaffected. However, at this speed, preformed GO scrolls become disrupted and unravelled, Figure
6. 3a(iii), and preformed globular GO become sheets. In the same way, preformed globular GO at 4k
rpm become scrolls. These results clearly establish spherical like topological shear stress consistent
with spicular fluid flow at 5 k rpm in DMF, and circular fluid flow at a Coriolis force dominated
regime at 4k rpm. At 5k rpm, the rapid interconversion between specular and double helical flow

results in shredding of the GO sheets into ca 80 nm particles, Figure 6. 3a(iv).

Unscrolling GO requires another force at play with smaller dimensionality than the diameter of the
scrolls, and this we ascribe as coming from the resonant vibrational eddy currents associated with
Faraday waves taking on a double helix arrangement, Figure 6. 1(e,f). We have previously established
the ability to wrap bacteria with GO in water in a 10 mm diameter tube at 5k and 8k rpm’, and this is
now understood as coming from circular fluid flow. We found that recording changes in temperature
in the smaller diameter tube are unreliable (Figure 6. 2(b)), presumably because of more rapid heat
flow from a thinner film and thinner glass. The change in film thickness can be used instead to
establish @ where different topological fluid flow prevails for increasing ®. The Coriolis forces arise
from inertial forces, and therefore it will be more pronounced for the smaller diameter tubes, which

is demonstrated herein, with ca 30% reduction in the dimensionality of the topological flow for a 10
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mm dimeter tube relative to a 20 mm diameter tube (see below regarding the formation of Cso cones).
Thus far the order of the type of fluid flow in the tube for increasing  is circular flow followed by
spicular flow, then double helical flow, for the 9k rpm rotational speed limit of the VFD housing a

20 mm (or 10 mm) OD tube, as an archetypal a-liquid.

Mixing a toluene solution of fullerene Ceo with water in the VFD results in the crystallisation of
tubules'”. We have now established that subjecting a toluene solution of the fullerene (<< saturation
level) to shear stress in the VFD, in the absence of water, results in the formation of self-assembled
fullerene particles as a new form of crystallisation, adding to the limited number of ways of inducing
crystallisation, namely sublimation, cooling, evaporating, and heating to strip away surfactants'®.
Fullerene Cgo only slowly dissolves in toluene, so that any particles generated by the induced shear
stress do not rapidly dissolve, with ample time for collecting by centrifugation and washing post VFD
processing, before dissolution in reaching the thermodynamically controlled state. At ® < 6k rpm,
spicules are generated with uniform size and number of spicules, Figure 6. 3(b(i)). These are made
up of ca 6.5 nm particles of self-assembled Cso (Supplementary Information section 7) and these and
the rods formed at > 6k rpm, Figure 6. 3(b(ii)), can only form at high shear in the liquid, otherwise
they would re-dissolve under thermodynamic control. Thus, spicules are a mould of the fluid flow
corresponding to a combination of circular and double helical flow, Figure 6. 1(e,f), with the edges
of the spicules slightly curved, Figure 6. 3(b(1)). Close inspection of the rods revealed slightly curved
surfaces, Figure 6. 3(c(ii)), and this is consistent with them being formed under shear within the
double helical liquid flow, rather than the formation of well defined crystallographic controlled facets.
Outside of this space they would re-dissolve, noting that circular flows from Coriolis force are
negligible at high rotational speeds (>6000 rpm). In addition, the diameter of the rods (ca 0.5 pum) are
consistent with the overall diameter of the double helix (see below). At the transitioning speed for

toluene, 6k rpm (Figure 6. 2(e), a mixture of spicules and rods are formed, Figure 6. 3(b(iii)).
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Figure 6. 3 Moulding nano-carbon and polymer material. (a) Processing GO in a 20 mm OD tube (17.5 cm
ID) at 6 45°, 0.2 mg/mL in DMF, flow rate 0.45 mL/min, result in (i) scrolls at 4k rpm, (ii) crumbling into
globular particles at Sk rpm, and (iii) no perturbation at 8k rpm, with the ability to cycle between the three
forms of GO by changing the rotational speed akin to another form, with transformation of the GO into ca 100
nm spheroidal particles at 5.5k rpm (transition from spicular to double helical flow at the dynamic equilibrium).
(b) Shear stress induced crystallisation and self-assembly of Ceo in toluene (0.1 mg/mL, flow rate 0.1 mL/min,
0 45°), affording (i) spicules and mixtures of spicules and rods, and (iii) rods, at 4, 6, and 8k rpm, corresponding
to spicular flow, transitioning from spicular to double helical flow and helical flow respectively. (c)
Micromixing a 1:1 solution of o-xylene solution of Cg (0.1 mg/mL flow rate 0.1 mL/min) and DMF (0.1
mL/min) in a VFD, 6 45°, 20 mm OD tube, affording (i) regular and (ii) irregular cones in a 20 mm OD tube,
and (iii) and (iv) sharper pitch cones with extended arms in a 10 mm OD tube. (v) Cones attached to the wall
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of the glass tube in the VFD, post VFD processing in a 10 mm OD tube. (d) (i, ii) Signature of the pattern of
the double helical flows formed at the interface of the glass tube and a thin film of polysulfone (ca 5 pwm)
formed in toluene at 20 °C, 6 = 45°, 7k rpm rotational speed, along the length of the tube, with the arrow
representing the rotational direction of the axis of the tube. (iii) Snapshot of holes formed at the interface of
the polymer with the liquid.

An alternative strategy for fluid flow moulding is the crystallisation of Ceo using an anti-solvent
approach. Injecting a solution of Ceo in o-xylene into the base of the rotating tube in the VFD with
another jet feed simultaneously injecting DMF in which the fullerene is only sparing soluble (as
periodic drops), results in the formation of cones 0.5 - 2.5 mm in diameter which are comprised of ca
6.5 nm particles of fcc fullerene Ceo, Figure 6. 3(c(i,ii))!°. Cones formed in the 20 mm OD tube have
small whiskers running parallel to the symmetry axis of the cones, and these are more pronounced
for cones generated in the 10 mm OD tube, with the diameter of the cones reduced by ca 30% relative
to those generated in the 20 mm OD tube, Figure 6. 3(c(iii,iv)). The formation of cones is consistent
with the small first formed ca 6.5 nm nano-particles of Ceo assembling at points of high shear on the
surface of the tube, where the double helical flow strikes the surface of the tube. Thermal imaging
reveals increasing temperatures for a 1:1 mixture of the two solvents as ® increases, Figure 6. 2(h),
which correspond to ongoing fluctuations in pitch (decreasing then increasing), Figure 6. 1(e.g), and
consequential change in film thickness, Figure 6. 2(h). In the absence of shear on mixing the two
liquids (no VFD), the small nano-particles of the fullerene aggregate randomly'®, whereas in the VFD
the ca 6.5 nm particles assemble only at the interface of high shear in the liquid and the surface of the
tube, effectively ‘writing’ cones at the end of the double helix which itself is likely to be rotating
along the axis of the helix, with all the cavities facing in the same direction. Given that the cones are
formed under continuous flow whereby the product primarily exits the top of the VFD tube, any
attachment to the tube through their apex must be weak and at the nm dimensions. Indeed, breaking
a tube post-VFD processing revealed some cones attached to the surface of the tube at their apical
positions, Figure 6. 3(c(v)) (and Supplementary Information section 7). Clearly the residence time of

such structures near the surface of the tube is maximised, allowing them sufficient time to adhere.
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Within the liquid, the combination of Faraday waves, Coriolis flow and resonant eddy currents, each
of which tend to dominate in each of the operating regimes, could have transition points of ‘dynamic
equilibrium’ within the liquid where they effectively cancel out each other as the operating conditions
transition between the operating regimes. In such places mass transport of larger structures will be
relatively slower than at other places within the liquid, and residence times for interaction with other

smaller species will be longer.

Given the frailty of the point of attachment of the cones to the surface of the tube, the formation of
cones doesn’t provide information on the spatial arrangement of the associated double helical flow.
For this we explored the possibility of double helical flow generating holes in a thin layer of polymer
attached to the inner surface of the tube. The polymer of choice was polysulfone, and surprisingly the
arrangement of double helices was determined from the surface of the polymer attached to the glass
tube rather than the surface in contact with the liquid. Peeling the polymer from the glass surface
revealed lines of holes several um in diameter, Figure 6. 3(d) (and Supplementary Information section
8), which has the dimensionality of the moulding of the cones, although the solvent here was toluene
with the tube rotating at 7k rpm where double helical flow prevails, Figure 6. 2(e). The holes are
arranged in lines co-parallel to the rotational axis of the glass tube, and this arrangement explains the
ability of double helical flow to exfoliate graphene from graphite,® and the above unscrolling of GO,
Figure 6. 3(a), between rows of vertically arranged double helices. The original proposed mechanism
involved exfoliation at the interface of the graphite flakes and the surface of the tube, and/or at the
interface of the liquid and graphite held parallel to the surface of the tube.® The mechanism of
formation of these holes, Figure 6. 1(d), has the double helical ‘molecular drills’ piercing the polymer
film, and when they move to other locations, the centrifugal force results in collapse of the holes,
trapping liquid at the base, with smoothing of the upper surface. The ability for the fluid flow to pierce
the polymer layer is consistent with the friction associated with the double helical flow striking the

surface of the tube thereby increasing the temperature of the liquid, and the melting the polymer
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which has an onset of glass > 120 °C.'* In addition, the pattern of holes is commensurate with the

presence of arrays of Faraday waves on larger length scales.

Reaction of BSA with glutaraldehyde in the VFD in a 3:1 mixture of ethanol and water as PBS, a 3
liquid with specular flow, Figure 6. 2(g), results in the formation of porous polymeric spheres'®
Higher rates of polymerisation are expected at the highest shear stress,” ie. within the spicules, with
the polymer then building up at the closest proximity with low shear, on the surface of a sphere with
holes representing where the spicules protruded, Figure 6. 4(a,b). This material then represents a
‘negative’ mould of spicular flow, with the formation of the Ceo spicules as the ‘positive’ mould. The
size of the porous spheres is ca 10-38% smaller for the 10 mm tube relative to the 20 mm tube, Figure
6. 4(b) (and Supplementary Information section 9), as for the formation of Ceo cones in the smaller
tube. The number of holes in each sphere (= number of spicules of fluid flow) is not uniform for each

sample preparation, as is the case for the formation of spicules of Ceo, Figure 6. 2(b).

Terephthalate/Zn MOFS5 formed using batch processing, as cuboid particles 200 to 500 nm in
diameter,?° is only sparing soluble in DMF, the solvent of choice for its synthesis. Confined mode
synthesis in DMF in the VFD at 110°C also produces cuboids of the same structure (Figure 6. 4 (c-
f)) (and Supplementary Information section 10), except for processing below 5.5k rpm, where
spicular flow prevails, Figure 6. 2(f), which generates cuboids with irregular shaped cavities on each
face. The cavities are then the ‘negative’ moulds of high shear at the spicules, with any crystallisation
in the cavities likely to lead to shear stress dissolution, and regrowth on the faces, away from the high
shear. Thus, nucleation and growth of MOF5 provides a partial mould of spicular flow, with the
position of spicule flow in DMF at 110°C at ca 4krpm, which is 1.5k rpm lower than such flow at

room temperature, Figure 6. 2(f).
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Figure 6. 4 Moulding polymer growth and metal organic frameworks. (a) Schematic of the formation of porous
spheroidal particles of cross linked BSA with glutaraldehyde formed in the VFD under confined mode (BSA
in aqueous 10 mM PBS of pH 7.4 (1 mg/mL) to ethanol ratio 1:3 (300:900 pL) and 15 pL of glutaraldehyde,
using (b) 0.5 mL of combined solution in a 10 mm OD tube for 1 min at 3k, 5k and 7k rpm (i) — (iii)
respectively, and 1 mL of combined solution for a 20 mm OD tube, for 1 min at 3k, 5k and 7k rpm (iv) — (vi)
respectively, reporting SEM images and derived particle size distributions from 100 randomly chosen spheres.
(c) Schematic of the synthesis of MOF5 where H,BDC (63.3 mg) and triethylamine (106.3 uL.) were dissolved
in 4.9 mL of DMF and Zn(OAc),-2H>O (169.9 mg) was dissolved in 5 mL of DMF. For a typical VFD
experiment, 556 pL of zinc solution was added to 444 pL. H.BDC solution followed by 20 mm VFD processing
for 30 min at 110°C. (d) SEM and AFM images respectively for MOFS5 formed at 110°C for 30 min at 4k rpm.
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(f) Variation in morphology of the particles formed under the same processing as a function of rotational speed
(i) — (vi), 3k, 4k, 5k, 5.5k, 6k and 7k rpm, respectively, for the confined mode of operation of the VFD for 30
min, showing SEM images and particle size plots, determined by randomly counting 100 particles.

The above results provide a picture of fluid flow in the VFD. At the minimum mixing time the high
shear circular flow, at most a few um in diameter prevail. Beyond this speed Faraday waves combine
with the circular flow, with the lines of high shear fluid flow on the surface of a spicule, and for higher
speeds, as the mixing times peak, Faraday waves dominate, where the double helical eddies associated
with them are normal to the thin film. For other liquids, double helical flow dominates across the
rotational landscape. Eddies associated with Faraday waves are twisted into double helices by the
circular flow, with flow up one strand of each helix, and down the other. Superimposing the associated
vectors of flow with those of the circular flow necessarily creates a flow of liquid around a sphere,
with a full turn of the double helix being the diameter of the double helical Faraday waves eddies,
which corresponds to the diameter of the circular flow, Figure 6. 1(e). The spicular flow sphere of
influence is approximately 1-2 um for the 20 mm diameter tube, and ca 30% smaller for the 10 mm
OD tube. For spicular flow, the diameter of the double helix is defined by the diameter of the fullerene
Ceo spicules, and thus the diameter of the associated double helix, dpn, Figure 6. 1(e). For dpn ca 2
um, and assuming that for one rotation of the VFD tube, that eddies complete a full turn of the double
helix, ca 5 um, then at 6k rpm (100 Hz), the velocity of the molecules in the double helical flow is ca
0.5 mm/s. This is consistent with the shear stress in the VFD increasing the average velocity of the
molecules, without external heating, and that the system has regimes which are not limited to
diffusion control processes. Moreover, for increasing rotational speeds the path length of fluid flow
induced by each rotation of the tube will decrease, and this explains why the enhancement effects of
the VFD diminish above ca 8k rpm in a 20 mm OD tube.? Overall, the established fluid flow herein
explains all the processing in the VFD, including protein folding and enzymatic rate enhancements,

with double helical flow and associated pressure fluctuation from the Faraday waves themselves
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effective in accelerating enzymatic reactions.’ It also accounts for the unique rotational dependence

for an enzyme, which relates to their different sizes and shapes.’

6.4. Conclusions

We have established the topological features of high shear fluid flow in the vortex fluidic device
(VFD) at sub-micron dimensions, at a tilt angle of 45°, which corresponds to the optimal angle for a
myriad of applications of the device.”” The rotational speeds for high shear circular, spicular and
double helical flow can be determined by measuring changes in temperature and mixing times, and
average film thickness as a unique signature for any liquid. Sudden increases in temperature of the
liquid correspond to discontinuities in fluid flow, with a sudden reduction in film thickness for
increasing rotational speed rather than continuously changing film thickness, as a new phenomenon
in thin films. The present work also established that the VFD is effective in creating systems in non-
equilibrium states, in establishing a new form of crystallization induced by shear stress, adding to the
ubiquitous methods of sublimation, cooling and evaporating, and also stripping away surfactants?!.
Also of note is the ability to create novel spicule structures which map out the highest shear stress in
a liquid, or the ‘negative’ of these structures where material formed in the spicular fluid flow under
high shear assemble at the closest points of low shears, in between the spicules. With the VFD and
an understanding of the operating regimes, structures are moulded with predictable shapes by the
mechanical force of fluid flow and diffusion of species within the liquid. Fundamentally, the vast
differences in the morphology of the resultant structures between the three topological fluid flow
regimes must result from unique diffusion behaviour within the liquid. Thus, the VFD demonstrates
the ability to mediate or control both the forces exerted by the liquid on nanostructures and the
diffusion of species supplied to their surface. The findings also have implications on using shear stress

driven boundary mediated control of fluid flow for controlling self-assembly and chemical reactions
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under non-equilibrium conditions, and manipulating cells under tuneable stress regimes, which are

areas we are currently working on.

6.5.

Acknowledgements

Support of this work by the Australian Research Council, the Australian Nuclear Science and

technology Organisation, and the Government of South Australia is greatly acknowledged. The

authors also acknowledge the expertise, equipment and support provided by the Australian

Microscopy and Microanalysis Research Facility (AMMREF) and the Australian National Fabrication

Facility (ANFF) at the South Australian nodes of the AMMRF and ANFF under the National

Collaborative Research Infrastructure Strategy.

6.6.

>

10.

11.

References

Ross, T. D.; Lee, H. J.; Qu, Z.; Banks, R. A.; Phillips, R.; Thomson, M., Controlling
Organization and Forces in Active Matter Through Optically-Defined Boundaries. Nature,
2019, 572, 224-229.

Britton, J.; Stubbs, K. A.; Weiss, G. A.; Raston, C. L., Vortex Fluidic Chemical
Transformations. Chem. Eur. J., 2017, 23, 13270-13278.

Britton, J.; Meneghini, L. M.; Raston, C. L.; Weiss, G. A., Accelerating enzymatic catalysis
using vortex fluidics. Angew. Chem. Int Ed., 2016, 55, 11387-11391.

Yuan, T. Z.; Ormonde, C. F.; Kudlacek, S. T.; Kunche, S.; Smith, J. N.; Brown, W. A_;
Pugliese, K. M.; Olsen, T. J.; Iftikhar, M.; Raston, C. L., Shear-Stress-Mediated Refolding
of Proteins from Aggregates and Inclusion Bodies. ChemBioChem, 20185, 16, 393-396.
Alharbi, T. M.; Vimalanathan, K.; Lawrance, W. D.; Raston, C. L., Controlled slicing of
single walled carbon nanotubes under continuous flow. Carbon 2018, 140, 428-432.

Chen, X.; Dobson, J. F.; Raston, C. L., Vortex fluidic exfoliation of graphite and boron
nitride. Chemi. Commun., 2012, 48, 3703-3705.

HaniffaWahid, M. J. R. A., Microencapsulation of bacterial strains in graphene oxide nano-
sheets using vortex fluidics. RSC Advances, 2015, 5, 37424-37430.

Whitesides, G. M., The origins and the future of microfluidics. Nature 2006, 442, 368.
Brechtelsbauer, C.; Lewis, N.; Oxley, P.; Ricard, F.; Ramshaw, C., Evaluation of a spinning
disc reactor for continuous processingl. Org. Proc. Res. Dev., 2001, 5, 65-68.

Chen, X.; Smith, N. M.; Iyer, K. S.; Raston, C. L., Controlling nanomaterial synthesis,
chemical reactions and self assembly in dynamic thin films. Chem. Soc.Rev., 2014, 43, 1387-
1399.

Lodha, H.; Jachuck, R.; Suppiah Singaram, S., Intensified biodiesel production using a
rotating tube reactor. Energy Fuels 2012, 26 , 7037-7040.

147



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Sitepu, E. K.; Jones, D. B.; Tang, Y.; Leterme, S. C.; Heimann, K.; Zhang, W.; Raston, C.
L., Continuous flow biodiesel production from wet microalgae using a hybrid thin film
microfluidic platform. Chemi. Commun., 2018, 54, 12085-12088.

Alharbi, T. M.; Harvey, D.; Alsulami, I. K.; Dehbari, N.; Duan, X.; Lamb, R. N.; Lawrance,
W. D.; Raston, C. L., Shear stress mediated scrolling of graphene oxide. Carbon, 2018. 137,
419-424

Alsulami, I.; Alharbi, T.; Harvey, D.; Gibson, C. T.; Raston, C. L., Controlling the growth
of fullerene C60 cones under continuous flow. Chem. Commun. 2018, 54, 7896-7899.
Périnet, N.; Gutiérrez, P.; Urra, H.; Mujica, N.; Gordillo, L., Streaming patterns in Faraday
waves. J. Fluid Mech., 2017, 819, 285-310.

Britton, J.; Dalziel, S. B.; Raston, C. L., The synthesis of di-carboxylate esters using
continuous flow vortex fluidics. Green Chem., 2016, 18, 2193-2200.

Vimalanathan, K.; Shrestha, R. G.; Zhang, Z.; Zou, J.; Nakayama, T.; Raston, C. L.,
Surfactant-free Fabrication of Fullerene C60 Nanotubules Under Shear. Angew. Chem. Int.
Ed., 2017, 56, 8398-8401.

Wu, L.; Willis, J. J.; McKay, L. S.; Diroll, B. T.; Qin, J.; Cargnello, M.; Tassone, C. J.,
High-temperature crystallization of nanocrystals into three-dimensional superlattices. Nature,
2017, 548, 197.

Malysheva, G.; Akhmetova, E. S.; Marycheva, A., Estimation of glass transition temperature
of polysulfone-modified epoxy binders. Glass Phys. Chem., 2014, 40, 543-548.

Luo, X.; Al-Antaki, A. H. M.; Harvey, D. P.; Ruan, Y.; He, S.; Zhang, W.; Raston, C. L.,
Vortex fluidic mediated synthesis of macroporous bovine serum albumin-based microspheres.
ACS Appl. Mater. Interfaces, 2018, 10, 27224-27232.

Rosi, N. L.; Eckert, J.; Eddaoudi, M.; Vodak, D. T.; Kim, J.; O'Keeffe, M.; Yaghi, O. M.,
Hydrogen storage in microporous metal-organic frameworks. Science, 2003, 300, 1127-1129.

148



Chapter Seven

Continuous flow photolytic reduction of graphene oxide

Thaar M. D. Alharbi, *° Amira R. M. Alghamdi, * Kasturi Vimalanathan, ® and Colin L. Raston ® *

2 Flinders Institute for Nanoscale Science and Technology, College of Science and Engineering, Flinders
University, Adelaide SA 5001, Australia

® Physics Department, Faculty of Science, Taibah University, Almadinah Almunawarrah 42353, Saudi Arabia

This study was published in RSC Chemical Communication, Year 2019, 55, 11438-11441 The first page of
the publication and SI are attached.

Author contributions: TA performed all the VFD and most characterization experiments and data
analysis, and wrote all the primary content. AA helped with XPS measurements and fitting the data.
KV helped with the revised the manuscript before submitting and also helped in addressing the
reviewers’ comments. CR supervised and coordinated the project and helped on the research
directions and plan, and the final revision of the manuscript. All of the co-authors assisted with the

revision of the manuscript before and during the publication process.

149



7.1. Abstract

Reduced graphene oxide (rGO) is generated from GO dispersed in water under continuous flow in
the absence of harsh reducing agents, in a vortex fluidic device, such that the processing is scalable
with uniformity of the product. This involves simultaneously UV irradiating (A = 254 nm, 20 W) the
dynamic thin film in the rapidly rotating glass tube in the microfluidic platform. The rGO is
comparable to that formed using waste generating chemical based processing, with a film of the

material having a resistance of 2.2x 10° Q and a remarkbaly high conductivity of 2x10* S/cm.

Graphical Abstract

Graphene oxide (GO)

Reduced Graphene oxide (rGO)
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7.2. Introduction

Graphene and its derivatives such as graphene oxide (GO) and reduced graphene oxide (rGO) have

unique structures and novel properties.!™

The surface functionalities and structural integrity of
graphene materials significantly impact on their properties. Common methods for fabricating high
quality graphene sheets include mechanical exfoliation* and chemical vapour deposition (CVD).> GO
is prepared from graphite using the Brodie, Staudenmaier or Hummer methods® with the basal planes
and edges of the graphene sheets heavily decorated with oxygen functionalities which render them
hydrophilic and soluble in water. However, graphene oxide is electrically insulating due to the loss
of electronic conjugations associated with surface functionalisation. There have been a number of
efforts to restore the conjugated network and electrical properties using thermal and chemical
reduction methods.% 7 Formation of this reduced graphene oxide (rGO) typically requires the use of

hydrazine, urea, acids, hydroquinone, vitamin C, tea, hydrogen gas and NaBHa, laser irradiation, and

more.3!7

Herein we report a facile method for fabricating water-soluble rGO from GO under continuous flow
conditions in a high shear generating thin film vortex fluidic device (VFD). The method involves UV
irradiation of an aqueous dispersion of GO within the dynamic thin films in an angled glass tube in
the VFD, at room temperature. The colloidally stable rGO is uniquely different compared to other
methods in that the processing is (1) under flow, thereby facilitating scaling up of the process, as a
feature of VFD processing in general, (2) environmentally friendly, using water as a benign solvent,
and avoiding the use of harsh chemicals and reducing agents while minimising the generation of
hazardous waste, and (3) simple, avoiding the need for complex operations. The VFD is an innovative
processing technology which has been used for a diversity of applications, including in fabricating
other carbon nanomaterials, as in slicing of SWCNTs with control over their length ', exfoliating

19

graphene from graphite and similarly hexagonal boron nitride," scrolling GO,* the top down

synthesis of carbon dots,?! and assembling Cgo into tubules.?? The VFD allows the introduction of
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field effects into the processing, as exemplified in the present work, and with a thin film of liquid
there is more uniform exposure to the field and thus the likelihood of more uniform product. This is
important in irradiating a thin film of a dispersion of CNT with a pulsed Nd:YAG laser operating at
1064 nm, for slicing single, double and multi walled CNTs,?® and similarly generating carbon dots
from multi walled CNTs dispersed in aqueous hydrogen peroxide. Other applications of the VFD
include controlling chemical reactivity and selectivity including photoredox reactions, protein folding
and enhancing enzymatic reactions.’*  The dynamic thin film in a VFD has the expected
Stewartson/Ekman layers, and Faraday pressure waves, with the liquid moving up the rapidly rotating
tube against gravity and exiting at the top.>* The continuous flow mode of operation of the VFD has
the attractive feature of addressing scalability of a process, with jet feeds delivering reagents into the

inclined rapidly rotating 20 mm OD glass or quartz tube.

7.3. Results and discussion

GO suspended in water was processed in the VFD, systematically exploring the parameter space of
the device, Figure 7. 1, initially in the so-called confined mode, for then translating to continuous
flow where the GO solution is continually introduced into the rotating tube through a jet. This strategy
has proven effect for optimizing a variety of processing in the VFD.?*?* The confined mode is where
a finite amount of liquid is added to the VFD tube with the resulting shear stress at high rotation
speeds effective, for example, in exfoliating graphene directly from graphite.' The rotational speed,
concentration of the GO in water, and the flow rate were varied, with the tilt angle at 45°, as the
optimized angle for a large number of processes in the VFD.!®-?! Both confined and continuous flow
modes of VFD operation were effective in the reduction of the GO. As an additional control
experiment, there was no evidence for reduction of GO in the VFD in the absence of the UV-light
irradiation, as for a solution of GO in the absence of the UV-light without using VFD processing (SI

Figure S4).
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Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

Figure 7. 1 Schematic of the set up for the reduction of GO in water in a VFD where a quartz tube (20 mm
OD) tilted at 45° is irradiated with UV under nitrogen atmosphere, and the rotational speed systematically
varied, along with concentration of the GO in water.

For the confined mode studies, 2 mL of aqueous solution of GO was added to the 20 mm O.D. (17.5
mm [.D.) quartz tube while simultaneously UV irradiated at A= 254 nm, at 20 W, for 30 min under a
nitrogen atmosphere. The rotational speed of the VFD was then set at 4, 5, 6, and 8k rpm, Figure S3.
At 4k rpm, the colour of the GO solution turned dark brown, Figure 7. 2a, as an indicator of reduction
of the GO.'® The reaction time was then subsequently optimised, with 60 min resulting in a dark black
liquid, the colour change being consistent with converting GO to rGO, where there is some restoration
of electronic conjugation.'> 2% Prolonging the processing time to 120 min gave the same visible result.
The low effective rotational speed in the VFD, 4k rpm, is consistent with a higher residence time
(longer reaction time) of liquid passing through the device relative to higher rotational speeds,

although fluid flow differences and thus different shear stresses may also be at play.
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Figure 7. 2 (a) rGO solutions processed at different reaction times in the VFD, 15, 30 and 60 min; (b) High-

resolution C1s XPS core-level spectra of the as received GO and after processing at different reaction times,
15, 30 and 60 min.

X-ray photoelectron spectroscopy (XPS) was used to ascertain the level of reduction, notably the
reduction in oxygen content. Figure 7. 2b shows high-resolution C1s spectra of GO and the processed
rGO at different reaction times, 15, 30 and 60 min respectively. The peak area of the C 1s peak of the
processed samples were deconvoluted giving assignable peaks at ~ 284.0 eV, 285.0 eV, 288.0 eV,
and 289.0 eV, which can be attributed to C=C/C—C, C-0O, C=0, and HO—C=O0, respectively. For as-
received GO, the C-O (epoxy and alkoxy) and C=O peaks account for 23.8% and 5.3% of the oxygen
present, 2° whereas this percentage dropped after the reduction process in the VFD, down to 13.1 %
and 5% respectively, for 30 min processing. Thus, there is a significant amount of C=0O groups
remaining during the processing, with more detailed data presented in Table S1, ESIF.

Next, for scaling purposes, we translated the processing in the VFD to continuous flow, firstly varying
the flow rate, selecting 0.20, 0.45, and 1.00 mL/min, using the 4k rpm optimal rotational speed for

confined mode, at 45° tilt angle. The lowest, 0.2 mL/min was found to be optimal, with the aqueous
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suspension of GO delivered to the bottom of the rotating quartz tube through a stainless steel jet feed.
To further increase the reduction of the GO, two sequential cycles of the UV-VFD processing were
carried out, labelled as rGO (cycle 1) and rGO (cycle 2). The optimised parameters for continuous
flow processing were the same as those in the confined mode, as the established norm for translating
any process to continuous flow.?* This is consistent with the flow rate being limited to 0.2 mL/min
and that the effect of continuous flow is primarily the sum of the fluid dynamic response between
drops entering the tube, with steady state achieved when liquid is exiting the tube, as in the present
study.

Figure 7. 3a and b show the change in colour of the GO solution from light yellow to dark brown
after the first cycle and then to a black solution when cycled through for the second time. The
significant colour change is consistent with reduction of the GO and partial restoration of the n-n
network 2728, The rGO produced in the VFD was further studied using UV—visible spectroscopy,
Figure 7. 4b. There is an increase in the absorption spectrum of rGO compared to the GO as received,
which is consistent with GO being significantly reduced under UV irradiation. As the number of
cycles increases, the reduction of the oxygen functional groups is increased. Overall, the UV-visible

spectra are in good agreement with the literature for rGO prepared using other methods.!'> ¢
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Figure 7. 3 (a) Change in colour of GO before and after VFD processing with UV irradiation, under nitrogen.
(b) Absorption spectra of GO as received before processing, and rGO (Cycle 1) and rGO (Cycle 1) after
processing at 4k rpm, tilt angle 45° and under continuous flow (0.2 mL/min), while UV irradiated.
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Scanning electron microscopy (SEM) was used to investigate the morphology of GO and rGO,
Figure(7. 4a-b). As received GO has wrinkled surfaces, folded edges and some aggregation whereas
for rGO prepared herein, SEM images Figure (7. 4c-d) show smooth surfaces, devoid of wrinkles. In
addition, atomic force microscopy (AFM) was also used to investigate the morphology as well as the
height profiles of GO and rGO. Figure 7. 4e shows as received GO is wrinkled with folded edges,
with a height of 1.1 nm, Figure 7. 4f, whereas rGO, Figure 7. 4g, has smooth surfaces, with a of 0.9
nm, Figure 7. 4h, which is consistent with removal of some oxygen functional groups.?’

High-resolution C 1s XPS spectra for all three samples were fitted with multipeak as shown in Figure
7. 5a. For all, the main peak at ~284.6 eV corresponds to the C—C. Other peaks correspond to different
oxygen functional groups; C—O at ~285.6 eV, C=0 at ~287.5 eV and O=C-0O at ~288.8 eV. After
UV irradiation in the VFD, the dominated peak at 284.6 eV increased, whereas other peaks that relate
to the oxygen functional groups dramatically decreased, with the results consistent with removal of
oxygen functional groups. The survey scans, Figure S5, show that the oxygen content associated with
functional groups decreases on recycling. Two sequential continuous VFD-UV irradiation cycles of
the same sample (0 45°, 4k rpm rotational speed, 20 W UV light power) further reduced the oxygen
content. The atomic ratios of C1s/O1s, which represent the degree of reduction, are 1.5, 2.1 and 2.5
for GO as received, rGO (cycle 1) and rGO (cycle 2), respectively, clearly establishing a reduction in

the amount of oxygen functional groups.
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Figure 7. 4 (a-b) SEM and (e) AFM images of as received GO sheets before processing in the VFD, with the
corresponding height profile in (f). (c-d) SEM and (g) AFM images images of rGO (cycle 2), with the
corresponding height profile in (h). Inserted are optical images for GO solutions (0.2 mg/mL) before and after
processing in the VFD at 4k rpm, tilt angle 45° and flow rate 0.2 mL/min, with UV irradiation, A = 254 nm at
20 W, under nitrogen atmosphere.

Reduction of GO was also confirmed using Raman spectroscopy, Figure 7. 5b for GO, rGO(cycle 1)
and rGO (cycle 2). The Raman spectra show two main features, a typical D-band at 1345 cm™ and
G-band at 1590 cm™! for GO; these two peaks represent the structural disorders (sp’) and tangential
vibration of carbon atoms (sp?), respectively.>® The intensity ratio of D and G band (Ip/Ig) represents
the disorder level of graphitic material. In the present study, the Ip/Ig value was determined as 1.02,
1.08 and 1.10 for GO, rGO (cycle 1) and rGO (cycle 2), respectively. The gradual increase of Ip/Ig
from GO to rGO (cycle 2) is consistent with a decrease in oxygen content after processing, and thus
an increase in conjugation in the sp? carbon graphene network.?® ?° These results are in accordance
with UV-visible absorption studies, as well as with XPS results (both confined and continuous flow
modes), further supporting reduction of the GO dispersed in water during the VFD-UV irradiation
processing. Table S2, ESIT show high-resolution XPS Cl1s spectra of GO (as received) and rGO from
the two cycles of continuous flow processing in the VFD. After successive cycles, the C-C bond
content increases from 50.50% (GO) to 64.21% for rGO (cycle 1) then to 68.14% for rGO (cycle
2), with the percentage of C-O bond content decreasing from 45.28% (GO) to 16.24% for rGO (cycle
1) then further to 14.89% for rGO (cycle 2). The above results establish that the oxyen functional
group content in rGO is dramatically reduced using the VFD-UV mediated processing.

X-ray powder diffraction (XRD) patterns of as received GO and rGO are presented in Figure 7. 6a.
That of as received GO shows the main characteristic peak at ~20 11.5°, corresponding to a d-spacing
of 8.0818 A, being attributed to the (001) plane of the material, with a small peak at 20 ~26.60°
attributed to the (001) plane.>' After processing in the VFD under UV irradiation, a broad peak is
present around 25°, which has a d-spacing of 4.15302 A, being characteristic of the (002) plane. This

is also consistent with the removal of oxygen containing groups of GO, forming rGO.>?

157



TGA was used to further characterize the GO and rGO and to evaluate their thermal degradation,

Figure 7. 6b, under an atmosphere of nitrogen with a heating rate of 5 °C/min. The as received GO

shows a sharp mass loss (~ 50 %) up to 250 °C, due to the loss of physisorbed water as well as the

removal of much of the oxygen-containing functional groups, as reported in the literature.>? There is

gradual mass loss beyond 250 °C, corresponding to further removal of the functional groups.*? In

contrast, rGO has a ~27 % mass loss up to 500 °C, much lower than that of as received GO, which

supports removal of some oxygen-containing groups during reduction in the VFD-UV processing.

rGO shows a sharp mass loss (52 %) between 500 to 640 °C,* in accordance with XPS and Raman

results, and potentially reflects the different structure of rGO formed under high shear relative to other

forms of rGO.>
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Figure 7. 5 (a) High-resolution C 1s XPS core-level spectra and (b) Raman spectrum of the as received GO,
rGO (Cycle 1) and rGO (Cycle 1) after processing in the VFD at 4k rpm, under continuous flow, flow rate 0.2
mL/min, tilt angle 45°, while irradiated with UV at A = 254 nm, 20 W, under nitrogen atmosphere.
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Figure 7. 6 (a) XRD and (b) TGA curves of GO as received (black line) and (b) rGO (cycle 2) (red line) after

processing in the VFD at 4k rpm rotational speed, tilt angle 45°, under continuous flow (0.2 mL/min) while
UV irradiated A = 254 nm, 20 W.

The conductivity and resistance measurements of the GO and rGO was then carried out to further
verify the degree of reduction. For comparison, a uniform film of the GO, rGO (cycle 1) and rGO
(cycle 2) suspensions from the same concentrations, approximately 690 nm thick were prepared.
Conductivity and resistance measurements were carried out using a four point probe. As shown in
Figure 7. 7d, the GO film showed a high resistance of 3.8 10°Q. The resistance of the rGO decreased
to 3.3x 10° Q and 2.2x 10°Q after Cycle 1 and 2 respectively. The decrease in the resistance further
confirms reduction of the GO using the UV-VFD process. Figure 7. 7 shows the conductivity of GO
(as received), which was 4.83x10? S/cm increasing to 3.5 x 10° S/cm for rGO (cycle 1) and 2x 10*
S/em in rGO (cycle 2). The difference in electrical conductivity is in accord with re-installing some
n-conjugated network in the graphitic lattice.?° Pei et al.?® reduced GO using high temperatures, and
showed that at 1100 °C the electrical conductivity of the rGO film obtained was 550 S/cm, while for
the current room temperature generated rGO conductivity was 2x 10* S/cm, and indeed is the highest

thus far reported.
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Figure 7. 7 The sheet resistance (black) and the conductivity (red) of as received GO and after VFD processing,
cycle 1 and cycle 2.

74. Conclusions

We have established a facile method for reducing GO under continuous flow in the versatile
vortex fluidic device where the dynamic thin film of liquid is uniformly UV irradiated. The
properties of the rGO are comparable to those prepared using other methods while avoiding
the generation of a waste stream. Moreover, these other methods are based on batch

processing, which can suffer from batch-to-batch variation of product.
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Reduced graphene oxide (rGE0) is generated from GO dispersed in
water under continuous flow in the absence of harsh reducing
agents, in a vortex fluidic device, such that the processing is scalable
with uniformity of the product. This involees simultanecusly UV
irradiating (4 = 254 nm, 20 W) the dynamic thin film in the rapidly
rotating glass tube in the microfluidic platform. The rGO is compar-
able to that formed using waste generating chemical based proces-
simg, with a film of the material having a resistance of 2.2 « 10° 0
and a remarkably high conductivity of 2 =« 10* 5 cm %

Graphene and its derivatives such as graphene oxide (GO) and
reduced graphene oxide (rG0) have unique structures and
novel prup:rti.r_&"" The surface functionalities and structural
integrity of graphene materials significantly impact on their
propertics. Common methods for fabricating high quality
graphene sheets include mechanical exfoliation® and chemical
vapour deposition {CVD]‘ G0 is prepared from graphite using
the Brodie, Staudenmaier or Hummer methods® with the basal
planes and edges of the graphene sheets heavily decorated
with oxygen functionalities which render them hydrophilic
and soluble in water. However, graphene oxide is electrically
insulating due to the loss of electronic conjugations associated
with surface functionalisation. There have been a number of
efforts to restore the conjugated network and electrical properties
using thermal and chemical reduction methods®” Formaton of
this reduced graphene oxide (rGO) typically requires the use of
hydrazine, urea, acids, hydroguinone, vitamin C, tea, hydmogen
gas and NaBH,, laser irradiation, and more.®

Herein we report a facile method for fabricating water-
soluble GO from GO under continuous flow conditions in a
high shear generating thin film vortex fluidic device (VFD). The
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Continuous flow photolytic reduction of graphene

Thaar M. D. Alharbi,™ Amira R. M. Alghamdi,”® Kasturi VYimalanathan® and

method involves UV irradiation of an aqueous dispersion of GO
within the dynamic thin films in an angled glass mbe in the
WVFD, at room temperature. The colloidally stable rGO is uniquely
different compared to other methods in that the processing is
(1) under flow, thereby facilitating scaling up of the process, as a
feature of VFD' processing in general, (2] emvironmentally
friendly, using water as a benign solvent, and avoiding the use
of harsh chemicals and reducing agents while minimising the
generation of hazardous waste, and (3] simple, avoiding the need
for complex operations. The VFD is an innovative processing
technology which has been used for a diversity of applications,
including in fabricating other carbon nanomaterials, as in
shicing of SWONTs with control over their length,'® exfoliating
graphene from graphite and similady hexagonal boron nitride, '
scrolling G0,"" the top down synthesis of carbon dots,** and
assembling Cg; into tubules.** The VED allows the introduction
of field effects into the processing, as exemplified in the present
work, and with a thin film of liquid there is more uniform
exposure to the ficld and thuos the likelihood of more uniform
product. This is important in irradiating a thin film of a
dispersion of CNT with a pulsed Nd:¥YAG laser operating at
1064 nm, for slicing single, double and mult walled CNTs,**
and similarly generating carbon dots from mult walled CNTs
dispersed in agqueous hydrogen peroxide. Other applications of
the VFD include controlling chemical reactivity and selectivity
including photoredox reactions, protein folding and enhancing
enzymatic reactions.”** The dynamic thin film in a VFD has the
expected Stewartson/Ekman lavers, and Faraday pressure waves,
with the liguid moving up the rapidly rotating tube against
gravity and exiting at the top.** The continuous flow mode of
operation of the VFD has the attractive feature of addressing
scalability of a process, with jet feeds delivering reagents into the
inclined rapidly rotating 20 mm OD glass or quarts tube.

GO suspended in water was processed in the VD, systematically
exploring the parameter space of the device, Fig. 1, initially in the
soecalled confined mode, for then translating to continuous flow
where the GO solution is continually introduced into the motating
tube through a jet. This strategy has proven effect for optimizing a
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8.1. Abstract

Graphene spheres confining fullerene Ceo are quantitatively formed under high shear and continuous
flow processing using a vortex fluidic device (VFD). This involves intense micromixing a colloidal
suspension of graphite in DMF and an o-xylene solution of Ceo at room temperature in the absence
of surfactants and other auxiliary substances. The diameters of the composite spheres, Ceo@graphene,
can be controlled with size distributions ranging from 1.5 to 3.5 pm, depending on the VFD operating
parameters, including rotational speed, flow rate, relative ratio of Ceo to graphite and the concentration
of the fullerene. An electrode of the composite material has high cycle stability, with a high areal
capacitance of 103.4 mF ¢cm™, maintaining its capacitances to 24.7 F g! and 86.4 mF cm™ (83.5%)

at a high scan rate of 100 mV s’

KEYWORDS: Graphene ¢ fullerene Ces * Spheres « Composites ¢ Vortex fluidic device ¢ Scalability
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8.2. Introduction

Carbon nanomaterials have emerged as key materials for future technology, for developing complex
functional structures devoid of potentially toxic metals and metals which are likely to have supply chain
issues in the near future.! Graphene, as a single 2D planar sheet of graphite arranged in a hexagonal
lattice,? is one of the newest forms of such nanomaterials. It has remarkable chemical, physical, and
electrical properties, with high conductivity in the absence of defects and wrinkles, large specific surface
area and excellent mechanical flexibility,"> 3 and features in a growing number of applications. These
include in batteries, super-capacitors, catalyst support, drug-delivery, electrode materials for energy
storage devices, membranes, biomedical devices, and coatings, and these relate to its multifarious and

interdisciplinary properties.'> >’

Graphene can be transformed into other structures including 0D nanoparticles (carbon dots), 1D
nanofibers (carbon nanofibers and nanotubes), 2D nanosheets (graphene oxide) and 3D nanostructure
(hollow carbon nanospheres) and fullerenes, and composites of these.®!! Among these different carbon
nano-materials, graphene spheres have promise in a wide range of applications covering energy storage
including lithium ion batteries, separation systems, oxygen-reduction, catalyst supports, nanoreactors
and adsorption.'??!

The synthesis of graphene spheres with smooth surfaces and uniform size use soft template processing,?
hard templating (silicon template),>® solvothermal techniques,?* sol pyrolysis,?> microemulsion

27.28 and gelation.?” Related to this is extended oxidation

polymerization®® and hydrothermal reduction
strategies to alter the morphology and surface topography of graphene oxide (GO) nanosheets, as a
potential route to build up 3D graphene architectures.>**! However, the synthetic strategies for gaining

access to such architectures are limited by the high cost of production, the use of harsh chemicals or

surfactants, high temperature processing as a high-energy penalty, and limited scope for scaling up the
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process.’ A challenge is to develop a scalable, low-cost method high in green chemistry or sustainability
metrics, for gaining access to 3D graphene-based materials, including graphene spheres and composites
thereof.

To this end we have explored the use of continuous flow processing to prepare graphene spheres and
graphene-fullerene composite spheres directly from graphite and fullerene Ceo, at room temperature,
avoiding the use of auxiliary reagents. This involved the use of the in-house developed continuous flow
vortex fluidic device (VFD) which was developed early this decade.* It is a versatile microfluidic
platform containing a dynamic thin film, in contrast to traditional channel based microfluidics which
can suffer from clogging. Mechanoenergy is delivered into the liquid in the VFD in a controlled way.*
Under continuous flow VFD processing, jet feeds deliver solution into an inclined rapidly rotating tube,
opened at one end and usually housing a glass or quartz tube 20 mm outside diameter (OD) and 16.000

+ 0.013 mm internal diameter (ID), Figure 8. 1,%

with the liquid whirling up and out of the tube. In the
confined mode of operation of the VFD, a finite volume of liquid is processed in the tube, and this is
effective in processing small volumes of liquid as well as a proven method for exploring the operating
parameter space of the VFD for a particular process prior to extending the process into continuous
flow.*

The versatile VFD has a number of remarkable applications, encompassing probing the structure of self-
organised systems, material processing, controlling chemical reactivity and selectivity, including
enhancing enzymatic reactions, and more.>* The first publication reporting the VFD was in 2012,
describing the exfoliation of graphite along with hexagonal boron nitride, using the confined mode of
operation of the device.*® Since then other forms of carbon have been fabricated in the device, including
toroidal structures of self-assembled single walled carbon nanotubes,*¢ laser aided slicing of single and
multi-walled carbon nano-tube®’ the formation of carbon dots (from multi-walled carbon nanotubes),
controlling the self-assembly of fullerene Cso molecules into nanotubules using water as an ‘anti-

932

solvent’*? and the fabrication of fullerene Cgo cones in a 1:1 mixture of o-xylene and DMF.*® The VFD

is also effective in controlling the nucleation and growth of palladium nanoparticles on graphene,*® the
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decoration of palladium nanoparticle on carbon nano-onions,*’ and transforming graphene oxide into
graphene oxide scrolls.*!

We report a facile room temperature one-step synthesis of graphene spheres confining fullerene Ceo,
directly from graphite dispersed in DMF and an o-xylene solution of the fullerene. Remarkably, the
composite material, Cso(@graphene, is formed quantitatively with respect to graphite, with the ability to
tune the size of the spheres, while avoiding using auxiliary substances such as surfactants which can affect
surface properties of the resulting nanomaterials. To demonstrate an application of Ceo@graphene, its
supercapacitor performance was evaluated using the spheres as electrodes, which delivered a gravimetric
capacitance of 29.5 F g at a scan rate of 5 mV s'. While other types of graphene can reach such
capacitance up to 250 F g!,**% the Coo@graphene electrode has an areal capacitance of 103.4 mF cm™
which is higher than values for other carbon derivatives, for example in (GF-CNT@Fe203) (53.56 mF/cm?
at 10 mA/cm?).*® Moreover, the device reported herein can maintain its capacitances to 24.7 F g and 86.4
mF cm™ (83.5%) at a high scan rate of 100 mV s°!, establishing a high rate capability of graphene spheres

electrode and potential of the material in the next-generation energy storage devices.

8.3. Experimental section

8.3.1. Materials and chemicals

Graphite flakes of 99% purity were suspended in 99.5% Dimethyformamide (DMF), and fullerene Ceo
(99.5% purity) was dissolved in o-xylene, with both materials and solvents purchased from Sigma

Aldrich.

8.3.2. Sample preparation and materials synthesis

Suspensions of graphite in DMF were prepared at different concentrations, namely 1, 1.5, 2 and 2.5
mg/mL, and then sonicated for 15 min, followed by centrifuged for 30 min to remove undispersed
graphite. Solutions of fullerene Ceo were prepared in o-xylene at different concentrations, namely 0.5, 1,
1.5 and 2 mg/mL. Initially, as received fullerene was added to o-xylene and the mixture allowed to stand

at room temperature for 24 hours, whereupon it was filtered (60 [Jm filter paper) to remove undissolved
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particles, before mixing with graphite dispersed in DMF in the VFD using different jet feeds, Figure 8. 1
Operating parameter space for the VFD was systematically explored, in particular the rotational speed of
the rapidly rotating glass tube, concentration of graphite and fullerenes, flow rate and ratio of the two
solvents. After VFD processing, the resulting carbon material was collected via centrifugation at g=1.751

rfc for 20 min.

8.3.3. Characterization

Samples of Ceo@graphene on silicon wafers were prepared by drop casting, followed by evaporation
under ambient conditions. The morphology, size and shape of the particles and their properties were
studied using a number of complementary techniques including scanning electron microscope (SEM) with
an accelerating voltage of 5 kV, and operating at 10 mm working distance, transmission electron
microscopy (TEM) conducted on a TECNAI 20 microscope operated at 120 and 200 kV, X-ray diffraction
(XRD) with the data collected using a Bruker ADVANCE D8 ECO, Co- Ka, at an operating wavelength
of 1.7988 A with 26 varied from 10° to 80°. Samples of as prepared material were formed by drying them
in nitrogen at 55 C ° for three days. They were then stored and kept at room temperature for 48 hours.
Raman spectroscopy was used to confirm structure integrity of the as prepared carbon materials, with the

spectra recorded using a Horiba XploRA apparatus at fixed wavelength of 532 nm.

8.3.4. Electrochemical characterization and Supercapacitor fabrication

To fabricate the supercapacitors, the active material was mixed with carbon black and polyvinylidene
difluoride (PVDF) in a mass ratio of 80:10:10. The resulting paste was pressed and attached to platinum
foils as the current collectors, between which a piece of filter paper was sandwiched as a separator and
1.0 M H>SO4 was used as electrolyte. All electrochemical tests including cyclic voltammetry (CV),
galvanostatic charge/discharge (CD) and electrochemical impedance spectroscopy (EIS) were carried out

using a two-electrode cell configuration by a CHI 760C electrochemical workstation.
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8.4. Results and discussion

8.4.1. Fabrication of Ceo@graphene spheres

Conventional methods for fabricating graphene/carbon spheres require complex multistep procedures
which are typically non-scalable. We find that a graphene- fullerene Cso composite is readily prepared in
the VFD in the absence of other reagents, and importantly in essentially quantitative yield relative to
graphite with the processing illustrated in Figure 8. 1a. Under continuous flow mode of operation in the
VFD, one jet feed delivered an o-xylene solution of Ceo, with another jet feed delivering a suspension of
graphite in DMF, both to the hemispherical base of the rapidly rotating glass tube. The operating
parameters of the VFD were systematically varied to form the optimal product, as the most uniform in
terms of morphology, size and shape distributions of the spheres, and highest yield. For this the rotational
speed was 4k rpm, tilt angle of the glass tube 6= 45°, concentration of Ceo in o-xylene at 0.5 mg/mL,
concentration of graphite in DMF at 1 mg/mL, with a 1:1 ratio of the two solvents, and the flow rate for
both liquids at 0.5 mL /min. The tilt angle of the tube in the VFD was fixed at 45°, where there is unique
complex fluid dynamics, and is the optimized angle for a plethora of processing applications of the

device.*

Graphene

®
e @ @D
299?

Figure 8. 1 Schematic illustration of the overall method for fabricating the composite spheres under shear stress in
a vortex fluidic device (VFD), using a 1:1 mixture of an o-xylene solution of Cg and a suspension of graphite in
DMEF, with the optimized conditions at a rotational speed (w) = 4k rpm, flow rate (v)= 0.5 mL/min, 8 = 45°,
concentration of graphite in DMF 1 mg/mL, and concentration of Cs in 0-xylene 0.5 mg/mL.
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8.4.2. The mechanism of formation of the composite spheres

Intense micromixing DMF with o-xylene in a 1:1 ratio in the absence of graphite results in the formation
of cones comprised of ca 0.5 to 2.5 um diameter self assembled particles of Ceo, also under continuous
flow conditions and with the optimal rotational speed also at 4k rpm. 3® As in the present study the DMF
acts as an anti-solvent, resulting in the formation of nanoparticles of the fullerene which are likely to
adhere to the surface of the graphite flakes, Figure 8. 2a, facilitating exfoliation by leveraging the graphene
layers which then wrap up the fullerene particles under high shear, Figure 8. 2b. Then the process starts
again on the resulting exposed graphene surface once a certain threshold of fullerene particles adheres to
the surface, and so on. This accounts for the fullerene particles being primarily confined within an outer
layer of graphene sheets Figure 8. 2c. Processing in the absence of Ceo (for a 1:1 mixture of o-xylene and
DMF), affords exfoliated graphene, whereas the same processing for Ceo in the absence of graphite results
in the formation of particles of the fullerene < 100 nm, Figure S1, which importantly are similar to the
size of the fullerene particles present within the spheres. These were determined by sonicating the isolated
spheres in DMF for 30 min, Figure 8. 2d, with the resulting ruptured spheres containing particles of Cego
in the range 5 to 100 nm. These findings give credence to the proposed mechanism of the formation of
particles of Ceo adhering to the exposed graphene surface of graphite, presumably favored by =n-nt
interactions between the two components. These are then transformed into spheres comprising of at most
a few layers of graphene, with the number of sheets of stacked graphene limited by the mechanical energy

imparted in dynamic thin film in the device.

- BNT

Graphite flakes \
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Figure 8. 2 Proposed mechanism of the VFD synthesis of graphene spheres confining particles of self assembled
Ceo, along with an SEM image of a fragmented sphere formed during sonication post VFD processing, scale bar 2
pum.

8.4.3. Morphology of the Ceo@graphene spheres

SEM images of different magnification of graphene sphere composites, formed under the above optimized
conditions, are shown in Figure 8. 3, along with a size distribution inset, centered at 3.5 pm. The particles
are regular spheres with smooth surfaces and are not highly aggregated. The spheres were also examined
using TEM, Figure 8. 4(a, b), which revealed small particles of Cgo ca 10 to 50 nm in diameter attached
to the surface of the composite materials, and other nanoparticles of comparable size unattached, and with
Ceo particles on the inside. The presence of Ceo particles on the surface of the spheres, and inside the
spheres, is in accordance with the observation of SEM, Figure. 3. The high-resolution TEM image (Figure
8. 4(c, d)) reveals that the graphene spheres have some Cgo particles on the surface of the spheres as well
as inside them.

We found that the morphology, size and shape of the spheres varied on changing the rotational speed,
flow rate of both liquids and changing the concentration of graphite and fullerene, as established using
SEM. The optimized speed for generating smooth spheres was 4k rpm, Figure 8. 3 a-e. At much higher
speed, 7.5k rpm, with the other parameters unchanged, the surfaces of the spheres are textured, but
remarkably the spheres now have a hole connecting the outer surface and inner surface of the tube, Figure
S5. At 6k and 9k rpm, with the other parameters unchanged, the surfaces of the spheres are also textured
and non-uniform, Figure S4 & S6. The ratio of the two solutions delivered to the VFD tube was initially
set at 1:1, which was based on the success of this ratio in forming the fullerene cones *® of comparable
diameter to the spheres in the present study, the only difference being the absence of graphite. The initial
flow rate of both solutions was fixed at 0.5 mL /min, which was subsequently found to be optimal.
Increasing the flow rate of both solutions shut down the formation of spheres, Figure S3. Increasing the
flow rate of DMF containing graphite up to 2.5 mL /min and the flow rate of the fullerene o-xylene
solution to 2 mL /min produced dissimilar structures, with irregular spheroidal structures, Figure S2.
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Figure 8. 3 SEM images of Cso@graphene, with a size distribution inset, formed in o-xylene and DMF, under
continues flow mode 1:1 ratio (w =7.5k rpm, concentration of Ceo in 0-xylene 0.5 mg/mL, concentration of graphite
in DMF 1 mg/mL, flow rate = 0.5 mL/min for both liquids entering the rotating tube in the VFD, and 8 = 45°).

Graphene sheet

Graphene sheet

Figure 8. 4 (a,b) TEM images of graphene spheres, (b,c) HRTEM images of graphene spheres formed in o-xylene
and DMF, under continues flow mode 1:1 ratio at 4 k rpm, concentration of fullerenes Ceo in 0-xylene 0.5 mg/mL,
concentration of graphite in DMF 1 mg/mL, flow rate 0.5 mL/min for both liquids entering the rotating tube in the
VFD, and 6 = 45°.
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XRD patterns of the spheres are consistent with the material being comprised of graphite/graphene and
fullerene Ceo > Figure 8. 5a-c. The spheres were collected immediately after VFD processing by
centrifugation for 30 min, and washing twice with hexane and dried at 55°C for three days. The major
peaks of fcc fullerene Cep are at 20 10.8°, 17.7°, and 20.8°, corresponding to the (111), (220), and (311),
with the major peaks at 30.2°, 10.8°, 60.8° corresponding to the (002) and (004) planes of graphite. Clearly
the XRD data establishes the formation of a hybrid composite material comprised of fcc Cso and graphene.
From the Scherrer equation, the crystal domains of fullerenes Cso were estimated as 6.5 nm in diameter.
The presence of graphene as one or a limited number of stacked sheets is consistent with shifts in the
graphite diffraction pattern, 4’ as well as consideration of the energetics of bending a finite number of
sheets, as discussed above. Moreover, the absence of some graphite peaks can be attributed to assembled
fullerene Ceo on the surface of graphene.*’” Raman spectra (532 nm excitation) for the spheres prepared at
the optimized conditions and for comparison as received graphite and fullerene Ceo before processing,
Figure 8. 5d-f, were recorded. Graphite itself has three main peaks, the D band, G band and 2D band at

1349 cm!, 1579 cm™! and 2717 cm! respectively,* 4

and pristine Ceo has the pentagonal pinch mode
[Ag(2)] at 1469 cm™ and additional Hg modes at 1420 and 1570 cm™. °®3! In contrast, the spheres have
two Raman peaks at 1364 and 1600 cm™', which can be attributed to the D band and G band respectively

of graphene, in agreement with the literature.>® >3
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Figure 8. 5 XRD pattern of (a) spheres prepared in the VFD, (b) graphite as received, (c) fullerene Ceo as received
and Raman spectra of (d) spheres, prepared in the VFD, under continuous flow at a 1:1 ratio, 4k rpm rotational
speed, concentration of fullerene 0.5 mg/mL, graphite concentration 1 mg/mL, flow rate 0.5 mL/min for both liquids
and tilt angle 45°, (e) as received graphite, and (f) as received Ceo.

8.4.4. Electrochemical performance

The electrochemical performance of the composite material as symmetrical supercapacitor is summarised
in Figure 8. 6. A Ceo@graphene electrode shows a cyclic voltammetry (CV) with a nearly rectangular
shape (Figure 8. 6a), indicating an ideal capacitive behaviour similar to commercial electrochemical

capacitors. Figure 6a and b illustrate the CV curves at different scan rates (5 to 1000 mV/s), revealing the
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stability and ability of the electrode to maintain the ideal rectangular CV shapes during operation over a
wide range of scan rates. The response anodic and cathodic currents (recorded from the CV curves at 0.5
V) showed a linear relationship at different scan rates (Figure 8. 6¢) with R? values of 0.9975 and 0.9979
for the charge and discharge curves, respectively.

The galvanostatic charge/discharge (CD) curves at different current densities, Figure 8. 6d, show nearly
triangular shapes of the CD curves due to the efficient EDLC nature of graphene spheres electrode and
fast kinetic of the electrolyte ions transportation through the porous carbon electrode structure.
Additionally, the low equivalent series resistance (ESR) of the fabricated device can be predicted from a
small voltage drop (IR) of 0.0075 V at the start of the discharge curve measured at current density of 1 A
g’!. Figure 8. 6e displays the calculated gravimetric and areal capacitances for graphene spheres electrode
at different scan rates, delivering gravimetric capacitance of 29.5 F g'! at scan rate of 5 mV s™!, compared
to different types of graphene spheres. >* This value is lower due to the absence of residual oxygen-
containing functional groups compared to reduced graphene oxide.”> °® However, the graphene spheres
electrode has an areal capacitance of 103.4 mF cm™, which is much higher than reported values for other
carbon derivatives.*® 37 Moreover, this device can maintain its capacitances to 24.7 F g"' and 86.4 mF cm™
2 (83.5%) at high scan rate of 100 mV s!, confirming the high rate capability of graphene spheres
electrode.

A Nyquist plot of graphene spheres electrode, Figure 8. 6f, shows a vertical curve at lower frequencies
and no observed a semicircle higher-frequency region, indicating a nearly ideal capacitive behaviour of
the cell. The device shows also a lower equivalent series resistance (ESR) of 0.5 Q owing to the low
internal resistance of the designed electrode material. Impedance phase angle versus frequency for
graphene spheres electrode is illustrated in Figure 8. 7a. The device provides a phase angle of -83.8° (close
to —90°) at low frequencies, showing an ideal capacitive behavior. Furthermore, the time constant 1o at a
phase angle of —45° is found to be 0.16 s; this fast frequency response of the graphene spheres is directly
related to significant ion transport rate of the large accessible surface area of the material. The cyclic

stability of the composite electrode was examined by cyclic voltammetry at a scan rate of 100 mV s! for
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5000 cycles (Figure 8. 7b), showing a capacity retention of 97.5%. The nearly identical CV curves for

first and last cycles (Figure 8. 7b,

Cso(@graphene electrode.

inset) confirms the good stability and high reversibility of the
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Figure 8. 6 (a) Cyclic Voltammogram (CV) curves of graphene sphere composites formed using the VFD, under
continuous flow at a 1:1 ratio, 4k rpm rotational speed, concentration of fullerene 0.5 mg/mL, graphite
concentration 1 mg/mL, flow rate 0.5 mL/min for both liquids and tilt angle 45°, at different scan rates from 5 to
100 mV s, (b) at different scan rates from 200 to 1000 mV s!, (¢) The response anodic and cathodic currents, (d)
charge—discharge curves of graphene sphere composites at different current densities, (d) Gravimetric capacitance
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and areal capacitance values versus scanning rate calculated from the CV curves of the graphene sphere composites
and (f) Nyquist plot of graphene sphere composites.
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Figure 8. 7 (a) Impedance phase angle versus frequency for a Ceo@Graphene sphere electrode, with the material
formed using the VFD, under continuous flow at a 1:1 ratio of liquids, 4k rpm rotational speed, concentration of
fullerene 0.5 mg/mL, graphite concentration 1 mg/mL, flow rate 0.5 mL/min for both liquids and tilt angle 45°. (b)
Cyclic stability of the composite electrode at a scan rate of 100 mV s™'; inserted is the nearly identical CV curves
for first and last cycles of the electrode.

8.5. Conclusions

A simple and effective method to fabricate all carbon spheres built of fullerene Ceo and graphene,
under continuous flow mode of operation of the VFD microfluidic platform, has been developed.
The structure and the morphology of the spheres were evaluated by SEM, TEM, HR-TEM, XRD
and Raman spectroscopy. The spheres are rather uniform in size and shape, and importantly the
yield of graphene spheres is high, and the processing is scalable. The method has potential for the
synthesis of spheroidal composite material of fullerenes with other 2D materials. In addition, the
use of the composite material of assembled spheres in an electrochemical device and in
supercapacitance, with high capacitance maintained at a high scan rate, has potential in developing

all carbon energy storage materials.
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ABSTRACT: Graphene spheres confining fullerene C,, are quantitatively
formed under high-shear and continuous-flow processing using a vortex fluidic
device (VFDY). This involves intense micromixing a colloidal suspension of
graphite in DMF and an o-xylene solution of Cg at room temperature in the
absence of surfactants and other auxiliary substances. The diameters of the
compaosite spheres, C,y@graphene, can be controlled with size distributions
ranging from 1.5 to 3.5 um, depending on the VFD operating parameters,
including rotational speed, flow rate, relative ratio of Cg to graphite, and the
concentration of fullerene. An electrode of the composite material has high cycle
stability, with a high areal capacitance of 1034 mF ocm™, maintaining its
capacitances to 24.7 F g™! and 86.4 mF cm™ (83.5%) at a high scan rate of 100

mV sl

\ d
9P
Grapheane

P T

- 339

B INTRODUCTION

Carbon nanomaterials have emerged as key materials for future
technology, for developing complex functional structures
devoid of potentially toxic metals and metals, which are likely
to have supply chain issues in the near future.” Graphene, as a
single 2D planar sheet of graphite arranged in a hexagonal
lattice,” is one of the newest forms of such nanomaterials. It
has remarkable chemical, physical, and electrical properties,
with high conductivity in the absence of defects and wrinkles,
large 5Peciﬁc surface area, and excellent mechanical flexi-
bility,"" and features in a growing number of applications.
These include batteries, supercapacitors, catalyst supports,
drug delivery, electrode materials for energy storage devices,
membranes, biomedical devices, and coatings, and these relate
to its multifarious and interdisciplinary properties.'*””

Graphene can be transformed into other structures including
0D nanoparticles (carbon dots), 1D nanofibers (carbon
nanofibers and nanotubes), 2D nanosheets (graphene oxide),
3D nancstructores (hollow carbon nanospheres), fullerenes,
and composites of these.” "' Among these different carbon
nanomaterials, graphene spheres show promise in a wide range
of applications covering energy storage including lithium ion
batteries, separation systems, oxygen-reduction, catalyst
suUpports, nanoreactors, and adsnrp:inn.'l_zl

The synthesis of graphene spheres with smooth surfaces and
uniform sizes uses soft template pn:m:nassil:lg,.:l hard templating
(silicon template),” solvothermal techniques,™ sol pyrolysis,”
microemulsion pulym.eﬂ.nl:iun,:ﬁ hydrothermal na-:ﬂm:l:ii:un,,3 w2

< ACS Fublications o s amencan themical saciery

and gahtiurL:'} Related to this are extended oxidation strategies
to alter the morphology and surface topography of graphene
oxide (G0) nanosheets, as a potential route to build up 3D
graphene architectures.”"' However, the synthetic strategies
for gaining access to such architectures are limited by the high
cost of production, the use of harsh chemicals or surfactants,
high temperature processing as a high-energy penalty, and
limited scope for scaling up the process.” A challenge is to
develop a scalable, low-cost method that is high in green
chemistry or sustainability metrics, for gaining access to 3D
graphene-based materials, induding graphene spheres and
composites thereof.

To this end, we have explored the use of continuous-flow
processing to prepare graphene spheres and graphene-fullerene
composite spheres directly from graphite and fullerene Cg, at
room temperature, avoiding the use of auxliary reagents. This
involved the use of the in-house developed continuous-flow
vortex fluidic device (VFDY), which was developed early this
decade.’ It is a versatile microfluidic platform containing a
dynamic thin film, in contrast to traditional channel based
microfluidics, which can suffer from clogging. Mechanoenergy
is delivered into the liquid in the VFD in a controlled way.”
Under continuous-floww VFD processing, jet feeds deliver
solution into an inclined rapidly rotating tube, opened at one
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9.1. Abstract

Composites of multi-walled carbon nanotubes (MWCNTs) and superparamagnetic magnetite
nanoparticles, Fe304@MWCNT, were synthesized in DMF in a vortex fluidic device (VFD). This
involved in situ generation of the iron oxide nanoparticles by laser ablation of bulk iron metal at 1064
nm using a pulsed laser, over the dynamic thin film in the microfluidic platform. The overall
processing is a three-step in one operation: (i) slicing MWOCNTs, (ii) generating the
superparamagnetic nanoparticles and (iii) decorating them on the surface of the MWCNTSs. The
Fe;04@MWCNT composites were characterized by transmission electron microscopy, scanning
transmission electron microscope, TG analysis, X-ray diffraction and X-ray photoelectron
spectroscopy. They were used as an active electrode for supercapacitor measurements, establishing
high gravimetric and areal capacitances of 834 F g'! and 1317.7 mF cm™ at a scan rate of 10 mV s™,
respectively, which are higher values than those reported using similar materials. In addition, the
designer material has a significantly higher specific energy of 115.84 Wh kg™! at a specific power of

2085 W kg'!, thereby showing promise for the material in next-generation energy storage devices.

Keywords: Multi-walled carbon nanotubes, magnetite nanoparticles, superparamagnetic, vortex

fluidic device, supercapacitance.
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9.2. Introduction

In recent years the drive for safe, efficient and high-performance energy storage devices, has resulted
in major research efforts in supercapacitors. This has been driven by their potential for high power
density, outstanding safety, fast charge/discharge rates, excellent reliability, and long cycling life.!"
Several nanostructured materials have shown to be effective as electrodes for supercapacitors. These
include carbon nanotubes," * graphene,™ ¢ a number of other types of structured nanoparticles,’ 3

11,12

nanowires,” '° porous nanoflakes,!! '? and nanospheres,'* '# Composites of metal oxides and carbon

based materials, especially carbon nanotubes, have been used as electrode materials, establishing that
the electrochemical performance is enhanced. !> !¢

Decorating carbon nanotubes with inorganic nanoparticles has received considerable attention both
in fundamental research and the industrial arena.!” This relates to the unique physical and chemical
properties of the composite materials. Indeed, MWCNTs decorated with iron oxide particles in
general are promising composite materials for a variety of applications such as hydrogen storage,'®

17,19

imaging and therapy, gas sensors,?’ catalysis,!” 2! CNT-based magnetic materials,”> CNT field

17.23 and CNT-based electronic devices.!” 2* % Various routes have been developed in

emitters,
gaining access to such material, including solvothermal,® hydrothermal,?” microwave,” laser
ablation # and ultra-sonication processing, ** high-temperature decomposition,®! laser pyrolysis 2

1. ** and Singhal et al. * have demonstrated that a

and chemical vapour deposition.>* Freedman et a
magnetic carbon nanotube pipette is effective for transferring liquid into and within a single cell. In
addition, Syljuki et al. 3® have shown that the electrochemical activity of carbon nanotubes for the
reduction of H2O> can arise from iron oxide nanoparticles decorated on CNT. Also noteworthy is that
carbon nanotubes decorated with iron(Ill) oxide (Fe>Os3) nanoparticle embedded in a co-polymer
(derived from pyrrole and 3-carboxylated pyrrole) are highly sensitive for detecting H>S, as reported
by Kim et al. 3" Thus CNT-iron oxide nanoparticle composites have a diverse range of applications,

and accordingly we sort to develop a robust synthesis of such material, ideally under continuous flow,

as a potentially scalable process.
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Previously we reported on the synthesis of superparamagnetic magnetite (Fe3O4) nanoparticles,
spheroidal and hexagonal shaped, with an average size of ca. 15 nm, using a vortex fluidic device
(VFD ).?® Here the magnetite nanoparticles are generated by pulsed laser ablation of an iron rod (high
purity, >99.998%) at 1064 nm, with the rod positioned over the dynamic thin film in the VFD, Figure
9.1a, under at atmosphere of air. This is a single-step continuous flow process, and the operation of
the VFD is effectively using it as a metal vapour synthesiser. In an analogous way, the VFD has been
used for decorating hexagonal boron nitride (2-BN) with similar sized magnetite nano-particles, now
as a one step process for making composite materials.> Inspired by the aforementioned findings, we
were motivated to translate this knowhow into developing a facile continuous flow VFD mediated
process for decorating MWCNTSs with magnetite nanoparticles, Fe;04@MWCNT, in using the shear
stress in the VFD to disentangle the MWCNTs which while irradiated with a the pulsed laser are
sliced into more processible lengths.*® Thus it is a novel three in one continuous flow process, and
we establish that the resulting composite material, Fe304@MWCNTs, is an active electrode for
supercapacitance, achieving a high gravimetric (834 F g!) and areal (1317.7 mF cm™) capacitances,
which are enhanced compared with those previously reported for iron oxide/carbon anodes.*! We
note that the decoration of SWCNTs with magnetite nanoparticles has been established using the
related spinning disc processor (SDP), also under continuous flow, but the process requires the use
of harsh chemicals and pre-treatment (oxidation and binding of Fe’" and Fe*") of the SWCNTs,* and

thus where the integrity of the carbon nanotubes is lost.

The VFD is a versatile microfluidic platform with a diversity of applications, including in processing
carbon nanomaterials, as in slicing of SWCNTs, especially in controlling their length,* exfoliation
of graphite and boron nitride,** transforming graphene oxide sheets into scrolls,*’ decorating carbon
nano-onions with Pt 46 and Pd #’ nanoparticles, the synthesis of carbon dots,*® and the fabrication of
Ceo tubules using water as an ‘anti-solvent’.** Other applications of the VFD include controlling

chemical reactivity and selectivity,’® protein folding, °! enhancing enzymatic reactions > and protein

190



immobilization.”> The dynamic thin film in a VFD has Stewartson/Ekman layers and Faraday
pressure waves, with the liquid moving up the rapidly rotating tube under gravitational force and
exiting at the top,. >* The continuous flow mode of operation of the VFD has the attractive feature of
addressing scalability of a process at the inception of the research. Here jet feeds deliver reagents into

an inclined rapidly rotating tube, typically a 20 mm O.D. glass or quartz tube.>

9.3. Experimental section

9.3.1. Materials

MWCNTs used in the present work have an average outside diameter (O.D.) X inside diameter (I.D.)
x length equivalent dimensions 10 nm £ 1 nm % 4.5 nm =+ 0.5 nm, and 3 to 6 um respectively. They
were purchased from Sigma-Aldrich, as chemical vapour deposition prepared material with an as
received purity > 98%, and were used as received. N, N-dimethylformamide (DMF) was purchased
from Sigma-Aldrich and used as received. High purity Fe (>99.998%) 8361 h iron rod, 5 mm in

diameter (Koch- Light Laboratories) was used as the laser target and source of metal.

9.3.2. Fabrication of FesOs@MWCNT

The preparation of Fe;O4@MWCNT nanocomposites is shown in Figure 9.1a. MWCNTs were
dispersed in N, N-dimethylformamide (DMF) at a concentration of 0.08 mg/mL and the mixture
ultrasonicated for 15 minutes prior to VFD processing. The experimental setup mainly followed the
previously published work for the VFD mediated slicing of CNTs and the synthesis of

superparamagnetic nanoparticles, 40 43

in merging two different applications of the VFD. The
experiments were carried out using the continuous flow mode of operation of the device at a flow rate
of 0.45 mL min . Stainless steel jet feed was used to deliver MWCNTs dispersed in DMF solution
to the bottom of the rapidly rotating quartz tube (O.D. 20 mm, [.D. 17.5 mm). The tilt angle (0) of the

43-45,48 relative to the

device was 45°, which is the optimal angle for a number of VFD processes,
horizontal position. For fabricating FesO4@MWCNTs, the iron rod was immobilized on a stainless

steel jet feed and irradiated in the VFD tube at a wavelength of 1064 nm using a Q-switched Nd:
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Y AG laser (Spectra Physics GCR170) operating at a pulse repetition rate of 10 Hz. The power of the
laser was optimized first by conducting the experiment under continuous flow conditions at different
laser powers, 250 mJ, 400 mJ and 600 mJ, as shown in Figure S5 (supporting information). For high
laser powers, 400 and 600 mJ, the MWCNTs were unzipped and fragmented, whereas at the optimum
laser power (250mJ), Fe3O4 nanoparticles were generated and decorated on the surface of MWCNTs.
Initially the MWCNTs were dispersed in DMF at a concentration of 0.08 mg/mL and were injected
into the base of the quartz tube through a jet feed using a 50 mL glass syringe, at a flow rate of 0.45
mL/min while the iron rod was irradiated with the pulsed laser. After the 50 mL of the solutions was
delivered, the experiment was stopped, affording two products, one exiting the VFD tube during the
processing (collected), which accounted for 42% of the isolated material, with 58% of the material
generated remaining in the tube (retained). Both products contained MWCNTs decorated with Fe3O4
nanoparticles in a high yield, based on the amount of MWCNTs consumed and the overall weight of

the combined product taking into account the ratio of magnetite to MWCNTs.

9.3.3. Electrochemistry

A specific amount of active material (10 mg) was sonicated for 1 h in 20 ml of ethanol. Next, the
resulting suspension was vacuum filtered through a PTFE membrane to make a free—standing film.
The composite film was cut into electrodes of footprint area of 1 cm?, and platinum foils were used
as current collectors and 1 M Na;SO;4 as electrolyte. Cyclic voltammetry (CV) and galvanostatic
charge/discharge (CD) were carried out by a two-electrode configuration using a CHI 660E
electrochemical workstation. All measurements were performed at room temperature. The

gravimetric capacitance and areal capacitance were calculated from CV curves

9.3.4. Characterization

X-ray powder diffraction (XRD) data were collected using a Bruker Advanced D8 diffractometer
(capillary stage) using Co-Ka (A= 1.7889 A, 35 kW/28 mA, 20 = 10 — 90°). Thermogravimetric
analysis (TGA) was recorded on a Perkin ElImer STA8000 operating at a heating rate of 10°C/min

under an air gas flow. Atomic force microscopy (AFM) using a Nanoscope 8.10 in tapping mode and
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Transmission electron microscopy (TEM) was conducted on a TECNAI 20 microscope operated at
120 and 200 kV. STEM investigation and compositional mapping were conducted using an
aberration-corrected FEI Titan Themis TEM operating at 200 kV equipped with an energy dispersive
x-ray spectroscopy (EDX) detector. Magnetization measurements used a Quantum Design PPMS

with ACMS option at room temperature (295 K) in applied magnetic fields up to 2.50 T.

9.4. Results and discussion

9.4.1. Fabrication of Fe;04@MWCNT
We have developed a high yielding method for preparing a composite material based on MWCNTs

decorated with superparamagnetic magnetite (Fe3O4) nanoparticles, Fes304@MWCNT, as a three in
one process - slicing, laser ablation and growth of nanoparticles, and decoration. The solvent of choice
was DMF, with the processing devoid of other reagents, and the processing is therefore limiting the
generation of a waste stream for any downstream applications. Salient features for preparing
Fes04@MWCNT are schematically illustrated in Figure 9.1 The Fe3O4 nanoparticles (NPs) are
generated in situ in the VFD by irradiating a high purity (>99.998%) iron rod (5 mm diameter) with
a pulsed laser (Q-switched Nd:YAG) operating at 1064 nm wavelength, Figure 9.1(b). MWCNTs
dispersed in DMF were delivered to the bottom of the rapidly rotating quartz VFD tube through a jet
feed with an iron rod attached. As the liquid passes through the laser beam the MWCNTs are sliced
into shorter tubes and simultaneously decorated with Fe3Os NPs, Figure 9.1(c). The length
distribution of FesO4@MWCNT exiting the tube is centred at 500 nm (inset Figure 9.3a). MWCNTs
which were retained in the VFD during the processing were similarly decorated with Fe;Os NPs,
Figure 9.1(c), but they are significantly longer at ca 2 um. The reason for the longer lengths of
MWCNTs in the composite material being retained in the tube presumably relates to the build-up, on
both sides of the laser beam, of magnetite being faster than untangling and slicing of the MWCNTs.
Such build up is likely to result in magnetite particles bridging different tube which are then locked

into place, with the shear stress in the fluid dynamics unable to separate them. MWCNTs sliced prior
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to a substantial build-up of magnetite particles on their surface, can then be decorated and move under
the fluid flow. See below for further discussion on the size of the magnetite NPs and associated mass

differences, and potential effect on the processing.
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Figure 9. 1 Schematic illustration of the experimental procedure for the preparation for Fe;O4@MWCNT. (a)
The vortex fluidic device (VFD) and laser Nd:YAG processing at 1064 nm. (b) Zoomed in schematic for
generating Fe;O4 NPs under laser irradiation of an iron rod (power at 250 mJ). (¢) Fe;04@MWCNT exiting
the tube under continuous flow (collected) and retained in the tube.

9.4.2. Characterisation

The nature of the Fes04@MWCNT nanocomposite was investigated using AFM, TEM, HRTEM and
STEM. Figure 9.2a, d show AFM and low magnification TEM images for the material retained in the
tube during processing revealing bundles of strands mixed with a high density of Fe;O4 nanoparticles,
seen as black areas. These modified MWCNTs appear unaltered in length relative to the as received
material. Figure 9.2b, ¢ show TEM and HRTEM images of the same material, revealing MWCNTs
decorated with Fe3O4 NPs. Corresponding images for Fe;O4@MWCNT flowing out of the tube
(collected) are shown in Figure 9.3a, d, clearly establishing that the MWCNTs have been sliced down
to 500 nm in length (inset Figure. 9.3a) as well as being decorated with Fe3O4 nanoparticles. Figure
9.3b, ¢ show TEM and HRTEM images of the collected Fe304@MWCNT, which are also decorated
with Fe3O4 NPs. We note that Fes;04@MWCNTs (retained) has MWCNTs decorated with Fe3;O4
nanoparticles with an average diameter of 15.1 + 2.4 nm, as determined using HRTEM, Figure 9.2c,
whereas they are smaller in diameter, 10 & 1.2 nm, for the material exiting the VFD tube under flow,

Figure 9.3c.
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High-resolution STEM was used to gain further insight into the nature of the Fe;O4@MWCNT
nanocomposite. Figure 9.4a displays BF and HAADF-STEM images of collected Fe304@MWCNT
along with the elemental mapping. Interestingly, while most Fe3O4 NPs decorate the surface of the
MWCNTs, Figure 9.3a-b, there are some that are encapsulated inside the MWCNTs, Figure 9.4 a, as
highlighted by elemental mapping of Fe and O. BF and HAADF-STEM images, and the
corresponding elemental mapping, for the collected material are shown in Figure 9.4b, with the
mapping consistent with coating of MWCNTs with Fe3O4 NPs. BF and HAADF, and STEM images,
Figure 9.4a, b also establish that the size of Fe3O4 nanoparticles for the collected material are smaller
than those of the retained material. In addition, VFD processing in the absence of MWCNTs,
generated Fe3;O4 nanoparticles which were also smaller for the collected material, average diameter
ca. 10 nm, compared to the material retained in the VFD, average diameter ca. 15, as determined
using AFM (supporting information Figure S8). This is in good agreement with HRTEM results for
the NPs formed in the presence of MWCNTs, Figure 9.2c and Figure 9.3c. The results suggest that
the larger particles, which have higher mass, determine whether the MWCNTs are decorated and
sliced and free to leave the tube, or decorated without slicing and retained in the tube, ie. if the build-
up of NPs on the surface of MWCNTs is too fast relative to slicing the MWCNTs, then they will be
retained in the quartz tube in the VFD. Additional STEM images are provided in the supporting

information, Figure S3 and S4.
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Figure9. 2 (a) AFM image, (b) STEM image, (c) HRTEM image and (d) TEM of Fe;04@MWCNT (retained),
formed in the VFD (optimised parameters) operating at 8.5k rpm rotational speed, under continuous flow, with
the concentration of the as received MWCNTs at 0.08 mg/mL (DMF)), tilt angle 45°, flow rate 0.45 mL/min,
and laser power 250 mJ, with the MWCNTs ca 2 pm in length.
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Figure 9. 3 (a) AFM image, (b) STEM image, (c) HRTEM image and (d) TEM image of Fe;O4@MWCNT
exiting the tube under continuous flow (collected), processed in the VFD (optimised parameters) operating at
8.5k rpm rotational speed, with the concentration of the as received MWCNTs at 0.08 mg/mL (DMF)), tilt
angle 45°, flow rate 0.45 mL/min, and laser power 250 mJ. The inset in (a) is the length distribution of the

carbon nanotubes in Fe;O4@MWCNTSs (collected).
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Figure 9. 4 (a) BF and HAADF - STEM images of Fe;04@MWCNT (collected) with the corresponding STEM
element mapping. (b) BF and HAADF - STEM image of Fe;04@MWCNT (retained) with the corresponding
STEM element mapping.

The X-ray diffraction (XRD) patterns of MWCNTs before processing (as received),
Fe3:04@MWCNT (collected and retained) samples are shown in Figure 9.5a. MWCNTs (as received)
have diffraction peaks at 29.7° and 51.2°, which are assigned to the (002) and (110) planes of

MWCNTs (supporting information Figure S6),'>

whereas for Fe;O4 nanoparticles only, there are
seven characteristic peaks (21.5°, 37.3°, 44.6°, 54.9°, 62°, 69.1°, and 74.1°) which correspond to the
(111), (220), (311), (400), (422), (511), and (440) reflections of magnetite (Fe3Os) (supporting
information Figure S6).2627-13 XRD pattern for the nanocomposite material is shown in Figure 9.5a,

establishing the formation of magnetic NPs, with all of the peaks corresponding to magnetite and

MWCNTs, consistent with the formation of Fe304@MWCNT.

Thermogravimetric analysis (TGA) was carried out under air, for MWCNTs (as received),
(supporting information Figure S7), and both Fe;04@MWCNT nanocomposite materials (retained
and collected), Figure 9.5b. For as-received MWCNTs the material is stable when the temperature
is < 550°C, with then a significant weight loss > 600°C corresponding to the decomposition of

MWCNTs.%® The weight loss of retained Fe;O4@MWCNT nanocomposite was about 29.6 wt%
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between temperature 350 — 650°C, whereas, the collected nanocomposite shows greater weight loss
for increasing temperatures. Here there are two regions of weight loss, 40 and 25 wt.% between 50 —
400°C and 400 — 650°C, respectively. The differences in the weight loss between two nanocomposite
material (retained and collected) is ascribed to the uptake of DMF in solution when the MWCNTs
are sliced. If the material retained in the VFD quartz tube is unsliced or has very little slicing, the end
caps of the MWCNTs will limit the amount of solvent that can be taken up inside the nanotubes.>”> >
Specific surface area from BET for MWCNTs (as received), FesO4@MWCNT (collected) and
Fe3:04@MWCNT (retained) are 127.0396 m*/g, 83.8937 m?%/g and 55.1279 m?/g, respectively, Figure
S9. The lower surface area for FesO4@MWCNT (collected) and FesOs@MWCNT (retained)
compared to as received MWCNTs presumably relates to the build up of magnetite material, lowering
the relative surface area. The higher surface area for the material exiting the tube relates to the now

availability of the internal surface of the sliced MWCNTs.”
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Figure 9. 5 (a) XRD patterns and (b) TGA curves for Fe;O4@MWCNT exiting (red) and retained (green) in
the quartz tube, processed in the VFD (optimised parameters) operating at 8.5k rpm rotational speed, with the
concentration of the as received MWCNTs at 0.08 mg/mL (DMF)), tilt angle 45°, flow rate 0.45 mL/min, and
laser power 250 mJ.

X-ray photoelectron spectroscopy (XPS) was used to investigate the elemental composition and
chemical state of Fe304@MWCNT, with the results shown in Figure 9.6. The XPS Cls spectrum for
Fe;04@MWCNT (retained and collected) is shown in Figure 9.6a and 9.6¢ respectively, with three
peaks, at 285.1 eV, 286.8 eV and 289.1 eV, corresponding to C-C, C-O and C=O groups,*" ¢!

respectively. Figure 9.6b and 6d show the XPS Fe 2p spectra for retained and collected material, with
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two peaks at 711.5 and 724.7 eV, which are assigned to the Fe 2p3/2 and Fe 2pi,2 binding energies,*”

62 respectively.
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Figure 9. 6 High-resolution XPS spectra for Fe;O4@MWCNT: (a) C 1s and (b) Fe 2p (collected), and (c) C
Is and (d) Fe 2p (retained). (¢) Photographs of Fe;04@MWCNT, collected and retained when placed next to
a magnet, and (g) magnetic hysteresis loops for Fe;04@MWCNTs (collected out of the tube, red line, and
retained in the tube, green line), processed in the VFD (at optimised condition) operating at 8.5k rpm rotational
speed, under continuous flow, with the concentration of the as received MWCNTs at 0.08 mg/mL (DMF)), tilt
angle 45°, flow rate 0.45 mL/min, and laser power 250 mJ.

The magnetic behaviour of Fe;04@MWCNT composites was investigated by placing a suspension
of the composite materials Fe;04@MWCNTs in water, separately retained and collected, close to an
external magnet, Figure 9.6e, f. Both show a dramatic response with accumulation of the material
towards the magnet. In addition, their response to magnetic fields between +2.5 T where studied, with
the results presented in Figure 9.6g. Both composite materials (retained and collected) have similar
shaped hysteresis loops. The saturation magnetization (Ms) of Fes04@MWCNT (retained) is 19.3
Am?kg! establishing high magnetism and exhibiting typical ferromagnetic behaviour, being
consistent with the results in literature values for superparamagnetic nanoparticles of magnetite.’’ In
contrast, Fe;04@MWCNT collected under continuous flow has weak magnetic properties, with Ms
of 6.2 Am?kg’!. This is consistent with smaller sized magnetite particles decorating the MWCNTs

(collected).®3-63

199



9.4.3. Electrochemical Response
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Figure 9. 7 (a) Cyclic Voltammogram (CV) curves of MWCNTs (as received), Fe;O4@MWCNT (retained)
and Fe;O4@MWCNTs (collected) at 60 mV/s, (b) CV curves of Fe;04@MWCNT (collected) at different scan
rates from 5 to 100 mV s—1 and (c) charge—discharge curves of Fe;04@MWCNT (retained and collected), (d)
gravimetric capacitance and areal capacitance values versus scanning rate calculated from the CV curves of
the Fe;04@MWCNT (retained). (e) Specific energy vs specific power of Fe;O4@MWCNT (retained). (f)
Cycle performance of the Fe;O4@MWCNT (retained).
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Finally, in order to demonstrate a practical application of Fe;O4@MWCNT composites, they were
used as electrodes for assembly of a supercapacitor with the performance presented for selected
results in Figure 9.7. The electrochemical behaviour of MWCNTs (as received), and
Fes04@MWCNTs (retained and collected) were tested using cyclic voltammetry (CV) and
galvanostatic charge/discharge (CD) in a two-electrode cell configuration with 1.0 M Na,;SO4 as an
electrolyte by a CHI 760E electrochemical workstation. Figure 9.7a shows the CV curves of
electrodes of these materials at a scan rate of 60 mVs'. MWCNTs (as received) displayed CV curves
with typical rectangular shape due to the clear EDLC behaviour. After adding Fe3O4 as
pseudocapacitive material, FesO04@MWCNT (retained) and FesO4@MWCNTs (collected) had
deformed CV curves with larger integrated area than MWCNTs (as received), thereby confirming the
role of Fe3O4 in the composites for improving the electrochemical performance. However, the
Fes04@MWCNT (retained) electrode exhibited much higher current densities than those of the
collected FesO4@MWCNT electrode, and the enclosed area of FesO4@MWCNTs (retained) is also
much larger than that of Fes04@MWCNTs (collected), showing that the capacitance is significantly
increased after adding more Fe3O4 decoration owing to the significant synergistic effect between the
Fe304 and MWCNTs in the composite. The CV curves of Fe;O4@MWCNTs (retained) at different
scan rates, ranging from 5 to 100 mV/s, are shown in Figure 9.7b, displaying typical pseudocapacitive
behaviour at different scan rates, indicating good charge propagation at the electrode surface. The
current response in the CV curves increases proportionally with increasing scan rates, suggesting that

the rates of electronic and ionic transport are not limiting at scan rates as high as 100 mV/s.

The charge/discharge (CD) curves of both Fe;O4@MWCNT (retained and collected) are shown in
Figure 9.7c, confirming the same behaviour as displayed in CV measurements, and that
Fe;04@MWCNT (retained) has a longer charge and discharge time than Fe;Os@MWCNTSs
(collected) with noticeable deviation from linearity. Figure 9.7d shows the areal and gravimetric
(Cwt) capacitances of the Fe3;04@MWCNTs (retained) at different scan rates, ranging from 10 to 100

mV s—1, which were calculated from the CV curves of Equations S1 and S2 in the supplementary
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information. The Fe;04@MWCNTs (retained) electrode delivers gravimetric of 834 F g'! and areal
capacitance of 1317.7 mF cm™ at a scan rate of 10 mV s!. The exceptionally high value of the areal
capacitance of the Fe;O4@MWCNTs (retained) electrode (1317.7 mF cm™), highlights potential
advantages of these composite materials and the method which was used to prepare them. The areal
capacitance achieved in the present study is considerably higher or comparable than the recently
reported values when using composite carbon materials for supercapacitor, such as (GF-
CNT@Fe203) (659.5 mF/cm? at 5 mA/cm?) *!, (Ni/GF/Fe>03)( 572 mF cm 2 at 1 mA cm2),% (rGO-
PEDOT/PSS films) (448 mF cm 2 at 10 mV s '),%” (H2SO4-PVA this electrolyte, find materials)
(402mF/cm?),%® (FeOOH-MWCNT)(0.58 F cm 2 at 100 mV s ™), (MN;04-
MWCNTs)(2.8 Fem 2 at 2 mV s'),’ (CNT hydrogel film with PANI) (680 mF cm™ at 1 mA cm™?),”!
and (V203-MWCNT)(4.4 F cm? at 2mV s ').”> Figure 9.7e features the Ragon plot of the calculated
specific energy and specific power based on the total mass of electroactive materials in the two
electrodes. The FesO4@MWCNT (retained) electrode delivers a significant high specific energy of
115.84 Wh kg! at specific power of 2085 W kg™!. However, it can only provide a specific energy of
46.68 Wh kg'! at a specific power of 16803.33 W kg'!. More interestingly, the cyclic durability of the
Fe3;04@MWCNTs (retained), shown in Figure 9.7f, establishes excellent cycling ability. The
Fes04@MWCNT (retained) electrode was tested for 5000 charge—discharge cycles at a current
density of 30 A/g, retaining 89% of the initial capacitance, and thus establishing good cycling

performance.

9.5. Conclusions

We report a simple and effective method for decorating MWCNTs with superparamagnetic magnetite
(Fe304) NPs using the VFD thin film microfluidic platform. The main advantages of the processing
include that it is a focused three in one process, involving slicing the MWCNTs, generating the
magnetite nanoparticles in situ, and the decoration of the MWCNTs. Both the slicing and the

generation of the magnetite nanoparticles features the use of a pulsed laser operating at 1064 nm. This
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dual field effect application of the VFD adds to the versatility of the device, extending its field effect

capabilities, with others including plasma processing and continuous light sources.”® 74

The generation of FesO4@MWCNT directly from pristine MWCNTs avoids the use of harsh
chemicals while dramatically reducing the processing time, all of which are important in developing
any applications. To this end, we have demonstrated the utility of the composite material retained in
the VFD tube, in a high performing supercapacitor. The nanocomposite material (retained), resulted
in a high areal capacitance (1317.7 mF cm-2) which is much larger than reported for other

Fe304@CNTs electrodes.
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Composites of multi-walled carbon nanotubes (MWCNTs) and superparamagnetic  magnetite
rnanoparticles, FerOy@MWCNT, were synthesized in DMF in a vortex fluidic device (WFD). This involved in
situ generation of the iron oxide nanoparticles by laser ablation of bulk iron metal at 1064 nm using
a pulsed laser, aver the dynamic thin film in the microfluidic platform. The overall processing is a thres-
step in one operation: i) slicing MWCHMTs, (i) generating the superparamagnetic nanoparticles and (il
decorating them on the surface of the MWCNTs. The Fes04@aMWCNT composites were characterized
by transmission electron microscopy, scanning transmission electron microscope, TG analysis, X-ray
diffraction and X-ray photoelectron spectroscopy. They were used as an active electrode for
supercapacitor measurements, establishing high gravimetric and areal capacitances of 834 F l='|'l and
1317.7 mF cm~< at a scan rate of 10 mV =% respectively, which are higher values than those reported
usireg similar materials. In addition, the designer material has a significantly higher specific energy of
115.84 W h kg~ at a specific power of 2085 W k.g'i, thereby showing promise for the material in next-
generation energy storage devices.

Received 2nd June 2010
Aceepted 160h August 2019

DOl 10.1039/¢ a4 6k

rac i ranoscale-advances

1. Introduction

In recent years the drive for safe, efficient and high-performance
energy storage devices, has resulted in major research efforts in
supercapacitors. This has been driven by their potential for high
power density, outstanding safety, fast charge/discharge rates,
excellent reliability, and long cycling life.'” Several nano-
structured materials have shown to be effective as electrodes for
supercapacitors. These include carbon nanotubes™  gra-
phene,* a number of other types of structured nanoparticles,™
nanowires,*" porous nanoflakes,"** and nanospheres. "
Compaosites of metal oxides and carbon based materials, espe-
cially carbon nanotubes, have been used as electrode materials,
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establishing that the electrochemical
enhanced. 5

Decorating carbon nanotubes with inorganic nanoparticles
has recetved considerable attention both in fundamental
research and the industrial arena.” This relates o the unigue
physical and chemical properties of the composite materials.
Indeed, MWCNT: decorated with iron oxide particles in general
are promising composite materials for a variety of applications
such as hydrogen storage," imaging and therapy,*™™ gas
sensors,® catalysis,'™* CMT-based magnetic materals* CNT
field emitters,”™ and CNT-based clectronic devices. =%
Various routes have been developed in gaining access to such
material, including solvothermal®  hydrothermal ®  micro-
wave,™ laser ablation™ and ultra-sonication processing,™ high-
temperature decomposition,™ laser pyrolysis™ and chemical
vapour deposition.® Freedman ef al** and Singhal et al** have
demonstrated that 8 magnetic carbon nanotube pipette is
effective for transferring liquid into and within a single cell. In
addition, éljubci.t:' et al ™ have shown that the electrochemical
activity of carbon nanotubes for the reduction of HyO, can arise
from iron oxide manoparticles decorated on CNT. Also note-
worthy is that carbon nanotubes decorated with iron{m) oxide
[Fey0,) nanoparticle embedded in a co-polymer (derived from
pyrrole and 3-carboxylated pyrrole] are highly sensitive for
detecting H:S, as reported by Kim et al ' Thus CNT-iron oxide
nanoparticle composites have a diverse range of applications,
and accordingly we sort to develop a robust synthesis of such

performance s
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Chapter Ten

Conclusions and Future Directions

10.1. Conclusions

This dissertation focused on the use of the VFD thin film microfluidic platform, as part of a paradigm
shift in materials processing, in gaining access to material in a more practical way, and indeed in
some cases in ways that are not possible using conventional batch processing. Novel methods have
been developed in using the VFD to fabricate carbon nanomaterials and composites thereof involving
both ‘top down’ and ‘bottom up’ strategies. The primary focus of the research was to develop
continuous flow methods that are environmentally and economically sustainable while addressing the
issue of scalability, such that the research processor, the VFD, can become the production processor,
depending on the processing volume requirements. Overall, the findings further highlight the
potential of the VFD in materials processing relative to conventional batch processing, in some cases

with exquisite control of size and morphology of nanomaterials.

Chapters 2 and 3 report significant advances in slicing carbon nanotubes (CNTs) with results forming
the basis of two publications, one in Carbon , the other in Nanoscale."*? They describe a method of
debundling and slicing SWCNTs and MWCNTs with controllable length distributions, with minimal
surface defects, that would benefit uptake by industry for a number of applications where a specific
length of pristine material is required. This includes electronic devices, solar cell technology and
biomedical sciences. Importantly the processing is simple, using shear stress in the VFD to bend and
slice the tubes while irradiated with a NIR pulsed laser. Moreover, the processing avoids the need for
using any other reagents, is scalable under continuous flow conditions, and does not introduce defects

into the side walls of the CNTs.
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The ability to vertically self assemble short MWCNTSs on a silicon substrate with control of the
surface density coverage using a simple dipping and rinsing method, as detailed in Chapter 2 and the
above mentioned publication in Nanoscale,? is without precent. There have been extensive studies on
vertically aligning CNTs on substrates, and the most common methods are either direct growth of the
CNTs, as in chemical vapour deposition (CVD), onto substrates, or the immobilization of shortened
CNTs on substrates via engineered covalent attachment.’> However, these methods have limited
economic and environmental sustainability metrics, due to their complex processing and the use of
toxic reagents. Thus, the thin film processing in the VFD not only allows controlling the length of the

MWCNTs, it also provides material with functionality that allows them to self-assemble of surfaces.

Chapter 3 is a detailed study on fabricating coiled SWCNTSs under continuous flow in the VFD, using
an immiscible solvent system of toluene and water. This is a significant advance in the field, as is the
magnetic properties of the rings, as established using magnetic force microscopy (MFM). Different
structures of coiled SWCNTSs rings impacts on their properties, differently to straight SWCNTs, but
the ability to prepare such rings prior to the findings herein has been challenging. The shear stress
within the dynamic thin film in the VFD was effective is forming coiled SWCNT rings, under ambient
conditions, and in high yield, ~80%, and importantly it is in the absence of any surfactants or any
auxiliary reagents such that the final product is not coated in any way. The average diameter of these
rings was ca. 300 nm with a wall thicknesses varying between 3 and 70 nm. Also important is that
MFM was shown to be a viable technique for examining the magnetic response of the coils, which
strongly depends on the thickness of the coiled SWCNT rings. This work is the basis of a publication

in ACS Appl. Nano Mater.’

Another significant advance was establishing a high yielding VFD mediated method to transform
colloidally stable sheets of graphene oxide into graphene oxide scrolls (GOS) using water as the
solvent, as detailed in Chapter 5. The shear stress in the VFD coupled with irradiation of the GO with

a pulsed laser operating at 1064 nm and 250 mlJ, results in the formation of scrolls, and this controlled
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manipulation of GO is important in understanding the nature of the fluid dynamics in the device. The
now availability of 1D GOS, the synthesis of which can be readily scaled under continuous flow in
the VFD, offers scope for developing applications of the material, for example in supercapacitors and

for hydrogen storage. This work is the basis of a publication in Carbon.”

Chapter 6 focused on further manipulation of GO in the VFD as part of a major research effort to
understand the fluid dynamics in the device, with a process established to be able scroll GO at low
speeds and unscroll the material at high speeds, using a single solvent (DMF), depending on the
rotational speed of the rapidly rotating tube in the VFD and the nature of the liquid, defined as the
signature of a liquid. Establishing the so-called signature of a specific liquid is important in being
able to predict the outcome of any processing in the VFD. Prior to this discovery, the level of
predictability of processing in the VFD was limited. Also included in this chapter are related findings
on predicting the outcome of processing in the VFD. They focus on controlling the nucleation and
growth of sell-assembled Cgo nano-structures, which depend on the processing parameters of the

VFD, and more.

A facile, simple and environmentally friendly method has been developed for converting water-
soluble GO to water-soluble reduced graphene oxide, rGO, under continuous flow conditions in the
VFD, as detailed in Chapter 7. The process involves UV irradiation of an aqueous dispersion of GO
within the VFD, at room temperature with the rGO uniquely different yet comparable to that formed
using other methods such as waste generating chemical based processing. The properties of the rGO
film of the material having a resistance of 2.2 x 103 Q and a remarkably high conductivity of 2 x 10*

S cm!. This work is the basis of a publication in Chem. Commun.®
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Chapter 8 and 9 report novel pathways for fabricating carbon-based composite materials using the
VFD with the materials showing promise as active electrodes in supercapacitors, with the results
featuring in two publications, one in ACS Omega, the other in Nanoscale Advances.” '° A remarkable
fining is the ability to form spheres of few layered graphene directly from graphite, shrouding self-
assembled fullerene Ceo. They are formed in high yield and under scalable continuous flow
conditions, as detailed in chapter 8. This material is formed in a one-step process, where a colloidal
suspension of graphite in DMF is mixed with an o-xylene solution of Ceo at room temperature in a
VFD, in the absence of surfactants and other auxiliary substances. The diameters of the composite
spheres are controllable, in the range from 1.5 to 3.5 um, and the findings represent a significant
advance in fabricating all carbon composite material. The Ceo@graphene spheres can be incorporated
into an electrode with high cycle stability, high areal capacitance of 103.4 mF cm™2, while maintaining
capacitance to 24.7 F ¢! and 86.4 mF cm™ (83.5%) at a high scan rate of 100 mV s™!'. This work is

the basis of a publication in 4CS Omega.’

Chapter 9 reports on a novel three in one VFD mediated process for fabricating a composite
comprised of superparamagnetic magnetite (Fe3Os) nanoparticles shrouding MWCNTSs,
Fe304@MWCNT. The processing using DMF as the solvent incorporates slicing of the MWCNTSs
while generating the magnetite nanoparticles in situ, which spontaneously decorate the MWCNTs.
The Fe3O4 nanoparticles are generated by laser ablation of pure iron metal at 1064 nm using a pulsed
laser, over the dynamic thin film in the microfluidic platform. The magnetic MWCNTSs were used as
an active electrode for supercapacitor, establishing high gravimetric and areal capacitances of 834 F
gl and 1317.7 mF cm™ at a scan rate of 10 mV s}, respectively, which are higher values than those

reported using similar materials. This work is the basis of a publication in Nanoscale Advances.'°
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10.2. Future directions
10.2.1. Slicing CNTs without the need for NIR laser irradiation

One of the major challenges for harnessing the full potential of carbon nanotubes (CNTs) is
controlling their length. As prepared CNTs are long, up to mm in length, and are tangling, both of
which need to be overcome for many applications requiring specific lengths, for example, in medicine
and electronics. Intensified research efforts have been conducted for slicing and shortening CNTs.
Controlled slicing/shortening of SWCNTs and MWCNTs occurs in the VFD while NIR irradiated by
a pulsed laser, under continuous flow conditions, with the results featured in Chapters 2 and 3

respectively.

Shear stress in the dynamic

thin film is important for the

above slicing, primarily in SWCNTs

that it bends the SWCNTs

and MWCNTs. But is the
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[
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dispense with the need for
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o
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the cost of the slicing
Figure 10. 1 VFD mediated slicing of SWCNTs and MWCNTs using a

process, as well is improving ~ 1:1 mixture of o-xylene and water, under continuous flow (rotational
speed 7500 rpm, concentration 0.16 mg. mL™!, flow rate 0.45 m. min’,
the green chemistry metrics.  and 6=45°). (a) AFM image of sliced SWCNTSs with the derived length
distribution in (b), and (c) AFM image of sliced MWCNTSs with the
To this end, feasibility derived length distribution in (d).

studies have been undertaken to develop such a process, as summarised in Figure 10. I A number of
different solvents and solvents mixtures were explored, with a mixture of water and o-xylene being

the most effective, using a 20 mm OD (17.5 mm ID, and 20 cm long) tube, inclined at 45° relative to
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the horizontal position, 7500 rpm rotational speed, and flow rate 0.45 mL.min"!. This was effective
for slicing both SWCNTs and MWCNTs, as established using AFM, Figure 10. 1a and c. Length
distributions for both SWCNTs and MWCNTs are shown in Figure 10. 1b and d, from counting 300
individual tubes, which are at 490 nm and 500 nm respectively. Clearly more research is required to
be able to vary the length, which may be possible by changing the diameter of the tube, as predicted
now that the full fluid dynamics on the VFD is understood (Chapter 6). In addition, the integrity of
the chirality of the SWCNTs post-VFD processing, conducting versus semiconducting, needs to be
investigated. The use of a pulsed laser to facilitate slicing of SWCNTs is likely to alter their chirality,
which is an area that need to be explored systematically, which realistically is a major research project

in its own right.

10.2.2. Fabricating toroidal SWCNTs
Carbon nanorings are a unique member of carbon nanomaterials family. They have attracted a great
deal of interest as they are predicted to have extraordinary electronic and magnetic properties.'!> 12
The same also applies to composites containing carbon nanorings, especially with polymers. Carbon
nanorings were first synthesized by Liu et al,'* in 1997 using the laser growth method. When the rings
have a number of coils of SWCNTs, they are usually named as “dounts” or bundles of SWCNTs.
There are a number of methods for fabricating such structure, including using ultrasonication,'*
organic reactions,'> chemical vapor deposition (CVD),'® and VFD processing. ® !7 Feasibility studies
have been undertaken on preparing single coiled SWCNT where the ends of the tube are fused, as a
continuous toroidal SWCNT. This involved slicing SWCNTs to around 700 nm in length using the
VFD,! then treating them dispersed in a mixture of toluene and water (ratio 1:1) to shear stress in
VFD, while being irradiated with a pulsed laser at low energy, 100 mJ, much lower than for slicing,'
Figure 10.2. The rings are symmetrical and are | SWCNT thick, and ca 120 nm in diameter, Figure
10. 2 a-d. Interestingly, this is the diameter that has been predicted to have special ring current effect

but their synthesis until now has remained ellusive.'® ! But much needs to be done, in fully

characterising this new form of molecular carbon, which has no terminal/dangling bonds. This
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includes SEM, TEM and HRTEM, Raman spectroscopy, photoluminescence, and ring current and

magnetic interactions using CFM and MFM respectively.

D1=119nm =
> 2 < D2=126 nm >

1

Figure 10. 2 Fused “single” SWCNTs toroidal rings generated in a VFD, using a 1:1 mixture of
toluene and water while irradiated by a 1064 nm pulsed laser operating at 100 mJ, under confined
mode of operation of the device (rotational speed 7500 rpm, CNTs concentration 0.16 mg. mL™! and
0 =45°) and (a-b) AFM images of fused toroidal rings of SWCNT, highlighted by while boxes. (c)
AFM image for SWCNT rings - zoomed and 3D plot of this ring is shown in (d) and (e) height
profile of SWCNT ring, showing heights ca 1.3 nm, and diameter ca 120 nm.
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10.2.3. Graphene Oxide Polymer Composites

Graphene composites have become a hot research area, incorporating the extraordinary physical and

chemical properties of the nanomaterial with the properties of polymers. This applies also to graphene

oxide (GO), with the composite materials having applications in thermal resistance, lower coefficients

of thermal expansion, and improved mechanical properties. 2°?* Indeed, there are a number of reports

on preparing composites of GO and polymers, including polyacrylate ester, epoxy resin,

Figure 10. 3 SEM images of (a-b) polystyrene decorated on
the surface of GO. (c-d) Scroll structures of polyurethanes
fabricated in a VFD operating under continuous flow
conditions (rotational speed 8000 rpm, flow rate 0.45
mL.min-1, and 8 = 45°). The concentration of the polymer in
DMF was 20 mg. mL"!, which was delivered in one jet feed
to the VFD tube, with another jet feed delivering a colloidal
suspension of GO at 0.2 mg. mL.

polycarbonate, high-impact polystyrene,
with the later having enhance flame
resistant and higher thermal stability
compared to the polymers itself.?*?7 A
feasibility study was undertaken on
using the VFD under continuous flow
conditions to prepare GO polymer
composites. This was motivated by the
intense micromixing in the device, and
the results establish that nanoparticles of
polystyrene can be decorated on the
surface of GO, Figure 10.3 a-b.
Changing the polymer to polyurethanes,
results in a change in structure and

morphology of the composite material,

now forming scrolls, Figure 10.3 c-d. Full characterisation of these materials is required, as well as

optimising the processing in targeting the different morphologies, then appraisal in applications,

including in pollutant separation, energy storage and flame retardants.
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10.2.4. Scrolling and exfoliating of molybdenum disulfide (MoS:2) and other 2D
nanomaterials

2D Transition metal chalcogenides have attracted considerable research interest in recent years

33-37

because of their unique properties, with molybdenum disulfide (MoS) the most investigated

member of the family. Different approaches have been reported for scrolling and exfoliating MoS»,

including liquid phase exfoliation, 337

mechanical exfoliation,*’ direct chemical vapour deposition
(CVD), *- 4 and chemical
routes.* Of these, liquid
exfoliation involving

1923 is  the most

sonication,
common. As to scroll formation
of the 2D material, this features
the use of  sonication,

evaporation, induced by metal

nanoparticles and CVD.*4

Developing a scalable process
Figure 10. 4 SEM images of MoS2 scrolls (a-b) formed in the VFD
for exfoliating and scrolling  at 4000 rpm, under continuous flow (concentration 0.2 mg. mL™' in a
1: 1 mixture of ethanol and water, flow rate 0.45 mL.min"!, and 0 =
MoS; is a challenge, especially 45 (c_d) Exfoliated MoS2 a few layers thick, formed at 8000 rpm,

i i ) with all the other conditions unchanged.
while  incorporating  green

chemistry metrics, and given the utility of the VFD in exfoliating other 2D material, feasibility studies
were undertaken in using the VFD to generate nanomaterials of the 2D material, at room temperature,
under continuous flow conditions, as summarized in Figure 10.4c-d. The findings are the start of the
journey in developing a versatile method for preparing 2D-sheets and scrolls of MoS, and much
needs to be dome on optimising the conditions, and fully characterising the materials. This is part of
amore challenging project, in developing a universal method of exfoliating and scrolling 2D materials

in the VFD.
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Appendices

SUPPLEMENTARY INFORMATION FOR

Sub-micron moulding angled vortex fluid flow

1. General materials and methods

All chemicals were used as received unless otherwise stated. High molecular weight polymer beads of
polysulfone (PSF) was purchased from Sigma Aldrich. Dichloromethane (DCM) (99.8%), Toluene (99.5%)
and Hexane fraction were purchased from Chem-Supply. Bovine serum albumin (BSA), ethanol, PBS and
glutaraldehyde were obtained from Sigma-Aldrich as analytical grades. PBS was prepared at 10 mM of pH 7.4
at room temperature using MilliQ water. Zinc acetate dihydrate (Zn(OAc),:2H,0), terephthalic acid (H.BDC),
dimethylformamide (DMF) and trimethylamine (TEA) were obtained from Sigma-Aldrich as analytical

grades. All materials were used without further purification.

Graphene oxide materials, fullerenes materials, macroporous BSA microspheres and MOFs were characterized
by scanning electron microscopy (SEM) performed using a FEI Quanta 450, atomic force microscopy using
the Nanoscope 8.10 in tapping mode, High Resolution Field Emission SEM, with a voltage of 5 kV and
working distance of 10 mm, and transmission electron microscopy and high-resolution transmission electron
microscopy (TEM and HRTEM), and X-ray diffraction data were recorded using a Bruker D§ ADVANCE
ECO system (Co- Ka, A=1.7889 A). Samples for TEM were prepared by drop-casting the material onto
standard carbon coated copper grids prior to characterization. TEM, HR-TEM and selected area electron
diffraction (SAED) were taken on a JEM- 2100F (200 kV) equipped with an EDS module. Real-time SANS
experiments were done at the Australian Nuclear Science and Technology Organisation (ANSTO), using the

Quokka instrument.
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2. Temperature change in the VFD for different solvents at different rotational speeds (®) and

inclination angle (0)

A FTIR camera was used to record temperature variation of different liquids at rotational speeds between 2k

to 9k rpm for the confined mode of operation of the VFD, and 3k to 9k rpm for mimicking the continuous flow

mode of operation at an inclination angle 6 = 45°. The settings of the FTIR camera included emissivity 0.95,

object distance 30.48 cm, relative humidity 50%, and the use of the rainbow colour pallet. All experiments

were conducted in triplicate using the same quartz tube for consistency of measurements within a temperature-

controlled environment (average temperature 19 °C). There were two modes of operation of the VFD: Confined

mode where 1 mL of liquid (unless otherwise stated) was added to the rapidly rotating tube or mimicking

continuous flow where the rotational speed corresponds to a thin film of liquid extending to the lip at the top
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Figure S2a: Temperature change of solvents as a function of rotations speed at 6 = 45°, @ = 2k to 9k rpm for

the confined mode (1mL of liquid (—)) and ® = 3k to 9k rpm for mimicking continuous flow (thin film extended

to the lip of the tube, (—)), noting that for the latter, for @ < 3k rpm the vortex does not extend and expose the

bottom of the tube (20 mm OD, 17.

5 mm ID).
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Figure S2b: Temperature change as a function of volume of water in a 20 mm OD (17.5 mm ID) rotating tube

for the confined mode of operation in the VFD, with 6 = 45°.
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Figure S2¢: Temperature change measurements for water in a 20 mm OD (17.5 mm ID) tube, 6 = 45°, at 3
different spots on the rotating tube; mid-way along the tube, and 2 cm away from the upper and lower bearings

(top and bottom).
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Figure S2d: Temperature change measurements for water (mimicking continuous flow) in a 10 mm OD (8.5

mm ID) tube, as a function of change in inclination angle for rotational speeds between 4k and 5k rpm.
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3. Mixing times of water at different rotational speeds and inclination angle in a 10 mm OD tube.

Mixing time corresponds to the time taken for a drop of water containing a small amount of dye added at the

bottom of the tube rotating at a specific speed to uniformly mix in half way up the preformed film generated

from 1 mL of water (measured in triplicates).
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Figure S3: Mixing times (colour pallet in seconds) as a function of ® and 0 in a 10 mm OD (8.5 mm ID) tube.
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4. Captured images from high speed photography of a thin film in a 10 mm OD VFD glass tube, 0 = 45°.

2800 rpm

Figure S4: Snapshots were adapted from Video S1 attached. They illustrate the statuses of the liquid (dye
water) spun in a 10 mm OD tube (8.5 mm ID) at 8 = 45°. The high-speed camera (FASTCAM SA1.1 model
675K-M1) was also positioned at 0 = 45°, with a record rate (fps) of 1000. The spinning rates were calculated
by studying the motion of the tube in each frame with the fps of the video. We noted that circular flow was
generated as the tube rotated. The average liquid film thickness decreases with the increase of the spinning
rate. There was a sudden transition of the flow (the disappearance of the “wavy” flow) at a rotational rate of
~5.6k rpm, which is close to the value (~6k rpm) recorded in the sudden change in average thickness for a 10

mm tube at 8 = 45°, which correspond closely to transitioning from spicule flow to double helical flow.
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5. Average film thickness as a function of ®, at 6 = 45°,

Excess liquid was added to a weighed quart tube (20 mm OD, 17.5 mm ID) and spun at 3k for 1 minute, such
that excess liquid was ejected at the top of the tube. After 1 minute the tube was weighed to determine the
volume of liquid left post VFD processing. Experiments were repeated for increasing rotational speeds from
3k to 9k rpm at 250 rpm increments, and were all done in triplicates. Water, toluene, DMF, o-xylene, DMF/o-
xylene (1:1 volume ratio) were studied in this way. In addition, water was similarly studied in a 10 mm OD

glass tube (8. 5 mm ID). The average film thickness for each liquid was determined according to:

Where d = film thickness (cm) » = radius of tube (cm), /= volume of liquid (mL), and 4 = height of tube, 18.5

cm.
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Figure S5a: Average film thickness and volume of liquid left in a quartz tube (20 mm OD, 17.5 mm ID) as a
function of @ at 6 = 45°, for (a) toluene, (b) DMF, (c) o-xylene, (d) DMF/o-xylene (1:1 volume ratio) and (e)

ethanol/water (1:1 volume ratio).
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Figure S5b: Average film thickness and volume of water left in a quartz tube (10 mm OD, 8.5 mm ID) as a

function of ® at 6 = 45°.

6. Manipulating graphene oxide in DMF in the VFD

Outcome of processing of graphene oxide at specific rotational speeds in the VFD, at =
45°.

Figure S6a: SEM images of graphene oxide scrolls formed in DMF in a VFD (20 mm OD, 17.5 mm ID) glass
tube) at the optimised conditions; concentration of graphene oxide 0.2 mg/mL, rotational speed 4k rpm and

flow rate 0.45 mL/min, at room temperature.
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Figure S6b: SEM images of crumbled graphene oxide sheets, formed in DMF in a VFD (20 mm OD, 17.5
mm ID) glass tube; concentration of graphene oxide 0.2 mg/mL, rotational speed 5k rpm (only change

relative to Figure S5a) and flow rate 0.45 mL/min, at room temperature.

Figure S6c: SEM images of crumbled graphene oxide sheets, formed in DMF in a VFD (20 mm OD, 17.5 mm
ID) glass tube; concentration of graphene oxide 0.2 mg/mL, rotational speed 6k rpm (only change relative to

Figure S5a and Figure S5b) and flow rate 0.45 mL/min, at room temperature.

Figure S6d: SEM images of crumbled graphene oxide sheets, formed in DMF in a VFD (20 mm OD, 17.5
ID glass tube); concentration of graphene oxide 0.2 mg/mL, rotational speed 7k rpm (only change relative to
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Fig. S5a-c) and flow rate 0.45 mL/min, at room temperature.

Figure S6e: SEM images of crumbled graphene oxide sheets, formed in DMF in a VFD (20 mm OD, 17.5 mm
ID) glass tube; concentration of graphene oxide 0.2 mg/mL, rotational speed 8k rpm (only change relative to

Figure S5a-d) and flow rate 0.45 mL/min, at room temperature.

Figure S6f: SEM images of crumbled graphene oxide sheets, formed in DMF in a VFD (20 mm OD, 17.5 mm
ID) glass tube; concentration of graphene oxide 0.2 mg/mL, rotational speed 9k rpm (only change relative to

Figure S5a-¢) and flow rate 0.45 mL/min, at room temperature.
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7. Controlling the assembly of fullerene Cgo

Shear stress induced crystallisation of fullerene Ceo

Fullerene Ceo (purities of 99.5 % and 99+ %) were purchased from Sigma Aldrich and Bucky US,
respectively. Toluene >99.9% was purchased from Sigma Aldrich. Solutions of Ceo were prepared in
toluene at different concentrations, namely 0.05, 0.1 0.2, 0.5 and 1 mg/mL. This involved adding
solid material to the solvent, with the mixture left for 24 hours at room temperature. The samples
were then filtered to remove undissolved particles and the supernatant was used immediately
processing in the VFD.

VFD confined mode and continuous flow processing were explored in established the shear stress
induced crystallisation of fullerene Ceo. For the confined mode, 1 mL of Cso in toluene (0.05 mg/mL,
1.0 mg/mL) was added to a VFD (20 mm OD), 6 = 45°, and spun at different speeds for 30 min, and
thereafter the liquid was collected and processed. This involved centrifugation at 1811 g, and the solid
collected on a filter paper. The solid material redissolves in toluene over several hours such that there
is sufficient time to collect the material with minimal re-dissolution post VFD processing. The
optimal conditions were found at Sk rpm, 0.05 mg/mL, and 7.5k rpm, 1.0 mg/mL for spicules and rod
like structures, respectively, Figure S7a. The concentration of Ceo in toluene at 0.05 mg/mL, flow rate
of 0.5 mL/min of the toluene solution were then used in continuous flow mode of operation of the
VFD, at 0 =45° At o = 5k rpm, spicules also formed, Figure S7d-a , albeit in low yield, but the yield
increases on lowering the rotational speed to 4k rpm, with a further increase on increasing the
concentration of Ceo in toluene to 0.1 mg/mL, affording more specular particles, Figure S7b and
Figure 7d-f. Optimal rotational speed for the formation of the rod like structures under continuous
flow was also less than for confined mode, at 7k rpm, for a flow rate of 1.0 mL/min, Figure S7c.
Results for changing the concentration of the fullerene in toluene, different flow rates, different tilt
angles, and different rotational speeds and flow rates, are detailed in Figure S7d, Figure S7¢ and
Figure S7f, respectively.

Figure S7a: SEM images of C¢ particles formed in toluene using a 20 mm OD (177.5 mm ID) VFD operating
in the confined mode at (a) 4k rpm, (0.05 mg/mL) and (b) 7.5k rpm, (1.0 mg/mL), 6 = 45°.
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Figure S7b: (a:f) SE images of specular particles of Ceo formed in the VFD (20 mm OD, 17.5 mm
ID tube), concentration of fullerene 0.1 mg/mL, at the optimal conditions under continuous flow, 4k
rpm, flow rate 0.5 mL/min, 6 = 45°.

Figure S7c: SEM images of shear stress induced Cg rod like structures, obtained from a toluene solution of
Ceo solution with the VFD tube (20 mm OD, 17.5 mm ID) rotating at 7k rpm, concentration 0.1 mg/mL, flow
rate 1 mL/min and 0 = 45°.
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solution of the fullerene in toluene, (a) ® =5k rpm, 6 =45°, 0.05 mg/mL, 0.5 mL/min, (b,c) ® =4k rpm, 0.05
mg/mL, 0.5 mL/min , (d) ® = 3k rpm, 0.1 mg/mL, 1.0 mL/min (e) ® = 4k rpm, 0.05 mg/mL, 0.1 mL/min,
and (f) ® = 4k rpm, 0.1 mg/mL, 0.1 mL/min.

Figure S7e: SEM images of material formed under shear stress in the VFD (20 mm OD) in Ceo solutions of

toluene, 0.1 mg/mL, ® = 4k rpm, at different tilt angles, 0, as specified.
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Figure S7f: (a-f) SEM images shear stress induced nanoparticles of Ceo from a solution of the
fullerene in toluene, 0.1 mg/mL, at different speeds and flow rates (a) 3k rpm, 0.5 mL/min, (b) 6k
rpm, 0.5 mL/min, (c) 9k rpm, 1 mL/min, (d) 3k, 0.1 mL/min, (¢) 6k rpm, 0.1 mL/min, (f) 3k rpm, 1.0
mL/min.
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Visible spectroscopy studies on toluene solutions of fullerene Ceé0 immediately post-VFD
processing under continuous flow.
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Figure S7g: Visible spectra and residual concentrations of toluene solutions of Cg immediately post-
processing in the VFD (20 mm OD, 17.5 mm ID), as a function of (a) different rotational speeds, concentration
0.1 mg/mL, 6 = 45°, flow rate 0.1 mL/min, (b) different flow rates, concentration 0.1 mg/mL, 6 = 45°, o =
4k rpm, and (c) different tilt angles, concentration 0.1 mg/mL flow rate 0.1 mL/min, ® = 4k rpm (Left).
(Right) the distributions concentration of Rotational speeds, flow rate and tilt angle were determined using
Beer’s Law, A = €l ¢ (¢ molar absorptivity, /, path length and ¢ concentration), knowing the molar

absorptivity,e, for fullerene Ceo in toluene at 540 nm is 933.
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Figure S7h: X-ray diffraction pattern for the spicules formed at the optimal conditions, 0.1 mg/mL of Ce in

toluene, ® = 4k rpm, flow rate 0.5 mL/min, 6 = 45° (top) versus as received Ceo (bottom).
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Fullerene Cg cones

The synthesis of fullerene Ce cones follows the published procedure! using a 20 mm OD tube, herein adapted
for a 10 mm OD (8.5 mm ID) glass tube operating under continuous flow conditions, using 2 jets feeds
delivering equal amounts of liquid to the base of the tube, with one jet delivering an o-xylene solution of Ceo

and the other DMF as the anti-solvent.

Figure S7a: SEM images of Cep cones formed on micromixing a 1:1 solution of o-xylene solution of Cgo (0.1

mg/mL, flow rate 0.1 mL/min) and DMF (0.1 mL/min)[Jin a 10 mm OD VFD tube, ® = 4k rpm, 0 45°, the

product being collected by centrifugation at 1180 X g and washed with hexane, then air dried.
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Figure S7b: SEM images of Cso cones and other material located on the inner surface of the 10 mm OD glass
tube following the processing in Figure S7a (micromixing a 1:1 solution of o-xylene solution of Ceo (0.1

mg/mL, flow rate 0.1 mL/min) and DMF (0.1 mL/min1Jin a 10 mm OD VFD tube, ® = 4k rpm, 6 45°).

8. Moulding of polysulfone (PSF) in the VFD

Different concentrations of a PSF solutions were explored to generate a uniform thin-film adhering to the inner
surface of the tube. Ultimately this led to using 1 mL of 50 mg/ml of PSF dissolved in dichloromethane (DCM)
to generate such a film, Figure S8a. This involved adding a solution of the polymer to a VFD tube (20 mm
OD, 17.5 mm ID) tilted at 5° which was then spun at 6k rpm for ~15 min. Evaporation was facilitated by high
mass and heat transfer in the tube which was left open to the atmosphere. The film was washed several times
with hexane and then dried under a flow of dry nitrogen. Sections of the film was then peeled from the surface
of the tube at three different locations, Figure S8b. Figure S8c shows that the thin film created in the VFD is
relatively uniform with occasional deformations on the upper surface (air contact) whereas the lower surface

(glass contact) is smooth - devoid of any structure variation.
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i 14,9 pm

Figure S8a: SEM image of the thin-film of PSF created in the VFD tube (20 mm OD, 17.5 mm ID) at 6k rpm

rotational speed, 6 = 5° and room temperature during 15 min, after adding 1 mL of 50 mg/ml of PSF dissolved
in DCM.

# A= Down side of the thin-film (interface of the thin-film with the tube)
B= Upper side of the thin-film (Centre side)

Figure S8b: Locations of samples S1, S2 and S3 taken from the PSF thin-film formed in the VFD; sample
STA and S1B refer to the interface of film with the tube and air from the bottom of the tube respectively, and
similarly S2A and S2B, and S3A and S3B, from the middle and top of the tube
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Tube side (A) Centre side (B)

Figure S8c: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film, right; upper side of
the thin-film) of a thin-film created in the VFD (20 mm OD tube) at 6k rpm, 6 = 5°, at room temperature during
15 min of processing.

Toluene and water (0.5 mL) were independently added to a VFD tube coated with a thin film of PSF, in which
the polymer is only sparingly soluble, and the tube was rotated at 7k rpm at 6 = 45°, at room temperature, for
one hour. After processing, the liquid was drained, and the film washed with hexane several times and purged
with nitrogen gas for drying purposes, for 2h. A section of the film was removed from the middle of each tube
and studied using SEM, Figure S8d and S8e, for toluene and water respectively, with the red arrow essentially
parallel to the rotation axis of the tube when 6 = 45°, and in the direction of the upper lip. This revealed arrays
of indentations and some holes on the side A of the polymer film processed in toluene, with a limited number
of such structures for water. SEM imaging the other side of the PSF film (side B) post-VFD processing using
the same conditions revealed smooth surface, for both toluene or water (Figure S8f). Given the structures
revealed on surface SA for toluene, all subsequent processing was done in toluene followed by washing with
hexane, and as a control processing in toluene and not washing with hexane afford the same morphology,
Figure S8i. The change in morphology of the surface of the PSF film that was in contact with the glass during

VFD in toluene provides information on the fluid behaviour, as shown diagrammatically in Figure 1.
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Figure S8d: SEM images of the central inner surface of the film (S2A) after VFD processing (20 mm OD,
17.5 mm ID tube) in toluene, at room temperature ® = 7k rpm, 6 = 45° for ~1h, after washing with hexane.

Figure S8e: SEM images of the central inner surface of the film (S2A) after VFD processing (20 mm OD
tube) in water, at room temperature, ® = 7k rpm, 0 = 45°, for ~1h, after washing with hexane.

Figure S8f: SEM images of the central upper surface (S2B) after VFD processing (20 mm OD tube) in water,
at room temperature ® = 7k rpm, 6 = 45° for ~1h, in (A) toluene and (B) water, after washing with hexane and
drying with nitrogen gas for 2h
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Figure S8i: SEM images of the central inner surface of the film (S2A) after VFD processing (20 mm OD tube)
in toluene, at room temperature ® = 7k rpm, 6 = 45° for ~1h, and drying with nitrogen gas for 2h, without
washing with hexane prior to SEM imaging.

Molecular drilling control experiment

Table S8: Control experiments for determining the ‘molecular drilling’ on a PSF thin film in the VFD tube,

in high shear fluid flow at room temperature.

Sample Rotational 0 Volume of Time
Speed Toluene
(°) (min)
(k rpm) (mL)
Thin-film 6k 5 ——— 15
1 7k 45 0.85 30
2 5k 45 1.9 30
3 3.5 45 5 30
4 7 30 0.75 30
5 5 30 1.7 30
6 3.5 30 4.7 30
7 7 60 1 30
8 5 60 2.1 30
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Notes:

(i)  The first entry is for creating the PSF thin-film in a VFD tube (20 mm OD, 17.5 mm ID) from a
solution of the polymer in dichloromethane at 6k rpm, with 6 = 5° to ensure the film is formed

close to the full length of the tube during the evaporation of the solvent, ca 15 min.

(i)  The volume of polymer solution for each sample corresponds to that required to create a film
across the entire length of the tube at 6 = 5°, with the then ‘molecular drilling’ experiments
carried out at 6 = 30, 45, and 60°.

(i) The films of PSF in the VFD were washed with hexane and purged with nitrogen gas prior to

peeling off the glass tube.

(iv) Three sections of the films (S1, S2 and S3, Figure S8b) were taken from every sample, with
both sides (A and B) studied using SEM, affording six images for each sample, designated
S1A, S2A, S3A, S1B, S2B and S3B, as elaborated below.

Thin-film

Rotational speed : 6Kk rpm
Tilt angle, g 6 0 5°
Solvent : CHxCl;
Time : 15 min

Figure S8j: SEM images of PSF thin-film created in the VFD tube (20 mm OD) at 6k rpm, 6 = 5° at room
temperature during 15 min of evaporation of DCM: (a) S1A, (b) S2A, (c) S3A and (d) S2B, revealing smooth
surfaces present, prior to processing in toluene.
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Sample 1:

Rotational speed ;7K rpm
Tilt angle, 6 1 45°
Solvent : Toluene
Time : 30 min

Tube side (A) Centre side (B)

S1

S2

S3

Figure S8k: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side
of the thin-film (B) of the thin-film processed in toluene at 7k rpm, 6 = 45°, room temperature, and 30 min
processing, then washed with hexane, and dried under nitrogen gas. The red arrows define the direction of
rotation of the axis of the tube, directed out of the tube.
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Sample 2:

Rotational speed : 5Kk rpm
Tilt angle, 6 1 45°
Solvent : Toluene
Time : 30 min
Tube side (A) Centre side (B)

Figure S81: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side
of the thin-film (B) of the thin-film processed in toluene at Sk rpm, 6 = 45°, room temperature, and 30 min
processing, then washed with hexane, and dried under nitrogen gas. The red arrows define the direction of
rotation of the axis of the tube, directed out of the tube.
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Sample 3:

Rotational speed : 3.5k rpm

Tilt angle, 6 1 45°
Solvent : Toluene
Time : 30 min
Tube side (A) Centre side (B)

Figure S8m: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper
side of the thin-film (B) of the thin-film processed in toluene at 3.5k rpm, 6 = 45°, room temperature, and 30
min processing, then washed with hexane, and dried under nitrogen gas. The red arrow defines the direction
of rotation of the axis of the tube, directed out of the tube.
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Sample 4:

Rotational speed : 7k rpm

Tilt angle, 6 :30°
Solvent : Toluene
Time : 30 min

Figure S8n: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side
of the thin-film (B) of the thin-film processed in toluene at 7k rpm, 6 = 30°, room temperature, and 30 min
processing, then washed with hexane, and dried under nitrogen gas. The red arrows define the direction of
rotation of the axis of the tube, directed out of the tube.
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Sample 5:

Rotational speed : 5k rpm

Tilt angle, 6 :30°
Solvent : Toluene
Time : 30 min
Tube side (A) Centre side (B)

Figure S80: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side
of the thin-film (B) of the thin-film processed in toluene at 5k rpm, 6 = 30°, room temperature, and 30 min
processing, then washed with hexane, and dried under nitrogen gas. The red arrow defines the direction of
rotation of the axis of the tube, directed out of the tube.
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Sample 6:

Rotational speed : 3.5k rpm

Tilt angle, 6 :30°
Solvent : Toluene
Time : 30 min
Tube side (A) Centre side (B)

Figure S8p: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right;
upper side of the thin-film (B) of the thin-film processed in toluene at 3.5k rpm, 6 = 30°, room
temperature, and 30 min processing, then washed with hexane, and dried under nitrogen gas. The red
arrow defines the direction of rotation of the axis of the tube, directed out of the tube.
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Sample 7:

Rotational speed : 7k rpm

Tilt angle, 6 : 60°
Solvent : Toluene
Time : 30 min
Tube side (A) Centre side (B)

S2

Figure S8q: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side
of the thin-film (B) of the thin-film processed in toluene at 7k rpm, 6 = 60°, room temperature, and 30 min
processing, then washed with hexane, and dried under nitrogen gas. The red arrow defines the direction of
rotation of the axis of the tube, directed out of the tube.
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Sample 8:

Rotational speed : 5k rpm

Tilt angle, 6 1 60°
Solvent : Toluene
Time : 30 min

Tue sie (A) _ Centre side (B)

S2

S3

Figure S8r: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side
of the thin-film (B) of the thin-film processed in toluene at 5k rpm, 6 = 60°, room temperature, and 30 min
processing, then washed with hexane, and dried under nitrogen gas.
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Sample 9:

Rotational speed : 3.5k rpm

Tilt angle, 6 1 60°
Solvent : Toluene
Time : 30 min
Tube side (A) Centre side (B)

Figure S8s: SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper
side of the thin-film (B) of the thin-film processed in toluene at 3.5k rpm, 6 = 60°, room temperature, and 30

min processing, then washed with hexane, and dried under nitrogen gas.
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Fig. S8j-S8s show that thin-films of PSF formed in the VFD (20 mm OD, 17.5 mm ID tube) involving
evaporation of a DCM solution of the polymer, have smooth surfaces, both on the surface in contact with the
glass, and the surface exposed to air. Processing then with toluene in the tube reveals indentations/holes on the
surface attached to the glass, with periodic regularity and alignment with the direction of rotation of the tube,
for 6 = 45°, for rotational speeds > Sk rpm, with the indentations/holes smaller and more uniform compared
with those created at 5k rpm, and for = 3.5k rpm the films have fewer holes, with no evidence of them being
ordered. This finding for toluene is in accord with the signature for toluene, where double helical flow prevails
> 6k rpm, Figure 2. Processing of toluene solutions at 8 = 30 and 60° also show ‘molecular drilling’, but these
angles are not optimal for any applications of the VFD. While the upper surfaces (SB) of the films are almost
devoid of holes, regions of agglomerated particles of the polymer are evident, ca 100 nm in diameter, for
example in Figure S8k. These particles are likely formed during the ‘molecular drilling” process, when the
double helical flow strikes the surface of the tube, Figure 1, but attempts to measure them using DLS were
unsuccessful, and we then turned to using small angle neutron scattering (SANS) for further characterisation,

with the findings reported below.

Real time VFD processing small angle neutron scattering (SANS)

Understanding the effect of the fluid flow in the VFD (confined mode) was explored using real time SANS.
This was to determine any change in morphology of the surface of the polymer film and identify any
nanoparticles of the polymer extruded from the polymer film during ‘molecular drilling’ (double helical flow)

into the dynamic thin film of toluene.

A 20 mm OD (17.5 mm ID) VFD quartz tube containing 2 mL of toluene-d8 was rotated at Sk rpm and the
scattered neutrons were counted for 2 hours in both high and low Q-range, at 1.3 and 14-meter camera length
respectively. Combining both Q-range data resulted in flat curves shown in Figure S8t. The internal surface of
quartz VFD tubes were then coated with a PSF thin-film at 6 = 5 °, ® = 6k rpm, at room temperature during
15 min (as discussed above). 5, 2 and 1 mL of toluene-d8 was then added to these tubes and individually
studied using real-time SANS, for [1 = 3.5k, 5k and 7k rpm, respectively, using both 1.3 and 14-meter camera
lengths. Scattering for the whole Q-ranges of PSF films in the presence of toluene-d8 at these rotational speeds

are plotted in Figure S8u.

The recorded scattering curves for toluene-d8 (no PSF film in the tube) are similar to scattering curves for

toluene-d8 and PSF film, taking into account thinner films of toluene for high rotational speeds. The thickness
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of the PSF thin-film was ~ 4 um which is out of range of SANS capabilities, as is the case for pores of the size
commensurate with the morphology of the films post VFD processing, established using SEM. Importantly
there was no scattering associated with nanoparticles of polymer present in solution during the processing. The
presence of such particles was expected given the presence of small amounts of aggregates of them post VFD
processing, albeit only on the upper surface of the PSF film (SB), ca 100 nm in dimeter. Thus, such particles
present during processing are in low concentration, beyond the level of perturbing the scattering curve for the
in situ SANS experiments. This finding is consistent with such generated particles being constantly taken up
in the polymer film, driven by the associated centrifugal force in the VFD, with the only particles present
representing a snapshot of nanoparticles in equilibrium with the polymer film. Moreover, this is also consistent
with the smoothing out of holes generated by the ‘molecular drilling’, with their presence inferred from the

pocket of liquid trapped on the surface of the PSF film in contact with the surface.
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Figure S8t: Real time SANS scattering in the VFD for 2 mL of toluene-d8 in a 20 mm OD quartz tube (no
PSF coating) rotated at Sk rpm for 2 hours, at room temperature, 6 = 45°.
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Figure S8u: Real time SANS scattering in the VFD for toluene-d8 in a PSF coated 20 mm OD quartz rotated

at 3.5k, Sk and 7k rpm (using 5, 2 and 1 mL of toluene-d8, respectively), for 2 hours at room temperature, 6 =
45°.

9. BSA polymerisation with glutaraldehyde

The process for fabricating macroporous spheroidal particles using the VFD involved adding specific volumes
of ethanol solution to a specified volume of BSA using the de-solvation method at 1 mg/mL at room
temperature as a slightly modified published process.”> As shown in Figure S9a, in a ‘standard” VFD (20 mm
OD, 17.5 mm ID, length 18.9 ¢cm), volume combinations for BSA (1 mg/mL in 10 mM PBS), ethanol, and
glutaraldehyde were 300, 900, and 15 pL, respectively. Then, 1 mL of a combined solution was quickly
transferred to the VFD and the glass tube was spun at 3k, 5k, 6k, 7k or 9k rpm for 1 min. For the VFD housing
a ‘small” VFD tube (10 mm OD, 8.5 mm ID, length 19.9 cm), volume combinations for BSA (1 mg/mL in 10
mM PBS), ethanol, and glutaraldehyde were the same as for 20 mm OD VFD tube. Then, 0.5 mL of the
combined solutions was quickly transferred to the 10 mm tube which was spun at 3k, 5k, 6k, 7k or 9k rpm for
1 min. Post VFD processing, samples were recovered by centrifugation at 11800 g for 15 min and washed with

the same volume of MilliQ water three times to remove excess reactants.
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Figure S9a: (a) Schematic of the preparation of BSA nanoparticles in a standard VFD (20 mm OD, 17.5 mm
ID) and a VFD (10 mm OD, 8.5 mm ID) operated under confined mode of operation, at 6 = 45°. (b) Photo of
the VFD tubes in three different dimensions labelled as ‘Long’ for a long VFD tube (20 mm OD, 17.1 mm ID,
39 cm length), ‘standard’ for a standard length VFD tube (20 mm OD, 17.5 mm ID, 18.9 cm length) and
‘Small’ for a small diameter VFD tube (10 mm OD, 8.5 mm ID, 19.9 cm length).

Reaction of BSA with glutaraldehyde in the VFD in a 3:1 mixture of ethanol and PBS (10 mM dissolved in
MilliQ water) results in polymeric spheres with inbuilt porosity.> Synthesis of homogeneous spheroidal BSA
nanoparticles applies to both 10 mm and 20 mm VFD for all the explored rotational speeds, 3k, 5k, 6k, 7k and
Ok (Figure 4 and Figure S9b). The average size of the spheres fluctuates slightly from 3k to 9k in both 10 mm
and 20 mm OD VEFD tubes (Figure S9b). The size of the porous spheres is ca. 10-30% less for the 10 mm OD
tube relative to the 20 mm tube, except at 3k rpm (Figure S9c(a)). Particle size [dynamic light scattering (DLS)]
was determined using a Malvern particle size analyzer (Malvern Zetasizer). The results for material prepared
in a ‘standard’ 20 mm OD and ‘small’ 10 mm OD VFD tube are compared with results obtained previously
using a ‘long’ VFD tube? (diameter ca. 358 to 600 nm), with the particles prepared in the ‘standard’ and ‘short’
tubes less monodispersed in solution (Figure S9c(b)) compared to those prepared in the long VFD tube.?
Agglomeration was observed when samples were dispersed in MilliQ water. On the other hand, VFD generated
macroporous BSA nanoparticles are always more uniform in size relative to using conventional benchtop
vortex mixing (0.5 mL or 1 mL) (Figure S9¢(b,c)), affording spheres with less inbuilt porosities, no inbuilt
porosities and irregular microsized structures (Figure S9d(a,b)). The results are consistent with the DLS
(Figure S9c¢(c)) and previously published result.?
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Figure S9b: SEM images of BSA nanoparticles fabricated in the VFD for 1 min with BSA (1 mg/mLin 10
mM PBS), ethanol and glutaraldehyde of 300 pL, 900 uL and 15 L, respectively. 0.5 mL of combined
solution in a 10 mm OD tube at 3k, 5k and 7k rpm (a) — (c) respectively, and 1 mL of combined solution for a
20 mm OD tube, at 3k, Sk and 7k rpm (d) — (f) respectively, reporting SEM images and derived particle size

distributions from 100 randomly chosen spheres.
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Figure S9c: (a) Size distribution of BSA nanoparticles (based on SEM) prepared in 10 and 20 mm OD VFD
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tubes rotating at 3k, 5k, 6k, 7k or 9k rpm, respectively. The average sizes of the particles are shown behind
each condition, with the percentage of size increment for a 20 mm OD VFD tube shown in brackets relative to
those prepared in a 10 mm OD VFD tube, and highlighted as red dash lines. (b) DLS of BSA nanoparticles
prepared in 10 and 20 mm OD VFD tubes (c) DLS of BSA nanoparticles prepared using bench-top vortex.
Controls were prepared in two volume combinations, in either 0.5 mL or 1.0 mL, which is equivalent to VFD

processing.
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Figure S9d: SEM images of the BSA nanoparticles fabricated for 1 min from BSA (1 mg/mL in 10 mM PBS),
ethanol and glutaraldehyde, for 300, 900 and 15 pL, respectively (a) and (b) SEM of material formed in 0.5
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mL or 1 mL respectively, of combined solution using a bench-top vortex, compared to (c) using 1 mL of

combined solution in a 20 mm OD VFD tube rotating at 5k rpm.

10. MOF-5 fabrication

Conventional nano-molding technology (NMT) or injection moulding is a method of producing polymeric
products of all shapes and sizes with nanoscale dimensions.? Different from conventional NMT, the fluid flow
in the VFD is used to fabricate micron/sub-micron particle, as new concept in nano-moulding. To mould the
liquid of flow, several material systems were utilized. Porous metal organic frameworks (MOFs) feature in the
VFD moulding experiments, focusing on MOF-5 or ZnsO(BDC); which normally forms crystals with cubic
morphology.*

The fabrication of MOF-5 using VFD was conducted as previously published method with modifications.® A
solution of Zn(OAc), 2H,0 (85.2 mM), H,BDC (33.56 mM) and TEA (67.13 mM) in 1 mL. DMF was prepared
and allowed to react in the VFD. Briefly, H,BDC (63.3 mg) and TEA (106.3 pL) were dissolved in 4.894 mL
of DMF. Zn(OAc),-2H,0 (169.9 mg) was dissolved in 5 mL of DMF. For a typical VFD experiment, 556 pL
of zinc solution was added to 444 uL. H,BDC followed by 20 mm VFD processing for 30 min at a temperature
as indicated. The synthesis of MOF-5 involving VFD processing is based on the observation of phase purity
and crystal morphology, using XRD and SEM. Post-VFD processing at 110°C there was some material
adhering to the surface of the tube (MOFuce) With the rest falling to the bottom of the tube (MOF ) (Figure
S10a). In this case, the two samples were separately collected and mounted on silicon wafer for SEM imaging.
To minimise exposure to humid air, silicon wafers with mounted samples were quickly dried in oven at 110°C,

followed immediately by SEM imaging.
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Figure S10a: Schematic of the synthesis of MOFS5. H,BDC (63.3 mg) and triethylamine (106.3 ulL) were
dissolved in 4.894 mL of DMF. Zn(OAc),-:2H>0 (169.9 mg) was dissolved in 5 mL of DMF. For a typical
VFD experiment, 556 pL of zinc solution was added to 444 uL. H,BDC followed by VFD processing in a 20
mm OD tube for 30 min at 110°C. Post-VFD processing, MOFgucc material was separated from MOFiube

material collected at the bottom of the tube.

MOF-5 is commonly prepared using solvothermal method by heating a mixture of H,BDC and zinc nitrate.®
However, this involves long processing times, hours to weeks.’ Tranchemontagne et al. reported a method of
preparing MOF-5 at ambient temperature over 2.5 h using zinc acetate.’ Subsequent addition of triethylamine
resulted in deprotonation of the H.BDC and precipitation of MOF-5. This result led to adapting the reaction
for the growth of MOF-5 crystals using VFD processing.

To minimise errors associated with exposure to air, sample preparation was first optimised for characterisation
using SEM, noting that the morphology of MOEF-5 is affected by exposing to water or humid air (Figure
S10b(a,b)), in agreement with previous findings.” In addition, any residual solvent needs to be rapidly removed
post processing, for reproducible purposes (Figure S10b(c)). Therefore, samples were centrifuged at 2350 g
for 15 min post VFD processing to separate from the solvent, with the material then mounted on a silicon wafer
and carefully dried at the same temperature as that used in VFD processing. VFD processing at 22°C induces
the formation of nanoscale MOF seeds with spherical shape, for all speeds from 3k to 7k rpm, after a reaction
time of 30 min (Figure S10c), which showed no significant difference relative to the control experiment
conducted without VFD. Increasing the temperature to 60 and 110°C resulted in cubic crystals, which was
barely observed for the control (Figure S10d and S10e¢). XRD of the material formed in the VFD established
that they are MOF-5 by comparing with the pattern simulation from the EVA database (Figure S10f).
Operating the processing in the VFD at either 60 or 110°C had no effect on the phase composition after 30 min

of processing, all in a 20 mm OD tube, with 0 at 45°.

It was noted that at 110°C, white materials appeared along the VFD tube surface (named as MOFgyfuce) and
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these were automatically separated from the samples collected from the bottom of the tube (named as MOF )
after stopping the VFD (Figure S10a). MOFuc. sSamples were dominated by porous surfaces, especially at 3,
4 and Sk rpm. Above 5k rpm, the particles have flat surfaces (Figure 4f). Time dependent study for 15, 30 and
60 min VFD processing at 4k rpm, 110°C all revealed porous crystal surfaces (Figure S10g).

Figure S10b: SEM images of MOF-5, prepared in the VFD at 4k rpm for 30 min. (a) Post VFD processed
material, where the sample for SEM was prepared by quickly diluting the solution ca 200 times in water, then
drop cast on a clean silicon wafer and air dried. (b) As for (a) but with the dilution in DMF, (c) Post VFD
processed material, where samples were directly drop cast on a clean silicon wafer without centrifugation and

air dried; C;-C3; show SEM images from three independent experiments.

264



3000 rpm ' 4000 rpm

R
10 um

"

[ - ‘.-L.
T0-um 10 pm

Figure S10c: SEM images of material formed in 1 mL DMF solution of Zn(OAc),-2H,0 (85.2 mM), H,BDC
(33.56 mM) and TEA (67.13 mM). VFD processing at 22°C for 30 min, 20 mm OD tube, 0 = 45°, for different
rotational speeds relative to the control experiment carried out at the same temperature, no VFD. Post
processing, MOF . samples (as specified in Figure S10a) were centrifuged at 2350 g for 15 min with some of

the collected pellet drop cast on a silicon wafer and dried at 22°C prior to SEM characterisation.

5000 rpm

-

Figure S10d: SEM images of material prepared in a 1mL DMF solution of Zn(OAc),-2H>O (85.2 mM),
H,BDC (33.56 mM) and TEA (67.13 mM). VFED processing at 60°C for 30 min, 20 mm OD tube, 6 = 45°, for

different rotational speeds relative to the control experiment carried out at the same temperature, no VFD. Post

processing, MOF . samples (as specified in Figure S10) were centrifuged at 2350 g for 15 min, with some of
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the collected pellet drop cast on a silicon wafer and dried at 60°C prior to SEM characterisation.

Figure S10e: SEM image of material prepared in a 1 mL DMF solution of Zn(OAc),-2H,0O (85.2 mM), H,BDC
(33.56 mM) and TEA (67.13 mM). VFD processing at 110°C for 30 min, 20 mm OD tube, 6 = 45°, for different
rotational speeds relative to the control experiment carried out at the same temperature, no VFD. Post
processing, MOF . samples (as specified in Figure S10) were centrifuged at 2350 g for 15 min, with some of

the collected pellet drop cast on a silicon wafer and dried at 110°C before SEM characterisation.
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Figure S10f: XRD pattern of MOF-5 prepared using VFD (MOFu.), formed at @ = 5k rpm for 30 min at 22,
60 or 110°C, respectively, 6 = 45°, for a 20 mm OD tube, along with the simulated pattern for the MOF derived
from the EVA database.
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Figure S10g: (a) A solution of Zn(OAc),-2H,0 (85.2 mM), H,BDC (33.56 mM) and TEA (67.13 mM) in 1
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mL DMF was prepared and processed in the VFD (confined mode, 20 mm OD tube) at 110°C for 15 min, 30
min and 1 h, ® = 4k rpm, 6 = 45°, with the resulting MOFuace sSample characterised using SEM. (b) XRD
pattern of MOF-5 (MOFgyface) formed after 30 min at 110°C and the simulated structure derived from the EVA

database.
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Figure S10h: The change in film thickness, d, for DMF as a function of rotational speed, ®, at 110°C in a 20
mm OD tubes, at 6 = 45°. This is derived from measuring the volume of the liquid in the tube at each speed,
where the liquid is to the top of the tube while being spun at a particular », with each data point repeated in
triplicates. The experimental set up with a heating block over the rotating glass tube, circumvented determining
the other signature characteristics of DMF at 110°C, namely any increasing in temperature and effects on

mixing as ® increases.
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11. Fluid Dynamics within the Vortex Fluidic Device

In order to further explain the fluid dynamics within the VFD, computational fluid dynamics (CFD)
simulations have been conducted using the OpenFoam v1806®. In order to build a practical simulation to
investigate the fluid dynamics within the VFD, a thin-cross section of the VFD tube perpendicular to the axis
of rotation was modelled. The CFD simulation was reduced into 2D by considering a thin slab, @=100 nm (1
cell thickness). This meshing of the cylindrical slab in the xy-plane was divided in two regions (see Figure
S11a). Here we have a high resolution mesh region (Region 1, 100 x 100 cells) and a low resolution mesh
region (Region 2, 100 x 100 Cells). Region 2 describes the internal volume of the cylinder, with radius 8.3
mm, while region 2 describes the volume outside of Region 1 to the internal test tube wall, r = 8.75 mm. The
high resolution mesh at the outermost radii was required in order to describe the thin liquid film located on the
test tube wall. The outside wall of Region 1 provided a rotational wall boundary condition about the VFDs
axis of rotation (z-axis). Here the rotational wall velocity, o, corresponds to the rotational speed of the VFD
tube. The interFoam solver was select to perform the simulations. This solver implements a volume of fluid
(VOF) phase-fraction based approach to solve the continuity, phase-fraction transport, and momentum
equations. Here the alpha phase fraction, proportions a cell between the liquid (water or toluene, o=1) and gas

(air, a=0) phase fractions.

The simulation was run using a fixed volume of fluid method, initiated by filling the outermost cylindrical
section with fluid (o = 1) for radii, r >8.55 mm (giving a uniform thickness liquid layer of 200 um). The

calculation was implemented using a. = 1 and constant pressure boundary conditions on the inner tube wall.

17.5 mm 5 Region 1 Region 2

||||:|'v,'{;lll'l'l([,'f/l"u

L
i

F 3

Figure S11a: The mesh of the VFD tube used for the CFD simulations.
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In analysing the results, the relative flow velocity (u,.) (in the rotating frame of reference) is first considered;
U =u—wxr

Here u is the calculated fluid velocity (m/s) in the inertial reference frame, w is the angular velocity vector
(rad/s) and r is the radial vector from the axis of rotation (m). Note that the relative velocity is important, as it
is responsible for the introduction of Coriolis effects through the creation of the Coriolis force per unit mass

in the rotating frame, where
Fcor = 2w X u,

Results from the CFD simulations are presented in Fig. S11b-d and Fig. S11e-g for water and toluene at

3000, 6000 and 9000 rpm, respectively.

At low rotational speed (3000 rpm), the relative velocity, u,., oscillates between being parallel and antiparallel
to the rotational direction. Here the orientation is parallel (anti-parallel) at the bottom (top) of tube with
reference to the gravitational projection. This is likely to induce the Coriolis-driven circular flows, with the
strength of the relative velocity component increasing in going from the tube wall towards the fluid-air
interface. Note that as the viscosity of the fluid increases, the relative velocity will decrease in magnitude,

lessening the importance of the Coriolis forces (as in a 3:1 ethanol/water mixture), and hence circular flows.

As the rotational speed increases to 6000 rpm, these effects remain, but the magnitude of the relative velocity
is decreasing. This will manifest as a reduced influence of the Coriolis force on the fluid flow, which is
consistent with the dominance of double helical flow at high . Note further that as the rotational period of

the fluid decreases, the time/lengths scales over which the Coriolis forces are able to act decreases.

As the rotational speed is increased to 9000 rpm, the relative velocity, u,, is always anti-parallel to the
rotational direction. In this case, the Coriolis force is always directed radially outwards. As such we expect

that there is a fluid movement along the tube axis.

The Reynolds number of the fluid flow®,

Where D = % is the hydraulic diameter with A being the cross sectional area of the flow, and p being the

wetted perimeter. In our case, this characteristic length (D) becomes four times the film thickness, 7. Note that
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the film thickness depends on the fluid volume in the tube, and the rotational speed. The film thickness also
varies along the tube axis. For the purpose of the analysis, the average film thickness is set at 200 um, to be
consistent with our simulations. The calculated Reynolds number for both water and toluene are contained in
Table S1la. Here we observe that at the lowest rotational speeds, the flow should be laminar. With the
increasing rotational speed, a transitional flow region (Re > 2000) prevails, although as Re <10000 it is not

expected that the axial flow can develop into a fully turbulent flow regime.
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Table S11a: Summary of rotational parameters in the VFD. The Reynolds numbers (Re) are calculated using

the Wall velocity, the film thickness of 200 um and the transport properties detailed in Table S11b.

Rotational w f Period, Wall Velocity, Re Re
U] (Water) (Tol.)
Speed T
(rpm) (rad/s) (s (ms) (m/s)
1000 104.72 16.7 60.00 0.916 733 1078
2000 209.44 33.3 30.00 1.833 1466 2156
3000 314.16 50.0 20.00 2.749 2199 3234
4000 418.88 66.7 15.00 3.665 2932 4312
5000 523.60 83.3 12.00 4.582 3665 5390
6000 628.32 100.0 10.00 5.498 4398 6468
7000 733.04 116.7 8.57 6.414 5131 7546
8000 837.76 133.3 7.50 7.330 5864 8624
9000 942.48 150.0 6.67 8.247 6597 9702

Table S11b: Transport properties used in the simulations.

Phase kinematic Density (o) Surface tension to
viscosity (v) the air-phase. (o)
(m?/s) (kg/m3) (N/m)
air 1.48E-5 1 -
water 1E-6 1000 .07
toluene 6.8E-7 867 .03
DMF 8.5E-7 945 .037
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Water/Ethanol (1:3) 2.5E-6 855 .025

DMF/o-xylene 9.2E-7 909

Table S11c: Fluid Flow Types.

Liquid Behaviour Flow transitions
o Circular — Spicular — Helical
p Spicular only
Y Helical only

Table S11c: Flow regimes characterised by the relative strength of the Coriolis (_F)FW) and Faraday wave

(ﬁFW) forces.

Flow Range Flow transitions
Circular F.> Foy
Spicular E. ~ Few

Double helical F. < Foy
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Figure S11b: Relative velocity of water across the film thickness at various angular position about the
rotational axis of the VFD at a rotational speed of 3000 rpm and a 45° tilt angle. A scale factor of 0.02 has

been applied to the relative velocity vector. Solid line- tube wall, grey dashed line — film profile.
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Figure Sllc: Relative velocity of water across the film thickness at various angular position about the

rotational axis of the VFD at a rotational speed of 6000 rpm and a 45° tilt angle. A scale factor of 0.02 has

been applied to the relative velocity vector. Solid line- tube wall, grey dashed line — film profile.
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Figure S11d: Relative velocity of water across the film thickness at various angular position about the

rotational axis of the VFD at a rotational speed of 9000 rpm and a 45° tilt angle. A scale factor of 0.02 has

been applied to the relative velocity vector. Solid line- tube wall, grey dashed line — film profile.
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Figure Slle: Relative velocity of toluene across the film thickness at various angular position about the
rotational axis of the VFD at a rotational speed of 3000 rpm and a 45° tilt angle. A scale factor of 0.02 has

been applied to the relative velocity vector. Solid line- tube wall, grey dashed line — film profile.
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Figure S11f: Relative velocity of toluene across the film thickness at various angular position about the

rotational axis of the VFD at a rotational speed of 6000 rpm and a 45° tilt angle. A scale factor of 0.02 has

been applied to the relative velocity vector. Solid line- tube wall, grey dashed line — film profile.
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Figure S11g: Relative velocity of toluene across the film thickness at various angular position about the
rotational axis of the VFD at a rotational speed of 9000 rpm and a 45° tilt angle. Here a scale factor of 0.02

has been applied to the relative velocity vector. Solid line- tube wall, grey dashed line — film profile.

279



References

1. Alsulami, I.; Alharbi, T.; Harvey, D.; Gibson, C. T.; Raston, C. L., Controlling the growth
of fullerene C60 cones under continuous flow. Chem. Commun., 2018, 54, 7896-7899.

2. Luo, X.; Al-Antaki, A. H. M.; Harvey, D. P.; Ruan, Y.; He, S.; Zhang, W.; Raston, C. L.,
Vortex fluidic mediated synthesis of macroporous bovine serum albumin-based microspheres.
ACS Appl. Mater. Interfaces, 2018, 10, 27224-27232.

3. Stormonth-Darling, J. M.; Pedersen, R. H.; How, C.; Gadegaard, N., Injection moulding of
ultra high aspect ratio nanostructures using coated polymer tooling. J. Micromech Microeng.,
2014, 24, 075019.

4, Zheng, C.; Greer, H. F.; Chiang, C.-Y.; Zhou, W., Microstructural study of the formation
mechanism of metal-organic framework MOF-5. CrystEngComm, 2014, 16, 1064-1070.

5. Tranchemontagne, D. J.; Hunt, J. R.; Yaghi, O. M., Room temperature synthesis of metal-
organic frameworks: MOF-5, MOF-74, MOF-177, MOF-199, and IRMOF-0. Tetrahedron
2008, 64, 8553-8557.

6. Millward, A. R.; Yaghi, O. M., Metal— organic frameworks with exceptionally high capacity
for storage of carbon dioxide at room temperature. J. Am. Chem. Soc., 2005, 127, 17998-
17999.

7. Greathouse, J. A.; Allendorf, M. D., The interaction of water with MOF-5 simulated by
molecular dynamics. J. Am. Chem. Soc., 2006, 128, 10678-10679.

280



	List of Figures
	Summary
	DECLARATION
	Acknowledgements
	Details of publications
	General Introduction
	1.1. Thesis Overview
	1.2. Nanocarbon Materials
	1.2.1. Fullerenes
	1.2.2. Structure
	1.2.3. Synthesis.
	1.2.4. Properties
	1.2.2. Carbon Nanotubes
	1.2.3. Structure
	1.2.4. Synthesis
	1.2.5. Properties
	1.2.3. Methods for cutting CNTs
	1.2.3.1. Liquid-phase oxidative cutting
	1.2.3.2. Solid-state cutting
	1.2.3.3. Mechanical cutting
	1.2.4. Carbon nanorings
	1.2.5. Graphene
	1.2.5.1. Structure
	1.2.5.2. Synthesis
	1.2.5.3. Properties

	1.3. Dynamic Thin Films
	1.3.1. Vortex Fluidic Device
	1.3.2. Processing of carbon-based materials using the VFD
	1.3.2.1. Carbon nanotubes
	1.3.2.2. Fullerene C60
	1.3.2.3. Exfoliation of 2D materials
	1.3.2.4. Scrolling of 2D materials
	1.3.2.5. Synthesis of metal oxide nanoparticles
	1.3.2.6. Synthesis of composite materials in the VFD

	1.4. Research Aims and Objectives
	1.5. References

	Controlled Slicing of Single Walled Carbon Nanotubes Under Continuous Flow
	2.1. Abstract
	2.2. Introduction
	2.3. Experimental section
	2.3.1. Chemicals and materials
	2.3.2. Sample preparation
	2.3.3. Instrumentation

	2.4. Results and Discussion
	2.5. Conclusions
	2.6. Acknowledgements
	2.7. References

	Vertically Aligned Laser Sliced MWCNTs
	3.1. Abstract
	3.2. Introduction
	3.3. Experimental section
	3.3.1. Materials and chemicals
	3.3.2. VFD processing and sample preparation
	3.3.3. Vertical alignment of sliced MWCNTs
	3.3.4. Characterisation

	3.4. Results and Discussion
	3.5. Conclusions
	3.6. Acknowledgements
	3.7. References

	High Yielding Fabrication of Magnetically Responsive Coiled Single Walled Carbon Nanotube Under Flow
	4.1. Abstract
	4.2. Introduction
	4.3. Results and discussion
	4.3.1. Fabrication and mechanism of formation of SWCNT rings
	4.3.2. Magnetic properties of coiled SWCNT rings

	4.4. Conclusions
	4.5. Experimental section
	4.5.1. Materials and chemicals
	4.5.2. Preparation of coiled SWCNT rings
	4.5.3. Characterization

	4.6. Acknowledgements
	4.7. References

	Shear stress mediated scrolling of graphene oxide
	5.1. Abstract
	5.2. Introduction
	5.3. Experimental
	5.3.1. Chemicals and materials
	5.3.2. Preparation of GOS
	5.3.3. Characterization

	5.4. Results and discussion
	5.4.1. Optimisation of fabrication of GOS
	5.4.2. Characterisation of the GOS

	5.5. Conclusions
	5.6. Acknowledgements
	5.7. References

	Sub-micron moulding angled vortex fluid flow
	6.1. Abstract
	6.2. Introduction
	6.3. Results and discussion
	6.4. Conclusions
	6.5. Acknowledgements
	6.6. References

	Continuous flow photolytic reduction of graphene oxide
	7.1. Abstract
	7.2. Introduction
	7.3. Results and discussion
	7.4. Conclusions
	7.5. Acknowledgements
	7.6. References

	High Yielding Continuous Flow Synthesis of Spheroidal C60@Graphene – Composites as Supercapacitor
	8.1. Abstract
	8.2. Introduction
	8.3. Experimental section
	8.3.1. Materials and chemicals
	8.3.2. Sample preparation and materials synthesis
	8.3.3. Characterization
	8.3.4. Electrochemical characterization and Supercapacitor fabrication

	8.4. Results and discussion
	8.4.1. Fabrication of C60@graphene spheres
	8.4.2. The mechanism of formation of the composite spheres
	8.4.3. Morphology of the C60@graphene spheres
	8.4.4. Electrochemical performance

	8.5. Conclusions
	8.6. Acknowledgements
	8.7. References

	Three-step-in-one synthesis of supercapacitor MWCNT superparamagnetic magnetite composite material under flow
	9.1. Abstract
	9.2.  Introduction
	9.3.  Experimental section
	9.3.1. Materials
	9.3.2. Fabrication of Fe3O4@MWCNT
	9.3.3. Electrochemistry
	9.3.4. Characterization

	9.4.  Results and discussion
	9.5.  Conclusions
	9.6.  Acknowledgements
	9.7.  References

	Conclusions and Future Directions
	10.1. Conclusions
	10.2. Future directions
	10.2.1.  Slicing CNTs without the need for NIR laser irradiation
	10.2.2.  Fabricating toroidal SWCNTs
	10.2.3.  Graphene Oxide Polymer Composites
	10.2.4.  Scrolling and exfoliating of molybdenum disulfide (MoS2) and other 2D nanomaterials
	10.3. References


	Appendices



